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ABSTRACT. Quantum walks are a powerful tool for developing efficient algorithms in quantum
computing. This paper explores two discrete-time one-dimensional quantum walks where the coin
operator varies along even and odd positions on the line. We find closed-form expressions for the
coefficients of the wave function for both walks and also arrive at a formula for the probability
distribution for one of the walks. A significant discovery in this paper is a way to model the
well-known Hadamard walk using two alternating coins.

1. INTRODUCTION

1.1. Motivation. A quantum walk is an analog of the classical random walk, a stochastic model
following the motion of a particle along the number line. Classical walks have been used to design
efficient computer algorithms for traditional computers. With the rise of quantum computing,
quantum walks have been used to create new algorithms, such as Grover’s search algorithm and
Shor’s algorithm for factoring numbers that provide quadratic and possibly exponential speedup,
respectively, over previous classical methods [2].

There exists substantial literature on single-coined quantum walks—in particular, the most well-
studied Hadamard walk. However, little light has been shed on two-coined walks. In this paper,
we seek to analyze quantum walks where the coin operator differs for even and odd locations on
the line. We refer to these types of walks as alternating space-inhomogeneous quantum walks. It is
worth mentioning that since our choice of initial condition is a pure state, the walks we will explore
are also time-inhomogeneous [3].

1.2. Background. In the classical discrete random walk, a particle begins at an initial position
and moves one unit left or right along the number line according to some probability. However, in
quantum walks we use a quantum particle, which can stay in a suspended superposition between
multiple positions. If measured or observed, that particle will “behave” and take on only a single
position, but all information about its superposition will be lost upon measurement. The trick with
quantum walks is that the measurement is not performed until the very end and we only keep track
of the probabilities of where the particle may be, in the form of a wave function [3]. As with many
types of waves, this can lead to some interesting constructive and destructive interference patterns.
This is a main difference between classical and quantum walks.
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1.3. Dirac Notation. The Dirac notation, sometimes also called the bra-ket notation, is the
standard notation used in quantum mechanics to describe quantum states. We define this notation
thusly:

Definition 1.1. A ket is a column vector: |¢) := (1,%2,...,¢%n)T.
Definition 1.2. A bra is a row vector that is the conjugate transpose of a ket: 1* = (1,9, ..., 1p).

Using Dirac notation, we may conveniently express the inner product over C as (1|¢) = *¢p =

Z?:1 7/;z¢z
1.4. Mathematically Encoding a Quantum Walk.

1.4.1. States. Quantum walks begin with a particle at an initial state, [1/(0)). This state encap-
sulates two pieces of information: the particle’s position and its chirality or spin. The coin space
is defined as a Hilbert space, denoted H., spanned by the two basis states {|T) , ]L)} That is, the

spin is a linear combination of
1 0

The position is recorded as a vector in a Hilbert space called H, = {|j);j € Z}. The state of
the total system is contained in the space H = H. ® H,.

We model the state of the total system using a wave function. Hence, we define |¢;(t)) =
a;(t)|1) + b;(t) |{) to be the wave function at a given position j and time ¢ with coefficients a;(t),
b;(t). Then, the total wave function over all integers at time ¢ is

() =D [wi(1)) -
JEZ
If we were to measure the particle at time ¢, then the probability of the particle being at position
7 with spin up is equal to ‘aj(t)|2. Similarly, the probability of being at position j with spin down
would be }bj (t)‘Q, so the total probability of the particle being at j during time ¢ is
2 2
Pj(t) =|a;(t)|" +[b;(t)]". (1)

1.4.2. Unitary Transformations. To perform a quantum walk, we begin with our initial state |¢(0))
and multiply it by a unitary matrix U. Recall that a matrix U is unitary if and only if UU* = U*U =
I, that is, the inverse of a matrix is its conjugate transpose. So |¢(1)) = U [1(0)). We may continue
to apply this transformation, multiplying by U each time, which means that | (¢)) = U?[(0)),
where t represents the number of time steps.

The transformation U is defined as

U=_SCaI).

From right to left, I is the identity matrix in the position space. C represents the coin operator,
which will alter the spin of the particle, and S is the shift operator which shifts the position of the
particle by one unit to the left or to the right. If the spin is up, then S will move the particle to
the right (from j to j + 1) and a down spin will lead S to move the particle to the left (from j to

j—1).
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1.4.3. The Coin and Shift Operators. Consider the coin operator as a literal coin being flipped,
creating a probability of landing heads up or tails down. In this paper, the coin operator will be a
unitary 2 X 2 matrix.

A detailed explanation of the shift operator can be found in Appendix A. In short, the operator
increases the position by one if the particle is oriented up and decreases the position by one if the
particle is oriented down. That is,

Mol = Mmeli+1)
Dely=eli-1).

2. THE HADAMARD WALK

One of the most common coin operators is called the Hadamard operator, defined as

1 1 1
=1 )
To explore the effects of this coin on the spin, multiply this matrix by the pure states |1) and
1)

A= (1 1) (o) =75 (1) =751+ 75 @)
m=2( 1)) =5 () =5m-5w ®)

Note that the squared magnitudes of the coefficients are all 1/2. So when the Hadamard coin
operates on a pure state, it creates an equal probability of changing the spin up or down. We will
use the simple case of the Hadamard walk as an example of the approach used to analyze quantum
walks.

2.1. Demonstration of the Coin and Shift Operators. Let the initial state be |¢(0)) =
[4) ®10). Since there is only one term and its coefficient is 1, the probability of the particle being at

position 0 at time 0 is Py(0) = 1. Now perform the first iteration by applying the transformation
U.

[¥(1) =U[¥(0)) = S(H @ I)([}) ©10))
=S(H[)@10))=S(H[)®|0))

This is a case where it is easier to know the mapping of the function rather than to actually
multiply the matrices. From above, we know the effects of the Hadamard operator on the pure
states [1) and |]). Substituting (2) for H |1) results in:

(1)) = (( - fu>)®ro>>

=s(ﬁ|¢>®ro>—ﬂ|¢>®|o>).
3
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Remember to increase the position if the spin is up and decrease if the spin is down.

1 1
[¥(1)) = 7 T @1 - 7 ) @1-1)

The probabilities of the particle being at 1 or at -1 are the same: ‘1/\/5‘2 = 1/o,

Continuing the derivation for the wave function at time ¢ = 2:

$(2)) = S(H @ 1) (1) Second iteration
_S(H®I) (\}Q 1) @ |1) - \}5 ) ® |—1>) Substitution
— S5S(HM © )~ K| ©|-1) Factor out
=55 <<¢1§ 1+ s} eIy - (J5h - 5 ) e |—1>) Hadamard
= 2SN+ 1~ ) ® -1+ ) ©]-1) Factor out -
= SN2+ ®10) - 1@ 0) + 1) ©-2) Shif

We now have probabilities P_9(2) = %, Py(2) = 1 + 3 = 3, and P»(2) = 1. It takes one more
iteration to depart from classical random walk probabilities.

[¥(3)) = S(H & 1) [¢(2))
_ %S(H@I)(m @ 12) + 14) ® 10) — [1) @ 0) + [4) @ |-2))

—lsmme 2+ HI©0) - HI o (0) + H 1) o -2)

2
= 2\[ SN+ @2)+ (1) =) ©[0) = (1) + 1) @ 10) + (1) = 1) @ |-2)
= 2\[(\T>®I3>+I¢>®I1>+M he-1)-hetli - [he[-h+[he-1)-[1)®@[-3)
— ——
= 2\[(\T>®I3>+I¢>®I1> —2[h)@-H+INe-1)-)®[-3)
Now the probabilities differ from the classical random walk since
Pa(3) = é Pa(3) =5+ % _ g Pu(3) = % and Py(3) = %

Notice the probabilities are beginning to drift towards the negative side. This stems from using
an initial state with down spin. If we had chosen an up spin to begin with, we would be drifting
at the same rate in the positive direction. If we began with a balanced initial state such as
|1(0)) = %(H} +1i[4)) ®10), the probabilities would have been symmetrical [3].
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2.2. Recursion Formulas. Recall that for a given position j at a certain time ¢,
|95(2)) = aj () 1) + b;(t) 1),

So the a;(t) coefficient relates to the probability of the particle having up-spin (and thus having
come from below) and the b;(t) coefficient relates to the probability of having down-spin (and
thus having come from above). We can deduce the following recursion formulas for finding the
coefficients a;(t) and b;(t) at the next time step:

0t +1) = kaj_l(t) 4 jibj_l(t) (@)
byt +1) = s (t) = by 1) (5)

2.3. Fourier Transforms. We define a Fourier transform as below:

fie) = > 150 0

where ¢ is the imaginary unit and s is a real number, summing over all integer positions j. As
such, combining (4) and (6) we get

ar1(s) = Z a;(t+1)e Vs Def. of Fourier Transform
J
-y \lfajl(t)e_ijs Y \;bjl(t)e_ijs Substitute (4)
i 2 ; 2
1 , 1 )
- —i(k+1)s o —i(k+1)s . . .
= e ar(t) + Z e b (t) Change of variable: k =j — 1
V2 Z V2
k k
1 —tks—is 1 —tks—is ol
=—)>) ¢ ag(t) + — Z e bi(t) Distributed (k + 1)
V2 2 V2
k k

1 o 1 o
= 7 Z e R e, (t) + 7 Z e~ *se7p(t)  Exponent Rules: ™ = ee?
k k

e—is —iks e—is —iks —1is
= Z e ag(t) + Z e b (t) Factored e
\/E k \/5 k
a{(s) b}(s)
e—is e—is .
= — dy(s) + —= be(s). Def. of Fourier Transform (7)

V2

Similarly, we derive

V2

1S s

bis1(s) = 7 dr(s) — NG be(s)- (8)

If we were to create a column vector out of gy (s) and byy1(s), then we could describe (7) and
(8) as a product of matrix multiplication.

5
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o) _ 1 (e e ()
ber1(s) V2 L e”® —e” ]\ b(s).

M

So given initial states dg(s) and bg(s) and the matrix M as defined above, then we can define
a(s) ¢ [ Go(s)
~ = M ~ 9
(bt<s>> (bo<s> ®)

2.4. Diagonalization. To simplify the process of raising the matrix to the power ¢, we diagonalize
the matrix M as

for all time steps ¢.

