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Introduction

A quantum computer is a computer which applies the properties described by quantum physics to
process information. It is thought to be a very promising new technology of which the development
forms one the main goals not only for Qutech at TU delft [1], but also for major computing
companies such as IBM 2|, Microsoft [3] and goole [4]. So the question arises: Why is quantum
computing believed to be so promising? For this there are three main reasons [5]. The first
reason is that there already exist algorithms which, by making use of the principles of quantum
mechanics, are able to solve certain problems much faster than a classical computer can. The
most famous example for this is the problem of finding the (unique) prime factorization of large
integer numbersﬂ While a classical computer may take years (exponential time in the context
of complexity theory) to crack this problem, an already developed algorithm, Shors algorithm, is
thought to be able to solve the problem much faster (in polynomial time) [6]. The second reason
is that for many other problems theoretical arguments for speedups exist, such as the simulation
of quantum systems or optimization problems [7]. The last is that, and this argument somewhat
implies the previous two, no classical computer can simulate a quantum computer, thus making it
a truly new thing.

The arguments mentioned above paint a picture of why the quantum computer is new and can
achieve things a classical computer never can. The next question then naturally follows: what can
the quantum computer be used for? For some mathematical operations clear speedups, such as the
before mentioned prime factorisation or for instance matrix inversion |5], are shown to be possible.
In physics the quantum computer shows promise in the simulation of quantum systems, making
it able to tackle unsolved problem in high energy physics and cosmology [8]. From a computer
science perspective the quantum computer shows great potential for machine learning and the
before mentioned optimization. Lastly the most important use for society is thought to be the
simulation of large molecules, which used in the development of medicine and new materials |3].

Theoretically, following the description given above, any quantum system can principally be
used to construct such a quantum computer. But of course not every quantum system forms a
sensible candidate. One of the main questions in trying to build a quantum computer is thus,
which quantum system to use to build it. To illustrate the relation between a quantum computer
and the system it is built from, it is useful to look at the case of classical computing. A classical
computer makes use of so called bits, which can be 0 or 1. Any two state system can be used to
represent the 0 and 1, for instance orientation of a helix of a strand of DNA or two sides of a coin,
but both of these systems are not very useful for computation. In classical computing the best
way to represent the bits was found to be a high-low voltage distinction. In a classical computer
the 1 bit represents a high voltage (a voltage higher than 2.2 Volt) and the 0 bit a low voltage
(a voltage lower that 0.4 Volt). These voltages can be swiftly manipulated by a resistor, making
the processing of information possible. Similarly, for the construction of a quantum computer a
suitable two level system has to be chosen. In this report such a possible representing system is
discussed.

So what makes this search for a suitable two level system so challenging? One of the reasons
for this stems from a fundamental property of quantum mechanical systems - a quantum system
cannot be measured without creating an uncontrollable disturbance in the system [5]. This has big
implication for controlling the quantum bits, qubits, of the quantum computer. Since the state of

1This problem is so hard for a classical computer that it forms the basis of most encryption schemes for protecting
data.



a quantum system can be disturbed by the environment, the state of the qubit can change from
a 1 to a 0 state, causing an error in the calculation. The problem is now complicated by the fact
that the state can not be simply checked by doing a measurement on the qubits, since this would
disturb the calculation just as much as when it would be is going well. The problem is thus to not
only find a two level system, but also design it in a way where the errors in the calculation can be
detected and controlled.

The field of research interested in this question is called ’Quantum Error Correction’ and it
investigates, as the name implies, how to detect and correct errors (caused by the environment) in
quantum computing. In Quantum Error Correction there are two ways to approach the previously
mentioned problem. The first approach is to encode the information in more bits than originally
necessary such that when a qubit obtains an error, the other qubits can be used to detect this
error and obtain its original meaning. (This is somewhat similar to the technique used by CD’s
and DVD’s to still play the right sound or film even if there are some scratches on them.) The
second approach, and this is approach of this report, is to use error correction as one of the design
foundations of the quantum computer.

The aim of this report is to theoretically study an example of such an intrinsically error-
correcting design of the qubit. In the first three chapters some of the necessary theory for the
theoretical description of these quantum computer designs is discussed. The design discussed here
encodes the qubits in a rotor system. A rotor system is a system with rotational symmetry (and
which keeps this symmetry over time). A mathematical study of the variables describing the rotor
space, the angular momentum and angle of the position, and the relations between the two is
provided in Chapter [[} Chapter [2] introduces most of the basic concepts used to describe the
quantum computer. Special emphasis is placed on stabilizer measurements, which form the basis
of the error correcting design, and on universality of a gate set, a gate being an operation on the
qubit. Universality means every possible algorithm for the quantum computer can in principle
be implemented. Chapter [3] uses the concepts of a stabilizer measurement to introduce the main
concepts of an error correcting encoding design. The class of error correcting designs discussed here
is called shift resistant encodings. After introducing the main concepts of shift resistant encodings,
two examples are discussed. In Chapter [4a theoretical shift resistant scheme of building a quantum
computer in a rotor space is provided. The novelty presented here is that the encoding, which was
constructed before in [9], is accompanied by a gate set which commutes with the small shift errors.
This means that the gate set presented here, preserves the error correcting qualities of the encoded
qubit. While this design is an interesting theoretical study, a possible realization is still far away.
To study the current level of encoding qubits a realizable qubit design is discussed in Chapter
While this scheme is not fully shift resistant, it still uses many of the same error correcting
principles in its design. The design expands on the concepts used to create the transmon qubit,
which is one of the most successful qubits at this moment [10]. The main goal of the chapter is
to study the Hamiltonian used to describe this new qubit design and learn what the eigenstates
are. Lastly, in Chapter 6 a short conclusion and summary of the main results of this report are
provided.



1. The rotor space

For the goal of encoding a qubit into a rotor system, it is important to have a full grasp of the
mathematical details describing a rotor. A rotor represents a physical system with rotational
symmetry, which, similar to the classical case, is best described using the angular momentum L
and the angle ©. It is in terms of the eigenstates of these operators that we will encode the qubit
in chapter [

This Chapter is structured as follows. First the angular momentum operator is discussed along
with the relevant Hilbert spaces associated with the description of the rotor, after which the shift
operator and the floored angular momentum operator are introduced. After this the angle operator
is discussed. First some pitfalls in the relation between the angular momentum operator and the
angle operator are discussed, after which a construction of the angle operator is presented. This
concludes the discussion of the rotor. In the last section of the chapter is an intermezzo in the
discussion of encoding a qubit in a rotor. Here the related case of the number and time phase
operator of an harmonic oscillator is discussed.

1.1 The angular momentum operator

The angular momentum operator is easiest defined on the Hilbert space of [2(Z). This is the
Hilbert space of the two sided converging series a; with [ € Z such that

o0

?(2) = {a= ()", D, |al*<x}, (1.1)

l=—w

where the inner-product is defined as (alb) = Y.*_ a;b; (which is always finite by the Cauchy-
Schwartz inequality). Now for the series to represent a state we require that 3,7 |ai|? = 1.

Here the angular momentum state |I) is defined to be the series with a 1 on the I’th position
and zeros everywhere else, meaning

an =0, forn #1,
) = _ 7 (1.2)
an =1, forn=1.
The angular momentum operator is now defined to act on this state by
LIb=1|),leZ (1.3)

and this definition is extended by linearity. With this extension we should however be careful,

because if we apply the operator on a series where >)° _ |la;|? diverges the result is not in 1?(Z)

any more and thus undefined. This means that the operator Lis only well-defined on the domain
of

2(L) = {(al)?o_oo : Z llay|* < oo}. (1.4)

l=—c0

With this choice of the domain, L can be shown to be self-adjoint. This completes the definition
of the angular momentum operator.

Now we can use this definition to investigate the representation of the angular momentum
operator on the Hilbert space of L?(0,2n) with the normalized Lebesgue measure % (and the



standard innerproduct of (f|g) = gﬂ fﬁ%). The Hilbert space of [?(Z) can be mapped to L?(0, 27)
by the isometry given by the discrete Fourier transform of the series. This relation can be expressed
as

a0
a=(..,a_1,a0,a1,a9,...) > Z ae® = £,(6) (1.5)
l=—0o0
and this relation expresses an isometry since

o0

27
3 faf? = %L |£(0)|2d6. (1.6)

l=—

To see how the angular momentum operator acts on L?(0,27) we take the discrete Fourier trans-

form of equation [I.3] By following the transformation of equation [I.5] we can see that the state
|I) is represented by €"? in L2(0,27). This gives that the angular momentum should act, in its
representation on L2(0,27), as

Let0 = 1™, (1.7)
from which we can conclude that the angular momentum operator is given on L?(0,27) by
- 0
L=—i— 1.8
"6’ (1.8)
which is defined on the domain of
P(L) = {f € L*(0,2n) : f € L*(0,2n)}. (1.9)

This domain is equivalent to the domain of equation [I.4] by using the Fourier transform.

The ’floored’ angular momentum operators

In order to achieve a error resistant encoding we make use of angular momentum operators with
a floored eigenspectrum. These 'floored” angular momentum operators (for any k € N) are defined
to act on the eigenstates of L as

ﬁJ |y = U{;J ),leZ,keN, (1.10)

and this definition is extended by linearity on the domain of the operator. Maybe somewhat

surprisingly, the domain of [%J given by

20 = {(@it o 3 || ¢ o <o} (1.11)

l=—a0

is the same as that of the ‘unfloored” version of L. This means that we (mathematically) do not
loose any of the states allowed by L by adding the floored angular momentum operators to our
arsenal of possible operators.

