arXiv:gr-qc/0603005 v5 19 Oct 2006

Theoretical Basis for a Solution to the Cosmic Coincidence Problem

Christophe Nickner Physics Department, University of Montreal Montreal, QC, H3C 3J7, Canada (Dated: October 18, 2006)

Following a short discussion of some unresolved issues in the standard model of cosmology (considered to be a generic ΛCDM model with flat geometry and an early period of inflation), we describe the current state of research on the problem of negative action. Arguments are then given to the effect that traditional assumptions concerning the behavior of negative action matter give rise to violations of both the principle of relativity and the principle of inertia. We propose an alternative set of axioms that would govern the behavior of negative action matter if it is to be considered a viable element of a consistent theoretical framework upon which cosmological models can be build. We then elaborate one such framework which is entirely based on the mathematical core of relativity theory and quantum field theory, even though it has non-trivial phenomenological consequences. Based on those developments, a solution is proposed to the problem of the discrepancy between current experimental and theoretical values of the energy density of the vacuum (in any cosmological model), which is at once also a solution to the problem of the unexplained coincidence between present values of vacuum and matter energy densities.

PACS numbers: 04.20.Cv, 95.35.+d, 95.36.+x, 98.80.-k

I. INTRODUCTION

The main unresolved issue of the cosmological models currently considered to best fit observational data concerns the cosmological term Λ. This term was first introduced as a modification of the field equation of general relativity by Einstein [1] in order to balance the mutual gravitational attraction of matter to enable a static universe. It was later reintroduced into physics to describe the effects of vacuum energy density ρ_v = Λ/8πG on the expansion of the universe. This constant energy density, generally assumed to be positive, would be the source of negative pressure p as can be seen from the fact that the equation of state takes the form p = −ρ in this case. The negative pressure would enable to explain the acceleration of universal expansion first observed in 1998 by two independent groups [2, 3] as can be deduced from the presence of p along with ρ in the second Friedmann equation for the scale factor R. R̈/R = −4πG(ρ + 3p)/3 The density ρ_v itself would provide the missing energy that is needed to account for the fact that we measure by various means a total energy density Ω_0 ∼ 1 (as a fraction of the critical density) but an energy density of normal gravitating matter (dark and visible) that amounts to only Ω_M ∼ 0.3. Whatever personal opinion one might have about those issues, alternative explanations are all based on purely speculative theoretical constructs at this point, that is, they do not rely on well tested aspects of elementary particle physics or relativity theory.

The problem which then appears is that Ω_Λ ∼ 0.7, the energy density of the vacuum as a fraction of the critical density, must be adjusted to this non-zero value which happens to be nearly equal to that of the present energy density Ω_M of normal and dark matter, without any apparent justification in the underlying physics for this unlikely state of affairs (as those two densities scale very differently in the course of universal expansion). This situation is even more undesirable given that this value of vacuum energy density appears to be in disagreement with most theoretical predictions from the standard model of elementary particles or its extensions, which produce a value orders of magnitude larger [4]. Prior to the reintroduction of the cosmological term, as a means to rectify original cold dark matter (CDM) models, which were no longer in agreement with experimental data, it was still possible to argue that vacuum energy density was zero due to some as yet unknown symmetry principle. But with the advent of ΛCDM models with their small but non-vanishing cosmological term, such a solution does not appear to be possible anymore. To enable a solution of the discrepancy between theoretical and experimental values of vacuum energy density through some symmetry principle, we are forced towards an explanation of cosmological data which is unrelated to vacuum energy density.

It will be shown that, from the viewpoint of a generalized gravitational model based on relativity theory and involving a revised notion of negative action, an understanding of the presently accelerating universal expansion as not directly related to vacuum energy density becomes all the more natural. This solution is particularly attractive because it also simply eliminates the need to find additional symmetry principles to explain the null value of vacuum energy density. In fact, this single solution enables to solve at once, in a simple and straightforward manner, both the problem of the observed versus predicted cosmic vacuum energy density, and the problem of the determination of the source of the present acceleration of universal expansion. One of the most interesting consequences of our approach is that it enables to explain the magnitude of the effects traditionally attributed to the cosmological constant without appealing to an anthropic principle or other fine tuning. It will also be shown that the effects attributed to a dark matter distribution can here be considered to be secondary effects of inhomogeneities, dependent on the observed positive action matter distribution, in the invisible large scale distribution of negative action matter. As a result an independent solution to the problem of the nature of dark matter appears to be unnecessary. We will conclude this article with a brief discussion of the application of our alternative interpretation of the standard model to the problem of the origin of the cosmological arrow of time.

II. THE CURRENT SITUATION

Our vision of the cosmos has changed drastically in the previous decade but it now seems that experimentally we have reached a stable point where new data only comes to confirm current knowledge. It is consequently an ideal time to reexamine the basic theoretical assumptions 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^α we must have

T_{αβ}u^αu^β ≥ 0 (1)

where T_{αβ} is the stress-energy tensor. There is another more restrictive condition on the values of energy which is called the strong energy condition and which states that for every timelike 4-vector u^α (T_{αβ} − 1 2 T g_{αβ})u^αu^β ≥ 0 (2)

where T = T_α^α is the contraction of the stress-energy tensor. If this stronger condition is respected in all situations, then gravity must always be attractive.

However those equations are classical equations and even though they may be valid when we are considering the expected 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 question we must first examine what negative energy might be. Negative energy made its first appearance in physical theory when Paul Dirac and others tried to integrate special relativity with 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 [5]. Of course antiparticles do not have ‘negative energy’ otherwise we would run into a number of problems ranging from violation of the conservation of energy to the possibility of producing perpetual motion machines. It does not appear however that negative energy alone is to blame for those inconsistencies. What really poses a problem 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 insurmountable difficulties that this would entail and rather than accepting this conclusion 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 physics.

The relation between antiparticles and negative energy in Dirac’s theory is that antiparticles would in fact be holes in a completely filled negative energy distribution. Thus, it was argued, the absence in this negative energy sea of a negative energy electron with normal (negative) charge, produced by an excitation to a higher positive energy state, would be equivalent to the presence of a positive energy electron with reversed (positive) charge. Due to the exclusion principle a positive energy electron wouldn’t be able to make a transition to the already occupied lower negative energy states, although it could fall into one of the holes and radiate energy in the process. It was further assumed that there would be no observable effects due to the presence of all those negative energy particles. It is hard to see how Dirac’s solution makes things any better than simply accepting the existence of negative energy particles. Indeed such a model cannot apply to bosons who are not ruled by the exclusion principle and all those negative energy particles below the zero energy level of the vacuum should have enormous consequences when gravity is taken into account. That’s why this theory was soon abandoned for a description of relativistic particles based on the field concept.

Most people today would consider that the new methods have eliminated the ‘problem’ of negative energy states at the source and that it simply doesn’t matter anymore if some antiquated equations describing a single particle allow for the existence of negative energy states, because those states are not ‘physical’. But upon closer examination we realize 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 integrate that choice into the formalism. Basically this amounts to say that the negative energies predicted by the single particle relativistic equations are simply transition energies or energy differences between two positive energy states and there is no reason why those variations couldn’t be negative as well as positive. But we are getting ahead of ourselves here, so let’s get back to the question of what we actually mean by negative energy.

The next step in our understanding of antiparticles was accomplished by Richard Feynman [6] (with a little help from Stückelberg). 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 functions 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 probability transitions to those states and if they are excluded there would be contradictions 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 as the states of particles propagating backwards in time. Feynman shows that an electron propagating backwards in time with negative energy but with unchanged electrical charge, would be equivalent from our overall, unidirectional time point of view to an electron with positive energy and reversed charge.

What is essential to understand here is this dependance of the definition of energy on the direction of propagation in time. It appears that simply saying that a particle has negative energy doesn’t make sense. We must also always specify the direction of the 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, this means that we must consider either negative energy propagating forward in time or positive energy propagating backwards in time, because antiparticles are behaving identically to particles in a given gravitational field, in accordance with the fact that they have positive energy when considered from the overall, conventional positive direction of time (for a review of the arguments against the idea that antiparticles could behave in unusual ways in a gravitational field see [7]).

Given those considerations it appears that an antiparticle is really just an ordinary particle that reverses its energy to go backwards in time, as when a particle reverses its momentum to move backwards in position space. But a physical system with real negative energy propagating forward in time could have completely different properties. As the tradition goes we will use the term ‘negative action’ to differentiate such systems from the positive action ones we are familiar with, although we will continue to use the term ‘negative energy’ in place of negative action when the context clearly indicates that we mean negative energy propagating forward in time.

To return to Feynman’s approach to quantum electrodynamics, we see 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, in a time-stationary field if the wave functions ϕ_n are known for all states of the system, the kernel K^A_+ may be defined by

K^A_+ (2, 1) = ∑ E_n>0 exp[−iE_n(t_2 − t_1)]ϕ_n(x_2)ϕ̃_n(x_1)

for t_2 > t_1 = − ∑ E_n <0 exp[−iE_n(t_2 − t_1)]ϕ_n(x_2)ϕ̃_n(x_1)

for t_2 < t_1

another solution of the equations is

K^A_0 (2, 1) = ∑ E_n>0 exp[−iE_n(t_2 − t_1)]ϕ_n(x_2)ϕ̃_n(x_1) + ∑ E_n <0 exp[−iE_n(t_2 − t_1)]ϕ_n(x_2)ϕ̃_n(x_1)

for t_2 > t_1 = 0 for t_2 < t_1.

Although the kernel K^A_0 is also a satisfactory mathematical solution 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 backwards 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 actions. Of course there is nothing wrong with those assumptions because they are validated by experiments. We never see negative energy particles propagating forward in time and such particles do not appear to influence the outcome of experiments involving ordinary matter and antimatter, however precise those experiments can be.

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 backwards in time with negative energy and that a positron is simply another particle identical to the electron but with a positive charge. Under this viewpoint charge is the decisive aspect and the spacetime relationship between matter and antimatter uncovered by Feynman shouldn’t be considered as more than a mere analogy. But it must be clear that we can hold on to such a viewpoint only at the expense of loosing the best explanation we have for the existence of antimatter. If we retain the most simple and effective viewpoint under which antiparticles are ordinary particles propagating backwards in time, then we must accept that there exists in nature matter whose energy is definitely negative. That may open the door to further insight.