M =UDU™' =UDU*, (10)

where U is a matrix whose columns are the eigenvectors of M. Since U is unitary, its inverse is its
adjoint. The matrix D is a diagonal matrix composed of the eigenvalues of M. That is,

w= ()G D) )

This way, when we raise M to a power, we see the following for any t.

v (T DG )

Using the quadratic formula to solve det(M — AI) = 0, we obtain the following eigenvalues:

Mo = 4 1+ cos?(s) L sin(s) .

V2 V2
—_— =

Re(A1,2) Im(A1,2)

This complex number can be written in polar form. Recall that e™* = cos — isinf. Thus, we

can equate the real part of A with cosws or the imaginary part with sinws. Choosing the simpler

of the two, we define ws such that sin(ws) = % This is known as taking the argument of a

complex number. Therefore, \; expressed in polar form is

—iWs

)\1 =e
The second eigenvalue is the same imaginary number except the real part is negative. Hence, it
becomes
)\2 = €_i(7r+ws).

Substituting these eigenvalues and eigenvectors into (11) and performing the matrix multiplica-

tion we arrive at the following results.
e’ jwst t iwst

at(s) = (e_WS — (=1)%e™s ) 12

)= (-1) (12)

6
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b(s) = L (1 —c05(8) Y e GV COS(5) ) g
be(s) = B (1 1+COSQ(8)> * 2 <1+ 1+Cos2(s)> (%)

2.5. Inverse Fourier Transform. Our main objective is to derive the equations for a;(t) and
b;(t), so employ the inverse Fourier transform:

) =2 " fus)eiics. (14)

T o o

To do this, manipulate (12) into the form of (14).

1 /7 g
a;(t) / a(s)eY?ds

:% .

_ i /7r eiis (e—iwst _ (_1)teiwst> eijsds
21 )7 24/1 + cos?(s)

1 ™ el . o 0 e—is . ..
- / efzwsteljsds _ (_1)7&/ ezwstezjsds
21 | )z 24/1 + cos?(s) —2r 21/1 + cos?(s)

Now use a change of variable where s* = s + w. Then, ds* = ds, and s = s* — 7. Also,

Ws = Wer 5 = —ws+ and cos(s* — 1) = — cos(s*), which means cos?(s* — ) = cos?(s*).
1 - s . 3 T —i(s*—ﬂ') ) .
R L S it (=) g5

21 | J_7x 24/1 + cos?(s) —x 2¢/1 + cos?(s* — )
L[ e ™ —iwat ijs o [T eTime —itwge st —mij g%

= — ——e "teY%s — (1) — WY e (s
2m | J—x 23/1 + cos?(s) —n 2¢/1 + cos?(s*)
1 [ pn —is . . 7r —1 —is” B - .

- / 6—671w5t6235d8 _ (_l)t / Le—z(tws* +3js )(—1)‘7d8*
21 |J—x 23/1 + cos?(s) —x 2¢/1 + cos?(s*)

_ L / T iUseatgg o (_1)j+t/ LT iU e ) gy
21 | J—x 24/1 + cos?(s) —x 2¢/1 + cos?(s*)

_ 1 + (_1)J+t T 672’5 ei(j37wst)d5 (15)

4m —n /1 + cos?(s)

Continuing our derivations, we calculate b;(t).

R " (i cos(s) o—iwst (;l)t cos(s) ciwst | oids g
bi(t) = 2m /—77 [2 <1 1 —‘rCOSQ(S)) M (1 - 1 +COS2(S)> ] a

— i 1 /ﬂ- 1— COS(S) ez’(js—wst)ds + (_l)t /0 1 + COS(S) eiwsteijsds
2 |12 ) & 1+ cos?(s) 2 Joon 1+ cos?(s)
7
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™ t ™ *
1/ 1 COS i(js—w. t)d 4+ 7 ( 1) / 14 COS(S — 7T) eiws*,,rt ij(s*fﬂ')ds*
2r (2 ) V1+ 0052 2 Jx 1 + cos?(s* — )
™ t ™ *
_ i 1/ 1— cos(s i(Gs—wst) gg 4 (-1 / 1— cos(s*) o iwert gifs” mij g ox
2r (2 ) . V1+ 0052 P - 1 + cos?(s*)
T 4+t us < o*
LB (Yo (1) ) g
2r |12 ), /1 + cos?(s) COSQ 2 —r 1+ cos?(s*)

—1)itt iy
_ 1+ ( 1) / 1— COS( ) ez(gsfwst)ds (16)
4r - 1+ cos?(s)

These two integrals describe the coefficients of the wave function at a position j and time ¢.
Therefore, the probability of being at j at time ¢ can be calculated using (1).

3. RESULTS

An alternating quantum walk is a walk that uses different coin operators for even and odd times
and/or positions. A space-inhomogeneous quantum walk is one for which the coin operator varies
with the particle’s position in the position space H,. Likewise, a time-inhomogeneous walk is one
where different coins are used at different times. For both of the walks we analyze below, we have
chosen the initial state |1) ® |0), so the particle will be at even positions at even times and at odd
positions at odd times. This makes our walks both space- and time-inhomogeneous, so we refer to
them as inhomogeneous walks.

3.1. PQ-Walk. The PQ-walk is an alternating quantum walk originally defined in [1] that uses
the coin operators below for even and odd positions The two parameters are fixed as 0 < p, ¢ < 1.

Coven = ( A “?) (17)

Codd = (\/% V_?) : (18)

Due to the nature of this walk, there are two separate sets of recursive formulas that determine
the coefficients a;(t) and b;(t), one for odd values of j and another for even values of j. Since our
initial condition starts at an even position, the time and position are either both even or both odd.
Thus, we interchange “even/odd positions” with “even/odd times” whenever it is convenient. For
example, instead of writing these recursive formulas with respect to even and odd positions, we
define them by even and odd times. For even times ¢, we use (17), giving us

aj(t—i—l) pCLJ 1 +\/1— b] 1t (19)
bj(t+1) = V1 =paj1(t) — /b bjta(t). (20)

Since t is even, t + 1 is odd and we use the odd coin, (18). This yields the recursive formulas

8
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aj(t+1)=\/qgaj1(t+1)+/1—qbj_(t (21)
bit+1) =+v1—-qajn(t+ )*\/Elbj+1( )- (22)

Working from here, our research determined that the coefficients a;(t) and b;(t) are representable
as integral equations in terms of p and gq.

4(t) = = 7; (Vat=pje 2 = VT = a)p) (Vall = p)e* m) gilwst/z+is) g

27 |0 |

+ (_i)jg _7; ( q(1—p)e " — /(1 - q)p) (\/q e’ \/1——qp) e'Fs=ws/2) g

27| Vs

bt = (6““ —Vap e = /(1 - g)( ) (Va(l=p) e = /(T = q)p) e’ /= as
27T|’U1|
/ 7zw 7 p 6721‘5 7 \/(1 — q ) <\/q 17 2is 7 (1 — q)p) ei(jsfwsf/z)ds

271'|_'2‘

When the parameters are chosen such that p = ¢ = 1/2, then the PQ-walk simplifies to the
Hadamard walk. We used this fact to verify our calculations and results.

3.2. Rotations Walk. In this section, we present the results for the alternating quantum walk
with coin operators such that C,gq = (Ceven)_l. More specifically, we define

([ cos(f) sin(B)
Ceven = (— sin(f) cos(6) (23)
to be a clockwise rotation, and
~ [cos(f) —sin(0)
Coda = <sin(9) cos(0) (24)
to be a counter-clockwise rotation, where 6 is a fixed constant and 6 € [0, 27].

Using the wave function and the definition of a quantum walk, we find recursion formulas for
both a;(t 4+ 1) and b;(t + 1) from a;(t) and b;(t), respectively, for both coin operators.

For Cepen, this gives:

aj(t+1) = cos(0)aj_1(t) + sin(0)b;_1(t) (25)
bi(t+1) = —sin(0)a;+1(t) + cos(6)bj11(t) (26)
for j € Z.
Similarly, for C,qq we get:
a;j(t+1) = cos()a;j—1(t) —sin(8)bj_1 (¢ (27)
bj(t+ 1) = sin(0)a;+1(t) + cos(8)bj41(t (28)

for j € Z.
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Similar to the Hadamard walk, we take the Fourier transform of the recursion formulas in order
to be able to express the recursion with a 2 x 2 matrix. We then diagonalize the matrix to obtain
its eigenvalues and eigenvectors and plug these values into (11) to get the formulas for a;(s) and
bi(s). Finally, we take the inverse Fourier transform to arrive at final closed-form formulas for a;(t)
and b;(t).

ai(t) = 1+ (1) /7r ds (1 _ cos(s) 008(0)> ilis+wst/2) (29)
2 _x 2m V1I—A

bi(t) = ﬂ /7T @Mei(js+wst/2) (30)
! 2 -7 2m m
As the aforementioned integrals cannot be exactly calculated, we must approximate the integrals

asymptotically using the method of stationary phase (refer to Appendix C). Applying this method,
we find the following asymptotic expressions:

(14 «)cos (¢(Sa, )t + m/4
N Jeos (6(50s0) 4 7/4)

bi(at,t) ot —atan(h) cos (¢(sq, ) t + m/4)

—/1 —a?sec?(0) sin (¢(sa, )t + 7/4)

where we substituted j = at for o € [—1,1].

"
wsa

Therefore, we can calculate the probability of observing the particle at any point j = at. The
asymptotic distribution for points a = j/t between — cos(8) + € and cos(f) — ¢, for any small
constant € > 0 is

P(a,t) = |a(at, )] +|b(at, )| (31)

3.3. Alternative Representation of the Hadamard Walk. Our numerical calculations (see
Figure 1) suggest that for § = 7, the alternating Rotations walk collapses exactly into the Hadamard
walk. This was a rather unexpected and surprising finding, so we aim to prove it analytically.

First, we begin by slightly modifying the integral forms for a;(t) and b;(t) presented in (15) and
(16). In our original calculations for (15) and (16) we used an initial condition of |]) ® |0), but for
our Rotations walk the initial condition is 1) ® |0), so we need to convert (15) and (16) to match
the initial condition used in the Rotations walk.

To do this, we first substitute —j for j into both (15) and (16) and then take the conjugate of the
entire integral expression. We can do this because the amplitudes are real since the entries in the
coin operators are real which implies that a;(t) = a;(t) and b;(t) = b;(t). After these modifications,
the coeflicients of the wave function with initial condition of |1) ®|0) for the Hadamard walk become:

a;(t) = L+ (P /W ds (1 - COS(S)@) oilist@at) (32)

2 2w 1 + cos?
1+ (1)t (™ ds e’ e
bi(t) = o i(js+wst) 33
() 2 g2 1+cos2(s)e (%)
where sin(wg) = _S’\i/%(s). We use w; in place of wy to distinguish from the wy in (29) and (30).

