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Abstract

We examine the double and triple slit systems and their analysis using the popular superposition principle. This
approach is only approximately true as the boundary conditions are different in each case. We define a quantity
which can be used to quantify the deviation of the actual solution from those obtained from naive superposition
principle and present two methods which can be used to obtain solutions and measure their deviation using the
defined parameter. We then compare the two methods in the domain where they are expected to match.
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Chapter

1 Introduction and Statement of the problem

We are familiar with the superposition principle for the solutions of the wave equation and it’s application to obtain
approximate solutions of the wave equation in the case of multi-slit interference systems (the pattern on the screen
can be treated as an interference between the two waves that are emerging from the slits treated as sources). But
this argument is only approximately valid as we cannot apply the superposition principle since this is a problem with
different boundary conditions [1], [2], [3], [4]. In this chapter, we use the Feynman path integral formulation [5] of
quantum mechanics to review the current understanding of the Young’s double slit experiment for electrons [2].
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(a) the slit system (b) top slit open
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(c) bottom slit open (d) both slits open

Figure 1: illustration of different cases

The configuration in Fig[1(d)]is not a superposition of the 2 configurations described in Fig[1(b)|and Fig as
the boundary conditions are different. Just as an example, it can also allow paths (Feynman paths) as shown in Fig[2|
which would not be accounted for in the superposition principle.

Yab e Yat¥p
Def: p = Wap—Wat+yp)

(We can define similar parameter even for other waves).

Intuitively, we know that p is small as the deviations from 0 come only due to paths which pass through both the
slits. But it is not possible to measure this quantity experimentally by any known way for quantum mechanical waves
or for high frequency light, although it is possible to do the same for microwaves, sound waves and other waves where



10 T T T T

.10 ! ! ! !
-10 -5 0 5 10

Figure 2: Paths excluded from v, + v,

we can actually measure the wave solution. From this point on-wards, we will refer to p (and other paths which
deviate significantly from straight lines) as “Non-Classical contributions” [2] (in the sense of Feynman paths, as
these paths are not close to the classical paths which extremise the action) although we observe non-zero p even
in the case of classical waves like sound or water waves.. We now try to find a quantity which we can use to quantify
"Non-Classical contributions" in cases where we are not allowed to measure the actual wave function. For this we
consider the three slit setup [6], [7].

1.1 Quantifying “Non-Classical contributions” using intensities

For a 3 slit set up, we define:

Va := Wave function when the top slit is open.
Yy := Wave function when the middle slit is open.
Ye := Wave function when the bottom slit is open.
Wap = Wave function when both the top and the middle slits are open.
L% = Wave function when both the bottom and the middle slits are open.
Yea = Wave function when both the top and the bottom slits are open.
Wape = Wave function when all three slits are open.
ba = lwal
op =yl
e = |yl
Def: ¢ap = Iya+ 1//b)|2
= lwal® +1ypl* +2Re(y )
= PatPp+2Pgp
with: ®g := Re(yup,) = Le~fot
Def: ¢pe = |Wp+yol
=yl +lwel* +2Re(ypir,)
= P+ +2Pp
with: @, := Re(ypy. = w
Def: ¢ca = |Wct+ya)l
= el +lwal* +2Re(y )
= Pt Pat+2Pg,
with: @, := Re(w. .y, = w
Def: ¢ape = |Wa+yp+ye) 2
= WalP+lwpl* +lwcl* +2Re(yap) + 2Re(yp ) + 2Re(y )
= YatPp+tdctbap—Pa—Pp+Ppc—Pp—bc+ Pea—Pc—da
= dabc = $aptPuctPca—Pa—Pp—Pe

Gabe — Pab — Pve —Pcat+ Pa+Pp+de
(;bubc(a

(Here, ¢ is the position of the center of the screen) .

= 0 (1)




Now, let us define [1]:

Def: x e [Wabel = (Wabl® + el + Wacl®) + (Wal® + Iyl + lwel®) @

|Wabc(5)|2

(The definition can be generalized using set theory for larger slit systems as shown in [1])

Naive super-position principle (¥ qpc = Wa + ¥ + W) yields k = 0 (eq[I). We expect x # 0 due to “Non-Classical con-
tributions”, at the same time the non-zeroness of x (eq is only due to certain subset of all the non-classical contri-
butions, refer to (Section[2.1). In Chapter [2.2} we analyze a way which we can use to quantify the non-zeroness of x

(eq2).



Chapter

2 Estimation of x using the path-integral formulation of quantum mechanics:

2.1 Analyzing “Non-Classical contributions”

We now analyze the "Non-Classical contributions" and see which of those contribute to k (eq2), consider the paths
as shown in Fig[3|Clearly, the path as shown in (Fig[3(a)) does not extremise the classical action and hence is a “Non-
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(a) A Non Classical Contribution (b) Yet another Non Classical Contribution (here, the fig-

ure is intended to demonstrate a path which just touches
the slit plane and goes towards the screen)

Figure 3: illustration of nonclassical contributions

Classical Path”, but such paths are part of 1, and hence by (eq[I) do not contribute to x (eq[2), only paths which pass
through at least 2 slits at least once (like Fig2 FigB(b)) contribute to x (eq2).

2.2 Direct approach for a solution:

For simplicity, let us consider the interference experiment with non-relativistic particles and choose to work in
three spatial dimensions. Assuming a steady source, the quantum mechanical Hamiltonian of the system is expected
to be constant with respect to time, this allows us to use the familiar time variable separation technique (Section|6.1.2),
the same method can also be applied to the wave equation (Maxwell’s equation), refer (Section[2.3.1).

