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Abstract. The classical electrodynamics of point charges can be made nite by the introduction of eects that temporally precede their causes. The idea of retrocausality is also inherent in the Feynman propagators of quantum electrodynamics. The notion allows a new understanding of the violation of the Bell inequalities, and of the world view revealed by quantum mechanics.



1. Introduction Dirac was never happy with quantum electrodynamics, although it was in large part his own creation. In old age, during an after-dinner seminar in 1970 that I attended in Austin, Texas, he lambasted such upstarts as Feynman, Schwinger, Tomonaga, and their ilk, under the dismissive collective term `people'. These \People neglect innities in an arbitrary way. This is not sensible mathematics. Sensible mathematics involves neglecting a quantity when it is small | not neglecting it just because it is innitely great and you do not want it." A timorous spirit among the chastened listeners asked: \But, Professor Dirac, what about g ; 2?", referring of course to the g-factor in the expression for the magnetic moment of the electron. Dirac's own equation had predicted that this factor should be precisely 2, and the highly accurate quantum electrodynamical calculation of its deviation from 2 was, and is, one of the tours de force of modern physics. The agreement with painstaking experimental measurement of this quantity is phenomenal (the Particle Data Group gives on the World Wide Web ten digits of agreement after the decimal point1]). But the old maestro had his own views about this remarkable result: \It might just be a coincidence," he remarked evenly. Quantum mechanics, married to electromagnetism, has produced a very successful theory, as measured by its empirical adequacy. The matter is not so adequate, however, at a conceptual level. There are still many competing interpretations of what quantum mechanics is telling us about the nature of the world. Despite the early preoccupation with the breakdown of determinism, the serious diculties have to do rather with causality, which is by no means the same thing. Classical electro-



2 D. ATKINSON magnetic theory is in fact not immune to such problems either: the only known way to remove disastrous innities in the theory of point charges interacting through the electromagnetic eld is by the introduction of retrocausal eects. Quantum electrodynamics inherits the diseases of causality and of divergence from both of its parents. Their nature is pervasive, the cure unknown.



2. Advanced Potentials An electrically neutral particle, of mass m, subject to a force F~ , satises Newton's second law of motion, which may be expressed in the form m~a = F~  (1) where ~a = ~r is the acceleration, on condition that j~r_ j tB . 2. It is entirely within the power of the agent to perform A at time tA , if he so chooses. 3. It is possible for the agent to nd out, at time tA , whether B has or has not already occurred, independently of his performing A. One of the two examples that Dummett describes concerns a tribe that has the following custom: \Every second year the young men of the tribe are sent, as part of their initiation ritual, on a lion hunt: they have to prove their manhood. They travel for two days, hunt lions for two days, and spend two days on the return journey# : : : While the young men are away from the village the chief performs ceremonies| dances, let us say|intended to cause the young men to act bravely. We notice that he continues to perform these dances for the whole six days that the party is away, that is to say, for two days during which the events that the dancing is supposed to in"uence have already taken place. Now there is generally thought to be a special absurdity in the idea of aecting the past, much greater than the absurdity of believing that the performance of a dance can in"uence the behavior of a man two days' journey away# : : : " Ref.8], pages 348-9. In physicists' terms, retrocausality seems even more absurd than action at a distance. The chief is a wise and rational man: he believes the rst of the above-mentioned three claims, at any rate as a statement of the significant statistical ecacity of his magic dancing. Let us further suppose QM AND RETROCAUSALITY
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10 D. ATKINSON that he does not believe that he is somehow hindered from dancing, or perhaps caused to dance inadequately, during the last two days, in the case that his young men have been cowardly. Then he must deny the third claim: he must assume that there is no way that he can nd out, during the crucial days 5 and 6, what in fact has happened during days 3 and 4. For if it were possible to nd it out, he could bilk the correlation. That is to say, he could choose to dance properly if, and only if, he knew that his men had not been brave. Then there would not be a positive correlation of the sort envisaged in claim 1. It seems that we, as anthropologists, would at any rate accept claim 3, and thus conclude incoherence. With the aid of radio communication and a eld worker, we could always arrange a bilking scenario, so that A could not count, even stochastically, as a cause of the earlier event B . But is there a situation in which claim 3 could defensibly be denied? There seem indeed to be such cases in subatomic physics. For example, the state of polarization of a photon, which has passed through one polarizer, and will pass through a second polarizer, is a property that we can only test by passing it through the next polarizer that it will encounter. If we choose to insert a calcite crystal in the path of the photon in such a way that it eects a polarization measurement, then this crystal is the next polarizer. If it be claimed that the state of polarization of a photon is correlated, not only with the orientation of the polarizer in its past, but also with that of the polarizer in its future trajectory, no bilking of the claim is possible. Here is indeed a clear candidate for retrocausal eects.