Here we will shortly prove this claim of Z(L) = @([%J) for a fixed k € N. Firstly the case

of 2(L) < 2(|%]) is somewhat trivial. Since the eigenvalues of the flooring function, in absolute
value, are always smaller than the regular angular momentum, we obtain that Zﬁfoo |[éjal\2 <
Zloijoo lla;]? < oo. Therefore 2(L) < 2(|%]). Secondly we prove the sightly harder case of

2(|%]) € 2(L), let () _,, € 2(|%]). Then, since 3,2 ||+ |a|®> < oo and || £]| < || £][% it
also holds that 3,2 |(| %]+ 1)|a|* < co. From this we can also conclude that k3,2 (| %] &

1)[?|a;|*> < o0, leading to the final result of 3,2 |(k| %] + sign(l)k)[*|ai|* < c0. Now we remark
that |k| £ | + sign(l)k| > || for all [ € Z. Thus by the same argument as above we conclude that

2(|%)) < 9 (L). Thereby we obtain the claimed result of Z(L) = 2(1%]).
Here we also note that the operator defined above can be shown to be self-adjoint, where the
prove is basically the same as the (unfloored) angular momentum operator L. We thereby conclude

the floored angular momentum operators to be legitimate quantum mechanical observables on the
domain Z(L).



1.1.1 Shifts and Weyl relations

For the encoding of the qubit in a rotor setting some state operations need to be defined. The
main state operations on the rotor space are given by the state shift operator V and the phase
shift operator e*L. In this section both operators are introduced and their commutation relation
are shown.

The state and phase shift operator

For the angular momentum eigenstates the state shift operator V can be defined as
VI =l+1). (1.12)

and can be extended by linearity as

V(, a_o2,a-1,00,01, CLQ...) = (, a_3,a_2,a_-1,0p,0a1, ) (113)

Note that this operator retains the norm, Y, _, |a,|* = >} _; |an—1|%, and acts surjectively on the
Hilbert space. This makes the state shift operator a unitary operator.

Since L and [%J are self adjoint they generate groups of unitary operators of the form emL%J,
with a € R. Note that for £ = 1, the floored operator is simply the regular angular momentum
operator. These unitary operators act on the eigenstates as

eol®1 |1y = el 1y, a e R. (1.14)
Because of this action these operators are called the phase shift operators.

The Weyl commutation relations
The commutation of the phase and the state shift operator is given by Weyl relations. These Weyl
relations are given by

ciol Bl (prkym = giom(piymeial k] ke N mez, (1.15)

which is an expression very often used in calculating the error propagation. Here we want to prove
these Weyl relations.
This is easily done by applying both sides of the equation to the eigenstates. This gives that
ux[%J (Vk)m |Z> — ux[%J |l + k:m>
a |l + Ekm)y = eio(Lx]+m) [T+ km) (1.16a)
— el(lnL ’Lal J‘l+km> and

eZOL[

ewcm(vk)m wz[%J |l> _ eiam(f/k)meialéj |l> _ ezam wz[%J (Vk)m |l>

1.16b
_ em/m zal J|l+km> ( )

which proves equation [I.15]

1.2 The angle operator on [*(Z)

The second observable, conjugate to the angular momentum operator, used to describe the rotor is
the angle operator ©. This operator represents the angle of the position of the particle with respect
to the rotation axis. Most intuitively this operator is represented on the Hilbert space of L2(0,27),
where it simply acts as a multiplication given by O f (0) = 0f(0). But since the conserved states
are easily expressed by the angular momentum states, we want to find an expression of the angle
operator which acts in the [?(Z) Hilbert space of the angular momentum.



However this proves to be not an easy task, as is shown in the paragraph below. There we
show that a naive construction of the angle operator by demanding [ﬁ, @] = ¢ will never work.
Instead their commutation needs to act on the Weyl level as presented above. These commutation
relations provide a candidate operator. We then show this operator to act as desired and explain
why the commutation relation of [L, ©] = i fails.

The pitfall of a naive construction of the angle operator

The construction of the angle operator has some subtle problems. Since angular momentum and
angle mirror momentum and position, the naive desire would be to construct a angle operator on
12(7Z) satisfying the commutation relation

[L,6] =i. (1.17)

However, this proves to be a dead end.
The reason for this is given by the application of the commutation to the |I) eigenstates. This
gives

| [L, 8111y =i {U|l) = iy, (1.18)
while at the same time, by the self-adjointness of L (which gives (I'| L = I'l"), we get
UL, O]y = | LO |y - U|OLy = (' - 1) {I'| 6, (1.19)

which gives i = 0 if I’ = 1, which is clearly wrong. (see also [11]). This shows that a more carefull
approach for the construction of the angle operator is required.

The construction of the angle operator

As noted before, because of the analogy with position and momentum, the angular momentum and
angle operator are expected to commute up to a phase. Only this commutation does not happen
on the ’operator level’ but instead on the set of unitary operators they generate. This commutation
is given by the Weyl relations. In this case of the angle and angular momentum this relation is

desired to take the form of L L
elaLezk(—) _ ezkaezk@ezaL' (120)

The goal here is to construct a © operator which satisfies this relation (see also [12]).

For this goal the shift operator reveals its value. The unitary shift is a unitary operator, which
satisfies the required relation of

pialyrk _ gikayrk giaL (1.21)

By the spectral theorem for normal (or unitary) operators [13|, there must now be a self-adjoint
operator (conveniently named) © such that V* = ¢*® for k € Z.

In order to show that this conveniently named operator actually is the angular position operator,
we first off start with the definition of the angular position operator. The angular position operator
is defined to act as

6l6) = 0]6). (1.22)
These ‘eigenstates’ are actually improper eigenstates (improper because they are non-normalizable),
which is why they are not denoted by a regular ket symbol. They are given byE|

10) = > e 1. (1.23)

leZ

It is somewhat to be expected that the eigenstates of the angular position are improper, since the
angular position can take any value between 0 and 27, which is an uncountable set, but is here
only represented by countably many numbers.

1The following manipulations can be made mathematically rigorous by the notion of approximative eigenvalues.



From this definition we can further define the before mentioned e*©. For this we remark that

from the definition of equation [[.22] it follows that for n € N we get,

e"|0) = 67|6), (1.24)
with which we can define ¢?© by
w
6 10"

This operator acts on the eigenstates in an expected manner as
R [e¢] 0
i® _ i
e'®10) = E Tl =e |0). (1.26)

Now in order to see the claimed relation between the operator e’ © and the shift operator from
above, we let the shift operator act on the eigenstates. Because the states do not converge, the
action of V on the eigenstate is not properly defined, but can be understood by taking truncated
sums (for large M)

R M ] M ) M+1 ) . M+1 ]
14 Z e 0y = Z e+ 1) = Z e =Dy = ¢t Z e~y (1.27)
I=—M l=—M I=—M+1 I=—M+1
This gives that A
V16) = ¢|0) = ¢'°|6),0 € [0, 27), (1.28)

showing the claimed relation of Vk = ¢ik® to hold. .
To gain a more explicit form of angular position © operator, we again make use of the spectral
theorem. Since we know the spectrum of © to be [0, 27] the operator can be represented as
27
6= 9|9)(9|— (1.29)
0

where the mathematically rigorous interpretation of the integral is as a spectral integral, with
10)(0]4% as the spectral measure. Using this form of the operator, we can rewrite this to

27 de 27 Cim Cin de
OWW%=L 2e9m>2e%m

mGZ nez

Z i(n—m)0 \m><n|d9
m,nez
Z f 0’049 |m) (n|

m,ne’ (130)
1 1

- 2 (s

I R S 940) ) |m (n| — — Z - 0do |n) (n|
J ) )

o i(n—m) ™=

ei(n—m)@]g‘n

= 3 sy I al = .

which results in

6- Y %|m><n|—7rf. (1.31)

= (n—m)

This gives the required explicit form of the angular position operator.



Why [L, 0] =i fails

So why does the naive construction of the (:)Aby [L,6] =i fail then? For this we have to look at
the domain of © (simply defined by {a € I? : ©Oa € [?(Z)}). If © acts on the eigenstates |I) on [?(Z)

we obtain 1

D=ml|l —|m). 1.32

81 =7l + 3 7= Im) (132)

This state is still in the /2(Z) Hilbert space, but lies outside of the domain of L given by equation

Thus we conclude that the image of 6 acting on the eigenstates |[) and the domain of L are

disjoint, making the expression (I'| LO |I) non-sense, which leads to the contradictions from above

(meaning those from [T.19).

This means that although the standard indicator of two observables being conjugate, the com-

mutation relation [ﬁ, (3)] = i, fails, the angle operator as an observable conjugate to the angular
momentum can still be constructed.

1.3 Intermezzo: The problems related with number and phase

As a short intermezzo in the discussion of the rotor space, we here to take a look at the related
case of the number n and time phase operator ngS This time phase operator gﬁ was for a while
thought to be the conjugate observable of the number operator 7, in somewhat analogous sense to
the relation between the angular momentum and angular position from above. The key difference
however is that in this case the associated Hilbert spaces are [?(N) and L?(0,2n). This difference
between [?(N) and [?(Z) leads to the fact that the construction of a time phase operator, as a
variable conjugate to the number operator, as a ’standard’ quantum mechanical observable was
shown to not be possible [14]. But still this phase operator is used in the literature, as for example
in [15] (which will be discussed further in Chapter [3). In this section first the problems with the
construction of the phase operator as a ‘standard’ quantum mechanical observable is discussed,
after which some of the possible solutions, as are used in [15], are discussed.

