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For Denise,

even though | don't think
she will ever read this book.



NOTE TO THE READER

This is the abridged version of a book with the same title, that was
previously published in extended form by the present author. It
covers a good portion of the material which is contained in the
original version, except for what regards discrete symmetries and
black hole thermodynamics, quantum mechanical aspects of gra-
vitation theory and cosmology, and the problem of the interpreta-
tion of quantum theory itself. It is aimed at providing a short, self-
contained account of the most significant results which are dis-
cussed in the extended version.

The present second edition provides many significant impro-
vements and corrections to most chapters, but more particularly
concerning the problem of the origin of repulsive gravitational
forces between opposite-energy objects and the analogy of voids
in an expanding matter distribution from chapter 3, as well as re-
garding the formulation of the generalized gravitational field
equations and the question of energy conservation from chapter
5. Even if you have been in contact with the author's earlier pu-
blications, it is highly recommended to read those chapters again
in order to fully appreciate the value of the many profound
changes they introduce to our understanding of the matters dis-
cussed.
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1. INTRODUCTION

The main unresolved issue of the cosmological models currently
considered to best fit observational data concerns the cosmologi-
cal term —Ag,,, that enters the left-hand side of the gravitational
field equations of general relativity theory. This term was first in-
troduced by Einstein (Einstein, 1917) in order to balance the mu-
tual gravitational attraction of matter to enable a static universe.
It was later reintroduced into physics to describe the conse-
guences on the expansion of the universe of a vacuum with ave-
rage energy density p, = c*A/8mG. This constant energy den-
sity, generally assumed to be positive, would be the source of a
negative pressure p,, whose value is provided by an equation of
state of the form p,, = —p,,.

Given that a positive cosmological constant A contributes
positively to the right-hand side of the second Friedmann equation
for the scale factor a(t)

i AnG 3p\ Ac?

a 3 (p cz) 3
due to its negative pressure, while the positive energy density p
and the positive pressure p of ordinary matter and radiation con-
tribute negatively to the variation d of the rate of expansion, then
it follows that this negative pressure would enable to explain the
acceleration of universal expansion first observed in 1998 by two
independent groups (Perlmutter, et al., 1999) (Riess, et al., 1998).
The density of vacuum energy p,, would then provide the missing
energy that is needed to account for the fact that we measure, by
various means, a total energy density Q,~1 (as a fraction of the
critical density), but an energy density of normally gravitating
matter (visible and dark) that amounts to only Q,,,~0.3. Regar-
dless of one's personal opinion concerning this issue, it must be
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recognized that the hypothesis of a non-vanishing density of va-
cuum energy is the only explanation of the acceleration of the rate
of expansion of space that is not based on speculative theoretical
constructs and that relies on well tested aspects of elementary par-
ticle physics and relativity theory.

The problem which then arises is that, the energy density of
the vacuum as a fraction of the critical density, must be adjusted
to this non-zero value Q4 ,~0.7 which happens to be of the same
order of magnitude as that of the present, average energy density
Qo,m Of normal and dark matter, without any apparent justifica-
tion in the underlying physics for this unlikely state of affairs (as
those two densities scale differently in the course of universal ex-
pansion). This situation is even more problematic given that this
value of vacuum energy density appears to be in disagreement
with most theoretical predictions from the standard model of ele-
mentary particles or its extensions, which produce a value 120 or-
ders of magnitude larger (Weinberg, 1989). Prior to the reintro-
duction of the cosmological term, as a means to rectify original
cold-dark-matter (CDM) models, which were no longer in agree-
ment with experimental data, it was still possible to argue that the
density of vacuum energy was zero due to some as yet unknown
symmetry principle. But with the advent of ACDM models and
their small, yet non-vanishing cosmological term, such a solution
may appear to no longer be possible.

In what follows, however, | will suggest that, upon the intro-
duction of a revised concept of negative-energy matter into rela-
tivity theory, an understanding of the acceleration of universal ex-
pansion as originating from a non-zero value of average vacuum
energy density is still possible. This solution is particularly attrac-
tive given that it provides the basis for a solution to other outstan-
ding problems in the field of classical cosmology. In fact, from
this perspective, it becomes possible to solve at once, in a simple
and straightforward manner, both the problem of the discrepancy
between the observed versus predicted values of vacuum energy
density and the problem of flatness, which is usually tackled using
inflation theory. But | will also explain that some of the effects
which are normally attributed to the presence of ordinary cold
dark matter appear to arise from local variations in the density of
vacuum energy attributable to the presence of inhomogeneities in
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the large-scale matter distribution, as well as from the presence of
underdensities in the distribution of invisible negative-energy
matter. | will conclude this book with a discussion on how those
developments can be used to provide a satisfactory solution to the
problem of the origin of the thermodynamic arrow of time.



2. THE CURRENT SITUATION

Our vision of the cosmos has changed drastically in the previous
decades, but it now seems that, experimentally, we have reached
a stable point where new data only come to confirm previous ob-
servational findings, despite the fact that those empirical results
may not fully agree with current theoretical expectations. It is
consequently an ideal time to re-examine the basic theoretical as-
sumptions underlying the standard model of cosmology in the
light of this fixed experimental background. One of the most basic
and often implicit assumption that is made is that energy must be
positive. The mathematical expression of this hypothesis is called
the weak energy condition and it states that for every timelike 4-
vector u* we must have

Taﬁu“uﬁ >0 1)

where T, is the stress-energy tensor. There is another more res-
trictive condition on the values of energy which is called the
strong energy condition and which states that for every timelike
4-vector u®

1
(TaB - ETgaﬁ)u“uB >0 (2)

where T = T,* is the contraction of the stress-energy tensor. If
this stronger condition is obeyed in all situations, then gravity
must always be an attractive interaction.

However, those equations are classical equations and even
though they may be valid when we are considering the expecta-
tion values of energy of quantum systems, they do not reflect the
subtleties related to the definition of energy at the quantum level.
So, what do we mean exactly by positive energy? To answer that
guestion, we must first examine what negative energy might be.
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Negative energy made its first appearance in physical theory
when Paul Dirac and others tried to integrate special relativity into
quantum mechanics. To obtain Lorentz-invariant equations for
the wave function it seemed that one had to sacrifice the positivity
of energy. While trying to make sense of those negative-energy
solutions, Dirac was led to introduce antiparticles (Dirac, 1930).

Of course, antiparticles do not have negative energy (at least
in the sense we usually understand) otherwise we would run into
a number of problems ranging from violation of the conservation
of energy to the possibility of producing perpetual motion ma-
chines. It does not appear however that negative energy alone is
to blame for those inconsistencies. What really constitutes a pro-
blem is negative energy applied to antiparticles. Nevertheless
when faced with the prospect of having to introduce negative
energy states into physics, Dirac saw the apparently insurmoun-
table difficulties that this would entail and rather than recognizing
the validity of his deduction he turned it into an argument for the
existence of a new class of positive-energy particles identical to
normal particles, but with reversed electrical charge. This became
one of the greatest theoretical predictions of the history of phy-
sics.

The relation between antiparticles and negative energy in Di-
rac's theory arises from the hypothesis that antiparticles consists
of holes in a completely filled negative-energy matter distribution
(which is not to be confused with a uniform distribution of nega-
tive vacuum energy). Thus, it was argued, that the absence, in this
negative-energy sea, of a negative-energy electron with a normal,
negative electric charge (which may arise when such an electron
is excited to a higher, positive energy state), is equivalent to the
presence of a positive-energy electron with a reversed (positive)
charge. Due to the exclusion principle, a positive-energy electron
wouldn't be able to make a transition to the already occupied, lo-
wer, negative energy states, although it could fall into one of the
holes and radiate energy in the process. It was further assumed
that there are no observable effects from the presence of this filled
distribution of negative-energy matter. Given that such a model
cannot apply to bosons, which are not ruled by the exclusion prin-
ciple, it is hard to see how Dirac's solution makes things any better
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than simply accepting the existence of negative-energy particles
and this is why this theory was soon abandoned.

Most people today consider that the theory of relativistic
guantum fields that came to replace Dirac's model has eliminated
the 'problem’ of negative energy states at the source and that it
simply doesn't matter anymore if some antiquated equations des-
cribing a single particle allow for the existence of negative energy
states, because those states are not 'physical’. But upon closer exa-
mination | realized that if we are not bothered with negative
energy states in quantum field theory it is because we simply
choose to ignore those solutions in the first place and then inte-
grate that choice into the formalism. Basically, this amounts to
say that the negative energies predicted by the single-particle re-
lativistic equations are simply transition energies or energy diffe-
rences between two positive energy states and there is no reason
why those variations couldn't be negative as well as positive. But
I'm getting ahead of myself here, so let's go back to the question
of what is actually meant by negative energy.

The next step in our understanding of antiparticles was ac-
complished by Richard Feynman (Feynman R. , 1949) (with a
little help from John Wheeler and following Ernst Stlickelberg).
What's interesting with Feynman's original approach is that it
made clear the fact that we really choose to exclude negative-
energy particles, but it also helped us understand what exactly it
is that we mean by negative energy. Feynman recognized that it
was a mistake to exclude the negative energy states because
among other things "it leads to an incomplete set of wave func-
tions [and] it is not possible to represent an arbitrary function as
an expansion in functions of an incomplete set.” It also appeared
that those energy states were required from a physical viewpoint
because there were well-defined predictions of transition proba-
bilities to those states and if they are excluded there would be con-
tradictions with observations (if the theory is indeed right). This
is actually the same argument that motivated Dirac to introduce
antiparticles. Feynman's solution also involves antiparticles, but
this time the negative energy states are not swept under the rug,
they are rather considered to be the states of particles propagating
backward in time. Feynman shows that an electron propagating
backward in time with negative energy, but with unchanged
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electrical charge, would be equivalent from our overall, unidirec-
tional-time point of view to an electron with positive energy and
reversed charge.

What is essential to understand here is this dependence of the
definition of energy on the direction of propagation in time. It ap-
pears that simply saying that a particle has negative energy doesn't
make sense. We must in addition always specify the direction of
propagation of this energy with respect to time. What's more, if
we are to find any physical distinction, particularly with respect
to gravitation, between ordinary matter and matter with negative
energy, then we must consider either negative energy propagating
forward in time or positive energy propagating backward in time,
because it can be expected that antiparticles behave identically to
particles in any gravitational field, given that they have positive
energy when considered from the viewpoint of the conventional,
positive direction of time (for a review of the arguments against
the idea that antiparticles could behave in unusual ways in a gra-
vitational field see Ref. (Nieto & Goldman, 1991)).

Given those considerations it appears that an antiparticle is
really just an ordinary particle that reverses its energy to go back-
ward in time, as when a particle reverses its momentum to move
backward in position space. But a particle with real negative
energy propagating forward in time could have completely diffe-
rent properties. We may use the term 'negative action' to differen-
tiate such particles from the positive-action ones we are familiar
with, but I will continue to use the term 'negative energy' in place
of negative action when the context clearly indicates that | mean
negative energy propagating forward in time.

To return to Feynman's approach to quantum electrodyna-
mics, it appears that what prevents negative action from being
present in the theory is merely a choice of boundary conditions.
There are several possible choices for the propagation kernel or
propagator (giving the probability amplitude of a transition from
point 1 to point 2 in spacetime) which all constitute valid solutions
of the basic equations. For example (see Ref. (Feynman R. P.,
1962), p. 74), in a time-stationary field if the wave functions ¢,,
are known for all states of the system, the kernel K# may be defi-
ned by
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KA(2,1) = z e~ Enltz=t) ey, (26,) b (%1)

En>0
for t, > t;

KAL) = — Z e~ En(t2=t) p (x,) ¢ (1)

En<0
for t, <t

another solution of the equations is

KE@D) = ) e Bt g, (x,)d (x,)

En>0

) e, () (1)

En<0
for t, > t;

K&(22,1) =0 for t, <t;

Although the kernel K¢ is also a satisfactory mathematical solu-
tion of the equations it is not accepted as a meaningful proposition
because it requires the idea of an electron in a real negative energy
state. Only those kernels propagating positive frequencies (or
energies) forward in time and negative energies backward in time
are usually considered physical (this is usually done through the
selection of a particular contour of integration for the relativistic
propagator) and that is why quantum field theory is assumed not
to involve true negative energies or, more accurately, negative ac-
tions. Of course, there is nothing wrong with those assumptions,
because they are validated by experiments. We never see nega-
tive-energy particles propagating forward in time and such par-
ticles do not appear to influence the outcome of experiments in-
volving ordinary matter and antimatter, however precise those ex-
periments actually are.

The only problem with the modern approach to quantum
field theory is that the formalism is usually introduced in a way
that encourages us to believe that after all, antiparticles are not
really propagating backward in time with negative energy and that
a positron is simply another particle identical to the electron, but
with a positive charge. From this viewpoint charge is the decisive
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aspect and the spacetime relationship between matter and antimat-
ter uncovered by Feynman shouldn't be considered as anything
more than an analogy. But it must be clear that we can hold on to
such a viewpoint only at the expense of losing the best explana-
tion we have for the existence of antimatter. If we retain the most
simple and effective viewpoint under which antiparticles are or-
dinary particles propagating backward in time, then we must ac-
cept that there exists in nature matter whose energy is definitely
negative. That may open the door to further insight.

Now, | just said that negative energy does not explicitly enter
guantum field theory (with the exception of the negative energy
of particles propagating backward in time), but this doesn't mean
that truly negative energies do not appear in this theory at the phe-
nomenological level. In fact, it is well-known that a particular pre-
diction of quantum field theory, that would not apply classically,
is that the local energy density may not always be positive definite
(Epstein, Glaser, & Jaffe, 1965). The most easily accessible expe-
rimental setting which can be used to observe some manifestation
of a state where energy density takes on negative values is the one
where two parallel mirrors are placed a very small distance L
from each other in the vacuum. This experiment was first des-
cribed by Hendrik Casimir (Casimir, 1948) who calculated that
there would be a very small, but detectable force equal to

o hem2A
T 240 L%

pulling the reflecting plates together (where A is the area of a
plate), due to the fact that some positive-energy quantum modes
are absent from the vacuum between the mirrors. This force was
eventually observed in the laboratory (Lamoreaux, 1997)
(Onofrio & Carugno, 1995) and the results confirm theoretical
predictions. It must be clear, however, that we are not directly
measuring a negative energy density with this setup, only the in-
direct effects of an absence of positive energy from the vacuum,
which is assumed to imply that the density of energy is negative
in the small volume between the mirrors.

The realization that quantum indeterminacy appears to allow
negative energy densities has led many authors to propose a mo-
dified version of the weak energy condition (equation (1)) that

(A> L3
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tries to take into account the fluctuations of energy which arise in
the quantum realm. This is the averaged, weak energy condition

foo(Ta,;u“uB)dT >0 3)

where u® is the tangent to a timelike geodesic and 7 is the proper
time of an observer following that geodesic. Here we consider
only quantum expectation values of the stress-energy tensor ave-
raged over the entire world-line of the observer, rather than
idealized measurements at a point. Consequently, this inequality
does seem to allow for the presence of large negative energies
over relatively large regions, if there is compensation by a larger
amount of positive energy somewhere on the observer's path. It is
not entirely clear, however, if even this relaxed positive-energy
condition is respected by the predictions of quantum field theory.

Nevertheless, it turns out that the theory places strong limits
on the values of negative energy density which can actually be
observed. Ford, Roman and Pfenning have found inequalities
(Ford & Roman, Averaged Energy Conditions and Quantum
Inequalities, 1995) (Ford & Roman, Restrictions on Negative
Energy Density in Flat Spacetime, 1997) (Pfenning & Ford,
Quantum Inequalities on the Energy Density in Static Robertson-
Walker Spacetimes, 1997) (Pfenning & Ford, Scalar Field
Quantum Inequalities in Static Spacetimes, 1998) which constrain
the duration and magnitude of negative energy densities for va-
rious fields and spacetime configurations. They show that for
quantized, free, massless scalar fields in four-dimensional Min-
kowski space, the renormalized energy density, written in cova-
riant, form obeys the following equation

0 a,, B
T (Tepu®uf) - 3

(4)

TJ)_ o T2+73 t= 32m2tg
for a static observer who samples the energy density by time-ave-
raging it against a Lorentzian function with characteristic width
7. Basically, this means that the more negative energy there is in
a given interval, the shorter this interval must be. This can be seen
to drastically limit the consequences of the negative energy den-
sities which are allowed by quantum field theory, in particular for
what regards the ability to use those states of matter to achieve

10
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causality-violating paradoxes or violations of the second law of
thermodynamics (in section 3 | will challenge the idea that nega-
tive-action matter could actually be used to produce such incon-
sistencies even in the absence of those limitations). But again, one
must admit that it is not possible to simply rule out the existence
of negative energy states even though their observation appears to
be severely restricted in the context of a theory that does not ex-
plicitly involve such states.

Unlike quantum field theory, classical physics doesn't pre-
dict the existence of negative energy densities (although there is
no a priori reason why it would forbid them). But it turns out that,
even in a classical framework, some form of negative energy must
sometimes be taken into account. This is the case with bound sys-
tems, for which the total energy is smaller than the energy at rest
of their constituent subsystems. As those bound systems have lo-
wer energy after they are formed, they must emit energy during
the process of their formation and consequently they can be con-
sidered as physically different from the sum of their parts. This is
possible only if we assume that the energy of the attractive field
maintaining them together contributes negatively to their total
energy.

We need not consider only elementary particles here. Sys-
tems as large as the Earth-Moon system can be shown to have
asymptotically-defined total masses smaller than those of their
constituent planets and experiments confirm those predictions. In
this case, the gravitational field responsible for binding the two
planets together must have negative energy and it is this negative
contribution that diminishes the total mass. However, we can only
deduce that the interaction field has negative energy, but we can-
not measure that energy directly. The energy of the attractive elec-
tromagnetic field binding the proton and the electron together in
the hydrogen atom also has negative energy, but this energy can-
not be observed independently from that of the rest of the system,
even if its contribution to the total energy of the system is well
defined. One simply cannot isolate the interaction field from its
sources and the same argument is valid for larger systems.

One may wonder, though, if this binding energy could get
large enough (negative enough) that it would make the total
energy of the bound system itself negative. Once again, however,

11
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theory comes to the rescue to put constraints on the values that
observable total energy may take®. If we compress a positive-
energy object too tightly, it simply collapses into a black hole be-
fore its surface area is allowed to become so small and its energy
density so large that the magnitude of its negative gravitational
potential energy would be larger than the positive energy of the
matter. Thus, positive-energy matter cannot turn into negative-
energy matter through an increase of negative gravitational poten-
tial energy. As with the other cases I discussed, it happens that as
soon as we find it, negative energy disappears from our view. But
one must admit that, this time, it cannot be considered an unusual
and exotic phenomenon with limited consequences, because it ap-
pears to be as pervasive and as commonplace as bound systems
themselves.

Before concluding this section, | would like to point out the
existence of an astronomical phenomenon, not directly related to
the existence of negative-energy matter, but which nevertheless
involves some kind of gravitational repulsion analogous to that
which would presumably be exerted by negative-energy objects
on positive-energy matter. It is well-known, in effect, that while
an overdense region in an otherwise uniform, expanding distribu-
tion of positive-energy matter produces a local deceleration of the
rate of expansion of the surrounding matter, a spherical under-
dense region with dp/p < 0 must give rise to a local acceleration
of the rate of expansion of the surrounding positive-energy matter,
as James Peebles once showed (Peebles, 1993), using Birkhoff's
theorem. It was emphasized by Tsvi Piran (Piran, 1997) that this

LIt was shown (Brill & Deser, Variational Methods and Positive Energy in
General Relativity, 1968) (Brill & Deser, Positive Definiteness of Gravitational
Field Energy, 1968) (Deser, 1968) (Brill, Deser, & Faddeev, 1968) (Schoen &
Yau, On the Proof of the Positive Mass Conjecture in General Relativity, 1979)
(Schoen & Yau, Proof of the Positive-Action Conjecture in Quantum Relativity,
1979) (Schoen & Yau, Positivity of the Total Mass of a General Space-Time,
1979) (Schoen & Yau, The Energy and the Linear Momentum of Space-Times
in General Relativity, 1981) (Schoen & Yau, Proof of the Positive Mass
Theorem. Il, 1981), concerning the gravitational interaction in particular, that
the energy of matter (everything except gravitation) plus that of gravitation is
always positive when the dominant energy condition is assumed to be valid,
which actually amounts to assume that the energy of the component particles is
itself positive.

12
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would give rise to a situation similar to that we would normally
expect to observe if such an underdense region was attributed both
a negative gravitational mass and a positive inertial mass, given
that an underdense region would not only appear to repel surroun-
ding positive masses, but would also attract other underdense re-
gions.

Now, if this was the manner by which negative-mass or ne-
gative-energy matter interacted with itself and with positive-
energy matter, then it would be impossible for the equivalence
principle to apply in the way it is usually assumed to apply, and
therefore it is usually assumed that this analogy between voids in
an expanding matter distribution and negative mass objects can-
not be valid in general. But what | will try to explain, in the follo-
wing section, is that the hypothesis that negative-mass matter, if
it exists, would have the properties we expect of voids in an ex-
panding matter distribution, is in fact a basic consistency require-
ment, imposed by some of the most fundamental principles upon
which all successful physical theories are based.

13



3. THE ANALYSIS

As energy (more precisely the stress-energy tensor) replaces mass
as the source of gravitational fields in relativity theory (where gra-
vitational fields are actually represented by the curvature of spa-
cetime) and as the only physically significant instance of negative
energy is the one | have defined as negative action, we can mea-
ningfully discuss the problem of negative action by considering
that of negative mass. The first discussion of negative mass in ge-
neral relativity is Hermann Bondi's 1957 paper (Bondi, 1957) and
for a long time it was the only paper about negative mass in mo-
dern gravitation theory. In it Bondi explains what is the currently
held view on the subject of negative mass. He proposes four pos-
sible combinations of gravitational and inertial mass and exposes
what is believed to be the behavior of matter endowed with such
properties.

First there is the case where all mass is positive, which is
ordinary matter. It is assumed that matter of this kind responds
normally to non-gravitational forces, responds normally to gravi-
tational forces, and produces attractive gravitational fields. Then
there is the case where inertial mass is negative and gravitational
mass is positive. It is assumed that matter of this kind would res-
pond perversely to all forces whether gravitational or non-gravi-
tational and would produce attractive gravitational fields. There
does not seem to be any justification for the existence of this type
of matter and so | will not discuss this case any further.

Next is the case where inertial mass is positive and gravita-
tional mass is negative. It is usually presumed that matter of this
kind would respond normally to non-gravitational forces, would
respond perversely to gravitational forces and would produce re-
pulsive gravitational fields. This would seem to imply that such
masses would be submitted to mutual gravitational attraction,
while they would repel ordinary matter and be repelled by it. This
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is the behavior one would expect from negative-mass matter if it
behaved similarly to voids in an expanding positive-energy matter
distribution. Finally, there is the case where both inertial and gra-
vitational mass is negative. The conventional viewpoint, defended
by Bondi, is that matter of this kind would respond perversely to
non-gravitational forces, would respond normally to gravitational
forces, and would produce repulsive gravitational fields.

Bondi then explains that in general relativity we are not left
with as many choices of combinations, because the principle of
equivalence requires that inertial mass and passive gravitational
mass be the same (in the Newtonian approximation passive and
active gravitational masses are also considered equal). | believe
that he is right, not only because of the validity of general relati-
vity, but simply because it appears contradictory to assume that
what is positive is also at the same time negative. | believe that,
even in a Newtonian framework, all mass (whether inertial or gra-
vitational) should always be considered either positive or negative
as a simple consistency requirement, even if it looks like we can
separate its physical attributes into two categories. This is impor-
tant, even if general relativity has completely superseded New-
ton's theory, because we can still obtain a lot of useful results by
considering a Newtonian approximation.

Yet | also strongly disagree with Bondi. I believe that a ne-
gative-mass or negative-action object would actually have some
of the properties that he incorrectly attributes to matter with both
a positive inertial mass and a negative gravitational mass. | be-
lieve that a negative-mass object, the only possible type of nega-
tive-mass object, with both negative inertial mass and negative
gravitational mass, would be repelled by normal positive masses
(which it would also repel) while it would be attracted by other
negative masses. | will explain what motivates this conclusion be-
low, after | discuss the consequences of Bondi's problematic as-
sumption concerning the behavior of negative masses.

