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Abstract 

This paper aims to give a substantive account of how Feynman used diagrams in the first lectures in 

which he explained his new approach to quantum electrodynamics. By critically examining unpublished 

lecture notes Feynman’s use and interpretation of both “Feynman diagrams” and others visual 

representations will be illuminated. This paper will discuss how the morphology of Feynman’s early 

diagrams were determined by both highly contextual issues, which molded his images to local needs and 

particular physical characterizations, and an overarching common diagrammatic style, which allowed 

Feynman to move between different diagrams despite their divergent forms and significance. 
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1. Introduction 

To many, the name Richard Feynman (1918-1988) immediately conjures up images of his eponymous 

diagrams. In the field of the history and philosophy of science, investigations into the origins, uses, and 

interpretations of Feynman’s simple yet immensely powerful diagrammatic representations of 

subatomic events have experienced a moderate but notable surge in interest as of late. Philosophers 

such as James Brown and Letitia Meynell have discussed the question of what, precisely, Feynman 

diagrams represent.1 While David Kaiser has also addressed the question of representation, his work on 

Feynman diagrams has been primarily historical, as his book Drawing Theories Apart focuses mainly on 

the adoption (“dispersion”) of Feynman diagrams and the factors and mechanisms which enabled this.2 

Most recently, Adrian Wüthrich has written on the early origins of Feynman’s diagrams, tracing their 

development from Feynman’s early “path counting” to Freeman Dyson’s formalizing “intervention”.3 

 Despite the excellent work contextualizing Feynman diagrams within Feynman’s theoretical 

struggles, the post-doctoral and international academic systems, and the philosophical questions 

surrounding representation, few scholars have opted to view Feynman diagrams as one of a number of 

visual techniques produced by Richard Feynman. By singling out “Feynman diagrams” at the expense of 

the numerous other types of diagrams used by Feynman, the insight one gains into the role of diagrams 

in scientific thought and the nature of visual reasoning is unnecessarily narrowed. 

 This paper aims to step back and address the plurality of diagrams produced by Feynman, 

“Feynman diagrams” included, within their historical and textual context. In particular, I shall give a 

substantive account of how Feynman used diagrams in the first lectures in which he was tasked with 

explaining his new approach to quantum electrodynamics, which he delivered at the University of 

Michigan in 1949. In observing Feynman’s refusal to restrict himself to one specific style of diagram, 

namely the generalized interactions we commonly refer to as “Feynman diagrams”, we are confronted 

with the question of why Feynman employed a spectrum of diagrams rather than a single type. While 

we will come to understand this plurality in terms of local pedagogical decisions, we shall nevertheless 

                                                           
1
 Brown (1996), Meynell (2008). 

2
 Kaiser (2000, 2005).  

3
 Wüthrich (2010). Of course, some older, but still highly valuable, historical works also exist, most notably Sam 

Schweber’s “Feynman and the Visualization of Space-Time Processes” and his subsequent book, QED. Schweber 
(1986, 1994).  
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see how, despite differences in both the appearance and significance of these diagrams, Feynman relied 

on visual commonalities to move between various diagrams with ease. 

 

2. Some Historical Background to Feynman’s “New Approach” 

This work will investigate the role of Feynman’s diagrams in his early talks. As we shall see, Feynman 

used a variety of diagrams to help communicate and explain his “new approach” to QED, both in its 

fullest formation and in for more simplified cases, as well as to facilitate the calculation of probability 

amplitudes for quantum interactions. However, before we begin exploring how Feynman used diagrams 

in his lectures we must first briefly the historical background to these talks. 

Beginning in the early 1940s, Feynman had been working on a way to physically understand and 

mathematically describe time-delayed interactions between relativistic particles. His doctoral thesis, 

completed in 1942 under Archibald Wheeler, provided a method for describing non-relativistic 

electrodynamic interactions in terms of a quantum analogue of the classical principle of least action. 

This approach was well-suited to Feynman’s method as it involved considering interactions in terms of 

advanced as well as retarded waves, advanced waves being waves transmitted from the future to the 

past. This approach allowed Feynman to describe quantum interactions without invoking a Hamiltonian, 

a description that would not have been possible given Feynman’s use of advanced waves.4 

While Feynman was ultimately unable to successfully apply this approach to the three-

dimensional Dirac equation, several of the general themes characterized by Feynman’s methodology 

would come to frame his “new approach” to QED, which he adopted in the late 1940s.5 For one, 

Feynman’s new approach still involved future events influencing past ones, as he characterized 

positrons as electrons traveling backwards in time. The suggestion that positrons are backwards-

traveling electrons, originally proposed by Wheeler in 1940, would become one of Feynman’s most 

novel contributions to the field of particle physics. 

Feynman’s mathematical approach, while different from his original path integral method, 

continued to eschew considering the Hamiltonian form of wave equations. Instead of directly solving the 

Schrödinger or Dirac equations Feynman considered their associated Green’s functions, classes of 

                                                           
4
 Feynman (2005). 

5
 For a detailed analysis of Feynman’s “great struggle” with the Dirac equation, see Wüthrich (2010), ch. 4. 
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solutions to the inhomogeneous differential equations. These Green’s functions, generally referred to as 

kernels and written in the form K(2,1), do not describe a particular paths taken by a particle through 

space-time, but rather characterize the entirety of possible paths available to a particle on its journey 

between space-time points 1 and 2. These kernels thus correspond to the probability amplitudes for 

given subatomic events. Given Feynman’s interpretation of positrons, point 1 need not occur earlier 

than point 2. In a modular fashion, probability amplitudes of fundamental processes can be used to 

subsequently calculate the amplitudes of more complex quantum events. 

Finally, and perhaps most famously, Feynman’s new space-time approach involved the 

development of a diagrammatic method for computing the contributions of possible interactions of 

subatomic events. “Feynman diagrams”, as they came to be known, were developed after the Second 

World War, which Feynman spent working at Los Alamos on the Manhattan Project.6 These diagrams 

arose out of Feynman’s attempts to understand the Dirac equation, the quantum wave equation for 

relativistic particles, and his efforts to construct a physical “picture” capable of accompanying the 

“terrifying” power of mathematics.7 By developing a method in which these simple diagrams could be 

used to perform complicated quantum electrodynamic calculations, Feynman diagrams would come to 

be an integral component of the mathematical, as well as conceptual, apparatus of Feynman’s “new 

approach” to QED. 

