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Abstract

:

The question of where the inertial properties of matter come from has been open for a long time. Isaac Newton considered inertia an intrinsic property of matter. Ernst Mach held a different view whereby the inertia of a body comes from its interaction with the rest of the universe. This idea is known today as Mach’s principle. We discuss Mach’s principle based on transactional gravity, the recently developed connection of entropic gravity to the physics of quantum events, induced by transactions. It is shown that Mach’s principle holds and that there is a fundamental relation between the gravitational constant   G   and the total mass in the causal universe. This relationship, derived by means of entropic principles, is rigorously proven.
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1. Introduction and Background


In context of the famous bucket experiment, Newton concluded that acceleration is only definable relative to absolute space and that inertial reference frames, in which his laws are valid, are consequently also determined by this abstract notion. In this view, inertia is an intrinsic property of matter. Absolute space, however, is not observable and therefore there arose opposition to Newton’s view early on. For Leibniz, who thought of space (and time) as a relational property of matter, acceleration of a material body could only be defined relative to other material systems. Mach [1] was more specific and thought that acceleration was in principle defined relative to all of the matter in the universe and that inertial frames are those unaccelerated relative to “the fixed stars”, a view that is today called Mach’s principle (there are number of technically distinct formulations of Mach’s principle [2]). If the rest of the universe determines the inertial frames, then inertia is not an intrinsic property of matter, but is a result of the interaction of matter with the rest of the universe. The observational fact that gravitation is locally indistinguishable from an inertial force, because each induces the same acceleration in all bodies, leads to the insight that inertial and gravitational mass, i.e., the “charge” of gravity, are equal. Consequently, Einstein thought that it is gravitational interactions with the whole universe that gives rise to a body’s inertia and he intended to build Mach’s principle into his theory of gravity.



The fact that Newton’s laws locally hold so accurately without the slightest reference to the rest of the universe made it hard to accept Mach’s ideas in the first place, and the fact that Einstein himself [3] demonstrated that in his theory a body moving in otherwise empty space (Minkowski space is a solution of Einstein’s vacuum equations) has inertial properties, made Einstein’s attempt to implement Mach’s principle look like a partial success at most. Sciama [4] developed a theory of inertia based on the gravitational potential of the universe and a corresponding vector potential, satisfying Maxwell-type equations. In cases of rectilinear and rotational motion, he obtained a combination of Newton’s laws of motion and of gravitation, with the inertial frame and fictious force determined by Mach’s principle. While the model does not explain all motion, it particularly makes some assumptions regarding the form of the potential, which needs a firmer basis. Other theories of inertia have been developed over time, see e.g., [5,6,7].



Recently, it was shown that the physics of quantum events, induced by transactions, do complete the entropic gravity program [8,9,10]. We will call this theory “transactional gravity”. In this paper, we discuss Mach’s principle in light of the insights of transactional gravity. Next to finding deeper reasons for some just empirically hardened properties of gravity, we provide support for the validity of Mach’s principle in general relativity by deriving the form of the potential of the universe in Sciama’s model and by excluding certain spacetime solutions on physical grounds. We also derive from entropic principles, independently of any spacetime model, a definition of the gravitational constant by the total mass in the causal universe.




2. Gravitational Force from Entropic Considerations


In this section, we give a concise introduction to transactional gravity in three steps. First, we introduce the notion of transactions, and second, we apply their entropic consequences in order to derive the gravitational force. We then sketch how the field theory of gravity and Einstein’s equations are derived. For a detailed presentation, especially of the last part, we refer to [8,9].



