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FEYNMAN DIAGRAMS AND THE LOGIC OF DISCOVERY

Glenn Statile

(1) THE PROBLEM OF DISCOVERY
From the perspective of technical progress the logic of discovery has long been a thorn in the side of the philosophy of science, yet it somehow manages to retain its fascination for those of us who nevertheless admit the unlikelihood of ever deciphering the workings of the unbridled imagination.   No less a figure than Karl Popper once declared discovery as not susceptible to logical analysis.  This led other toilers in the vineyard of discovery, for example Hans Reichenbach, to distinguish between contexts of justification and discovery. But as we all know, justification by means of a rational reconstruction involving some ex post facto line of reasoning is but a sad impostor for the assumption of a discernible pattern to discovery whose logic we continue to beg.  Yet when it comes to the defense of a logic of discovery the philosophical ranks have never been completely thinned. One such advocate, namely Norwood Russell Hanson, maintained that it was important to “attend as much to how scientific hypotheses are caught, as to how they are cooked.”
    In recent years interest in the logic of discovery has gravitated toward the discipline of cognitive science.  Many cognitive researchers welcome the chance of showing up all those mandarins of materialism who would so easily dismiss discovery and creativity as mere electro-chemical vagaries of human psychology, unworthy of serious scientific and philosophical reflection.  A significant amount of this research concentrates upon the instrumentality of models and analogies in the formulation of theories.  My aim in this essay is not to resolve the debate over the plausibility in principle of a logic of discovery, but  to illuminate the multi-faceted role played by Feynman diagrams in the facilitation of thinking about complex scientific problems.  We must not however completely ignore the old Copernican lesson that what is of instrumental value can also be metaphysically misleading.  There is always a risk that the theoretical tools with which theories are constructed will lead us towards a falsification of reality.  
(2) FEYNMAN’S PICTURE METHOD

Everyone is familiar with the proverb that a picture paints a thousand words.  Given the great magnitudes of simplification often involved in the application of Feynman diagrams to quantum calculations, I would tend to agree in principle with the traditional wisdom.  Feynman diagrams were the invention of Richard Feynman, a recipient of the 1965 Nobel Prize in Physics for his work on QED (Quantum Electrodynamics), the theory which describes the electromagnetic interactions which result when the laws of quantum mechanics are applied to an electromagnetic field.  These diagrams, while neither necessary nor sufficient conditions of discovery, were nonetheless pivotal in assisting Feynman to reduce the computational complexity of many theretofore intractable scientific problems. According to Stanislaw Ulam, the diagrams of Feynman provide a “notation that can push thoughts in directions that may prove useful or even decisive.”


A Feynman diagram is a graphical representation of a perturbation theory calculation involving the scattering and propagation of interacting particles.   A typical or classical diagram consists of a combination of the following elements: 1) Lines – solid or wavy; 2) Arrows - or directional pointers;  3) Vertices – where lines intersect at an angle; 4) Loops; and 5) Particles and their charges.  For the most part, these diagrammatic components help depict the space-time behavior of incoming and outgoing charged particles, virtual or real,  which interact, scatter, and propagate according to specific quantum rules.  These diagrams were first seriously employed in the service of science by Feynman in order to help him visualize the complex interactions taking place between two electrons as they undergo the exchange of a photon, the boson which conveys the electromagnetic force.  Prior to this, while still a graduate student at Princeton, Feynman had invented what others would label a Feynman diagram in order to help him visualize the components of some new topological object discovered by a fellow student.
 