5. The View from Nowhen Is there a way to t the notion of retrocausality into a general theoretical framework, rather than merely to permit its fugitive occurrence when all bilking scenarios are impossible? The Australian philosopher Huw Price elaborates a Weltanschauung that he calls the view from nowhen9]. His point of departure is the time reversal (T ) invariance of microscopic processes3 . When two inert gases of dierent colours, initially segregated and at dierent temperatures, are allowed to mix, the approach to an equilibrium mixture, of an intermediate colour and at an intermediate temperature, is irreversible, although the dynamics of the molecular collisions is T -invariant. A reversed video recording of the process would not look queer at the level of individual collisions, seen one by one, but it would appear odd at the macro-level, where it would 3 This must be generalized to P CT invariance for some electroweak interactions, for example those responsible for K 0 -decay.
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11 show an apparently spontaneous segregation of the two gaseous components. It is generally agreed that the Sto$zahlansatz of Boltzmann, an example of what Price calls PI 3 , or the principle of the independence of incoming in"uences, is not acceptable as an explanation of the irreversibility in question. For if PI 3 holds, why should not PIOI hold, the principle of the independence of outgoing in"uences? If one suggests that PIOI breaks down because correlations are generated by a collision, then one must ask whether after all PI 3 is justied. That is, if correlations are generated in a collision process, may they not be present before as well as after the scattering? There seems in fact to be no good reason for adopting a double standard in this matter. Indeed, to do so in the search for a thermodynamic arrow of time is a "agrant example of petitio principii. A convincing case can be made that the the master arrow of time is cosmological, and the major task lies in explaining why the cosmos had such a low entropy in what for us is the distant past. The thermodynamic arrow follows readily: there is no need for an ad hoc PI 3 without a PIOI . The Wheeler-Feynman time symmetric treatment of electromagnetic radiation implicitly appeals ultimately to cosmology, for the eective retardation arises from the assumption of perfect future absorption. This absorption is treated as a matter of irreversible thermodynamics, in terms in fact of a phenomenological absorptive (complex) refraction index. The thermodynamic arrow is tied to the cosmological one, and Wheeler and Feynman reason that radiation appears to us to be retarded because of thermodynamic processes in the future universe. The reason for the direction of the thermodynamic arrow itself seems to lie in the statistical properties of the early universe, i.e. in the fact that it was in such a low entropy condition. If the arrow of radiation ultimately derives from cosmological considerations, it would be desirable to show this directly, in terms of the properties of a cosmological model, rather than indirectly, via thermodynamics. This is precisely what Hoyle and Narlikar have done10]. Suppose that the future is not a perfect absorber, but only works at eciency f , in the sense that the reaction of the universe, on particle a, is not the full Dirac radiation damping of 21 Faret ; Faadv], but only f times this quantity. Analogously, suppose that the past is also not perfect as an absorber, but has eciency p. That is, the boosting is not minus the Dirac term, but rather ;p times that quantity. Let us write the symmetric sum over all the elds acting on particle a as a general linear superposition of retarded and advanced contributions, each with QM AND RETROCAUSALITY
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12 D. ATKINSON its damping or boosting terms:
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