10
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FiGURE 1. The probability distributions of the single-coined Hadamard walk and
our double-coined alternating Rotations walks match exactly.

We have defined w; = 2 arcsin (sin(s) cos(#)) (see Section 5 for the reasoning behind this choice),
so we have cos(ws) = 1 — 2sin?(s) cos?(f). If we substitute § = 7/4 into the expression for w,

2
we get cos(ws) = 1 — 2sin?(s)cos?(%) = 1 — 2 (%) sin?(s) = 1 — sin?(s) = cos?(s). Thus,
cos(ws) = cos?(s).

Next, we observe that cos(2w;) = 1 — 2sin?(w;) = 1 — 25%2(8) = 1 — sin?(s) = cos?(s). Hence,
we have that cos(ws) = cos(ws) = ws = 4.
Now we substitute # = 7/4 into (54) and (55).
] ™ s
ai(t) = (2_1)] / Zfs 1ot costd) gilis+wst/2)
- 7 \/1 — sin’(s) cos?(%)

o 1
1+ (=1 / ds [ ) ) e
2 21

-

. 1
_ /7r ds | vz (%) pilis+wst/2)
2 — 27 \/1 — % (1 — cosQ(s))
1+ (-1 [ d 75 cos(s) »
= / as 1— V2 ez(jerwst/Q)
2 —r 2T % (1 + (3082(5))
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:H(—l)j/” ds ([ cos(s) ) Gtz
2 —x 2T 1 4 cos?(s)

which is exactly (32) when we replace % with w;.

b(t) . 1 + (_ ) 1 / ds 61 Sin(4) ei(js—l—wst/?)
j =
2 —n 2m \/1 — sin(s) cos?(%)

S

_ / 6 ]s+w5t/2)
—m 2”,/% 1+ cos?(s

1+ (=1 e z(gs+< 1)

2 - 27F\/1+cos2

Again. this is exactly (33) after substituting %* with w;.

Therefore, we have shown that the Hadamard walk, a walk with one coin operator, can be

replicated with two coins when 6 = 7 in the Rotations walk.

4. PQ-WALK ANALYSIS

Consider the alternating quantum walk with an even coin defined by (17) and an odd coin defined
as (18).

4.1. Fourier Transformation. To analyze the results of this walk, we will describe its recursive
nature. Let ¢ be even. After taking the Fourier transform of (19) and (20), combine them into the

matrix equation
aa(s)\ _ [ VBe  VTmpertt) ()
<bt+1(8)> - ( /1 —p els —/D els ) <&t(s)> . (34)

M.

Since t + 1 is odd, we use the odd recursive equations. Writing the Fourier transforms of (21)
and (22) (in the form of matrix multiplication) yields

Gea(s)) _ [ yae™  VI-ge ™) (an(s) (35)
bii2(s) v1i—gqe®” —/q e’ bt+1(8) ’

Mo,

Substituting (34) into (35), a recursive formula appears for any even time ¢ + 2.

area(s)) _ (yae®  VT=age ) (ypet  yTope) fas)
hiote)) = VT Toyger J\Tmper Toypen
12
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VA —qp—+al=p) ¥ J(1T-q)(1—p)+ape* | \ bi(s)

M

_ <x/@ e +/(1-g(1-p) Val—ple® —/(1- CI)P) (‘:‘t(s)> (36)

This reduces down to an equation for any even time step ¢ from initial conditions do(s) and by(s).

a()\ _ o (d0(s)
(16) =2 ()

Now we once again need to diagonalize M to be able to efficiently raise it to a power. For
simplicity’s sake, we will focus only on the even time values.

4.2. Diagonalization. First we solve for eigenvalues and normalized eigenvectors of M. The
derivations of both are included in Appendix B. To summarize, the eigenvalues of M are

o = yapeos(2s) + T —p) 1~ (Vapeos(zs) + T~ a1 7)) -

Re(X)

Im(\)

Then the eigenvalues for M can be written as complex numbers in polar form: e'“s and e™"“s,

where cos(ws) = \/gpcos(2s) + /(1 — ¢)(1 — p). The corresponding eigenvectors are then

Vel —p) e —/(1—q)p
,Ul’2 - . . ’
et — gp e — /(1 - q)(1 - p)
which can both be normalized by dividing by their magnitudes, |0;| and |03|, respectively.
‘171,2|2 = 2 — 2,/qpcos(2s) cos(ws) — 2/ (1 — q)(1 — p) cos(ws) £ 2,/gpsin(2s) sin(ws)
Now we may diagonalize the matrix and raise it to the t/2-th power.
at (@Y _ (e (A0 e (aols)
bo(s) Do 0 A”)\ez ) \bo(s)
- —_——
U*
w1 (Va@ —p)e*™ — /U= ap) 5 (e"“ — Vape*™ — /(1 —q)(1 - p)) (1)
& (Va@=pe — T =ap) iy (e - vape™ = VT =g -p)) | \0

o (eW/Q 0 ) w1 (Val —p)e? — /(T —q)p
0 e\ L (Vad—pes — /T —ap
13
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it (Val=pe* - T=ap)
=U
S (V= - T= )
o (Val—pe — T—ap) (Vall = e — T alp)

+€ e < q(1 _p)e—Qis _ \/(1 _ q)p) (\/q(l _p)€2is . m)
er;jzz (eiws _ \/@6_2“ _ \/(1 — 91 —p)) <\/q(1 —p)e%s . m)

—iwt/2

e (e = vape P = V== p)) (Va—p)e* = VT qp)

|2

Now we have expressions for a;(s) and by(s).

a(s) = (ewm + e_jw;h) ( q(1—p)e™* — /(1 - q)p) (\/q(l —p)e® — /(1 - Q)p>

|7 |? |72

bi(s) = 7;’;/2 (e = vape™ = VAT =)= p)) (Va(l = p)e* — V1= )p)
‘/ (e7 = vape ™ = VI =) =) (ValT —p)e* =T =a)p)

4.3. Inverse Fourier Transform. Using the inverse Fourier transformation described in (14), we
can derive final results for a;(t) and b;(¢). We also use the substitution s* = s + 7 from before.
This also implies ds* = ds and s = s* — . We can also derive that

Ws = We*—x = 1/qP COS (2 (s* — 71')) +v(1=¢)(1—p)
= \/qp cos (23* — 27r) +v(1=¢q)(1-p)
= apcos (25") + /(1 — ¢)(1 — p) = ws=.
Using these substitutions, perform the following inverse Fourier transforms.

1 (7 y
a;(t) = o a(s)e%ds

1 ™ eiwst/z

( q(1—p)e ™ — /(1 - q)p> (\/q(l —p)e? — /(1 - q)p) e*ds
A

(Va(=p)e 2 = VT =) (Vall = p)e** = /(L= qp) e"*ds

2r o |5y )?

1 0 e—iwst/2

21 oo |B)?

1 i o o . ow
A+ (Va=pie=m — /T = g)p) (Vall = p)e¥ " — T = ghp) o260 g

27| G| J—r
14
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1 4 . - I
= A+ 5 ( /q(l _p)672zs \/ 1_q ) (\/q 1_ 2zs . (1_(])]7) oMW /261]3 eI dg*

2’/T"l72|

=A+ (_i)jz : ( g(1—pe " —/(1—q)p ) (\/q e —\/(1- Q)p) e!s" e /2) g g

27| s

- 27T|1171|2/7; (Vat=pje 2 = VT = a)p) (Vall = p)e* m) pilet/25) g
| \/Me—?is — \/(1 - Q)p) (\/ e2is \/1_7(117) eilis—wst/2) 1q

27| Ty |?
And on to b;(t).

by(t) = o / T (e = vap e = VU =)= 1)) (Val = p) ¢ = VT = a)p) eds

271' —r |’U1|

vl ﬂ("“s Vape™* —/(1- )1 )(\/ql— e — /(U= q)p) e7°ds

21 J on ||

— 1 (eiws _ \/@ e~ 2is _ \/(1 _q ) (\/q 1 _ 218 \/1_—qp) l(wst/2+]5 ds

AR

B

1 (e—iws _ \/@e—%s _ \/(1 _q ) <\/q 1 _ 225 \/qu) —iwst/2 zyst

27| 7|

=B+ { > (eiws* _\/@6—21'5 \/(l—q ) (\/q 1_ 215 \/1_7”) iWext/2 z] s —ﬂ)ds

27| Vs

_1j " i —2is™ is™ (wext s *
~ B+ )2 (6“’5**\/@62 -V(1-9 )(\/qlf e \/1fqp) I ds

27T|172|

27r|v2|

5. ROTATIONS WALK ANALYSIS

Recall the alternating Rotations quantum walk with coin operators as defined in (23) and (24).

5.1. Fourier Transformation. Now we would like to find the Fourier transform of the recursion
formulas for the Ceyer, operator by substituting the formulas for a;(¢t + 1) and b;(¢ + 1) into (6).

15
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at+1 Z a; —zjs
= Z cos(6)a;_1(t)e™° + Z sin(0)b;_y (t)e™*
= Z cos(f)ay(t)e " *FDs 4 Zsm (0)b(t)e " *+1s  Change of variable: k = j — 1
k

= cos(f)e % Z ar(t)e”* 4 sin(f)e Z bi(t)e s
k

k
= cos(f)e " dy(s) + sin(B)e by (s) Defn. of Fourier transform (38)

bit1(s) = Z bj(t)e™*
- Z sin(f)a;_1(t)e"* 4 Z cos(0)bj_1(t)e *

== Zsin(&)ak(t =Dy () + Z cos(0)by,(t)e =15 Change of variable: k = j + 1

= —sin(f)e’ Z ax(t)e” ™ 4 cos(h)e’ Z by (t)e s
k k

= —sin(0)e*dy(s) + cos(#)eby(s) Defn. of Fourier transform
(39)

There the recurrence relations for the walk at even times may be written as a product of matrices
in the following manner:

c:LtH(s) _ cos(G)e_if sin(@)efis C:Lt(S)
bit1(s) —sin(f)e*®  cos(f)e’ be(s) |~

M, = (cos(@)e‘fs sin(9)efis> (40)

—sin(#)e™  cos(f)e’*

We define

to represent the evolution of the walk at even positions.