Before long, Freeman Dyson (b. 1923) demonstrated that Feynman’s diagrammatic approach 

could be shown to be functionally equivalent to field-theoretical approaches to QED developed by Julian 

Schwinger (1918-1994) and Sin-Itiro (Shinichiro) Tomonaga (1908-1979), with whom Feynman would 

share the 1965 Nobel Prize in Physics. 8  In the context of Schwinger and Tomonaga’s rather 

mathematically-challenging methodology, Dyson described the primary advantage of Feynman diagrams 

as their ability to greatly facilitate calculations, although there is of course also much to be said 

regarding the heuristic advantages afforded by being able to generate simple pictures of complicated 

theoretical interactions. Understood as a graphical means of computing perturbation terms for a given 

event, Dyson’s formalized interpretation of Feynman’s diagrams (or “graphs”, as he called them) was 

published in his “The Radiation Theories of Schwinger, Tomonaga, and Feynman” in the Physical Review 

                                                           
6
 For more on Feynman’s war work, including insight into the roots of his modular, pictorial approach to QED, see 

Galison (1998). 
7
 “The power of mathematics is terrifying – and too many physicists finding they have correct equations without 

understanding them have been so terrified they give up trying to understand them. I want to go back & try to 
understand them.” Feynman to his good friend, Theodore Welton, CIT, 3.9. 
8
 Dyson (1949).  
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in February, 1949.9 Feynman’s own articles describing his “new approach” to QED, which included his re-

interpretation of positrons and presentation of Feynman diagrams were submitted to the Physical 

Review in April and May of the same year, and published in September. They were published as “The 

Theory of Positrons” and “Space-Time Approach to Quantum Electrodynamics”, respectively.10 

 In the summer of 1949, Feynman traveled to the University of Michigan in Ann Arbor to lecture 

at its annual Summer Symposium in Physics, a venue for students and professors alike commonly 

referred to as the “Summer School”. Here, Feynman was tasked with presenting his “new approach” to 

QED which he had recently described in his articles submitted to the Physical Review. While Feynman 

arrived at Ann Arbor as a respected member of the physics community, he nevertheless remained a 

relative methodological outsider; his version of QED was founded upon non-standard mathematical 

techniques, contained novel physical reinterpretations of fundamental particles, and involved a strange, 

new diagrammatic method of computing results. Feynman was not truly alone, as his methods had been 

adopted by Dyson and a small number of other individuals, such as Robert Karplus and Norman Kroll, 

and an increasing number of physicists were learning about them through circulated preprints of 

Feynman’s articles.11 However, Feynman’s approach was still relatively unknown, and it was still far from 

certain whether or not it would be ultimately adopted over more conventional field-theoretic methods. 

Yet, Feynman had faith in his theory, having checked his results against Schwinger’s, and was eager to 

describe his methods.12 Furthermore, he had faith in his diagrams, at least enough faith to incorporate 

                                                           
9
 Dyson (1949) Dyson’s use of the term “graphs”, as opposed to “diagrams”, is not merely a semantic decision but 

a conceptual one as well. Dyson approached Feynman diagrams as mathematical entities, not pictorial 
representations of subatomic interactions, an approach which contrasts to Feynman’s use of his own diagrams 
which he conceived of both mathematically and conceptually. Kaiser has discussed the divergent interpretations of 
Feynman and Dyson regarding how Feynman diagrams should be used and understood, and refers to this 
difference of opinions as the “Feynman-Dyson split”. Kaiser (2005), pp. 175-195. 
10

 Feynman (1949a, 1949b)  
11

 Karplus and Kroll used Feynman diagrams and “the methods of Dyson” to calculate the fourth order radiative 
correction to the magnetic moment of the electron. Their final work was submitted to the Physical Review in 
October, 1949. Karplus & Kroll (1950).  On the subject of preprints, as Kaiser has argued, reading preprints of 
Feynman’s 1949 papers would by no means ensure that they were understood. In most cases personal interaction 
was necessary for understanding how to use and conceive of Feynman’s diagrams. Kaiser (2005), ch. 2-4.  
12

 Several decades later Feynman recalled comparing his calculations, produced by his quasi-intuitive diagrammatic 
approach, with Schwinger’s, which were arrived at in a more conventional manner. In the spring of 1948, after his 
catastrophic presentation at Pocono manor, Feynman recalls discussing his results with Schwinger. 

“He *Schwinger+ didn’t understand my pictures and I didn’t understand his operators, but the 
terms corresponded and by looking at the equations we could tell, and so I knew, in spite of 
being refused admission by the rest [of the attendees of the Pocono conference], by 
conversations with Schwinger, that we both had come to the same mountain and that it was a 
real thing and everything was all right.” 

Feynman in Schweber (1994), p. 495. 
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them into his publications. However, as we shall see, these newly developed “Feynman diagrams”, 

lauded by Dyson for their computational advantages, were not the only type of diagram Feynman 

employed in his presentation of his “new approach”. 

 Before we begin examining Feynman’s use of diagrams in his 1949 presentation of his “new 

approach” to QED, one further contextualization is required. In 1948 Feynman attempted to present his 

space-time approach to QED to his peers at Pocono manor, Pennsylvania. As is well known, this went 

poorly, and his lecture was largely met with confusion. Following advice from Hans Bethe, Feynman 

decided to present his ideas in a technical mathematical manner, as Schwinger had done, and did not 

begin by describing his approach’s physical or conceptual differences. In the following lectures, we will 

see how Feynman had learned from his mistakes. In Michigan, Feynman presented his underlying 

physical ideas first, and only afterwards described how to apply his computational method, or, as 

Feynman would say, how to “get the numbers out” 13 

 

3.1 The Michigan Lectures Part I – Introducing Feynman’s “New Approach” 

In order to examine how Feynman used diagrams in his 1949 “A New Approach to Quantum 

Electrodynamics” lecture series, we shall track a course through a detailed set notes taken of Feynman’s 

lectures by two symposium attendees, Morton Fuchs and R. J. Riddell, Jr. Given the extensive nature of 

these notes and the context in which they were produced we have reason to believe that Fuchs and 

Riddell’s notes closely track Feynman’s actual lecture as it was given. In fact, these notes are more likely 

indicative of how Feynman’s lecture was actually delivered than any notes prepared by Feynman himself. 

