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Abstract

The Feynman checkerboard problem is an interesting path integral approach to
the Dirac equation in ‘141’ dimensions. I compare two approaches reported in the
literature and show how they may be reconciled. Some physical insights may be gleaned
from this approach.
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1 Introduction

Kauffman and Noyes[4] presented an intriguing derivation of the Feynman checkerboard
problem[2]. Of particular value, Kauffman and Noyes provide explicit expressions for the
contributions from the various equivalence classes of paths that contribute to the wave func-
tion. Explicit evaluation of some simple cases reveals that these expressions are incorrect,
unfortunately. Prior to Kauffman and Noyes, Jacobson and Schulman[3] sketched a deriva-
tion of the combinatorial factors that occur in the ‘RL’ class of paths discussed in Kauffman
and Noyes[4]. By reverse engineering the arguments given in Jacobson and Schulman[3], I
was able to write the correct combinatorial factors for the checkerboard problem as developed
in Kauffman and Noyes[4]. Section [ is a précis of Jacobson and Schulman’s constructive
procedure[3]. Section Bl shows how to express these results in the notation of Kauffman and
Noyes[4]. In Section M, I show how the propagator for the checkerboard problem may be
evaluated for the discrete time step case and the continuum limit. The Appendix contains
a graphical representation of all of the possible paths for the specific case of a 3 x 2 grid so
that the combinatorial arguments in the main text may be followed constructively.

2 Jacobson and Schulman’s Argument

For a rectangular grid consisting of r steps of unit length in the ‘R’ direction and [ steps of
unit length in the ‘L’ direction, a ‘typical’ ‘RL’ path consisting of ¢ corners may be found by
noting that for an ‘RL’ path there are exactly 1+ (¢ —1)/2 left turns and exactly (¢ —1)/2
right turns where the first step must be to the right and the last step must be to the left.
Adding the number of left and right turns together, one sees that 1+ (c—1)/24(¢—1/2) =¢
as it should. Note that, for n steps in a particular direction, there are n + 1 grid points, but
the first and last grid points are constrained by the equivalence class of the path. Thus, for
n steps there are n — 1 free grid points at which to place (¢ — 1)/2 turns. As noted above,
for the ‘RL’ paths, the last turn must be from right to left so there are (¢ —1)/2 free turning
points among r — 1 grid points on the ‘R’ axis and (¢ —1)/2 free turning points among [ — 1
grid points on the ‘L’ axis. These considerations allowed Jacobson and Schulman[3] to derive
the following count for the number of ‘RL’ paths consisting of ¢ corners

Ve = (T ) (e ) 1)

This is related to the expression for Ngr or Ny, given by Kauffman and Noyes[4] with some
important differences. Note the symmetry between [ and r in Equation[Il One may verify by
explicitly constructing the paths for small dimension grids that the expression for Ny (c) in
Equation [lis in fact the correct one. An example of this procedure for a 3 x 2 grid is given in
the Appendix. Due to the symmetry in the lower argument of the binomial coefficients, one
expects that Ngp(c¢) = Npgr(c). Explicit construction of the allowed paths for small grids
confirms this. In order to understand this result from a geometric perspective, note that
each ‘LR’ path may be inferred from a corresponding ‘RL’ path by rotating a given ‘RL’
path about the center of the grid by 180 degree. The reader can construct a few explicit
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examples of this procedure by considering the diagrams given in the Appendix.
The quantity (¢ — 1)/2 is the k index of Kauffman and Noyes[4]. In the notation of
Kauffman and Noyes[4]
Ngp(k) = Npg(k) = Dol (2)

This expression is seen to be closer to the expressions for Nzg(k) and Npp(k) given in
Kauffman and Noyes[4]. Equation 2 properly counts the number of allowed paths for both
the ‘RL” and ‘LR’ classes. It is related to the 1y function of Kauffman and Noyes[4]. Similar

arguments may be employed to derive the appropriate expressions for Ngg(k) = C,gi_ll)C,gl_l)

and Ny (k) = C,i“‘”c,il;f). There is an error in the expressions for Ngg(k) and Np.(k) in
Jacobson and Schulman[3], although the correction is vanishingly small in the large grid,
large number of corners limit. The expressions given here may be verified by explicitly
counting paths for small grids. An example of this procedure is given in the Appendix for a
3 x 2 grid. It is seen that Ngg(k) is related to the g wave function and Ny (k) is related
to the ¢, wave function of Kauffman and Noyes[4].