I would characterize Feynman diagrams as analogical in relation to the actual physical reality which they depict.  Yet there is an important caveat to their pragmatic worth.  Despite their utility as catalysts of discovery, they are still nevertheless fraught with the usual pitfalls which accompany any attempt to treat a facsimile as if it were the genuine article.  Thus the computational assets of Feynman diagrams continually need to be evaluated in relation to their methodological deflation of the problem space. While assisting in both the visualization and computation of a physical process they also run the risk endemic to  all analogical simplification, that is of reducing reality to a false copy of itself.  Recall that Plato wanted to banish the artists from his republic for their figural falsification of conceptual truth.  A millennium later the internecine Christian squabble over iconography would encounter another variation on this same theme.   John Dalton’s figurate representation of the elements was computationally unwieldy and would eventually give way to a more algebraically suitable method of chemical quantification.  And more recently, Wittgenstein suggested that the logical complexities of a language are not adequately captured by the metaphor of a picture.  Curiously, it was at about this same time that Feynman began to apply his child-like diagrams to the dynamics of moving particles.  Somehow this seems appropriate for someone whom Freeman Dyson  once affectionately described as “half genius and half buffoon.”
  Feynman himself affirms that he had  no inkling that his silly diagrams would so mushroom in popularity as to become a virtual tool of the physicist’s trade.  In his 1979 interview with Omni magazine he claims that these diagrams “evolved only gradually in my mind.”
  In the same interview Feynman said the following.
I was in my pajamas, working on the floor with papers all around me, these funny-looking diagrams of blobs with lines sticking out.  I said to myself, wouldn’t be funny if these diagrams really are useful, and other people start using them, and Physical Review has to print these silly pictures.  Of course, I couldn’t foresee-in the first place, I had no idea how many of these pictures there’d be in Physical Review, and in the second place, it never occurred to me with everybody using them, they wouldn’t look funny anymore….”

(3)  THE EFFICACY OF FEYNMAN DIAGRAMS  


Except for special cases no exact solutions exist for the equations of QED.  One needs to perform a power series whose convergence is at best asymptotic.  Instead of such a bothersome expansion Feynman found that it was much more convenient to express each term in the quantum problem under consideration in a finite way, as a finite sum of normal ordered products in which the matrix element covering certain specified initial and final states is an integral that can be expressed in graphical form.  The diagrams provided Feynman with an analogy for both the physical processes as well as the mathematical expressions needed to describe them.  The exchange of a photon was not to be understood in terms of classical particles which follow well defined paths but as a path integral which expresses the sum of all possible photonic pathways between two particles.  The diagrams thus provided Feynman with a pictorial shorthand which completely circumvented the monumental mathematical task represented by the approaches to QED taken by both Julian Schwinger and Shin’ichirō Tomonaga.  Eventually, these diagrams would also provide a template for contemplating and attempting to work out the details of both the Electro-Weak and Strong interactions (QCD), although the latter would prove much more problematic than the former.  Feynman diagrams provided a graphical representation of approximate perturbational calculations involving the scattering and propagation of interacting particles and succeeded as a surrogate for more formal quantum field procedures, both relativistic and non-relativistic  alike.   In their biography of Feynman John and Mary Gribbin refer to Feynman diagrams as involving a kind of democratization of physics, since even the unmathematically minded amateur could grasp the pictorial essentials of a much more complicated interaction.  Schwinger’s barb, however,  that  Feynman brought “computation to the masses” was not intended to be complimentary.


Feynman diagrams have the advantage of assigning an equal status to particles and antiparticles, whose resulting Lorentz invariance squares with Relativity.  Freeman Dyson has proven that the infinities which arise in QED can always be eliminated by renormalization.  As the result of such problems as the shortness of quantum distance scales, interactions between particle masses and radiation, and the many-bodied character of quantum interactions, a hodgepodge of messy approximation techniques were developed in order to renormalize infinities to within theoretically acceptable margins of error.  If a prospective theory in particle physics is known not to be renormalizable it will often be rejected.  To determine whether renormalization is possible in a given instance the theoretician can attempt to construct the Feynman diagrams which model the relevant interactions.  Failure to successfully complete this task marks an underlying theory as suspect.
  As a barometer of theoretical or hypothetical health, Feynman diagrams thus function in a manner reminiscent of the strong analogical positions of  René Descartes and N.R. Campbell, both of whom held that analogies were a prerequisite for any possibly true theory of nature
. As is well known, QCD never did achieve the pedigree of QED or the Electro-Weak theory.  Such diagrammatic failures, so to speak,  can still contribute to the overall logistics of discovery in that they tend to stimulate new lines of inquiry, or at least put an end to unproductive pathways of thought.  Moreover, knowing, rather than merely fearing, that a theoretical path is not going to bear fruit breeds confidence that an alternative approach is warranted.