1.3.1 The original idea of the phase time operator

The original idea of constructing a phase operator came from the well-known solution the differ-
ential equation of a classical harmonic oscillator, given by

X = Re' + R*e™%, (1.33)

with R the amplitude and ¢ the phase. The goal became to construct an operator which could

represent a measurement of this ¢ for the quantum mechanical harmonic oscillator. Mirroring the
classical result above is the quantum mechanical position operator Q written in terms of the raising
operator a* and the lowering operator 4™, given as

Q=a*+a . (1.34)
This let to the idea of trying to decompose the raising operator as
at = Re'?, (1.35)

where R was named the amplitude operator and c;AS the time phase operator. The form of the
amplitude operator is easily derived to be

R? = Re"be R = ata~ = . (1.36)
Thus goal became to decompose the raising operator as
at = Ve, (1.37)
This relation results in the commutation relation of
[A,a%] = at — [n,e] = ¢® — [n, 4] = 4, (1.38)

where in the last step the supposed unitarity of ¢ is used. This gave rise to the idea of a time
phase ¢ operator conjugate to the number operator 7 |14].



The problems with these wishes

As mentioned in the introduction, the construction of a time phase operator ¢E which satisfies the
requirements from above does not exist. As a first note, the commutation of equation has

problems similar to equations and being
<n/ [ﬁ7 ({5] |n> = 7’<nl|n> = 10n/n, (139&)

| [, By = (n' |4 Iny — (o' | i |n)y = (0" —n) {n/| @ |n), (1.39b)

which again leads to ¢ = 0 for n’ = n. This show direct construction from to be impossible.

The second and more prominent of the problems can be seen by the effect of the lowering

operator on a number state |n) € [?(N), which is given by 4~ |[n) = y/n|n — 1) for n > 1. From
this it is concluded that (again for n > 1)

A~ n) = e Vi) = viln—1) = e ®|nd = |n—1). (1.40)

Thus we see that e~ is desired to act as left shift operator on (?(N). In similar manner we can
derive that e!? is desired to act as the right shift operator, again on I2(N).

The problem with these shift operators on [?(N) is that they are not unitary (as opposed to
the shift operator V from above). That these operators are not unitary can be seen by taking
a state ¥ € [?(N), with ¥ = (ay,a2,as,..), a; # 0, and letting the right shift operator defined
as Vy(a1,as,as,...) = (0,a1,as,...) (which is the supposed role of €'?) and the left shift operator

defined as Vj(ay, as, as, ...) = (a2, as, as...) (which is the supposed role of e—u{s) act in succession on
this state. This gives

ViVi¥ = (ag,as,..) = (0,a9,as,..) # (a1, as,as,..) = ¥, (1.41)

from which we conclude that e?e~® % [. Thus we conclude that ¢® is not unitary, from which
directly follows that there is no self-adjoint operator satisfying the decomposition of equation [L.35
(for more see [14] and [11]).

1.3.2 PVM’s and POVM’s

So how do we still say something about the time phase of a system, as is being done in [15|? The
solution is to use instead of the ‘standard’ quantum mechanical observable, which is represented by
a Projection Valued measure (PVM), a so-called (normalized) Positive Operator Valued Measure
or POVM. A POVM is used to describe an open system, meaning for example a system in which
the experimenter plays a role or a system which is a mixture of states, as opposed to a closed
system for which PVMs are used. The solution of formulating the time phase in terms of POVM
is a limited solution. While a ‘perfect’ phase observable can not be constructed, the description of
some measurements are possible with this POVM. Only in this limited sense of POVMs that can
we say something about the time phase of a system.

Here we first introduce the idea of a projection valued measure, which is the measure behind
the ‘standard’ quantum mechanics as described in for instance |16]. Understanding the measure of
‘standard’ quantum mechanics we can introduce the concept of a POVM. With an understanding
of this concept of a POVM some of the phase POVMs can be discussed in the next section.

The projection-valued measure
A projection valued (PV) measure is defined (from [13]) as follows.

Definition 1 (Projection Valued measure). A projection valued measure on a metric space M is a
mapping P : Z(M) — £ (H) that assigns to every Borel subset B € M an orthogonal projection
(operator) Pp := P(B) € £ (H) with the following properties:

1. Py =1

10



2. for all x € H the mapping B — {x, Pgx) = P,(B) , with B € B(M), defines a measure on
M.

To place this definition in the context of quantum mechanics, we remark that in quantum
mechanics only norm 1 vectors are used, making the measure above a probability measure (by
condition 1 of theorem above, see [17]). To see how this acts as probability measure, note that we
calculate the probability of obtaining |¥) as a measurement outcome of a system in state |€) is
given by use of the projection operator of |[¥) as (&| |¥) (W] [&) = [{&|¥) |2, with 0 < |{&]¥) |2 < 1.

In the context of quantum mechanics as a probability theory, self-adjoint operators, which are
used to represent observables, assume the role of the expectation value. This can be seen by
the following theorem from [18|, for which we first have to define self-adjointness for unbounded
operators (from |13|) as this will be an important distinction with POVMs later.

Definition 2 (self-adjoint operator). A densely defined operator A on a Hilbert space H 1is called
self-adjoint if D(A) = D(A*) and Ah = A*h for all h in this common domain, where A* is the

adjoint operator of A.

Theorem 1 (Spectral theorem for self-adjoint operators). Let a A be a self-adjoint operator on
H, then there exists a unique projection-valued measure P on o(T) such that

A= J AdP(\) (1.42)
o(T)

with o(T) the spectrum of T and X € o(T).

Where the spectrum is the set of A € C such that A — Al is not invertible. The spectrum is a
concept closely related to eigenvalues and, as is the case for eigenvalues, for a self-adjoint operator
the spectrum is always real. Thus by this theorem we see that an observable is represented as a
self-adjoint operator, which can be decomposed as a ‘weighted sum’ of the projection operators
weighted by the spectrum of A (as in SU(T) AdP(N)).

To conclude: in ‘standard’ quantum quantum mechanics the probability of finding a state |¥)
as measurement outcome when measuring a system in state |€)is done by using the projection
operator Py on the inner-product as <§ |P|\I,>£>, which forms a probability measure. In this case
expectation values of observable can be represented by self-adjoint operators by use of the spectral
theorem.

Positive Operator Valued (POV) measures

In the paragraph above we saw how ‘standard’ quantum mechanics functions as a probability
theory. Here we do the same, but then we expand the setting to allow for mixtures of states. First
we shortly recap this way of doing quantum mechanics. After that the measure used for this is
presented and the paragraph is concluded with some characterizations of the observable in this
context.

The state of a system p is represented here as a an operator with trace 1, where the trace
is calculated for some finite dimensional Hilbert space as tr[p] = va {(pilpdiy, where ¢; is an
orthonormal basis. This trace does not depend on which orthonormal basis ¢; is used to calculate
the trace. This concept can then be broadened to the infinite dimensional case for all trace
class operators. An operator is trace class if the sum Y};° (¢;||p|¢;) converges for the operator
ol = (p*p)% [13].

The measure behind this way of doing quantum mechanics is the already mentioned positive
operator valued measure. This measure is defined the following [12]

Definition 3 (Normalized Positive Operator Valued measure). A normalized positive operator
valued measure on a metric space M is a mapping E : B(M) — £ (H) that assigns to every Borel
subset B € M an operator E(B) with the following properties:

1. E(X) =0 for all X € (M) (Where an operator A=0,if <¢)’fl¢> >0 forallpe H)

2. E(M) =1

11



3. E(uX;) = > E(X;) for all disjoint sequences (X;) € M

This measure becomes a probability measure by use of the following theorem (based on [12]).
For this let .7 (H) be the set of trace class operators and let S(H) be the set of positive trace one
operators (thus the set of possible states), as

S(H) = {T e J(H)|T = 0,tr[T] = 1}, (1.43)
then

Theorem 2. For any POV measure E : B(M) — £(H) and any T € S(H) the mapping
PE - BOM) - [0,1], X - pl(X) = tr[TE(X)] (1.44)
18 a probability measure.

Here we can interpret the number 0 < pE(X) < 1 as the probability that a measurement of the
observable E performed on the state T" leads to a result in the set of measurement outcomes X.

So how can we think of these observable representing operators E7 Where in the setting of
PV-measures observables were represented by self-adjoint operators, they are here represented by
symmetric operators, which are defined as follows

Definition 4. A densely defined operator A on a Hilbert space H is called symmetric if <Ah’h> =
<h’flh> for all h e D(A).

Do note that we here only require that 2(A) € 2(A*), which is of-course a weaker require-
ment than Z(A) = 2(A*) (as was required for self-adjoint operators). Thus we can see that a
broader class of observables is allowed here. We also see by this weaker requirement that every PV
measure is a POV measure, but not vice versa. For this symmetric operator we then calculate the
expectation value of a measurement of A on the state p by (AY = Tr[Ap].

A second important result on these POV measures is a result somewhat mirroring the spec-
tral theorem voor unitary operators. Where the spectral theorem relates unitary operators and
self-adjoint operators (and thus to PV measures), this theorem relates contractions, meaning an
operator C' such that ||Ch|| < ||h|| for all h e H, to POV measures.

Theorem 3. For every contraction C acting on a Hilbert space there exists exactly one POV
measure F such that

2m
cn = J e dF (x) (1.45)
0

forn =0, 1, 2, .... If C is unitary then F is a PV measure.