Following these notes from beginning to end will be instructive in explicating of the variety of visual 

representations employed by Feynman in his lectures.14 

 After some introductory preamble describing the difficulties facing present-day quantum 

mechanics, namely the apparently infinite self-energy of the electron, Feynman begins describing his 

“new approach” to quantum electrodynamics by explaining how the future is obtained by the present in 

QED, namely by “an equation of the form 


H
ti





”, a version of the time-dependent Schrödinger 

                                                           
13

 For more on the Poconos conference, see Kaiser (2005), pp. 43-7. Schweber (1994), pp. 491-5. 
14

 A copy of these notes can be found in the Feynman collection at the Caltech archives. CIT, 15.7. 
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equation. He subsequently produces the first images of his lectures, a pair of space-time diagrams 

depicting simultaneous and delayed interactions between two particles (figure 1).15 

 

Figure 1: Space-time graphs explaining time-delayed interactions (CIT, 15.7, p.3) 

 These diagrams, explicitly referred to as space-time representations of interactions, 

demonstrate Feynman’s requirement that one must consider particles’ past states in addition to their 

present ones when describing the future state of systems involving time-delayed interactions. Feynman 

proceeds to describe how, in the “usual treatment”, this requires “bookkeeping variables” which 

describe the electromagnetic field and the history of these particles. These variables, however, “may be 

eliminated” if we choose to follow Feynman’s “much simpler” method, which, in addition to its 

mathematical simplicity, contains several distinct advantages, such as automatic Lorentz invariance and 

the ability to solve problems where no Hamiltonian exists.16 Feynman also compares his method with 

the approach taken by Schwinger and Tomonaga, which he states “requires a complete description of 

any process, which is much more than is generally necessary for the solution of problems.”17 

                                                           
15

 CIT, 15.7. p. 3. Feynman actually begins his lectures by discussing some of the problems encountered by QED 
(such as the divergent self-energies of the electron, the Lamb shift, and virtual electron-positron pairs produced by 
the vacuum) and how they have been tackled in recent years. However, this preamble is not immediately relevant 
to the presentation of his “new approach”. CIT, 15.7. pp. 1-2. 
16

 CIT, 15.7. pp. 3-4. 
17

 CIT, 15.7. p. 4. 



 7 

 

Figure 2: Space-time graphs explaining backwards-traveling electrons (positrons) 

(CIT, 15.7, p. 4) 

 As Feynman’s lectures progressed, diagrams (frequently of the space-time variety) were 

continued to be used to introduce or illuminate key feature of his “new approach”. On page 4 of Fuchs 

and Riddell’s lecture notes, Feynman puts forward his “notion of positrons” and invites his audience to 

“consider various possibilities for electron paths in the space-time description”.18 He then graphically 

depicts two possible ways that an electron can travel from one space-time point to another: in the first 

“normal way” the electron travels only forwards in time while in the second way the electron 

“undergoes an unusually large deflection, namely, to a direction backwards in time”. This “deflection” 

can also be understood as a spontaneous creation/annihilation of an electron-positron pair, in which the 

positron is considered to be equivalent to the chronologically-reversed electron (figure 2).19 On page 5 

Feynman gently introduces the mathematical apparatus of his new approach, describing it as an 

extension of the quantum double-slit experiment, of which he produces a diagram (figure 3).20 He 

postulates that, as long as no attempt is made to determine which path is taken, each possible path for 

an electron traveling from one point in space-time to another must be considered. This concept is 

visually reinforced with a space-time diagram on page 6, which depicts the multiple paths a free particle 

may take when traveling from one point in space-time to another (figure 4).21 A highly schematic 

description of how one computes the contributions of each possible path in order to achieve the total 

amplitude for the journey of a free particle accompanies this image. 

                                                           
18

 CIT, 15.7. p. 4. 
19

 CIT, 15.7. p. 4. 
20

 CIT, 15.7. p. 5. 
21

 CIT, 15.7. p. 6. 
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Figure 3: The double-slit experiment (CIT, 15.7, p. 5) 

 

Figure 4: Multiple paths through space-time (CIT, 15.7, p. 6) 

 So far, Feynman’s discussion of his “new approach” has been largely conceptual. His diagrams 

have all served to help illustrate a particular physical feature of his method: delayed interactions, 

backwards-traveling electrons, and the necessity of considering multiple (and curved) paths through 

space-time.22 Feynman has begun explaining the fundamental concepts of his new approach by invoking 

space-time diagrams, thereby grounding his new ideas in familiar representations. This analogical 

“grounding” strategy is also reflected in Feynman’s discussion of the need to consider all possible paths 

available to a particle, which is described as a logical extension of the well-known double-slit experiment. 

 On page 7 Feynman furthers his explanation of how one actually performs the calculations 

required by his novel interpretation. He reassures his audience that although his approach may appear 

quite different from ordinary quantum mechanics, its “essential ideas”, “‘state vectors’, matrix elements, 

                                                           
22

 Feynman’s space-time paths are frequently curved, even when not discussing the multiple paths that must be 
considered to fully describe an event. This curvature might serve to remind his audience of his multiple-paths 
approach and of his requirement that electrons need not travel in straight lines though space-time. Such curved 
paths contrast with his “Feynman diagrams”, which, as we shall see, the vast majority of which contain straight 
lines. 
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wave functions, etc.”, are nevertheless the same, although these terms will undergo some redefinition.23 

He defines a kernel K(2,1) as the total amplitude for a particle traveling from one point in space-time to 

another, and explains how this quantity is related to the probability of finding a particle originating at 

point 1 in the vicinity of point 2 (that is, between x2 and x2+dx2 at time t2). A space-time diagram 

accompanies this explanation, depicting an assortment of (curved) possible paths for a particle 

originating at point 1, only one of which terminates within the bounds of point 2 (figure 5). Feynman 

then asks his audience to consider all “allowed” paths in space-time from point 1 to point 2 and shows 

how the kernel can be computed from the classical action (and therefore from the Lagrangian) of each 

permissible path. This explanation stands beside a space-time diagram showing multiple paths between 

points, complete with the ε time-steps employed in the ensuing calculation (figure 6).24 As Feynman 

begins to discuss how one performs calculations within his “new approach” his accompanying diagrams 

help his audience gain an intuitive, visual grasp of how this is done, as well as understand what, 

precisely, is being calculated. 

 

Figure 5: Explaining the kernel K(2,1) (CIT, 15.7, p. 7) 

                                                           
23

 CIT, 15.7. p. 7. 
24

 CIT, 15.7. p. 8. 
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Figure 6: Producing the formal expression for the kernel (CIT, 15.7, p. 8) 

 Feynman then spends the next while focusing on the mathematical details of his methodology, 

walking his audience through several specific examples of how to calculate amplitudes. He 

demonstrates how to obtain kernels for a number of events (a free particle, a forced harmonic oscillator, 

and a free particle perturbed by a potential) and how these kernels can be used to compute the 

transition amplitude for a particle which undergoes a change of state. As Feynman arrives at the kernel 

for a free particle acted on by a potential, he steps back from his calculations to explain how such an 

event can be conceptualized. “The expression lends itself to a simple physical picture”, Feynman 

remarks, subsequently drawing two highly schematic diagrams denoting the first- and second-order 

perturbation terms of the kernel, representing generalized single- and double-scatterings of a particle by 

a field (figures 7, 8).25 

                                                           
25

 CIT, 15.7. pp. 14-5. The first- and second-order kernel terms are as follows: 

First-order: dtdxddKUK
i

K 33300

1 ;)1,3()3()3,2()1,2(   


 

Second-order: 
430002

1 )1,3()3()3,4()4()4,2()1,2(  ddKUKUK
i

K 


 for t4 > t3 

K0 describes the kernels for each component of the total event and U describes the external potential with which 
the particle interacts. The numbers in parentheses refer to components of the diagram. CIT, 15.7. pp. 24-5. 
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Figure 7: Generalized scattering of a particle by a field (CIT, 15.7, p. 15) 

 

Figure 8: Generalized double-scattering of a particle by a field (CIT, 15.7, p. 15) 

 These diagrams lack space-time axes, the first diagrams in this lecture series to do so. The 

reason behind this lack of axes becomes clear once we understand that these diagrams do not represent 

specific trajectories of particles through space-time, as Feynman’s previous diagrams did, but rather 

every possible single or double scattering which might occur at any point in space-time between the 

known beginning and end of the particle’s route. Here, space-time axes would be misleading at best and 

incorrect at worst. Nevertheless, these diagrams are drawn in a manner resembling such trajectories, as 

if they represent particles traveling through space and time at a constant velocities unless acted upon. 