2.1. Spacetime and Transactions


Quantum amplitudes of closed, isolated systems are represented as unit vectors in a Hilbert space,     ψ   x     ϵ   H  , also called quantum states. In the transactional interpretation [11], a quantum state     ψ   x     is launched as an “offer-wave” by an emitter and gets possible responses by “confirmation-waves”, represented by dual vectors     ψ   y   *     launched by possible absorbers. The selection of a specific “response”     ψ   y   *     is fundamentally indeterministic and leads to a “transaction”, which is the actualization of absorption and emission as real events in spacetime and whose probability (density) is         δ     y − x     ∗   ψ   x       2   =       ψ   y       2    . The relativistic transactional interpretation [11] offers additionally the reason why offer-waves (and confirmation-waves) are actually being created by focusing on the electromagnetic interaction. Relativistic electromagnetic interactions can be thought of as the mutual exchange of virtual photons by quantum fields, creating possibilities in a pre-spacetime process. Transactions, in turn, are characterized by the exchange of real photons and their four-momenta between emitter and absorber. While virtual photons correspond to the Coulomb force and such interactions are unitary, real photons correspond to radiative processes, which are non-unitary interactions ([11], Chapter 5). The general amplitude for emission and absorption of real photons is the coupling amplitude between matter and gauge fields, and the non-unitary transactional process can arise if the conservation laws are satisfied. By this non-unitary exchange of four-momentum, the quantum states of emitter and absorber collapse, and the physical systems are localized at the corresponding spacetime points (regions).



Empirical spacetime thus becomes the connected set of emission and absorption points, between which spacetime (null) intervals are being created through the four-momentum of the exchanged photons. It is here, where the transactional view touches causal-set theory [12], in which events spread in spacetime by a stochastic Poisson process. Boson exchange, understood as a decay process in quantum field theory, is then a special case in this model (the transactional interpretation thinks differently of spacetime than the causal-set approach does, which is unimportant for our purposes). Note, that the actualization of a spacetime interval amounts to spontaneously breaking the unitary evolution of the quantum states. At the same time, the exchanged four-momentum selects a space-direction, whereas a time-direction is a priori determined since only positive energy is being transferred (this amounts to the choice of the Feynmann-propagator as opposed to the Dyson-propagator). Because there is no preferred emission direction the process is spatially isotropic, and because the whole mechanism is indifferent to specific locations, it is also homogeneous. Observed inhomogeneities of the universe are then the consequence of a possible anisotropic distribution of initial transactions.



So far, we have proposed the idea that the formalism of quantum physics is suited to explain the emergence of empirical space and time as unified, yet distinct, dimensions by the mechanism of transactions. Real photon exchange creates metric relations between emitters and absorbers, as described in [9], and the mechanism contains therefore an intrinsic way to measure time intervals by means of the exchanged photons. This approach clearly lends itself to the relational view of spacetime as it emerges from pairs of emitters and absorbers, and there is no spacetime without matter (although the matter itself is not a component of metrical spacetime; [11], Chapter 8). Mathematically, quantum states can be described as fields parametrized by spacetime coordinates. Note that there is no circularity here since this description does not suggest that spacetime has a real a priori existence of its own. It is only a model representation of our observations, where we never measure standalone spacetime points. Hence the term “empirical spacetime”, in order to distinguish observed reality from mathematical models. We also note that the conception of quantum states as fields over spacetime uses the spacetime parameters as possibilities for localization relative to a particular inertial frame and that such quantum states are not physically “in spacetime”, where the latter is understood as the emergent manifold of connected events. In this regard, it is worth quoting our remarks from [9] concerning this point:



“It is also important to note that the events are not to be identified with the material systems (e.g., atoms) giving rise to them. That is, the systems themselves are never part of the spacetime manifold nor are they within it. It is only their activities—the events—that are elements of the spacetime manifold, as are the photonic connections between them, which establish the structure of the manifold. In common parlance one refers to a spacetime point being “occupied” by matter, but in our picture that is really a shorthand for the idea that a material system has become associated with that point (region) (understood as simply an element of a particular reference frame) via an actualized event. (Of course, given the spreading of wave packets, such a system will not remain indefinitely localized)”.



It is now important to note that the absorption of a photon and the corresponding localization of a physical system have implications for the entropy balance. The calculation of this entropy is key to deriving gravitational acceleration and hence to complete an idea of Verlinde [10]. Note also that, because we work with the electromagnetic interactions, the mass of material systems is a priori the inertial (rest) mass, which we can measure in the laboratory, and the existence of inertia is an empirical fact.