Now, we just said that negative energy does not explicitly enter quantum field theory (with the exception of the negative energy of particles propagating backwards in time), but this doesn’t mean that truly negative energies do not appear in this theory at the phenomenological level. In fact it is now well known that a particular effect of quantum field theory that is not present classically is that it allows the local energy density to not always be positive definite [8]. The most accessible experimental setting which can be used to observe some manifestation of a state where energy density takes on negative values is the one where two perfectly reflecting mirrors are placed in a vacuum at very small distance L from each other. This experiment was first described by Casimir [9] who calculated that there would be a very small but detectable force equal to F = h̄cπ^2A 240L^4

(A ≫ L^2)

pulling the plates together (A is the area of a plate), due to the fact that some positive energy quantum modes are absent from the vacuum between the plates. This force was eventually observed in the laboratory [10, 11] and the results confirm theoretical predictions. It must be clear that we are not directly measuring a negative energy density with this setup, but only indirect effects of the 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 plates.

The realization that quantum indeterminacy appear to allow negative energy densities has led many authors to propose a modified version of the weak energy condition (equation 1) that tries to take into account the fluctuations of energy which arise in the quantum realm. This is the averaged weak energy condition ∫_∞ −∞ ⟨T_{αβ}u^αu^β⟩dτ ≥ 0 (3) where u^α is the tangent to a timelike geodesic and τ is the proper time of an observer following that geodesic. Here we consider only quantum expectation values of the stress-energy tensor averaged over the entire worldline of the observer, rather than idealized measurements at a point. Consequently, this inequality does seem to allow 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 [12, 13, 14, 15] have found inequalities which constrain the duration and magnitude of negative energy densities for various fields and spacetime configurations. They show that for quantized, free, massless scalar fields in four-dimensional Minkowski space, the renormalized energy density written in covariant form obeys ρ = τ_0 π ∫_∞ −∞ ⟨T_{αβ} u^αu^β⟩ τ^2 + τ^2_0 dτ ≥ − 3 32π^2τ^4_0 (4) for a static observer who samples the energy density by time-averaging it against a Lorentzian function with characteristic width τ_0. 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 those negative energy densities predicted by quantum field theory, in particular for what regards the ability to use those states of matter to achieve faster than light space travel or generate other such paradoxes (in section V we will challenge the idea that negative action matter could actually be used to produce such inconsistencies even in the absence of those limitations). But again we must admit that we cannot simply rule out the existence of negative energy states even though their observation may be severely restricted in the context of a theory that does not explicitly involve such states.

Unlike quantum field theory, classical physics doesn’t predict 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 of bound systems for which the total energy is smaller that the energy at rest of their constituent subsystems. As such systems have lower energy after they are formed, they will emit energy during the process of their formation and consequently they can be considered as physically different from the sum of their parts. This is possible only if we assume the energy of the attractive field maintaining them together to contribute negatively to their total energy. We need not consider only elementary particles here. Systems 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 cannot measure that energy directly. The energy of the attractive electromagnetic field binding the proton and the electron together in the hydrogen atom has negative energy but this energy cannot be observed independently from that of the rest of the system, even if its contribution to the energy of the total system is well defined. One simply cannot isolate the interaction field from its sources and the same argument is valid for larger systems.

We may wonder though if this binding energy could get large enough that it would make the total energy of the bound system itself negative. Once again however theory comes to the rescue to put constraints on the values that overall energy may take. In the case of gravity it was demonstrated first by Brill, Deser and Faddeev [16, 17, 18, 19] and also more recently by Schoen and Yau [20, 21, 22, 23, 24] that the energy of matter (everything except gravitation) plus that of gravitation is always positive when we require the validity of the dominant energy condition which is a kind of generalization of the weak energy condition (equation 1). Although those theorems are fairly understandable there is no way to explain them in a few statements, so you should refer to the references we provide to learn more about them and their requirements. As with the other cases we discussed, it happens that as soon as we find it, negative energy disappears from our view. But we must admit that this time it cannot be considered an unusual and exotic phenomenon with limited consequences, because it appears to be as pervasive and commonplace as bound systems themselves.

Before we conclude this section we would like to discuss the case of another instance of negative action that cannot be dissociated from the positive action systems giving rise to it. Basically what we would like to stress is that it is possible to derive very important results from the now well known and generally accepted idea that a void in the positive energy matter distribution effectively acts as a negative mass proportional to the mean matter density. This concept is a simple extension of the notion that a spherical overdense region with δρ/ρ > 0 acts like a closed universe within a flat universe. Here we consider an underdense region with δρ/ρ < 0 to behave like a negative gravitational mass which from the conventional viewpoint would appear to have positive inertial mass (we will see below that the inertial mass associated with such configurations is actually also negative). As such it repels positive masses and attracts other underdense regions. To our knowledge this notion was first put forward by Peebles [25] in a discussion on Birkhoff’s theorem (which itself dates back to 1923 [26]). It was later used by Piran [27] as a model to explain the appearance of large voids in the galaxy distribution. Now, it appears that if you require the equivalence principle to apply in a traditional manner then the analogy between voids in a positive mass matter distribution and negative masses cannot work. What we will try to explain in the next section is that this working hypothesis to the effect that negative mass matter, if it exists, would have the properties traditionally expected from negative gravitational masses endowed with positive inertial mass (thus apparently violating the equivalence principle), is in fact required by the most widely accepted fundamental principles upon which all physical theories are based.

III. THE POSTULATES

As energy density (and more precisely the stressenergy tensor) replaces mass density as the source of gravitational fields in relativity theory (where gravitational fields are actually represented by the curvature of spacetime) and as the only physically significant instance of negative energy is the one we defined as negative action, we can meaningfully discuss the problem of negative action by considering that of negative mass. The first discussion of negative mass in general relativity is Bondi’s

1957 article [28] and for a long time it was the only article about negative mass in modern gravitation theory. In this authoritative paper Bondi goes on to explain what is the currently held view on the subject of negative mass (or negative action in modern language). He proposes four possible 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 gravitational 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 responds perversely to all forces whether gravitational or non-gravitational and produces attractive gravitational fields. There does not seem to be any justification for the existence of this type of matter and so we will not discuss this case any further. Next is the case where inertial mass is positive and gravitational mass is negative. It is usually presumed that matter of this kind responds normally to non-gravitational forces, responds perversely to gravitational forces and produces repulsive gravitational fields. This would seem to imply that such matter would be submitted to mutual gravitational attraction while it would repel ordinary matter and be repelled by it. This is the behavior we would expect from the equivalent negative mass of voids in a positive action matter distribution. Finally there is the case where all mass is negative. The conventional viewpoint is that matter of this kind responds perversely to non-gravitational forces, responds normally to gravitational forces and produces 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). We believe that he is right, not only because of the validity of general relativity, but simply because it appears contradictory to assume that what is positive is also at the same time negative. We believe that even in a Newtonian framework all mass should always be considered either positive or negative simply as a consistency requirement, even if it looks like we can separate its physical attributes into two categories. This is important even if general relativity has completely superseded Newton’s theory, because we can still obtain a lot of useful results by considering a Newtonian approximation. Yet we also strongly disagree with Bondi. We believe that a negative mass or negative action body would actually have some of the properties that he attributes to matter with both a positive inertial mass and a negative gravitational mass. We believe that a negative mass body, the only possible type of negative mass body, 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. We will come back to this question below after we discuss the consequences of Bondi’s assumption concerning the behavior of negative masses.

While reading Bondi’s paper you may notice how the outcome of his views on the subject of negative action appears difficult to accept even by its author. This is not surprising as one of the consequences of the existence of a negative action system (with both negative gravitational mass and negative inertial mass) that would obey Bondi’s rules is a violation of the principle of 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 it should be attracted to positive mass bodies while it also repels them gravitationally. This pair of particles, put together and initially at rest, would spontaneously 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 them.

We can immediately notice a strange and, we believe, suspicious aspect to that description, beyond the fact that it seems highly unlikely that such a phenomenon 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 manner such that one system always attracts other systems and another one always repels other systems? It does not just appear that there is some principle violated here, there is actually a violation of the notion that we can only define an interaction as the effect it has on other systems and not with respect to some absolute notion of positivity and negativity. A mass cannot be said to be absolutely positive or to absolutely attract everything because there is no reference to which you can relate that arbitrary distinction.

This argument is so important that we 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 and it cannot be reversed with respect to an absolute reference, without any physical meaning. Consequently if a repulsive gravitational field results from taking a minus sign for the gravitational mass M of its source, then it must be repulsive for positive masses and positive masses only, or to nothing at all. According to the viewpoint proposed in Bondi’s article, for a reversed mass system, the gravitational field of a positive mass system would be the same as it is for a positive mass system as it is defined in an absolute manner. As a consequence we arrive at the conclusion 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 this just can’t be true on the basis of the fact that the sign of mass m and more precisely of energy E (in a given direction of time) is purely relative and does not relate to anything of an absolute nature. The failure to understand that means that we allow the case where a positive mass attracts a negative mass (since all bodies are attracted by it) while the negative mass repels the positive mass (since all bodies are repelled by it) and we would observe the pair to move off with uniform acceleration without limit and in gross violation of the principle of inertia. The mistake we do by following Bondi’s approach is that we assume that a gravitational field is defined in an absolute manner, that it is not dependent on the sign of mass or energy of the body that is experiencing it. We shouldn’t be surprised then that we end up with a theory that gives rise to absolute notions of gravitational attraction or repulsion.

Clearly, if physical systems with negative mass or real negative energy are assumed to exist they cannot have the properties which Bondi assumes they possess. But why is it indeed that Bondi’s case of a positive inertial mass combined with a negative gravitational mass seems to produce better agreement with the requirement that the sign of mass or energy be purely relative? Under 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 from the conventional approach detailed by Bondi they are in fact still defined in an absolute manner and it is a coincidence if we obtain a model which appears from a superficial point of view to be invariant with respect to mass sign. If we get the desired results when keeping inertial mass positive while gravitational mass is reversed it is simply because this is equivalent to assuming that the inertial mass of a negative mass body is reversed a second time which would have the same effect as a reversal of the absolutely defined gravitational fields themselves. The attractive field of positive mass matter acting on negative mass matter then becomes repulsive and the repulsive field of negative mass matter acting on other negative mass matter becomes attractive, as required under the more consistent approach we advocate.