While reading Bondi's paper you may notice how difficult it
appears to be for him to justify the outcome of his own views on
the subject of negative-mass matter. This is not surprising as one
of the consequences of the existence of a negative-mass object
(with both negative gravitational mass and negative inertial mass)
that would obey Bondi's rules is a violation of the principle of
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inertia. Bondi describes the motion of a pair of (very massive)
particles, one is a normal particle with positive mass and the other
is one of his negative-mass particles, which is assumed to produce
repulsive gravitational fields, but to respond like ordinary matter
to gravitational forces. As such, the negative-mass particle should
be attracted to positive-mass particles, while it would also repel
them gravitationally. Such a pair of particles, left alone in space
and initially at rest in an inertial reference system, would sponta-
neously accelerate in one direction, the negative-mass particle
chasing the positive-mass particle. That process would enable
them to reach arbitrarily large opposite energies without any work
being done on the whole system.

One can immediately notice that a strange, and | believe sus-
picious, aspect characterizes the phenomenon described here,
beyond the fact that it seems highly unlikely that it could ever be
observed. Indeed, why is it that it is necessarily the positive-mass
particle that is chased and the negative-mass particle that pursues
the other one? Shouldn't there be an equivalence between the
viewpoint of the positive mass and that of the negative mass?
How can we define attraction and repulsion in an absolute man-
ner, such that one system always attracts other systems and ano-
ther one always repels other systems, when the only property that
distinguishes those systems is the sign of their mass? It does not
just appear that there is some principle violated here, there is ac-
tually a violation of the notion that we can only define the proper-
ties of an interaction based on the effect it has on other systems
and not with respect to some absolute notion of positivity and ne-
gativity. A mass cannot be said to be absolutely positive or to ab-
solutely attract everything, because there would then be no refe-
rence attribute to which you could relate that arbitrary distinction.

This argument is so important that | will discuss it a little
further. If the sign of mass is to have any physical meaning then
it must indicate that there can be a reversed or opposite value to a
given mass and if there is a reversed value it can only be reversed
relative to a non-reversed mass, that is, relative to a positive mass,
for example, and to nothing else; mass cannot be reversed with
respect to an absolute (non-relationally defined) point of refe-
rence, without any physical meaning. Consequently, if a repulsive
gravitational field results from taking a minus sign for the
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gravitational mass m of its source, then it must be repulsive for
positive masses and positive masses only. According to the con-
ventional approach defended by Bondi, for a negative-mass sys-
tem, the attractive or repulsive nature of the gravitational field of
a positive-mass system would be the same as it is for a positive-
mass system, given that it is defined in an absolute manner. As a
consequence, he is forced to conclude that given the choice we
have for active gravitational mass, either all masses (positive and
negative) will be attracted or all masses will be repelled.

But | believe that this just can't be true, because the sign of
mass m and more precisely of energy E (as it propagates in a
given direction of time) is a purely relative physical attribute and
does not relate to anything of an absolute nature. Failure to un-
derstand this means that we allow for the case where a positive
mass attracts a negative mass (since all objects are attracted by it)
while the negative mass repels the positive mass (since all objects
are repelled by it) and under such conditions we should expect to
observe the pair to move off with uniform acceleration to arbitra-
rily large velocities, in gross violation of the principle of inertia.
The mistake we do by following Bondi's approach is that we as-
sume that the attractive or repulsive nature of a gravitational field
is defined in an absolute manner, in the sense that it is not depen-
dent merely on the sign of mass or energy of the object that is
experiencing it. We shouldn't be surprised, then, that we end up
with a theory that predicts the existence of phenomena so bla-
tantly implausible that they defy common sense.

Clearly, if physical systems with negative mass or negative
action are assumed to exist, they cannot have the properties which
Bondi assumes they possess. But why is it that the case which he
rejected of a positive inertial mass combined with a negative gra-
vitational mass appears to produce better agreement with the re-
guirement that the sign of mass or energy be purely relative? Un-
der this alternative proposal, from a purely phenomenological
viewpoint there is an equivalence between positive- and negative-
action matter, because particles of any one type are submitted to
mutual gravitational attraction, while particles of opposite energy
sign gravitationally repel each other. It then looks like repulsion
and attraction could be defined in a purely relative manner, but in
fact they are still defined in an absolute manner and it is a
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coincidence if we obtain a model which appears, from a superfi-
cial point of view, to be invariant with respect to mass sign.

If we appear to obtain the desired results when keeping iner-
tial mass positive while gravitational mass is reversed, it is simply
because this is equivalent to assuming that the inertial mass of a
negative-mass object is reversed a second time (from negative to
positive) which would have the same effect as a reversal of the
absolutely defined, equivalent gravitational field attributable to
acceleration relative to an inertial reference system. What | have
come to understand is that while the inertial mass of a negative-
mass object is negative, just like its gravitational mass, the direc-
tion of the equivalent gravitational field due to its acceleration re-
lative to an inertial reference system must by necessity be re-
versed compared to that which is experienced by a similarly ac-
celerating positive-mass object, if this gravitational field is to
itself be determined in a relational manner?. As a consequence, a
correctly described negative-mass object with negative gravitatio-
nal mass and negative inertial mass would actually follow the
rules traditionally assumed to be obeyed by a gravitating object
with negative gravitational mass and positive inertial mass.

What I'm suggesting is that the gravitational field produced
by a given source is not attractive or repulsive per se, because this
property depends on the signs of action of the interacting particles
involved. The effects produced by a given gravitational field on a
negative-mass object are actually different from those produced
on a positive-mass object. There are in fact four possible situa-
tions which can arise when we limit ourselves to changing the
signs of the interacting masses. First, the source of the field could
have conventional positive mass density and the field be attractive
because the test particle has normal positive mass. Next, the
source of the field could have conventional negative mass density
and the field be repulsive, again because the test particle has nor-
mal positive mass. Another possibility is that the source of the

2 In amore extensive report (Lindner, Negative-Energy Matter and the Direction
of Time, 2026), published after the first version of the one on which is based the
present book, | have explained more at length why it is that we can expect the
equivalent gravitational field associated with acceleration to be reversed from
the viewpoint of a negative-mass object, compared to what it is for a positive-
mass object submitted to the same acceleration.
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field could have conventional positive mass density and the field
be repulsive because the test particle has negative mass. Finally,
the source of the field could have conventional negative mass den-
sity and the field be attractive, still because the test particle has
negative mass.

In such a context like-masses are gravitationally attracted to
one another and masses of opposite signs gravitationally repel
each other and this is all possible even though inertial mass is as-
sumed to be reversed when gravitational mass is reversed. What's
interesting is that this description remains valid even when posi-
tive mass is considered to be negative mass and negative mass is
considered to be positive mass. We may say that the viewpoint
under which what we normally call positive mass actually has po-
sitive mass is the natural viewpoint of what we normally consider
to be a positive-action observer, while the viewpoint under which
what we normally call positive mass actually has negative mass
is the natural viewpoint of what we would normally consider to
be a negative-action observer. | will show in the next section how
these notions can be more precisely expressed from within the
mathematical framework of a generalized gravitation theory, ba-
sed on conventional relativity theory.

However, we may want to retain a certain definition of iner-
tial mass that would clearly be related to the physically significant
properties with which it is traditionally associated. This appears
necessary once we realize that the energy or the mass could be
zero in a given region of space, even in the presence of matter.
For example, when two astronomical objects of sufficiently low
mass densities with opposite mass signs are superposed, the total
energy, as determined by the gravitational field they produce,
would be zero. But because the energies of the two objects can be
measured independently, the system does not have one unigue va-
nishing inertial mass (it would take a relatively large amount of
work to move it). We may define the absolute inertial mass to be
the measure of mass obtained by taking the absolute value of the
mass of each independently evolving physical system. In the
example of the two superposed objects with opposite masses, we
would have zero total mass including inertial mass, but nonzero
absolute inertial mass.
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Now, it appears that a truly consistent notion of negative-
mass or negative-energy matter, one that correctly takes into ac-
count both the principle of inertia and the principle of relativity,
must have the apparent consequence of enabling a distinction bet-
ween gravity and acceleration. This tension between the concept
of negative-energy matter that | propose and the equivalence prin-
ciple can be easily pictured with the help of Einstein's gedanken,
accelerated elevator experiment. What happens is that it seems
that we would be able to tell when it is that we are simply accele-
rating far from any large mass and when it is that we are really
standing still in the gravitational field of a planet. This is because
near a planet or another large mass (of either type) positive- and
negative-action test particles would accelerate in different direc-
tions (one upwards and the other downwards), while when the
elevator is simply accelerating far from any large mass, both test
particles would accelerate in the same direction, betraying the fact
that the acceleration is 'real'. Consequently, the principle that the
effects of acceleration are totally equivalent to those of a gravita-
tional field (the principle of equivalence), doesn't seem to be valid
when we introduce a more consistent concept of negative-energy
matter.

Faced with that prospect, one may be tempted to consider the
view that it is better to sacrifice the very old and uncertain prin-
ciple of inertia than anything we take for granted about the prin-
ciple of equivalence, as the latter is the one principle upon which
all of relativity theory and our modern concept of gravity is
founded. But this viewpoint is hardly justifiable, given that the
validity of the principle of equivalence is dependent on the vali-
dity of the principle of inertia. If a violation of the principle of
inertia could happen, as would be the case in the presence of con-
ventional negative-energy matter, then we cannot tell what would
actually be the consequences of such a violation in a general-re-
lativistic context. We don't even know if Bondi's prediction that
the two particles should spontaneously accelerate in a given di-
rection would hold under such conditions. The only argument we
are left with, if we assume the validity of the conventional concept
of a negative-mass or negative-energy system, is that such sys-
tems do not exist, so that we are not faced with the annoying and
clearly unpredictable consequences of this proposal.
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| believe that, in fact, the principle of equivalence and the
principle of relativity on which it stands are not really threatened
by my proposal. First, the equivalence principle always applies
only in a limited portion of space. It is clear that we can tell that
there is a real gravitational field when we consider a portion of
space that is sufficiently large. If two elevators are suspended on
two opposite sides of the Earth and we consider them together, it
is obvious that even though observers in each elevator are free to
believe that they are only accelerating far from any large mass,
from the viewpoint of the ensemble of the two systems there is
definitely a local force field directed towards the center of the pla-
net. Even within a single elevator standing still on the surface of
the Earth, freely falling (positive-mass) test particles would have
a tendency to converge slightly towards one another, betraying
the presence of a large mass nearby, attracting them towards its
center.

In the end, one can say that the equivalence between the ef-
fects of acceleration and a gravitational field is still valid, only it
applies separately for positive- and negative-energy particles (just
as it applies separately for separate portions of space), because
each of those two kinds of matter particle is to be attributed its
own free-fall reference system defined in relation to its mass sign.
What's significant is that those two sets of free-fall reference sys-
tems and the two distinct measures of space and time intervals
with which they are associated, can be related to one another by a
simple, unique transformation, as all particles of one type share
the same free-fall motion. But it is only when you consider two
particles with different signs of action together, that you can tell
the difference between the case of a uniform acceleration and that
of a local gravitational field. Therefore, all particles with the same
sign of energy still share the same local inertial reference system
and this is all that is truly required for a general-relativistic gravi-
tational field theory to apply that allows the sign of energy itself
to be relativistically defined.

Now, it remains that one single reference system (or more
exactly one set of reference systems) appears to be singled out by
the combined behavior of the two types of test particles. This is
the reference system relative to which both positive- and nega-
tive-action particles are not accelerating in the absence of local
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perturbations. It would then look like we can determine a state of
absolute acceleration relative to a metaphysical, non-accelerating
reference system. This would seem to violate not only the prin-
ciple of equivalence, but also the more general principle of relati-
vity that motivates both the equivalence principle and my very
introduction of unconventional negative-action matter (energy
sign is a relative notion). However, this is not the case and in fact
it should appear all the more natural, in the framework of general
relativity theory, that some reference systems have unique proper-
ties.

As general relativity is a theory of gravitation, the local, iner-
tial reference systems are defined by the effects of the surrounding
matter. There is no doubt that there exists one very particular re-
ference system in our universe, this is the reference system rela-
tive to which the majority of masses in the universe do not acce-
lerate. One may call that system the global, inertial reference sys-
tem. It is while thinking about the necessity of a causal explana-
tion to the existence of such a reference system that Einstein was
led towards general relativity as a theory of gravitation. Once we
recognize the validity of the general theory of relativity there
should be no more mystery associated with the existence of the
global, inertial reference system, as there may have been in New-
ton's age. That reference system is simply the outcome of the com-
bined gravitational forces exerted by all masses in our universe
(at least those which exert on a given object an influence that had
the time to reach it since the Big Bang).

As it is, even far from any large mass, there remains the ef-
fect of the universe as a whole. For example, the reference system
with respect to which we feel no rotation is the one which is not
rotating relative to the average distribution of matter, that is, rela-
tive to the farthest galaxies. We are not surprised by the existence
of such a privileged reference system and for the same reason we
shouldn't look unfavorably at the possibility that there can exist
one set of reference systems where at once positive- and negative-
energy objects do not have accelerated motion when free from
external non-gravitational forces. We are not faced with a refe-
rence system associated with absolute, or non-relative accelera-
tion, but only with a reference system in which the combined gra-
vitational forces of all matter particles in the universe (with which
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an object actually interacts) imposes an absence of acceleration
between positive- and negative-action objects.

So, we have an operational definition of the principle of equi-
valence that still works in a limited manner and that will enable
me to generalize the existing mathematical framework of relati-
vity theory so as to accommaodate the presence of negative-energy
matter. As well, | have provided arguments to the effect that the
epistemological foundation of relativity theory, which basically
consists in the principle of relativity, can only be satisfied in the
context where negative-energy systems are governed by a theory
according to which the sign of mass or energy does not have an
absolute meaning. Before such a concept of negative-energy mat-
ter can become part of a generalized gravitation theory that would
provide an alternative framework to tackle the outstanding pro-
blems of cosmology, however, it is necessary to explain how the
various difficulties it raises can be satisfactorily resolved.

There is one major issue, in particular, that must be faced
before one can admit the possibility that there exists negative-ac-
tion or negative-energy matter obeying the requirement of relatio-
nal definition of physical attributes. The very basic difficulty we
encounter upon the introduction of this kind of matter has to do
with the energy of the fields responsible for the interaction bet-
ween positive- and negative-action particles. It appears, in effect,
that the energy of the field mediating such an interaction would
not be well-defined, given that it is impossible to tell whether it is
positive or negative (with respect to a given direction of time).
Normally the energy of a field associated with a repulsive interac-
tion between two particles, for example the energy of the electro-
magnetic field between two electrons, must be positive, while the
energy of a field associated with attraction between two particles,
for example the energy of the electromagnetic field between an
electron and a positron, must be negative. As | mentioned before,
we cannot isolate this energy from that of the source particles, but
nevertheless, in all cases we deal with normally, this contribution
to the total energy is well-defined.

The case of gravitation doesn't seem to require any special
treatment. From the viewpoint of positive-energy observers, when
two positive-action particles are attracted towards one another the
contribution of the gravitational field to the energy of the system
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must be negative. When two negative-action particles are at-
tracted towards one another or bound together in a single system,
the contribution of the gravitational field to the energy of the sys-
tem should be positive, as we can expect from the symmetry of
this situation with the one involving two positive-action particles
and as required for a relational definition of the sign of energy or
action. But what happens in the case of the interaction of a posi-
tive-action particle with a negative-action particle?

The fact that what's positive energy for one observer could
be considered negative energy for an observer of opposite energy
sign doesn't change anything here. From the viewpoint of any ob-
server, given that we are expecting a repulsive interaction, the
energy of the gravitational field would have to be positive, if a
positive-action particle is involved, but it would need to be nega-
tive if a negative-action particle is involved. It appears that the
energy of the interaction field simply cannot be defined in a
unique and non-ambiguous manner and there is a similar problem
for all the other hypothetical interactions, attractive or repulsive,
between positive- and negative-action particles. This is the most
serious problem we must face upon the introduction of a more
consistent concept of negative-energy matter in physical theory,
but as | will explain, it can be turned into a clear advantage.

I believe that the difficulty, here, merely has to do with the
fact we fail to recognize that there can be no direct interactions,
mediated by interaction bosons, between positive- and negative-
action particles. This suggestion may appear absurd at first; how
could we have any indication whatsoever concerning the exis-
tence of negative-action matter if it doesn't interact with ordinary
matter? It turns out, however, that even though this proposal
amounts to proscribe most interactions, it still leaves a possibility
for some sort of indirect gravitational interactions between posi-
tive- and negative-energy objects. It is true, however, that the
other interactions are completely absent between opposite-action
particles and this is justified by the impossibility to define either
the energy sign of the fields which would mediate those interac-
tions or the strength of any indirect non-gravitational interaction
between those particles. This conclusion is very significant, from
an astronomical viewpoint, as it actually means that a positive-
energy observer cannot directly observe negative-energy matter.
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To explain how it is possible to have a theory of the gravita-
tional interaction between positive- and negative-energy matter,
despite the absence of interaction between opposite-action par-
ticles, it will be necessary to consider the previously discussed
analogy between the gravitational dynamics of positive and nega-
tive masses and that of voids in an expanding, uniform matter dis-
tribution. Now that I have explained that the only possible form
of negative-mass or negative-energy matter would have proper-
ties traditionally attributed to matter with a negative gravitational
mass and a positive inertial mass (even though inertial mass is
actually also negative), the significance of this analogy becomes
clearer.

| previously explained, in effect, that it is well understood
already that a void in an expanding, uniform distribution of posi-
tive-energy matter distribution would contribute to accelerate the
local rate of expansion of the surrounding positive-energy par-
ticles, as if the void was exerting a gravitational repulsion on those
particles. But it must be clear that there is no (repulsive) gravita-
tional field on the boundary of such a void in the matter distribu-
tion (this is implied by Birkhoff's theorem in the context where
the density of matter energy is, in effect, null inside the void) and
that it is merely because the rate of expansion of the positive-
energy matter is not slowed down around the location of the void,
due to the absence of gravitational attraction by the positive-
energy matter that is missing, that the surrounding matter is al-
lowed to expand more rapidly, as if it was submitted to some gra-
vitational repulsion.

This conclusion would remain valid even if a uniform distri-
bution of negative-energy matter was present throughout space
that would make the density of energy negative (instead of null)
inside a void in the positive-energy matter distribution, because,
as | will explain below, what is implied by the absence of interac-
tion between positive- and negative action particles is that no gra-
vitational force of any kind can exist that would be exerted by a
uniform distribution of negative-energy matter on positive-energy
matter. It is not possible, therefore, to conclude that when posi-
tive-energy matter is absent in a region of space, some gravitatio-
nal repulsion may be exerted by the uniformly distributed nega-
tive-energy matter that is still present in this void, that would
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normally be compensated by the gravitational attraction of the po-
sitive-energy matter that is missing. Even in the presence of a ho-
mogeneous distribution of negative-energy matter it is still appro-
priate to assume that no repulsive gravitational field can exist on
the boundary of a void in the positive-energy matter distribution,
that would produce a gravitational force on the surrounding posi-
tive-energy matter, and of course the same conclusion would be
valid for negative-energy matter in the presence of a void in a uni-
form negative-energy matter distribution.

When | discussed the occurrence of negative energies in
guantum field theory, however, | mentioned the existence of an
experiment, first described by Hendrik Casimir, that enabled the
measurement of a secondary effect of the absence of positive
energy from the vacuum, attributable to the physical constraints
exerted by the presence of two parallel mirrors placed a very small
distance apart. | explained that such an absence of positive-energy
from the vacuum implies that the energy density is actually nega-
tive in the small volume between the mirrors. But if we may, in
effect, measure energy to be negative in a certain region of space
where positive energy is missing from the vacuum, then there is
no reason why we could not consider that negative energy states
in general are equivalent, in a certain way, to a local absence of
positive energy from the vacuum, if from a phenomenological
viewpoint there is no distinction between those two situations. In
such a context, it may be appropriate to assume that the presence
of negative-energy matter itself is equivalent to an absence of po-
sitive energy from the vacuum.

Now, in the context where we would also assume that posi-
tive-energy matter is equivalent to a local absence of negative va-
cuum energy, it would follow that the interaction of positive-
energy matter with the uniformly distributed, negative portion of
vacuum energy is actually an interaction of this negative portion
of vacuum energy with itself and therefore there is no reason to
assume that such a uniform distribution of negative vacuum
energy would exert no gravitational force on positive-energy mat-
ter, like a uniform distribution of negative matter energy. But
even if the uniform, negative portion of vacuum energy would
seem to exert an equivalent (repulsive) gravitational force on po-
sitive-energy particles, it would not follow that the negative
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vacuum energy that is present in a local void in the positive por-
tion of vacuum energy would produce a repulsive gravitational
force on the surrounding positive-energy matter, as one may ex-
pect to occur in the context where the gravitational force attribu-
table to the positive portion of vacuum energy no longer compen-
sates that which is attributable to the negative portion of vacuum
energy, because, as | explained above, negative-energy matter
particles themselves, as local voids in positive vacuum energy,
cannot exert any gravitational force on positive-energy particles.

What | have come to understand is that, if negative-energy
matter appears to exert a repulsive gravitational force on surroun-
ding positive-energy matter, this can only be a consequence of the
fact that, the positive vacuum energy that goes missing locally, as
a result of the presence of negative-energy matter, no longer con-
tributes to balance the gravitational attraction exerted on this po-
sitive-energy matter by the surrounding positive portion of va-
cuum energy. When two maximum contributions with opposite
signs exist for vacuum energy, it is necessary to assume, in effect,
that in the absence of any positive or negative energy object, that
is to say, in the absence of local voids in the negative and positive
portions of the uniform distribution of vacuum energy (respecti-
vely), no gravitational force would be exerted by vacuum energy
on a positive-energy particle.

The equilibrium of gravitational forces that exists under such
conditions, however, is not attributable merely to the presence of
two opposite contributions of equal maximum magnitudes to the
energy of the vacuum, but also to the absence of local inhomo-
geneities in one or another of those two opposite-energy distribu-
tions. When a void is present locally, in the positive portion of
vacuum energy, this equilibrium is broken, not because the gravi-
tational force exerted by the negative vacuum energy that is still
present in the void is no longer compensated by that which would
otherwise be exerted by the missing positive vacuum energy, but
because the gravitational forces exerted on a positive-energy par-
ticle by the uniform portion of the surrounding positive vacuum
energy distribution no longer cancel out locally, while the gravi-
tational forces exerted by the uniform portion of the surrounding
negative vacuum energy distribution still cancel out locally, as if
they were actually inexistent.
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Thus, when positive vacuum energy is missing locally, it is
as if the portion of the surrounding uniform distribution of posi-
tive vacuum energy above that which is present in the void and
which would otherwise exert no gravitational force on either po-
sitive- or negative-energy particles, can now exert some kind of
attractive gravitational force on positive-energy particles, even
when the average density of vacuum energy remains null outside
the void.

It is important, therefore, to differentiate between the equili-
brium of gravitational forces that is attributable to the presence of
two uniformly distributed, opposite contributions to the energy of
the vacuum, which are allowed to cancel out on the cosmic scale
(thereby possibly giving rise to a zero cosmological constant that
does not affect the rate of expansion of matter), and the local equi-
librium of gravitational forces exerted on positive-energy par-
ticles, which arises from the uniformity of the spatial distribution
of positive vacuum energy and which may be affected by the ab-
sence of positive vacuum energy in a limited portion of space (the
gravitational force exerted on positive-energy particles as a result
of a local absence of negative vacuum energy being merely the
outcome of an ordinary interaction between particles with the
same positive sign of energy).

What we can actually expect, therefore, is that a local void
in the uniform, positive portion of vacuum energy, which is equi-
valent to the presence of a local concentration of negative-energy
matter, would gravitationally repel a positive-energy particle, not
because the positive-energy particle is gravitationally repelled by
the negative vacuum energy that is present in the void, but be-
cause the positive vacuum energy that is missing does not exert
the gravitational attraction it would otherwise exert in the direc-
tion of the void, while the surrounding positive portion of vacuum
energy still exerts an attractive gravitational force directed
outward from the center of the void. This is possible, despite the
fact that the uniform distribution of vacuum energy may have a
null density outside the void, because when positive vacuum
energy is missing locally, from a uniform distribution of vacuum
energy that is already null, the gravitational attraction exerted on
a positive-energy particle in the direction of the void is weaker
than it would be even in the total absence of any energy, which
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means that it is actually pointing in a direction opposite that in
which it would be pointing if it was attributable to the presence of
positive vacuum energy in the void.

Given that there could be no gravitational force on positive-
energy particles, arising from a void in vacuum energy, if equal
amounts of positive and negative vacuum energies were missing
at the same time in this void, while such a situation would only
differ from that in which only positive vacuum energy is missing
due to the fact that there would be no negative vacuum energy in
the void, then it is necessary to assume that it is the surrounding
uniform distribution of positive vacuum energy that is exerting a
gravitational force on a positive energy particle when the only
energy that is missing is positive vacuum energy, because when
negative vacuum energy is missing as well in the void, the ab-
sence of forces is not due to an absence of gravitational repulsion
by the negative vacuum energy that is missing, but to the presence
of an attractive gravitational force by the positive-energy matter
which is located inside the void and which exists as a result of this
local absence of negative vacuum energy.