With this broader context of contractions and POVMs an observable for the time phase can be
constructed.

Again as a short recap: in the setting where aside from just PVM also POVM are used to
calculate the probabilities of quantum mechanical experiments, the state is represented by a positive
trace-1 operator. The probability of finding a measurement outcome in the set X is then given by
tr[TE(X)], where E(X) is the POVM associated to the measured observable, which are represented
by the broader class of symmetric operators. Lastly, for each contraction a unique POVM can be
constructed associated to this contraction.

1.3.3 The time phase observable as POVM

Here we use the theory of POV Ms to construct a possible representation of measurement of the time
phase, as used in [15]. With this POVM we also construct a phase ‘observable’. This ‘observable’
does commute according to equation [.38 on a dense domain, but is still limited in its use. This
section is based on [12].
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We start again from the right V, and left V; shift operators from above and note here that
although these operators are not unitary, they are both contractions. Using the result from above
we obtain that there exists a unique POV such that

2T

V= J emPdM (). (1.46)
0

This somewhat mirrors the use of Stone’s theorem in the relation V¥ = ¢i*© from the angular

momentum case.

Somewhat mirroring the Weyl relation (equation [1.20) is the relation between the left shift and
the phase shift e?*™ associated to the number operator #, given by

NI — 1P, (1.47)

This relation holds on all eigenstate |n), n = 1, but becomes somewhat trivial for |0) as both

sides will simply become the zero-function. By using V = S(Q)ﬂ e'*dM (z) (from equation m for
the case of n = 1), this does result in

27 27 27
ei‘z’/ﬁJ M (¢)e™ P = J (e M AM (¢)e ') = f e 0= (), (1.48)
0 0 0
where we see that o o
(€M (p)e ") = dM (¢ — ¢'). (1.49)
Because then by substituting u = ¢ — ¢’ we get
2r 2T ,
J COAM () + ¢) = J =) qM (w). (1.50)
0 0

This shows that the ¢™ will in fact shift the phase, in the same way the 'L |0) = |0 — ).
With this result we can go on to try to construct the measure dM(¢) in a more explicit form.
Consider the Hilbert space L?(0, 27), again with the normalized lebesgue measure %, and the basis
|&x> = €*® with k € Z. Then the space of [?(N) can be mapped to L%(0,27) by the (isometric)
map
o0
W P(N) — L2(0,27), W : & — ) e*? (n|), (1.51)
k=0
which forms a Fourier series with only the positive terms. Here we interpreted W (¥) as the
representation of the state in the phase-space of L?(0,27). Now we can define the probability of

finding the phase in the set X € B(0,27), denoted by M (X), for any 7, € I2(N) by representing
them in the phase-space of L?(0,27) and using the indication function 1x. This procedure gives

27
@M = | LT

:J (Y e Glmy) (Y eim¢<ml\lf>);if¢

X npn=0 m=0 g

o o (1.52)
:%; O Le €M dg (nln)y (m| )
_ i - ei(m—n)¢7 nN{m

2WH§_OL do (nlny(m| ),

where the sums and integral can be swapped due to the monotone convergence theorem [17|. Thus
we conclude that

M) =32 3| e ) ) (1.53)

n,m=0
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which is the POVM representation of a phase measurement as for instance used in |15].

With this POVM we can also construct a (somewhat limited) phase operator ¢y, by taking
the first moment of the measure from above. This gives that

o 27
dumr 5=J dM (do)

0

1 o 1(m—n)m
=%ﬁ;0f(w< g ) Gl
27
:$EJ¢MWW+—ZJ<Mmemm

n#m
0

1 1 1 ilm—n T o 1 (m—mn)m

o i(m—n)

n#Em
|y (n] 4+ — i L oreitmem2n 1y ()
2m & i(m —n)

=l —i Z |n> {m|.
n;ém
(1.54)
This operator has been presented as a candidate operator for the ‘phase operator’ in [19].
In a very similar manner we can derive the second moment operator of the measure M (X).
This gives [12]

(1.55)

3 2mi 2
== > + _m)Q)\n><m|.

(n—m) (n

The derivation is omitted here due its length and similarity to the case from above. But more
importantly, we remark that for this operator it holds that

(®an)° = (Wfi i (ml_n)n><m|)2 #

n#m

2 3 (st ) Il = G (156)

m#n

as can clearly be seen from the prefactor of the identity operator. This shows how this ‘phase
observable’ is limited by being a POVM.

The big virtue of this operator however is that qﬁ/\Ml actually satisfies the commutation relation

of .
[, dpp: |¥ = —i 0 (1.57)
on the domain of
e} [ee]
Deommutation = {¥ € P(N)] Y. nlan|* < o0, Y an = 0} (1.58)
n=0 n=0

which is dense in the domain of 7, given by Z(i) = {¥ = (a1, as,...) € }(N)| 27, n|a,|? < o},
as is proven in [19]. Note that |n) ¢ Zeommutation, Which shows that the result of equation m
is not properly defined. For the proof of the relation [1.57] _ let |U) = Zk 0k |k) € Deommutation,
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then

[ty bar] [W)

where in the last step it was used that . ja, =0 < >

w@m—@m%

(i

Al |0

i Y e om0 (=i 3 sl Jaw)

n#m n#Em
—wﬁuw>—ﬁ(i§;(mfﬂwvo@n)|w»+(3§; Il Ja )

o0

(i Y ) St (i 3 il ) Y b
(<>)(<>)

n#m

_ﬁ<i i (ml_mln>§0ak<m|k>) +( 2

n#m

k=0 n#m k=0

mm)me>

o0

—fz<i 3 (m%n)am |n>> + (z i m n>k§0kak<m|kz>)

n#m

(s

i ),
n#m
0

n#m

n#m

2 wh) (2 ms )

(nm

= [n)

“(m—n)

=i Y apn) = 1‘20 <§nam) In) = —inioan In) = —i | T,

(1.59)
Ap = —Qm + Zf=0 Gy = —Qp. We

n#m

do remark here however that this commutation does not extend to a commutation on the Weyl
level (as was the case with the angular position operator) [19].

This phase operator from equation does however have some limited use. Firstly, since
a POV measure was used the moments are not the operator applied multiple times, meaning
#'M(dg) for | > 2,1 € 7, as was shown for the case of | = 2. Secondly, it carries
a non-uniqueness, by freedom in the choice of the origin, due to the shifts of equation (For
more on this, see [12].) Therefore the POVM is mostly used for phase measurement with M(X) and

(éan)!

£ 55

not for the determination of the expectation of the phase with QS/A/;, as could be seen for instance

in [15].

The idea of a phase operator started with the decomposition of the raising operator as a™ =

\/ﬁei‘g, where quS was thought to be the time phase operator of an harmonic oscillator. From

the properties of the raising operator we concluded that the e’ operator should act as the right

shift operator on (?(N).

Since this operator is not unitary, no self-adjoint operator qg could be

constructed (analogous to the method used for the angular momentum operator). But since the
right shift operator was a contraction, we shifted from using the standard projection valued (PV)
measure to using a positive operator valued (POV) measure. This positive operator valued measure
made it possible to perform phase measurements, as are used in [15]|. By taking the first moment of
this POVM a phase observable was constructed which did commute with the n on the Heisenberg
level, but was limited by its use to determine higher moments and its non-uniqueness.

This derivation show that although L and # act very similar, the difference in the Hilbert
between [?(Z) and [?(N) has large consequence for the construction of their conjugate variable.
Where in the former case the resulting operator can be represented in the standard form as a
PV measure, for the latter the POV measures had to be introduced to still make measurements

possible.
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2. Basic theory of quantum comput-
ing

In order to implement quantum computing in a rotor setting and to understand the advantage of
doing so some basic concepts from the theory on quantum computing need to be introduced. The
first is the introduction of stabilizers from the theory of quantum error correction. The setting
is the following: Due to the environment the state of the qubits can alter, causing errors in the
computation. In order to achieve stable and reliable quantum computation these errors need to be
detected and corrected. The goal of the field of quantum error correction is to do this detection
and correction in the most efficient way possible, without destroying the superposition of the
computationally relevant states a (logical) measurement. A short introduction presenting some
crucial results from this field, namely the use of stabilizers, will form the first part of this chapter.

The second introduction is in the theory on complete gate sets. All computers, be it classical
or quantum, have two basic components: bits and gates. The bits hold the information used in the
computation and the gates alter the state of the bits. By reading out the alteration of the qubits
the result of the calculation can be concluded. By sequencing the operations of different gates, new
operations can be achieved. The main focus of the part of the chapter will be to find the minimal
number of gates necessary to perform every unitary bit operation. Here such a complete gate set
is presented and it consists (amazingly) of only 4 gates.

2.1 Quantum computing: The basics

In order to reach the goals stated above, some general concepts about the theoretical setting of
quantum computing need to be introduced first.

The qubit

The most basic component of the quantum computer is a qubit. The qubit represented on the
Hilbert space of C? by vector with norm 1. For the computation with qubit 2 orthonormal bases
[0),]1) and |+),|—) are most commonly used. |0) and |1) are commonly denoted by

o =[] 1>=[9]- (21)

For these bases the following relations hold

_ L b
R R

As noted in the introduction, the qubit is used as a representation of an underlying physical state
in the language of computer science.

Since the total quantum state is invariant under global phase shifts (meaning <e“f’\Il| A ’e“f’\ll>
is the same for all ¢ € [0,27]), the qubit can be represented on a sphere called the Bloch sphere.
For a graphical representation see figure below. This Bloch sphere is mainly used to track the
effects of bit operations. Bit operations are represented by unitary matrices, which, due to their
unitarity, can be represented by a rotation of this Bloch sphere.