2.2. Spatial Information


We assume a local inertial frame throughout the following exposition. Let there be a bounded region   Ω ⊂   R   3 N   , N   ϵ   N   (the dimension allows for multi-particle systems), on a spatial hyperplane and a partition by balls:


    B =     B     ε   n         x   n           x   n   ϵ Ω ,     ε   n   > 0     ,     ⋃     x   n       B     ε   n         x   n     = Ω .  



(1)







Relative to the partition   B  , a position-information can be attributed to a quantum system in terms of its quantum state over   Ω  ,   ψ   x     ϵ     L   2     Ω    , by:


    I   B     ψ   = −   ∑    x   n   ϵ Ω      p     x   n     l n     p     x   n         ,           p     x   n     =   ∫    B     ε   n         x   n            ψ   x       2   d x   .  



(2)







By multiplication with the Boltzmann constant,     k   B    , we get:


    S   B     ψ   =   I   B     ψ     k   B   .  



(3)







The identification of information entropy and thermodynamic entropy in case of transactions is justified in [13].



We can ask whether it is possible to take a different perspective and attribute information not to material systems, but to regions or, idealized, single points     x   0     ϵ     R   3 N    . A point,     x   0     ϵ   Ω  , can empirically be associated with matter or not and hence represents in this sense one bit of information. Given a physical system,   ψ   x     ϵ     L   2     Ω    , we can therefore state that the information of the one bit,     x   0     ϵ   Ω  , with respect to   ψ   x     and the partition   B   (1) is (we pick the ball     B     ε     n  ~          x     n  ~        with     x   0     ϵ       B     ε     n  ~          x     n  ~        and minimal       x   0   −   x     n  ~       ):


    I   ψ   B       x   0     = −     p     x   0     l n     p     x   0       +   1 −   p     x   0       l n   1 −   p     x   0         .  



(4)







To find a generic definition, we have to account for all possible partitions   B  , which amounts to taking into account all probabilities,   0 ≤   p     x   0     ≤ 1  . Since we always find some bounded   Ω ⊂   R   3 N     with     x   0     ϵ   Ω  , we can define the information   I     x   0      ,     x   0     ϵ   R   3 N    , by:


  I     x   0     = − 2   ∫  0   1      p     x   0     l n     p     x   0       d   p     x   0       =   1   2   .  



(5)







Evidently, (5) is not only independent of a chosen partition   B  , but also of the particular material system   ψ   x    . While the choice of a particular   B   is, of course, frame-dependent, the described process will lead to the definition of   I     x   0       by Equation (10) in every local inertial frame. By (3), we arrive at the corresponding one-bit entropy:


  S     x   0     = I     x   0       k   B   =   1   2     k   B   .  



(6)







For reasons to be justified later, (6) is rescaled by a factor of   4 π   to:


    S  ~      x   0     = 4 π   k   B   I     x   0     = 2 π   k   B   .  



(7)








2.3. Transactions and a Holographic Principle


Assume there is a transaction between two material systems in physical space     R   3     (we idealize and restrict the argument space of the quantum state   ψ   by projecting onto the diagonal     R   3 N   →       x  _  ϵ   R   3 N       x   1   =   x   2   = ⋯   x   3 N     ≈   R   3    ) through the exchange of a real (on-shell) photon. A transaction breaks the unitary symmetry of the interaction and localizes the absorber and emitter. If it takes the photon a time interval     Δ t   R   =   R   c     from the emitter to the absorber, then, next to the time interval     Δ t   R    , there is the spatial distance   R > 0   being generated by the process. For symmetry reasons (photons are emitted in all spatial directions with equal probability), the possible locations of the absorber lie equiprobably on the sphere     S   R    . We can define in analogy to (5) and (6) the total entropy of the sphere   S     S   R       around the emitter by:


  S     S   R     =   k   B   I     S   R     =     k   B     2     N   R   ,  



(8)




where     N   R     is just the number of bits on the sphere. For this number we set, with     l   P   =    G ℏ     c   3        and     A   R   = 4 π   R   2    ,


    N   R   =     A   R       l   P   2     = 4 π     R   2     c   3     G ℏ   .  