Feynman has now shifted from drawing space-time diagrams to drawing what I shall term “Feynman-

like” diagrams. This admittedly awkward term, “Feynman-like”, describes diagrams that depict 

generalized interaction but not photons, which are explicitly drawn in the Feynman diagrams found in 

the final section of these lectures. The close visual resemblance between space-time and Feynman-like 
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diagrams facilitates this transition, allowing Feynman to introduce these new diagrams without 

explanation or justification.26 

 

3.2 The Michigan Lectures Part II: A Plurality of “Styles” 

Having drawn his first axes-less diagrams representing the totality of possible paths, one might expect 

Feynman to quickly transition into drawing the diagrams which would one day bear his name. In fact, 

this is not the case, and there are no less than four “styles” of diagrams drawn before Feynman begins 

producing the diagrams with which modern physicists are more familiar. As we shall see, each type 

diagram is highly contextual, drawn to represent a particular phenomena or feature of Feynman’s “new 

approach”. 

 Figures 9-12 exemplify the four different “styles” (or “types”) of diagrams employed before 

Feynman presents his “Feynman diagrams”. Some of the styles exemplified in these images are 

employed only once or twice in these lectures, while others span a greater number of images. Each of 

these four figures and their corresponding styles will be discussed in turn. 

 

Figure 9: First-order perturbation of the transition of a single charged particle (CIT, 

15.7, p. 16) 

                                                           
26

 Decades later. Feynman would play fast and loose with space-time axes in his QED: The Strange Theory of Light 
and Matter. Lecturing to a more “popular” audience, the requirement that Feynman diagrams should, in principle, 
be drawn without axes likely took a backseat to the utility of axes in facilitating Feynman’s explanations. Feynman 
(2006).  
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Figure 10: A “hybrid” diagram (CIT, 15.7, p. 18) 

 

 

Figure 11: Two types of double-scatterings (CIT, 15.7, p. 29) 

 

Figure 12: Two “circle” diagrams (CIT, 15.7, p. 31) 

 The first diagrammatic “style”, of which only one diagram is produced (figure 9), represents 

something quite different than Feynman’s other diagrams. While this image may appear to the modern 

reader as representing the exchange of a photon between two charged particles, it in fact describes the 

first order perturbation of the transition of a single charged particle from one state into another when 

acted upon by a potential U(3) at time t3 (t3 occurs between t1 and t2). Its straight, vertical lines do not 
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represent trajectories of particles but rather abstract quantum states, which appear to exist 

independently of the particle occupying them. Like the diagrams in figures 7 and 8, this diagram is 

produced without axes and involves only straight lines. It is drawn in passing when discussing how to 

peturbatively describe transition amplitudes. Perhaps Feynman believed his success in diagrammatically 

representing perturbations of interactions between particles could be repeated with a similar yet 

substantially different sort of diagram. This style was not repeated, even for a second order perturbation 

term. Most likely this was due to the confusion it caused in light of Feynman’s other (and more 

established) diagrams, against which it appears to suggest an interaction between two particles, not a 

single particle’s transition from one state into another.27 

 The next two diagrams that follows figure 9 at first appear to a return to depicting well-defined 

space-time interactions between charged particles, just as Feynman had begun his lecture discussing. 

However, from the text and equations accompanying figure 10 and a second similar diagram, it is clear 

that the curved lines from 1 to 3 and from 2 to 4 represent kernels, totalities of possible paths, and not 

particular paths through space-time. This is particularly interesting, as the diagram also contains 

(presumably space-time) axes, and curved, not straight, lines representing charged particles, features 

which are otherwise exclusive to space-time diagrams.28 This diagram is thus a curious hybrid between a 

“Feynman-like” diagram and a more conventional space-time diagram, leading to confusion should one 

take all of its components “literally”. It is possible that the ambiguity inherent in this diagram is the 

result of a copying error by Riddell and Fuchs, although there is no reason to suspect this per se without 

casting doubt on the note-takers’ other diagrams.29 

 Figure 11, which resembles figure 8, depicts both a conventional generalized double scattering 

(left) and a more peculiar double-interaction, that of an electron traveling forwards, backwards, then 

forwards again in time (or, alternatively, two electrons and a positron, all traveling forwards in time, the 

backwards-traveling electron being equivalent to the forwards-traveling positron). Potentials (relativistic 

four-vector potentials, not photons) responsible for the scatterings (or pair creation/annihilations), 

                                                           
27

 It is worth noting that figure 9 is not repeated in the lectures series given at Caltech in 1950 titled “Quantum 
Electrodynamics and Meson Theories”. These lectures repeat a significant portion of Feynman’s “New Approach” 
verbatim. Moreover, every “style” of diagram discussed in this paper is reproduced in Feynman’s “Quantum 
Electrodynamics” lectures except for that used to depict figure 9. CIT, 7.10. 
28

 CIT, 15.7. p. 18. 
29

 This style of diagram is repeated in the notes taken to Feynman’s 1950 Caltech lecture titled “Quantum 
Electrodynamics and Meson Theories”. While this would suggest that the repetition was Feynman’s, much of the 
notes were based on Riddell and Fuchs’, rendering it difficult to tell whether or not Feynman actually repeated his 
axes-laden “Feynman-like” diagram. CIT, 7.10. p. 11. 
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while not graphically represented, are indicated by the letter A. Backwards and forwards traveling 

particles, drawn without arrows, are labeled with positive or negative “E”s, denoting positive or negative 

energy solutions to the corresponding Dirac equation. 