HYy = Evy

Ey(7)

2

V2 (7)

2m
2.2.1 Boundary conditions for the system

To accurately model the slit system, we assume that the slit plane is an infinitely large and infinitesimally thick
plane at x = 0 which is perfectly absorbing (Robin’s boundary condition):

(absorbing boundary) Vy/(7) = iky(7)
where: | %I = k
and kK = —kn

where 7 is normal to the slit plane.

We also need the solution to satisfy the Sommerfeld radiation condition( [8], [9]) to avoid getting "particle in a box"
like solutions, this ensures that the system is radiating and there is a constant flux of field being radiated to infinity.
For this, ¥ should satisfy

[y
rangor(E— lkl[/) =0

here: r = |7

We can now proceed to solving the PDE using some of the typical numerical methods like finite element method,
boundary element method [10] and finite difference method [11]. These methods are computationally very demand-
ing (as they involve solving a huge simultaneous linear system) and hence hard to implement when the wavelength is
small compared to other length scales in the problem (like the case of optical light or electrons).


http://en.wikipedia.org/wiki/Sommerfeld_radiation_condition

2.3 Approximate solution using the path integral approach

An alternative was proposed by [2], we present a discussion on the same below. This method is based on the
Feynman path integral formalism [5], we use the Green’s function of the Helmholtz’s equation as propagator (eq.2?).
Consider the system as shown in Fig[4} let 7's be the position of source S and 7p position of a point P where we wish to

10 .
"source"  +

"slits"
"system" ———

Pat 7y

S at 7

.10 L L L L

Figure 4: the Three slit system

know the solution u, D1 is a 2-dimensional surface which represents the top slit, similar conventions are used for D2
and D3. We can write the solution, u(7p) as: (here, G is the Green’s function)

define: D = DluD2uD3
LG(?S_?m)G(?m_?P)d?m (3)

u(7p)
(Here, 7, is the parameter used for integration)

(In writing these relations, we have assumed the stationary phase approximation and the approximation of using the
free particle Green’s function [2])

Similar method can be used to calculate the solution for other permutations (when less than 3 slits are open). But if
we calculate k (eqf2) using these solutions then we end up with x = 0 (similar to eq[I) as:

f G(Fs = Fo) G — Tp) = f G(Fs = F) G(Fpa — o) AT + f G(Fs = Fo) G — Tp)dim @)
D1uD2 D2 D1

To get a good estimate for x (eq[2), we need to perform the integration to a higher order (to account for paths as shown
in: Figi3(b)), hence we also need to include terms like:

/ f Gl — Fo) Gy — Fr) Gl — Fp)d T 5)
rneD2 J7,eD1

(Here again, 7, and 7, are parameters used for integration)

as correction to the previous integral, this includes contributions from paths which pass through the slit plane twice.
These paths are the most dominant contribution to x (eq[2). We can proceed to get even higher order corrections in
the same way but we can see from (Section that the second order corrections are very small, hence third order
corrections are expected to be even smaller.

We now proceed to integrate the above expression numerically as there exists no known analytical method. The
only computational step involved in this method is numerical integration and hence is much more efficient than
other methods when the wavelength is small. This method can be easily generalized for the wave (Section[2.3.1) and
diffusion equations.

2.3.1 Path integral like approach for the wave equation:

We now consider the wave equation and present an approach which can be used to estimate the value of x (eq[2)

—-—--—>-=—>|w = 0 (Withspeed of the wave, c = 1)

10



We now assume the source is in steady state so this allows us to perform variable separation.
v = XMATW

Where 7 is the vector corresponding to position coordinate, so:

XAOT' O+ V2XE)T@H = 0
= X(?)T(t)T”m (VZX—(?))X(F)TU) 0
T(1) X(7) B
1!
e ©
T(t)
2 -
and —(V X_Er)) = K
X(7)

This gives us a solution of the form T'(¢) = VKt if we want a situation where the source amplitude is constant in time,
then we want VK to be imaginary, so:

define: K := —k* where keR
This gives:

T(1) ikt (6)
and (VZ+ k)X 0 @

This is the Helmholtz equation and being a special case of the wave equation, we can use Huygens’ principle [12] for
this equation (a detailed analysis of the method presented can be found in [13], [14]).

NOTE: Many of the statements in Section [2.2] (like (eq3) and (eq/5)) and this Section are only valid in
spaces of odd spatial dimensions (please refer [12]). We will now be working in three spatial dimen-
sions.

KeikIFl
2mi|7]

define: GF) =

This is the green’s function (see section 59 of ref. [14]) for the free (in unbounded R3) Helmholtz equation in 3 di-
mensions. If we have a point source at 7y then the solution at 7 is given by G(7y — 72), the Huygens’ principle states
that:

GRo—72) = f fD G(Fo - F1)G(F1 - ) dPTy ®)

Where D is the 2 dimensional surface. This provides us an approximate way to obtain the solution as a function of
position. We can now proceed as we did in (Section[2.3)
2.4 Sample Results

The results for all 7 cases and « are given in the following order: ¥ ,, ¥y, We, Wab, Wier Wac» Wabe, K
The following parameters were used for the calculation:

Distance between source and slit plane : 20cm
Distance between slit plane and screen : 20cm
Inter-slit distance : 100um
Slitwidth : 30um
A 1 8l0nm

11
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Chapter

3 The finite difference method for numerical solutions to the diffusion equa-
tion (statistical limit of random walk):

The method presented in the previous chapter uses several approximations which may not always hold (time in-
dependent Hamiltonian, stationary phase), in this chapter ( [15], [16]) we explore more direct methods of solving the
complete time dependent equations to get answers to higher accuracy (in real experiments, the Hamiltonian cannot
be time independent and the sources are not perfectly steady), this method also has the disadvantage that the method
is much more intensive than the one discussed in the previous chapter.