What we suggest is that the gravitational field produced by a given source is not attractive or repulsive per se, because this property depends on the interacting particles involved. What must be understood is that when you go from a positive mass test particle to a negative mass test particle it is not enough to reverse the sign of the test particle’s passive gravitational mass, you must also reverse the sign of the field to which the test particle is submitted or, if you prefer, reverse the sign of the masses generating the field (as we will see below this is valid only as an approximation but the basic idea is right). The gravitational field experienced by negative action matter is really different from the one experienced by positive action matter. There are in fact four possible situations 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 normal positive mass. Another possibility is that the source of the 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 density and the field be attractive, still because the test particle has negative mass. As a result, like masses are gravitationally attracted to one another and masses of opposite sign gravitationally repel each other and this is all possible even though inertial mass is reversed along gravitational mass as required by general relativity.

What’s interesting is that this description remains valid even when positive mass is considered to be negative mass and negative mass is considered to be positive mass. However, negative mass may seem to be singled out by the field reversal operation, but that’s only because the theory was originally build for positive masses. If we had started with a theory where negative masses attract one another then the field would be reversed when test particles have positive mass. In fact, as long as inertial mass and passive gravitational mass are the same, mass does not even appear in the equation of motion for particles submitted only to gravitational interactions and all that matters is the sign of the relatively defined active gravitational mass generating the field. We may say that the viewpoint under which what we conventionally call positive mass actually has positive mass is the natural viewpoint of what we conventionally consider to be a positive action observer, while the viewpoint under which what we conventionally call positive mass actually has negative mass is the natural viewpoint of what we would conventionally consider to be a negative action observer. We will see in the next section how these notions can be more precisely expressed in the context of a generalization of Newtonian gravity and then of relativity theory.

However, we may want to retain a certain definition of inertial 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 region even in the presence of matter. For example when two bodies with opposite mass-energies (relative to the positive direction of time) are superposed, the total energy as measured from the resultant gravitational field a certain distance away would be zero. But because there may well be no interactions between the two bodies and as their energies could be measured independently, the total system does not have vanishing inertial properties (it would take a relatively large amount of work to move it). We will define what will be called the effective inertial mass to be the measure of mass obtained by taking the absolute value of the mass-energy of each independent physical system or matter distribution. In our example of two superposed bodies with opposite mass-energy, we would have zero total mass including inertial mass, but nonzero effective inertial mass.

Now, it appears that a truly consistent notion of negative action, one that correctly takes into account both the principle of inertia and the principle of relativity, must have the apparent consequence of enabling the distinction between gravity and acceleration. This tension between the concept of negative action that we propose and the equivalence principle can be easily pictured with the help of Einstein’s gedanken experiment of the accelerated elevator. What happens is that it seems that we would be able to tell when it is that we are simply accelerating far from any big 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 big mass (of either type) the positive and negative action test particles would accelerate in different directions (one upwards 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 acceleration is totally equivalent to a gravitational field (the principle of equivalence), doesn’t seem to be valid when we introduce negative action matter (with the properties required to produce such results).

Faced with that prospect, one may be tempted to consider the view that it is better to sacrifice the very old and uncertain principle of inertia than anything we take for granted about the principle of equivalence, as the latter is the one principle upon which all of relativity theory and our modern idea of gravity is founded. But that viewpoint is hardly justifiable given that the principle of equivalence requires the principle of inertia. If a violation of the principle of inertia would happen, as it should be the case in the presence of negative action systems in general relativity (according to Bondi’s viewpoint), then we cannot tell what would actually be the consequences and this precisely because the principle of inertia wouldn’t be valid. We don’t even know if the situation described by Bondi of the two particles spontaneously accelerating in a given direction would hold in this case. The only argument we are left with if we accept Bondi’s idea of a negative mass or negative action system is that such systems do not exist, so that we are not faced with the annoying and in fact unpredictable consequences of this proposal.

We would like to argue that in fact the principle of equivalence and the principle of relativity on which it stands are not really threatened by our 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 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 planet. Even within a single elevator standing still on 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, we can say that the equivalence of gravity and acceleration applies only for a single tightly bound system or elementary particle, which is the most localized object possible. For a single particle of either action type there would never be any difference between acceleration and a gravitational field. Only if you take two particles together and in fact two particles with different signs of action could you tell the difference between the case of uniform acceleration and that of a gravitational field. We can then consider that the principle of equivalence is still valid but only separately for each of the two types of particles, because each of those two types of matter has its own proper free fall motion defined in relation to its mass sign. Also, those two sets of free fall frames of reference can be related to one another by a simple unique transformation, as all particles of one type share the same free fall motion.

Now, it remains that one single reference frame (or more exactly one set of frames) appears to be singled out by the combined behavior of the two types of test particles. This is the frame relative to which both positive and negative action particles are at rest together. It would then look like we can determine a state of absolute acceleration relative to a metaphysical rest frame. That would seem to violate not only the principle of equivalence but also the much more general principle of relativity that motivates both the equivalence principle and our very introduction of unconventional negative action matter (energy sign is a relative notion). However this is not the case and to the contrary it should appear all the more natural in the framework of general relativity theory that some frames have unique properties. Indeed as general relativity is a theory of gravity, the inertial frames of reference are defined by the effects of the surrounding matter. There is no doubt that there exists one very particular reference frame in our universe, this is the frame relative to which the majority of masses in the universe do not accelerate. We may call that frame the global inertial frame of reference. It is while thinking about the necessity of a causal explanation to the existence of such a frame of reference that Einstein was led towards general relativity as a theory of gravitation.

Once we accept general relativity there should be no more mystery associated with the existence of the global inertial frame of reference, as there may have been in Newton’s age. That frame is simply the outcome of the combined action of all masses in our universe (at least those whose influence had the time to reach us since the big bang). As it is, even far from any big mass, there remains the effect of the universe as a whole. For example, the frame of reference with respect to which we feel no rotation is the one which is not rotating relative to the average distribution of matter and this means relative to the farthest galaxies. We are not surprised by the existence of such a privileged frame of reference and for the same reason we shouldn’t be suspicious if there exists one set of frames where at once positive and negative action systems do not have accelerated motion when free from external non-gravitational forces. We are not faced with a reference frame associated with absolute (or nonrelative) acceleration, but only with a frame in which the combined action of all matter in the universe imposes an absence of acceleration between positive and negative action particles. We will comeback to this question below and show that even away from local disturbances the two types of particles could accelerate relative to one another in a hypothetical universe where there would be a difference in the average motion of negative and positive action matter at the cosmological scale. Consequently the absence or the presence of relative acceleration locally between positive and negative action systems definitely cannot be considered as determining a state of absolute ‘rest’ or acceleration.

So we have an operational definition of the principle of equivalence that still works in a limited manner and which will enable us to reconstruct a consistent framework based on the existing mathematical core of general relativity theory. As well, we have given arguments to the effect that the epistemological foundation of general relativity, which basically consists in the principle of relativity, can only be respected in the context where negative action systems are governed by our proposal that the sign of mass or energy does not have an absolute meaning. As our position has been justified, we are ready to introduce our first postulate.

Postulate 1: To a positive action system a negative action system is physically equivalent to what a positive action system is for a negative action system.

This is satisfied when positive action matter is submitted to mutual gravitational attraction as we observe, when negative action particles also attract one another gravitationally and when positive and negative action particles repel one another through some form of gravitational interaction.

However at this point we haven’t yet provided a solution to all of the problems associated with the existence of those negative action systems. And apparent problems there are. There is one major issue that must be faced before we can admit the possibility that there exists negative action matter governed by our first postulate. 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 between positive action particles and negative action particles. It appears indeed that the energy of the field mediating the interaction would not be well defined, that is, we cannot tell whether it is positive or negative (with respect to a given direction of time, as usual). Normally the energy of a field associated with repulsion between two particles, for example the energy of the electromagnetic field between two electrons, is defined as 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, is defined as negative. As we mentioned before we cannot isolate that energy from the energy 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 gravity doesn’t seem to require any special treatment. From the viewpoint of positive action observers, when two positive action particles are attracted towards one another the contribution of the gravitational field to the energy of the system is defined as negative. When two negative action particles are attracted towards one another or bound together in a single system, the contribution of the gravitational field to the energy of the system should be positive, as we can expect from the symmetry of this situation with the one involving two positive action particles and as required by our first postulate. But what do we do for the case of the interaction of a positive action particle with a negative action particle? The fact that what’s positive energy for one particle is negative energy for the other doesn’t change anything here. For a positive energy observer, as we are postulating a repulsive interaction, the energy of the gravitational field would have to be positive because we have repulsion involving a positive energy particle, but it would also need to be negative because a negative action particle is involved. It simply doesn’t appear that the energy of the field can be defined in a non-ambiguous manner and there is a similar problem for other hypothetical interactions, attractive or repulsive, between positive and negative action particles. This is the most serious problem facing the introduction of negative action matter as governed by our first postulate, but as we will see it can be turned into a clear advantage.

The manner through which we solve that problem is at once very simple and quite effective, although at first our position may seem untenable. What we do basically is that we assume that there are actually no direct interactions, mediated by a physical interaction field, between positive action and negative action physical systems. This may sound absurd, how could we have any indication whatsoever concerning the existence of negative action matter if it doesn’t interact with ordinary matter? It turns out however that even though this proposition amounts to proscribe most interactions it still leaves a possibility for some sort of indirect or induced gravitational interactions between positive and negative action bodies. It is true however that the other interactions are completely absent between the two types of matter and this is justified by the impossibility to physically define those interactions. The formal statement of this result goes like this.

Postulate 2: There are no direct interactions of any type, through the exchange of interaction bosons, between negative and positive action particles.

This postulate undoubtedly has important observational consequences as it actually means that a positive action observer cannot directly observe negative action matter and vice versa. It also guaranties agreement with the notion that an interaction mediated by a spin-two particle, like gravity in general relativity, should always be attractive, because here there would be no direct (repulsive gravitational) interactions between the two types of particles. But how is it that we could still have some kind of gravitational interaction if there is no physical interaction field? To answer that question we must take a fresh look at the description of voids in the average matter distribution that we encountered at the end of last section.