 Here, Feynman has begun to provide a relativistic formulation of his new approach and has 

come to one of its more peculiar features: while one would always expect a positive energy after such a 

double scattering, as predicted by the “hole theory” and verified experimentally, the intermediate wave 

function can be associated with either positive or negative energy states, depending on the sequence of 

the electron’s interactions with the potential. If, as the diagram to the right in figure 11 indicates, the 

interactions with the potential result in virtual electron-positron pair creations and annihilations, not 

straightforward scatterings, the energy of the intermediate state appears to be negative. However, this 

still ultimately results in a positive intermediate energy, as the negative sign that emerges from the 

wave function corresponding to particle being a positron, not an electron, is cancelled out by the 

negative sign resulting from the interaction taking place backwards in time. These diagrams, which 

combine Feynman’s generalized depiction of space-time trajectories and novel interpretation of 

positrons, help give Feynman’s audience a heuristic idea of the event in question and explain how a 

positive intermediate energy is ultimately achieved. 

 

Figure 13: “Circle” diagrams depicting the four fundamental QED interactions (CIT, 

15.7, p. 30) 
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 Feynman’s discussion of Dirac’s hole theory quickly leads into a series of diagrams denoting the 

four fundamental QED interactions, all of which are described by the same formula but with varying 

time relations: electron scattering, positron scattering, pair production, and pair annihilation (figure 13). 

These diagrams are drawn differently from Feynman’s other diagrams in that they contain circles, 

constituting the first graphical representations of potentials produced in this lecture series. Circles, as 

opposed to wavy lines, are, in fact, a rather appropriate way of depicting these potentials, as at this 

stage in his lecture Feynman was working within a hybridized scheme with quantized charged particles 

but unquantized (although still relativistic) fields.30 

 While these circles signify potentials they also serve a more subtle purpose. The reasons for 

these circles become clear as Feynman moves from drawing fundamental events to more complicated 

processes in which multiple interactions can correspond to unique observation. In addition to 

representing potentials, these circles serve a subtler purpose; they demarcate zones of quantum 

ignorance, the limits of external observers’ knowledge of quantum electrodynamic events. Since an 

observer can only be aware of the particles entering and exiting such events, one cannot, for example, 

know whether the interaction within the circles in figure 12 was in fact an electron-positron scattering 

or a creation/annihilation. Therefore, as one must consider any and all possible paths available to 

quantum interactions, probability amplitudes must be sufficiently modified to accord with the various 

possibilities. The amplitudes associated with these diagrams are subtracted from one another to yield 

the total amplitude for the generalized interaction, a move necessitated by the Pauli exclusion principle. 

This is indicated by the minus sign placed between the diagrams in figure 12.31 

 What can be said regarding these four styles of diagrams? Firstly, it should be noted that these 

diagrams are not drawn primarily for the purposes of calculation. Although several of them are 

numbered and labeled, no calculations follow. Instead, like Feynman’s earlier space-time diagrams, 

these diagrams had a primarily heuristic function, as many of them were used to graphically assist in the 

description of events particular to Feynman’s “new approach”. They are illustrations; their function is to 

help explicate or explain particular physical interpretations, concepts or mathematical features. 

Moreover, while each diagrammatic style is distinct, tailored to a specific problem at hand, Feynman 

                                                           
30

 Kaiser refers to this half-quantized approach as “semiclassical”. Feynman’s adoption of this approach throughout 
his “Theory of Positrons” paper allowed him to demonstrate several features of his “new approach” without 
engaging some of the more serious problems of QED, namely its seemingly infinite integrals. Kaiser (2005), pp. 
178-82. 
31

 For a discussion of how and where the Pauli exclusion principle is to be applied to this situation, which closely 
follows the explanation provided in Feynman’s “New Approach” lectures, see Feynman (1949b), p. 755. 



 17 

appears to move between these different styles with ease, giving only minimal explanation as to what 

each diagram represents. This suggests a familiarity with such diagrams, at least on Feynman’s part, and 

underscores their graphical similarities. Despite their critical differences, the visual commonalities that 

underlie these various diagrams are strong enough so that Feynman can expect his audience to 

understand them all, at least at a superficial level, with minimal effort. 

 

3.3 The Michigan Lectures Part III: From Explanation to Calculation 

Finally, we come to figures 14 and 15, the most recognizable to modern physicists. Photons, represented 

by wavy lines, are now used to denote interactions between nearby particles or with an external field. 

Though graphically similar, there nevertheless exists a difference between figures 14 and 15: figure 15 

represents an interaction occurring in momentum space, not coordinate space. Coordinate space, 

Feynman explains, “is convenient for interpretation but is not at all simple for the purposes of 

calculation.”32 Thus, Feynman’s coordinate space diagrams are re-interpreted, their edges taken to 

represent the generalized four-momenta for each component of the interaction. 

 

Figure 14: Coordinate space “Feynman diagram”(CIT, 15.7, p. 32) 

 

Figure 15: Momentum space “Feynman diagram” (CIT, 15.7, p. 37) 
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 Once they make their first appearance, momentum space Feynman diagrams are used to the 

exclusion of all others throughout the remainder of these lectures. They are drawn without axes and 

their components (edges and vertices) are frequently labeled with momenta or coupling terms, though 

occasionally they are simply numbered, as in figure 14. Their edges sometimes contain arrows, although 

this hardly appears to be necessary. While the majority of Feynman diagrams describe electromagnetic 

interactions a minority are occasionally used to represent non-electromagnetic interactions between 

hadrons (protons, neutrons, and mesons). Here, different lines are used to denote different particles: 

protons are drawn as solid lines, neutrons tend to be dashed lines, and mesons, whose mediating 

function is similar to that of photons, are drawn as wavy lines.33 

 The primary function of the twenty-two momentum space diagrams that appear in the 

remainder of Feynman’s Michigan lectures is to facilitate calculations. Each of Feynman’s four 

coordinate-space Feynman diagrams appear in the vicinity of integrals representing amplitudes, which 

are directly related to their associated diagrams. Feynman’s first momentum-space diagrams are 

accompanied by a highly generalized description of how one proceeds to use these diagrams to 

compute the amplitudes of their corresponding interactions. The remainder of momentum-space 

diagrams are generally found towards the beginning of worked problems and almost always followed by 

their corresponding integrals. They are used to “set up” problems and produce terms to be included in 

the subsequent integration. 

 The only time that Feynman diagrams are used outside the context of calculation is at the very 

end of Feynman’s lectures, where he discusses possible (and impossible) nucleon-meson interactions. 