The most simple way of obtaining approximate numerical solutions to the diffusion equation is by discretising the
derivative:

oy 1 _,
or Dvw
In 1 space dimension:
yi+hx-ytx) l(U/(t,x+h)+1//(t,x—h)—21//(t,x))
h - D h2
= yl+hy = u/(t,x)+(W'“h)w”’x‘h)‘z‘//“’x))
Dh

- 2 whx+R+ytx-h
= y(tx|1 Dh)+ oh

(the fact that we are using the same number,  for discretising both space and time is just for convenience and can
be avoided, later we will present a formulation which takes them to be different.)

We will now consider a random walk on a 1 dimensional lattice with 3 choices for each turn:

Probability to move 1 lattice step forward: Dih

Probability to move 1 lattice step backward: ﬁ

Probability to remain in the same lattice point: 1 — Dih

If we initially start with large number of particles executing the above random walk and density given as a func-
tion of the lattice point: p(x), then this random walk satisfies the discretised diffusion equation. This provides the
motivation for us to find a similar approach for the Schrodinger’s equation (which is just a diffusion equation with an
imaginary constant of diffusion).

We first define a matrix which will be useful throughout. We can treat the discretised form of the functions as a
column matrix:

1//(t,.).€.— h)
define: (1) := w(t, x)
w(t,x+h)

This enables us to write the time evolution of ¥ as:

g(t+h) = |]+£)_'(t)
v = onlV

Here M is an infinitely large matrix (assuming # is an infinite dimensional vector) with diagonal elements —2, 1
on both sides of the diagonal and 0 everywhere else, [ is the infinitely large identity matrix. (I] + %) is the transition

matrix corresponding to the time evolution operator, H:

H = (I]+ M)
T Dh

so: P(t+h) = Hp®

13



Note: We are still dealing with the diffusion equation and hence the solution directly represents the probability
(without the need for a norm) and H just represents the operator required to obtain a solution at a slightly later time,
with the solution at an earlier time.

Consider the quantity: ¥ Y= w (¢, x), this will be equal to Y XZ* 2w (¢t + h, x)

This is the statement that the number of particles are the same for all time or that there are no sources or sinks in
a free diffusion equation.

3.1 Boundary conditions:

We again employ perfectly absorbing boundary conditions [17] for the diffusion equation at the slit planes and
treat the whole system as if it were enclosed in a perfectly absorbing rectangle Fig

w(t,X) = 0 when XedQ

Where the region corresponding to the interior of the system is Q and the walls including the opaque parts of the
slit planes belong to Q. Due to this boundary conditions the total number of particles need not be conserved.

3.2 Quantum walks and unitary finite difference methods
3.2.1 1-D Schrodinger’s equation:

Repeating the above procedure, we get:

W Py
lat T 2m 0x2
oy _ indy
ar  2m 0x2
i At
yx(E+AD) = w,(x)+%—mx)2[wt(x+Ax)+wt(x—Ax)—2wt(x)]

Now we will consider the coordinates to be discrete and 1 to be a vector in the index x. Also define the second
derivative to be the matrix operator:

M:= 0 -1 2 -1
So the equation now becomes
a in At . .
Yx(t+AD = wi(t)— om WM,C;CWX(I) (here, x index is summed over)
h At

define: C = ———

2m (Ax)?

we now observe: By application of the method as described for the diffusion equation,

ly+ADP = lp®F +0@Ar) )

So the time evolution operator as obtained from using the naive method from the diffusion equation does not
produce a unitary evolution operator for the Schrodinger’s equation.

Note: even-though O(A t2) is small, the value of le2 increase each step (interval of At) of the iteration and hence
errors add up very fast. so we wish to avoid the approximation at this step.

To get a unitary evolution, we resort to methods as discussed in [18], [19]. Now if we relax the bound on At and Ax
and let them be finite, we get:
(here we have dropped the index notation and used ¥ and M instead)

w(t+An =

14



—-iCM ;

now e is a difficult term to evaluate so we try to find good approximations for it,

-1 2 -1 0 0O 0 O 0 1 -1 0 0 o0 O
0 -1 2 -1 0 0 O 0 -1 1 0 0 0 O
o 0 -1 2 -1 0 O = 0o 0 o0 1 -1 0 O
0 0 o -1 2 -1 O 0 0 0o -1 1 0 0
0 0 0 o -1 2 -1 0 0 0 0 1 -1

-1 1 0 0 0 0

0 0 -1 0 0 0

+ 0 0 -1 1 0 o0 O

0o 0o 0o o0 1 -1 0

0 0 0o o0 -1 1 o0

now the first matrix on the right hand side will be addressed as My and second matrix as Mj, so

e_iCMoe_iCMll_[;(t)

by doing this, we are neglecting terms of higher order in C, which is small (refer Section, but more importantly

u

we now notice a few interesting properties,

M 2 My

M? 2M;

now consider,

(—iCMy)? (=iCMy)*
+ +...

—ichly -
e = 1+ (—iCMy) + o0 3l
My (-2iCPPfR (-2iC) R
= 1+(-2iC)— + + +
2 2! 3!
My Mo M, (-2iC?iR (—2iC03 e
= 1-—+—+(-2i0)—+ + +
2 2 2 2! 3!
My M , M, .
= ]___0+_0e_21C - 1__0(1_e—ZlC)
2 2 2
- M, _
= e_’CMO — 1__0(1_8—21C)
similarly,
o o — Mg ic
2
so, define:
M .
Uy := I—TO(I—e_ZlC) (11)
M .
U = 1-—r0-e) (12)

The final evolution operator is a product of the two. Note: since we have decided to bear with the error involved in
neglected the second order (in C) terms, it does not matter in what order we take the product but we have to preserve
the order through after deciding since Uy and U; do not commute.