(9)







So, we obtain:


  S     S   R     =   k   B       A   R     2   l   P   2     .  



(10)







Note that by (8), Equation (9) can be written in a more suggestive form, to which we will return later in Section 3.3:


  G · I     S   R     =   2 π   R   2     c   3     ℏ   .  



(11)







Remember that expression (8) is the sum of all entropies   S   x   ,   x   ϵ     S   R    , which in turn are calculated over all possible local probabilities,     0 ≤ p   x   ≤ 1 ,   x   ϵ     S   R    . So   S     S   R       can be considered to be the entropy contained in all possible absorptions on the sphere     S   R    .



Let us assume that in a concrete physical situation the fields defined over the ball     B   R    ,   ψ   x     ϵ     L   2       B   R      , have a total mass   M  . We then know the total energy to be     E   t o t   = M   c   2     and derive from (10), and the thermodynamic equivalence principle   E = S · T  , the existence of a formal temperature   T = T   M , R   ,   satisfying:


  M   c   2   = S     S   R     · T   M , R   =   k   B       A   R     2   l   P   2     T   M , R   .  



(12)







By (12), we get for   T   M , R    , with     g   R   =   G M     R   2      , the expression:


  T   M , R   =   ℏ M G   2 π c   k   B     R   2     =   ℏ   g   R     2 π c   k   B     .  



(13)







We are now ready for the final step.




2.4. Entropic Force


We are now in a position to reconstruct the argument in [10]. Assume that a particle of mass   m   enters into a transaction with a system of total mass   M  ,   m ≪ M  , a process which localizes the particle at a point       x   0     ϵ   S   R     for some   R > 0  . This process makes position-information (6) available, and consequently, by the 2nd law, there is a (minimal) amount of entropy   ∆   S  ~      x   0       added to the thermal environment on the surface. Since the Planck length is the smallest length possible, we multiply (6) by   4 π   and hence set the entropy of the point-particle     S  ~      x   0     = 4 π   k   B   I     x   0       (7). Due to (10), we therefore have     S  ~      x   0     = S     S     l   P         x   0        . As explained in Section 2.1, entropy is understood as unavailable position-information, which is calculated as an average (4, 5) over all possible systems. Transactions make this information available, a fact that must be compensated for by the second law. In this sense “a particle adds one bit of information to the surface” [10]. We further account for the fact that a particle is not really point-like, but still structureless, by using its (reduced) Compton radius     λ   C   =   ℏ   m c     and postulate that the full information is part of the space-like surface     S   R     only if the particle is at a Compton distance from it, and that the information decreases linearly if it is getting closer to the surface (i.e., [10,14]):


    I   Δ x       x   0     =   1   2     m c   ℏ   · Δ x ,   0 ≤ Δ x ≤   λ   C   .  



(14)







Associated with the entropy difference, there is by (12) a (minimal) amount of energy     E   Δ   S  ~      x   0       ,   given by:


    E   Δ   S  ~      x   0       = 4   π k   B     I   Δ x       x   0     T   M , R   .  



(15)







The definition of energy as work, i.e., force along a path, leads to a corresponding force     F   G     by:


    E   Δ   S  ~      x   0       =   F   G   · Δ x .  



(16)







By (13) and (14), we get from (16):


    F   G   · Δ x = 2 π   k   B     m c   ℏ     ℏ M G   2 π c   k   B     R   2     · Δ x .  



(17)







And finally, there is the expression for     F   G    :


    F   G   = m · g   M , R   = m   G M     R   2     .  



(18)







The force     F   G     is attractive, since the entropy-gradient   Δ   S  ~      x   0       points to the surface     S   R    . The above derivation of     F   G     has shown that the concept of spatial information and transactions lead, together with the thermodynamic equivalence principle (12), to the existence of gravity as an entropic force, emerging from the coming-into-being of empirical reality (18). We have worked out the minimal acceleration, based on the minimal dissipation in (15). Generally, we can expect   a   M , R   ≥ g   M , R    . This possibility is implicitly responsible for the validity of the more general Einstein’s equations [8].