It must be clear that, despite what one may be tempted to
argue, Birkhoff's theorem doesn't imply that it is impossible for
the surrounding uniform distribution of positive vacuum energy
to be the cause of the gravitational force that pulls a positive-
energy particle away from a region where positive vacuum energy
is missing, because even though the spherical symmetry that cha-
racterizes the distribution of vacuum energy that exists in the pre-
sence of a single spherical void in the positive portion of vacuum
energy does imply that the only solution to the gravitational field
equations is the Schwarzschild solution, as when a void in the uni-
form positive-energy matter distribution is considered, in the pre-
sent case the density of energy inside the spherical void is not null,
but rather negative and under such conditions it is possible for a
non-zero gravitational field to be present on the boundary of the
void.

But even if, under certain circumstances, there may be an
equivalence between a local imbalance in the sum of attractive
gravitational forces attributable to the uniform distribution of po-
sitive vacuum energy and what would appear to be a gravitational
repulsion exerted on a positive-energy particle by negative-
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energy matter, we are nevertheless always dealing with gravita-
tional attraction. There is no question that it is the uncompensated
gravitational attraction of surrounding positive vacuum energy
that is responsible for the apparent gravitational repulsion which
would be exerted on a positive-energy particle by a void in the
otherwise uniform distribution of positive vacuum energy. As |
explained above, it is clearly as a consequence of the fact that po-
sitive vacuum energy is missing in the direction where the void is
located, while the positive vacuum energy present in the opposite
direction still exerts its gravitational pull, that there exists a net
force directed away from the void.

Concerning the effects which I'm suggesting should be attri-
buted to missing positive vacuum energy, we may ask to what
extent such a void may actually be considered physically signifi-
cant, in the sense of being merely an anomaly in an otherwise uni-
form distribution of vacuum energy? Given that it must be the
surrounding positive vacuum energy that exerts the outward-di-
rected attractive gravitational force that would be experienced as
a gravitational repulsion by positive-energy particles, it follows
that, as we consider voids of increasingly larger sizes, there may
come a point when there would be no positive vacuum energy left
outside the void to produce the uncompensated gravitational at-
traction that must exist to produce the equivalent repulsion.

This would happen in the presence of a uniform negative-
energy matter distribution, given that the void in the positive-
energy portion of the vacuum which is equivalent to the presence
of this matter would actually extend to the whole universe. This
void would have been present in the vacuum from the very begin-
ning of the history of the universe and would not have developed
through the production of a compensating overdensity of positive
vacuum energy in its environment. In such a case it would no lon-
ger be possible to assume the existence of an uncompensated gra-
vitational pull on positive-energy particles from the surrounding
positive vacuum energy, because indeed there would be no va-
cuum energy with higher positive density outside the void to ge-
nerate the attraction.

But if the indirect gravitational force exerted on positive-
energy particles by voids in the positive-energy portion of the va-
cuum constitutes the only form of gravitational interaction
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between positive- and negative-energy matter, then it follows that
a homogeneous distribution of negative-energy matter exerts no
gravitational force at all on positive-energy matter, which means
that positive-energy matter interacts with negative-energy matter
only in the presence of inhomogeneities in any of the two matter
distributions.

In an originally homogeneous matter distribution, however,
a negative-energy matter overdensity can only form if a compen-
sating underdensity also forms in its surroundings, which can be
expected to produce an oppositely directed gravitational field,
given that the energy that is the source of the gravitational fields
produced by inhomogeneities in this matter distribution must be
conserved when such a void forms. Therefore, one must conclude
that, on the cosmological scale, the presence of an average density
of negative-energy matter has absolutely no effect on the gravita-
tional dynamics of positive-energy matter (and vice versa). This
would mean, in particular, that the rate of universal expansion ex-
perienced by positive-energy observers is not influenced by the
presence of negative-energy matter and similarly that the rate of
expansion experienced by negative-energy observers is not af-
fected by the presence of positive-energy matter.

If one can expect that an underdensity in a uniform distribu-
tion of negative-energy matter would produce an attractive gravi-
tational field, from the viewpoint of positive-energy particles, this
is because, in the presence of such an inhomogeneity, the density
of gravitationally attractive, positive vacuum energy would be lar-
ger than its average value locally, while there would be no gravi-
tational force on positive-energy particles from the presence of a
homogeneously distributed underdensity in positive vacuum
energy which is equivalent to the presence of a homogeneous dis-
tribution of negative-energy matter. A negative-energy matter
overdensity, on the other hand, can be expected to produce a re-
pulsive gravitational field, because under such conditions the den-
sity of gravitationally-attractive, positive vacuum energy would
be smaller than its average value locally, thereby allowing the sur-
rounding positive vacuum energy to exert an uncompensated gra-
vitational attraction directed away from the center of the structure.

It is absolutely necessary to assume that a void in the uniform
distribution of negative-energy matter, would produce an
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attractive gravitational force on positive-energy particles, because
otherwise, as we consider voids of increasingly larger sizes in the
negative-energy matter distribution, there would come a point
when the void would occupy the whole observable universe, but
such a void would still provide no contribution to the density of
gravitationally-attractive, positive vacuum energy, while a totally
uniform distribution of vacuum energy with a maximum positive
density, as would exist in the absence of any negative-energy mat-
ter, must exert a gravitational force on positive-energy particles.

But it is also necessary to assume that a negative-energy mat-
ter overdensity would produce a repulsive gravitational field,
from the viewpoint of positive-energy particles, because if it was
not the case, then the formation of a void in the negative-energy
matter distribution would give rise to a violation of the conserva-
tion of energy, given that this void must itself be the source of an
attractive gravitational field, which means that if the local excess
of negative-energy matter which must be produced in the surroun-
dings of this void, as a result of its formation, was not giving rise
to a repulsive gravitational field that did not exist originally, then
no compensation would occur, as if positive energy could be
created out of nothing.

As | mentioned above, however, the conclusion that such in-
direct interactions should exist between opposite-energy objects
only applies to gravitation, because even if there must be an equi-
valence between non-gravitational charges missing from a neutral
charge distribution and the presence of opposite-sign charges and
even if it may be necessary to assume that the presence of matter
is in fact equivalent to both missing energy and missing non-gra-
vitational charges from zero-point vacuum fluctuations (in order
to avoid having to conclude that ordinary positive-action particles
themselves, as voids in negative vacuum energy, have no
charges), an additional difficulty would emerge if we were to as-
sume that inhomogeneities in the distribution of negative-energy
matter charges exert electromagnetic and other non-gravitational
forces on charged positive-energy matter particles.

As | will explain in section 5, opposite-energy objects do not
share the same metric properties of spacetime and this means that
it is not possible to define the strength of an electric force in a
unique and consistent manner, when it is assumed that this force
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is attributable to an interaction between opposite-action particles,
just like it is not possible to define the sign of energy of the field
that would need to mediate such an interaction, while those diffe-
rences would give rise to genuinely distinct effects (of a non-me-
tric kind) from the viewpoints of opposite-energy observers.
Therefore we have no choice but to recognize that such forces
cannot exist, even in the presence of inhomogeneities in the dis-
tributions of positive- and negative-energy matter charges. It is
merely the fact that gravitation is the interaction that determines
the very metric properties of spacetime that allows the strength of
the indirect gravitational forces between opposite-energy objects
which arise in the presence of inhomogeneities in the positive-
and negative-energy matter distribution to be well-defined, unlike
is the case for non-metric interactions.

To return to the case of gravitation, it emerges that if an over-
density in the negative-energy matter distribution was to become
large enough over a limited region of space, then a spherical event
horizon could form around it that would not merely prevent nega-
tive-energy matter from escaping the gravitational field of the ob-
ject, but that would also prevent positive-energy matter from cros-
sing its surface from outside. It would be as impossible for a po-
sitive-energy observer to explore the inside of such an object as it
is impossible for the same observer to get out of an ordinary po-
sitive-energy black hole. Such a negative-energy black hole
would need to radiate negative thermal energy for the exact same
reason that a positive-energy black hole radiates positive thermal
energy. Indeed, given that the relation between the heat absorbed
dE and the variation of entropy dS which is provided by the first
law of thermodynamics dS = dE/T (as applies to positive-
energy black holes in the absence of changes to their angular mo-
mentum and electric charge) would also need to apply to those
negative-energy black holes, then it follows that the temperature
T of the object would be negative, because its entropy would de-
crease in the course of such a process, while it would need to in-
crease as the black hole absorbs negative-energy matter.

But given that, from the viewpoint of the alternative concept
of negative-energy matter developed here, a positive-energy black
hole would not be allowed to absorb negative-energy matter, just
like a negative-energy black hole would be prevented from
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absorbing positive-energy matter (due to the overwhelming gra-
vitational repulsion to which this matter would be submitted as it
approaches the event horizon of the object), then it is not possible,
as it would from a conventional viewpoint, to produce violations
of the second law of thermodynamics by throwing negative-
energy matter into a positive-energy black hole in small amounts.
If negative energy states are to be considered a true possibility,
then the fact that the conventional concept of negative-energy
matter would allow such violations of the second law of thermo-
dynamics (given that negative-energy matter is usually assumed
to be gravitationally attracted by positive-energy matter), while
the alternative approach proposed in this book would forbid them,
constitutes a strong motive to recognize that this latter proposal is
more appropriate.

Now, | have argued above that once we recognize the vali-
dity of the general theory of relativity there should be no more
mystery in relation to the existence of a unique global, inertial
reference system relative to which at once positive- and negative-
energy objects do not accelerate, if it can be assumed that this re-
ference system is determined by the gravitational forces attribu-
table to the large-scale matter distribution. But in the context of
the above discussed developments, it emerges that if the matter
distribution is homogeneous and isotropic on the largest scale, as
observations appear to require, then only positive-energy matter
can contribute to determine the global inertial reference system
relative to which positive-energy objects have no acceleration in
the absence of external forces, while only negative-energy matter
can contribute to determine the global inertial reference system
relative to which negative-energy objects have no acceleration,
because a homogeneous distribution of negative-energy matter
exerts no gravitational force on positive-energy objects and vice
versa.

This conclusion is much more significant than it may perhaps
appear to be, because if it had been the case that the uniform dis-
tribution of negative-energy matter was exerting a compensating
gravitational force on positive-energy objects, then there would
be no way for the phenomenon of inertia to emerge, because it
would be as if there was no matter on the largest scale, as all mat-
ter energies would add-up to zero (at least initially, in the first
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instants of the Big Bang, as | will explain in section 6.3), which
means that there would arise no inertial gravitational force, regar-
dless of the state of acceleration of an object relative to the uni-
form large-scale matter distribution.

In the previous section | also discussed the case of negative
energy as it arises in bound systems. | mentioned that such sys-
tems are physically different from the sum of their parts. For one
thing, they may, in some cases, have lower energy after they have
formed than there was energy in the isolated component subsys-
tems from which they formed (even when we consider only the
energy of mass). To balance the energy budget, one must assume
that the energy of the attractive field of interaction is negative.
This energy cannot be measured independently from the energy
of the whole bound system, but it does contribute to it in a well-
defined manner. Yet those very common physical systems were
never found by any experiment to violate the principle of equiva-
lence in any way.

What this means is not that there is a problem with the hypo-
thesis that negative-mass objects do not respond perversely to
non-gravitational forces, but rather simply that one cannot consi-
der that the interaction field with its negative energy contributes
independently to the inertial properties of the system, which
would result in the system having an absolute inertial mass (as
defined above) greater than its gravitational mass. Thus, when we
are considering a single bound system of positive total energy,
whose negative binding energy cannot be independently observed
or measured, consistency dictates that we also cannot measure an
independent contribution to the absolute inertial mass of the sys-
tem by this field of interaction and of course this is also valid for
negative-energy systems in the presence of positive energy attri-
butable to a binding force field.

Before concluding this section, | would like to discuss ano-
ther aspect of the problem of negative energy states. | mentioned
in the previous section that we can, and in fact we must, picture
an antiparticle as really just an ordinary particle that reverses its
energy to go backward in time, as when a particle reverses its mo-
mentum to move backward in position space. As such, antipar-
ticles may be considered to merely be the same particles, observed
from a different perspective. The distinction between a positive-
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action particle and a negative-action particle, however, is more
significant, because a negative-action particle propagates a nega-
tive energy forward in time or a positive energy backward in time.
One significant consequence of this distinction is that opposite-
action particles cannot directly interact with one another through
the exchange of interaction bosons, as | have explained earlier in
this section.

But under such conditions one must conclude that a positive-
energy particle cannot turn into a negative-energy particle on a
continuous particle world-line without also changing its direction
of propagation in time (as when a positron annihilates with an or-
dinary electron), while the same positive-energy particle cannot
reverse its direction of propagation in time without reversing its
sign of energy, because if this was allowed, then it would mean
that from the conventional, forward-in-time viewpoint, the par-
ticle that would have existed before the reversal could interact
with the particle in the state it would occupy after the reversal,
while those two particles would have opposite action signs and
therefore are not even allowed to directly interact with one ano-
ther.

This is another theoretically derived conclusion with many
interesting, observable consequences. Indeed, if this constraint
was not valid there could arise processes of annihilation of posi-
tive-action particles with negative-action particles that would
leave no energy behind (as could have happened during the first
instants of the Big Bang, when the densities of positive- and ne-
gative-action matter were required to be equally high, for reasons
I will discuss in section 6.3). But there could also arise processes
in which pairs of opposite-action particles would be created out
of nothing in unlimited amounts. The principle of conservation of
charge is of no help here, as among negative-action particles there
are both positive- and negative-charge particles, that is, there are
negative-action antiparticles, just like there are positive-action an-
tiparticles. An electron could always annihilate with the appro-
priate negative-action counterpart that has opposite electrical
charge, if it was not for the constraint discussed above.

What emerges from those considerations is that it is not
necessary to take into account any interaction vertex with mixed
action signs when calculating probability amplitudes for
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elementary particle transitions. As a result no positive-action par-
ticle is allowed to decay into a negative-action particle by emitting
a positive-action photon or another such interaction boson, be-
cause this would require the negative-action particle so produced
to have interacted with this positive-action photon at the event in
spacetime where it would have been produced. Thus, it seems that
a certain constraint exists, from the viewpoint of the alternative
approach advocated here, that would prevent electrically charged
positive-energy particles from radiating energy while falling into
the 'lower' negative energy levels predicted to exist by quantum
field theory. But this constraint would not prevent a particle in a
negative-energy state from reaching arbitrarily large negative
energies, by absorbing negative-energy radiation.

This could be a problem from a conventional viewpoint, ac-
cording to which the sign of energy has an absolute meaning,
which allows an absolute direction on the energy scale to be sin-
gled out as being that of lower energies. But the difficulty no lon-
ger exists once we recognize the necessity to adopt a relational
definition for the sign of energy. From this more consistent
viewpoint, negative-energy observers would be allowed to consi-
der the 'lower', more negative energies, below the zero level, to
actually be higher energies, while they would be allowed to con-
sider the 'higher’, less negative energies, near the zero level, to
actually be lower energies, in the sense that negative-energy par-
ticles would have a natural tendency to be drawn towards those
lower energies as time goes on. This is due to the fact that the
entropy of matter is larger when negative energy is contained in a
larger number of particles with smaller negative energies, for the
same reason that entropy is larger when positive energy is contai-
ned in a larger number of particles with smaller positive energies.

Those conclusions are all made unavoidable by the essential
requirement that there should be no absolute distinction between
positive- and negative-energy particles, so that if positive-energy
particles decay to less positive energy levels, then negative-
energy particles should necessarily decay to less negative levels
of energy, under similar conditions.

The outcome of the progress achieved in the latest portion of
this section is that it becomes possible to assume that negative-
energy states can be occupied by matter without giving rise to all
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sorts of instabilities and without interfering with the description
of processes involving positive-action particles which is provided
by ordinary quantum field theory. It would be like considering
that there exists an additional theory, similar to the current one,
but concerned only with negative-action systems. This relative in-
dependence of the processes described by the two equivalent
theories guarantees that the near perfect agreement of the current
theory with experimental data isn't jeopardized.
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Eleven basic principles or postulates help define the alternative
concept of negative-energy matter developed in the previous sec-
tion. They were used to derive the generalized gravitational field
equations that will be introduced in the following section and
which constitute the foundations of the solutions which will be
proposed in section 6 to the cosmological constant problem and
other related issues in classical cosmology.

The first principle is the most fundamental and a recognition
of its validity opens the way for a derivation of all the other re-
sults.

Principle 1: The distinction between a positive-ac-
tion particle and a negative-action particle (propaga-
ting negative energy forward in time or positive
energy backward in time) can only be defined by re-
ferring to the difference or the equality of the sign of
action of one particle in comparison with that of ano-
ther, so that this sign of action or energy has no ab-
solute meaning.

Another rule applies to the Newtonian concept of mass, but is
necessary to derive the modified general relativistic gravitational
field equations which will be discussed in the next section. It
states that:

Principle 2: When mass is reversed from its conven-
tional positive value (as a result of a reversal of the
sign of action), both gravitational mass and inertial
mass are reversed and together become negative.

This requirement is equivalent to assume that there is indeed only
one physical property to which we may refer to as being that of
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mass, but it does not have the consequences one usually expect it
would have, as it actually means that negative-mass objects do not
respond perversely to applied forces.

The third principle is both theoretically and experimentally
unavoidable.

Principle 3: There can be no direct interactions, ei-
ther gravitational or non-gravitational, mediated by
the exchange of interaction bosons, between posi-
tive- and negative-action particles.

Compliance with this principle means that positive-energy obser-
vers cannot directly observe negative-energy matter (and vice
Versa).

Another important result emerges in the context where it
must be assumed that there exist two opposite contributions of
maximum magnitude to the energy of zero-point vacuum fluctua-
tions. This result simply states that:

Principle 4: The distribution of vacuum energy that
surrounds a local void in an otherwise uniform dis-
tribution of positive vacuum energy must give rise to
uncompensated gravitational forces which attract
positive-action particles away from the center of
mass of the void, as if the void itself was producing
a repulsive gravitational force.

The following principle is probably the most decisive after
principle 1, given that it is the result that allows the whole concept
of negative-energy matter to have a significance despite the vali-
dity of principle 3 and the absence of direct interactions between
positive- and negative-action particles. It states that:

Principle 5: The presence of negative matter energy
in a given location is equivalent to the absence of an
amount of energy of equal magnitude from the por-
tion of zero-point vacuum fluctuations that provides
a maximum positive contribution to the uniform dis-
tribution of vacuum energy.

And by principle 1 it would also follow that the presence of posi-
tive matter energy is equivalent to the absence of an amount of
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energy of equal magnitude from the portion of zero-point vacuum
fluctuations that provides a maximum negative contribution to the
uniform distribution of vacuum energy.

But given that the void in the positive portion of vacuum
energy that is equivalent to a homogeneous distribution of nega-
tive-energy matter leaves no surrounding positive vacuum energy
to produce an uncompensated gravitational attraction which, ac-
cording to principle 4, would be equivalent to a gravitational re-
pulsion arising from the void itself, then it is necessary to assume
that:

Principle 6: The void of universal proportion in the
uniform distribution of positive vacuum energy that
is equivalent to a uniform distribution of negative-
energy matter exerts no gravitational force on posi-
tive-energy matter and does not contribute to deter-
mine the curvature of space experienced by positive-
energy observers.

A similar limitation applies, which expresses the absence of gra-
vitational forces on negative-energy matter arising from the void
of universal proportion in the uniform distribution of negative va-
cuum energy that is equivalent to a uniform positive-energy mat-
ter distribution. As a result only the inhomogeneities present in
the negative-energy matter distribution can affect the gravitatio-
nal dynamics of positive-energy matter and vice versa.

An additional rule can be deduced from those stated above,
in the context where it is recognized that the absence of direct
interactions between positive- and negative-action particles does
not prevent positive-energy matter, conceived as missing negative
vacuum energy, from interacting with that very portion of vacuum
energy.

Principle 7: Despite its negative sign the uniform,
negative portion of vacuum energy does exert a gra-
vitational force on positive-energy matter.

This deduction would also apply to the uniform, positive portion
of vacuum energy from the viewpoint of negative-energy matter.

Now, even though it is appropriate to assume that the pre-
sence of matter is in fact equivalent to both missing energy and
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missing non-gravitational charges from zero-point vacuum fluc-
tuations and while such a local absence of charges is equivalent
to the presence of opposite-sign charges, it must be considered a
consistency requirement to assume that:

Principle 8: Even in the presence of inhomogenei-
ties in the distribution of negative-energy matter
charges, no indirect forces can be exerted by nega-
tive-energy matter on positive-action particles which
would result from a non-gravitational interaction
between those particles and the portion of zero-point
vacuum fluctuations that provides a maximum posi-
tive contribution to the uniform distribution of va-
cuum energy.

And the same conclusion would apply for negative-action par-
ticles in the presence of inhomogeneities in the distribution of po-
sitive-energy matter charges.

The following principle must also apply, even when it is re-
quired that inertial mass reverses when gravitational mass does.

Principle 9: The equivalence of the effects of acce-
leration and a gravitational field does not apply me-
rely for matter in the same location, but only for mat-
ter with the same sign of mass or energy in the same
location.

Another rule must be obeyed in the context where a negative-
mass object does not respond anomalously to non-gravitational
forces despite the reversal of its inertial mass.

Principle 10: As the negative contribution of a field
of interaction to the energy of a bound physical sys-
tem with overall positive energy cannot be indepen-
dently and directly observed, only the diminished to-
tal energy of the bound system contributes to its (pre-
viously defined) absolute inertial mass.

Again, this also applies in the case of a physical system with

overall negative energy, concerning positive binding energy.
One last constraint is theoretically motivated, but is also re-

quired from a phenomenological viewpoint. It is the following:
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Principle 11: A particle cannot reverse its direction
of propagation in time on a continuous particle
world-line without also reversing its energy and
equivalently, a particle cannot reverse its energy on
a continuous particle world-line without also rever-
sing its direction of propagation in time.

Here by 'negative energy' | mean negative energy relative to the
true (even though relationally defined) direction of propagation
in time, as in the case of the positron as a negative-energy elec-
tron propagating its negative electric charge backward in time.
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In this section | will lay out the mathematical framework of the
generalized gravitation theory that emerges from the develop-
ments discussed in the preceding sections of the present volume.
The essential requirement that must be imposed on a formulation
of the gravitational field equations is that the gravitational field
attributable to a local source shall not be attractive or repulsive
depending merely on the sign of energy of this source. This can
be satisfied by assuming that the gravitational field experienced
by a negative-energy particle is different from the one experien-
ced by a positive-energy particle in the same conditions. For this
purpose it is necessary to assume that the sign of energy or action
of the particle submitted to the gravitational field is an invariant
property that may be chosen to be positive-definite, while it is the
sign of energy of the source that constitutes the variable, observer-
dependent physical property.

In a Newtonian context this would mean that both the gravi-
tational mass and the inertial mass of the particle experiencing the
field would be kept positive, while the equivalent gravitational
field due to acceleration far from any local source would be an
invariant property. This is equivalent to assume that both the iner-
tial mass and the equivalent gravitational field are reversed for a
negative-energy particle with negative gravitational mass, as re-
quired if those attributes are to be defined in a relational manner.
The crucial assumption here is that, while the gravitational fields
attributable to local sources are observer-dependent physical pro-
perties, the equivalent gravitational field associated with accele-
ration far from local sources is, for its part, an observer-indepen-
dent property. Such a requirement can be satisfied when matter
with a given energy sign only interacts with the matter distribution
with the same sign of energy on the global scale.
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Under such conditions, it is possible to write observer-de-
pendent gravitational field equations which allow the gravitatio-
nal field to vary as a function of both the energy sign of the source
and the energy sign of the particle submitted to it, so that only the
difference or the identity between the energy sign of the source
and that of the matter experiencing its gravitational field deter-
mines the repulsive or attractive nature of their interaction. In a
general-relativistic context this means that opposite-energy obser-
vers may actually experience the metric properties of spacetime
in a different way. After | realized the necessity of such an ap-
proach, | became aware of the fact that at least one trivial instance
of the general mathematical framework that can accommodate
those requirements had already been proposed (Petit & Midy,
1998) that simply amounted to allow for negative contributions to
the stress-energy tensor of matter, while implicitly (but in a more
general context, unsatisfactorily) trying to conform to the requi-
rement of symmetry under an exchange of positive and negative
energy signs.