15



_ Mo+ My . MoMi

P = UgU; =1 K
2 2
where: K := (1-e¢72)
> p o= 1-Mg MM o
2 2
with: Mywy = Wy—Wir-)~
Miyx = Yo=Y (s
MMy = Wx—Wxinr— Mollfy
with: y = x-(-D*¥
MoMiyy = Wx=War(-1)x = Wx—(-1)* = Px-2(- (13)

Here M, My & M are “infinitely” large matrices, this gives a picture of 1-D unbounded quantum walk. Here we
employ the same absorbing boundary conditions as described in the diffusion equation (Section3.).

3.2.2 Massless 1-D Dirac Equation:

We now consider 1-D Dirac equation:

\-pPs+pi = m

= (—a0p0+a1p1)2 = m?
(@ pg+@pi = -pi+pi
> @ = -1
@)y = 1
aat+a'a® = 0
1 O
. . 0 _ .
consider: a = z( 0 _1)
1 0
02 _
() = (0 1)
0 1
: . 1 _
consider: a = (1 0)
e 1 0
(@) = (o 1
0 1
0.1 _
aa = l(—l 0
1.0 _ -
a0 )

Now we choose to consider mass-less particles,

a’poy = a'piy
oy _ 1 o0y
ar — “ % ax

oy oy
FIRETE Y
ot
(wT(t+6t)) _ (U’T(t))_ﬂ-ﬂ 0 —I)M( wT(t))
y(t+01) v (0 ox\1 0 (D)
[nieen) = (06 ) (m “E )00
v+ | v i 9L N 0 v (0
t

o 1 )ilm o v )

R —— =S

16



Where M is the differentiation matrix

Now, in order to make the derivative symmetric W.R.T x coordinate, we redefine the discrete derivative as:

[(x+0x)—f(x) i [(x)—f(x—0x)
0x 0x

flo = 5 (average of LHD & RHD)
(x+0x)— f(x—0x)
o
AL 20x
Now the Matrix,

0 1 0 0
-1 0 1 0 0
M = 0 -1 1 0
0 0 -1 1

therefore: M = My+M;
0 1 0 0 0
-1 0 0 0 O
where: M, = 0 0 0 1 o0
0 0 -1 0 0
0 0 0 0 0
0 0 0 0 0
0 0 1 0 0
M, = 0 -1 0 0 0
0 0 0 0 1
0 0 0 -1 0

now, My and M have the property:
M = -1
M? o= -
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oA 0 -M B 0 —-M, 0 -M
Define: C := (]\7[ 0 ) = (Mo 0 )+(1\7I1 0
- _ 0 —-My
Co = ( My 0 )
—_— 0 -M
¢ = ( M 0 )
- -M? 0 Io -
. . . 2 _ 0 ” — t —
again, we can notice: C; = ( 0 3 Mg ) ( 0 I ) I
similarly: C¢ = 1
We wish to evaluate : — eiC% ~ eCgelCigy
r 2 4
~ ot = ot ~ 0
~ - (Coa) (O_x) . oar (COax
= I- + +1 C()——
2! 4! 0x 3!
2 4 3
ot ot ot
SO @) @ e ()
= I{1- + v p+1CHL — —
2! 4! 0x 3!
(at)h . (at)c_ (at)H . (at
= cos|— isin|{— cos|— isin{—
0x ax) ° 0x 0x
) cos(a—;)f 0 0 —isin
define: U, := o= | T or) -
0 cos(ﬁ)l isin(—;)Mo
oty _isinl 2| m
- O = Cos(aax))l isin gX%Mo
: t \ / 7
isin|3: | Mo cos| 5|1
ot 1 [0t A
_ cos|5=]1 —isin| 5= | M;
similarly: U; = i (aatx) - g);)_
zsm(ﬁ M, cos ﬁ)l
Now, we consider how these operators act on the wave-functions,
Ovid cos(%)i —isin(% M, ( v )
0 = _ -
isin(%)MO cos(a—fc I v,
_ cos(g—;)U/T—isin 3—;)1\'401#1
cos(%)u/l+isin %)Mouq
ot ot
- cos|z= |y —isin|5 | My
similarly: Uy = (gf) : o gf) _ :
cos(ﬁ)u/l+zsm —x)Mluq
we now consider M,
(M())x,jﬂ//j = (—1)@)1[/[5“_(_1)(3)]
(Ml)x,)?wx = (_1)(x+1)1//[5c+(,1)(5c+1)]

3.2.3 Maxwell’s equation:

We will use some of the methods discussed in [20]
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U o _ _0B
VxE ——gﬂ
. B _ 1 90E
VxB —C—Zmaa
a 0 # 4
(Vx) = %Oﬁ
0 94
dy Ox 5
9 -0
000a 0 0 5 0 5 0
= 00 2|+ 0 0 0|+ Z 0 0
0o £ o %’oo 0 0 0
0o 0 0
M, = &0 0 -M,
0 My O
0 0 0
> M =—'§d;2010
0 0 1
0 0 M,
/ _ 1
M, = | o o o
-M, 0 0
1 00
2 _ 2 1
= M = -Mjgz| 0 00
0 0 1
0 -M, 0
Ms = | M. 0 0
0 0 0
1 00
= M: = -M:L5|0 10
0 0 0