Now that we made it clear that the only possible form of negative mass or negative action matter would have properties traditionally attributed to matter with negative gravitational mass and positive inertial mass (even though inertial mass is actually also negative), we can see more clearly the significance of the results discussed at the end of last section. There we saw that an important result of the investigation into the effects of various inhomogeneities in a uniform matter distribution (using Birkhoff’s theorem) is that an underdensity in a positive action matter distribution effectively acts as a negative mass with magnitude proportional to the density of positive action matter that is missing. It must be clear that the gravitational field near such a void in a homogeneous matter distribution or even inside the void is not the same as the field inside a spherical shell of matter. In a spherical shell the field is zero everywhere inside, while in the case of an underdensity in a homogeneous matter distribution there would actually be a gravitational field even inside the void. We explain how things can be so with more details in the next paragraph. Of course we may now also want to consider the effects of an underdensity in a uniform negative action matter distribution and we would see that there is a similar result which is that such a void would act as a positive mass repelling all negative action matter and attracting other voids of the same type. We will explore such a possibility in section V and we will see that it has very useful applications. But for now let’s get back to the problem of understanding how there can be interactions at all between positive and negative action systems.

First we must admit that in some cases what looks like a gravitational repulsion is actually a gravitational attraction. There is indeed no question that positive action matter itself is responsible for the apparent gravitational repulsion produced by a void in the positive action matter distribution and felt by positive action matter. It’s because positive action matter is missing in the direction where the void is located, while matter in the other direction still exerts its usual gravitational attraction, that there is a net force directed away from the void. What looks like gravitational repulsion and is indeed totally equivalent to it, is actually a gravitational attraction or more precisely a resultant attraction coming from the absence of attraction in the direction of the void. The situation is totally similar when we consider a void in a uniform negative action matter distribution. There are two ways by which we can see that. First, if you consider that negative action matter exerts a gravitational repulsion because you are a positive mass observer (leaving aside the problem of the energy of the field for now), then you will say that the absence of repulsion in the direction of the void is equivalent to the presence of a net attractive gravitational force directed towards the void, similar to the presence of positive action matter located in the void but actually resulting from the larger repulsion coming from negative action matter located in the other direction. However, if you consider that there can’t be any repulsion because interactions between positive and negative action systems are not possible, then you can still say that the void is equivalent to the presence of positive action matter because for a negative action observer the absence of attraction in the direction of the void by negative action matter is equivalent to a gravitational repulsion directed away from the void, that is, to the presence of positive action matter. Only in this case the force would be felt solely by negative action matter. But actually it turns out that both viewpoints are valid (even though there are indeed no interactions between the two types of matter) and consequently the results are consistent for the whole spectrum of observers. To see why it can be so it will be necessary to use some of the results we presented in the previous section.

When we discussed the appearance of negative energies in quantum field theory we mentioned the existence of an experiment first described by Casimir that enabled the measurement of a secondary effect of the absence of positive energy from the vacuum. We saw that this absence of positive energy from the vacuum between the plates implies that the energy density is negative in this small volume. But there is no reason why we couldn’t also say, equivalently, that the negative energy density measured between the plates implies the absence of positive energy from the vacuum, which constitute exactly the same statement from a physical viewpoint. From there it is easy to see that the presence of negative action matter would be apparent to positive action observers, even in the absence of interactions between the two types of matter, as a consequence of the fact that it is equivalent to the absence of positive energy from the vacuum. The absence of positive energy from a region of the vacuum in equal amount to the negative energy present would result in a net gravitational attraction pulling positive action matter away from the region were the negative energy is located. We can also say that there would be an equivalent gravitational repulsion pushing positive action matter away from the region where the negative energy is located and this is true even in the absence of any interactions between positive and negative action systems. Let us then introduce our third postulate.

Postulate 3: The presence of a local negative action matter overdensity is equivalent for positive action matter to an exactly superposed underdensity of positive action from the vacuum.

And by postulate 1 we can also say that the presence of a local positive action matter overdensity is equivalent for negative action matter to an exactly superposed underdensity of negative action from the vacuum.

In the statement of our third postulate we specify that we are considering overdensities in the negative action matter distribution and not simply the presence of such matter. This is justified on the basis of the fact that, for a uniform negative action matter distribution, the equivalent void in the positive energy vacuum felt by positive action matter is infinite in extent (or as large as the universe itself). As a consequence there is no surrounding positive energy vacuum to produce a local effect on positive action matter and consequently there are no effects from this uniform negative action matter distribution on positive action matter. Basically this means that positive and negative action matter interact with one another only in the presence of inhomogeneities in either of the two matter distributions. Obviously, this will have important consequences on our description of universal expansion. More about this in section V. To express this limitation on the (indirect) gravitational interaction between positive and negative action matter let us introduce our fourth postulate.

Postulate 4: A totally smooth and uniform negative action matter distribution has no effect on positive action matter.

And according to the first postulate we can also say that a totally smooth and uniform positive action matter distribution has no effect on negative action matter.

Before introducing postulate 1 we argued that once we accept general relativity there shouldn’t be anymore mystery in relation with the existence of a singled out global inertial frame of reference where at once positive and negative action matter remain at rest. We are now in position to examine that question in a more consistent manner. First, to be more precise we should have said that there is no problem associated with the existence of two global inertial frames of reference. Indeed once we accept the validity of the cosmological principle, which states that the large scale distribution of matter is homogeneous and isotropic, postulate 4 implies that only matter of one type influences the inertial motion of matter of that type at such large scales. But a global inertial frame of reference is the frame whose properties result from the combined effect of all matter in the universe. As a consequence if only one type of matter influences that type of matter at the largest scales, the global inertial frame of reference for that type of bodies would be determined solely by the effects of that type of matter and more precisely by its relative motion. If, for example, there was a relative rotation between the large scale positive action matter distribution and the large scale negative action matter distribution, then there would be a difference in the global inertial frames of reference related to each type of matter, that is, there would be two different global inertial reference frames and even away from local disturbances positive action bodies would rotate relative to negative action bodies. In certain circumstances, even away from any local inhomogeneities we could also observe the same phenomenon as in the elevator suspended near a large mass.

We can then conclude that it is wrong to assume that the existence of a frame in which both positive and negative action matter remain at rest enables the determination of states of absolute acceleration. In the end there is no real physical difference between a global inertial frame of reference and a local inertial frame of reference, as required by the principle of relativity. Motion is always relative, even when you allow the existence of negative action matter. However, we will see in section V that under very plausible basic assumptions, we should expect the state of motion of the two distributions of matter to always coincide at the largest scales for a typical universe. We can actually expect that there is a coincidence of the inertial frames of reference for positive and negative action matter, including the effects of inhomogeneities, in an increasingly accurate manner as we consider the influence of an increasingly larger and more representative amount of matter.

In the previous section we discussed the case of negative energy as it arises in bound systems. We mentioned that such physical systems 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 subsystems from which they were built (even when we consider only the energy of mass). To balance the energy budget we 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 contributes to it in a well defined manner, particularly in the case of macroscopic systems. Yet those very common physical systems were never found by any experiment to violate the principle of equivalence in any way. That is, we cannot consider 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 effective inertial mass (as defined near the beginning of this section) greater than its gravitational mass. This shouldn’t come as a surprise however, even in the context where negative action is governed by our first postulate. That’s because when we are considering a single entangled system of positive total energy where the negative energy contribution cannot be independently observed or measured, consistency dictates that we also cannot measure an independent contribution to the effective inertial mass. This consistency requirement is summed up in postulate 5.

Postulate 5: When the negative action portion of an entangled physical system with overall positive action cannot be independently and directly observed, only the total action of such a system contributes to its effective inertial mass.

Again this is also valid for entangled physical systems with overall negative action for which we may say that when the positive action portion of such a system cannot be independently and directly observed only the total action of those systems contribute to their effective inertial mass.

In our discussion about the energy of (attractive) interaction fields we didn’t mention that the origin of those fields is purely quantum. But we all know that the presence of interactions between elementary particles is currently understood as resulting from the exchange of virtual particles, which is a pure quantum concept. Indeed if we commonly call those particles ‘virtual’ it is because they wouldn’t be allowed classically. The exchanged particles responsible for the presence of an interaction in quantum physics exist only by virtue of quantum indefiniteness associated with momentum and energy. This is why they are basically unobservable, because to establish the effective presence of such a particle would require a time length greater than the duration of the exchange process.

Now, at several occasions in this article we have met what we have called vacuum energy density. But, as when physically describing interaction fields, we can meaningfully talk about an energy for the vacuum only in a quantum field theoretic context. In classical (nonquantum) physics there are no such things as virtual particles coming in and out of existence and zero-point energies. As the energy of the vacuum is a result of quantum indeterminacy it does not appear that the positive and negative contributions to this energy density can be isolated and independently measured, just like we cannot isolate the energy of an attractive interaction field from that of the bound system to which it is related. For those reasons we must be careful when considering the effects of a vacuum for which there are contributions from both types of energies. The inertial properties of the vacuum are not those of two superposed ‘matter’ distributions with opposite energy densities and nonzero effective inertial mass. We may now introduce our sixth postulate.

Postulate 6: The vacuum is a single entangled physical system with vanishing effective inertial mass density at every point (except in the presence of positive and negative action matter as meant by postulate 3).

As a consequence the expected value of vacuum energy density (as experienced by positive action matter in the absence of negative action matter and as experienced by negative action matter in the absence of positive action matter) would automatically be zero everywhere.

Another direct consequence of postulate 6 is that there are no independent smooth and uniform positive and negative action portions of the vacuum to be ruled by postulate 4 and so the vacuum has absolutely no effect on cosmic evolution and in particular on the rate of expansion of either type of matter. Of course this doesn’t mean that the vacuum has no effect at all on matter, in particular in the presence of inhomogeneities in the positive or negative action matter distributions, as expressed in postulate 3. That’s because in this case only the relative values of vacuum energy density are meaningful and really matter physically. For example the presence of negative action matter in a region of space, which reduces the energy of the vacuum for positive action matter in that region, simply implies that the surrounding vacuum gets a relative positive energy gain. Nevertheless, we have uncovered another piece of the puzzle that will count as a decisive aspect in cosmological models based on our interpretation of the standard model.

Before we conclude this section we must introduce an additional constraint on the behavior of positive and negative action particles. We 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 backwards in time, as when a particle reverses its momentum to move backwards in position space. As such, antiparticles would not be intrinsically different from their normal matter counterparts. But a negative action particle on the other hand really appears to be fundamentally different as it propagates negative energies forward in time or positive energies backwards in time. As a consequence there cannot be continuity of intrinsic properties on a spacetime path when you allow transformation of one type of particle into the other. It then seems appropriate to argue that a positive energy particle cannot turn into a negative energy particle on a continuous worldline without also changing its direction of propagation in time, otherwise there would be a discontinuity similar to a violation of the conservation of charge, even when the energy is conserved from the overall, unidirectional time viewpoint. In any case we would like to introduce our last postulate.