Let us pause to take stock.  It would seem then that Feynman diagrams are valuable in several interconnected ways, but with the customary caveat that their ad hoc and artificial nature might also be the cause of leading theory down a blind alley.  Overwhelming agreement with experimentation is their best character reference.    
SEVERAL ADVANTAGES OF FEYNMAN DIAGRAMS:
1) They Enhance Visual Understanding.
2) They Facilitate Computation. -- (High experimental agreement); (Diagrams sometimes lead to corrections of previous values. – e.g. Bhabba scattering)
3) Their Failure Can Also Be An Asset.

4) They Have Explanatory Power.  (Explanation is always a sore point in quantum theory. Note that Feynman path integrals qualify as a kind of extremal principle, which often evoke explanatory associations.)
5) They Have Predictive Power.  (The diagrams sometimes enable theoreticians to deduce, or predict, previously unsuspected final states of an interaction or process.)
 The analogical literature has traditionally been split down the middle, between physical and mathematical analogies respectively.  While many opt for such  a formal/empirical analogical distinction, Patrick Suppes once argued that the two analogical types are essentially the same.  Whatever the case may be, one interesting facet of Feynman diagrams is that they simultaneously model both the physical and the mathematical relations of complicated particle interactions. There are however many Feynman diagrams in which only visual understanding is promoted due to the fact that the mathematics is just too complex for the diagrams to bear their full mathematical weight.  Individual Feynman diagrams allow for multiple interpretations, giving them both a semantic and syntactic status.  For example, an incoming electron can likewise be interpreted as an outgoing positron, each with a different direction as to time; while a diagram depicting electron/positron annihilation into a pair of photons can also serve as a representation of Compton scattering.
History is replete with attempts to show an equivalence between alternative formulations of a theory or conceptual framework.  Descartes tried mightily to demonstrate an isomorphic correspondence between algebra and geometry, but was handicapped in that he did not have the calculus at his disposal.  Heisenberg’s formulation of quantum mechanics in terms of matrices is equivalent to Schrödingers’s formulation in terms of waves, while the proof of the fundamental equivalence between elliptic equations and modular forms that defines the Taniyama-Shimura conjecture led to Andrew Wiles’ successful solution to Fermat’s Last Theorem.  In the same vein, Freeman Dyson very early on was able to demonstrate an equivalence between the Feynman version of QED and those of Schwinger and Tomonaga.  
Let us now proceed to probe a little further into the logistics of classical Feynman diagrams.  By classical here I mean the period dating from the gestation of QED to the problems generated by attempts to picture the Strong Force.  Then in the next section I will briefly consider the fate of the Feynman diagram as it makes its way into the next generation.  

Prior to Feynman, Quantum Field Theory was in need of an economical device that could calculate the history of a particle involved in an interaction as a quantity of action.  What had worked so well for Newtonian Mechanics might also succeed in the case of QFT.    Thus Feynman’s mathematical application of a Lagrangian approach to quantum theory, via the integration of infinitesimal slices of the wave function and its probabilities through a finite period of time, was of tremendous computational value even prior to the translation of algebraic relations and steps into corresponding diagrams.  While the diagrams  keep track of the quantum computations, albeit only for an expert interpreter, Feynman’s mathematical manipulation of the physical relations in terms of a Lagrangian  technique are a timesaver independent of the diagrams.  Furthermore, given the infinite number of superpositional possibilities that characterize quantum reality, Feynman needed to sum up all probabilities, both virtual and real.  As slices of time get smaller and smaller, the Uncertainty Relations between time and energy kick in to create virtual particles.  But as long as the relevant integrals converge there are no problems.