In a similar manner, using the recurrences obtained for C,44, we define the operator to represent
the evolution of the quantum walk at odd positions as:

M, = (cos(&)efis — sin(@)ef"s) . (41)

sin(f)e*s cos(f)e*
Although we apply the operators in alternating order!, we may still write them as:

INote that the operators M. and M, are noncommutative.

16
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M = (M,M,)!? (t even)
Mt = M (M,M)®1/2 (¢ 0dd)

where

e72i% cos?(0) + sin?(6)  cos(6) sin(6) (e~2is — 1)> . (42)

MoMe = ( cos(f)sin(9) (e** — 1) €% cos?(0) + sin®(0)

Given initial states do(s) and bo(s) and the matrix M,M, as defined above, we define

ay(s) t/2 [ @o(s)
. = (M,M, . 43
(bt(s)> ( ) bo(s) (43)
for even time steps. For convenience let us rename M := M,M,, so that we can diagonalize M
as in (10).

5.2. Diagonalization. Once again diagonalizing M as defined in (42) involves finding its eigen-
values and a pair of orthonormal eigenvectors. The full details of finding these formulas may be
found in Appendix D.

For the eigenvalues we find

A2 = 1 — 2sin?(s) cos®(0) + 2i sin(s) cos(6) \/1 — sin?(s) cos2(6). (44)

Both eigenvalues lie on the unit circle, and are conjugates of each other, so we can take the
argument of each eigenvalue. Let A\ = e"s and Ay = e7s where w; is the angle in [_7”, g] where
ws = 2arcsin(sin(s) cos(#)) is uniquely defined. Additionally, we have cos(ws) = 1—2sin?(s) cos?(6).
Let A := sin?(s) cos?(f), so we have cos(ws) = 1 — 2A. Note the definition of A from now on.

Now, we would like to find the corresponding orthonormal eigenvectors, 4] and wu3, for each

eigenvalue. This is accomplished by solving (M — AI)Y = 0 for A = A\; and A = Az where v = <Zl> .
2

First, we find an orthonormal eigenvector for A\; = e™=. We have
((:052(0)6_22'S + sin?(0) — eiws) m1 + cos(0) sin(0) <e_2is — 1) ng = 0. (45)

The details of solving (45) to obtain an eigenvector and then normalizing this eigenvector are
left to Appendix D. After doing so, we have the following normalized eigenvector for Ay = e"s.

0 1 ( ~cos(0) sin(6) (e —1) ) (46)

Ni(s) \€“" — cos?(0)e=2 — sin?(0)

where Ny(s) := 84 (1 — A+ cos(s) cos(0)v1 — A).

Now find an orthonormal eigenvector for Ay = e~*s. We obtain the following equation

(0082(9)6_%8 + sin?(6) — e_iws) m + cos(0) sin(6) (6_%8 - 1) 19 = 0. (47)
17
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Again, it remains to solve (47) for 72 to find an eigenvector and then normalize it for which we
leave the details in Appendix D. To sum up, we get

0 = 1 ‘cos(G) sin(6) (6—‘%5 - 1)
9 = NQ(S) (e—zws _ COS2(6)6_228 _ Sin2(9)> 5 (48)

where Ny(s) := 84 (1 — A — cos(s) cos(6)v1 — A), as an orthonormal eigenvector for Ay = e~™s.

5.3. Finding Formulas for d,(s) and b(s). For now, we assume that the initial condition is
1) ® |0), which is purely up. From this we know that ag(t) = g j, so

do(s) = Zéo’je_ijs = (507060 = 1(1) = 1.
J

Likewise, bo(t) = 0 which implies that by(s) = 0.

ao(s)) _ (1

(am@>“QO )
MO
0 Ao

substitute (49) into the general formula in (37) and perform the matrix multiplications, then we
obtain the expressions presented below.

Therefore, we have that

Hence, if we let U = (uj,u3) and D = ( > we have the diagonalization of M. Then, if we

(cosz(é?) sin?(0) (e7% — 1) (e — 1))

&t(S) _ biwst/2
Nl(s)
(0082(9) sin?(0) (e7% — 1) (e** — 1)) iunt/2
* Na(s) i o0
Bﬁhjﬂﬂm@@%—ﬂ%;;M@fm_m%mmm
N cos(6) sin(0) (e** — 1) (e~ — cos?(#)e 2" — sin2(9))b_iwst/2 (51)

NQ(S)

The formulas in (50) and (51) can be simplified further simplified to a form that is easier to work
with. Since these are longer calculations, we have placed them in Appendix D and only present the
final forms of a;(s) and b:(s) here.

ai(s) = % [(1 - W) elwst/2 | (1 - W) e_i”St/2] (52)

ba(s) = e’ sin(0) (eiwst/Q _ oiwst/2 (53)

N A18
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5.4. Inverse Fourier Transform. Our main objective is to find formulas for a;(t) and b;(¢). This
is accomplished by taking inverse Fourier transforms of (52) and (53). We substitute both (52) and
(53) into (14) to obtain the following coefficients for the quantum walk at even positions.

1 /7 g
aj(t) = o a(s)e?ds
—Tr

11 cos(s) cos(0) iwst )2 cos(s) cos() —iwst/2 | ijs
_2Wﬂ[<1 viea )¢ T\t ) erds

2
1 ("1 cos(s)cos(0)\ a2 ij 1 /0 1 cos(s)cos(0)\ _iv.t/2  ii
_ (1= W . ijs - (1 iwst/2 | ijs
o 3 < — i )¢ e d5+27r .2 —1—7%1_14 e e’?ds

Now we perform a change of variable. Let s* := s 4+ w. Then, we have that s = s* — 7,
ds* = ds, s*(—2n) = —m, and s*(0) = 7. Furthermore, it can be shown that wg_r = —ws and
that cos(s* —7) = — cos(s*) and sin?(s* — ) = sin?(s*). Using this information the second integral

above may be rewritten as:

_ i 7 1 - cos(s* — ) cos(f) iy at/2 | (s =) g
27 2 /1 —sin?(s* — 7) cos2(f)

_ 1 " 1 1— cos(s* )003(9) plWsrt/2 | Jis™ | o] g o*
2 Jx 2 /1 — sin?(s*) cos?(0)

_ 1 " 1 . (—l)j 1— COS( ") cos(6) pilds™ Fwert/2) g o*
2w J_x 2 V/1 —sin?(s*) cos2(h)

W (1) ) g
2 ) x 2 V/1 —sin?(s*) cos2(h)

At this stage, rename s := s* in the derivation above. Combine and simplify the two halves of
the integral to get the final form of a;(t).

a;(t) = 1+ (-1 /_7; ;L; (1 _ COS(?\/%@) pilistwst/2) (54)

Continuing with our calculations, we derive the formula for b;(t) in a similar manner.

1 g
bi(t) = 5= bt( )elis ds

_ 1" e’ sin(6) iwst/2 —iwst/2\ ijs
= /Tr Wi (e —e ) eY%ds
1 (™ e*sin(d) / 12 ij 1 [0 e#sin(9) 2 i

i W AL ds — — tWs L oijs d
o _W72m (e e > s _2ﬂ72 *1_14(6 e ) s

19
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As before let s* := s + 7 within the second integral from above and reduce the integral in the
following way:

_ ;1 /-7T ei(s* —) Sln(e) efiws*frrt/2 ) eij(s*frr)ds*
27 J_, 2\/1 — sin?(s* — ) cos2(6)
_ ;1 / e e sm(@) eiws*t/Qezjs* ) e—iwjds*
21 J_7 24/1 — sin®(s*) cos2(6)
_A T (~A)(—1)7€e’" sin(0) (G5 +wert/2) g g*
21 J 7 24/1 — sin®(s*) cos2(6)
_ (_1)j /7T ets” sin(0) pils™ Fwert/2) g o*
2 J_x 24/1 — sin?(s*) cos?(h)

Once again rename s := s* in the derivation above and combine the two halves of the integral
to get the final formula for b;(¢).

L+ (=1 [™ dse®sin(0) ;iisiw.
bty = gl [ sl i (55)

We observe that for odd positions of j, the amplitudes of both a;(¢) and b;(t) cancel out, as
desired.

Thus, we have obtained two integrals that describe the coefficients of the wave function at a
position j and time ¢. Therefore, we calculate the probability of being at j at time t as Pj(t) =

|aj (&) +1b; ().

5.5. Asymptotic Expansion of a;(t) and b;(t). Using the method of stationary phase, described
in Appendix C, we would like to asymptotically expand the integrals (54) and (55) in order to
analyze the behavior of the wave function as ¢ tends to +o00. To do this, we consider an integral of
the form:

Io 1) = / 05 et (56)

_x 2m

If we substitute j = at for @ € [—1,1] into the expressions in (54) and (55), we can obtain
integrals in the form of (56). After doing so we can define?

1+ (=) [T d cos(s)cos(?) \ it(astw
Ii(a,t) = (2)/ o (1 - H) e et
1 (=1 7 ds € sin(0) yasiw. /)
L(a,t) = 5 /_7r 2 i A e for b;(t)

Furthermore, we can let

2Note that ¢ is defined to be the total number of steps taken during the walk.
20
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g1(s) == (1 — COS(SlLiOZ(e» ,
_ €sin(6)
92(3) T m

and since both I; and I have the same phase term, define

1
o(s, ) == as + JWs

Initially, we would like to calculate some derivatives which will be useful in our analysis later.

99 1 cos(f) cos(s)
ds o 2 o /1 —sin?(s) cos?(6)

@ _ 1w" _ — sin(s) cos(f) sin?(0)
0s* 277 (1 — sin®(s) cos?(f)) 3/2

03¢ _ —sin?(6) cos(6) cos(s) (1 + 2sin’(s) cos?(6))

1
Sl
0s® 2 (1 —sin®(s) COSQ(9>)5/2

" o__

After calculating these derivatives, we need to find an appropriate region in terms of « for which
to analyze the asymptotic behavior of the wave function ¥ as t — +o0o. We would like to choose
a, so that I1(«,t) and Is(«,t) decay faster than any inverse polynomial in ¢ in the region || + €,
go as t~/3 in the regions around ||, and as t~'/2 in the third interval [4].

In order to look for stationary points of order 2 around |a|, we would like to have ET¢ a—¢ 0,
but 883 75 0.