Postulate 7: A particle cannot reverse its direction of propagation in time without also reversing its energy and equivalently a particle cannot reverse its energy without also reversing its direction of propagation in time.

Here by ‘negative energy’ we mean non-ambiguous intrinsic negative energy as in the case of the positron as a negative energy electron propagating backwards in time.

The arguments upon which this postulate is based may not look as strong as those provided for the other postulates, but they nevertheless seem to be justified on the basis that this hypothesis is required to ensure agreement with experimental data. Indeed, without this constraint there could be annihilation of positive action particles with negative action particles without any energy left behind. Even worst, there would be unlimited creation of pairs of positive-negative action particles out of nothing. 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 antiparticles. An electron could always annihilate with the appropriate negative action counterpart that has opposite electrical charge. An important consequence of this last postulate, in combination with postulate 2 (concerning the absence of direct interactions between positive and negative action particles), is that we can explicitly take into account negative action states or particles in quantum field theory without interfering with the current description of positive action particles and fields. It would be like considering a parallel theory similar to the current one but concerned only with negative action physical systems, except of course where there is overlap with the positive action theory (within which negative action also appears in a limited manner as we saw in the previous section). This relative independence of the two equivalent theories would guaranty that the near perfect agreement with experience of the current theory wouldn’t be jeopardized.

However, concerning the definition of postulate 7, we must make sure that we are always considering the right worldlines, for which the hypothetical annihilation of a positive action particle with a negative action particle is described as a change in the direction of propagation in time. What we mean is that an electron propagating backwards in time with negative energy and normal negative charge (the charge as seen in the backwards direction of time) is totally equivalent to a positive energy electron propagating forwards in time with reversed charge, which would appear simply as a positron. If you do not accept Feynman’s description of antimatter you could always consider that a particle-antiparticle annihilation corresponds to the encounter at a point in spacetime of two particles with opposite charges. From our viewpoint this description is incorrect precisely because it requires the worldlines to converge to an arbitrarily small region, that is, to a point. Postulate 7 would not apply to such a description as in this case, right from the beginning, we are not considering continuity of worldlines in spacetime. To sum up, it appears that for our last postulate to be of any use you must describe the (forbidden) annihilation of a pair of positive-negative action particles using continuous trajectories forwards and backwards in time rather than the equivalent description of two particles converging to a point. That may well turn out to be the long sought decisive argument in favor of Feynman’s viewpoint.

IV. THE EQUATIONS

We will now examine the effects of our postulates on current gravitational theories. It turns out that the consequences on those theories of our proposed approach for the integration of negative action states are surprisingly simple. We believe that the existence of such a consistent framework is itself part of the arguments in favor of the viewpoint that we developed in the previous section. First, let’s look at Newton’s theory. Here we have a source equation for the gravitational potential ϕ as a function of the mass density ρ

∇^2ϕ = 4πGρ (5)

and an equation giving the trajectories of test particles submitted only to the gravitational interaction

d^2x^j dt^2 + ∂ϕ dx^j = 0. (6)

Our first postulate implies that mass or energy density is a relative concept so that there are actually two measures of ρ. From the viewpoint of a positive action observer, a density of positive action matter contributes positively to ρ, an overdensity of negative action matter relative to the average (negative action) cosmic matter density contributes negatively and an underdensity of negative action matter relative to the average (negative action) cosmic matter density contributes positively. From the viewpoint of a negative action observer, a density of negative action matter contributes positively to ρ, an overdensity of positive action matter relative to the average (positive action) cosmic matter density contributes negatively and an underdensity of positive action matter relative to the average (positive action) cosmic matter density contributes positively. The measures of energy relative to positive action observers can be denoted ρ^+ and those relative to negative action observers can be denoted ρ^−. Of course when we say, for example, that from the viewpoint of a negative action observer a density of negative action matter contributes positively to ρ, what we mean is not that what would appear as negative action to that observer contributes positively to his measure of ρ, but really that what appears as negative action to a conventional positive action observer would be positive action for his opposite action counterpart.

Now, even though we consider simply the density of positive action matter to enter in the definition of ρ^+ while we consider the overdensities and underdensities of negative action matter to affect this same ρ^+, the distinction is not real. We could say that it is the overdensity of positive action matter relative to the average cosmic vacuum energy density that influences ρ^+, so that we actually always consider only relative measures of mass or energy density. The same argument is valid for the contribution of negative action matter to ρ^−. We must also mention that in the case of stars and planets it doesn’t make a big difference if we consider simply the true density of positive or negative action matter in all circumstances, because the mean cosmic mass densities can be neglected in such situations.

The purpose of having two different measures of mass or energy density is that it gives rise to two different measures of the gravitational potential which influence the motion of each type of matter. So similarly to the case of ρ, the gravitational potential experienced by positive action matter can be denoted ϕ^+ to distinguish it from the one experienced by negative action matter which can be denoted by ϕ^−. We can then rewrite equation 5 to take into account this distinction.

∇^2ϕ^+ = 4πGρ^+ (7) ∇^2ϕ^− = 4πGρ^−

Once ϕ^+ is determined in this way we can use it to predict the motion of positive action test particles by replacing ϕ in equation 6 with ϕ^+. The motion of negative action test particles is obtained by replacing ϕ with ϕ^− in the same equation. This may all look trivial but it appears that it really completes our integration of the concept of negative action in Newton’s theory of universal gravitation.

It can easily be verified that an outcome of this proposal is that for both types of observers there can now be positive as well as negative gravitational potentials even when we define the potential as vanishing at infinite distance from the source. This means that the potential can decrease as well as increase with distance from the source and this in turn implies that there can be gravitational repulsion as well as attraction. For example, a positive action test particle submitted to the gravitational field of a negative mass overdensity would be repelled from this source with a force equivalent in magnitude (if the mean densities can be neglected) to that which attracts a similar but negative action test particle located in the same position. We must remember however that this repulsive gravitational force is actually a net attractive force due to the equivalence between the presence of a negative action source and the absence of positive energy from the vacuum. The negative contribution that enters into the definition of ρ^+ and which contributes to the determination of ϕ^+ is simply a measure of the quantity of positive action missing from the vacuum. You could always redefine the energy level in that void as being zero and then you would have an equivalent uniform distribution of positive energy outside of it that would bring about a net attractive gravitational force directed away from the void. So the negative values entering into the definition of ρ^+ and ρ^− are just a way to account for energy of a given type missing in the vacuum.

Not so surprisingly maybe, a similar logic applies in the case of general relativity. Here however there are non-trivial consequences to the hypothesis that negative action test particles behave differently from positive action test particles near a given matter inhomogeneity (of non-vanishing action content). As general relativity is a metric theory in which the configurations of momentum and energy and their fluxes determine the properties of spacetime, if positive and negative action particles can behave differently for some of those configurations then it means that they actually experience space and time in a different way. Faced with that difficulty what one must do is require a different measure of the geometry of spacetime for each type of particles, similarly to the requirement that there exist two different measures of the gravitational potential or more precisely of the gravitational field in Newton’s theory. We will then consider two spaces related to one another in a point to point manner as two covers of an elementary manifold. This elementary manifold will serve only to define the (local) topological properties common to both covers, that is, to define the position order of points in space or the chronological order in time, leaving aside the geometrical properties to be defined independently for each cover.

The space or cover that relates to positive action observers will be endowed with an Einstein tensor denoted G^+_{αβ} and the cover that relates to negative action observers will be endowed with a different Einstein tensor denoted G^−_{αβ}. We now have one measure of the curvature of spacetime to which responds positive action matter and another measure of the curvature of spacetime to which responds negative action matter. To complete the picture we propose to write a system of equations relating those two measures of curvature to the two possible relative measures of stress-energy (or density and currents of energy and momentum). The stress-energy tensor measured by positive action observers will be denoted T^+_{αβ} . A positive energy density contributes positively to T^+_{αβ} , while an overdensity of negative energy (relative to the average cosmic density of negative energy) contributes negatively and an underdensity of negative energy (relative to the average cosmic density of negative energy) contributes positively. Of course the stress-energy tensor measured by negative action observers will be denoted T^−_{αβ}. A negative energy density contributes positively to T^−_{αβ}, while an overdensity of positive energy (relative to the average cosmic density of positive energy) contributes negatively and an underdensity of positive energy (relative to the average cosmic density of positive energy) contributes positively.

G^+_{αβ} = −8πGT^+_{αβ} (8) G^−_{αβ} = −8πGT^−_{αβ} The first field equation determines the geodesics followed by positive action bodies and the second one determines the geodesics followed by negative action bodies.

After much investigation we conclude that there isn’t really a problem associated with the fact that both positive and negative contributions are made to the stressenergy tensors which appear in those equations. As in the case of Newtonian gravity, the negative contributions appear only as a convenient means by which we take into account the related missing stress-energy from the vacuum. The mathematical core of relativity theory applies unmodified in the presence of negative action matter when we allow for more general spacetime curvatures. In fact the curvature resulting from the presence of a negative action matter overdensity would be for positive action observers the opposite of the one that results from the presence of a similar positive action matter overdensity (when neglecting the mean energy densities). That way, time dilation becomes ‘time contraction’ and space contraction becomes ‘space dilation’. As a consequence gravitational attraction becomes gravitational repulsion even for light rays which follow the null geodesics associated with the reversed curvature. The value that we obtain in the limit of weak curvature for the deflection angle Δφ in the case of positive action light grazing a negative action star of mass M and of radius R is in fact the same as that for positive action light grazing a positive action star with the same mass, only it is directed in the opposite direction.

Δφ = 4GM c^2R (9) The fact that we may now encounter ‘time contraction’ shouldn’t be considered as a problem anymore than time dilation itself could be one. There was actually already one instance of time contraction in physics, which is related to the twin ‘paradox’. It was often argued that the solution of this apparent ‘paradox’ is that only the twin that stayed home can appreciate the true time intervals and consider that his twin’s time was dilated. But in fact the twin that traveled in one direction and then turned back to go home can also consider his reference frame to be valid to establish time interval measurements. The trouble here is that this would mean that the traveling twin measures a relative time contraction for his stay at home twin. In fact this relative viewpoint is true in every situation where different measures of time intervals can be compared at some point. This effect is already properly accounted for in general relativity where one can deal with accelerated frames of reference (unlike in special relativity) and it establishes a precedent that have us believe that there is nothing wrong with a relative measure of time that appears to be contracted from a given viewpoint.