3 Kauffman and Noyes’ Wave Functions

In order to write a correct wave function which properly accounts for the number of paths
in a given equivalence class for a grid size r x [, it is only necessary to make the following
identifications based on the wavefunctions given in Kauffman and Noyes[4]

_ c—1)/2~(r=1)  ~(-1)
Yo = Z (—1)f /C(c 1/20(0_1)/2
odde>1
_ ¢/2)=1 A(r—1)  A-1)
v = ), (SN, Cl
evenc>0
C T 1 l 1
Yr = Z (—1)¢/? 1C(c/z C(c/2
evenc>0

Here C((Z__ll)) /2 for example is a ‘generalized binomial coefficient” in the terminology of Kauff-

man and Noyes[4]. This generalized binomial coefficient may be written as[4] C'(z 11 2 =
(r—1—-A)!

(1)) r—1-A—(c—1)/2) "
Note that ¢ ranges over odd values for vy and even values for ¢ and . For future

applications, it is useful to redefine the summation index so that it runs over all non-negative
integers regardless of class. For 1)y, substitute (¢ — 1)/2 — k. For ¢ and ¢ substitute
(¢/2) — 1 — k. With this choice of summation index one finds

r (r=1) [—=1)!
Yo = ;0(_1) k!(vg—ljk)!k!(l(—lzk)! (3)
_ (r —1)! (1—1)!

i = kzzo(_l)kk!(r—1—k)!(k+1)!(l—1—(k:+1))! )
B i (r—1)! (I—1)!
Yr = kzzo(_l) k+DIr—1—(k+ 1) E(I—1—F) (5)



As noted above, the summation index k in Equations BHI is now over all non-negative
integers regardless of path class. With the definitions given in Equations BHEl the following
derivative identities, related to similar expressions in Kauffman and Noyes[4] may be written
down. These derivative identities are useful for constructing the discretized version of the
‘141" Dirac equation.

Pr ~ g
L
WL~ g,
AL

In order to compare to the one-dimensional Dirac equation, appropriate linear combinations
of Equations BH5] are needed. Note that the phase of the Dirac equation given in Kauffman
and Noyes[4] differs from that used in Jacobson and Schulman[3]. The latter phase convention
is more commonly used and will also be used here, as this leads to a propagator of the
following form 3]
Kg, = lim Nao(c)(iemg)© 6

pa = lim ; sa(c)(iemo) (6)
where «, § € {L, R} and c is the number of path changes and n is the number of steps. This is
the form of the propagator given by Feynman in his original formulation of the checkerboard
problem[2]. This form is chosen for the work presented here in order to facilitate comparison
with previously published expressions. As Kauffman and Noyes note[4], other choices are
possible for, e.g., real-valued solutions of the Dirac equation.

Using the phase convention implied by Equation [6 one finds

()= () i

The phase convention implied by Equation [7] leads to the following choices for ¥; and 1)s:

Y1 = W —Yr (8)
Yy = 1y —YPr. 9)

Equations[§ and [9 are correctly phased with respect to the propagator defined by Equation [6l

4 Constructing the Propagator

In order to test whether the phases and wavefunctions chosen here are consistent with pre-
viously published results, it is useful to perform a consistency check. For this reason, the
propagator for the checkerboard problem will be derived with the wavefunctions defined



by Equations BHSl In the limit as the number of corners in the path goes to infinity the
continuum limit for the propagator may be derived. Observe (cf. Equation [0])

KRL = KLR = lim Z NRL(C)(iETTlo)C (10)
n—00

c>0

where c¢ is the number of corners and mg is the particle mass. Note that the path specific
summation index c is used here instead of the generalized k index. This choice facilitates
comparison with Jacobson and Schulman’s derivation[3]. In a system of units where & and
the speed of light are unity, mg has units of 1/length. Recall that for ‘RL’ or ‘LR’ paths c is
odd, Ngy, gives the number of paths connecting the endpoints of the path with ¢ corners and
n is the total number of steps in the path. It is useful to define the subsidiary quantity m such
that r = (n +m)/2 and [ = (n — m)/2. Following Jacobson and Schulman’s exposition[3],

note that ) ,
n m
rl—z<1—<g)>. (11)