First off, if

@ _ —sin(s) cos(6) sin?(0)

0s? (1 —sin®(s) cos2(9))3/2
we must have sin(s) = 0, so s = 0, 7 are the stationary points.

For

ds /1 —sin?(s) cos2(0)
+cos(f)y/1 — sin(s)
/1 —sin?(s) cos?(6)

_ 7T cos(6)4/1 — sin?(s)

\/1 sin?(s) cos2(f)

29 ot cos(@) cos(s)

If s = 0,7, then a = £ cos(f). However, we must be careful and observe that for ¢, s = 0 =
a = —cos(f) and s =71 = a = cos(h).

21
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Now we would like to analyze the behaviors of I; and I for|a| = cos(f) and |a| < cos(6) — € for
any constant € > 0.

We begin with the points av = cos(f), — cos(#) where ¢ has stationary points of order 2 at s = 0, .
Therefore we apply the method of stationary phase with p = 3 to find the leading terms for I; and
Is.

First, we evaluate ¢ (s, ) at s = 0, 7 which will be used in the formula for the integral.

¢ (0,) = —sin?(6) cos(0)
¢ (m, ) = sin?(6) cos(6).

Thus, using the above formulas we get

1 1/3
N(a,t) ~ L+ (=) gl(s)ei(¢(s,a)ti7r/6)r <3) 3!
1\@, 2 2m 3 t‘¢(3)(s,a)‘

at h
N 1+ (—1) gl(S)Gi(¢(s,a)tiﬂ/6)I‘ <1> °
2 6 3/ ||tsin*(0) cos(0))|

and

1/3
L+ (=1 92(8) i(p(s,a)ten/6)p 1 6

T ) ~ i(p(s,a)tEm/6)p 2

2(at) 2 6 3) ||tsin®(6) cos(6)|

We also need that for I, g1(0) = 1—cos(f) and g; () = 1+cos(f). Similarly, for I, g2(0) = sin(6)
and ga(m) = —sin(f). Furthermore, we can find that ¢(0, — cos(#)) = 0 and ¢(m, cos(#)) = 7 cos().

Using all of the above information we can finally write more specific for the leading terms in the
integrals 17 and Is.

N 1/3
I (~ cos(6), £) ~ L+ (=1 9100) i(p(0.— cos(@)—r/o)p (1 - 6
2 6 3) ||tsin?(0) cos(6)|

1/3
14+ (=1 (1 —cos(9)) _;. 1 6
~ g e ° T <3> [\mm?(e) cos(e)\]

L (CD)™ (L= cos(8) (V3 1) (1 ; 13
~ 2 o (2 - 21> r <3> [‘tsm2(9) COS(Q)‘] (57)

o 1/3
I (005(9)’ t) ~ 1+ (_1) tgl(ﬂ) (@ (m,cos(0))t+m/6) <1> — 6
|t sin?(6) cos(0)|

2 6 3 0)

1/3
N 1+ (_1)at (1 + COS(Q))ei(wcos(G)tJrﬂ/@F (1> 6
2 67 3/ ||tsin®(6) cos(0)]

22
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- L+ (=) (1 + cos()) <cos <7r cos(8)t + g) +isin <7r cos(0)t + W))

2 67 6
1/3
1 6
o (L 58
8 <3> [’tsin2(9) COS(Q)’] %)
L+ (1) g2(0) ! 6 -
B - g2 i(¢(0,— cos(8))t—m/6) -
I 0),t) ~ I
2 (—cos(0),1) 9 6 C <3> [|tsm2(9) cos(@)|]
14 (—1)°* sin(6) o—im /6 <1> 6 .
2 67 3) ||tsin®(6) cos(6)|
- 11/3
1+ (=Dsing0) (V31 L (1> 0 ! (59)
2 67 2 2 3/ ||tsin®(0) cos(0)|
L 1)at () ) - 6 11/3
- 92\T) _i(¢(m,cos(6))t+m/6) -
I ~ r
2 (cos(6),t) D) 6 © <3> |t sin?(6) cos(6)|
at : [ ] 1/3
N 14+ (_1) - Sln(g) ei(wcos(@)t—f—ﬂ/ﬁ)r <1> 6
2 6 3) ||tsin?(6) cos(8)|
1+ (—1)* —sin(6) m o T
~ 5 o cos | mcos(0)t + 5 + isin | 7cos(0)t + 6
1/3
1 6
oL 60
x (3) [‘t sin?() COS(Q)‘] e

Now we turn to the interval of most importance to us, [— cos(f) + €, cos(d) — €]. When « lies in
this region we would like to have ‘g—ﬁ = 0, but ?;Tf # 0, so each of ¢ has two stationary points in
this region.

Recall that
29 cos(f) cos(s)

9s " V/1 — sin(s) cos2(6)

Solving for s gives

2 tan?(¢
Sq = T arccos ( 7a1 an g ))
-

50 = + arccos <—%) . (61)

Note that we get two stationary points for each value of alpha, namely s, and —s,.
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Once again, we can employ the method of stationary phase but this time for p = 2. In the most
general form, we have 3

L4 (1) g12(50) s(oomarsnny [ 2|7 TR)
~ 5 a) i d(sa),a)tEm : 2
fiafast) ~ 2 2 or [ty¢<2>(sa,a)\] 2
it (1) \/ﬁ‘ 91,2(5a) i (Dsa0)tEm/4)
2 2w oo
_1\at
L1t (=1 _912(50) (cos <¢(sa, a)t + W) + sin <¢(sa,a)t + W))
2 27t w;/a 4 4

which can be simplified to

91.2(8a) 2¢0s (P(sq, a)t +m/4) if g is even
h2(et) B % { 2isin (¢(sa)t + m/4) if g is odd (62)
2t |wy
ay g
The phase is
1
D(E£Sq, ) = s, + 2Wsa
where
w(+s,) = 2arcsin (sin(+s4) cos(6))
. . - tan(0)>
= 2arcsin | sin | arccos | ——=- | | cos(#
( < V1—a? 2
— o2 sec?
= 2arcsin | £ cos(0) 1= a?sec*(6)
1—a?
200) — o2
~ £ aesin ( 1@) 63
and the second derivative is 4
8722(:&8&’ 0) = = sin(+s,) sin?() cos(g/)2
s (1 — sin®(£sq) cos?(6))
_3/2
1 — a?sec2(f) [ sin%(0)
— 102
= Fsin“(0) cos(0) o2 (1 — 2

3Note that I(3)= 7.
4See Appendix D for the expansion of sin(s,) and 1 — sin?(s, ) cos?(6).
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Therefore, for

1—a?

3/2
— o2 sec? 2
T sin?(6) cos(h) 1 - a¥sec?(6) (1 c )

sin?(6)

= Fsin?(4) - (sin2(0)>73/2 (1 - a2>71/2 : (1 - a2>3/2 cos(0)\/1 — a? sec? ()

"
wsa

F (sin(9)2> o (1 - a2) cos(0)y/1 — a?sec?(h)

F(1 — a?)y/cos2(0) — a?

sin(0)

we can just use

"

(1 —a?)y/cos?(0) — a?

w

Sa|

|sin(6)]|

Next, we would also like to find g1(%s,) and ga(£sq):

Also, we get

g1(£sq)=[1—

cos(£s4) cos(6) )

V1 —sin?(£s4) cos2(6)

M=a? sin?(0)

_ (1 _ —atan(f) cos(9) M)

| atan(d cos(9)>

)
sin(0)
(6) -

= (1 + aarctan(f) - tan(f))
(1

etisa gin()

92(Esa) =

B V1 —sin?(£s4) cos2()

1—a?

: —1/2
= eT%1 gin(f) <51n2(9))

= e gin( (

L2\
i)

= V1 — aZeta
= V1 — a2 (cos(sq,) £ isin(sq,))

:M<—atan(9) n V1 —a28662(6)>

L= T A=

= —atan(f) £ iy/1 — a?sec?(0)

25



REU 2015 Jenia Rousseva and Autumn Asay

Combining the aforementioned calculations, we can write asymptotic expression for a;(at,t) and
bj(at,t), where a;(at,t) := I, and b;(at,t) := Is.

1+ «)cos (¢(sq, )t +w/4
aj(ozt,t) N 1_|_(_1)at ) ( ) ( ( ) / )

" —atan(6) cos (¢(sa, @) t + m/4)
bi(at,t \/ 2wt ]
sats) e, —/1—a?sec?(0) sin (¢(sa, @)t + 7/4)
Therefore, we can calculate the probability of observing the particle at any point j = at. The

asymptotic distribution for points o = j/t between —cos(8) + € and cos(f) — ¢, for any small
constant € > 0 is given by (31).

(65)

6. FUTURE WORK

Many aspects of our project could be further generalized. We worked with the same initial state,
|T) ® |0), for both our walks, but there are infinitely many initial conditions that could be tested.
Similarly, there are many ways to make a coin space-inhomogeneous. For example, we could define
a coin that is different at every point on the line. We could also study a walk that is strictly time-
inhomogeneous, independent of position, and compare results with similar space-inhomogeneous
walks.

However, there is still much to learn about the two specific walks we covered. Time constraints
prevented us from finding asymptotic approximations for the PQ-walk. Having accurate approx-
imations could let us better examine key features of the probability distributions for any set of
parameters. We found some key features of the Rotation walk, but more could be discovered and
justified using our asymptotics. Learning to predict and control the behavior of quantum walks
using these variables could make them even more powerful tools in computing and other applica-
tions.

The discovery that the Rotations walk could replicate the Hadamard walk raises several poignant
questions. Are there other walks we can model using the Rotations walk or the PQ-walk? Further-
more, can all homogeneous walks be modeled by inhomogeneous walks? Methods to control walks
by adjusting their parameters could lead to insights for answering these questions.

APPENDIX A. SHIFT OPERATOR

The shift operator is defined as

S=>_"Meli+1) G+ > 1) deli—1) 3l

JET JET
This looks rather intimidating at first, so consider an example. Assume that after applying the
coin operator we have an expression |1) ® |1) . Now apply the shift operator.

S(H ) [p(t) = S(1) @ (1))

= [d_MAeli+n@+Y B deli-1§ ] (hel)
JEZ JEZ
26
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domdleli+1 Gl (he )

JEZ
S @li-n Gl (h e
JEZ

One useful property of the tensor product is that for any matrices A, B, C, and D,

(A® B)(C ® D) = (AC ® BD).