But it soon became clear to me that the set of equations pro-
posed could not satisfy all the constraints | have identified in the
previous section as being essential to the elaboration of a consis-
tent theory of gravitation compatible with the existence of nega-
tive-energy matter. One of the problems which affected all early
formulations of such a bi-metric theory is that, when vacuum
energy is not null, they cannot really achieve the objective of pro-
viding a theory that conforms to the requirement of symmetry un-
der exchange of positive- and negative-energy matter. Also, the
few predictions that they allowed to derive appeared to be incom-
patible with astronomical observations, in particular those which
allow to determine the rate of expansion of space in the primordial
universe. Anyhow, what was initially proposed is the following
set of equations:

1 8nG

Ryw =5 9wk = C_4(Tuv —Tw) ®)
1 8nG

Ry =5 9uwR™ = —3 (T = Tov) (6)

Here and in what follows G is Newton's constant, c is the speed
of light in a vacuum, and the Greek indexes u and v run over the
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four general coordinate system labels (assuming a metric with
diagonal elements +1, —1, —1, —1 in an inertial coordinate sys-
tem).

In those equations, the usual notation is used for the curva-
ture tensors R, and R experienced by positive-energy observers
and for the stress-energy tensor T, of what we conventionally
consider to be positive-energy matter, as measured by a positive-
energy observer, while —Ty;, is the stress-energy tensor of what
we usually consider to be negative-energy matter, as determined
by a positive-energy observer. The curvature tensors experienced
by negative-energy observers are for their part denoted R, and
R~, while the stress-energy tensor of what we would conventio-
nally consider to be negative-energy matter, as measured by a ne-
gative-energy observer, is here denoted T, and of course —T,,,, is
the stress-energy tensor of what we usually consider to be posi-
tive-energy matter as determined by a negative-energy observer
(who would measure a negative contribution by positive-energy
matter to the density of matter energy).

The first of those two equations can be used to determine the
geodesics followed by positive-energy particles, while the second
equation determines the geodesics followed by negative-energy
particles. Here, all stress-energy tensors would correspond with
positive-definite energy densities if it was not for the negative
sign in front of the second stress-energy tensor on the right-hand
side of each equation, which allows for observer-dependent nega-
tive contributions to the stress-energy tensor of matter. It is be-
cause there are two different measures for the gravitational field,
associated with the two different ways by which the positive and
negative contributions to the total energy of matter can be attri-
buted, that there are two different equations for the gravitational
field, instead of the single one that is usually considered. Other-
wise, however, those equations are fairly conventional and were
certainly the most simple and straightforward that one could de-
rive for a bi-metric theory.

To try to address the shortcomings | have identified above, |
proposed, in the first version of the report (Lindner, Theoretical
Basis for a Solution to the Cosmological Constant Problem, 2026)
from which this book originates, equations which can be written
in the following form:

46



The Equations

1 8nG o

R;Tv - EguvR+ = C_4 (Tut/ + Tuv - Tuv) ()
1 8nG . .

R;Iv - EguvR_ = C_4(Tu_v + T;Z:/ - T;Z:/) (8)

Here R}, and R™ are simply the curvature tensors experienced by
positive-energy observers, while R, and R~ are the curvature
tensors experienced by negative-energy observers. Also, T, is
the stress-energy tensor of what we consider to be positive-energy
matter, as measured by a positive-energy observer, while T‘,;, is
the stress-energy tensor associated with the (positive) measure of
energy of negative-energy matter below its average cosmic den-
sity (as determined by a positive-energy observer) and —TH‘V is
the stress-energy tensor associated with the (negative) measure of
energy of negative-energy matter above its average cosmic den-
sity (as determined by a positive-energy observer). Similarly, T,,,
is the stress-energy tensor of what we would usually consider to
be negative-energy matter, as measured by a negative-energy ob-
server (and which actually provides a positive contribution to the
energy of matter) while T,jq, is the stress-energy tensor associated
with the (positive) measure of energy of positive-energy matter
below its average cosmic density (as determined by a negative-
energy observer) and —T,}, is the stress-energy tensor associated
with the (negative) measure of energy of positive-energy matter
above its average cosmic density (as determined by a negative-
energy observer).

This formulation of the generalized gravitational field equa-
tions allowed me to take into account the fact that there are two
distinct categories of contributions to the total energy density ex-
perienced by positive-energy observers, one positive definite for
all densities of positive-energy matter and one that can be either
positive or negative depending on the value of energy density of
negative-energy matter relative, not to the zero-energy ground
state, but to the density of this negative-energy matter averaged
over the entire volume of the observable universe.

Basically, what that means is that the energy measures of the
second category of contributions experienced by a positive-
energy observer are shifted from the conventional zero level of
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energy toward a lower (more negative) energy level below which
energies are negative and above which energies are positive, up
to a maximum value which is reached when no negative-energy
matter is present at all in the considered location. This redefinition
of the measures of energy associated with what we consider to be
negative-energy matter simply amounts to subtract the true, nega-
tive, average density of energy of this matter (add the absolute
value of this density) from every measure of its energy density
that contributes to determine the gravitational field experienced
by what we consider to be positive-energy matter.

The refinement discussed here is justified by the fact that in
the context where negative-energy matter is understood to consist
of voids in the positive-energy portion of the vacuum, it must be
assumed that the uniform portion of the distribution of negative-
energy matter exerts no gravitational force on positive-energy
matter (because no surrounding positive vacuum energy is present
to produce an uncompensated gravitational attraction), which re-
quires considering the contributions of negative-energy matter to
the stress-energy tensor experienced by positive-energy observers
as being significant merely relative to the average density of ne-
gative matter energy (and therefore to actually be positive in the
presence of underdensities in the otherwise uniform distribution
of negative-energy matter), as | explained in section 3.

The equations | had initially proposed also allowed to ex-
press the fact that a similar requirement exists for the contribu-
tions of positive-energy matter to the total stress-energy tensor
experienced by negative-energy observers. But, still, I did not find
the set of equations | had proposed completely satisfactory. |
thought that the right solution should bring about a simplification
of the gravitational field equations (particularly those involving a
non-zero cosmological constant), while, visibly, the equations |
had derived were not even as simple and elegant as the equations
originally proposed by Einstein, despite the fact that, in their com-
pact form, they were similar.

As | now understand, however, the equations | had proposed
also fell short of meeting a certain mathematical requirement
which | have come to appreciate as being essential to a consistent
bi-metric theory of gravitation of the kind | sought to develop.
This became clear when a paper (Hossenfelder, 2008) was
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published (whose existence came to my attention as a result of the
fact that its author cited the original version of the report on which
this book is based) in which new equations were proposed, which
introduced a further refinement to bi-metric theories, by not assu-
ming that there is a unique predefined relationship between the
metric properties of spacetime experienced by positive-energy
observers and those experienced by negative-energy observers in
the same situation. As a consequence of this revised assumption,
additional variables had to be considered that affected the contri-
bution of negative-energy matter to the total stress-energy tensor
experienced by positive-energy observers, or the contribution of
what we consider to be positive-energy matter to the total stress-
energy tensor experienced by negative-energy observers.

The equations proposed were the following, in which the ad-
ditional factors are written in their explicit form, using my nota-
tion, and the quantities are now expressed in units where ¢ = 1
and G = 1/8m:

1 g U
Riv =5 9w R =T = gﬁavzaﬂw ©
_ 1 e ’g+‘
RV# — EgVﬂR = Tﬂ - Fa’;a"zT,ﬁ, (10)

In this notation, tensors which refer to positive or negative stress-
energies, as determined from the viewpoint of positive-energy ob-
servers, are given a plus or minus upper right index, respectively.
Tensors which refer to measures of spacetime curvature or metric
properties as observed by positive-energy observers are also given
a plus upper right index, while tensors which refer to the same
kind of measures as observed by negative-energy observers are
given a minus upper right index. Also, when the distinct, ordinary
or underlined Greek letter indexes used in Ref. (Hossenfelder,
2008) are not explicitly present to show the nature of the tensor
considered, | simply add another plus or minus index to the right
of that which already characterizes this tensor to define it as an
object associated with physical properties as they are experienced
by positive- or negative-energy observers, respectively, and asso-
ciated with their own specific metric. For all such tensors,
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therefore, the first plus or minus index refers to the matter or gra-
vitational field that is observed while the second plus or minus
index (to the right) refers to the matter that is observing.

In those equations, the decisive additional factors are the de-
terminants of what the author calls the pull-overs, which are the
maps g,, and g,;, (originally denoted h,, and g,,), which we

may also write as g~ and g™~ in tensor form. Those determi-
nants are written here as g~* = det(g,,) and g*~ = det(g,;,),

while g** = det(gy,) is the determinant of the usual metric ten-

sor related to properties of positive-energy matter as observed by
positive-energy observers and g=~ = det(g,,) is the determi-

nant of the metric tensor related to properties of negative-energy
matter as observed by negative-energy observers (the map a is
simply used as a means to transform the metric g** into the g=*
pull-over or the metric g~ into the g*~ pull-over). It is clear,
therefore, that the pull-over g~* is the map which allows to des-
cribe the metric properties obeyed by negative-energy matter as
they are observed by positive-energy observers, while the pull-
over g*~ is the map which allows to describe the metric proper-
ties obeyed by positive-energy matter as they are observed by ne-
gative-energy observers (which justifies my notation).

To better illustrate the relationships involved we may rewrite
those equations as:

1 _ ,g _
lev—zgwR*':T,;,—y + g++ava#T (11)
1 g+t
Ry — ngR‘ =Ty — vt Fa’;a‘{_,T,j{, (12)

where ¥y~ is the absolute value of the determinant of the previou-
sly considered map of the metric properties of spacetime expe-
rienced by negative-energy matter as negative-energy observers
measure them, to the metric properties of spacetime experienced
by negative-energy matter as positive-energy observers measure
them, and vice versa for y*~. We can then rewrite those gravita-
tional field equations in compact tensor form by making use of
those metric conversion factors as:
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G+ - T++ _ y_+T_+ (13)
G =T —y*t T+ (14)

where G is the Einstein tensor G, = R;f,, — %gwR+ related to

positive-energy observers, G~ is the similar Einstein tensor re-
lated to negative-energy observers, T** is the stress-energy ten-
sor of positive-energy matter as measured by positive-energy ob-
servers, —y~tT~1 is the stress-energy tensor of negative-energy
matter as measured by positive-energy observers, T~~ is the
stress-energy tensor of negative-energy matter as measured by ne-
gative-energy observers and finally —y*~T*~ is the stress-
energy tensor of positive-energy matter as measured by negative-
energy observers.

As is apparent, however, the proposed equations were still of
the conventional kind, in the sense that they did not allow to take
into account the requirement that negative-energy matter be ex-
perienced as voids in the positive-energy portion of the vacuum,
or the fact that a uniform distribution of negative-energy matter
exerts no gravitational force on positive-energy particles (and vice
versa for a uniform distribution of positive-energy matter from the
viewpoint of negative-energy particles). The complexity of those
equations and their lack of symmetry under exchange of positive-
and negative-energy matter can be made more apparent by expli-
citly adding a term for the observed positive value of (average)
vacuum energy density:

Gt =Tt +T " —y~ T+ (15)
G =T —T, -y T* (16)

This cosmological term T4 * = Ag** would provide the measure
of stress-energy associated with the positive density of vacuum
energy p4* = A measured on a global scale by a positive-energy
observer (with A as the positive cosmological constant experien-
ced by such an observer), while an additional cosmological term
—T,~ = —Ag~~ would provide the value of stress-energy asso-
ciated with the same vacuum energy, as measured by a negative-
energy observer.

The density of vacuum energy measured by a negative-
energy observer must be the opposite of that measured by a
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positive-energy observer if the sign of energy is to remain an ob-
server-dependent physical property (which justifies the presence
of a minus sign in front of the T~ tensor that enters the gravita-
tional field equations for negative-energy observers). But given
that we are indeed dealing with vacuum energy, it would seem
inappropriate to assign to this tensor the same metric conversion
factor y ™~ as apply to measures of positive-energy matter density
performed by negative-energy observers, even if the sum of all
positive and negative contributions to the energy of the vacuum
is a positive number, because, in principle, the magnitude of all
such contributions is the same for positive- and negative-energy
observers on the cosmological scale. Anyhow, it is apparent that
once all relevant contributions to the stress-energy tensors are
considered, the symmetry of the original equations is lost, as their
form becomes dependent on the actual sign of the average density
of vacuum energy.

In order that such a formulation of bi-metric theory be al-
lowed to at least meet the requirements concerning the contribu-
tion of negative-energy matter to the measure of stress-energy ex-
perienced by a positive-energy observer which I had already iden-
tified and which were not taken into account by the preceding au-
thors, it is necessary, first of all, to replace the usual stress-energy
tensors associated with the measures of energy of negative- and
positive-energy matter made by observers of opposite energy sign
with the following irregular stress-energy tensors, which provide
the observed densities of energy of negative- and positive-energy
matter relative to their average cosmic densities:

—y Tt =y (T -T) (17)
T =yt (T -TH) (18)

where —y~+*T~* and —y*~T*~ are the usual measures of stress-
energy of negative- and positive-energy matter experienced by
observers of opposite energy signs (relative to the conventional
zero level of energy) and —y~*T~+ and —y*~T™*~ are the ave-
rage values of stress-energy of negative- and positive-energy mat-
ter determined by observers with an opposite energy sign, based
on their own measures of spatial volume.

In such a context, it appears that negative-energy matter
would contribute negatively to the total measure of stress-energy
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experienced by a positive-energy observer only when the magni-
tude of its local energy density is larger than the magnitude of its
average energy density. Otherwise negative-energy matter would
actually contribute positively to the total measure of stress-energy
experienced by a positive-energy observer, up to a maximum le-
vel which is fixed by the average density of negative-energy mat-
ter that is measured by such a positive-energy observer. It must
be noted, however, that even though positive contributions to the
energy density measured by positive-energy observers may occur
which would be attributable to the presence of underdensities in
the negative-energy matter distribution, we must nevertheless
apply the metric conversion factor y ~* to such energy measures,
because they still relate to measurements regarding the density of
negative-energy matter, which are subject to the same mapping
relationships as apply to other (truly negative) measures of nega-
tive-energy matter density determined by a positive-energy obser-
ver.

A more appropriate set of gravitational field equations
would, therefore, take into account the shifted origin of the mea-
sures of stress-energy related to positive- and negative-energy
matter as they are experienced by observers of opposite energy
signs:

Gt =T+ Tt —y*T+ (19)
G =T —Tj —y* Tt (20)

But clearly, for what regards simplicity, we appear to be no better
off than with the previous set of equations. Something is still mis-
sing from those equations. At this point, it appears necessary to
take a bold step forward and simply guess what the final form of
the equations should be that would generalize the set of equations
(19) and (20) I have just proposed, which would otherwise cons-
titute the most accurate description of the gravitational dynamics
of positive- and negative-energy matter. As | have been able to
understand, the crucial step in this process consists in reconside-
ring the meaning of the cosmological terms.

What must be understood, basically, is that if the results of
the above analysis are right, then all energy is vacuum energy,
either present or missing. An additional insight is then necessary,
which consists in recognizing that the magnitude of the positive
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and negative values of vacuum energy density relative to which
are measured the missing energies which are equivalent to the pre-
sence of negative- and positive-energy matter (respectively) is ac-
tually determined by the natural scale of quantum-gravitational
phenomena. To be more specific, if the presence of negative-
energy matter is to be considered as equivalent to the presence of
a void in the positive portion of vacuum energy, then locally we
should observe a value of fluctuating vacuum energy density that
would be decreased from the maximum value associated with the
Planck scale in just the same measure as that of the magnitude of
energy of the matter that is present.

Let me thus introduce the generalized gravitational field
equations which allow to fulfill all the requirements I have iden-
tified as being essential aspects of a classical theory of gravitation
that solves the problem of negative energy states. The formula, in
all its beauty and simplicity, is the following:

Gt=vt (21)

where G7 is the Einstein tensor associated with the metric proper-
ties experienced by what we would usually consider to be posi-
tive- and negative-energy observers and V* is the vacuum stress-
energy tensor associated with the measures of vacuum energy ef-
fected by those same positive- and negative-energy observers.
The similarity with the compact form of Einstein's own equation
is very clear, but it is also somewhat misleading, as the right-hand
side of the equation proposed here is a more general object than
the stress-energy tensor of matter which appeared in the original
theory. | will now define it with various levels of precision and
generality.

If we first consider the significance of the equation for a po-
sitive-energy observer, we would obtain the following equation:

G+ — ]/_+V++ _ V—+ (22)

in which G™ is, again, the Einstein tensor associated with the gra-
vitational field experienced by positive-energy observers, but now
the vacuum stress-energy tensor is decomposed into its positive-
and negative-energy portions y~*V** and —V~* as they would
be measured by such positive-energy observers, either directly or
based on the curvature of space they produce. This is the most
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basic form of the proposed generalized gravitational field equa-
tions for a positive-energy observer.

In accordance with what was explained above we would then
obtain the next level of decomposition of the equations, in which
the two opposite contributions to the energy of vacuum fluctua-
tions determined by positive-energy observers are given their ex-
plicit form:

Gt =TV —yTITTY) - (Vpt = T*) (23)

where y~TV#* and —V5 ™" are the natural vacuum-stress-energy
tensors associated with the maximum, positive and negative con-
tributions to the energy density of zero-point vacuum fluctuations
set by the Planck scale (as determined by positive-energy obser-
vers) and from which are subtracted the missing vacuum energies
y~TT~* and T** which are equivalent to the presence of nega-
tive- and positive-energy matter, respectively. What justifies the
attribution of the previously introduced metric conversion factor
¥y~ to the positive measure of vacuum stress-energy in equation
(22) and therefore, also, to the maximum positive contribution to
the energy of zero-point vacuum fluctuations in equation (23) is
precisely the fact that this is the portion of vacuum energy relative
to which the negative measure of matter energy —y~*T~* is de-
termined and which we can therefore expect to be directly expe-
rienced (other than through the gravitational interaction) only by
this negative-energy matter, even though it does exert an obser-
ver-dependent gravitational force on positive-energy matter as
well.

Given that the previously introduced metric conversion fac-
tors are made necessary as a result of the absence of predetermi-
ned relationships between the metric properties of spacetime ex-
perienced by negative-energy matter and those experienced by
positive-energy matter, it is natural to assume that if the density
of negative-energy matter itself cannot be directly observed by a
positive-energy observer, then the positive measure of vacuum
energy density relative to which this matter energy is defined can-
not be directly determined either, because if this was not true, then
by directly measuring the density of energy contained in this po-
sitive portion of vacuum energy, a positive-energy observer could
determine the density of negative-energy matter which is
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experienced by negative-energy observers. What must be unders-
tood is that the fact that this portion of vacuum energy density is
positive should not be assumed to invalidate the conclusion that it
cannot be directly experienced by positive-energy observers other
than through the gravitational interaction.

The preceding equation can then be rewritten in the follo-
wing form, by making use of the previously defined, irregular
stress-energy tensor —y~*T~* (equation (17)) that provides the
actual measure of stress-energy of negative-energy matter expe-
rienced by positive-energy observers, which are only affected by
local variations in the density of negative-energy matter:

Gt =T -y T+ (Vi -VzhH) (24)

This allows one to isolate a term, in the generalized gravitational
field equations, that can be associated with pure vacuum energy
and that would be provided by the following tensor:

TS =y VE -V (29)

where the positive index attributed to this vacuum-energy term
(associated with the energy that is present in the vacuum indepen-
dently from the contribution of ordinary matter) now merely de-
notes the purely conventional energy sign of the observer expe-
riencing it, without referring to an actual energy sign of the va-
cuum fluctuations themselves, which could in principle be either
positive or negative (without affecting the form of the equations)
and which is determined solely by the metric conversion factor
provided by the previously discussed map of the metric properties
of spacetime experienced by negative-energy observers onto
those experienced by positive-energy observers.

But as | will explain in section 6.2, it must be assumed that
positive-energy matter would remain unaffected by the average
portion of a locally varying component of negative vacuum
energy. Therefore, only a redefined measure of vacuum-energy
would actually contribute to determine the gravitational field ex-
perienced by a positive-energy observer, which is given by the
following irregular vacuum-energy term:

TV =T¢ - (-Tvi) (26)
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where —T7; is the average value of stress-energy arising from all
locally variable negative contributions to the enrgy of zero-point
vacuum fluctuations (which can be associated with the presence
of dark matter), as measured by a positive-energy observer on a
global scale, and which would not include the contribution pro-
vided by a negative cosmological constant (as the uniform portion
of a negative density of vacuum energy).

It is now possible to write the generalized gravitational field
equations associated with positive-energy observers in their most
explicit form as:

Gt =T —y " T+ T 27)

The formal equivalence of this equation with the previously deri-
ved equation (19), at which | had arrived on the basis of conside-
rations of a physical nature, is quite clear. But while one may be
tempted to deduce from this that the irregular vacuum-energy
term T+ is equivalent to the cosmological term TA* which is pre-
sent in the original version of the gravitational field equations, this
would not be entirely appropriate, because contrarily to the cos-
mological term (associated with the cosmological constant A),
which must by necessity provide a uniform and invariant contri-
bution, the vacuum-energy term can vary in space and inciden-
tally also with time, given that it is determined by the locally va-
riable, metric conversion factor y ~*. Thus, only the contribution
associated with the uniformly distributed portion of vacuum
energy contained in the irregular vacuum-energy term at one par-
ticular time can be expected to be equivalent to the original cos-
mological term associated with the cosmological constant.

Now, if we consider the above equation in a cosmological
context, then the irregular stress-energy tensor —y~*T~ presu-
mably reduces to zero on average (as the overdensities of nega-
tive-energy matter cancel out the underdensities present in the
same matter distribution), so that the relevant equations, for posi-
tive-energy observers, take the following form:

Gt=T'"+T) (28)

which is similar to their conventional form, except for the fact that
the cosmological term T£* is here replaced by the irregular va-
cuum-energy term T; that may vary with position. But given that
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local variations would presumably cancel out for the variable
component of negative vacuum energy as well, on a very large
scale, and given the (relative) success of current cosmological
models for predicting the relevant features of the history of our
universe, then this outcome appears to be appropriate from an ob-
servational viewpoint.

We may then also write the following set of equations, which
would provide the various levels of decomposition of the general
equation (21) which apply from the viewpoint of negative-energy
observers:

G =yt V-Vt (29)
G ="V —yTTT) - (VET -TT) (30)
¢ =TT+ Ty (31)

where y*~V5~ and —V}~ are the natural vacuum-stress-energy
tensors associated with the maximum, negative and positive con-
tributions to the energy density of zero-point vacuum fluctuations
set by the Planck scale (as determined by negative-energy obser-
vers) and T;; =Ty — (—Tyy,) is the irregular vacuum-energy
term associated with a negative-energy observer, with T, =
Yyt Vs~ —V#~ as the locally variable (positive or negative) va-
lue of vacuum energy density which would be observed by such
an observer in the absence of any ordinary positive- or negative-
energy matter and from which is subtracted the average cosmolo-
gical value of stress-energy —T5; arising from all locally va-
riable negative contributions to the energy of zero-point vacuum
fluctuations which are experienced by a negative-energy observer
(who measures a negative contribution from what would be posi-
tive vacuum energy to a positive-energy observer) and which
would not include the contribution provided by what would ap-
pear to such an observer as a negative cosmological constant (as
the uniform portion of a negative density of vacuum energy which
would appear positive to a conventional positive-energy obser-
ver).

The last equation, as well the other two, are now manifestly
symmetric with the corresponding equations associated with po-
sitive-energy observers under a reversal of the sign of energy, as
I have argued should be required. But the most remarkable feature
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of those equations and the related equations for the gravitational
field experienced by a positive-energy observer is that they are
obtained from a very simple expression (the first of the three equa-
tions) according to which the gravitational field experienced by
an observer with a given energy sign is determined merely by the
appropriate measures of (positive and negative) vacuum energy
densities. This equation alone allows to embody the essence of the
emerging framework.

What's interesting, also, with this particular approach is the
fact that it naturally accommodates the modified measure of ne-
gative stress-energy provided by the irregular stress-energy tensor
—y~ T~ which enters the decomposed gravitational field equa-
tions associated with a positive-energy observer, given that the
presence of negative-energy matter is here explicitly equivalent
to an absence of positive energy from the vacuum.

This compliance of the proposed gravitational field equa-
tions may perhaps appear to be of secondary concern, given how
negligible the average density of positive-energy matter really is
in comparison with the density variations encountered under most
circumstances when we are dealing with astronomical objects of
interest, like stars or even galaxies. But, if it was not for the mo-
dified measure of negative stress-energy provided by the second
term of equation (27), or the corresponding term from equation
(31), complex hypotheses would have to be introduced concer-
ning the variation in time of the ratio of the average cosmic den-
sities of positive- and negative-energy matter in order to try to
maintain the agreement of the proposed models with astronomical
observations regarding the rate of expansion of ordinary, positive-
energy matter, which is already predicted with (relatively) good
accuracy by conventional cosmological models, when no nega-
tive-energy matter is assumed to be present initially. This particu-
larity, therefore, constitutes a decisive advantage of the frame-
work developed here for integrating negative-energy matter into
classical gravitation theory.