Once we consider that transactions possess by the exchanged photons naturally inbuilt clocks that measure the rhythm of becoming by an invariant gauge   c  , the speed of light, the way is open to derive a metric structure of spacetime, locally governed by Einstein’s equations. This reflects the fact that the light-cone structure together with a length-gauge in a time-like direction locally determines the four-metric [15]. We are not giving the details here, since they can be found in [8,9]. In the process, we also find the reason for the general validity of the clock hypothesis (timelike curves on a Lorentz manifold can be approximated arbitrarily closely by a zig-zag of null curves (i.e., light clocks) [16]). There is, however, one other important fact that we need to mention. While the energy of the transferred photons implies a natural rhythm of becoming, the transferred three-momentum has a repulsive effect that enters Einstein’s equations in the form of a scalar   Λ ,   which can be interpreted as a cosmological constant. If the number     ϱ   γ     denotes the average number of transactions per spacetime volume, then   Λ   turns out to be [8,9]:


  Λ = 4   π   2     l   P   2     ϱ   γ   .  



(19)









3. Mach’s Principle


So far, we have derived gravity from the theory of transactions and the corresponding processing of information. As a consequence, properties of gravity, so far only of an empirical nature, gain a deeper explanation.



3.1. The Nature of Gravity


Based on transactions, the elements of empirical spacetime come into being in a homogeneous and isotropic fashion as a causal set of emitters and absorbers. A natural direction of time is defined by the transport of positive energy from emitter to absorber. This directly leads, as shown above, to an attractive entropic force equivalent, as it turns out, to gravity, whose “charge” is inertial mass. Gravity is therefore universal and cannot be screened off. This attractive force is exercised on a massive system at a point in spacetime by all of the masses from which it absorbs a real photon at that point. Hence, the force propagates at the speed of light. The fact that four-momenta are exchanged and that the “charge” is inertial mass allows the geometrization of gravity, whereby the light cone structure and the energy component lead to the field equations and the three-component of the momenta induces a cosmological constant   Λ  . The fact that Bergson found so hard to believe [17], namely that light clocks should universally govern the duration of every process in the empirical world, thus obtains a firm foundation. We also realize that gravity is not a separate quantum field to be unified with electrodynamics in the conventional manner, but is instead an immediate consequence of radiation and the corresponding information processing.



We now know what the nature of gravity is and that gravitational mass must be equal to inertial mass. But is inertial mass an inherent property of matter or is it in turn the result of gravity? We discuss this question in light of the findings of transactional gravity and Sciama’s model.




3.2. Mach’s Principle


In the theory of transactional gravity, there is no absolute space and time. In fact, there is no spacetime without matter. Therefore, acceleration cannot be explained relative to these abstract notions. By the same token, Einstein’s doubt about whether general relativity implements Mach’s principle, because of the existence and properties of Minkowski spacetime, seems unfounded. Neither empty space nor a single physical system in otherwise empty space can exist because transactions come in pairs of emitter and absorber. Thus, Minkowski spacetime is seen as an unphysical idealization. Empirical spacetime and gravity are inextricably intertwined since both are consequences of transactions. While quantum fields are not elements of the empirical realm (maybe this is the deeper reason why in quantum field theories the values of the particle masses have to be plugged in “by hand”, as QFT does not include gravity), this realm is the only place where we can measure inertial mass. Sciama realized a model [4] to implement Mach’s principle considering the behavior of a test particle (with unit mass) in the presence of a single body superposed on the smoothed-out universe. He explicitly modeled the impact of the universe on the test particle by introducing a potential     Φ   U     and a corresponding vector potential     A  →  .   As it turns out, the properties of transactional gravity uniquely determine the form of this potential.