This identity leads to a useful result:

SHD) ) =Y INEIN@+1) G+ (DD @li—1) ).

JEZ JEZL

Recall that a bra multiplied by a ket is an inner product. Since H. has an orthonormal basis
of {|1),[1)}, we know (1|]) = (L |T) =0and (1|1) = (J|]) = 1. The elements of H, follow a
similar convention. For positions |u) , |v) € H,p,

(ulv) = dup = {

1 fu=vw

0 ifus#w.

This means the sum containing the inner product of up and down is zero, canceling out that
term completely. Only the first sum containing the inner product of up with itself remains.

SH @) [p(t) =Y [1) @ [j+1) (1)

JEZ

The inner product of j and 1 will always equal 0 if j # 1, so the only term that doesn’t cancel
out will be the j = 1 term. After substituting j = 1, we get

SH 1) [p(t) = 1) @ [2) (1]1)
=[N ®l2).

APPENDIX B. PQ-WALK EIGENVALUES AND EIGENVECTORS

Find the eigenvalues using the characteristic equation.

det(M—)\I):(\/@e—Qis+\/(1_T_ m+ﬁ€2i8— )
— (V1= q@)p— Va1 —p) €*)(\/q(1 —p) e7** = /(1 - q)p)

=W+qp Vap e A+ (1 g)(1 - p)
+/q _ 27,3 2/1_q 1—p )\ \/@627;5)\_‘_)\2
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_W—i— (1—q)—|—q(]__ )_\/ _ _p) egis
:)\2_(\/@€2i5+\/@6_2i5+2 (1—Q)(1—p)>A

+(gp+ (1 —q)(1—=p)+p(1—q)+q(1—-p))

:)\2—(\/>(cos(2s)+/sm&/f+c05 ) — isin{25)) + 2/ (1 —¢)(1 — p ))\+1
:)\2—2<\/@COS(28)+ (1-—q)(1 - )>/\+1

Solve for the roots of the characteristic equation.

\ 2 (@608(23) +v (1 =q)(1 —p)) + \/4 (\/@COS(%) +/(1—=¢q)(1 —p))2 —4
12 =

’ 2

gpcos(2s) +/(1—¢q)(1—p i\/( Vqp cos(2s) + (1—q)(1—p))2—1
2
cos(2s) + /T =)0 =)\ (Vapeos(ze) + VT — 00 =)

Re(X)

Im(X)
Using these eigenvalues, we can solve for the corresponding eigenvectors v1, 3.

(x/@ e+ /(1—q)(1—p)— ei’“s) T1 + (\/Q(l —p) e —/(1- Q)P) wy =

Call this x1

Choose 1 to be the second coefficient, then we can factor and divide x; out. The derivation
becomes much simpler this way.

1 (@ e 2 4 /(1—q)(1 —p) — e + x2> =0
(V@ 2+ T a0 —p) — ¢4 1 25 =0
py = — \Jgp e — /(1 - q)(1—p)
This would result in these non-normalized eigenvectors.
Val =p) e — /(T —qp

ets — Jqp e % — /(1 —q)(1 —p)
28

U2 =



REU 2015 Space-Inhomogenous Quantum Walks

In rectangular complex form, that can be written as

a b

( q(1 —p) cos(2s) — \/m> — 1 ( q(1—1p) sin(2s)>

(cos(ws) —/qp cos(2s) — /(1 —¢q)(1 — p)> + i (v/qp sin(2s) =+ sin(wy))

d

—

U2 =

C
So the magnitude squared of the eigenvector is |17|2 =a’+ b+ +d
L2 2 . 2
[712]" = ( q(1 —p)cos(2s) — /(1 — q)p) + ( q(1—p) Sm(28)>

+ (cos(ws) —/qp cos(2s) — /(1 —q)(1 — p))2 + (Vapsin(2s) + sim(ws))2

= q(1 — p) cos®(2s) —21/qp(1 — q)(1 — p) cos(2s) + p(1 — q) + q(1 — p) sin?(2s) + cos? (ws)
~—_——

—
— 2,/qpcos(2s) cos(ws) — 21/(1 — q)(1 — p) cos(ws) + qp cos?(2s)
—N—
+2v/gp(1 — g)(1 — p) cos(2s) + (1 = g)(1 — p) + gpsin®(2s)

+ 2,/gpsin(2s) sin(ws) + sin®(ws)
———

= 41~ p) ~ 2/ap(L— =) cos(25) + p(1 — g) + 1 — 2/Gpcos(2s) cos(ws)
2T q)(1 — p) cos(eer) + ap + 2/ap(1l —A}fE =) cos(2s)

+ (1 —¢)(1 — p) £+ 2\/gpsin(2s) sin(wy)

= 2 — 2,/qpcos(2s) cos(ws) — 21/ (1 — q)(1 — p) cos(ws) £ 2,/gpsin(2s) sin(ws)

Now plug in our identities for cos(ws) and sin(ws).

!5’172‘2 = 2 — 2,/qpcos(2s) (@005(28) +V(1=q)(1 - p))
—2/(1-q)(1—p) (\/;chos(zs) ++v/(1-9)(1 —p)) + 2,/gpsin(2s) sin(w;)

=2 — 2gpcos?(2s) + 2 — p) cos(2s) —Mp)

—2(1—-¢q)(1 —p) £2,/gpsin(2s) sin(ws)

2
= 2¢+ 2p — 2qp — 2qpcos>(2s) £ 2@81]&(25)\/1 - (@005(28) +v(1-q)(1 - p))
29
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APPENDIX C. THE METHOD OF STATIONARY PHASE

The integral expressions for our coefficients a;(t) and b;(t) clearly cannot be solved by ordinary
integration techniques, so we must consider a well-known method which allows for the asymptotic
expansion of integrals called the method of stationary phase [4].

We consider an integral of the form:

1) = / " o(5)6it0) ds (66)

as t tends to infinity. We assume that the exponential term in the integral oscillates rapidly
when t is large and if ¢, called the phase of the integral, is not constant in any sub-interval. Also, if
g(s) is a smooth function of s, then terms from adjacent sub-intervals will almost cancel each other
out, meaning that the major contribution to the value of the integral comes from regions where the
oscillations are slow. These regions of slow oscillations occur exactly at the stationary points, i.e
the points where the phase term is stationary. More precisely, the points ¢ where ¢'(¢) = 0. Thus,
the significant terms in the expansion come from a small interval around the stationary points.

Without loss of generality, we assume that ¢ has exactly one stationary point occurring at the
left endpoint of the interval, a. Furthermore, we make the assumption that ¢ is smooth and non-
vanishing at a. The order of a stationary point, ¢, corresponds to the last derivative of ¢ in the
Taylor expansion of ¢(s) at ¢ which is nonzero at ¢. Suppose that the order of a is p — 1, then

¢ (a) = 6P (a) = --- = ¢~V (a) = 0, but ¢P)(a) # 0. Then, the dominant behavior of I is given
by
1/p
1 (5) i ! I'(1/p)
I(t) ~ als ezt¢(s):|:z7r/2p p , t — +o0, 67

where we use €™/2 (e="/2P) if ¢P)(a) > 0 (¢P)(a) < 0).

APPENDIX D. ALTERNATING ROTATION WALK CALCULATIONS

D.1. Eigenvalues and Eigenvectors. In order to diagonalize the matrix M, we first solve for
the eigenvalues of (42). The determinant of the matrix M is 1 and its trace is

e” %% cos?(0) + sin?(0) + € cos?(6) + sin?(6)
= (e*m + €2i5> cos?(0) + 2sin*(0)
=2 <cos(25) cos?(6) + sin2(9)>

———

=2 ((—2 sin?(s) + 1) cos?() + Sin2(9)>

=2 <—2 sin?(s) cos?(#) + cos?(6) + sin2(9)>

2 (1 — 2sin’(s) cos2(0)) .
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Therefore, the characteristic equation is
A% -2 (1 — 2sin%(s) 0082(0)> A+1=0.

Solving for the roots of the characteristic equation, we get

2 (1 — 2sin?(s) cos?()) + \/(—2 (1 — 2sin?(s) 0052(«9)))2 —4
2
2 (1 — 2sin?(s) cos?()) + \/4 ((1 — 2sin?(s) 0082(9))2 - 1)
2
=1 — 2sin®(s) cos?(#) + \/(1 — 2sin?(s) 0052(6))2 -1

A2 =

=1 — 2sin?(s) cos?(#) + \/4 sin(s) cos?(#) — 4sin?(s) cos2() + 1 — X

=1 — 2sin?(s) cos?() + \/4 sin?(s) cos?(f) (sin?(s) cos?(d) — 1)

=1 — 2sin?(s) cos?() £ 2sin(s) cos(h) \/—1 (1 — sin?(s) cos?(0))

— 1 — 25in%(s) cos?(6)  2isin(s) cos(6)y/1 — sin?(s) cos?(6).
If we let 11 = cos(6) sin(6) (e 72 — 1), solving (45) for 1, gives ny = €= — cos?(0)e 2" —sin?(6).

Therefore, we can define
. cos(f) sin(g) (e — 1)
V1= | giws cos?(0)e=%"® —sin(0) | -

It remains to normalize v7.

2

01 |* = e™s — cos?(f)e ¢ — sinz(ﬁ))

cos(6) sin(6) (e*% — 1) ‘2 +

= 4Asin?(0) + 4A (1 + cos(2s) cos®(6) + 2 cos(s) cos(0)vV1 — A) See Notes 1 and 2 for details.

=4A <1 + sin?(0) + cos(2s) cos?() + 2 cos(s) cos(0)v/1 — A)

———
4A (1 + sin?(A) + (1 — 2sin®(s)) cos?(6) + 2 cos(s) cos(8)v/1 — A>

~~

4A (1 + sin?(0) + cos*(0) —2sin?(s) cos?(#) + 2 cos(s) cos(A)V1 — A>

4A (2 —2A + 2cos(s) COS(Q)M)
8A (1 — A + cos(s) COS(Q)M)

Denote Ni(s) := 8A (1 — A+ cos(s) cos(0)v1 — A) as the squared-norm of vj.
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Once again, let 71 = cos(6) sin(#) (e — 1) and solve (47) for 72 to get
no = e~ s — cos?(6)e~ % — sin?(f). Define:

5 = ( cos(6) sin(f) (e — 1) > ‘

—ws _ cos?(f)e™2 — sin%(h)
Again we need to normalize v3.