Defing the quantity v = /1 — (m/n)?, the product rl in Equation [[T] may be written as
rl = (n/(2v))?. The quantity m/n may be interpreted as a dimensionless velocity, as n > 0
and m can have either sign. Note that m = 0 corresponds to a particle at rest. If the
path difference b — a is traversed in a time t;, — t, then (m/n)? = (b — a)?/(ty — t,)*> where
time is measured in light meters, say. Performing time slicing in the usual way, note that
€ = (t, — t,)/n. For a large number of time steps such that ¢/n "= 0 the combinatorial
factors in Ngr(c) may be evaluated asymptotically. The steps involved are similar to the
ones used to obtain a Poisson distribution from a binomial distribution[5]. Note that

Ve = (T ) (e ) (12

When 7,1l > ¢ in Equation [12] the ratios of factorials appearing in the binomial coefficients
may be approximated as

(r—1)! (1—1)

[(c—=1)/2Mr—1—=(c=1)/2)'[(c=1)/2)[l =1 — (¢ —1)/2]!
P2 jle=1)/2

[(e=1)/2] (e = 1)/2]!

_ (Ir)le=1/2 (13)

5
[[(c = 1)/2]]
The asymptotic propagator using Equation [I3] may thus be written

K = em) Y- e ( 7 )(H) .

2y

NRL(C) =

Q

C

Using the definition of € and introducing the abbreviation z = mg(t, — t,)/7, the expression
for the propagator may be put in to the following form

o0

Ky = (iemo) 3 (—1)(z/2)%/ (k)’ (14)
k=0

5



where k = (¢ — 1)/2. Note that[I]

i _1 s T\ 25+ta
Jalr) =) s!F(s( ¥ L 1) (5) (15)

s=0

where I'(s + a + 1) = (s + «)! for integer a such that s + « > 0. Using Equation [I5, the
asymptotic form of the Kg; propagator may be written.

KRL = (ZEm())J()(Z) (16)

A similar procedure can be used to evaluate the Krr and K contributions to the propa-
gator. For Krgr paths, one has

Krr = JE&; < Tc721 ) < c§2_—11 ) (emo)*

where the sum is over all even integers greater than zero. The expression for K, may be
found from the substitution » — [ — r. Using the same asymptotic analysis as before, one

finds
l)k(z/Q)zk—i—l
El(k+1)!

Y (—
Kpp ~ —2remo—
RR re On;

where the summation index k = (¢/2) — 1. Using the definition of J, in Equation [I5] this
may be rewritten

KRR ~ —2T€m01J1(Z).
n

Recalling that » = (n +m)/2 and v = 1/4/1 — (m/n)?, and defining ¢t = ne and x = me,
where |z| < ¢, one may show
t+x

T

Kgr — —emy J1(2)> (17)

where 72 = t? — 22. Making the substitution r — [ — 7 one may also write down

t—x

JI(Z)7 (18)

KLL — —€My

T

Noting that the number of corners is even for ‘RR’ or ‘LL’ paths and odd for ‘RL’ or ‘LR’
paths, one may write down the continuum limit for the propagator[3] by dividing through
by 2¢. Combining Equations [I6 17 and [I§ one may write down the continuum propagator
in a concise matrix form as follows

(k) -wan” 250) w

Equation [[9 reproduces Jacobson and Schulman’s result[3]. This form is not strictly neces-
sary, but it does permit an efficient summary of the results.
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A Explicit Construction on a 3x2 Grid

In order to get a feel for the practical aspects of the combinatorial factors used here, consider
the problem of enumerating all paths with one, two and three corners on a 3 x 2 grid. Here
are, respectively, the ‘RL’ and 'LR’ paths with one corner

o 2 1 o 2 1

0 0 0 0
‘RL’ ‘LR’
Here are the ‘RR’ paths with two corners

o 2 1
1 0
LRR) LRR?

Here is the unique ‘LL’ path with 2 corners

Lm0

Here are the ‘RL’ paths with 3 corners

LRL? LRL7

Here are ‘LR’ paths with three corners

LLR? LLR7
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