+) (100 + 1), =) (10) = [1)). (2.2)
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Figure 2.1: The Bloch sphere

The Pauli group

The most basic operations on the Bloch sphere are the rotations around the x-, y- and z- axes.
These operations are given by the Pauli operators, a name taken from the Pauli spin operators and
form a group generated by two elements. These generating operators are the bit-flip operatorX
with eigenbasis {|+),|—)}, and the phase-flip operator Z, with eigenbasis {|0), |1)}. The operators
X andZare represented in the basis form equation by

X = [(1) (1)]  hatZ = [(1) _01] . (2.3)

The Pauli group for 1 qubit is then given by
Py = {+I,+il,+ X, +iX,+Y, +iV, +hatZ, +ihatZ} = (X ,il, Z). (2.4)

For more qubits the generators are the generators of the single qubit case acting on each qubit
separately. So 1 qubit generator (X ) for 2 qubits would be replaced by (X ® I, I ® X ).

2.2 Quantum Error Correction: Stabilizers

As mentioned in the introduction the difficult thing about quantum error corrections is that an
error has to be detected without disturbing superpositions by a measurement. The solution to
this problem is provided by stabilizer measurements. Here a basic introduction into the theory of
stabilizers is provided.

Stabilizers

The goal of a quantum error correcting scheme is to be able to check whether the qubit is in the
desired state without disturbing the state if it actually is. This means that a measurement S is
required with the following property

S ‘\Ij>desvred |\Il>d€‘m"ed (25)

This measurement S is called a stabilizer of |¥). Clearly the identity operator always fits this
requirement. But if S is not the identity operator, then there exist 1)) # 1)), . quired Such that will
give S |¢); = c¢|1),. This means that a non-1 measurement will signal that the state is not in the
desired state. Meaning that an error has been detected. But if there is no error, the state stays
in the desired state. So a stabilizer measurement acts as the identity on the required state, but
differs for other states.

An example of a stabilizer measurement is given by the Pauli Z operator on \0> Letting Z
work on |0), we get Z10) = |0), thus Z acts as an identity here. But letting Z work on |1)
gives Z |1> = —|1), so if the state collapses under a Z measurement to |1) this can be detected

as a non +1l-measurement. As a consequence if the desired state is |0) any deviation in the
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superposition can be detected, since for |¥) = a [0) + 8 |1) with o, B€ C, |a|? + 8> = 1, |a]? # 1
we get Z |¥) = a|0) — B]1) # |¥). This means that Z can be used to detect any change in the
superposition, but fails to detect any change in the phase (since Z |¥) = |¥) for any |a|? = 1).

The theory on stabilizer measurement can be split up in two parts, one part where the stabilizer
measurements S are fixed and the other part where the state |¥) is fixed. First the effect of fixing
the stabilizer S is discussed. Here it is noted that if two linearly independent vectors |¢), , [¢),
are stabilized by the measurement S, then a linear combination is also stabilized by S. (Since
S(al1)y +ba)) = aS |1y +bS |2y = a|th1) + blie)). So for every stabilizer operator S, there is
an associated linear subspace Vg which contains all the states stabilized by S. Using the previous
example we saw that Vz = {|¥) = a|0),a e C,|a|> = 1,}.

This has two important consequences. First by combining two stabilizer measurement S; # S,
by applying them for instance as S1.53 [1), the intersection of the two subspaces can be stabilized.
In formal terms: let Vg, n Vg, # ¢, then for any |¥) € Vg, n Vg, it holds that S1.52 |¢) = [).
Secondly if an operator C commutes with the stabilizer S, then applying C will not move the
state out of the subspace fixed by S. Moreover if C commutes with all the elements from a set of
stabilizers M, C will again not move the state out of the stabilized subspace. In conclusion any
unitary operator S with at least one degenerate eigenvalue A = 1 can be used to fix an associated
linear subspace Vg on which any commuting operator can act without moving the states out of
the subspace.

Secondly the effect of fixing the state |¥) is discussed. Here it is noted that the norm-1 vectors
Uy € Ny = {|¥) € C2,||¥)|> = 1} and the bit operations by the group of unitary matrices
U = {U € GL(2,C), U unitary} form a group action (see |20] for more on group actions). Now for
a fixed |¥) € Ny the stabilizer of |¥) in U is defined as

Siyy = {U e U: U [¥) = [} (2.6)

There are two important results from group theory in this definition. The first is that is that the
stabilizer set as defined above forms a subgroup in the larger group of U for any |¥) € N;. Since
the intersection of two subgroups always forms a subgroup, it becomes meaningful to talk about a
group of stabilizer S = N}, S|y, . The second result is that for V), = U [¥), with U € U it holds
that Sy, = US)gy U™! = {USU™",S € S}y, }, making it easy to calculate the need stabilizers
after a bit operation.

In conclusion, a group of stabilizers can be used to detect when the state moves out the linear
subspace associated to the group of stabilizers. Any operator commuting with all the individual
stabilizers will keep the state in this associated linear subspace and can thus be used ‘freely’ on
the subspace.

2.3 Quantum computation: Universality

As presented above the Pauli operators play a central role in quantum computation, this central
role is emphasized further here. The role of the Pauli subgroup in the group of all unitary operators
is crucial in achieving universal quantum computation. Universality, in this context, means that
every possible bit operation, represented by a unitary operator, should be possible to implement
on the quantum computer. Here a very surprising fact is discovered: every unitary operator U can
be approximated by V (also unitary), under the norm E(U, V) = max|y,(|[(U — V) [1)[|), where
V is in a set generated by only four unitary operators (or gates). Meaning that only four gates
are required to achieve this universality under approximation. This set is given by the following
theorem [21]:

Theorem 4 (universality). The Clifford group together with any other gate not in the Clifford
group form a universal set of quantum gates.

The Clifford group

The Clifford group C, is the normalizer group of the Pauli group P, in the group of unitary
operators. This means that C,, = {U unitary and Vp; € P,,3ps € P, : UplUJr = po}. As has
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Figure 2.2: The group actions of the Clifford group on the Bloch sphere are denoted by the
rotational symmetries of a cube. The different colours of the dots denote the different types
rotational axes of the rotational symmetries.

been noted above, any unitary transformation can be seen as a rotation on the Bloch sphere. The
Clifford group acting on a single qubit corresponds in this picture to the rotation symmetries of
a (3d) cube (see figure . This can be used to prove that by adding a non-Clifford gate this
gates set provides universality for a single qubit. All the possible computations done by only using
the Clifford group can be easily simulated on a classical computer. This is shown by the following
theorem:

Theorem 5 (Gottesman - Knill theorem). Any quantum computation involving only:
1. state preparation in the computational basis
2. Clifford group operations
3. measurements in the standard basis
4. any classical control conditioned on the measurement outcomes
can be perfectly simulated in polynomial time on a probabilistic classical computer.

Thus the addition of a gate which is not in the Clifford group actually “promotes” the computer
to the quantum level.

The Clifford group forms again a finite group and is generated by only three of its elements.
These generating gates are the Hadamard gate H, the Phase gate P and the controlled-ROT (C‘mt)
gate. Thus the Clifford group is represented by <I:I .S, C’Tot>. The Hadamard gate and the Phase
gate are single qubit operations and thus are best represented by a matrix. The matrices, using

the basis given by 2] are given by:

petft 2] s-fh ]

The Cot gate acts on two qubits: a control bit and a target bit. The operation of the Chrot gate is
best described in the following way. If the control bit is |0), then it does nothing. If the control bit
is |1), then it applies the phase-flip operator Z on the target bit. Important to note here is that
Crot gate does not measure the state of the control bit, but can act on a superposition states.

The extra element: the T-gate

Theorem [4 gives us that once the Clifford group is obtained only one non-Clifford has to be added.
Since the Clifford group is finite and the group of unitary gates is uncountable, there is a plethora
of options. Here we presented only one option, namely the T-gate. The gate acts as the square
root of the phase gate, meaning 72 = §. The matrix representation of the T-gate is given by

. [5 ] . (2.8)



In the rotor encoding presented in chapter [ the T-gate will form the non-Clifford element to
complete the universal gate set.

To conclude: by describing how the Clifford gates and the T-gate gate can be constructed, a
universal quantum computer can be build.
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3. Shift resistant codes

One of the main questions when building a quantum computer is what physical system to use to
represent the quantum bits. In classical computing a high-low voltage difference is used to represent
the 0 and 1 bit states. What the most effective physical system to represent (to encode) these bits
for quantum computing is, as was mentioned in the introduction, is still an open question. A first
idea was to use a simple two level quantum system, such as for example electron spin 22| or the
polarization of photons [23]. In this case however the challenge of building a quantum computer is
to make the bits as stable as possible, but any actual measuring and correcting of potential errors
has to be done by encoding the information into multiple bits. This naturally gives rise to the
question whether an encoding is possible, where the detection and correction of errors is part of
the qubit design itself.

This can, at least theoretically, be done in the form of shift resistant codes. These encodings take
a large superposition of states with a high degree of symmetry as its physical system to represent
its qubit, as opposed to a single spin state. This symmetry results in invariance under certain
operations, which is then used to detect small errors in the encoding by measuring asymmetries.
This idea forms the fundamental motivation of building a quantum computer in a rotor space, or
any shift resistant encoding. The inspiration of encoding a qubit into a rotor space comes from
important previous work, where a qubit was encoded in the position and momentum of quantum
harmonic oscillator and the number of bosons. In this chapter both of the previous methods are
presented in order to show their relation to the encoding in the rotor setting.