M, = M, = M, = .. 0 -1 0 1 0

(Note: My, My, M act on different spatial component of 7))

note: MYI = -M,
and so on. The results used here are same as the ones used for Dirac Equation
mr -M]
0 3= =<
=—T o T 0z qu =
Therefore: (Vx) = _éwz 0 1\(;1_; = (Vx)
Ml g
3 ox 0
Ey
Ey
. * | E
consider: ¥ = 2B,
¢’By
c’B,
0 Vx
v(t+0t = 1O+ — v(1)ot
( ) (0 (—Vx 0 ) (1
- 0 Vx
define: H = ( b e )
-Vx 0
i o= Ar :(1‘VX):_Q
Vx 0
= et is  unitary
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define: Py,

eater

eater

e@L‘er

Uye := 01Hxe

Similarly: Uy,

000 0O0O
01 00 0O
(-D"I{ 0o 0 1 0 0 0
9x2" | 0 0 0 0 0 O
000010
000 0O0 1
(—1)"IPye
6x2”
000 0O O
01 000 O
0010000
000 0UO0OO
000010
00000 1
(—1)" M Nye
ax2n+1
(=1)"Pye
axZn
H3 H5 H2 H4 HG
Toxg + HyoOt + xeat + xeat +. xeat + 4feat4+ﬁat6+...
_ n==00 H2n+10t2n+1 VLIOO H2n6t2n . ‘
IG><6+ Z )
=0 S @n+1)! 2n)!
n=o0o (- 1)n at2n+l B n=—=o0o (—l)” 61,‘2"
Toxo + Mye V. - _||+pP —
6x6 7 Hxe e Z ( x2n+1 (2n+1)') xe n; (ax2" (Zn)!)
_ . Ot _ t
Igxe + MyeNyesSin| — [+ Pye |COS|— | —1
0x 0x
1 0 0 0 0 0
0 cos(%)] 0o 0o 0 0
at
0 0 cos(% o 0 0
0 0 0 1 0 0
0 0 0 0 cos(%] o
ot
0 0 0 0 0 cos(Z]
0 0 0 0 0 0
0 0 0 0 0 Mesin (3
0 0 0 0 —Mxesm(g—) 0
1o 0 0 0 0 0
0 0 ~Mesin(%) 0 0 0
0 Mysin(%) 0 0 0 0
1 0 0 0 0 0
0 cos(Z) 0 0 0 Meesin(3t)
0 0 cos(a—;) 0 —Z\_/[xesm(a—;) 0
0 0 0 1 0 0
0 0 —Mxesm(g—) 0 cos(a—;) 0
0 Mxesin(%) 0 0 0 cos(a—;)
cos(g—;) 0 0 0 0 Myesin(a—;)
0 1 0 0 0 0
0 0 cos(% —Myesin at) 0 0
0 0 Myesin |3 ) cos(% 0 0
0 0 0 0 1 0
Myesm(g—) 0 0 0 0 cos(a—fc)




similarly all other operators can be solved, this method is unconditionally stable and better than other simpler
methods like finite difference time domain.

3.3 Higher order corrections

Myt Mot

During the simplification, we had used the approximation e +M2)t ~ MiteM2t and neglected the higher order

. . L L
corrections. The expression accurate to second order turns out to be [21]: eMiz pMatphh; .— g (A1), so:

MMt — gAp) + O(AL)

we now let:  S3(Af) S(SAD)S((1—-2s)At)S(sAt)

We now evaluate the third order term O(Af3) using the Baker-Campbell Hausdorff formula and and solve for s

such that the terms go to 0, we can then repeat this procedure recursively to obtain terms to arbitrary orders. For third

order, s turns out to be [21]: ——

2—-(2)3

3.4 Estimation of error:

There are two main approximations we have used in this method, we first look at the approximation involved due
to numerical differentiation using Taylor series:

f// (x) h2 . f”’(x) hs . f’"’(x) h4 f/m/ (x) hs

fath=f® = [Wh+—) 31 al 51
fa-h-fx) = -f(h+ ACa LA S Co T S T ST
2! 3! 4! 5!
(adding the 2 equations)
o = flx+h) —2f(x)+ f(x—h) . " (x)h* .
- hz 4! cee
_ f(x+h)—2];l(2x)+f(x—h) oY

Using the 2™4 order expression from the previous section (3.3), we get the overall error to be 4™ order in space and
3" order in time.

. 4 L (M +M))
I MOBINT JIA=L=E L 66 43)

INV? MM+ Mo+ OB iny M)

e e

Note: identity matrix / commutes with every matrix and hence the middle exponent can be moved.
_ eiAt(M1+M2)eiAt(O(Ax)4)I +OAR)
~ MMM 1] 4 iArO(AX)Y) + O(AL)
— eiAt(M]+M2) +elAt(M]+M2)l'At(O(Ax)4) +O(At3)

Using the parameters which will be discussed later, Ax = ﬁ and At = 4x107%, we will assume that the coefficients

appearing next to the terms are identity just to get an approximate order of magnitude of the error (O(Ax*) = Ax*) the
relative error of the operator in each step comes out to be:

AtAX* + O(A ) e IAMIFM) = AAX* L AP (1 - iALH (M, + M)
AtAx* + AL + Arti(My + My)

u

In the last step, we have assumed that errors always add, this gives us a better estimate of the worst case error,
hence the sign flip. the term At*i(M; + My) is difficult to evaluate and also an order higher in At compared to the
second term, also note that A¢ is chosen to be much smaller than Ax hence, with some precaution, we can further
drop At*i(M; + M), hence the final error term we get turns out to be: AtAx* + At3, this gives us an error estimate of
1078 at each step, but when we integrate this from 0 to ﬁ, and assume an estimate for the errors propagating along
x at each step of the integration to be = Ax we end up with much higher error due to the repeated approximation at
each step, this gives an error of ~ 1079 this turns out to be an optimistic case where we had implicitly assumed that
O(Ax) = Ax and similarly for Az, clearly these approximations break down with increasing frequency.
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3.5 Advantages and disadvantages

As could be seen from the derivation (eq[I0), since we obtained the final evolution operator by exponentiating a
Hermitian matrix(eq[I0), it is guaranteed to be unitary, so they provide an unconditionally stable (as shown in eq[9}
finite difference method cannot conserve probability for finitely large discretization steps. but eq[10]guarantees the
time evolution to be unitary irrespective of the discretization step size.) method for solving the Schrodinger, Dirac and
Maxwell’s equations (some of the more popular methods like finite difference time domain methods for solving the
Maxwell’s equations and symplectic integration for simulating Hamiltonian dynamics are not unconditionally stable
(the size of discretization steps need to satisfy certain conditions or inequalities)).

Care has to be taken when extending this method for other PDEs as the main advantage of this method (uncondi—
tional stability) may not hold (as can be seen from (Section[6.2.1} Massive Dirac Equation) and (Section[6.2.2} general
wave equation)) if we are not exponentiating a Hermitian matrix.

3.6 Sample results from these calculations:

As highlighted in the previous chapter (Section[2.2), the kind of methods presented in this chapter do not work well
when the length scales involved are much larger than the wavelength due the high computational memory and pro-
cessing requirements (this can be seen from [18], [4]) and hence we are restricted to the cases where the wavelengths
are large.

The values for various parameters used during this simulation are as follows:

Wavelength: A = 4x107*m

Distance between source and slit: I; = 4x107%m
Distance between slit and screen: [, = 16x 107%m
Slitwidth: w = 11x107*m
Inter-slit distance: d = 50x107*m

Intensity

o L L L L L L o L L L L L L L
o 500 1000 1500 2000 3000 4000 500 1000 1500 2000 25 3000 4000

Location on the screen in 100 ,um (10 meter%) — Locatlon on the screen in 100 um (10 meter%) —
800 T T T T T T T 2000 T T T T T T T
wab
wC 1800
700
1600
600
T T 1400
> =
57500 = 1200
«© w2
= =
3 400 3 1000
= =
—_ —_

300

200

100

0 L L L L L L L 0 L L L

500 1000 1500 2000 30! O 3500 4000 500 1000 1500 2000 3500 4000
Locatlon on the screen in 100 ,um (10 S meters) — Locatlon on the screen in 100 um (10 6meter%) —
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Chapter 4|

4 Comparison of the path-integral approach with the quantum-walk method

It does not make much sense in comparing the actual intensities between the methods presented in the previous
two chapters as the cases are completely different (please refer Section[4.1). So we now try and find the limits where
they correspond to each other. For this we need a parameter which can effectively quantify the difference between
the two methods and preferably be independent of the intensity of the sources, by definition (eq2), « is independent
of the intensities of the sources (due to the denominator) and it is exactly the parameter we were interested in so far.
From this point onwards we will use k (eq[2) as the main parameter to quantify the two methods.

4.1 Issues to be considered for comparing the two methods:

1. The method presented in (Chapter [2) involved the assumption of steady state, hence the first step in deter-
mining the domain in which both the methods are valid is to have a steady source in the method presented in
(Chapter[3). This also forces us to run the simulations for a very long time (as the solution should reach steady
state).

2. For the method presented in the (Chapter[3), we choose to work in two spatial dimensions to avoid high com-
putational requirements, but the method presented in (Chapter [2) does not work for two spatial dimensions
(please look at the note before eq.22 of Section[2.3.1). Hence we use large slit height (perpendicular to the plane
of the Figure[4) compared to slit widths.

3. Even after restricting to two spatial dimensions, the amount of computational power required for the complete
simulation (using the method presented in Chapter is huge (similar to the methods presented in 18], [4])
so this method is applicable only when the wavelength of the radiation used is not too small compared with
the length scales of the system. This further restricts the domain in which both the methods are practically
applicable.

4.2 Details of the simulation:

We will now try and compare the two methods in the domain where they can be compared, the method presented
in (Chapter allows us to obtain (¢, x, y) given ¥ (%, x, y), the source can be treated as v; (¢, x, y) which is localized
in a small neighborhood around the point where we want the source to be and 0 everywhere else, here i represents
the time when we want to introduce the wave-function of the source.

A steady source can be modeled by adding v ; (¢, x, y) at each iteration (time step) to the solution, so each iteration
will look like (we will be using the conventions as defined in eq [I0]and eq [13):
W(+AD) = MyMy(t)+ v,

Since we have assumed the source is steady, ¥ := ¥;(¢) is a constant with time

4.2.1 Modeling the detector:

The simplest way to model the detector is to graph |w (¢, x, y) |2 as a function of detector position as was followed so
far. Practically though, a particle once detected at the screen will contribute to all future observations of the pattern
on the screen, hence we should actually consider the time integral of the solution:

ftem ]fxe[s fa g A / i lw(t,x, YI*dxdydt
17 x5 Sk Yyeoy

2

where:
tf := total time that the simulation was run for.
sy := xcoordinate of the screen.
Ax := the discretisation steps used in the simulation for x coordinate.
Ay := thediscretisation steps used in the simulation for y coordinate.
Sy := thespan of the detector in y coordinate, unlike s, which was a single number, this is a set.