Here, nucleons (protons and neutrons) exchange unidentified mesons, although each particle can also 

interact directly with the electromagnetic field. As these diagrams are merely suggestions of how one 

could conceive of (and subsequently compute the amplitudes of) charged-meson interactions, no 

calculations are displayed.34 However, while strong-force interactions could be represented by Feynman 

diagrams, the legitimacy of Feynman’s perturbation method for calculating strong interactions was far 

from certain since the contributions from higher-order permutations could not be readily ignored in 

favour of lower-order ones, like in electromagnetic interactions. This remained to be the case two years 
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later, in 1951, when Feynman wrote to Fermi from Brazil with the following warning: “Don’t believe any 

calculation in meson theory which uses a Feynman diagram!”35 

 

Figure 16: A hypothetical meson exchange (CIT, 15.7, p. 56) 

 Having followed Feynman’s first public lectures in which he introduced his diagrams, what have 

we found? First, it appears that, at least in 1949, Feynman’s eponymous diagrams had a critical but 

limited function. While Feynman diagrams proved to be excellent for calculation (and, to a lesser extent, 

casual representation), they were considered insufficient by Feynman for explaining the novel 

conceptual features of his “new approach” to QED. Instead, space-time diagrams, more familiar to the 

audience, were used to articulate the physical foundations of Feynman’s methods, including the 

possibility of chronologically-reversed particles and the need to consider all paths available to a particle 

on its journey from one point in space-time to another. Not only would the use of Feynman diagrams 

have been technically inapplicable to the idealized situations described in these cases, but they would 

have been confusing as well. This is due to the audience’s likely ignorance of the assumptions inherent 

in Feynman’s “new approach”, assumptions which Feynman diagrams both require and embody. Indeed, 

as the physical ideas behind Feynman’s theory were increasingly explained, and as the emphasis of his 

talk shifted from describing its conceptual foundations to demonstrating how to calculate amplitudes, 

Feynman’s space-time diagrams gradually morphed into “Feynman-like”, and ultimately “Feynman”, 

diagrams. 

 Furthermore, in focusing on Feynman’s use of his many styles of diagrams we see the 

importance of viewing Feynman’s visual imagery in terms of their specific functions within their 

immediate context. This is seen most clearly in Feynman’s use of non-“Feynman” diagrams to explain 

how the apparently anomalous negative intermediate energy predicted under Dirac’s hole theory 
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should ultimately be taken to be positive, as well as in his graphical demonstration of how (and why) 

one must take the influence of the Pauli exclusion principle into account when considering certain 

interactions. The variety of the contexts in which these diagrams were produced reflects the plurality of 

their forms. For instance, the diverse manners in which Feynman represented the electromagnetic 

field/photons – as circles, wavy lines, mere labels, or not at all – only becomes understandable when 

considering what type of field characterization Feynman was using at each point in his lecture as well as 

his motivation for producing the diagram in question. 

 However, despite their morphological diversity, the majority of Feynman’s diagrams 

nevertheless contain a number of common features. Charged particles appear as solid lines, and 

although individual paths can be curved, sums of possible paths are mostly drawn straight. Particles 

travel diagonally upwards through time (or diagonally downwards, if they are anti-particles), a 

convention borrowed from space-time diagrams but retained whether or not space-time axes in fact are 

present. These similarities are in fact strong enough that deviation from them, as seen in figures 9 and 

10, may prove confusing to the scrutinizing reader. Indeed, a powerful stylistic core underlies the 

plasticity of Feynman’s images, enabling him (and assumedly his audience) to engage with such a 

diversity of diagrams without Feynman having to explain in detail each and every modification to his 

representational scheme. Indeed, if one were to casually read Feynman’s 1949 Summer School lecture 

from its beginning to the point where Feynman diagrams are introduced, one might not even notice the 

seamless transitions between diagrammatic styles. Feynman’s shift from space-time diagrams to 

momentum-space Feynman diagrams is subtle, and although each different form of diagram represents 

something slightly distinct, their common graphical similarities greatly facilitate one’s ability to 

nevertheless “follow along”. 

 It is worth noting that these findings are consonant when applied to Feynman’s “The Theory of 

Positrons” and “Space-Time Approach to Quantum Electrodynamics”, both of which were published in 

the Physical Review in 1949. In both structure and content, these two articles closely follow Feynman’s 

“new approach” lecture notes, which is unsurprising since Feynman’s Michigan lectures were given 

mere months after he submitted his articles to the Physical Review. it is likely that Feynman’s lecture 

series was an expanded version of these papers, complete with more examples and heuristic images. In 

fact, while some of the diagrams in these articles differ notably from those in Feynman’s lectures (and 

vice versa), many appear in both sources. As in Feynman’s lectures, where the diagrams that were used 

to introduce his “new approach” differed from those used to perform its calculations, the images 
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appearing in Feynman’s two articles also differ. Feynman’s “Theory of Positrons”, whose diagrams are 

all technically not “Feynman diagrams”, employs visual imagery to explain particular features of 

Feynman’s approach, while “Space-Time Approach”, which is more concerned with applying Feynman’s 

methods to a variety of concrete problems, contains many (and only) Feynman diagrams. My claims 

regarding morphological flexibility and contextuality can thus also be applied to these two published 

works, although an in-depth analysis of the images contained in these articles would be somewhat 

redundant, given the excellent work of Wüthrich on this subject.36 

 

4. Analysis and Conclusions: Diversity, Similarity, and Scientific Visual Representations 

 As we have seen, Feynman used a spectrum of diagrams in his early lectures on QED. While  

“Feynman diagrams” were Feynman’s preferred diagram for performing quantumelectrodynamic 

calculations they were not seen as ideal for explaining his “new approach”, which, after all, included 

understanding the meaning and use of Feynman diagrams themselves. 

 It is worth noting that, in the years that followed, even as Feynman diagrams acquired an 

increased level of scientific respectability and the need to explain them waned, they never fully eclipsed 

other types of diagrams in explanations of Feynman’s approach to QED. Feynman’s 1950 Caltech lecture 

series titled “Quantum Electrodynamics and Meson Theories”, which introduced his newly developed 

“ordered operators”, included a number of “non-Feynman” diagrams, the styles of which can be 

understood in terms of the context of their purposes within his talk.37 Other relevant lectures given by 

Feynman throughout the 1950s varied in their use of non-“Feynman” diagrams – some contained 

relatively many while others contained only a few. An analysis of these lectures suggests that the less 

advanced or technical a lecture, the more Feynman included a variety of diagrammatic styles in it. For 

instance, Feynman’s 1951 “High Energy Phenomena and Meson Theories” was aimed at an advanced 

audience and relied heavily on Feynman diagrams. Compare this with Feynman’s lecture notes for his 

1953 “Quantum Electrodynamics” course at Caltech or his 1958 special lecture series at Cornell titled 

“Theory of Fundament Processes” (published in 1962), which contain a wider variety of diagrammatic 

styles, many of which are employed for heuristic purposes.38 Feynman and Hibbs’ 1965 textbook, 

“Quantum Mechanics and Path Integrals”, which was intended to introduce aspiring physicists to 
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Feynman’s path integral approach to QED, contains a significant number of diagrams, not a single one of 

which is a Feynman diagram! This is also the case for the Feynman’s famed “Feynman Lectures”, the 

third volume of which introduces Feynman’s audience to quantum mechanics. These lectures contain a 

great number of diagrams, but no Feynman diagrams, a somewhat less surprising discovery, given the 