Now, before discussing the consequences of this model for
cosmology, | would like to add a few comments concerning how
it is possible for the principle of conservation of energy to be
obeyed despite the fact that, according to the equations introduced
above, one must assume that energy can be exchanged between
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positive- and negative-energy objects. A problem may appear to
arise, in effect, due to the fact that opposite-energy objects repel
one another, which may allow them to collide, in which case any
loss of kinetic energy by one of the two objects would be gained
by the other object. But given that the energy that is lost can be
positive, while the energy that is gained would then be negative,
it seems that a total variation of Kinetic energy twice as large as
those individual changes would happen, thereby apparently allo-
wing a violation of the law of conservation of energy. The same
problem would seem to affect momentum conservation, in the
context where the momentum direction of a negative-action par-
ticle must be opposite its direction of propagation in space.

However, from the viewpoint of the generalized gravitatio-
nal field equations introduced above, any variation in the energy
of matter arising from such an interaction would have to come
from a variation in the energy of the gravitational field attributable
to changes in the energy of the vacuum. What really happens,
when a positive-energy object loses some of its kinetic energy as
a result of a collision with a negative-energy object, therefore, is
that the gravitational force exerted on this negative-energy object
by the negative vacuum energy that surrounds the void in zero-
point fluctuations that is equivalent to the presence of the positive-
energy object allows the magnitude of its energy to grow larger,
which means that, following the exchange, there is more gravita-
tional interaction between all negative-energy matter in the uni-
verse and the negative-energy object whose presence is equivalent
to this absence of positive vacuum energy, but given that the
energy of the field associated with this additional gravitational at-
traction is positive, then there must be a positive change in gravi-
tational energy that exactly balances the negative change in posi-
tive matter energy.

It must be clear, though, that the interaction of the negative-
energy object is with the distribution of negative vacuum energy
and that the described change in positive gravitational potential
energy is a result of the gravitational force exerted by the void in
the negative portion of vacuum energy on that distinct negative-
energy object. Thus, it is not the loss of negative gravitational po-
tential energy attributable to the interaction of the positive-energy
object with all the matter with the same energy sign in the
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universe that compensates its own loss of positive energy, because
if that was the case then it would mean that no interaction would
be required to trigger those changes, which could then occur wi-
thout any identifiable cause (for both positive- and negative-
energy matter).

What allows me to conclude that a local increase in the
amount of negative matter energy will give rise to a variation of
gravitational potential energy that is attributable only to the in-
creased amount of interaction of this negative-energy matter with
the ensemble of negative-energy matter in the universe is the fact
that this additional negative matter energy only interacts with the
ensemble of matter in the universe that shares the same sign of
energy and cannot directly interact with positive-energy matter,
as | previously explained. If that was not the case, then one would
need to conclude that the variation of gravitational potential
energy discussed above is compensated by an opposite variation
that would arise from the increased amount of interaction of this
negative-energy matter with the ensemble of positive-energy mat-
ter in the universe, which means that the variation of positive mat-
ter energy itself would remain uncompensated.

Once this is understood, it becomes possible to conclude that
following any indirect, gravitationally-repulsive interaction bet-
ween opposite-energy objects, there is actually a variation in the
total energy of matter, but that this change is necessarily accom-
panied by an opposite variation in gravitational potential energy
that is attributable to those local variations in the energy of matter.
In a general-relativistic context one can expect that a similar con-
clusion would apply for those momentum variations which take
place as a result of gravitationally-repulsive interactions. What
this means, from a practical viewpoint, for positive-energy obser-
vers, is that kinetic energy is exchanged between opposite-energy
objects as if it was a positive-definite quantity.
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It is a well-known fact that theoretical cosmology is currently fa-
cing a major crisis. One of the difficulties is the uncertainty that
surrounds the nature of dark energy and dark matter. In the intro-
duction to the current book I explained that a problem emerges
when we are trying to explain the origin of the acceleration of
cosmic expansion as being an outcome of the presence of energy
in the vacuum, due to the fact that such an explanation seems im-
plausible in the context where the measured value of average va-
cuum energy density which would need to exist under such con-
ditions is much smaller than the value we would expect to observe
if this parameter is in effect not perfectly null. But there is also an
additional problem, which is usually considered to not be directly
related to the cosmological constant problem and which arises
from the fact that despite all the efforts which were dedicated to
identifying the nature of the cold dark matter particles which are
thought to give rise to the missing-mass effect around visible
structures in the large-scale matter distribution, no viable candi-
date has been found that could explain this phenomenon.
Another major difficulty of the current standard model of
cosmology, which is usually believed to not be directly related to
the cosmological constant problem, is that of explaining how it is
possible for the present rate of expansion of matter on the cosmo-
logical scale to be set to the critical value associated with a flat
space, despite the fact that this observation appears to require an
extremely precise adjustment of parameters in the initial Big Bang
state. This flatness problem was once thought to have been solved
by inflation theory, until it became clear that this theory offers so
much predictive freedom that it is nearly unfalsifiable. Given the
difficulty to actually confirm the validity of inflation theory, |
think that it is still appropriate to seek an alternative solution to
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the flatness problem. But if an alternative solution to that problem
can be implemented that is theoretically and observationally
viable, then it becomes necessary to recognize that the phenome-
non of inflationary expansion cannot provide an adequate solution
to the horizon problem either.

The horizon problem has to do with the fact that it is not pos-
sible to explain the uniformity of the very-large-scale distribution
of matter energy in the early universe as being a consequence of
smoothing processes that would obey the principle of local cau-
sality. | only became interested with the horizon problem after |
began to work on another decisive issue, which is not always re-
cognized as a problem for cosmology, but which also originates
from the absence of a viable explanation for the smoothness of the
primordial matter distribution. This is the problem of the origin of
the thermodynamic arrow of time, which is probably the most se-
rious and insoluble difficulty currently facing cosmology. The
developments which have been introduced in the preceding sec-
tions of this book will allow me to approach the horizon problem
from a different viewpoint and will culminate in the elaboration
of a plausible explanation for how it can be that a fully time-sym-
metric fundamental theory can conspire to enforce boundary con-
ditions which give rise to irreversible evolution and the second
law of thermodynamics.

6.1. DARK ENERGY

If we consider, first, the problem of dark energy, what the gene-
ralized mathematical framework for classical gravitation theory
developed in the preceding section implies is that there is actually
a whole new class of contributions to the energy of the vacuum
from this portion of zero-point vacuum fluctuations which di-
rectly interacts, other than gravitationally, with negative-energy
matter and this contribution to the average density of vacuum
energy can be expected to compensate the sum of all currently
considered contributions, as a consequence of the requirement of
symmetry under exchange of positive and negative energy matter.
This can be expected to occur regardless of the details of the
Grand Unified Theory chosen to describe elementary particles
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and their interactions and independently from how the symmetry
of such a theory is spontaneously broken at lower energies. Yet it
appears that it is still possible, in such a context, for the cosmolo-
gical constant to take on non-zero values.

In section 5 | proposed, in effect, that the measure of vacuum
energy density T which exists in the absence of any matter and
whose uniform portion would be associated with the cosmologi-
cal constant measured by a positive-energy observer be defined
as the sum of the natural vacuum-stress-energy tensors y ~tV3™*
and =V, which provide the maximum positive and negative va-
lues of energy density contributed by those portions of zero-point
vacuum fluctuations that directly interact only with negative- and
positive-energy matter (respectively), but which both exert a gra-
vitational influence on positive-energy matter:

TS =y TV -Vt (32)

From that particular viewpoint the cosmological term T,* =
Ag™™ that enters the original form of the gravitational field equa-
tions associated with a positive-energy observer (with A as the
cosmological constant) must be understood to consist of the uni-
form portion of the locally variable vacuum-energy term T;,
measured at a given epoch of cosmic time.

Given that the y ~* metric conversion factor is the mathema-
tical object that allows to map the metric properties of spacetime
experienced by negative-energy observers onto those experienced
by positive-energy observers, if the portion of zero-point vacuum
fluctuations that provides a maximum positive contribution to the
density of vacuum energy is directly experienced only by nega-
tive-energy observers, then from the viewpoint of positive-energy
observers the measure of energy density involved must be sub-
mitted to the same metric conversion factor as applies to measures
of negative-energy matter density effected by those same obser-
vers.

The important point is that this would also be valid on the
cosmic scale, where the scale factor must be considered an obser-
ver-dependent parameter, because only the average density of po-
sitive matter energy can influence the variation of the rate of ex-
pansion measured by positive-energy observers, so that even if
the initial expansion rate, in the first instants of the Big Bang, was
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the same for positive- and negative-energy observers, it could
have come to differ later on, thereby allowing the scale factors
determined by opposite-energy observers to diverge. This means
that, even on a global scale, the metric properties of spacetime
could differ for opposite-energy observers and this is what would
allow the value of the cosmological constant, which is dependent
on the ¥~ conversion factor to differ from zero.

What's implied by the appearance of the metric conversion
factors in the proposed definitions of the density of vacuum
energy, therefore, is that the magnitudes of the maximum, positive
and negative contributions y ~*V}* and —V3* to the energy den-
sity of the vacuum determined by a positive-energy observer can
be made to differ, as a consequence of the fact that opposite-
energy observers do not necessarily share the same metric proper-
ties of spacetime, even on the global scale, where it can be ex-
pected that matter is homogeneously distributed. The rule is that
when the scale factor is measured as being proportionately smal-
ler by a positive-energy observer, the density of the maximum po-
sitive contribution to the energy of the vacuum, which cannot be
directly measured by such an observer, would be increased from
the viewpoint of this observer, in comparison with the density of
the maximum negative contributions to the energy of the vacuum,
which can be directly measured by the same observer, so that ac-
cording to equation (32) above, the average density of vacuum
energy would be positive and our positive-energy observer would
measure a positive cosmological constant A.

I'm therefore allowed to predict that if the scale factors expe-
rienced by opposite-energy observers were exactly the same in the
initial state of maximum positive and negative matter energy den-
sities, then space must have expanded at a smaller rate, from the
viewpoint of positive-energy observers, during a certain portion
of the history of the universe, in comparison with the rate at which
it expanded from the viewpoint of negative-energy observers. Yet
given that a positive value of average vacuum energy density
would contribute to accelerate the rate of expansion of space de-
termined by positive-energy observers, due to the contribution of
its negative pressure, while it would contribute to decelerate the
expansion rate determined by a negative-energy observer, again
as a result of its negative pressure, then it can be expected that any
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difference that would develop between the measure of the scale
factor determined by positive-energy observers and that which is
determined by negative-energy observers, would eventually be re-
duced.

It may perhaps appear doubtless, therefore, that the universe
could have evolved in such a way that the scale factor experienced
by negative-energy observers could have become so much larger,
in comparison with the scale factor experienced by positive-
energy observers, that the average value of vacuum energy den-
sity which results from this divergence could have grown into a
positive value that is much larger than the density of positive-
energy matter experienced by positive-energy observers, whose
magnitude would already be larger than the density of negative-
energy matter experienced by negative-energy observers. But
even when we assume that the initial value of the cosmological
constant, in the very first instants of the Big Bang, must have been
null (as I will suggest in section 6.3) it is still possible for the ma-
gnitude of the average density of vacuum energy to grow larger
at later times due to the fact that the average density of matter
energy may not only change as a result of expansion, but also as
a consequence of the early annihilation of matter with antimatter.

Thus, it would appear necessary to assume that a comparati-
vely smaller density of negative-energy matter was left over by
the early annihilation of matter with antimatter that took place in
the first instants of the Big Bang, due to a less substantial violation
of time reversal symmetry by this negative-energy matter, com-
pared to that which affected positive-energy matter. As a result,
the deceleration of the rate of expansion experienced later on, du-
ring the matter-dominated era, by positive-energy observers, must
have been substantially larger than that experienced by negative-
energy observers, which allowed the scale factor determined by
positive-energy observers to become significantly smaller than
that which is determined by negative-energy observers, which, in
turn, allowed the cosmological constant to grow to larger positive
values early on, despite the accelerating effect it exerted on the
expansion rate experienced by positive-energy observers and the
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decelerating effect it exerted on that which was experienced by
negative-energy observers®,

Eventually the average density of vacuum energy began to
decrease under its own influence, while the rate of expansion ex-
perienced by positive-energy observers kept decelerating, but at
an ever slower rate, a situation which persisted until vacuum
energy became dominant over positive matter energy, at which
point the expansion rate actually began to accelerate from the
viewpoint of positive-energy observers. But given that we do ob-
serve the present average density of positive matter energy (both
visible and dark) to be somewhat smaller than the current average
density of vacuum energy, then it can be expected that the ave-
rage, positive density of vacuum energy and the magnitude of the
cosmological constant are currently being reduced to smaller va-
lues as a result of their own influence on the expansion rates de-
termined by positive- and negative-energy observers.

Those deductions would appear to agree with astronomical
observations, which indicate that the dominance of the average
density of vacuum energy over that of matter energy occurred
only recently on the cosmic time scale, given that the expansion
of space is observed to be decelerating immediately before it be-
gan accelerating, in the most recent period of the history of the
universe. But even if the positive, average density of vacuum
energy did not become dominant over that of positive matter
energy until recent times, it must have had a significant influence
on the early rates of expansion of positive- and negative-energy
matter determined by observers with the same sign of energy.

I believe that this is what allows the Hubble tension (concer-
ning the disagreement between low-redshift estimates of the

3 In the extended version of the report (Lindner, Negative-Energy Matter and the
Direction of Time, 2026) on which this book is based | have provided a viable
solution to the problem of the origin of the asymmetry between matter and anti-
matter which is based on the hypothesis that there can exist baryonic dark matter
particles carrying reversed bidirectional charges (charges opposite those carried
by ordinary matter particles forward or backward in time) and while this solution
requires that there exist equal numbers of positive- and negative-bidirectional-
charge particles with a given sign of action, it allows the total number of nega-
tive-action particles of any kind to be smaller than that of positive-action par-
ticles, as required by observations, including those regarding the variation of the
cosmological constant which are discussed here.
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current value of the Hubble constant H, (Burns, et al., 2018)
(Riess, Casterno, Yuan, Macri, & Scolnic, 2019) and estimates of
the same parameter deduced from observations of the cosmic mi-
crowave background (Ade, et al., 2016)) to be eased, ultimately,
because a substantially larger early value for the positive, average
density of vacuum energy, similar in magnitude to the early den-
sity of baryonic positive-energy matter, would allow the largest
perturbations in the temperature of cosmic microwave back-
ground radiation to occur on a smaller scale, from the viewpoint
of a positive-energy observer (because it would take less time for
the average matter density to become small enough that the de-
coupling of matter from radiation is allowed to occur as required
for the cosmic microwave background to be released), while this
appears necessary in order to raise the current value of the Hubble
constant derived from the standard model of cosmology (based on
measurements of those CMB temperature fluctuations) up to the
larger value that is determined by the direct method.

The validity of the approach advocated here is not compro-
mised by the fact that it once seemed that empirical data was per-
haps favorable to the hypothesis that the cosmological constant
has not changed much during the recent history of the universe,
because, given the current smallness of the observed average va-
lue of vacuum energy density (compared to the natural scale of
guantum-gravitational phenomena), it is natural to expect that the
current rate at which the cosmological constant is being reduced,
which is determined by the very magnitude of this average density
of vacuum energy, would have remained too small to be detected,
but more precise measurements may allow to reveal this variation,
which is one clear prediction of the approach proposed here, that
may allow to confirm its validity.*

To avoid confusion, however, it must be understood that a
positive cosmological constant contributes to accelerate the rate
of expansion of space measured by positive-energy observers
(which we may call the specific expansion rate of positive-energy

4 After | wrote the latest versions of this document it was found that some
puzzling astronomical observations of baryon acoustic oscillations (Abdul
Karim, et al., 2025) could be resolved if it is assumed that the (average) density
of dark energy has, in effect, been slowly decreasing since the epoch when the
cosmic microwave background was released.
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matter) and not merely to accelerate the rate of expansion of po-
sitive-energy matter, because the same metric conversion factor
that is involved in determining the net value of average vacuum
energy density also affects the measure of average negative-
energy matter density determined by positive-energy observers,
thereby allowing this matter density to remain unchanged compa-
red with the average density of positive-energy matter determined
by the same positive-energy observers (which we may call the
specific density of positive-energy matter).

Now, one may ask why it is that the scale factors and the
specific rates of expansion experienced by observers with oppo-
site energy signs were so similar in the very first instants of the
Big Bang that they only began to differ significantly during the
matter-dominated era, as a result of the early annihilation of mat-
ter and antimatter, which appears to have been more complete for
negative-action matter? Despite the fact that a divergence of the
specific rates of expansion would produce a larger magnitude of
average vacuum energy density, which would tend to reduce this
divergence, there is no doubt that the average value of vacuum
energy density could have been much larger (into positive or ne-
gative territory) initially, even before the early annihilation of ba-
ryons and antibaryons had an effect on the specific rates of expan-
sion of positive- and negative-energy matter, in which case its
present magnitude would still be much larger than the measured
value. What | will explain in section 6.3, however, is that additio-
nal constraints actually exist which allow to predict that the initial
value of average vacuum energy density must have been perfectly
null.

6.2. DARK MATTER

What I would like to explain, first of all, is that additional, attrac-
tive gravitational forces, similar to those we normally attribute to
ordinary cold dark matter, but which are not taken into account by
current cosmological models, can be expected to naturally arise
in the context of the generalized gravitation theory introduced in
the preceding sections of this book. | previously mentioned that
gravitational forces, indistinguishable from those usually
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attributed to positive-energy dark matter, would arise in the pre-
sence of an underdensity in an otherwise uniform distribution of
invisible negative-energy matter, because, from the viewpoint of
positive-energy particles, this local absence of negative-energy
matter is equivalent to the presence of additional, gravitationally-
attractive, positive-energy matter. Such a phenomenon could, in
principle, occur around visible, positive-energy matter overdensi-
ties, given that those overdensities would repel negative-energy
matter and create underdensities in this negative-energy matter
distribution that could potentially enhance the gravitational attrac-
tion of the positive-energy objects.

The magnitude of those additional gravitational forces,
however, is limited by the finite value of the average density of
negative-energy matter over which the underdensities are mea-
sured, which, at the present epoch at least, is much smaller than
the average density of positive-energy matter in a typical galaxy.
It is necessary, therefore, to recognize that the presence of nega-
tive-energy matter underdensities cannot contribute significantly
to the observed missing-mass effect around positive-energy ob-
jects at the present epoch. But one can expect that the presence of
negative-energy matter underdensities did accelerate the process
of structure formation in the positive-energy matter distribution at
the epoch, in the remote past, when the average matter density
was still relatively large and the negative-energy matter distribu-
tion homogeneous enough on the scale of the structures consi-
dered, because under such conditions it is possible for this addi-
tional gravitational attraction to be concentrated around positive-
energy overdensities.

This is certainly a positive development, given that, despite
all the progress which was achieved in the last decades, the cur-
rently favored theory of structure formation, involving only posi-
tive-energy cold dark matter, is still inadequate to model the for-
mation of large-scale structures in the early universe, as witness
the fact that observations (see in particular Ref. (Labbé, et al.,
2023)) keep revealing the presence of well-developed galaxies
and clusters of galaxies with masses much larger than expected,
at increasingly larger redshifts, corresponding to an epoch when
there shouldn't be any such structures according to current mo-
dels.
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But this doesn't mean that negative-energy matter overdensi-
ties were present as well, at the same epoch, on a similar scale,
which could have produced stellar- or galactic-size underdensities
in the positive-energy matter distribution, that would have simi-
larly accelerated the growth of those negative-energy structures,
because from an observational viewpoint it appears necessary to
assume that no significant amount of baryonic negative-energy
matter survived the early period of matter-antimatter annihilation,
while it can also be expected that dark matter overdensities have
a tendency to form and to grow where baryonic matter overdensi-
ties with the same sign of energy are located, for reasons | will
soon discuss.

Now, if one recognizes that the presence of negative-energy
matter underdensities would never allow to explain a significant
portion of the missing-mass effects which are observed around
visible positive-energy structures at the present epoch, then one
must admit that there definitely exist additional contributions of
unknown origin to positive matter energy in our universe. Faced
with the undeniable evidence that a certain form of dark matter
must exist, the normal reaction is to seek to identify a weakly-
interacting massive particle that might constitute a viable candi-
date for this dark matter. The problem is that all attempts at de-
tecting and identifying a weakly-interacting particle that does not
interact with ordinary matter only through the gravitational inte-
raction have failed.

What | have come to understand, however, is that a pheno-
menon, distinct from that which can be attributed to the presence
of underdensities in the negative-energy matter distribution, but
which can also be expected to arise only in the context of a theory
of gravitation governed by the generalized gravitational field
equations introduced in section 5, may allow to explain most the
missing-mass effects observed around visible structures in the po-
sitive-energy matter distribution, without requiring the existence
of hypothetical cold dark matter particles.

In the context where the curvature of space arising from the
presence of inhomogeneities in the matter distribution is an ob-
server dependent physical property it must, in effect, be possible
for the density of vacuum energy to vary locally, in both space
and time, given that the metric conversion factors which
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determine the value of vacuum energy density must themselves
be allowed to vary as a function of the difference between the me-
tric properties of spacetime experienced by positive-energy ob-
servers and those experienced by negative-energy observers.
Thus, in the presence of a positive-energy matter overdensity, one
can expect to observe a positive increase in vacuum energy den-
sity, above that which is attributable to ordinary matter itself (as
voids in negative vacuum energy), because the measures of spatial
volume around that overdensity would appear to be comparatively
smaller for a positive-energy observer, given that from such a
viewpoint space is contracted and time dilated by the presence of
positive-energy matter, while space is dilated and time contracted
under similar conditions, from the viewpoint of a negative-energy
observer.

This would be due to the fact that when the volume of space
is measured to be smaller by a positive-energy observer and larger
by a negative-energy observer, locally, then the maximum posi-
tive contribution to the density of vacuum energy y ~*V#*, which
is experienced by a positive-energy observer only through the gra-
vitational force it exerts on positive-energy matter, becomes lar-
ger, locally, than the maximum negative contribution —V5*
which is directly experienced by the same positive-energy obser-
ver and any such difference must add up to that which arises from
the observer-dependent measures of cosmological scale factor, as
if we were dealing with an independent measure of stress-energy,
similar to that of ordinary matter and independent from the
usually considered cosmological term Tx* = Ag™™* associated
with the cosmological constant.

This phenomenon can be referred to as vacuum dark matter,
because it would have consequences similar to those we normally
attribute to the presence of ordinary dark matter (such as weakly-
interacting massive particles), given that it would contribute to
significantly increase the mass of any astronomical object present
on a sufficiently large scale, without raising the density of baryo-
nic matter®.

5 In the extended version of the report (Lindner, Negative-Energy Matter and the
Direction of Time, 2026) on which is based this book | have explained that it
can be expected that there should also exist an additional component of baryonic
matter that would by necessity be dark and whose average density should be
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It would, therefore, appear that it is the fact that the local va-
riations of vacuum energy density which are involved here are
correlated, under most circumstances, with the presence of local
inhomogeneities in the distribution of baryonic matter, due to the
fact that such inhomogeneities are usually required to trigger the
development of local variations in the density of vacuum energy,
that allows them to provide the long sought explanation of the
missing-mass effect as being a particular aspect of the phenome-
non of dark energy. The crucial point, here, is that the positive
vacuum energy which is produced, locally, by the curvature of
space attributable to the presence of a positive-energy matter
overdensity must itself contribute to produce additional space cur-
vature, similar to that which is produced by ordinary positive-
energy matter, which, in turn, produces additional positive va-
cuum energy.

It must be clear, however, that the portion of dark matter at-
tributable to local variations of vacuum energy density already
existed in a macroscopically homogeneous form on the cosmic
scale, before it accumulated around baryonic matter overdensities
and therefore it only grows around inhomogeneities as a result of
such an accumulation, without violating the principle of conser-
vation of energy. What's significant as well is that, given that we
are dealing here with local variations in the distribution of va-
cuum energy, then it follows that, from a gravitational viewpoint,
vacuum dark matter would be equivalent to the presence of ordi-
nary matter, despite the fact that, as a particular form of vacuum
energy, it must be dark.