Now, before we turn to experimental consequences, we would like to discuss the important issue of conservation of energy. In the present context, the generally covariant equation expressing the conservation of energy in general relativity will be replaced by a system of two equations.

T^{αβ+}_{;α} = 0 (10)

T^{αβ−}_{;α} = 0

From each of the two possible viewpoints there is then a condition on the stress-energy tensor similar to the one governing that tensor in the traditional model. That may seem to spell trouble as both positive and negative action appear together in each one of those equations, that is, there are no independent conservation laws for positive and negative action matter. It may indeed look like there could be violations of the conservation of energy when, for example, a negative action body in motion collide with a positive action body at rest, transferring energy to it. Again we encounter the ambiguity of the sign of energy, as the negative action body would loose negative energy but the positive action body would gain positive energy.

In previous versions of this article we suggested that there appears to be a problem with energy conservation only when we assume that there is a direct interaction between the two bodies (which would be impossible according to postulate 2). Because the energy transferred to the positive action body by the negative action body is actually the result of the influence of the surrounding positive action vacuum, we concluded that there is never really an exchange of energy between the two types of system, so that there cannot be a problem with the conservation of energy. However, further analysis has shown that this is not entirely accurate. In some frames of reference there would actually be transformation of negative energy into positive energy or vice versa, whatever approach we favor. Finally it seems that we cannot escape the conclusion that the introduction of negative action matter obeying our postulates would prevent the formulation of a principle of conservation of energy that would be in line with traditional expectations. Unless we can make sense of a physics in which one type of energy or action can transform into another without any compensation, there is no hope that negative action can ever become an element of a truly consistent model of physical reality. Indeed, as we made it clear that the traditional viewpoint concerning negative mass would also have unacceptable consequences, our work may be considered as a proof that negative action particles do not exist. Nevertheless, as we made some additional improvements to our analysis, if you were interested about the updated version of this paper you may still want to read on.

V. THE CONSEQUENCES

Independently of what’s going on at the cosmological scale, physics is currently facing two major crisis. The first one has to do with the predicted value of vacuum energy density and is relatively well known and documented [4]. The second problem however is not yet fully recognized by the physics community, even though it has been mentioned as potentially disastrous by some authors. This very basic problem is related to the fact that, as we mentioned is section II, quantum field theory allows energy to be negative in certain circumstances, even though only in a very limited manner. But what is it that prevents electrically charged positive energy particles from radiating energy and falling into the ‘lower’ negative energy levels predicted to exist by quantum field theory? This looks like a deep mystery under the conventional viewpoint supported by Bondi, but amazingly enough the problem doesn’t exist once we realize that negative energy is ruled by our first postulate. Not only does our viewpoint enable to solve the existing problem of negative energy states but it also enables the explicit introduction of negative action into physical theory without encountering the problem of positive energy particles decaying to negative energy states.

With the introduction of postulate 7, which states that a particle cannot reverse its energy without also reversing its direction of propagation in time, we are already limiting the transition of positive energy particles to negative energy states. But that would not prevent a sufficiently large quantum fluctuation in energy from enabling a positive action particle to turn into a negative action particle, at which point it could begin to loose energy in an unlimited manner, reaching arbitrarily large negative energies. Even particles from the vacuum itself, whose energies are not so well defined, could fall into negative energy states in infinite number, even if the energetic ‘identity’ of a particle is always preserved as we postulated. In fact, if negative energy is such as Bondi sees it, there would actually be a continuous creation of positive (and negative) energy in infinite amount because of particles radiating positive energy in going from ‘high’ negative energy states or the vacuum to the unbounded ‘lower’ negative energy states. That would be a perpetual catastrophe. This is without doubt the reason that led Dirac to propose that the negative energy states are already filled so that electrons at least cannot fall into them. As we mentioned however, not only is this solution ineffective but it also creates its own very serious problems, one of them being the expected gravitational effects of this infinite negative energy well.

As you now probably understand, the problem with the conventional viewpoint has to do with those definitions of low and high energy. From our viewpoint the ‘lower’ negative energies are in fact higher energies and the ‘higher’ negative energies, near the vacuum’s zero point, are actually low energies, in the sense that particles have a natural tendency to be drawn towards those low energies as time goes on. According to our first postulate the description of negative energy matter (propagating forward in time) is totally equivalent to that of positive energy matter. What positive action particles do from the viewpoint of positive action observers, negative action particles will also do from the viewpoint of negative action observers. Negative energy particles must necessarily have the same tendency to reach energies which from their perspective are lower, that is, to reduce the absolute value of their energies and to reach for the zero of energy, as a thermodynamic necessity. Larger chunks of energy, be they positive or negative, will be reduced to smaller chunks as time goes. It would be incorrect to assume that negative action particles have a reversed tendency to gain even more negative energy as time goes on. This is not just a statistical thermodynamic necessity due to the existence of a privileged direction of evolution in time, it arises from the necessary equivalence of positive and negative action systems which simply turns out to have the consequence that they must all reach for the vacuum under the given macroscopic conditions that characterize the evolution of our universe.

To sum up, the lower energy direction for negative action matter is towards the vacuum, just as it is the case for positive action matter and this has the consequence that, starting from any level, positive or negative, energy can only be lost until a physical system reaches zero energy. If a physical system crosses the vacuum energy point, the direction of lower energy is automatically reversed. But at any given energy level, the probability for a physical system to reverse its energy would be canceled by the probability to go from that reversed state to its current state. There is absolutely no basis to pretend that positive energy systems should have any preference for negative energy states, just like there is no basis to pretend that negative energy systems would have a bias in favor of positive energy states. If we do not see normal positive energy particles spontaneously reaching higher energy levels we shouldn’t expect negative energy particles to spontaneously decay into even more negative levels of energy.

With postulate 6 we put forward the hypothesis that the vacuum constitute a single entangled physical system with vanishing effective inertial mass density at every point, except locally from the viewpoint of one of the two basic types of matter in the presence of matter of the other type. It’s easy to realize that, even without the hypothesis of vanishing effective inertial mass density, because of the existence of negative action states, the total density of vacuum energy would vanish at every point. But the real constraint, the one that correctly predicts as inevitable that both contributions to vacuum energy density cancel out, is nothing else than postulate 1. The value of vacuum energy density is zero because that is the only value which guaranties that the sign of this energy is the same from both the viewpoint of negative action matter and that of positive action matter. In order that there exists one unique vacuum common to both types of matter and whose definition is consistent throughout the whole spectrum of potential observers, postulate 1 actually requires that it has vanishing energy density. Our most basic postulate requires that the value of the cosmological constant be zero even before it is ruled by postulate 6 that it would also have vanishing effective inertial mass density. The precise fine tuning of the boundary conditions at the Planck scale, required under the traditional approach to obtain a vanishing cosmological constant, is not required with our approach (we may say that the conditions are automatically fulfilled).

Having now determined the value of the cosmological constant implied by our postulates we must examine the agreement of this result with astrophysical observations.

First it must be pointed out that from the traditional viewpoint there is no justification for a null value of the cosmological constant or for a value as low as the one that seems to be implied by various types of astronomical observations. The value that is deduced from those observations ρ_V ≈ 10^{−47} GeV^4 is in blatant disagreement with the values predicted by various theoretical methods which can be as high as ⟨ρ_V ⟩ ≈ 10^{71} GeV^4. The difference between the theoretical value of vacuum energy density and its measured value is so large that this situation has been called ‘the greatest theoretical disagreement of the whole history of physics’ by some authors. Our approach has the merit of producing a theoretical value that is in much better agreement with the measured value, but it does not correctly predict that lower value and so there is still a problem, or so it seems.

There are two main experimental justifications to the commonly held belief that the cosmological constant has a relatively small but non-vanishing value. First there is the acceleration of expansion deduced from high redshift type Ia supernova observations. In this case, a universal repulsive force is required on large scales to explain the current acceleration and the only explanation we have for the presence of this force in existing and well tested physical theories is that it is due to the negative pressure of a vacuum with non-vanishing positive energy density. This looks like a natural explanation because from the conventional viewpoint the energy density of the vacuum can only be positive. The second argument that comes to confirm this explanation is that measurements of the cosmic microwave background (CMB) radiation seem to imply that the total density Ω_0 (expressed as a fraction of the critical density) is equal to the critical density, that is, to 1. But the density of normal gravitating matter (about 30% of the critical density) is not enough to account for all that energy and from this it is inferred that the missing energy density is provided by vacuum energy density. And indeed the values of vacuum energy density deduced from those two independent methods (about 70% of the critical density) agree relatively well with one another.

Although we are not going to provide a detailed quantitative analysis related to our viewpoint in this article, it is easy to realize that our approach has the potential to explain both the acceleration of universal expansion and the observed CMB power spectrum without appealing to an arbitrarily fixed cosmological constant. As explained in the introduction, this is all the more desirable since under the traditional viewpoint there are two severe and independent fine tuning problems related to this nonzero value of the cosmological constant. First, why has the cosmological constant become relevant to cosmology at so late an epoch, making today the only time in the history of the universe at which vacuum energy density is of the order of matter energy density? As those two densities scale so differently during the course of universal expansion, coincidence today requires that the ratio of vacuum to matter densities be set to a specific, infinitesimal value in the early universe. As we argued above, there is also absolutely no explanation in current models for the fact that the scale of the vacuum energy density inferred from cosmological observations is so vastly different from the MeV to Planck scale energies that sum up to give this number.