(The issues presented so far were considered in obtaining the results presented in Section3.6)
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4.3

We will now present the results of the comparison.

o 10 20 30 40 50 60 7
Number of iterations in multiples of 5000 (each unit corresponds to 1250 x 10~ seconds))

Normalized xk —

Normalilzed k at the center —

Results:
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This graph was evaluated using the parameters:

Wavelength:

Slit width:

Inter-slit distance:

distance between source and slit:

distance between slit and screen:

27
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Chapter

5 Conclusion and Discussion

We have presented two detailed methods in which some of the interesting property of the multi-slit interference sys-
tem can be analyzed, this also provides a fertile ground for testing various alternative theories in the foundations of
quantum mechanics [1]. In reference [6] the x parameter was used as a measure of the presence or absence of higher
order interference in quantum mechanics as per reference [1]. the error bound in the experiment was higher than the
accuracy required to be able to comment on the current theory. a more precise version of the same experiment could
serve as a perfect table top demo of the current theory. As pointed out in [2], it would be interesting to perform this
experiment in the microwave domain, which is currently underway at RRI.
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6 Appendices:

6.1 Appendix to chapter|[2;
6.1.1 Babinet’s principle
Consider the system as shown as shown in Fig[5(a)|

Oy
5k Sa Sk T,
Ta Ta
oF 7 o Ts
5k Sy - s T
Os
D —
-10 ! L -10 L 1

-10 5 0 5 10 -10 5 0 5 10

(a) 2D cross-section of the system, the slit planes ex- (b) figure denoting the domains used for the integra-
tend to infinity and Sg4, S}, are sets representing the tion
transparent portions

Figure 5: figures illustrating the system considered for Babinet’s principle

The contribution to 7; due to a source at 7 is given by: (please note: through this section, the definition (eq.2?) is
used for G)

Wi = f f G(F; = F1)G(F1 = F2)G(Fs — Fa)dFydTo
?]€Sa FZESb

With, lim D — 0, this reduces to the integral of second order corrections (eq[5).

For the simple case of double slit diffraction (without the higher order correction), the Babinet’s principle states
that the sum of the pattern due to slits and slots (opaque portions of the slit plane) give identity (no slit plane), consider
the system as shown in Fig/5(b)| (Here the slit plane extends till infinity, T,, and T}, represents the transparent parts of
the slit plane and Oy, O, O3 represent the opaque parts of the slit plane, also 7,1 O, = ¢ and so on for other domains).
We now have (to first order):

Gy —Tg) = f G(Fy - FI)G(F1 - Fa)dFy + f G(Fy - F)G(F1 - Fo)dF
?1601 7

1€02

. f G(Fs - FO)G(F1 - Fa)dFy + f G(Fs— PGP - Fa)dFy
?]€O3

HeT,

+f G(Fs—T1)G(F —Tg)dT
71€Tb

So, in case we were to flip the transparent and opaque parts of the slit plane, then (to first order):

W) = f G(Fs = FO)G(F1 - Fa)dFy + f G(Fs - )Gy — Fa)dTy
?]F_O] 71€OZ
+f G(Fs— 1) G(F, —Tg)di
71€03
Wiy = Gm—m—(f G(Fs - )Gy — Fa)dFy + f G(Fs— F1)G(Fy - Fa)dy (14)
71€Ta FIETb

We now wish to evaluate this to second order, we consider a situation similar to (Fig5(a)) except the opaque and
transparent portions are flipped as shown in Fig[6]
We again let lim D — 0, this gives us the second order corrections:

V() = - f f G(Fs = )G = )G — Fa)(dF) (dFo)
71€84 J12€S),

and similarly for the other slit.
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Figure 6: Figure depicting the portion which needs to be subtracted for obtaining the second order corrections

And the complete wave function accurate to second order is given by:

Wy = G(?s—fd)—(f G(Fs - F)G(F1 - Fa)dFr + f G(F, - F1)G (7 - Fa)dF

reT, rleTb

_(f f G(7S_FI)G(FI_72)(;(?2—?[1)(61?1)(&172))
71€Sa FgESb

—(f f G(7s—?1)G(?1—72)G(?2—7d)(d?1)(d72))
72€Sa 71€Sb

6.1.2 Diffusion and Schrodinger’s equations:

The Diffusion (heat) equation is given by:

oy 1_,
T = vy
ot p' Y

The Schrodinger’s equation is just a diffusion equation with an imaginary coefficient of diffusion D = #

assume: ¥ = XX)T()
O _loo, — xorm—LtBvxm =
5, oV = XATO-—"VX® = 0

Tm_lWXm
T(t) D XX

(=}
Il

XX T

Now, we can easily see that this equation too reduces to the Helmholtz’s equation. We can thus use the same
method as presented in Section[2.2and Section[2.3]to solve for steady state interference solutions even in the case of
Schrodinger’s equation.
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6.2 Appendix to Chapter 3}