This allows one to expect that the gravitational attraction of
positive vacuum-dark-matter energy would not be compensated
by a gravitational repulsion attributable to the presence of nega-
tive vacuum-dark-matter energy, on the cosmological scale, at
least as long as this negative-energy dark matter is uniformly

exactly the same as that of ordinary baryonic matter, which would have for
consequence to double the density of baryonic positive-energy matter that sur-
vived the early annihilation of baryons and antibaryons, but given that this ba-
ryonic matter is dark, its presence would not affect current estimates of the rela-
tive abundance of light elements derived from Big Bang nucleosynthesis, even
though the additional effect it exerted on the early rate of growth of the average
density of vacuum energy is essential to resolve the Hubble tension.
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distributed on a global scale. But it also allows one to expect that
positive vacuum-dark-matter energy, unlike a positive cosmolo-
gical constant, should not exert a negative pressure that would re-
pel positive-energy matter, either locally or globally, because the
average density of positive vacuum-dark-matter energy does not
remain constant in an expanding universe.

The one crucial aspect that differentiates vacuum dark matter
from ordinary matter is the fact that, if we are to conceive of or-
dinary negative-energy matter as missing positive vacuum
energy, then we have no choice but to assume that what is missing
from zero-point vacuum fluctuations under such conditions is not
just positive energy, but also positive or negative non-gravitatio-
nal charges, as the missing virtual particles which are equivalent
to the presence of matter also carry charges. Those charges, which
are missing in the electrically neutral vacuum, are equivalent to
the presence of charges of opposite signs, which appear to be car-
ried by the matter particles themselves.

The presence of vacuum dark matter, however, does not re-
sult from a local absence of virtual particles from zero-point va-
cuum fluctuations, that would need to be correlated with an ab-
sence of charge, but arises from the differing measures of space-
time metric properties experienced by opposite-energy observers,
which alter the relative densities of the maximum positive and ne-
gative portions of vacuum energy without affecting the electrical
(or non-gravitational) neutrality of the vacuum. Thus, while ordi-
nary positive-energy matter consists of both missing negative va-
cuum energy and missing positive or negative vacuum charge,
positive-energy vacuum dark matter is only equivalent to an ex-
cess of positive over negative vacuum energy and must remain
electrically neutral under all conditions (it never carries any non-
gravitational charges). This is the only aspect that differentiate
vacuum dark matter from ordinary matter and which explains that
itis, in effect, dark.

What makes it possible for a maximum, invariant amount of
energy to have already been present as positive vacuum-dark-mat-
ter energy and independently, as negative vacuum-dark-matter
energy, on the largest scale, is the fact that, even though the dis-
tribution of matter and radiation energy in the early universe was
very homogeneous from a macroscopic viewpoint (a hypothesis
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that is theoretically and observationally unavoidable, as | will ex-
plain in section 6.4), positive- and negative-energy matter par-
ticles couldn't occupy the exact same positions in the initial state
of maximum positive and negative matter energy densities and
this means that, on the quantum-gravitational scale, there existed
variations of considerable magnitude in the density of both posi-
tive and negative matter energies, to which were associated
equally large amounts of vacuum-dark-matter energy.

As the universe expanded and the average density of matter
decreased, along with the average kinetic energy of matter and
radiation particles, this macroscopically homogeneous distribu-
tion of vacuum dark matter spread into the available space, along
with the rest of matter. But when the small-amplitude inhomo-
geneities which were present on a macroscopic scale in the matter
distribution (including that of vacuum dark matter) began to grow,
later on, as a result of gravitational instability, the density of va-
cuum dark matter was allowed to vary on a macroscopic scale, as
the positive-energy portion of it became more concentrated in po-
sitive-energy matter overdensities and more rarefied in positive-
energy matter underdensities, even though the matter itself al-
ready existed in diffuse form.

From an observational perspective, it would appear possible
to confirm that dark matter is, for the most part, an outcome of
local variations in the density of vacuum energy, because cur-
rently available data indicates (McGaugh, Lelli, & Schombert,
2016) that there is a strong correlation, in general, between the
gravitational acceleration attributable to the total amount of mat-
ter inside an orbit (say around the center of a galaxy) and the gra-
vitational acceleration attributable to the baryonic matter inside
that orbit®. But if the presence of dark matter must be considered
to be an effect of the curvature of space (attributable to the matter
that is present in a region of space) on the local measures of va-
cuum energy density, then it is natural to expect that the more

6 This correlation would probably be even stronger if we were taking into ac-
count the presence of baryonic dark matter particles with reversed bidirectional
charges, whose average density can be expected to equal that of visible baryonic
matter particles, as | explained in the previously cited report (Lindner, Negative-
Energy Matter and the Direction of Time, 2026) | have published on the problem
of time directionality.
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gravitational acceleration that there is as a consequence of the pre-
sence of baryonic matter, the more distinct the metric properties
of spacetime experienced by opposite-energy observers must be
that gave rise to the accumulation of vacuum dark matter around
that particular location.

The conclusion that there must exist a relationship between
the amplitude of the gravitational field attributable to visible po-
sitive-energy matter overdensities and the amplitude of the mis-
sing-mass effect would also imply that, even within galaxies and
clusters, dark matter should be more concentrated around the vi-
sible elements of the structure. While this result is certainly unex-
pected, it does agree with some relatively recent observations
(Meneghetti, et al., 2020), which indicate that there is a greater
than expected concentration of gravitational lensing around indi-
vidual galaxies within clusters.

It is important to point out, however, that vacuum dark mat-
ter would exert its own gravitational field, which would actually
allow it to clump, just like conventional dark matter, despite the
fact that it really is vacuum energy. This means that the observa-
tions which indicate that large overdensities of visible matter can
sometimes become separated from their dark matter component
(as a result of collisions between galaxy clusters or in the course
of galaxy mergers) can be easily explained, unlike would be the
case if the currently unexplained correlations | have just men-
tioned were the result of a more profound modification of the laws
that govern the gravitational dynamics of astronomical objects,
such as envisaged in the context of the theory known under the
MOND acronym (which stands for modified Newtonian dyna-
mics).

When considering the effects arising from the presence of
vacuum dark matter one must keep in mind that, it is possible for
the average density of negative vacuum-dark-matter energy to
still be very similar to that of positive vacuum-dark-matter
energy, because the observationally confirmed absence of nega-
tive-energy matter overdensities on the scale of individual stars
and galaxies is due to the fact that only a negligible amount of
baryonic negative-energy matter survived the early annihilation
of matter with antimatter that took place during the radiation-do-
minated era. But vacuum dark matter is not submitted to mutual
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annihilation, given that it has no charge, and therefore its average
density must have remained unchanged following the early anni-
hilation of baryons with antibaryons.

But the presence of baryonic matter is necessary for initiating
the formation of structures in a distribution of vacuum dark matter
on smaller scales, because only such matter can reduce its average
kinetic energy through the emission of radiation. Collapsing as-
tronomical structures can only begin to form through gravitational
instability when they are allowed to release energy in such a way,
as otherwise their internal pressure remains too large to allow
them to stabilize. Given that vacuum dark matter is merely as cold
as baryonic matter, due to the fact that zero-point vacuum fluctua-
tions involve the same particles fluctuating in and out of existence
in their virtual form, then it follows that, on a scale where ordinary
baryonic matter is allowed to collapse into stable structures only
through the emission of radiation, the density of vacuum dark
matter itself can only begin to grow if ordinary baryonic matter
overdensities with the same sign of energy are already present,
because without the additional gravitational attraction produced
by such an overdensity, vacuum dark matter would rather tend to
disperse.

That is not to say, however, that there can be no overdensities
in the distribution of negative vacuum-dark-matter energy. In fact,
it appears necessary to assume that vacuum-dark-matter overden-
sities with very large negative masses would be present inside the
largest voids in the distribution of positive-energy galaxies, which
do exert a localized gravitational pull on this vacuum dark matter,
given that the gravitational attraction exerted on negative va-
cuum-dark-matter energy by voids in the positive-energy matter
distribution grows along with their size. In the absence of baryo-
nic negative-energy matter overdensities, it would appear that
only such large voids can exert a gravitational attraction large
enough to allow negative vacuum-dark-matter energy overdensi-
ties to grow to such proportions that they may actually influence
the process of structure formation in the positive-energy matter
distribution. But once triggered, this process would self-amplify,
as a result of the gravitational attraction exerted by negative va-
cuum-dark-matter energy on itself.
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The presence of such very-large-scale overdensities in the
negative-energy matter distribution is not only allowed by current
observational data, it is actually required in order to explain the
size of those voids. In the absence of large negative-energy matter
overdensities located within the largest voids in the positive-
energy matter distribution, the unexpectedly large size of those
voids would need to be explained through biasing, an approach
which amounts to assume, without justification, that galaxies have
a tendency to form preferably in those regions where the density
of the cold dark matter is already larger, at the epoch of recombi-
nation. But the presence of large and growing overdensities of ne-
gative vacuum-dark-matter energy inside those voids in the posi-
tive-energy matter distribution would allow the voids themselves
to grow larger than expected at an earlier time, due to the gravita-
tional repulsion they would exert on the surrounding positive-
energy galaxies.

Given that the gravitational repulsion attributable to a large
negative-energy matter overdensity would merely contribute to
further accelerate the local rate of expansion of the expanding po-
sitive-energy matter distribution which is already being accele-
rated by the presence of the void in the positive-energy matter
distribution in which it would normally be located, then it may
not be immediately apparent that the phenomenon is sometimes
actually attributable in part to the presence of gravitationally-re-
pulsive material. This is certainly a positive development, given
that it has been known for some time that certain voids, apparent
on a very large scale in the positive-energy matter distribution, do
produce a larger than expected acceleration of the local rate of
expansion of galaxies located on their periphery, a phenomenon
which had remained unexplained until now.

When large negative-energy matter overdensities are present
inside the largest voids in the visible matter distribution, it is also
easier to reconcile our theory of structure formation with those
observations which show that there is a much smaller number of
galaxies in the Local Void than is predicted by computer simula-
tions, because any galaxy that would form in the void would ra-
pidly be expelled to the periphery by the repulsive gravitational
forces attributable to the presence of this negative-energy matter.
Also, given that the density of negative vacuum-dark-matter
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energy in the Local Void would not be as low as it would in our
galactic neighborhood, it follows that the missing-mass effects at-
tributable to negative-energy matter underdensities would be
more localized around those galaxies located closer to the center
of the void and this must have accelerated their formation. That
may explain why a larger than expected number of very large ga-
laxies in the Local Sheet are located on the periphery of the Local
Void instead of in the more crowded areas, where most of the vi-
sible matter is concentrated.

6.3. THE FLATNESS PROBLEM

I mentioned above that, inflation theory aside, we have no idea
what the constraint is that would require the present average den-
sity of positive matter and vacuum energy to be fixed to its critical
value, given that a very precise adjustment of parameters would
seem to be required in the early stages of the Big Bang in order to
produce the present outcome. The truth, therefore, is that while
the Big Bang model appears to be mathematically consistent, it is
nevertheless incomplete, given that the initial conditions, it would
seem, cannot be determined by the theory.

Thus, while it can be predicted that the average density of
positive matter, radiation, and vacuum energy p(t) was closer to
its critical value p.(t) (associated with a density parameter Q =
p/p. = 1) in the past, it remains to explain why it is that the cur-
rent density of positive energy p, itself is fixed to its critical value
Pco to such a high degree of precision. Relativity theory enables
a positive-energy observer to predict what the rate of expansion
of the universe was at different times in the past, given the current
densities of positive matter, radiation, and vacuum energy, but
this is only true in as much as the rate of expansion at the present
time is empirically determined through a measurement of the
Hubble constant H,. The model, however, remains well-defined
for any value of p, and H,.

Here | will assume that there exists an upper limit to the po-
sitive and negative measures of matter energy density, which is
provided by the natural vacuum-stress-energy tensors entering the
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generalized gravitational field equations introduced in section 5.
From a quantum-gravitational viewpoint, it must be assumed that
those are the positive and negative densities of matter energy
which existed in the state that emerged from the initial singularity.
This means that space cannot continue to contract, in the past di-
rection of time, beyond the point at which a maximum positive or
negative amount of matter and radiation energy is contained in
every elementary unit of surface, under which conditions current
guantum gravitation theories predict that a quantum bounce must
take place.

What needs to be explained, therefore, is merely why it is
that the rate of expansion of space did not begin to differ from its
critical value immediately after the universe emerged from this
state of maximum positive and negative matter energy densities
that is uniquely determined by the natural scale of quantum-gra-
vitational phenomena. From a conventional viewpoint, it would
appear that the early variation of the rate of expansion that gives
rise to a flat space at the present time is merely one alternative
among an enormous range of possibilities. But while the current
value of gravitational potential energy for the universe as a whole
(which is fixed by the present average density of positive matter
and vacuum energy p,) and the currently observed kinetic energy
of expansion (which is determined by H,) may appear to consti-
tute free parameters of the standard model of cosmology, | will
show that they are not really independent variables in the context
where energy must be null for the universe as a whole.

If such a condition must be imposed for the total energy of
the universe it is because the requirement of relational definition
of physical attributes implies that, even if the Big Bang is not con-
sidered to constitute a creation event at which any conserved phy-
sical quantity must be created out of nothing, from the viewpoint
of an observer of any energy sign the universe would still need to
have a vanishing total energy, because if it was possible to mea-
sure a non-zero value of matter energy for the universe as a whole,
then this value would need to be either positive or negative and
this would allow the particular direction of time relative to which
this positive or negative energy would propagate to be singled out
as an absolutely (non-relationally) defined direction, as would
necessarily happen in the absence of negative-energy matter if
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there was no compensation of the positive energy of matter by a
negative energy of the gravitational field.

What most people already recognize concerning the energy
content of the universe is that, for a universe with a flat geometry
and a zero cosmological constant, the negative gravitational po-
tential energy of positive-energy matter and radiation is balanced
by the positive kinetic energy of expansion of this matter. When
that is not the case, then an additional amount of energy is present
that is attributable to the gravitational field itself (or the curvature
of space) and this energy tends to become dominant very rapidly
(regardless of whether it is positive or negative) as space expands,
because, while the gravitational potential energy of matter de-
creases in inverse proportion to the volume, the energy associated
with the curvature of space decreases as the inverse of the surface
enclosing that volume.

The condition that energy be conserved for the universe as a
whole, as it expands or contracts, is expressed by the the follo-
wing initial value equation for a homogeneous and isotropic uni-
verse, which is derived from the general-relativistic gravitational
field equations for a positive-energy observer.

1day? —8np A k
— — (== ——+ )= 33
E_K+V(a)_<adt) +< 3 3+a2)_0 (33)

Here E is the gravitational energy of the universe, K is the kinetic
energy of expansion, and V(a) is the Friedmann potential as a
function of the scale factor a(t), in the presence of a cosmological
constant A, for a universe with an average matter density p. In this
equation, the spatial curvature parameter, which | redefine as
—k/a? and which is always precisely equal to zero for a flat uni-
verse, appears as just one particular (reversed) contribution to the
Friedmann potential.

But when it is possible to assume that the magnitude of the
cosmological constant was negligible initially, this equation can
be rewritten as

which clearly shows that the spatial curvature parameter is the
outcome of the imperfect cancellation of the gravitational
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potential energy of matter by the kinetic energy of expansion. It
must be clear, though, that while the kinetic energy of expansion
is usually considered to be an attribute of the expanding matter,
which may, therefore, be either positive or negative, depending
on the sign of energy of the matter that produces the gravitational
field that influences the rate of expansion of space (which for po-
sitive-energy observers would be positive), it is, nevertheless, en-
tirely determined by this rate of expansion, which means that it is
actually an energy of the gravitational field itself (as, in principle,
it could exist even in a universe devoid of matter).

Thus, whenever the gravitational potential energy of matter
U(a) is not matched by a kinetic energy of expansion K that's
exactly its opposite, the energy E; associated with the gravitatio-
nal field or the curvature of space itself, which is given by —k/a?,
is not zero and contributes to alter the expansion rate. If k is po-
sitive this excess of gravitational energy is negative, which means
that the negative gravitational potential energy of matter contri-
butes predominantly to determine the gravitational field, as must
be the case when the source of this gravitational field has positive
energy, while when k is negative there is a positive excess of gra-
vitational energy, which means that the positive kinetic energy of
expansion contributes predominantly to determine the gravitatio-
nal field of the universe.

The gravitational energy E, associated with the present va-
lue of the spatial curvature parameter —k/a? must therefore be
considered to consist of a residual measure of energy, which could
in principle assume any positive, negative, or null value depen-
ding on the current value of the scale factor and on whether k is
equal to —1, +1, or 0. There is no a priori reason, however, to
assume that the measure of energy associated with the curvature
of space on the cosmological scale should be the same for posi-
tive- and negative-energy observers at the same epoch, because
the Kkinetic energy of expansion varies as a function of the rate of
expansion, which is an observer-dependent quantity.

It must be clear, however, that what the original form (33) of
the initial value equation really means is that when an additional
term, which is provided by the negative of the spatial curvature
parameter —k/a?, is added to the equation that would otherwise
express the nullity of the gravitational energy of the universe, then
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this energy can be conserved even in those cases where it would
not really be null initially, but it does not really amount to require
that the universe comes into existence with zero gravitational
energy. What the redefinition of gravitational energy provided by
equation (34) means is that, once it is assumed that the cosmolo-
gical constant A is negligible initially, then it is only when the free
parameter —k /a? associated with the curvature of space is zero
that the positive kinetic energy of expansion K can balance the
negative gravitational potential energy U(a) attributable to the
presence of positive-energy matter. The true measure of gravita-
tional energy for the universe as whole, therefore, is really the
energy E, which is associated with the curvature of space and it
is only when this energy is null that the gravitational field does
not contribute energy on the cosmological scale.

I believe that what allows the value of gravitational energy
E, associated with the spatial curvature parameter to be null for
an expanding zero-energy universe is the fact that, even when ne-
gative-energy matter is present in the very first instants of the Big
Bang and the total energy of matter itself is null, the negative gra-
vitational potential energy of matter experienced by a positive-
energy observer can be arbitrarily large (given that only the posi-
tive portion of the uniform distribution of matter energy exerts a
gravitational force on positive-energy matter) so that it is allowed
to compensate a positive kinetic energy of expansion of compa-
rable magnitude. It would therefore appear that the alternative
concept of negative-energy matter as consisting of missing posi-
tive vacuum energy, which was developed in the preceding sec-
tions of this book, is essential to the conclusion that a zero-energy
universe can have a null value of gravitational energy.

If we were to assume instead that negative-energy matter was
absent in the primordial universe, then the kinetic energy of ex-
pansion itself would actually need to be arbitrarily small and the
negative gravitational energy of curvature E, arbitrarily large, be-
cause only then could the negative energy contained in the gravi-
tational field compensate the large positive energy of matter. Such
a universe, however, would be closed and highly curved and
would collapse back to a spacetime singularity in an arbitrarily
short time. In the context where the existence of negative-energy
matter would be considered unavoidable, the solution to this
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problem which is usually assumed to be provided by inflation
theory would no longer be appropriate, if we still require the uni-
verse to have zero energy, unless we recognize the validity of the
concept of negative-energy matter developed in this book (which
will be shown to make inflation unnecessary), because otherwise
the gravitational potential energy of matter could be null, which
means that the kinetic energy of expansion would still need to be
null following inflation.

But we must still explain why the total, average density of
matter energy was initially so close to zero that the energy of the
gravitational field (associated with the global curvature of space)
was itself required to be perfectly null. The problem is that, in
principle, it is possible for the magnitude of the average density
of positive matter energy to be larger or smaller than that of the
average density of negative matter energy, even in a universe with
zero energy, as long as the sum of the positive and negative con-
tributions to the energy of matter is compensated, from the
viewpoint of a given observer, by the energy of the gravitational
field of the universe, which is determined by the rate of expansion
measured by that observer.

What's significant here is that, when the energy of the uni-
verse is required to be null, it follows that if space was positively
curved and closed from the viewpoint of a positive-energy obser-
ver, it would need to be negatively curved and open from the
viewpoint of a negative-energy observer. This is due to the fact
that the gravitational field of a universe that would be positively
curved, from the viewpoint of a positive-energy observer, would
have a negative energy and could, therefore, only compensate an
excess of positive matter energy (through a reduction of the posi-
tive kinetic energy of expansion). But while it is true that, even
from the viewpoint of a negative-energy observer, an excess of
positive matter energy would require the contribution of a gravi-
tational field with negative energy, such a gravitational field
would be associated not with a smaller positive kinetic energy of
expansion, but with a larger negative kinetic energy of expansion
and a higher than critical expansion rate, which would actually
give rise to an open universe, while the opposite would be true if
the total energy of matter was instead negative initially (before
the early annihilation of matter and antimatter).
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While those two mutually exclusive configurations may ap-
pear to merely consist of two additional possibilities, no different
from the case where the average density of matter energy happens
to be null initially, just like the energy of the gravitational field of
the universe, there is actually a very important distinction between
the case of a universe with flat geometry and that of the curved
space configurations. This essential difference has to do with the
fact that it is only in the case where space is flat that the universe
can be open from both the viewpoint of a positive-energy observer
and that of a negative-energy observer. | believe that if the ave-
rage density of positive matter energy must exactly compensate
the average density of negative matter energy in the initial Big
Bang state, it is precisely because, in the absence of any other
contribution to the energy budget, if matter energy was not null,
then space would need to be open from the viewpoint of a certain
observer and closed from the viewpoint an observer with opposite
energy sign. But given that the difference between the volume of
a closed universe and that of an open universe would in principle
be infinite, it follows that such a configuration would be charac-
terized by an arbitrarily large, positive or negative value of ave-
rage vacuum energy density.

It should be clear that it cannot be assumed that the energy
of matter in a universe with a non-zero curvature of space is com-
pensated by an opposite energy that would be contained in the
vacuum as a result of this curvature because in a universe with
negative gravitational energy and positive space curvature the
average density of vacuum energy would actually be positive and
would add to the positive energy of matter, thereby requiring an
even larger negative energy for the gravitational field, that would
make the positive density of vacuum energy even larger.

The problem, therefore, is that the maximum positive or ne-
gative cosmological constant which would be associated with any
non-zero gravitational energy of curvature would appear to forbid
the emergence of an observer, because even if the gravitational
force exerted by the cosmological constant on the specific expan-
sion rates generally contributes to reduce the magnitude of the
average density of vacuum energy, if this magnitude had been
maximum when the expansion process began, then it could never
have been reduced to a level favorable to the emergence of an
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observer, at least not before the average matter density itself
would have become too low to allow for the development of struc-
tures (which we may assume to be essential for the emergence of
an observer). Only a universe with precisely balanced initial con-
tributions to the energy of matter and therefore, also, to the energy
of the gravitational field, is allowed to be experienced as a long
lasting process by a physical observer that is part of that universe,
when it is appropriately required that the universe itself has null
energy.

Thus, the 'extra’ principle which would allow to fix the rate
of expansion of space on the global scale to its critical value is
nothing else but the requirement of relational definition of physi-
cal attributes, which requires the sum of all energies to be null, for
the universe as a whole, from the viewpoint of both positive- and
negative-energy observers. When it is recognized that negative-
energy matter must also contribute to the initial energy budget of
the universe, this very basic principle makes it possible to explain
not only why there is expansion, but why it is that the rate of this
expansion is still critical, even long after the Big Bang. Space is
flat and the rate of expansion remains critical, because the uni-
verse must have an open space from both the viewpoint of posi-
tive energy observers and that of negative energy observers and
the precision with which the initial rate of expansion was adjusted
to its critical value is merely a reflection of the exactness of this
requirement. The flatness of space, therefore, is not a mere possi-
bility that emerged as a byproduct of an uncertain process of in-
flationary expansion, but rather constitutes a basic consistency re-
guirement that must be satisfied by any viable cosmological mo-
del.

But the same constraint allows one to expect that there is no
difference, initially and therefore also at later times, between the
average states of motion of positive- and negative-energy matter
on the largest scale that could have given rise to a non-zero mo-
mentum for the universe as a whole, because such a momentum
for matter would also need to be compensated by an opposite mo-
mentum of the gravitational field, and if the gravitational field (or
the appropriate component of the curvature of space) had a non-
zero momentum on a global scale, it would also need to have a
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non-zero energy and this is not possible for a universe with flat
geometry.

However, in the context where the initial, average density of
negative-energy matter can become smaller than that of positive-
energy matter following the annihilation of baryonic matter and
antimatter that takes place early on, during the Big Bang, it is pos-
sible for the average value of vacuum energy density, or the cos-
mological constant, to grow from its initial zero value toward a
larger, positive value during the matter-dominated era, as | pre-
viously explained. But it is not to be expected that this divergence
could develop to an arbitrarily large magnitude, because the weak
anthropic principle also forbids the cosmological constant from
becoming so large, as a result of this divergence, that it would no
longer be compatible with the presence of a (positive-energy) ob-
server at the present time.