We already proposed a solution to the second of those fine tuning problems. But before we can present our solution to the first one and to the apparent incompatibility between our theoretical value of the cosmological constant and the observed value, we must examine the effects of our postulates on universal expansion. The crucial result here is expressed by postulate 4 which states that a uniform negative action matter distribution has no gravitational effect, direct or indirect, on positive action matter. This is equivalent to say that positive and negative action matter interact with one another only through inhomogeneities in each matter distribution. If it wasn’t the case there could be a cancellation between the large scale gravitational effects of positive and negative action matter, with the result that the expansion rate would be zero. It is difficult to see how the universe could have appeared under such circumstances and even harder to see how it could have evolved. Our result is even more welcomed given the fact that the early universe appears to be well described by the current models in which we do not postulate the existence of repulsive gravitational effects that could interfere with those predictions (the cosmological constant being negligible at this epoch). There is, in particular, very good agreement between the predicted rate of expansion and big bang nucleosynthesis. Because the distribution of matter and energy in the universe is highly homogeneous at early times according to the cosmological principle (and there is no reason why this wouldn’t also apply for negative action matter), the early rate of expansion of one type of matter wouldn’t be influenced by the presence of the other type of matter. As in addition there are absolutely no direct interactions between the two types of matter as expressed in postulate 2, we can be confident that most results obtained for the early universe by our approach are equivalent to those of the standard model.

But why do we only say most results? That’s of course because even in the early universe there were small inhomogeneities. To meaningfully discuss inhomogeneities in the matter distribution we must first recall the result we came upon before introducing postulate 3. What we saw is that an underdensity in a uniform negative action matter distribution would appear to positive action observers as the presence of positive action matter in equal amount to the negative action matter missing. But even the overdensities of negative action matter themselves would have an effect through their equivalence with missing positive energy from the vacuum. What all this means is that there would be additional perturbations to CMB radiation at the surface of last scattering. It is not clear however to what degree the measurements of the CMB radiation power spectrum would be influenced by the presence of early inhomogeneities in negative action matter and radiation. We only have order of magnitude estimates of those effects and at this level of resolution the agreement seems to be good, but only when we assume that the density of negative energy in the early universe was several times larger than the true density of positive energy. In fact we need a density of negative action matter that today would be similar in magnitude with the hypothesized vacuum energy density or somewhat larger.

Now it must be clear that even though the densities of positive and negative action matter vary in similar ways as a result of expansion (unlike vacuum energy density), there is no reason to expect more than an order of magnitude similarity between those two densities. However there must indeed be some degree of similarity if the mechanism giving rise to the creation of matter in the early universe is the same for the two types of matter as required by our first postulate. But in any case, there doesn’t need to be perfect equality between the density of positive action and that of negative action, in particular at the present epoch. What’s more, once a given type of matter starts to expand faster or slower than the other type of matter in a given region, it would trigger a process of amplification of those inhomogeneities resulting in one type of matter expanding ever faster in this region and the other type of matter expanding ever slower in this same region. That looks a lot like the acceleration of expansion currently taking place in our part of the universe and we believe that this is indeed what’s being observed. Consequently, the second main experimental justification for a nonzero vacuum energy density does not appear to be valid in the context of an approach like the one we propose, because the same observations can be considered to follow from the presence of at least one very large scale inhomogeneity in the negative action matter distribution. The magnitude of those perturbations on the other hand is consistent with the density of negative action matter that is expected under our most basic postulate (which implies that the densities of the two types of matter should be similar). And this completes the outline of our proposal for a solution to the problem of the coincidence between current cosmic matter energy density and vacuum energy density.

There are other consequences however to the observation of a density of negative action larger than the density of positive action. Of particular interest is the fact that a relatively large density of negative action matter could imply that we cannot observe the presence of overdensities in this matter distribution at smaller scales. The overdensities would be prevented to form at all but the largest scales because of the larger pressure to which negative action matter would be submitted as a consequence of its higher density. There would however very likely be overdensities at some intermediary scale smaller than that of the overdensity which appears to be causing the observed acceleration of expansion. One remarkable outcome of the very large scale surveys that began to produce results in the late 1970’s (see [29] for a review of those findings) is that the visible galaxy distribution reveals a cosmic architecture similar to that of a sponge. At very large scales the observed matter is distributed around very large empty voids, in some places forming denser filaments which happen to be the intersections of the walls of those ‘bubbles’. The existence of such apparently empty bubbles immediately suggest that some force is repelling observed matter towards the periphery of the voids. This hypothesis was never retained however because only gravity is able to sculpt matter at this scale and it was always assumed that gravity is purely attractive. Now that we have proposed that there is some kind of equivalent gravitational repulsion associated with negative action matter it may be much easier to explain those features of the very large scale structure of the universe.

It is true that current models seem to be able to predict the structures observed at very large scales to some extent, when some parameters related to the hypothetical dark matter distribution are adjusted, but what we suggest is that it is probably easier and more straightforward to generate those features of the very large scale matter distribution using our alternative approach, particularly when the density of negative action matter is somewhat larger than that of normal matter. Also it appears that it could be easier to obtain agreement between the relatively inhomogeneous very large scale structure of matter and the relatively smooth CMB radiation when we allow for the presence of a negative action component that more spontaneously induces gravitational instabilities triggering the formation of inhomogeneities.

We may now discuss the case of underdensities in the negative action matter distribution. The interesting case here is the one in which an underdensity appears as a result of the repulsion exerted on negative action matter by positive action galaxies or clusters of galaxies. Following the introduction of postulate 2 we mentioned that the effects of the presence of a void in the uniform distribution of negative action matter would be equivalent to the presence of positive action matter in quantity equal to the quantity of negative action that is missing. Thus another straightforward consequence of our approach is that we do not need to postulate the existence of additional unknown types of particles (even though we postulate a more complete set of states for the existing particles) to explain the missing mass effect of galaxies and clusters of galaxies. The more massive the galaxies or clusters we consider, the more matter would be missing to account for their dynamics because of the larger quantity of negative action matter repelled. We automatically obtain results in agreement with observations without having to fix any additional parameters.

We do not pretend that there cannot be any invisible but ordinary positive action matter, for example in the form of black holes, contributing to the unexpected dynamics of visible matter at the periphery of galaxies, only that most of those effects can be attributed to negative action underdensities superposed over visible matter. An additional advantage of our approach is that we automatically deduce that the equivalent missing matter would be distributed in a spherical halo centered on the center of mass of the galaxy or cluster, because it is a result of gravitational repulsion by this galaxy or cluster. This alternative explanation of the effects attributed to dark matter would be very nearly equivalent from an observational viewpoint to the original theory. In particular, experimental determination of the dark matter distribution by weak gravitational lensing would still be valid under our viewpoint, only here we can assume that what is measured is not the density of dark matter but the underdensity of negative action matter. There may however be small differences and as a result it may turn out that our approach can resolve the remaining disagreements between the cold dark matter hypothesis and the observed behavior of matter near the center of galaxies. Finally let us mention that this missing mass effect could actually be used as an independent means to determine the density of negative action matter although we do not provide such a detailed analysis here.

An interesting secondary effect of our proposition is that there could exist configurations of matter which would be the equivalent of black holes in reverse. When the overdensity of negative action matter becomes large enough in a region, a kind of reversed event horizon could form that would prevent positive action matter from crossing that surface to explore the region inside of it. It would be as impossible for positive action matter to explore the inside of such a configuration as it is impossible for the same matter to get out of a normal black hole. For negative action observers, when we can neglect the mean cosmic energy densities (which in practice would always be the case in those situations), such a configuration would actually be a black hole with properties similar from that viewpoint to the properties we expect from our own black holes. As such it would have to be the source of thermal Hawking radiation, negative action radiation that is. Now it must be clear that black holes resulting from the concentration of a given type of matter wouldn’t emit thermal radiation of opposite action or energy, because black hole thermodynamics requires the hole’s area, which is proportional to its mass or energy, to be reduced by the process of thermal radiation and to emit particles of an opposite type would require a spontaneous increase of the black hole’s mass or area. In fact it should be the case in most situations that, contrarily to what is generally assumed, negative action matter simply cannot get inside a positive action black hole because of the maximal repulsion to which it would be submitted. Consequently there cannot be violations of the second principle of thermodynamics through the absorption of negative action matter and the same argument is valid for a negative action black hole which cannot absorb positive action matter.

We would like to add a few more comments concerning black holes before we consider the problem of the cosmological arrow of time. First, for the same reason that we believe the second principle of thermodynamics cannot be violated by sending negative action matter into a black hole, it appears that it is also not the case that the existence of negative action matter invalidates the singularity theorems which require the validity of the averaged weak energy condition. Negative action matter can hardly influence what is going on at the center of a positive action black hole when it cannot even get inside one of them. The case of the initial singularity at the beginning of time however is not so clear and more work is required to determine if we can still call that mother of all states a ‘singularity’. For completeness let us state that the postulated properties of negative action matter would preclude its use to realize traversable wormholes, as true negative energy particles cannot even get near the positive energy wormhole’s throat where they would have to be located to enable its use for hypothetical faster than light space travel or time travel.

Speaking about time, we would now like to discuss the relevance of the framework we developed to the solution of the problem of the origin of the arrow of time. There is actually more than one arrow of time. First of all there is the psychological arrow associated with the perception of the passage of time, there is the radiation arrow of time associated with the apparent dominance of retarded solutions over advanced ones, there is also an arrow of time involved in quantum measurements, there is the thermodynamical arrow related to the unidirectionality of thermal processes and the related arrow at work in self organizing processes and finally there is the newest of all arrows of time which is the one we encountered when discussing black hole radiation. It is generally recognized that all those arrows of time originate from one master arrow, the cosmological arrow of time expressing the continuous growth of entropy in time since the early moments of the big bang. It is widely believed that the existence of such an arrow does not follow from a dynamical law but from some boundary conditions that must be imposed on the initial state of the universe.

It must be clear that expansion itself cannot be held responsible for the growth of entropy in the positive direction of time, otherwise observers in a region submitted to gravitational collapse would have to experience time backwards. In this case the direction of entropy increase would have to magically be reversed at the moment the region starts to collapse. It was actually discovered that the primordial big bang state is characterized by a relatively low entropy and it is simply because the entropy is initially so low that it has been growing ever since, as this is the most likely outcome of random evolution starting from such a highly ordered state. This hypothesis of a low entropy initial state is required because otherwise we would expect entropy to grow in the past just like it does in the future, starting from a given arbitrary present state. However, there is nothing in the traditional approaches which could enable us to predict that the universe must start with such a low entropy. In fact it is rather the case that the universe should start with near maximum entropy, as this appears to be a much more typical configuration.

The prime source of entropy in our universe is gravitation, so the question of knowing why the big bang had low entropy basically amounts to ask why it had low gravitational entropy. Now it appears that gravitational entropy is highest when matter clumps and assembles itself into denser and more massive configurations. The highest entropy is in fact achieved when matter collapses to a black hole (and the more massive the black hole the higher the entropy). We should then expect most of the matter in the initial state of the big bang to be in the form of one or maybe a few black holes, a situation certainly not resembling that which we currently observe. For many reasons it is not possible to suggest that we are somehow inside a gigantic black hole larger that the visible universe. But even if that was the case, there would still be no explanation for the fact that we observe a continuously decreasing entropy in one particular direction of time.