Since transactions are equiprobable in all directions and do not depend upon the point of emission, the average mass density     ρ   U     of the empirical universe can be assumed homogeneous and isotropic at large scales. For the same reason, the total mass at a given distance   R   from the test particle increases roughly with the square of that distance     R   2    . The presence of   Λ   (19) implies that the universe expands, and empirically Hubble’s relationship between the expansion velocity   v   and the distance from the test particle   R   holds:


  v =   H   0   · R ,  



(20)




where     H   0     is Hubble’s parameter. We can further assume that the universe is approximately flat, fitting the observed data. At each point there is then a natural state of rest relative to the universe, namely, that in which the observed red shifts in all directions are equal [4]. In order to derive inertial movement, Sciama postulates that in the rest frame of any test particle the total gravitational field at the particle arising from all of the other matter in the universe is zero. Since, as we have seen in Section 3.1, gravity propagates at the speed of light, only the region within the Hubble radius     R   U   =   c  /    H   0      , i.e., the causal universe, has an impact. The Hubble sphere with Hubble radius     R   H   = c ·   H   0     is a good approximation of the causal universe in cases of a constant Hubble parameter. In an accelerated expansion, one has to take the particle horizon     R   P   =   ∫  0   T      c   a   t     d t    , where   a   t     is a time variable scale factor, with   a   T   = 1   and   T   is the age of the universe. In the FLRW model       a  ˙   /  a   =   H   0    . We will just write     R   U     for the radius of the causal universe in any case. Combining all this with (18), there must hold:


    Φ   U   = −   ∫    B     R   U            ϱ   U     R   d V   = − 2 π   ϱ   U         c     H   0         2   .  



(21)







The same result is true if the test particle moves relative to the universe with a small velocity   −   v  →  ( t )  . By defining a vector potential:


    A  →  = −   ∫    B     R   U            ϱ   U     v  →    c R   d V =     Φ   U     c     v  →    t     ,  



(22)







Sciama gets for the gravito-electric field:


      E  →    g   = − ∇ Φ −   1   c     ∂   A  →    ∂ t   = −     Φ   U       c   2       ∂   v  →    ∂ t   .  



(23)







He then superposes a body of mass   M   to this universe plus a test particle at distance   R   in unit direction     R  →    relative to the test particle with potential   ϕ = −   M  /  R    . In analogy to Equation (23), its respective gravito-electric field is:


      e  →    g   = −   M     R   2       R  →  −   ϕ     c   2       ∂   v  →    ∂ t   .  



(24)







With     R  →  ·     d   v  →   /  d t     =   d v  /  d t    , the total field at the test particle is zero,         E  →    g   +     e  →    g     ·   R  →  = 0 ,   if:


    M     R   2     = −       Φ   U   + ϕ     c   2         d v   d t   .  



(25)







Finally, Sciama sets   G = −       c   2       Φ   U   + ϕ       and gets Newton’s inertial form of gravity. With   ϕ ≪   Φ   U    , there holds   G   Φ   U   ≈ −   c   2     and by (21) with     M   U     denoting the mass of the universe:


  G ~   c   2       R   U       M   U     .  



(26)







The fact that nearby matter in the smoothed universe does not noticeably disturb inertial frames is due to the fact that with increasing distance the influence of matter (21) drops more slowly than the inverse of its mass increase. In cases of uniform rotation of the body and universe, Sciama obtains by the same reasoning from the gravito-electric field the equation:


    M     R   2     =   ω   2   R .  



(27)







In the rest frame of the universe this is simply Newton’s equation for circular motion. In the test particle’s rest-frame, however, it amounts to the introduction of a fictious centrifugal force. By the same token, he also obtains the Coriolis force     F   C     from the gravito-magnetic field     B  →   :


    B  →  = c u r l   A  →  = 2   ω  →  ,           F  →    C   =   v  →  ×   B  →  = 2   v  →  ×   ω  →  .  



(28)







Furthermore, it is important to note that Davidson [18] showed that Sciama’s model is fully incorporated in general relativity, where it is recovered as a weak-field limit in quasi-flat spacetime, a fact that by the theory of transactional gravity we would, of course, expect (remember that Einstein’s equations can be derived from transactional gravity as indicated in Section 2.4 and shown in [8,9]).