It is, therefore, possible to assume that it is the weak anthro-
pic principle and the condition of null energy that must be impo-
sed on the universe, which explain that the divergence of the scale
factors experienced by opposite-energy observers was as small as
it appears to have been in the early universe (as a result of the
relatively small violation of time reversal symmetry that is res-
ponsible for the existence of all baryonic positive-energy matter),
because this is what allowed the current value of the cosmological
constant to be as small as it is observed to be. | believe that the
fact that such a relatively simple and efficient solution to what has
been called 'the mother of all physics problem' had never been
seriously considered before is simply a consequence of the pre-
conceived opinion that negative-energy matter cannot exist,
which is a consequence of both irrational prejudice and what al-
ways appeared to be the insurmountable difficulties preventing a
consistent description of gravitationally-repulsive matter.

6.4. THE ARROW OF TIME

Before | can discuss the relevance of the generalized gravitation
theory which was developed in the preceding sections of this book
for a solution to the problem of the origin of the thermodynamic
arrow of time it is necessary to explain what really constitute the
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many facets of this long-standing problem. This will allow me to
properly identify the nature of the deep contradiction that dwells
at the heart of theoretical physics, as a result of the apparent in-
compatibility between the time-symmetric laws of classical me-
chanics and particle physics and the unidirectional laws of ther-
modynamics and statistical mechanics.

First of all, it must be clear that time irreversibility is not a
subjective notion that would arise merely as a consequence of
adopting a particular coarse-graining, that is to say, it is not due
merely to the choice we make regarding what details of the mi-
croscopic state of a system are to be ignored, because the changes
which are taking place in that portion of entropy which is attribu-
table to the gravitational field can be characterized in a fully ob-
jective way, given that the measure of entropy associated with
black-hole event horizons does not depend on any arbitrary defi-
nition regarding what parameters characterize the macroscopic
state of such a system and what information remains unavailable.
For an observer outside a black hole, information is only available
about the macroscopic parameters of total mass M, angular mo-
mentum J, and charge @, while the entropy itself is dependent me-
rely on the area of the event horizon of the object, which is enti-
rely determined by those parameters.

It is usually understood, however, that while we are allowed
to consider entropy as missing information, an objective charac-
terization of temporal irreversibility does not require assuming
that information is actually vanishing from reality when entropy
is rising. It is simply the fact that, as entropy grows, macroscopic
parameters become increasingly less efficient at providing a full
description of the structure contained in the exact microscopic
state of our universe, that explains that information appears to be
lost when the number of microscopic states which are compatible
with those macroscopic conditions is growing with time.

But if entropy is indeed increasing in the future, from the
viewpoint of an objectively determined choice of coarse-graining,
then it means that entropy was definitely smaller in the past. What
is deduced from observations, in fact, is that entropy is continuou-
sly decreasing in the past, in every place we look and as far back
in time as we can probe. This is a condition that is far more cons-
training than simply assuming that the universe is not in a state of
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thermal equilibrium at the present time, which would not only al-
low entropy to grow larger in the future, but also in the past.

Due to the time-symmetric nature of the fundamental physi-
cal laws that describe the evolution of elementary particles, it
would appear that when a macroscopic physical system with
many independent microscopic degrees of freedom evolves in the
past direction of time, starting from a present non-equilibrium
state of relatively low entropy, this entropy should grow (regar-
dless of the details of the microscopic state of the system) for the
exact same reason that we expect it to grow in the future, when
the evolution that takes place on a microscopic level occurs in a
random way. But even if entropy was continuously increasing in
the past, from its present non-maximum value, we may still have
a problem, because from the forward-in-time viewpoint the evo-
lution that would have taken place in the past would have occurred
with diminishing entropy in the future and this would also remain
unexplained, unless we are dealing with a momentary fluctuation.

One of the oldest attempts at solving the problem of the ori-
gin of the thermodynamic arrow of time, which is usually reco-
gnized as inadequate, was originally proposed by Ludwig
Boltzmann, the originator of the kinetic theory of gases. It was
based on the recognition that there always occur fluctuations to
lower entropy states for randomly-evolving, isolated systems
which are in a state of thermal equilibrium. It was suggested that
over a very long time-scale, it should sometimes happen that such
fluctuations would be so significant as to bring even a universe
which was in a state of thermal equilibrium into a state with an
entropy so low that any subsequent evolution would likely be cha-
racterized by a continuous increase of entropy.

It should be clear, however, that in such a context, the only
reason we would have to expect to observe the universe in a phase
of continuously growing entropy, instead of finding it in one of
the much, much more common phases of unchanging maximum
entropy would be that this entropy growth is necessary for the
presence of an observer which can witness such an evolution. The
problem, however, is that if such a requirement was to be satisfied
merely as a consequence of the occurrence of a fluctuation in an
otherwise unchanging maximum entropy state, then we should
not expect to observe entropy to be so low in all parts of the
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universe and as far back in time as the epoch of the Big Bang. A
much more localized and ephemeral fluctuation, that would pro-
vide the observer with no records of a pervasive and long-lasting,
time-asymmetric history, would do just as well for allowing this
kind of phenomenon to occur at the present time and given that
such a fluctuation would be more likely to occur than a long-lived
fluctuation involving the entire universe, then based on this kind
of argument what we should experience is a short-lived fluctua-
tion.

The question, therefore, remains: Why is the universe evol-
ving irreversibly in one single direction of time in all locations
and throughout its entire lifetime? It must be clear, first of all, that
even though the random nature of elementary physical processes
and the sensibility to initial conditions allow one to reject the pos-
sibility that it could be a precise adjustment of present microsco-
pic conditions that would explain the diminution of entropy that
is observed to take place in the past direction of time, this doesn't
necessarily mean that irreversibility must be occurring at a funda-
mental and irreducible level in our description of physical pro-
cesses. It would certainly not be appropriate to abdicate the requi-
rement of time reversal symmetry, simply to provide an explana-
tion for the observed unidirectionality of thermodynamic pro-
cesses, in the context where our most valuable physical theories
are all time-symmetric at the most elementary level of description.
The challenge consists in actually explaining irreversibility, not
in decreeing that it is the foundation of reality, when this would
require abandoning most of everything else we have learned.

It is well-known that, aside from the volume of space itself, it is
the measure of gravitational entropy that constitutes the essential
distinction between the state that emerged from the past Big Bang
singularity and the present state of our universe, or that into which
it can be expected to evolve in the future. Thus, there is no para-
dox associated with the fact that the universe has always evolved
irreversibly, even though the initial state at the Big Bang was al-
ready one of near perfect thermal equilibrium, because, as Roger
Penrose first pointed out (Penrose, 1979), under such conditions
it is only the portion of entropy that excludes the contribution of
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gravitational fields (and ultimately that of black holes) that is
maximum.

Thus, it appears that it is precisely the smoothness of the ini-
tial matter distribution (which is reflected in the uniformity of the
temperature of the cosmic microwave background) that is respon-
sible for having allowed the universe to evolve irreversibly at later
times, because under such conditions it is the growth of matter
inhomogeneities which must have provided the dominant contri-
bution to irreversible entropy growth in our universe, since the
epoch of matter-antimatter annihilation, given that gravitational
entropy is higher for more inhomogeneous matter distributions.
What needs to be explained, therefore, is why it is that matter was
so homogeneously distributed initially that gravitational entropy
was almost perfectly null, even if this would appear to be a highly
unlikely configuration to begin with, in the context where a much
larger number of possibilities exist, for the microscopic state of
matter and its gravitational field, which would not give rise to
such a uniform matter distribution.

In order to explain those facts, it is necessary to identify the
nature of the constraint imposed by the fundamental, time-sym-
metric physical laws on the boundary conditions at the Big Bang
that is responsible for the minimum gravitational entropy that cha-
racterizes this initial state. The problem is that a much larger num-
ber of initial microscopic states would be characterized by the pre-
sence of an abundance of primordial black holes and other matter
density fluctuations, while those initial conditions would not have
had as much potential for allowing subsequent evolution to take
place irreversibly. However, given that the presence of primordial
black holes would have disturbed the process of structure forma-
tion in the initial matter distribution in ways which would have
had observable consequences at the present epoch, then it seems
necessary to assume that the initial Big Bang state was virtually
free of macroscopic black holes (with a mass larger than the
Planck mass).

When | discussed the flatness problem in section 6.3 | ex-
plained why it is that we can expect the universe to be expanding.
But the fact that we are not instead observing it to be contracting
at the present moment can only be explained as being the conse-
quence of another fact, which is that the magnitude of
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gravitational fields is decreasing continuously in this direction of
time relative to which space is contracting. If we perceive the uni-
verse to be expanding, it is simply because, our memory forma-
tion process, as a thermodynamic process, only occurs in the di-
rection of time in which the inhomogeneity of the matter distribu-
tion and the associated gravitational entropy are growing, which
means that if the inhomogeneity of the matter distribution was
instead growing in the direction of time relative to which the uni-
verse is contracting, we would then necessarily perceive space to
be contracting.

It should be clear, however, that the simple fact that, if an
observer is to be present to witness an absence of inhomogenei-
ties, the space surrounding her must not have collapsed into a
black hole singularity, does not provide strong enough a cons-
traint to explain that the initial matter distribution was as smooth
as it is observed to be. Matter could be much more inhomo-
geneously distributed than it currently is and the conditions neces-
sary for the emergence of an observer would still be satisfied in
most locations, even if a large number of macroscopic black holes
had been present initially. It is merely the fact that the inhomo-
geneity is not as pronounced as it could have been that is unex-
plained.

In the context where one must acknowledge the presence of
negative-energy matter, it follows that, even in a universe with an
arbitrarily large volume of space, a uniform matter distribution
doesn't become more likely as a randomly chosen configuration,
because even a diluted matter distribution could still contain in-
homogeneities and produce arbitrarily strong gravitational fields
on a very large scale, as a result of the fact that negative-energy
matter can be concentrated in regions of space distinct from those
occupied by positive-energy matter. The homogeneity of the mat-
ter distribution itself is not apparent merely in the low magnitude
of local variations in the density of positive matter energy, but
also in the near absence of large-scale disparities between the po-
sitive- and negative-energy matter distributions.

In a universe that contains both positive- and negative-
energy matter the state with the highest gravitational entropy
would necessarily be one for which the distribution of positive-
and negative-energy matter would be completely polarized, in
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such a way that all the matter would be contained in opposite-
energy black holes with arbitrarily large masses, whose magni-
tude would be limited solely by the amount of matter in the uni-
verse. But there is no a priori motive for assuming that a high
level of polarization of the positive- and negative-energy matter
distributions could not also apply to the initial Big Bang state (re-
gardless of the fact that the matter density is then maximum) if
such a configuration is, in effect, favored from a statistical
viewpoint, because a universe that would evolve without cons-
traint, as space is contracting in the past direction of time, would
have more chances to reach such a configuration.

There are strong motives, however, for believing that, even
in the presence of negative-energy matter, if the initial matter dis-
tribution is sufficiently homogeneous, it is still appropriate to con-
sider that there should arise a state in the past which, from a clas-
sical viewpoint, would consist in a spacetime singularity. In sec-
tion 3 | have explained, in effect, that a globally homogeneous
distribution of negative-energy matter would exert no influence
on the rate of expansion of positive-energy matter and would not
diminish the strength of the gravitational field attributable to this
positive-energy matter, despite the fact that negative-energy mat-
ter overdensities do exert a repulsive gravitational force on posi-
tive-energy matter. Thus, if the initial matter distribution is suffi-
ciently homogeneous on the largest scale, then nothing can pre-
vent the formation of the trapped surface which would give rise
to a past singularity, even if negative-energy matter is present in
the universe.

It would, therefore, appear that the very uniformity of the
matter distribution which is responsible for giving rise to the exis-
tence of a thermodynamic arrow of time is actually required in
order that the existence of a past singularity be considered
unavoidable. I must emphasize, however, that what I have in mind
when I'm referring to an initial singularity is not a state where the
laws of physics would actually break down, but simply a state
where the average, positive and negative densities of matter
energy have reached their maximum theoretical values, determi-
ned by the natural vacuum-stress-energy tensors which enter the
generalized gravitational field equations introduced in section 5.
This initial singularity, however, was of such a nature that it could
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not constitute the outcome of a gravitational collapse of the kind
that would occur in a universe in which gravitational entropy is
growing.

What's significant, as well, is that the presence of past singu-
larities appears to be restricted to the one known initial singularity
from which the Big Bang emerged, even if there does exist solu-
tions of the gravitational field equations that would appear to des-
cribe processes which would be the time-reverses of a black-hole
gravitational collapse. There appears to be something that cons-
train evolution in the past direction of time to take place with con-
tinuously decreasing gravitational entropy, despite the apparent
improbability of this evolution, and this is precisely what remains
unexplained. If such white hole phenomena are never observed,
therefore, it is simply because this would require a decrease of
gravitational entropy in the future (which is unlikely), or equiva-
lently, a continuous increase of gravitational entropy in the past
(which for some reason appears to be forbidden).

It was once suggested that the smoothness of the initial mat-
ter distribution might only be apparent and that a state of higher
inhomogeneity might have existed initially, that was later made
uniform through various smoothing processes. What constitutes
the most significant difficulty for the smoothing hypothesis is the
fact that the existence of cosmological horizons would have for-
bidden any such process from ironing out inhomogeneities above
the scale determined by the size of the horizon, at the time when
the cosmic microwave background was released, and therefore we
should not observe uniformity on the largest scale if the homo-
geneity of the distribution of matter energy is attributable to
smoothing processes obeying the principle of local causality. As
a consequence of the clear inadequacy of conventional smoothing
processes and in the absence of a better alternative, it is still
widely believed that inflationary expansion may be the cause of
the very high homogeneity of the initial matter distribution which
is reflected in the small amplitude of cosmic microwave back-
ground temperature fluctuations.

However, | think that this hypothetical process of exponen-
tially accelerated expansion would not be of much help in explai-
ning the observed time asymmetry that characterizes cosmic evo-
lution, because there is no reason to expect that a contracting
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universe would evolve toward a more homogeneous configura-
tion during the epoch that would precede a hypothetical phase of
exponentially accelerated contraction, which would then take the
universe back to a more likely state of maximum inhomogeneity.
If inflation theory could perhaps explain why the universe evolves
in an otherwise unnatural way (from the viewpoint of the growth
of gravitational entropy), between the moment when matter
emerges from the initial singularity and the instant at which infla-
tionary expansion ceases, it could not explain why it evolves to-
ward greater homogeneity from far in the future and back toward
the time at which the universe would presumably begin to contract
at an exponentially accelerated rate into the initial singularity,
now with naturally growing inhomogeneity.

Even if inflation may give rise to a homogeneous universe
forward in time, a Big Crunch would not be expected to occur
with decreasing inhomogeneity forward in time, unless the state
immediately preceding the exponentially accelerated contraction
into the final singularity would be required to be as smooth as the
state which was produced in the past following ordinary inflation.
But assuming that this would occur would amount to require that
causality operates backward in time from the final singularity, ins-
tead of forward in time from the initial singularity, because, from
the viewpoint where causality operates from the past toward the
future, a Big Crunch would be more likely to occur with increa-
sing inhomogeneity in the future, right up to the moment when a
process of inflationary expansion would perhaps take place in re-
verse and merely increase the inhomogeneity that would already
exist even further and produce an inhomogeneous final state.

Assuming that this is not what occurs would amount to pos-
tulate without motive that classical (unidirectional) causality’
must rather operate backward, from the instant at which matter

7 In the previously cited report (Lindner, Negative-Energy Matter and the
Direction of Time, 2026) on the problem of time directionality, which was pu-
blished after the first version of the one on which is based the present book, |
have explained that, in a quantum mechanical context, a certain concept of bidi-
rectional causality, more general than the classical concept associated with the
growth of entropy that is characteristic of thermodynamic phenomena, must be
assumed to operate at the elementary particle level, where effects are not cons-
trained to propagate only in the future direction of time.
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emerges from the future Big Crunch singularity and until the mo-
ment when the universe would begin recollapsing, after having
reached its maximum volume, so that the period of inflationary
expansion that would occur backward in time from the instant at
which matter emerges from the final singularity would give rise
to a homogeneous state after inflation, in the past direction of
time. But there is no a priori reason not to assume, instead, that it
is a highly inhomogeneous final state existing before the phase of
exponentially accelerated contraction that gives rise to the inho-
mogeneous state that would develop in the future direction of time
as a result of this exponentially accelerated contraction, as we
may expect based on the hypothesis that causality still operates
forward in time.

The problem is that the hypothesis that classical causality
operates forward in time from the past singularity is necessary for
the conclusion that inflationary expansion would necessarily pro-
duce a homogeneous state, because if it was assumed that it is the
events in the future which can influence what occurs backward in
time until the moment when matter would start contracting at an
exponentially accelerated rate back into the initial singularity,
then the state we would expect to obtain following the initial
phase of inflationary expansion, from the forward-in-time
viewpoint, would still be a state of maximum inhomogeneity,
while this does not correspond to reality. But classical causality,
or the rule that past events always have an influence on future
events and not the opposite, is simply a consequence of thermo-
dynamic time asymmetry or irreversibility, and if this property is
assumed to characterize our universe without question, then it
cannot be used to explain time irreversibility itself.

One can only begin to understand the cause of the homo-
geneity of the matter distribution that emerged out of the past sin-
gularity when one acknowledges that what is significant with our
current description of the physics of the early universe is the ex-
plicit assumption that the cosmological horizon (sometimes called
the particle horizon) begins to grow at the exact moment when the
magnitude of the average densities of positive and negative matter
energy is maximum. But why should causality have anything to
do with the density of matter energy?
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Is it even appropriate to assume that the universe could have
come into existence as a set of independent entities, not causally
related to one another, due to the presence of non-overlapping
cosmological horizons in the primordial state? The conventional
idea is that this is not a problem as long as causal relationships
can be established at later times in the future through the propa-
gation of effects at relativistic velocities. This is what would allow
the causally unrelated parts which are assumed to exist at the Big
Bang to form one single universe.

What is even more problematic, however, is the assumption
that the cosmological horizon must begin to grow at the precise
moment when the density of matter and radiation is maximum (or
infinite, as one would assume from a classical viewpoint). This
idea appears to be motivated by the hypothesis that time begins
with the past singularity. But when one considers that the size of
the cosmological horizon increases with time and encompasses an
increasingly larger portion of space, as the universe itself ex-
pands, one is actually presuming the validity of the classical prin-
ciple of causality, that is, of the idea that causes always precede
their effects. However, it is always past causes that produce future
effects. It is never assumed that a future cause could produce an
effect in the past.

In other words, we are assuming the existence of a preferred
direction in time (the future) and a preferred instant (that of the
past singularity) at which effects begin to propagate. This is
usually appropriate, as we experience time in a unidirectional way
as a consequence of the fact that the thermodynamic arrow of time
always operates from past to future and never in the opposite di-
rection. But there is no a priori reason why classical causality
could not instead operate toward the past, from an arbitrarily re-
mote time in the future, in which case the size of the cosmological
horizon would already encompass all of space, or at least a very
large portion of it, at the Big Bang. In fact, it would appear more
natural to assume that causality begins to operate at the present
time, so that the cosmological horizon would spread from there in
both the future and the past direction of time.

Therefore, if what we are seeking to explain is the existence
of a preferred direction in time, then we cannot simply assume the
validity of the hypothesis that the cosmological horizon began
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expanding in the future direction of time at the instant in the past
when the magnitude of the average densities of positive and ne-
gative matter energy was maximum. We cannot claim that there
is a problem with the homogeneity of the large-scale matter dis-
tribution, if this problem arises as a consequence of assumptions
concerning the size of the cosmological horizon which are only
meaningful in the context where there is a preferred direction to
causal signals which originates from this very same homogeneity.
What we must provide is a consistent justification for the very
validity of this particular choice of a horizon concept. We must
explain why the matter distribution in the maximum density state
was configured in such a way that it allowed classical (unidirec-
tional) causality to be a meaningful concept that came into effect
at the exact moment when space began to expand out of the past
singularity.

| believe that what makes the cosmological horizon concept
acceptable is simply the fact that, as we consider increasingly ear-
lier times, the size of the horizon would eventually reach the limit
imposed by quantum theory on the classical definiteness of any
measure of spatial distance. When the size of the cosmological
horizon passes below the limit at which the uncertainty that is in-
trinsic to quantum phenomena would apply to spacetime rela-
tionships themselves, it is certainly no longer appropriate to as-
sume that the limited velocity of signal propagation forbids the
existence of causal relationships between regions of space sepa-
rated by distances larger than the size of the cosmological hori-
zon, but smaller than this characteristic scale of quantum-gravita-
tional phenomena, as there are no classically well-defined rela-
tionships of distance and duration below that scale.

In such a context, it would be suitable to assume that there
may, after all, exist causal relationships between all physical ele-
ments of the universe which were in contact with one another to
within an elementary quantum-gravitational unit of area, equal to
four Planck units of area®, at the Planck time, if we also have good

8 In section 3.10 of the extended version of the report (Lindner, Negative-Energy
Matter and the Direction of Time, 2026) on which is based this book I have
explained that on the scale characteristic of quantum-gravitational phenomena
there appears to exist a minimum significant unit of area, which always encodes
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reasons to expect that the area delimited by the cosmological ho-
rizon was then equal to this elementary unit of area, within which
the gravitational field and the metric properties of spacetime
where submitted to quantum indefiniteness. In fact, from a quan-
tum-gravitational viewpoint, it may be preferable to simply reco-
gnize that there is nothing smaller than the elementary unit of sur-
face associated with this particular scale of distance.

Therefore, when the size of the cosmological horizon reaches
the natural limit imposed by quantum gravitation, as it contracts
in the past, if the most elementary particles (whose characteristic
size is that of quantum-gravitational phenomena) are allowed to
be in contact with one another to within such an elementary unit
of area, then no smaller components would remain causally unre-
lated in the initial Big Bang state, which is probably sufficient a
condition to impose, regarding the necessity for the universe to
form a global ensemble whose elements (the elementary particles)
are allowed to remain causally interrelated at all times, as a result
of having been in direct contact with one another when the size of
the cosmological horizon was minimal.

Thus, | would suggest that all the elementary particles origi-
nally present in our universe at the Big Bang be required to have
been in contact with at least one other particle to within an ele-
mentary guantum-gravitational unit of area at the Planck time.
More specifically, | propose that the following condition must
apply.

Global entanglement constraint: There must exist
an entire space-like hypersurface, at one particular
moment of cosmic time, over which all elementary
particles, regardless of their energy sign, are in con-
tact with at least one neighboring elementary particle
of either positive or negative energy sign to within
an elementary quantum-gravitational unit of area, in
a state of maximum positive and negative matter
energy densities.

If this condition is fulfilled, then any elementary particle that is
present in the universe today would have been in direct contact

exactly one binary unit of information, and which is equal to four times a Planck
unit of area.
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with another elementary particle that was in contact with another
such particle and so on, when the size of the cosmological horizon
was equal that of a most elementary particle, which means that no
component of the universe could then exist that would be causally
unrelated to the other components of the universe.

Now, if only positive-energy matter was present in our uni-
verse, the global entanglement constraint could be satisfied in the
initial state regardless of the measure of gravitational entropy, be-
cause even if strong gravitational fields and macroscopic event
horizons existed in the instants immediately preceding the forma-
tion of the past singularity, as we approach the initial state of
maximum matter energy densities in the past direction of time, all
elementary particles would nevertheless be allowed to come into
contact with their neighbors in the past singularity, because those
are attractive gravitational fields.

When negative-energy matter is present, however, macros-
copic event horizons may constitute potential barriers which are
impossible to overcome. If the constraint of global entanglement
imposes contact between all neighboring elementary particles at
the Planck time, regardless of their energy sign, then given that
gravitational repulsion, unlike gravitational attraction, may forbid
local contacts between particles located within black holes of op-
posite energy signs, it follows that event horizons can be expected
to be absent initially on all but the smallest scale, even if macros-
copic black holes are allowed to form at later times. If this was
not the case, then certain particles could exist in our universe that
would not be causally related to the rest of it, which I believe
would involve a contradiction.

In the absence of a condition requiring the entanglement of
all matter particles, the most likely initial state, from a purely sta-
tistical viewpoint, would be one for which all the matter in the
universe would be concentrated in the smallest possible number
of opposite-energy black holes with arbitrarily large masses,
which would already be in a state of maximum gravitational en-
tropy. But this was not allowed to constitute our boundary condi-
tions at the Big Bang simply because, under such conditions, the
spacetime singularities at the center of the objects could never
come into contact with one another in the initial state of maximum
positive and negative matter energy densities or at any other time
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(because gravitational entropy can only grow as time passes),
while this is required by the global entanglement constraint.