3.1 The central idea of shift resistant quantum codes

As stated in the introduction, the most crucial step is to take a superposition of states with some
symmetry to represent a qubit, in order to allow for the detection and correction of small errors
in the encoding itself. This idea is best understood in a smaller toy model and then expanded to
the larger, more realistic scenarios, such as a harmonic oscillator. (Courtesy of [24].)

The toy model

The smaller toy model consists of an 18 dimensional system. The possible states are given by 17,
with j € {1,2,..17,18}. On these states two operators, S (shift) and P (phase), act as

S5 =17 + 1 mod 18) (3.1a)

27

Pljy=uw|j),w=eT (3.1b)

The goal is to encode states which are resistant to errors of the following type: SePb with a,b €
{—1,0,1}. Here S, PY are defined to be the identity operator.
For this purpose the qubit could be represented as

1
V3
1
V3

0y = —=(10) + [6) + [12)), (3.22)

5

1) = (13> +19) + [15)). (3.2b)

5
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The stabilizer of the qubits

These states could then be stabilized by SG, PS. This combination of states and stabilizer protects
the qubit from the small shifts mentioned above. To show this first it is proven that the qubit is
actually stabilized by S 6, PS after which it is shown how error are detected using these stabilizers.

Here we shortly prove that the states given by equation are stabilized by S8, po, meaning
that the qubit states from above are a +1-eigenvalue states of S6. PS. First we note that all the
states differ by 6, thus $¢ |0 = [0) and 56 |1) = |I). Also note that the states numbers k = |k} all
form multiples of 3, so 18 is a divisor of 6k for any non-zero k, resulting in the fact that w% = 1.
So these states are invariant under applying the operator PS5, (Note that P acts as an identity on
the |0) state.) Showing the claimed S®, PS to be stabilizers.

Now in order to detect the errors of the form S%P? with a,be {—1,0,1}, the following commu-
tation relations are used

(8P S5 = O 5P (5 pb) (3.3a)

(§2PY)PC = WOepb(Sapt). (3.3h)

Since for the errors 6b or 6a will never form a multiple of 18, this gives that w%®, w6 # 1.
Therefore we can detect whether an error has occurred. Now since we have only allowed errors
of the type S Pt with a,b € {—1,0,1}, we can not only detect the error, but also identify which
error has occurred and correct it by applying the inverse of the error. This makes the encoding
fully protected against these errors. The case of errors other than the type mentioned above will
be discussed later on.

Relations between the errors

The encoding protects the bits from small errors in both the “main dimension”, meaning state
alterations by operator S, and the Fourier transformed domain, meaning phase shifts by operator
P. This Fourier relation between the two error types holds for all shift resistant encodings. As for
instance in a harmonic oscillators, where both errors in position |¢) as in its Fourier transformed
domain the momentum |p) are likely to happen.

As a consequence of this Fourier relation, more protection against one type of error means less
protection against the other. By spacing out the |j) states more, the encoding can be protected
against larger state shifts (meaning S’—type errors). But, since the total number of available states
in any physical system is for practical applications always bounded, a larger spacing always means
a smaller protection against phase shift errors of the Pkind.

As an example of this trade-off, a different encoding of the qubit in the toy model from above
could be given by

0 = [0), (3.4a)

1) =9). (3.4b)

This encoding is stabilized by S8 and P2 (as can be checked with the same method as above).
In this case errors would be detected using the commutation relations of

(89 Pb) 18 — 18050 (G pby (3.5a)

(S*P")P? = w?* P%(S°PY), (3.5b)

In this case the qubit would be protected against errors of 5% with a € {—4,-3,...,0,...,3,4}.
But, as can again be seen from equation it loses all protection against phase shift errors (since
w!8 =1 for any b). This shows how more protection against one type error, here the shift errors,
directly implies less protection against the other type, here phase type errors.

A consequence of this trade-off leads to a central design choice when constructing shift resistant
encodings, referred to as the the spacing of the states. How far the states, in the case of the toy
model the |5) states, should be apart, has to be decided upon by how the errors in each domain
relate. Say a P- -type error happens a tenth of the S-errors, then we have to construct the code
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accordingly by taking a larger shift spacing. Thus in this case the encoding of equation [3.4] would
be justified. But if the errors happen with equal probability, the encoding of equation [3:2] would
be a better choice.

Logical operators and errors

In order to define the most basic bit operations the logical operators X and Z need to be defined
for the encoded states (to obtain the Pauli-group, see chapter . In the case of the first encoding
(meaning equation [3.2)) these logical operators can be encoded as

X =28%7="p5 (3.6)
Crucially these operators satisfy the commutation relation of

S3p% — —P38% = X7 = —ZX. (3.7)

As was discussed in Chapter [2] these logical operators need to commute with the stabilizers,
such that the code remains in the linear subspace stabilized by S6 PS after their application. This
does however mean that the shift resistant error protection does not protect against a full “logical
error”. A logical error, in this setting, is seen as an accumulation of smaller shift errors against
which the code is protected. The central idea is that a large enough shift to truly disturb the state
would be so unlikely, that the these logical errors are rare enough for all practical purposes.

Other types of errors

In the discussion of the encoding presented by equation [3.2] it was mentioned that this encoding is
protected from errors of the type SP? with a,b e {—1,0,1}, but the effect of other type of errors
was still open. Here we revisit that question. Here two remaining error types are distinguished:
large shifts and local shifts. As mentioned in the section above, large shift result in logical errors,
and the encoding can neither detect large shifts as errors nor correct them accordingly (since they
are interpreted as a logical operation, not as an error). With a local shift an operator is meant
which swaps two states and acts on the rest as the identity. As example would be an operator
which swaps |3) and [4). The effect of this errors on |1) would be [1),,..,. = %(\@ +19) + [15)).
The encoding can detected this class of errors, but cannot correct them.

To see the encoding can only detect and not correct the local shift, the difference is shortly
discussed here. An error is detectable, if it does not commute with one of the stabilizers. As can
can easily be checked, Eswap73,4]56 #* PGEAswap’gA, thus these local swap errors are detectable. A
set of errors is correctable, when all the errors satisfy the so-called Knill-Laflamme conditions (see
also [25]). These conditions are given by

O| B E; 10y = (I| E;E; |T) (3.8)

O| E:E; |1y = (| E;E;0) = 0 (3.8b)

for all the errors Ei, Ej in the set of errors. Adding the local swap errors to the set of correctable
errors would not satisfy the first condition (take for example E, =1 and Ej = Eswap73’4). Thus a
local swap is only detectable. In this case the calculation would have to be restarted. Luckily these
local errors often lack a physical meaning and are disregarded in the discussion of a shift resistant
encoding.

Conclusions from the toy model

As can be seen from the toy model, to obtain a shift resistant encoding three elements, the qubit,
stabilizers and logicals, need to specified. These elements relate in the following way: both of
the stabilizers need to act as an identity on the encoded states and the logicals need to act as

desired on the encoded state (meaning Z |0> = |0), X |[+> = |+), etc.) plus commute with the
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stabilizers. These relations lead to there only being one degree of freedom in choosing the shift
resistant encoding, namely the spacing of the states. This spacing of the states, which specifies the
range of the correctable errors in both the X and Z domains, should be chosen according to the
error frequency in each domain. Once this spacing is specified the qubit, stabilizers and logicals
can be constructed and the encoding is fixed. For a realistic encoding the states are not as ideal
as in this toy model, where every state could be achieved with infinite precision. The last step of
the encoding is then to specify a form of approximating the ideal states. This procedure describes
the recipe to obtain a shift resistant encoding.

3.2 Encoding in a quantum harmonic oscillator: The GKP
code

The most important example of these shift resistant encodings is the so-called the GKPE| code.
The GKP code encodes a qubit in a harmonic oscillator. Here the theoretical construction and
practical implementation of the GKP code, following the recipe from above, are discussed. This
section is based on [24] and [26].

The setting of the GKP code

The GKP code makes use of the well-known position Q and momentum PAoperatorsA. Since both
operators are self-adjoint operators, they generate the unitary operators e’ and ¢*#© for any real
a, B by Stone’s theorem. These operators function in the following way on the eigenstates

e “Flpy = €' |p), (3.9a)

9 gy = P g, (3.9b)
and their commutation relation is given by the Weyl relation

eiBQgiaP _ —iaf iaP ,ifQ (3.10)

By a smart choice of a and  these operators provide a setting for quantum computation.

As noted in the conclusion of the toy model, the construction of a shift resistant encoding has
three related elements, the logicals, the qubit and the stabilizers. The critical requirement for the
GKP encoding is that for the logical operators the smart choice of @ and § (in the context from
above) is given by qogicalBlogicat = ™. The ratio of aiogicar and Biogicar defines the spacing of the
states and is chosen according to the ratio of errors in the respective domains. In most practical
cases these errors will have the same strength. This will be used as a design requirement in the
remainder of this section. In order to get this equal spacing we choose aiogical = Blogical = AT

The logical, qubit and stabilizers

With the spacing fixed, the logicals, qubit and stabilizers can be specified. The logicals in this case
are given by

7 = Ve, (3.11a)
X = VP (3.11b)

By using the Weyl equation from above and af = w, these operators obey the commutation
relation of L
=—-XZ. (3.12)

N\)
:><\>

L After its inventors Daniel Gottesman, Alexei Kitaev, and John Preskill
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For these logical operators, the states which satisfy the required eigenvalue relations to repre-

sented the qubit, are given by B
0y = > |g = 2ky/7) (3.13a)
keZ

Ty =) |g= 2k + 1)v/wk). (3.13b)

keZ

By using equations it can be checked, that these states satisfy the required Z |0 = |0> and
Z [1>) = —|1) as well as the required X relations, which can be checked by taking the Fourier
transform of the states form and applying

The second step is to construct the stabilizer measurements. The 24/m periodicity of the
qubit states already hints at the form of the stabilizer. For a general encoding it is required that
Ostabilizer Dstabilizer = 2Tk, With k € Z stapitizer = 2Q0gicat- Again with the design choice of equal
space and choosing k = 2, the stabilizer operator are of the following form:

So = ei2VTQ (3.14a)

Sp = VTP (3.14b)

These operators would, in the ideal case, detect any deviation from the delta peaks and keep the
code perfectly stable.