Hence, we see that the Sciama’s model of Machian mechanics can be considered as a natural consequence of transactional gravity. Of course, by following Sciama’s model, the key relationship (26) for the gravitational constant is based on a special case. But indeed, transactional gravity provides more.




3.3. The Gravitational Constant


Relation (26) is a necessary condition to explain, for instance, Galilei’s free fall experiment in a Machian way. A relationship like (26) was already in the minds of Schrödinger [19], Dirac [20], and Dicke [21]. It allows for the deduction of properties of the whole universe by local observation, right in the Machian spirit. Transactional gravity establishes independently of any spacetime model a relationship between the constant   G   and parameters of the causal universe. We go back to the discussion in Section 2.3, where by Equation (11) and the holographic principle [22], we have a definition of   G   involving the total information     I   U     and the radius     R   U     of the causal universe (see e.g., [23,24]):


  G =   2 π   c   3     ℏ       R   U   2       I   U     .  



(29)







In order to express the “mass of information” we use the Bekenstein bound [25], which quantifies the maximal information within a sphere of radius   R   and which by the holographic principle, applied to the causal universe, equals the surface area. Within the causal universe it is given by:


    I   U   =     S   U       k   B     =   2 π   R   U     E   U     ℏ c   =   2 π   c R   U     M   U     ℏ   .  



(30)







By substituting     I   U     in Equation (29), we directly derive:


  G =   c   2       R   U       M   U     .  



(31)







If     H   0   = c o n s t .  , then (31) turns into   G =     c   3       H   0     M   U     =   3   H   0   2     4 π   ϱ   U     .  



Hence, transactional gravity is able to define   G   by entropic considerations directly in terms of the total mass in the causal universe. Obviously, Equation (31) also offers an understanding of Einstein’s formula for the total rest energy. For a body with rest mass     m   0     there holds:


    E   0   =   m   0     c   2   = G     m   0     M   U       R   U     .  



(32)







This way, the total rest energy of a body is equal to the energy stemming from its gravitational potential by the causal universe. Note that Equation (32) offers a proof, alternative to the Higgs mechanism, for the fact that photons have zero rest mass,     m   0   γ   = 0  . Since photons are never emitters nor absorbers, they do not gravitate with matter and hence the right-hand side of Equation (32) is zero. By the left-hand side, it follows that     m   0   γ   = 0  .





4. Summary and Conclusions


We have shown that transaction-induced entropic gravity supports Mach’s principle and have rigorously derived a fundamental relationship between the gravitational constant   G   and the mass and size of the causal universe.



The relational structure of transactional gravity rules out the physical reality of empty space and, consequently, the existence of absolute space as a reference for acceleration. It further naturally leads to a model for Mach’s principle, namely Sciama’s origin of inertia. Sciama’s theory hinges, next to its Maxwellian structure, on the definition of the potential     Φ   U    , whose mathematical form can be derived from the findings of transactional gravity. Sciama’s model can also be derived from the equations of general relativity [26], which are, in turn, a consequence of transactional gravity. Finally, the theory allows us to directly derive the relationships (29), (31) from its entropic origin. These relationships are a necessary condition for the full implementation of Mach’s principle.



Our result is the final building block to show that General Relativity in its core comprises Mach’s principle [27] by showing that the gravitational constant   G   is not an arbitrary constant of nature, but is related to the properties of the causal universe as a consequence of entropic principles.







Author Contributions


Conceptualization, A.S. and R.E.K.; Validation, R.E.K.; Formal analysis, A.S.; Writing—original draft, A.S.; Writing—review & editing, A.S. and R.E.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mach, E. History and Root of the Principle of the Conservation of Energy. In The Science of Mechanics, 6th ed.; Open Court Publishing Company: McLean, VA, USA, 1904. [Google Scholar]

	



Barbour, J. The Definition of Mach’s Principle. Found. Phys. 2010, 4, 1263–1284. [Google Scholar] [CrossRef]

	



Einstein, A.S.B. preuss. Akad. Wiss. 1917, i, 147. [Google Scholar]

	



Sciama, D. On the origin of inertia. Mon. Not. R. Astronmical Soc. 1953, 113, 34. [Google Scholar] [CrossRef]