In the presence of negative-energy matter, global entangle-
ment actually constitutes a very constraining requirement, be-
cause any sufficiently large fluctuation in the initial density of po-
sitive or negative matter energy would give rise to the presence of
a macroscopic event horizon that would forbid the condition from
applying. The mass of any black hole that is now present in the
universe must, therefore, diminish continuously in the past direc-
tion of time, as we approach the initial singularity, so as to allow
the condition of homogeneity that is imposed on the initial matter
distribution to be satisfied, despite the fact that it is actually the
past condition that gives rise to the future configuration, in the
context where the condition that applies on the initial Big Bang
state is, in effect, one of minimum gravitational entropy, from
which the classical (unidirectional) principle of causality itself
can be expected to emerge.

What had long remained unexplained is the fact that an en-
semble of systems started in the same macroscopic state evolves
to occupy all available microscopic states in the future, while a
similar ensemble, started in the same macroscopic state, usually
evolves only to past states characterized by a lower entropy and
more particularly, a lower gravitational entropy. But it is now pos-
sible to understand that the unnatural evolution that takes place in
the past direction of time is a direct consequence of the limitation
imposed on the initial state by the constraint of global entangle-
ment in the presence of negative-energy matter and that this asym-
metry would not merely characterize a small portion of all pos-
sible universes, but really all universes governed by the known,
fundamental principles of physics, in which negative-energy mat-
ter is present with an initial density whose average magnitude
equals that of positive-energy matter. Remarkably enough, this
unrecognized, but necessary condition allows to explain why it is
that only the gravitational component of entropy was not maxi-
mum at the Big Bang, while the entropy of matter and radiation
was allowed to be arbitrarily large, as required if the universe was
to already be in a thermal equilibrium state.

It must be clear that the constraint of global entanglement
merely imposes that the positive- and negative-energy matter
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particles which were present in the initial state of maximum mat-
ter energy densities be as homogeneously distributed as necessary
for an absence of macroscopic event horizons larger than one ele-
mentary quantum-gravitational unit of area®, because it is only un-
der such conditions that the most-elementary particles, with the
highest possible positive and negative energies, can all be in direct
contact with one another, regardless of their energy signs, as re-
quired if they are to be part of the same universe when the area
delimited by the cosmological horizon is no larger than the
smallest physically significant unit of area.

It is appropriate to impose such a condition, even in the con-
text where one recognizes that there are no direct interactions bet-
ween positive- and negative-energy particles, while there ne-
vertheless exists an indirect repulsive gravitational force between
opposite-energy objects which is strong enough to prevent ma-
croscopic opposite-energy black holes from coming into contact
with one another, because what is involved here is not an interac-
tion propagated across space and time, but a minimum unit of area
within which there need not even be an exchange of energy
(mediated by an interaction boson) for causal relationships to
exist. The very meaningfulness of the constraint of global entan-
glement is in fact dependent on the hypothesis that there exists a
minimum, physically significant unit of distance, to which corres-
ponds a minimum unit of area, below which no causal signal
needs to propagate for entanglement to be established.

It is merely the fact that the elementary particles inside a ma-
croscopic, positive-energy black hole cannot come into contact
with those inside a macroscopic, negative-energy black hole, that
constitutes a limitation to the existence of causal relationships bet-
ween those particles. If all the matter in the universe was initially
concentrated in two macroscopic black holes with opposite
energy signs, the elementary particles inside one of the objects

% In section 3.10 of the extended version of the report (Lindner, Negative-Energy
Matter and the Direction of Time, 2026) on which this book is based | have
explained that the smallest black holes which are present on the quantum-gravi-
tational scale, as a result of quantum fluctuations in the curvature of spacetime,
must contain only one matter or radiation particle and must have a surface area
that is equal to one elementary unit of area (itself equal to a small multiple of the
Planck unit of area).
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would necessarily remain causally independent from those inside
the other black hole, due to the insurmountable gravitational re-
pulsion that exists between the two objects and this is what ex-
plains that it is not possible for gravitational entropy to be maxi-
mum in the initial Big Bang state.

What's interesting is that, contrarily to the situation we would
have if inflationary expansion was assumed to be responsible for
the smoothness of the initial matter distribution, it is now possible
to explain why it is that the constraint that gives rise to a homo-
geneous initial state is necessarily effective in only one direction
of time. Thus, gravitational entropy can be expected to decrease
continuously in the past direction of time from its current in-
termediary value, regardless of whether space is expanding or
contracting, as long as we are, in effect, approaching the instant
at which is formed the unique past singularity on which the con-
dition of global entanglement is imposed. It is simply the fact that
the condition that applies to the initial singularity is precisely one
of minimum gravitational entropy, from which can emerge a phe-
nomenon of classical (unidirectional) causality that operates to-
ward the future from that particular instant of time, that requires
the evolution that takes place at all later times to be such that it
allows an initial state obeying this condition to be reached in the
past direction of time, because under such circumstances causality
must, in effect, operate in one unique direction of time, thereby
allowing past causes to exert irreversible effects in the future.

It is important to emphasize that, in the context of this expla-
nation of temporal irreversibility, all physical systems, regardless
of how isolated they may have become at the present time, must
evolve with continuously decreasing gravitational entropy in the
same past direction of time. If the temporal parallelism of the ther-
modynamic evolution of isolated branch systems is not unex-
pected, from this particular viewpoint, it is because any system
that is part of a given universe, regardless of how isolated it might
have become, must have been entangled with the rest of the matter
in this universe at the Big Bang in order that causal relationships
be established between all components of the universe and this
implies that even those systems which have become isolated from
one another must follow the same kind of gravitational entropy
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decreasing evolution that is necessary for achieving this global
entanglement at some point in the past.

But if a state of maximum positive and negative matter
energy densities must necessarily occur at one time or another for
the global entanglement of all elementary particles to be achieved
in the presence of negative-energy matter, then given that such a
state would not likely be characterized by an absence of macros-
copic event horizons unless it constitutes the mandatory unigque
event at which global entanglement is enforced on the universe,
then one must conclude that our Big Bang really is this unique
event. In such a context, the presence of an initial singularity
would no longer be a mere fortuitous consequence of the fact that
space is expanding, but would be an essential requirement for the
existence of any universe obeying the known fundamental prin-
ciples of physics.

If gravitational entropy does indeed rise in only one particu-
lar direction of time, it is because only evolution away from the
initial singularity, either in the future or in the past, can be ex-
pected to be left unaffected by the constraint of global entangle-
ment. It is, therefore, possible to understand why it is that the cos-
mological horizon only begins to spread outward at the Big Bang.
It is the fact that the constraint of global entanglement would only
be required to apply once, even if the universe was to return to a
state of maximum matter density at some point in the future, that
explains that the evolution that takes place from the moment at
which this condition is enforced is not symmetric in time.

Thus, it is incorrect to argue that in order not to assume the
very outcome we are seeking to derive (the temporal irreversibi-
lity), it is required that any condition that applies to some initial
state should also apply to a final state of the history of the uni-
verse. Once it is understood that there need only be one state of
maximum matter density and minimum gravitational entropy in
any given universe, then the kind of evolution which can be ex-
pected to take place in the direction of time toward that unique
state, either in the past or in the future direction of time, would
necessarily be different from that occurring in the opposite direc-
tion and this allows to explain time asymmetry without assuming
it in the first place.
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But if time does extend past the 'initial' singularity, following
a quantum bounce (as predicted by the most promising and least
speculative of current quantum gravitation theories), then we can
expect space to be expanding at a critical rate and the density of
matter to begin decreasing from its maximum value immediately
after the event (in the past direction of time), while the inhomo-
geneity of the matter distribution would still need to be minimum
if there is to be any continuity in the evolution of the microscopic
state of matter and its gravitational field as we pass the state of
maximum matter density. This means that, even for the portion of
history that precedes the initial singularity, the thermodynamic ar-
row of time would (initially at least) have the same direction as
the cosmological arrow of time associated with expansion and
would actually be opposite that we observe on our side in time of
the initial singularity. As a consequence, whatever occurred du-
ring the portion of history that preceded the Big Bang would re-
main unknowable to observers in the current portion of history.

Now, it is sometimes argued that if there was a history prior
to the Big Bang, then the final singularity which would be produ-
ced in the future direction of time (which would constitute our
initial singularity) would likely be in a high gravitational entropy
state (as any future state reached after a long period of random
evolution), which would require the state following it (our initial
state) to have a similar configuration. But in fact, it is exactly the
opposite which is true and the state preceding the initial singula-
rity must actually be very homogeneous, because the constraint of
global entanglement applies to the singularity itself, while it is the
evolution away from it, in any direction of time, which is uncons-
trained. Continuity merely imposes that the configuration be si-
milar on both sides of the initial singularity, but it does not allow
one to determine what this configuration actually is.

It is only in the absence of an appropriate constraint to be
imposed on the initial singularity that gravitational entropy would
have to be maximum in both the immediate past and the im-
mediate future of the initial state and indeed at all times. Not re-
cognizing this would, again, amount to favor one particular direc-
tion of time (that relative to which entropy would be assumed to
grow before the initial singularity) without justification, instead
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of explaining why such a preferred direction naturally emerges,
as | have done.

When time does unfold toward states of higher gravitational
entropy past the 'initial' Big Bang singularity, then the history of
the universe is allowed to be globally symmetric with respect to
past and future, from a global viewpoint, because gravitational
entropy can be expected to grow continuously in both the future
and the past of its mandatory state of maximum matter density
and minimum gravitational entropy. This irreversible evolution
can be expected to continue regardless of whether space keeps
expanding or eventually begins to recontract. But in the context
where gravitational entropy is continuously growing, as a conse-
quence of the polarization of the positive- and negative-energy
matter distributions, it follows that, if there is an infinite amount
of matter in the universe, then there may never arise a state of
maximum stability, equivalent to thermal equilibrium, where gra-
vitational entropy would become maximum and would no longer
rise.

Given that the distribution of matter energy was so uniform at the
time when the cosmic microwave background was released it may
seems that what remains unexplained is really that the tempera-
ture was not perfectly smooth and free of any fluctuations ini-
tially. But | believe that this smoothness problem is a mere conse-
guence of the fact that we do not properly understand what gives
rise to the high level of uniformity of the initial matter distribu-
tion, above the cosmological horizon scale. In the present context,
it is merely the upper bound of fluctuations in the initial density
of matter energy which is constrained and therefore it is to be ex-
pected that certain local variations in matter energy density would
necessarily be present, as the absence of macroscopic event hori-
zons can be satisfied even when some fluctuations are present.
What is truly remarkable is that the spectrum of fluctuations
in the initial density of matter energy which is deduced from ob-
servations of cosmic microwave background temperature fluctua-
tions is a (nearly) scale-independent spectrum of the Harrison-
Zel'dovich type (for fluctuations larger than the scale of the cos-
mological horizon at the epoch of the decoupling of matter from
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radiation) while this is the only spectrum which, according to
specialists, does not allow the magnitude of early fluctuations in
matter energy density to diverge on either large or small scales
and which, therefore, does not give rise to the creation of a large
number of primordial black holes, while those are precisely the
conditions which are required by the theoretical constraint of glo-
bal entanglement. It would therefore appear that the requirement
that the spectrum of temperature fluctuations in the cosmic micro-
wave background be scale invariant is not a unique property of
inflationary cosmology.

Also, the idea that only inflation allows the initial perturba-
tions in the density of matter energy to begin oscillating (between
compressions and rarefactions) at the same epoch of cosmic time,
as required to explain the existence of harmonics in the spectrum
of cosmic microwave background temperature fluctuations, may
not be justified, because any scale-invariant spectrum of fluctua-
tions in the density of matter and radiation energy which would
be present initially on scales larger than the cosmological horizon,
would have the same consequences. But this is precisely what we
can expect to occur as a consequence of the constraint of global
entanglement, in the presence of negative-energy matter. Thus,
even in the absence of inflationary expansion, the required fluc-
tuations in matter density would already exist in the ‘initial' state
and those perturbations would all begin oscillating as soon as they
are encompassed by the cosmological horizon, which means that,
on a given angular scale, all maximum compressions and rarefac-
tions would be reached at the same time.

The fact that the power spectrum of density fluctuations in
the temperature of the cosmic microwave background appears to
only be nearly scale invariant, on the other hand, may not be a
consequence of inflation either. It is usually assumed, in effect,
that it is because the gravitational repulsion driving inflationary
expansion becomes weaker as the process is occurring, that the
smaller-scale fluctuations, which are produced later by the infla-
tion process, have a smaller amplitude. But what may be happe-
ning, instead, is that, given that there remained only a negligible
portion of baryonic negative-energy matter following the early
annihilation of matter with antimatter, then one can expect that
inhomogeneities in the negative-energy matter distribution were
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less developed on smaller scales when the CMB was released, be-
cause, even though there existed as much negative vacuum-dark-
matter energy before and after the annihilation process, no signi-
ficant small-scale fluctuations could develop in this matter distri-
bution in the absence of baryonic negative-energy matter (as |
have explained in section 6.2).

Thus, while the distribution of negative vacuum-dark-matter
energy would be inhomogeneous on larger scales, at the epoch of
last scattering, it would be more homogeneous at the same epoch
on smaller scales. But given that negative-energy matter inhomo-
geneities do contribute to produce temperature fluctuations in the
cosmic microwave background at the epoch of last scattering (as
a result of the gravitational forces they exert on positive-energy
matter and radiation), then there naturally arises a deficit of fluc-
tuations on smaller scales, even when inflation is not assumed to
be responsible for producing the inhomogeneities which were pre-
sent on both smaller and larger scales at the epoch of last scatte-
ring. | believe that this is the true reason why the spectrum of
CMB temperature fluctuations is slightly tilted (with a power-law
index smaller than one) compared to a pure Harrison-Zel'dovich
spectrum.

But if it cannot be expected that the inhomogeneities which
were present on smaller scales in the early distribution of nega-
tive-energy matter were as developed as those which were present
at the same epoch in the positive-energy matter distribution, it re-
mains that, in the presence of negative vacuum-dark-matter
energy, there should be more inhomogeneities in the matter dis-
tribution than we could attribute to positive-energy matter, at least
on a very large scale, and therefore more fluctuations in the tem-
perature of the cosmic microwave background as well. As a result,
it would appear necessary to revise the magnitude of density fluc-
tuations attributable to positive-energy matter downward.

Now, if the actual magnitude of density fluctuations in the
distribution of positive-energy matter at the epoch of last scatte-
ring can be assumed to be smaller than the value currently dedu-
ced from observations of CMB temperature fluctuations, due to
the fact that some of the observed fluctuations are attributable to
the presence of negative-energy matter, then it is natural to expect
that the magnitude of fluctuations in the positive-energy matter
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distribution obtained by evolving the fluctuations which existed
at the epoch of last scattering forward in time to their present state,
should be smaller than that which is actually observed, even when
one recognizes that the presence of negative-energy matter must
have accelerated the process of structure formation in the early
universe, on smaller scales, and at later times, on larger scales. As
a result, the presence of negative-energy matter inhomogeneities
would allow to ease the tension that emerged from relatively re-
cent observations (Asgari, et al., 2020) which indicate that the
current magnitude of fluctuations in the positive-energy matter
distribution is smaller than the value deduced from CMB tempe-
rature fluctuations extrapolated to the present epoch (a problem
known technically as the Sg tension).

In any case, it is possible to deduce that the temperature of
the cosmic microwave background must have been very (but not
perfectly) homogeneous, even on a scale larger than the size of
the cosmological horizon at the epoch of last scattering, because
the absence of macroscopic event horizons is required on all
scales and this imposes very stringent conditions on the fluctua-
tions of matter energy density that could be observed, even on the
largest scale. This means that no smoothing process is required to
make the temperature of the cosmic microwave background uni-
form, because the distribution of matter energy was mostly uni-
form on all scales right from the beginning, even if the size of the
cosmological horizon decreases more rapidly than the scale factor
as we approach the initial Big Bang singularity in the past direc-
tion of time, so that regions which are now in contact must have
been causally disjoint at the epoch of decoupling (despite the exis-
tence of causal relationships between all elementary particles
which were present in the universe at this epoch).

When one properly recognizes the limitations imposed by
the global entanglement constraint on the initial state at the Big
Bang, the horizon problem simply no longer exists and no inde-
pendent assumption is required to confirm the relevance of the
cosmological principle for a description of the early universe.
There is no longer any mystery associated with the fact that only
one parameter (the scale factor) is required to describe the state of
the universe at all but the most recent epoch. In fact, it would now
appear that the cosmological principle must be obeyed as
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accurately as we are considering increasingly larger regions of
space, corresponding to times increasingly closer to the initial sin-
gularity.
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/. CONCLUSION

One of the objectives of research in theoretical physics is to find
what is not well understood in current models and in particular to
find the implicit assumptions which might constitute weak points
of these models. | have given arguments to the effect that current
ideas regarding negative-energy matter show such weaknesses. |
believe that if those inconsistencies have been part of the common
scientific paradigm for such a long time it is because there never
was any real motivation to consider that negative-energy matter
could actually be an element of physical reality. For one thing, no
observations seemed to require the existence of this matter. But
the strongly held view that energy must always be positive also
seems to have its roots in the thermodynamic definition of the
concept of energy as being related to heat and temperature. When
measuring the amount of heat transferred from one reservoir to
another you would never imagine that such a quantity could take
on negative values. This bias has remained with us even long after
energy became a property of quantum particles and the source of
spacetime curvature.

In this book | have explained what would really be the pro-
perties of negative-action particles, based on the most
unavoidable theoretical requirements and empirical constraints. |
also introduced a quantitative framework based on Einstein's ge-
neral theory of relativity, that enables those requirements to be
fulfilled. Now, ten basic postulates (and one additional cosmolo-
gical hypothesis) may seem like a lot, but as I'm seeking to pro-
vide as much precision as possible on what really constitutes my
viewpoint, they all appeared to be absolutely necessary. However,
it is also true that the only fundamental assumptions are contained
in the first, fourth, and fifth principles and that all the other pos-
tulates are simple consistency requirements following more or
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less directly from those three basic hypotheses. What's more, |
provided arguments to the effect that even my first postulate is not
really an assumption as much as it is itself a basic consistency
requirement founded on the deepest precepts inherited from the
long and fruitful tradition of scientific analysis which gave rise to
the standard models of particle physics and cosmology. If | have
been successful in conveying the rationale behind those prin-
ciples, then it should be clear that this is the only approach toward
a solution to the problem of negative energy states in modern phy-
sical theory that is both theoretically and observationally viable.

Looking forward, it may be interesting to examine the conse-
guences of the classical model proposed here for a quantum me-
chanical description of the gravitational interaction. Theories
have already been developed which are consistent at once with
guantum theory and general relativity. The approaches which are
generally considered most promising are formulated in a back-
ground-independent manner and rely on spin networks. One inte-
resting outcome of this program is that its success seems to de-
pend on the introduction of the same kind of restrictions toward
advanced and retarded propagation of positive and negative fre-
guencies which are found in traditional quantum field theory. This
treatment was shown to be necessary for implementing causality
into spin-foam models of quantum gravitation (Livine & Oriti,
2003). This was actually the first confirmation we had that the
distinction between forward and backward propagation in time,
which led to the introduction of negative energy states in quantum
field theory, also applies in the case of gravitation.

At this point I'm not claiming that the simple reformulation
of the existing classical theory of gravitation | have proposed
would alone allow to solve the remaining problems that still stand
in the way of a fully satisfactory integration of quantum principles
to gravitation theory, but it does appear that the more consistent
perspective that it brings, particularly to our conception of the va-
cuum, has the potential to be a key element in creating a viable
framework where, at least, calculations of transition probabilities
involving gravitation provide finite and useful results.
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area, 98, 99, 102
quantum-gravitational
viewpoint, 80
radiation-dominated era, 76
randomly chosen
configuration, 92
rate of expansion, 45, 59, 79,
82, 84, 93
acceleration, 65, 66, 68
critical value, 80, 86
deceleration, 65, 66, 67
early variation, 80
higher than critical, 84
initial, 64, 86
local acceleration, 78
negative-energy observers,
31
observer-dependent
quantity, 82
positive-energy observers,
31
variation, 64
redefinition of energy
measures, 48
relative abundance of light
elements, 73
relativistic quantum fields, 6
relativity theory, 79
mathematical framework,
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renormalized energy density,
10
repulsive gravitational field,
14, 16, 26, 31, 32
repulsive gravitational force,
26, 27, 40, 78, 93
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requirement of exchange
symmetry
positive- and negative-
energy matter, 45, 51
requirement of relational
definition of physical
attributes, 23, 80, 86
reversed-bidirectional-charge
particles, 67, 75
Sg tension, 109
scale factor, 1, 65, 66, 69, 72,
81, 82, 109
observer-dependent
parameter, 64
scale factors
divergence, 87
Schwarzschild solution, 29
second Friedmann equation, 1
sign of action
reversal, 39
sign of energy
absolute meaning, 37
relational definition, 24, 37
relative physical attribute,
17
sign of mass, 16
signal propagation
limited velocity, 98
single-particle relativistic
equations, 6
smoothing processes, 63, 94,
109
smoothness problem, 106
space-like hypersurface, 99
spacetime curvature, 111
spacetime singularity, 83, 100
past, 93
spatial curvature parameter,
81, 82
gravitational energy, 83
specific expansion rates, 68,
85
divergence, 69
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spherical underdense region,
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spin networks, 112
standard model of cosmology,
4,62, 68
free parameters, 80
standard models
particle physics and
cosmology, 112
statistical mechanics, 88
stress-energy
shifted origin, 53
stress-energy tensor, 4, 10, 14,
45, 46, 47, 48, 49, 51, 52,
54
observer-dependent
negative contributions,
46
strong energy condition, 4
structure formation, 77
process, 70, 91, 109
theory, 70, 78
Stiickelberg, Ernst, 6
sum of all energies
null, 86
temperature, 111
negative, 33
temporal irreversibility, 103,
104
objective, 88
temporal parallelism, 103
theoretical physics
contradictions, 88
thermal energy, 33
thermal equilibrium, 106
state, 89, 101
thermodynamic arrow of time,
3,93,97,105
origin problem, 63, 87, 89
thermodynamic processes
unidirectionality, 90
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thermodynamic time
asymmetry, 96
thermodynamics, 88
first law, 33
second law, 63
violations of second law,
11, 34
time asymmetry, 104
cosmic evolution, 94
time directionality, 75, 95
time irreversibility, 96
fundamental and
irreducible, 90
non-subjective, 88
time reversal symmetry, 90
violation, 66, 87
time-asymmetric history
pervasive and long-lasting,
90
time-symmetric fundamental
theory, 63
time-symmetric laws, 88
time-symmetric physical laws,
91
total energy of matter
null, 83
total energy of the universe, 80
vanishing, 80
transition probabilities, 6
gravitation, 112
trapped surface, 93
uncompensated gravitational
attraction, 30, 31, 41, 48
uncompensated gravitational
forces, 40
unidirectional laws, 88
unidirectional-time viewpoint,
7
uniform distribution of
vacuum energy, 29, 30
maximum negative
contribution, 41
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maximum positive
contribution, 40
uniform matter distribution,
91,92
universe
absence of matter, 82
component, 100
ensemble of causally
interrelated elements, 99
existence requirement, 104
maximum volume, 96
negative gravitational
energy, 85
open space, 86
vacuum dark matter, 72, 73,
74,75, 76, 77
vacuum energy
dark, 73
dominance, 67
maximum negative
contribution, 65, 72
maximum positive and
negative contributions,
27
maximum positive and
negative portions, 74
maximum positive
contribution, 65, 72
negative portion, 26, 41
uniformly distributed
opposite contributions,
28
uniformly distributed
portion, 57
vacuum energy density
local measures, 75
local variations, 71, 73, 75
maximum value, 54
vacuum stress-energy, 55
vacuum stress-energy tensor,
54
positive- and negative-
energy portions, 54
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vacuum-dark-matter energy,
75
negative, 73, 74, 76, 77, 79
positive, 74, 76
vacuum-energy term, 56, 64
variable in space and time,
57
very-large-scale
arbitrarily strong
gravitational fields, 92
visible matter distribution
largest voids, 78
void in negative vacuum
energy, 32, 60, 72
universal proportion, 41
void in negative-energy matter
distribution, 31, 32
void in positive vacuum
energy, 29, 30, 51, 54
homogeneous matter
distribution, 41
whole universe extent, 30
void in positive vacuum ener-
ay
universal proportion, 41
void in vacuum energy, 29
voids in an expanding matter
distribution, 13, 15, 25
weak anthropic principle, 87
weak energy condition, 4
weakly-interacting massive
particles, 71, 72
Wheeler, John, 6
white hole, 94
zero-energy level, 48, 52
zero-energy universe, 83, 84
zero-point vacuum
fluctuations, 32, 42, 60, 63,
64,74, 77
energy, 40
locally variable negative
energy contributions, 57,
58
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