[53* =

2 . : 2
+ ’e_MS — cos?(h)e % — sinQ(Q)‘

cos(f) sin(0) <e‘2i5 — 1)

= 4Asin?(0) + 4A (1 + cos(2s) cos?(6) — 2 cos(s) cos(0)v1 — A) See Notes 1 and 2 for details.

=4A <1 + sin?(0) + cos(2s) cos?(0) — 2 cos(s) cos(0)v/1 — A)

N——
44 (1 +sin2(0) + (1 — 2sin®(s)) cos?(8) — 2 cos(s) cos(0)v/1 — A)

4A (1 + sin?(0) + cos?(0) —2sin?(s) cos?(#) — 2 cos(s) cos(A)V1 — A>

~~

4A (2 —2A — 2cos(s) cos(@)m)
8A (1 — A — cos(s) 008(9)m>

Denote Na(s) :=8A (1 — A — cos(s) cos(0)v1 — A).

, 2
Note 1: Expansion of‘cos(ﬁ) sin(6) (e=%* — 1)‘ :

2 2

cos(0) sin(0) (e*%S - 1)

cos(6) sin(6) ((cos(2s) — isin(2s)) — 1)

= ‘ (cos(6) sin(f) cos(2s) — cos(f) sin(#)) — i (cos(f) sin(f) sin(2s)) ‘2
= (cos(@) sin(6) (cos(2s) — 1))2 + (cos(6) sin(8) sin(25))2

= cos?(f) sin*(0) <0082 (28) —2cos(2s) + 1) + cos?(0) sin?(0) sin?(2s)
——— ———

= cos?(0) sin*(6) (COS2(28) + sin?(2s) —2 cos(2s) + 1>

= cos?(0) sin®(0) (2 — 2 cos(2s))
= 2cos?(f) sin*(0) <1 - COS(28)>
——

— 2¢0s2(6) sin?(6) <x - (1 —9 sin2(s)))
= 4Asin?(9)
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2

Note 2: eiws — cos?(f)e 2 — sin2(9)’ :

. , 2
e“s — cos?(f)e 2 — sin? (9)‘

= ‘cos(ws) + i sin(ws) — cos®(0) (cos(2s) — isin(2s)) — sin2(0)’2
= (cos(ws) — cos?(f) cos(2s) — sin? (9)) +1 (Sin(ws) + cos?(0) sin(23)> i

2

= (cos(ws) — cos?() cos(2s) — sin? (9)) + (sin(ws) + cos?(6) sin(25))
——

——
2

= (1 — 2sin?(s) cos?(#) — cos?(0) (1 - 2sin2(s)) - Sin2(9)> + (sin(ws) + cos?(0) Sin(2s))

= (1— sin? 52(0) + 2sin? s°(0) — (cosz(9)+sin2(ﬁ)>)
—_———

+ (sin(ws) + cos?(6) sin(2s))2

2

—(1-1)7%+ (Sin(ws) + cos?(6) sm(gs))2

= (sin(ws) + cos?(6) sin(25))2

in?(w,) 4+2 cos?(#) sin(2s) sin(w;) + cos*(8) sin?(2s)
—— ——

= (2 sin(s) cos(#)v'1 — A>2 + 2 cos?(#) sin(2s) - 2sin(s) cos(0)v1 — A + cos(0) sin?(2s)
= 4sin?(s) cos?(0)(1 — A) 4 4 cos®(0) sin(s) sin(2s) V1 — A + cos® () sin?(2s)
—— ——
= 4sin?(s) cos?()(1 — A) + 4 cos®() sin(s) - 2sin(s) cos(s)V1 — A + 4 cos*(0) sin?(s) cos?(s)
= 4sin?(s) cos?(0)(1 — A) + 8 cos®(#) sin?(s) cos(s)v1 — A + 4 cos?(6) sin’(s) cos?(s)

=4A |1+ cos?(0) (COSz(s) - sin2(s)> + 2cos(s) cos(0)V1 — A)

—_—

=4A (1 + cos(2s) cos?(6) + 2 cos(s) cos(0)v/1 — A)

D.2. Formula Simplification of a,(s) and b;(s). We begin by reducing the formula for d(s).
First, reduce the first coefficient in the formula.

cos?(0) sin2(9) (6721'5 - 1) (ems - 1) 2is | 2is 2is —2is
( Ni(s) ) N 11(3) (COS (0) sin’(6 <ei B 1))

1
= cos? sln 1— e + _2” -1
Ni(s) ( < ) )
cos? bll’l < 2 cos( ) )

=
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= Nll(s) ((3052(9) sin?(0) (—2 (1 - 251n2(3)> + 2))

= Nll(s) (cos2 (6) sin®(0) (;f?—l— 4sin2(s)ﬂ)>
_ 4 sin?(s) cos?() sin?()
Ni(s)
4Asin®(0)
Ni(s)

4Asin?(6)
8A (1 — A+ cos(s) cos(6)v/1 — A)

b

1 — A — cos(s)cos(8)v1 —

)

sin?()

B

_ ) (
2 (1 — A+ cos(s) cos(@)m) (
_ Mﬂzﬂ(l — cos(s) cos(6)(1 — A)—1/2)

1 — A — cos(s)cos(f)v1 —

)

201 —A]

Second, we need to simplify the second coefficient in a;(s). However, since the numerator is the
same as in the first coefficient, we can skip directly to the step where:

cos?(6) sin®(0) (e=2"* — 1) (e?** — 1) _ 4Asin*(0)

N2(5) a NQ(S)
_ 4Asin?(0)
8A (1 — A —cos(s) cos(@)ﬂ)
sin®(0) (1 — A+ cos(s) cos(0)v/1 — A)

= X

2 (1 — A — cos(s) cos(@ﬂ) (1 — A+ cos(s) cos(o)m)
_ Sm;ﬁg'):(;l/—/ﬁ)/(l + cos(s) cos(9)(1 — A)—l/z)

2sin (0] (1—A)
1 cos(s) cos(#)
2 <1 + VI—A )

Therefore, a;(s) is reduced to the more manageable form:

ay(s) = % [(1 — W) elot/? 4 (1 + COS(?\/%@) eiwstﬂ] :

Similarly, we would like to simplify the complicated formula for 6t(s) beginning with the first
coefficient in b(s).

34



REU 2015 Space-Inhomogenous Quantum Walks

cos(f) sin() (e** — 1) (eiws — cos?(f)e %5 — sin2(9))
N1 (S)

— ﬁ(s) cos(6) sin(0) (_Zieis <_21Z (eis - e.ﬁ))) (eiws — cos?(0)e™*" — SiHQ(Q))

= 2 i) cos(0)sn0) (£ — co?(O)e 2 — sin(0))

_ NQIZ(Z) sin(s) cos(8) sin(6) (cos(wy) + isin(w,) — cos?(8) (cos(2s)  isin(2s)) — sin*())

= 2 () cos(0)sin0 ( cos(i) - cos?(9) con(2s) _Sm2(9)> i (s + cont() Sm(zs))>
— ]\7212(‘;) sin(s) cos(#) sin(8) ( 1 — 2sin’(s) cos?(#) — cos?(0)(1 — 2sin?(s)) — Sin2(9))

+ 1 (sin(ws) + cos?() sin(2s))>
= ;V21@(e;; sin(s) cos(6) sin(6 ((,1/ W W"" si 9))
+ 4 (sin(ws) + cos? (0) sin(?s)))

_222613

= N () sin(s) cos(6) sin(6) (sm ws) + cos*(0 )sm(23))

2e*®
= ———sin(s) cos(f) sin(f) | sin(ws) + cos?(#) sin(2s)
N1 (8) N——

26115

= ———sin(s) cos(0) sin() | 2sin(s) cos(9)v'1 — A + cos?(6) sin(2s)
Nl(S) N—_——

- %bm( s) cos(0) sin(@ Qbm () cos(0)V1 — A 4 2sin(s) cos(s )cOSQ(Q))
- ;f(i; sin®(s) cos?(0) sin(6) (COS(S) cos() + m)

= ;l\;?(e;s)sin(ﬂ) (cos( ) cos(6) + \/177>

446 sin(6) (cos(s) cos(0) + m)
84 (1 — A+ cos(s) cos<e>m)
¢ sin(8) (cos( )cos(0) +vVI— 4 ) ) (1 — A~ cos(s) cos(o)m)
2 (1 — A+ cos(s) cos(a)m) (1 — A~ cos(s) cos(o)m)
e sin(0) (costs)eos(0) — cos(s)eos(0] — AcostsTcos(0) + Acos(eycos(¥] — VT— A (1 - A — cos*(s) cos(0))

2sin? (6)(1—A)
35
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e*v1—A(1—A— cos®(s) cos®(0))
2sin(f) (1 — A)
eV/1— A (1 — sin?(s) cos?(f) — cos?(s) 0052(9)>
2sin(f) (1 — A)

e’ (1 — cos*(f) <M>)

2sin(0)vI _ A4
€' (1 - cos?(9))
2sin(0)v1— A
e’ sin?(6)
2sin(f)v1 — A
e'® sin(6)

21— A

Next, it remains to reduce the second coefficient in the formula for lA)t(s). Given that the difference
in the numerator from the first coefficient is e 7*“s instead of €*’s, the first few steps may be simplified
by exchanging sin(ws) with — sin(ws). Thus, we arrive at:

cos(0) sin(9) (e** — 1) (e‘i“b‘ — cos?(f)e %5 — sin2(9))
NQ(S)

2e™ sin(s) cos(6) sin(6) (— sin(w,) + cos?(f) sin(2s))
NQ(S)

2¢ sin(s) cos(f) sin(6) (—2 sin(s) cos(0)v/1 — A + cos?(0) sin(23))

Na(s)
- 2¢% sin(s) cos(#) sin(6) <72 sin(s) cos(0)yv/1 — A + 2 cos?(#) sin(s) cos(s))
Na(s)
B 4" sin?(s) cos?(#) sin(8) (cos(s) cos(f) — M)
Na(s)
B 4Ae™ sin(0) (cos(s) cos(d) — M)
Na(s)

446 sin(6) (cos(s) cos(8) — m)
8A (1 — A — cos(s) cos<e)m)
¢ sin(6) (cos(s) cos(6) — m) ) (1 — A+ cos(s) cos(o)m)
2 (1 — A~ cos(s) cos(a)m) (1 — A+ cos(s) cos(o)m)
" sin(9) (coss)eos() — coslsyeosd] — Acosfs]cos(6) + A cosksyeos(B) — VI~ 4 (1 A~ cos(s) cos?(6)) )

25in%(0) (1 — A)
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esv/1— A (—1 + A + cos?(s) cos? (0))
2sin(f) (1 — A)
eV/1— A (—1 + sin?(s) cos?(#) + cos?(s) cos? (9))
2sin(6) (1 — A)

els (—1 + cos2(9) (M))

2sin(0)vI _ A4
€ (=1 + cos?(6))
2sin(0)v1— A
_ e’ (—sin?(9))
2sin(f)v1 — A
_ —e'sin(0)
S 2V1-4

Hence, from the above results, l;t(s) is simplified to:

- B €' sin(0) iwst/2 —iwst/2
bi(s) = Wi A (e € )

Note 3: Multiplication of (1 — A — cos(s) cos(0)v1 — A) (1 — A+ cos(s) cos(0)v1 — A) used in the
rationalization of the denominator.