(relatively) introductory scope of the lectures.39 The prevalence of “non-Feynman” diagrams in less 

advanced contexts continued as late as 1983, in Feynman’s QED: The Strange Theory of Light and Matter, 

a popular presentation of Feynman’s approach to quantum electrodynamics. Although they were well 

known by this time, Feynman diagrams were far from the only type of diagram employed in this text – in 

fact, they only first appear halfway through the book! Instead of Feynman diagrams, the first half of QED 

is populated by “arrow” diagrams, visual representations that employ arrows (vectors) to provide a 

relatively easy means of explaining how to think about (and calculate) probability amplitudes for 

quantum electrodynamic events in terms of the totality of available paths.40 

 These observations accord well with recent work by science studies scholars directed towards 

understanding the forms that scientific images frequently take. In particular, these findings accord with 

two divergent approaches that seek to understand scientific visual representations either in terms of 

images’ immediate context or in terms of more general visual traditions. For instance, it has been 

argued by some that scientific images are best understood in terms of local, contextual, and often 

disciplinary (or sub-disciplinary) needs. For one, Andrea Woody has investigated chemists’ propensity to 

favour energy-level diagrams over more reductionist modes of representation. Her findings indicate that 

chemists choose to employ energy-level diagrams due to the ability of these images to provide relevant 

information to their users, while simultaneously reflecting the ways that chemists conceive of their 

objects of inquiry.41 Other studies of pictorial representations, such as those of molecules, cells, neurons, 

and the social interactions of animals, have contributed to the notion that the forms that scientific 

images are often best understood within the specific context of the work in which they appear.42 Our 

analysis of Feynman’s early lectures accords well with these findings, as we have seen the importance of 

local use in determining the shape of many of Feynman’s diagrams.43 
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 On the other hand, there is the view that the forms given to scientific images are often rooted in 

representational traditions, shared pictorial conventions, or in other visual representations to which 

these images are understood analogously or metaphorically. This view is reflected in discussions of 

imagistic continuity in the face of conceptual change, such as in J. V. Field’s description of Renaissance 

mathematics and Martin Kemp’s work on early modern astronomy. 44  The notion that visual 

representations often get their forms from factors that lie beyond their most specific contexts is also 

present in studies that examine the uses of images in contexts that differ from those in which they 

originate. These studies indicate that the analogical or metaphorical adoption of visual imagery is 

relatively commonplace and can be found throughout a wide spectrum of scientific practice; consider, 

for example, H. T. Odum’s use of circuit diagrams to describe ecosystems, or Conrad Waddington’s 

epigenetic landscapes, in which cellular development is envisioned as the path taken by a ball rolling 

down a hill.45 This view also greatly helps us understand the forms given to Feynman’s diagrams, as we 

have seen how Feynman relied upon general stylistic similarities among his own images and how he 

modeled his unfamiliar Feynman diagrams after well-known space-time diagrams. 

 These two factors that shape scientific visual representations may appear to be oppositional: 

one highlights the importance of local contexts in shaping images while the other notes the advantages 

of representational continuity with a broader realm of imagistic styles. However, as this work has 

demonstrated, these factors are by no means incongruous. In the context of Feynman’s early lectures 

we see that such factors are in fact complementary, as they help provide us with the conceptual basis 

for understanding both Feynman’s diagrammatic diversity and his diagrams’ underlying similarities. On 

the one hand, Feynman shaped his diagrams to accord with the variety of conceptual points he wished 

to make. On the other hand, stylistic commonalties allowed Feynman to move between such diagrams 

with ease and to transition from familiar space-time diagrams to (then) novel Feynman diagrams. 

 These findings accord well with Kaiser’s work on Feynman diagrams, in which he notes that the 

strength of Feynman diagrams lies partly in their ability to become embedded in specific disciplinary 

practices (i.e. being used in calculating contributions, fulfilling local computational needs) while 

simultaneously reminding their users of bubble chamber tracks and Minkowski space-time diagrams (i.e. 
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relying on a broader visual context). Furthermore, Kaiser’s observation that Feynman diagrams were 

adopted by a variety of physicists working in different sub-disciplines, many of whom did not share 

common views on the nature of the subatomic world, further speaks to utility of morphological 

commonality and shared pictorial conventions in the face of disparate ontologies and divergent 

computational practices.46 However, while Kaiser characterizes Feynman diagrams as “mutable mobiles” 

within the greater physics community, there is much to be gained by viewing Feynman’s diagrams as 

“mutable mobiles” within Feynman’s own lectures, private notes, and published works. From this 

perspective we see such mutability not only in the interpretation and use of Feynman’s diagrams, but in 

their structure as well. As I have argued, this mutability, or flexibility, is critical to these diagrams’ 

strength, much of which lies in Feynman’s ability to use them in a visual analogical manner. 

 As this study has been primarily considered with pedagogical texts, whether or not such a 

generalized characterization of scientific diagrams is found to be applicable to other realms of scientific 

reasoning and representation remains to be seen. However, what is undeniably clear from this work is 

that the synonymy of Richard Feynman’s name with Feynman diagrams masks the diversity of diagrams 

employed by Feynman himself. While Feynman diagrams were a central, if not critical, component of 

Feynman’s approach to subatomic interactions (QED and otherwise), they were by no means his sole 

means of visual representation, particularly when faced with the task of explaining his theory to others. 

Kaiser’s characterization of Feynman diagrams as tools for calculation with a strong heuristic component 

is complemented by Feynman’s other diagrams, whose value are primarily heuristic, their functions 

being to help students (or perhaps Feynman himself) reason through the conceptual and mathematical 

aspects of his physics. 

 By considering Feynman diagrams as but one of many diagrams used by Feynman, and 

ultimately by others, we gain a richer account of the diverse manners in which images are used and an 

understanding of the both the diversity and underlying similarities among them. Furthermore, we gain 

insight into the nature of visual reasoning and the function of images in both pedagogical texts and, 

more generally, the place of images and other such representations in the practice of science. 

                                                           
46

 Kaiser (2000, 2005).  



 25 

Acknowledgements 

I wish to thank David Kaiser and Chen-Pang Yeang for their generous endless assistance, encouragement, 

and insight. Special thanks to Silvan Schweber for his valuable time and advice. Thanks to Adrian 

Wüthrich for sharing with me his unpublished dissertation. Many thanks are also extended to The 

Caltech Archives, specifically the extremely accommodating archivists Shelley Erwin and Loma Karklins, 

without whom this work could simply not have been produced. Finally, I would like to thank the 

University of Toronto School of Graduate Studies for their financial investment in this research. 

 

Bibliography 

Abraham, T. H. (2003). From Theory to Data: Representing Neurons in the 1940s. Biology and Philosophy, 
18(3), 415-426. 

Brown, J. R. (1996). Illustration and Inference. In B. S. Baigrie (Ed.), Picturing Knowledge: Historical and 
Philosophical Problems Concerning the Use of Art in Science. Toronto: The University of Toronto 
Press. 