It turns out though that within the alternative framework we exposed above, two very weak and quite reasonable conditions are sufficient to ensure that we are likely to observe a continuing irreversible evolution in one direction of time. First we must assume that there cannot be a universe without a big bang, that is, without there being some moment in time at which all matter emerges from a state of maximum density. This hypothesis is independently justified by the fact that it is required to enable the existence of causal relationships between adjacent parts of the universe, so that those parts can make up one single coherent whole, which is what we normally define as a universe. The second condition is that all possible states of matter which can exist at the energy levels involved during the first moments of that big bang, are actually present there, following a random distribution throughout space (there is no need to be any more specific than that here).

Now, given our proposal that there can exist negative action particles obeying a well defined set of fully consistent rules, it follows that such elementary particles should also be present in the first moments of the big bang. As such, the most likely configuration for a primordial big bang state involves a nearly perfect mix of positive and negative action particles. We can then conclude that the initial state will be highly homogeneous with very low gravitational entropy as the probability is very low that we will be in a region where only matter of a given action type is found. Finally, as we consider that there must necessarily be such a primordial big bang state in any universe, the observed cosmological arrow of time becomes a straightforward deduction based on fundamental principles. It is not time irreversibility that explains the big bang, but rather the necessity of a big bang that contributes to explain irreversibility. This is the crucial step and it shouldn’t be overlooked.

By the way, the two hypotheses that we just put forward about the common origin of positive and negative action matter in the big bang are also what motivates us to assume that the global inertial frames of reference of each type of matter coincide with one another and are actually the same reference frame (as we proposed in section III). We may add that, from our viewpoint, if all matter in the visible universe had positive mass one would have to conclude that the observed primordial big bang state cannot truly be an initial state but must have been preceded by a state where matter of both types would be mixed together randomly. Also, as there appears to be an unlimited potential for spontaneous formation of arbitrarily large inhomogeneities as time unfolds, the potential for entropy increase in the future is unbounded and so is the potential for self organization as a byproduct of this entropy increase.

To conclude this section we will address a few problems with which we are faced upon the introduction of the postulated states of matter and for which there doesn’t seem to be simple straightforward solutions. Basically there are two problems, one experimental and one that has to do more with the theory itself or its predictions. The problem we have experimentally is that, as we mentioned following the introduction of postulate 2, the additional matter expected to exist alongside normal matter cannot be directly observed. This initially comes as good news as we have indeed never visually observed negative action matter. But as positive and negative action matter have a tendency to migrate away from one another and as negative action has a tendency to regroup, it will be very difficult to ever obtain direct confirmation for the existence of negative action matter. It may then be a long time before we can decide whether the universe is described by a model involving dark energy and dark matter or by a model involving negative action matter.

The second problem is more immediate. It stems from our explanation of the observed properties of the CMB power spectrum and of the acceleration of expansion as effects of the presence of inhomogeneities in the negative action matter distribution. Our solution of the problems related to those observations have a somewhat undesirable consequence which is that they imply that the density of observed matter is not critical at least as far back as the time when the CMB radiation was released. This would seem to disagree with some theoretical expectations among which inflation theory. However, it may be that it is not the density that is wrong but rather the rate of expansion. The current rate of expansion may be too high because it was increased in ‘recent’ history as a result of the presence of very large scale overdensities in the negative action matter distribution. This seems even more plausible given that, as we have seen, the density of negative action matter should be larger than that of positive action matter and consequently it could have relatively important effects on the dynamics of observable matter. But at this point we cannot say if that is indeed a satisfactory solution of this apparent problem.

VI. 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. We have given arguments to the effect that current ideas regarding negative action show such weaknesses. We 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 action could actually be an element of physical reality. For one thing, no observations seemed to require the existence of negative action matter. But the strongly held view that energy must always be positive also seems to have its roots in the thermodynamic origin of the concept of energy as 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.

What we did in this article is explain what would really be the properties of negative action particles and bodies and why we should expect them to be so. We also introduced a quantitative framework based first on Newton’s gravitational theory and then on Einstein’s general relativity theory. In order to be able to present all the key ideas and justifications related to our postulates we had to omit a lot of details of a quantitative nature. It may seem like we have neglected those aspects, but that is not the case. We strongly adhere to the tradition of mathematical rigor upon which physics’ greatest achievements are founded, but we had to make difficult choices in order to keep the size of this article within reasonable limits and this is one of the reasons why we haven’t provided more details. Nevertheless we have exposed the key aspects of our viewpoint with enough accuracy that anyone interested in this approach can easily derive more precise secondary consequences from the proposed basic theoretical framework.

Now, seven basic postulates may seem a lot, but as we are seeking to provide as much precision as possible on what really constitutes our viewpoint, they all appeared to be absolutely necessary. But it is also true that the only fundamental assumption is contained in the first postulate and all the other postulates are simple consistency requirements following more or less directly from the first one. What’s more, we provided arguments to the effect that even our fundamental postulate is not really an assumption as much as it is itself a basic consistency requirement founded on the deepest precepts inherited from a long and successful tradition of scientific analysis. If we have been successful in conveying the ideas that motivated our choices for the properties of negative action matter, you should understand that our’s is the only consistent solution to the problem of negative energy states in modern physical theory. If the interpretation we propose is not internally inconsistent, then the fact that experimental observations can also be explained by this approach necessitates that it is considered a valid proposition.

To conclude we would like to express what we think should be the direction of theoretical research on the subject of negative action in the coming years. Although we haven’t discussed the subject of physics at the Planck scale in this article dedicated to matters of cosmology and astrophysics, we must mention one important conclusion to which we arrived at while tackling the problem of negative action. Basically we predict that the idea that spacetime would be subject to topological transformations through the formation of black holes and wormholes at the Planck scale and below is incorrect. In fact at that energy level there would be total cancellation between positive action fluctuations and negative action fluctuations. Quantum indefiniteness of spacetime curvature would reach its maximum level. Exactly what that means is not clear but this result seems to agree with those of most current approaches to the problem of quantum gravity which indicate that there is a minimum length to which we can attach physical meaning.

Before the development of these alternative theoretical frameworks of a largely speculative nature, all attempts to create a gravitational theory that would agree with the basic principles of quantum theory had been faced with the appearance of infinities in calculations of probability transitions. We consider as very attractive the idea that the presence of additional energy states could also help cancel out some of those infinities. At this point we are not making any claims to the effect that the simple reconsideration of existing theories that we are proposing can alone solve the problem of integration of quantum principles to gravity theory, but it appears that the more consistent perspective that it brings, particularly to our conception of the vacuum, has the potential to be a key element in creating a viable framework where at least calculations of probability transitions involving gravitation give finite and useful results.

Acknowledgments

I would like to thank my colleagues Terrence A. Simpson and F. Eric Racicot from the University of Montreal as well as Emma Roux from UQAM for helpful discussions concerning the epistemological foundations of this work. I must also acknowledge the support of all members of my family during the rather slow process of mental development that finally gave rise to this concrete result.

[1] A. Einstein, Sitz. Preuss. Akad. d. Wiss. Phys.-Math.

142 (1917).

[2] S. Perlmutter, G. Aldering, G. Goldhaber, R. A. Knop, P. Nugent, P. G. Castro, S. Deustua, S. Fabbro, A. Goobar, D. E. Groom, et al., Astrophys. J. 517, 565 (1999).

[3] A. G. Riess, A. V. Filippenko, P. Challis, A. Clocchiatti, A. Diercks, P. M. Garnavich, R. L. Gilliland, C. J. Hogan, S. Jha, R. P. Kirshner, et al., Astron. J. 116, 1009 (1998).

[4] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989). [5] P. A. M. Dirac, Proc. Roy. Soc. (London) A126, 360 (1930).

[6] R. P. Feynman, Physical Review 76, 749 (1949). [7] M. M. Nieto and T. Goldman, Physics Reports 205, 5 (1991).

[8] H. Epstein, V. Glaser, and A. Jaffe, Nuovo Cimento 36, 1016 (1965).

[9] H. B. G. Casimir, Proc. K. Ned. Akad. Wet. Ser. B 51, 793 (1948).

[10] S. K. Lamoreaux, Phys. Rev. Lett. 78, 5 (1997). [11] R. Onofrio and G. Carugno, Phys. Lett. A 198, 365 (1995).

[12] L. H. Ford and T. A. Roman, Phys. Rev. D 51, 4277 (1995).

[13] L. H. Ford and T. A. Roman, Phys. Rev. D 55, 2082 (1997).

[14] M. J. Pfenning and L. H. Ford, Phys. Rev. D 57, 3489 (1998).

[15] M. J. Pfenning and L. H. Ford, Phys. Rev. D 55, 4813 (1997).

[16] D. R. Brill and S. Deser, Ann. Phys. (New York) 50, 548 (1968).

[17] D. R. Brill and S. Deser, Phys. Rev. Letters 20, 75 (1968). [18] S. Deser, Nuovo Cimento 55B, 593 (1968). [19] D. Brill, S. Deser, and L. Faddeev, Phys. Lett. 26A, 538 (1968).

[20] R. M. Schoen and S.-T. Yau, Comm. Math. Phys. (Germany) 65, 45 (1979).

[21] R. M. Schoen and S.-T. Yau, Phys. Rev. Lett. 42, 547 (1979).

[22] R. M. Schoen and S.-T. Yau, Phys. Rev. Lett. 43, 1457 (1979).

[23] R. M. Schoen and S.-T. Yau, Comm. Math. Phys. 79, 47 (1981).

[24] R. M. Schoen and S.-T. Yau, Comm. Math. Phys. 79, 231 (1981).

[25] P. J. E. Peebles, Principles of Physical Cosmology (Princeton University Press, 1993).

[26] G. D. Birkhoff, Relativity and Modern Physics (Harvard University Press, 1923).

[27] T. Piran, Gen. Rel. and Grav. 29, 1363 (1997). [28] H. Bondi, Reviews of Modern Physics 29, 423 (1957). [29] H. J. Rood, Ann. Rev. Astron. Astrophys. 26, 245 (1988).

—————————–41184676334–