	



Assis, A.K.T. Relational Mechanics; Apeiron: Montreal, QC, Canada, 1999. [Google Scholar]

	



Giné, J. On the Origin of the Inertia: The modified Newtonian Dynamics Theory. Chaos Solitons Fractals 2009, 41, 1651–1660. [Google Scholar] [CrossRef]

	



Brans, C.H.; Dicke, R.H. Mach’s Principle and a Relativistic Theory of Gravitation. Phys. Rev. 1961, 124, 925–935. [Google Scholar] [CrossRef]

	



Schlatter, A. On the Foundations of Space and Time by Quantum-Events. Found. Phys. 2022, 52, 7. [Google Scholar] [CrossRef]

	



Schlatter, A.; Kastner, R.E. Gravity from Transactions: Fulfilling the Entropic Gravity Program. J. Phys. Commun. 2023, 7, 065009. [Google Scholar] [CrossRef]

	



Verlinde, E. On the origin of gravity and the laws of Newton. J. High Energy Phys. 2011, 4, 29. [Google Scholar] [CrossRef]

	



Kastner, R.E. The Transactional Interpretation of Quantum Mechanics: A Relativistic Treatment; Cambridge University Press: Cambridge, UK, 2022. [Google Scholar]

	



Sorkin, R.D. Causal Sets: Discrete Gravity (Notes for the Valdivia Summer School). arXiv 2003. [Google Scholar] [CrossRef]

	



Kastner, R.E.; Schlatter, A. Entropy Cost of “Erasure” in Physically Irrversible Processes. Mathematics 2024, 12, 206. [Google Scholar] [CrossRef]

	



Bekenstein, J.D. Black holes and entropy. Phys. Rev. D 1973, 7, 2333. [Google Scholar] [CrossRef]

	



Wald, R.M. General Relativity; Appendix D; Chicago University Press: Chicago, IL, USA, 1984. [Google Scholar]

	



Fletcher, S.C. Light Clocks and the Clock Hypothesis. Found. Phys 2013, 43, 1369–1383. [Google Scholar] [CrossRef]

	



Bergson, H. Durée et Simultanéité, a Propos de la Théorie d’Einstein; Presses Universitaires de France: Paris, France, 1922. [Google Scholar]

	



Davidson, W. General Relativity and Mach’s Principle. Mon. Not. R. Astron. Soc. 1957, 117, 212–224. [Google Scholar] [CrossRef]

	



Schrödinger, E. Die Erfüllbarkeit der Relativitätsanforderung in der klassischen Mechnik. Ann. Phys. 1925, 328, 325–336. [Google Scholar] [CrossRef]

	



Dirac, P.A.M. A new basis for cosmology. Proc. Roy. Soc. Lond. A 1938, 165, 199–208. [Google Scholar] [CrossRef]

	



Unziker, A. A Look at the Abandoned Contributions to Cosmology of Dirac, Sciama and Dicke. Ann. Phys. 2009, 18, 53–70. [Google Scholar] [CrossRef]

	



Bousso, R. The Holographic principle. Rev. Mod. Phys. 2002, 74, 825–874. [Google Scholar] [CrossRef]

	



Bousso, R. The holographc principle for general backgrounds. Class. Quantum Gravity 2000, 17, 997–1005. [Google Scholar] [CrossRef]

	



Howard, E.M. Entropy of Causal Horizons. J. Appl. Math. Phys. 2016, 4, 2290–3000. [Google Scholar] [CrossRef]

	



Bekenstein, J.D. A universal upper bound on the entropy to energy ratio for bounded systems. Phys. Rev. D 1981, 23, 287–298. [Google Scholar] [CrossRef]

	



Raine, D.J. Mach’s Principle in General Relativity. Mon. Not. R. Astron. Soc. 1975, 171, 507–528. [Google Scholar] [CrossRef]

	



Barbour, J.B.; Bertotti, B. Mach’s principle and the structure of dynamical theories. Proc. R. Soc. Lond. A 1982, A382, 295–306. [Google Scholar]