The approximation of the ideal scenario

The ideal case from equation [3.13]is not very realistic. The states from [3.13] are non-normalizable,
they require infinite space and momentum and the creation of delta peaks in space or momentum
costs infinite energy. This representation is thus mostly used to understand many of the codes
characteristics, but not practically feasible.

In order to achieve a physical representation of these states two approximations are used. The
first approximation is to approximate the delta peaks by a small Gaussian function in order to
achieve a state which requires finite energy to create, the second is to place over these peaks a
Gaussian envelope in order to make the total state normalizable. A crucial property of the Gaussian
functions is that they remain Gaussian under the Fourier transform, so the approximation works
both in the space and in the momentum domain. The approximate states in this case are given
by:

_ (z—2ka)? 22
<x|0>=N0[Ze_ ]e_m? (3.15a)
keZ

_ 2 2
@y = Ny | Y e e i (3.15b)
keZ
Where Ny, N; are normalization constants, x stands for the width of the Gaussian functions
approximating the delta peaks and A stands for the width of the overlapping Gaussian function.
Here both the values of k and A ”cost” energy and are directly responsible for the quality of the
approximation. A plot of these approximate states is presented in figure

Error modelling

The central motivation of constructing a shift resistant code is that small errors, which in any
physical system are accumulated over time, can be detected and corrected. This gives rise to the
questions: which errors can be corrected for the GKP encoding? And what error is introduced by
the approximation of the ideal states?

First the problem of which errors are correctable. The easiest way to look at this problem is
graphically. For this see the figure below.
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Approximate zero bit state|

Approximate one bit state

0.1 " | H | 0 =

1w (2

0.05 [~ -

Figure 3.1: The approximate states of the encoding of the zero |0) and one |1) bit in the GKP
harmonic oscillator encoding. Here a = 4/, the width of the peaks is given by x = 0.25 and is
given by the width of the Gaussian envelope A = 6.

VT ym 0 VT &
2

Figure 3.2: A small portion of the g-space in which 3 delta peaks from the ideal GKP states (which
are an infinite sum of delta peaks spaced by 4/7) are presented. The two red states are part of the
1 bit state, the blue part of the 0 bit state. The dotted line enclosing the blue 0 bit state shows
the region of correctable errors for the |¢ = 0) part of the zero bit state.

Since the ideal states can never be created, for deciding whether the measured outcome is a |0)
or a |1) when measuring the position of the state Q, the following rule is used: if the outcome is
closer to an ideal |0)-peak then to a |1)-peak, the state is a |0) and vice versa. As can be seen in
the figure above, any outcome with g € (74, @) is considered a |0) state. Since this scheme is
repeated periodically, the encoding can protect the state against shifts of ¢ieP with le] < 4 . The
same idea can be applied in the momentum space, so the encoding is also protected against shift
of €99 with |§] < @

The values above are for an encoding with equal spacing. If there is unequal spacing the
correctable errors are |e| < #egieal and |§] < 2azo7;mz‘ This shows the already mentioned trade-off,
a larger spacing in the space domain means more error protection there, but less protection from
momentum shift error (and vise versa).

Now in order to calculate the probability of finding the in the wrong state, using the approx-
imation given above, the same idea can be used. Calculating the probability that the particle is

outside of the correctable region will provide the error probability of the approximate state. This
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means that

pe(|0)) = > J((%lé)ﬁ <N0[ S e e ]652)>2dm. (3.16)

kez Y (2k+3)V/T keZ

By taking A = % this error probability is about 1% for A = 0.5, but already 1076 for A = 0.25. [24]

3.3 Encoding in rotation-symmetric bosonic system

A second important example of shift resistant encoding is given by encoding the qubit using the
number of bosons in a harmonic oscillator. The state of the number of bosons is given by two
conjugate variables: the number of bosons, measured by the number operator 7, and the phase
of the bosons, described by the phase operator (,Z; The main advantage of this encoding that
a lot of progress is made in manipulating these bosonic states. The main disadvantage is that
the phase operator gfg does not exist as a standard quantum mechanical observable and has to be
approximated by a POV-measurement (for more on this, see section 1.3). This encoding behaves
very similar to the encoding in a rotor space and thus it is fruitful to study this setting in detail.

Again for the construction of an encoding three ingredients are necessary: logical operators,
stabilizer measurements and approximated qubit states. Due to the pgoblems of the phase measure-
ment the focus will first be on number eigenspace. Here the logical Z and its associated stabilizer
measurement (in the same way S, and Z where related for the GKP code) are constructed, after
which the code states for this situation will be introduced. Again these states will be ideal, but
non-physical. Given this information the conjugate phase domain will come into the picture and
the idealized state will be presented in terms of phase states. Using these idealized states the
logical operator X and stabilizer in the phase domain can be constructed. With all the stabilizer
and logical operators done, the approximated states can be made to complete the encoding of the
qubit. This section is based on [15].

The idealized encoding

In the previous example the main design choice was given by picking the value of «, which was
responsible for the spacing (and thus the level of protection) of the states in both the p- and
g-domain. For this encoding, the analogue variable is given by the variable N, which represents
the spacing of the number states. The encoding is named a rotation symmetric encoding, this is
because the stabilizer in the Z-domain is given by

Lo A

Ry = '™ (3.17)

where e/ ¥ " is a unitary operator generated by the self-adjoint number operator 7 given by Stone’s
theorem (see equation for how these operator act on the eigenvalues). The qubit is encoded in
the subspace of the all states which have a +1 eigenvalue, i.e. the states having n = 0 mod N.

For these states the logical 7 is given by

Z = einh, (3.18)

In this case the ideal shift resistant qubit encoding is given by

0y = > farn [2kN), (3.19a)
n=0
11 = > ferryn (26 + 1)N). (3.19b)
n=0

This encoding protects against shifts number state shifts V,,, with V,, |[k) = |k + 1) of size (V,,)*
with a € {—[%J, —[%J +1, .., [%J} If there would be no conjugate phase domain, this
would be the full story and any choice fry with Y o [foen|> = Yoy |fer+nyn[? = 1 would
suffice.
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But this is not the case. The states can also obtain phase-errors, against which the protection
further specifies the states. The states presented above are represented in the ¢-domain by

2N—-1
|0) = $="100, (3.20a)
PINEES
2N—-1
= > (—1)’”‘¢: % : (3.20D)
m=0

where

6> = Z e"? [ny, (3.21)

n 0
from which the fipny are specified.

As in the GKP example, these ideal states are non-normalizable. These states do however
provide great insight in the structure of the encoding. As can be seen from expression [3.20] the
states are protected from “phase” shifts ™ of |a| < 55+ which again shows the trade-off made
in choosing the value of N. A second use forA these expression is their use in defining the logical
operator on the conjugate domain given by X. For this choice of fxx the states of |0) and |1) are
translation invariant under the operator

~ 2N-1

D= > Imy{m+2N| =8, (3.22)

which is the stabilizer of the conjugate domain phase domain (meaning S0y = [0) and S |T) = |1)).
The X is now given by
. 2N-1
X = > |my{m+NJ. (3.23)
m=0

As can be checked on the |n) eigenstates, the logical operators satisfy the required commutation

relation of XZ = —ZX. For the encoding to function properly, the approximated states require
(under approximation) the same shift-invariance for both stabilizer operators.

Approximated states

In the previous section the idealized states were presented as “phase” eigenstates, which is a sketchy
affair since the phase-space is not properly defined. This was said to be the main disadvantage
of this encoding. In the approximation of these states this encoding shows its strength. For the
approximation there are multiple options which approach A(¢) — 0 as the available maximum
of number-states increases to infinity. In any realistic system these infinite sums would then be
approximated by truncated sums. The coefficient fry, as in equation for three encoding
options are presented in the table below:

Table 1: The coefficient of three approximations for the bosonic encoding. The first column
gives their names, with their associated symbol in the second column. In the third column the
coefficients fin are presented, as function of the variable associated with each approximation
(o, K and s respectively). The fourth gives the limit for the encoding were the minimal number of
states are used, called the trivial encoding. This encoding is easiest to realize, but lacks any error
correcting capability. The fifth column is the limit where an infinite number of states are used,
which is impossible to realize but can perfectly correct the errors. For the last limit the coefficients
frn are explicitly given in the last column. From [15].

code |©) frn trivial || limit limiting frn
2 e—lal/2 kN [ NI —(kN—a?)
cat ‘Oc) N—:W a—0||a— oo (m):LE‘XP [T}
binomial | |©R%) SR ) K=1|K = (%)i exp [—(k—é(/?)z]
Pegg-Barnett||¢ = 0)_ |  /2/[s/N] s=2s—= 00 2/[s/N]
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To better understand the functioning of these approximations, it helps to see them in a plotted
form. This is presented in the figure below:

(a) os5F cat ]
r [N = 3,0 = 4.416]
0
o 05F binomial 7
E i IN=3K =13
= 4
E L 4
0
051 Pegg-Barnett
i [N=3s5=42 ]
0

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45
Fock state

Figure 3.3: The approximation of the state: %(|0> +|1)) by the three different approximations
from the table above. The average measured number state, here called a Fock state, is (i) = 19.5
and the spacing of the number, or Fock, states N is given by N = 3 for each of the approximations.
the parameters for the respective approximation are given by a = 4.416, K = 13 and s = 42.