Cambrioso, A., Jacobi, D., & Keating, P. (2006). Arguing with Images: Pauling's Theory of Antibody 
Formation. In L. Pauwels (Ed.), Visual Cultures of Science: Rethinking Representational Practices 
in Knowledge Building and Science Communication. Hanover, NH: Dartmouth College Press. 

Dyson, F. J. (1949). The Radiation Theories of Tomonaga, Schwinger, and Feynman. Physical Review, 
75(3), 486-502. 

Feynman, R. P. (1949a). Space-Time Approach to Quantum Electrodynamics. Physical Review, 76(6), 
769-789. 

Feynman, R. P. (1949b). The Theory of Positrons. Physical Review, 76(6), 749-759. 
Feynman, R. P. (1966). The Development of the Space-Time View of Quantum Electrodynamics. Science, 

153(3737), 699-708. 
Feynman, R. P. (1979). The Douglas Robb Memorial Lectures. 2010, from 

http://vega.org.uk/video/subseries/8 
Feynman, R. P. (2005). The Principle of Least Action in Quantum Mechanics. In L. M. Brown (Ed.), 

Feynman's Thesis: A New Approach to Quantum Theory (pp. 1-69). Hackensack, NJ: World 
Scientific. 

Feynman, R. P. (2006). QED: The Strange Theory of Light and Matter. Princeton, NJ: Princeton University 
Press. 

Feynman, R. P., Carruthers, P. A., Nauenberg, M., & Yura, H. T. (1962). The Theory of Fundamental 
Processes: A Lecture Note Volume. New York: W.A. Benjamin. 

Feynman, R. P., & Hibbs, A. R. (1965). Quantum Mechanics and Path Integrals. New York: McGraw-Hill 
Book Company. 

Feynman, R. P., Leighton, R.B., Sands, M. (1965). The Feynman Lectures on Physics. Volume 3: Quantum 
Mechanics. Reading, MA, Addison-Wesley Publishing Company. 

Field, J. V. (2004). Renaissance Mathematics: Diagrams for Geometry, Astronomy and Music. 
Interdisciplinary Science Reviews, 29(3), 259-277. 



 26 

Galison, P. (1998). Feynman's War: Modelling Weapons, Modelling Nature. Studies in the History and 
Philosophy of Modern Physics, 29(3), 391-434. 

Goldberg, A. D., Allis, C. D., & Bernstein, E. (2007). Epigenetics: A Landscape Takes Shape. Cell, 128, 635-
638. 

Hopwood, N. (2006). Pictures of Evolution and Charges of Fraud: Ernst Haeckel's Embryological 
Illustrations. Isis, 97(2), 260-301. 

Kaiser, D. (2000). Stick-Figure Realism: Conventions, Reification, and the Persistence of Feynman 
Diagrams, 1948-1964. Representations, 70, 49-86. 

Kaiser, D. (2005). Drawing Theories Apart: The Dispersion of Feynman Diagrams in Postwar Physics. 
Chicago: Chicago University Press. 

Karplus, R., & Kroll, N. M. (1950). Fourth-Order Corrections in Quantum Electrodynamics and the 
Magnetic Moment of the Electron. Physical Review, 77(4), 536-549. 

Kemp, M. (1996). Temples of the Body and Temples of the Cosmos: Vision and Visualization in the 
Vesalian and Copernican Revolutions. In B. S. Baigrie (Ed.), Picturing Knowledge: Historical and 
Philosophical Problems Concerning the Use of Art in Science (pp. 40-85). Toronto: The University 
of Toronto Press. 

Maienschein, J. (1991). From Presentation to Representation in E.B. Wilson's The Cell. Biology and 
Philosophy, 6(227-254). 

Mehra, J. (1994). The Beat of a Different Drum: The Life and Science of Richard Feynman. Oxford: 
Clarendon Press. 

Meynell, L. (2008). Why Feynman Diagrams Represent. International Studies in the Philosophy of 
Science, 22(1), 39-59. 

Moser, S. (1996). Visual Representation in Archaeology: Depicting the Missing-Link in Human Origins. In 
B. S. Baigrie (Ed.), Picturing Knowledge: Historical and Philosophical Problems Concerning the 
Use of Art in Science (pp. 184-214). Toronto: The University of Toronto Press. 

Myers, G. (1998). Every Picture Tells a Story: Illustrations in E. O. Wilson’s Sociobiology. Human Studies, 
11(2), 235-269. 

Ruse, M. (1996). Are Pictures Really Necessary? The Case of Sewall Wright's 'Adaptive Landscapes'. In B. 
S. Baigrie (Ed.), Picturing Knowledge: Historical and Philosophical Problems Concerning the Use 
of Art in Science (pp. 303-337). Toronto: The University of Toronto Press. 

Schweber, S. S. (1986). Feynman and the Visualization of Space-Time Processes. Reviews of Modern 
Physics, 58(2), 449-508. 

Schweber, S. S. (1994). QED and the Men Who Made It: Dyson, Feynman, Schwinger, and Tomonaga. 
Princeton, NJ: Princeton University Press. 

Taylor, P. J., & Blum, A. S. (1991). Ecosystems as Circuits: Diagrams and the Limits of Physical Analogies. 
Biology and Philosophy, 6(2), 275-294. 

Woody, A. I. (2000). Putting Quantum Mechanics to Work in Chemistry: The Power of Diagrammatic 
Representation. Philosophy of Science, 67 (Proceedings), S612-S627. 

Woody, A. I. (2004). More Telltale Signs: What Attention to Representation Reveals About Scientific 
Explanation. Philosophy of Science, 71, 780-793. 

Wüthrich, A. (2010). The Genesis of Feynman Diagrams. Dordrecht: Springer.



 27 

Caltech Archival Bibliography 

 
All Caltech archival material is referenced to in the text as “CIT, box.folder”. 
 
Box 1: “Section I: Correspondence” 
 Folder 35: “Fermi, Enrico 1951-1952” 
 
Box 3: “Correspondence” 
 Folder 9: “Welton, Theodore A. 1948-1950, 1952” 
 
Box 7: “Lecture Notes for Courses” 
 Folder 7: “High Energy Phenomena and Meson Theories 1951 (at CIT)” 
 Folder 9: “Quantum Electrodynamics 1953 (at CIT)” 
 Folder 10: “Quantum Electrodynamics and Meson Theories 1950 (at CIT)” 
 
Box 8: “Lecture Notes for Courses” 
 Folder 2: “Theory of High Energy Phenomena 1951 and Meson Theory Notes” 
 
Box 15: “Miscellaneous Manuscripts” 
 Folder 7: “"A New Approach to Quantum Electro- dynamics," by Feynman, taken by M. Fuchs 
  and R. Riddell 1949” 