For collisions between electrons and positrons or even between electrons and protons Feynman’s diagrams and the calculations to which they give rise agreed with experiment to an extremely high degree of accuracy.  But the Feynman integrals diverged to infinity in the presence of the Strong force which dominates interactions between any hadron pair.  Due to the high value of the strong coupling constant, as compared for instance to the much smaller electromagnetic fine-structure constant, renormalization alone will not remove the transgressing infinities. This failure however was not a complete loss, as it led to the consideration of sub-atomic dispersion relations as a possible means of coping with errant particle behaviors.

(4)  FEYNMAN DIAGRAMS – THE NEXT GENERATION
By now, most scientifically literate people will have come across the open and closed loop diagrams used to represent the existence of strings.  While they look nothing alike string and Feynman diagrams both share a capacity to exhaustively represent all possible interactions between two different things.  Also analogous is the fact that string diagrams visually simplify complex interactions.  String segments can be split or combined in various ways, the sum total of which allows theoreticians to calculate the sizes of string interactions.   Stanley Mandelstam and A.M. Poylakov both demonstrated just how Feynman diagrams could be generalized and extended to fit with the earliest family of string theories, while the work of Michael Green and John Schwarz augmented the computational power and sophistication of string diagram calculations.  While I will not discuss it here, the twistor theory of Roger Penrose, one of the interesting alternatives to string theory, also employs diagrams which derive from the legacy of Feynman diagrams. 

Of its many mathematical triumphs, string theory has been successful in showing the topological equivalence of processes that appear to be different when depicted by Feynman diagrams.
  With regard to Feynman diagrams which portray the scattering of a pair of hadrons that are then converted into two new particles in a myriad of ways, translation into the visual language of strings permits us to clearly see how the representation of point-particle processes can be understood as manifestations of a more fundamental unity.  While the eyes may be the window to the soul, physical diagrams provide the theoretician with a portal to the inner workings of nature at the most fundamental of levels.  What is being done today with computer simulations of complex processes beyond the reach of our technological wherewithal pushes the original pictorial musings of Feynman to their ultimate potential as a means of proving that seeing is believing.  Even if Feynman diagrams cannot strictly survive a vision of physical reality which no longer is built upon the foundation of the point-particle, they live on in spirit as new pictorial tools are invented to accomplish the same basic ends.  If the string revolution should turn out to lead to the proper unification of physical theory then the diagrams of Feynman will have played a significant part in this overall transformation, for they shed light on both the power and the poverty of the standard point-particle model.
(5) CONCLUDING REMARKS
Thomas Kuhn once enumerated a partial set of attributes to which all good theories must subscribe.
  According to Kuhn, successful scientific theories are required to be 1) consistent, 2) accurate, 3) broad in scope, 4) simple, and 5) fruitful.  One might even inquire as to whether there is such a thing as a theory of method, which is another way of referring to the logic of discovery.  It would seem that Feynman diagrams, albeit only a methodological means towards a theoretical end, meet each one of these demands.  They are certainly simple, accurate to the extreme, consistent in their observation of all quantities to be conserved, generalizable to other contexts beyond QED, and fruitful both in terms of their role in experimental confirmation and predictive potential beyond what has already been observed.

If someone were to visit the Rugby school in England he or she would immediately encounter a plaque near the entrance which regales visitors with the storied origin of the game which shares its name.  It says that in 1823, while in the midst of a game of soccer, William Webb Ellis picked up the ball and ran with it, with a fine disregard for the rules of the game.  I think that much the same can be said about Feynman’s highly individualistic approach to the problems of science. He bore in his soul a fine disregard for the conventions of scientific problem solving, and courted ridicule in daring to go where no respectable scientist had gone before.
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