6.2.1 Massive Dirac Equation:

—a’po+alply = my
c 0,00 L 0y
ia h6t+m hc")x my
SOy o 1,00 0
’hat”““hax = may
-i oy _ —i 5 =iy 0y
hlhét = hmaw+hlaahax
oy _ —im , 0, 10¥
ar ~ o n YV %y
- —im 0 10¥
w(t+0t) = w()+ - ayot+a «a 6xat
- —imot ot -
wt+on = Ty + 2 a°w+a—a°a1Mw
. mat
ST RN O [0
o T\ vy o -mkq |\Lvio
h
(Where M is the usual differentiation matrix)
i} mot _ ,
o0 Ty oty t
y(t+on = (0 T)+ o l%ﬂ_ (%Et;)
—i%M ~Zor v,
- maL _ _
10 ox] Oty v (1)
(t+01) = ( : )+ h ox (
' [ 0 U g g )|
at
mg: = ot 1
Def: C := h I_ l‘zjl‘aﬁ/l_
—i9LM -]
at = -
__ ma: (1 0 .0t 0 My .0t
Cc = 7 (O _i)'f'la(_MO 0 )+la
o = o 1//1@))
Y(t+01) e (Wl(t)
(Similar to the case without mass, define)
_ _ .ot 0 MQ
— _ .0t 0 Ml
C1 = la( —Ml 0 )
ot =
A o Mma (1 0
(Extra): C, = Y (0 —i)

|

0

Ot
_lﬁ

i
M

ot

0x
0

Now two of the above terms can be simplified as in the previous case, we only have to deal with C,

define: Ms;

I o
0 -I
Io
0 I
m\®  (ma\? mL
1+ " +T + Lo + " +
2! 4! Lo I 1!
ot = ot =
ax I 0 ) mas I 0
cosh( W )(0 i +smh( W )(0 —f)
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Now two of the above terms can be simplified as in the previous case, we only have to deal with C,

_ I o
define: M; := (0 —f)
. I o
2
% = (o 1)
m)z (mz,z
_ n
e = 1+
2!
ot
= cosh(

= ot
may I 0 . may
Y )( 0 I )+smh( Y )

[o 5]

This term is not unitary and hence it does not make sense to use this method to simulate Dirac’s Equation with mass.
There are other methods which give unitary evolution (and does not involve exponentiating a matrix [22]) and hence
can be used to effectively apply this method to obtain an approximate solution to the time dependent Dirac equation
(although the analysis presented in Section[3.4and Section3.3]are not applicable). At this point we are done with the

discretization of the Dirac’s equation.

6.2.2 Wave Equation:

Just like the previous case, it turns out that naive application of this method for the wave equation gives evolution

operators which are not unitary:

02
consider : %
define: ¢
define: v
0¢

SO : E
oy

ot

@

ot
where: H

so: U(t+AD

discretizing: H

define: H,
define: H,
with: M
M

(=}
—
S
—
[}

czvzw

6_1;/

ot

(V)

v

czvzw

¢

Hv

0 c%v?

I o

eHAtI_)(t)

0 —c2M, L0 -2 M,
I 0 I 0
0 —c2M,

I 0

0 —c*M,

I 0

( -2 1 0

~M,-M, (- signischosen so that M2 = 2M,)

32



At this point, getting the random walk is very similar to the usual cases we have worked till now.

9 - _
cM _ 2 I 0
o ) = emlo 1)

=
|

[15")

(H.AD?  (HA1?®  (H.AD*
+ + +...
2! 3! 41
- (HAn?*  (HAD?* (HA1)  (HAD®  (HAD®
= I+ + +...+ + + +
2! 41 1 3! 5!
- (ADA(=*M,)  (AD*(c*MD) (AD*(-c*M,)  (AD*(c*MD)
T T 3 s
= (A2 c?)" MY =0 (—c2A tz)"Mg)

= (1+Z 2 )+HeAt(I+ n; GniDi

n=1
(_ n=oo (_AtZCZ)nzn—lMe N (—Atzcz)Me)

= I+HAt+

+...+H9At(I+

g
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This again fails to provide us with an operator which is unitary. If we consider the specific case of Maxwell’s equations,
we will get a unitary evolution using similar approach.

6.3 Quantum Mechanics — Fluid Dynamics Correspondence, attributing a particle nature to
the random walk:

This correspondence is due to the De Broglie-Bohm theory [23], here we present a derivation of the correspondence
(24]
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We start from the time dependent Schrodinger’s Equation:
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Now, (eq[15) is very similar to the Hamilton-Jacobi equation from classical mechanics [25]. Hence we identify S
with the action function, S = f Ldt, where L is the Lagrangian.

VS = p = mb (here, pis the momentum of the particle and ¥ its velocity.)
oS
FT: = H (here, His the hamiltonian function.)
V = potiental
LY/ .
define: Q := - o 75 (this will be referred to as the quantum potential henceforth)
m p

Using the above results, (eq[16) can be recast as:

V-[pVS]  dp V-[ppl , dp - ( ﬁ) ap o . 0p
= D — e = _— o = V . —_ e = v . e =
0 m ot m ot BET PO+ 5
- 0
=> 0 = V-(pi)+ 6_2 (This is nothing but the continuity equation from fluid dynamics.)

So, the system of two equations,

V-[pVS
0 - [pVS]+0_p

m ot

V_’z 2 2
0 = oS (V) Vo h \//_)

—+ +
or 2m 2m NG

should be equivalent to the Schrodinger’s equation and can be interpreted as describing a fluid flowing with no
pressure and viscosity but under the influence of the quantum potential Q in addition to the potential V, so we can
now cast these equations in a more familiar form (we now consider only a free particle with no potential):

v o n* v
(—y +(7-V) 17) = Vl— Vel ( Navier-Stokes equation with V = 0)
ot 2m? \/p
op - . .
5 TVeD) = 0 —  ( Continuity equation )

( at this point, p is the mass density instead of the number density )

the stream-lines of this fluid flow will give the “Bohmian trajectories”.

6.3.1 Sample results from the correspondence:

35



16

Figure 7: Stream lines for the triple slit interference system.

Figure 8: Density of the fluid flow for the triple slit system.
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