(1 — A — cos(s) cos(@)ﬂ) (1 — A+ cos(s) cos(&)ﬂ)

=1—-A— A+ A? — cos®(s) cos?(0)(1 — A)
= ((1 A) — A(l — A) — cos?(s) cos?(0)(1 — A))

= (1—A)(1 — A — cos®(s) cos*(h))
= (1 — A)(1 —sin®(s) cos?(#) — cos?(s) cos®(0)) Re-substitute A= sin’(s) cos?(6)
= (1-A) (1 — cos?(s)(sin? 52(9))
= (1= A)(1 - cos(0))
= sin®(0)(1 - 4)

D.3. Derivatives of ¢.

— a4+ 3 % (arcsin (Zsin(s) COS(Q)))

=a+ — <arcsin (sin(s) cos(@)))
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cos(0) cos(s)

+
\/1 — (sin(s) cos(9))

cos(0) cos(s)
/1 —sin?(s) cos2(h)

6 _
052

//
S

1

2"

0 cos(#) cos(s)

~ 0s V/1 — sin?(s) cos2()

— cos(f) sin(s) (1 — sin?(s) (:052(19))1/2 % cos3(0) cos?(s) (1 — sin?(s) 0052(9))_1/2 (—2sin(s))

1 — sin?(s) cos2()
— cos(#) sin(s) (1 — sin?(s) cosQ(H))l/ + cos?(0) cos?(s) sin?(s) (1 — sin?(s) cos2(9))_1/2
1 — sin?(s) cos?(6)

cos®(6 )cos (s)sin(s ) B cos(0) sin(s)

(1 — sin®(s) cos?(¢ ) (1 —sin®(s) 0082(9))1/2
cos(0) cosQ(s) sin(s) — cos(8) sin(s) (1 — sin?(s) cos?(6))
(1 — sin?(s) cos?(6))*”
cos?(6) cos?(s) sin(s) — cos(f) sin(s) —|— cos?(0) sin(s)

(1 —sin®(s )0082(0))
sin(s) cos(0) <c032(9) <COSQ(S) + Sin2(3)> - 1)

/
~~

(1 —sin?(s) 0052(9))3/2
sin(s )cos(9) (cos?(9) — 1)

)2
o

(1 — sin? s) cos?(6

)

/2

(0)
—sin(s )cos( ) sin?(
(1 — sin®(s) cos?(¢ )
D3¢

0s3

"
S

1
T2
0 ( — sin(s) cos() sin?(6) )
~ 0s

(1 — sin?(s) 0052(0))3/2
_ - sin?(6) cos(#) cos(s) 3 sin?(#) cos? () sin?(s) cos(s)
(1 —sin?(s) 0082(0))3/2 (1 —sin®(s) 0082(9))5/2
- sin?(6) cos(0) cos(s) (1 — sin?(s) cos?(0)) — 3sin?() cos3(6) sin?(s) cos(s)
- (1 —sin?(s) COSQ(G))5/2
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— sin?() cos(0) cos(s) + sin?(#) cos?(6) sin?(s) cos(s) — 3sin?(0) cos®(6) sin?(s) cos(s)
(1 — sin?(s) COS2(9))5/2
—sin?(#) cos(#) cos(s) — 2sin?(f) cos®() sin?(s) cos(s)
(1 —sin®(s) (:082(49))5/2
_ sin?(6) cos() cos(s) (—1 — 2sin’(s) cos?(6))
(1 —sin®(s) 0082(9))5/2
—sin?(6) cos(6) cos(s) (1 + 2sin?(s) cos?(0))
(1 —sin®(s) (:052(0))5/2

D.4. Expansion of sin(s,) and 1 — sin?(s,) cos?(f):

<j:a tan(6) >
+ arccos

1—a?
a? tan?(6)

1—a?

. 1 — a2 — a?tan?(0)
1—a?

sin(sq) = sin

/N

=44/1—

—a?(1 + tan*(0)) + 1

-1 ———
1-a?
4 1 — a?sec?(6)
1—a?

1 — sin®(sq) cos?(A) = 1 — cos®() (j; WM)

1—a?
1 — a?sec?(6)
_ 2
=1 —cos ((9) (1—@2
1 — o — cos?(0) + o
- 1—a?
1 —cos*(0)
1 —a?
_ sin®(0)
C1-a2
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APPENDIX E. NUMERICAL RESULTS AND GRAPHS

E.1. PQ-Walk Numerical Simulations. Below we present numerical simulations for 100 time
steps for the alternating PQ-walk with initial condition |1) ®|0) with the restriction p = 1 — ¢ with
0 < p, g < 1. Note that only the points for even positions are graphed, since the probabilities at

odd positions are zero.

Altermating PQ-Walk with p = 1-g for p = 1.00

Alternating PO-Walk with p= 1-q for p = 0.90
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Altermating PQ-Walk with p = 1-g for p = 0.60 Alternating PO-Walk with p= 1-q for p = 0.50
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E.2. Rotations Walk Numerical Simulations. Below we present numerical simulations for 100
time steps for the alternating Rotations quantum walk with initial condition [1) ® |0). Note that
only the points for even positions are graphed as the probabilities at odd positions are zero.

The vertical dashed lines mark the stationary points of order 2 which occur at + cos(9) ¢.
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Alternating Walk with Codd = (Cewen)1 for Theta =0 deg

Alternating Walk with Codd = (Ceven)'1 for Theta = 23 deg
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Alternating Walk with Codd = (Ceven) 1 for Theta = 180 deg Alternating Walk with Codd = (Ceven)1 for Theta = 203 deg
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E.3. MatLab Code.

E.3.1. Generating a General Alternating Quantum Walk. The following code provides a generic
algorithm for simulating any alternating quantum walk with initial condition [1) ® |0).

%This program simulates an alternating quantum walk.

%N is the total number is steps, C_even and C_odd are 2x2 unitary matrices
function returnVal = AlternateWalkSim(N, C_even, C_odd)

%These are the starting chirality amplitudes of the particle whose

%sum of squares must be equal to 1.

tup = 1;

tdown = 0;

%vertical vectors to store the ampitudes

a =zeros(2 * N + 1, 1);
b = zeros(2 * N + 1, 1);

a(N + 1) = tup;
b(N + 1) = tdown;
dstep = floor(N/2); %number of combined steps

for t 1:dstep
%First, do the even step

% chirality update (action of the coin operator C_even)
e = zeros(size(a));

f = zeros(size(b));
e(l:end) = a(l:end) * C_even(1,1) + b(l:end) * C_even(1,2);
f(l:end) = a(l:end) * C_even(2,1) + b(l:end) * C_even(2,2);

% particle movement (action of the shift operator)
a(2:end) = e(l:end-1);
b(l:end-1) = f(2:end);

%Now for the odd step.
% chirality update (action of the coin operator C_odd)
e = zeros(size(a));

f = zeros(size(b));

e(l:end) = a(l:end) * C_odd(1,1) + b(l:end) * C_odd(1,2);
f(1:end) a(l:end) * C_odd(2,1) + b(l:end) * C_odd(2,2);

% particle movement (action of the shift operator)
a(2:end) = e(l:end-1);
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b(l:end-1) = f(2:end);
end
% Square and add the amplitudes to get the probabilities of the
% particle’s location regardless of chirality.
amp = zeros(size(a));

amp(l:end) = a(l:end)."2 + b(l:end)."2;

returnVal = amp; % returns a 1-D vector of the probabilities

E.3.2. Generating the PQ-walk. The program below was used to generate the simulations for the
PQ-walk in Appendix E.1.

%This program simulates the PQ-Walk in the case where p = 1-q for various
%values of q.

function PQWalkSim(N) % N is the number of time steps
inc = 0.1; % This value may be modified.
for q = O:inc:1

p = 1-q; YDefinition of p which may be changed.

C_even = [sqrt(p), sqrt(l-p); sqrt(l-p), -sqrt(p)];
C_odd = [sqrt(q), sqrt(1-q); sqrt(il-q), -sqrt(q)];

prob = AlternateWalkSim(N, C_even, C_odd);

figure

plot(-N:2:N, prob(1:2:end))’% Plot only even points b/c odd points
% have probability zero.

str = sprintf(’Alternating PQ-Walk with p = 1-q for p = %.2f’, p);

title(str)

xlabel(’Position’)

ylabel(’Probability’)

end
E.3.3. Generating the Rotations Walk. The program below was used to generate the simulations

for the Rotations walk in Appendix E.2.

%This program simulates the alternating walk where C_odd = (C_even) -1
%for various values of theta.

function InversesWalkSim(N) % N is the number of time steps

inc = pi/8; % This value may be modified.
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for theta = 0: inc: 2% pi J increments of theta to 2*pi

C_even = [cos(theta), sin(theta); -sin(theta), cos(theta)];
C_odd = [cos(theta), -sin(theta); sin(theta), cos(theta)];

prob = AlternateWalkSim(N, C_even, C_odd);

figure
plot(-N:2:N, prob(1:2:end))’% Plot only even points b/c odd points
% have probability zero.
x = cos(theta) * N;
line([-x, -x], ylim, ’Color’, ’r’, ’LineStyle’, ’--’)
line([x, x], ylim, ’Color’, ’r’, ’LineStyle’, ’--’)
str = sprintf (’Alternating Walk with Codd = (Ceven) -1 for Theta = %d deg’,round(radtodeg(theta)));
title(str) %Note degrees are rounded in the title
xlabel(’Position’)
ylabel(’Probability’)

end
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