From .

A first note on these approximations is that, as seen in the GKP encoding, two of the approxi-
mations again approach a Gaussian profile as the quality of the approximation increases. A second
note is that as the quality, represented by parameters o, K and s respectively increase, the energy
cost to realize the approximation increases. The relation between the number of available number
states increases and the quality of the approximation of A(¢) — 0, is given in the figure below.

10

cat

—o— binomial

An(0)

109 i —— Pegg-Barnett |

107

0 5 10 15 20 25 30 35 40 45 50
(ﬁ)ccde

Figure 3.4: The uncertainty in the phase domain, here denoted by Ay (), as a function of (7) for
the three different approximations of table|3|1. The states approximate the state of %(|0> +11)).
For this approximation the spacing between the numberstates is taken to be N = 3 and the
parameters for the approximation are as in figure [3.3] meaning o = 4.416, K = 13 and s = 42.

From .

Conclusion

In this chapter the concept of a shift resistant encoding was introduced. This encoding makes
use of two conjugate variables connected by the Fourier transform. The encoding protects the
qubit against small shift error in both domains. The ratio of the probabilities of the errors in both
domains leads to an optimal spacing coefficient, on which the whole design of the encoding is based.
For this spacing coefficient the stabilizer, logical operators and an ideal representation of the qubit
can be specified. Since a system can never be kept in the ideal state, for which the encoding is
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protected against both error types, the last step is to find a suitable, implementable approximation
to complete the encoding. These encodings then form the basis of a quantum computation scheme,
with error correcting properties build into the design of the hardware.
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4. Quantum computation in a rotor
system

In this chapter one of the main results of this report is presented, a quantum computing scheme for
a quantum mechanical rotor system. But our goal is not only to achieve quantum computation, but
to theoretically design this in way that it is resistant to small shift errors on the system. This goal
is first achieved on the level on the encoding of the qubits, by presenting a shift resistant encoding
(for more on shift resistant encodings, see the previous chapter). With this encoding small errors
can be detected by using the stabilizers, without disturbing the state of the . Presenting this
encoding will form the first part of this chapter. This resistance to small errors is also taken to the
level of the quantum gates. The gates are designed to commute with the correctable errors, thus
making it possible to correct the errors at any stage during the computation. The presentation of
the error resistant gates forms the second part of this chapter.

4.1 Encoding a qubit in a rotor

In this section the shift resistant encoding of the qubit in a rotor system is presented. A shift
resistant encoding has three parts: logicals, the stabilizers and the representation of the qubit.
As noted in the previous chapter, a shift resistant encoding is fixed by the spacing between the
representing states. The encoding in a rotor takes its simplest form when taking a spacing between
the angular momentum states of zero, therefore this case is first discussed in an idealized, but
unrealistic, form. This encoding is then expanded to an encoding for any angular momentum
spacing, which forms the second part of this section. In order to obtain a realistic encoding the
last part of this section focuses on approximating the idealized encodings as mentioned before.
This section is based on [9].

The ideal encoding for “zero” angular momentum spacing

This encoding assumes that errors in the angular momentum space happen with negligible prob-
ability and offers no protection to these errors. It however provides maximal protection against
shifts in the angular position, up to shifts of 5. Since the encoding assumes no angular momentum
errors, the even and odd integer angular momentum states are used to encode the qubit. For “zero”
spacing this gives an idealized representation of

0y = 20y, (4.12)

leZ
1y =>]21 + 1). (4.1b)
lEZ

As mentioned in chapter |1} the states in the angular momentum domain of L and the angular po-
sition of © are related by the discrete Fourier transform. By taking this discrete Fourier transform
on the states above, the states are expressed in the angular position space by

0)=10=0)+10=m), (4.2a)
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Dy =10=0y—10=r). (4.2)

For these states the logical operations and stabilizers can be specified. The logical Z is given
by

Z = el (4.3)

and the stabilizer associated with this operator is given by
Sy = el (4.4)

These operations represent rotations of the system over the angle m (radians) for Z and 27 for
the stabilizer. Thus the stabilizer for zero spacing leaves the whole angular momentum space
unchanged. Because it is assumed that there are no errors in the angular momentum states, the
stabilizer does not need to detectA any errors.

For the construction of the X operator two options exist. The two candidate operators are
given by

X=V (4.52)
2 1 ~ DN A A 2
X =S+ VT + V(I + 2)). (4.5Db)
Both form valid options, since both satisfy the required commutation relation of XZ =-7X and

perform the required state operations on the encoded states. The difference is that the latter has
the advantage of satisfying the property of X2 = I in any case, while the former only satisfies this
property on the subspace of the ideal encoding. The first on the other hand has a much simpler
form, which can lead to an easier implementation.

In any case the stabilizer is given by

Sy = V2. (4.6)

This stabilizer is used to correct the only allowed errors in this case, shifts in angular position
given by e*l. These errors can be detected using the commutation relation (from Chapter

V2pial _ ,—i2aialyr2 (4.7)

and are corrected by making the smallest shift needed to re-obtain a +1 eigenvalue for the stabilizer
Sp. Thus in this case errors can be corrected with |a| < 7, as was claimed above. Any shift larger
than this range, meaning |a| > 7, results in a logical error.

The ideal encoding for non-zero spacing

The encoding above assumes that shifts in angular momentum happen only with a negligible
probability. When this is not the case, the encoding has to be protected against these shifts. The
encoding presented here is protected against shifts of

e | 22 2 4

with N an odd integer. There are two things to note about the set above. First is that the set
above always has size N. Second is that the “zero” spacing case corresponds to the case of N =1
and in this case only V0 = I is a correctable error (thus no actual shift errors can be corrected for,
as is in line with what was mentioned above).

The qubit is here encoded as

2N—1
_ mT
0= 2Ny = ‘9:— 4.9a
0 ZEZ| ) 2 ~ (4.9a)
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2N—1
- mm
D= Y l2Nt+Ny= Y (-0 |o =25, 4.9b
D= 2N+ Ny= > (-1) N (4.9b)
leZ m=0
Here we interpreted a state in between the |NI) states as the encoded state it is closest to and
correct it by applying angular momentum shifts accordingly.
For the logical Z operator there are two possible candidates, given by

Z=ewlor (4.10a)

Z:eil

2=,

|~ (4.10b)

Where the first option is easier to implement, but single shifts can influence the logical state of
the qubit, meaning that VZVY £ Z. The second option is error resistant to small shifts, but is

harder to implement then the first (because of the [%J operator). In any case the stabilizer is
given by

22
SL =e'

EN

L (4.11)

Associated to each of the options from above a logical X operator can be constructed. These two
options are given by

X=V"or (4.12a)

N 1 - N ~ ~ N
X = 5((I+Z)VTN+VN(I+Z)), (4.12b)
where is related to sharing the easy to implementation, and is related to

(in the sense of being small shift error resistant). In this case there is no clear preference between
the two, since it depends on how achievable to the second option is for the physical system in which
the encoding is implemented. In any case the stabilizer is given by

Sy = V2N, (4.13)

This completes the encoding in a rotor space.

The approximate encodings and error analysis

As seen before in chapter [3] the states used here to encode the qubit are nonphysical. The states
are non-normalizable in the angular momentum space and represented by impossible to realize
delta-peaks in the angular position space. Thus in order to realize the scheme presented above,
these states need to be approximated.

Since the angular position variable 6 is a continuous variable (as opposed to the angular mo-
mentum being discrete), the approximation is easiest done in the angular position space. For the
approximation any sharply peaked, periodic function (with period 27) will suffice. Two examples
are given by

2m 2
10 =6y = NOL > e T (0=0+m2m)” 19\ 4 and (4.14a)
meZ

27

|0 =6y = le 0057(@) |6>do (4.14b)

0

Where N; and N; are normalization constants and both the parameters £ and v are responsible
for the quality of the approximationEI The representation of the states in the angular momentum
states is obtained by taking the Fourier transform.

The errors induced by this approximation are also best calculated in the angular position space.
For the logical X (ideal) eigenstates |+ and |—) this is done most easily, since they are represented

INote that the first example is not in [0, 27], on the whole of R. Since e~€% is in it itself not a periodic function
the function is repeated here to still represent periodic function.
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by a single delta-peak of |[+) = |# = 0) and |—) = |§ = 7) in the case of zero spacing. For these
eigenstates the following projection method is used: the state is interpreted to be the delta peak
it is closest to (compare this to the GKP code in [3.2). This method divides the [0,27] angular
position space into equal parts representing the |+) and |—) states, which is graphically represented
in the figure below.

Figure 4.1: The error correcting states projection in the angular position domain for N = 1 in (a)
and N = 3 in (b).

Equipped with this state projection method, the errors introduced by the approximation can
be calculated. This is simply done by calculating the probability of finding the states on the other
side of the division. This means that if the state should, for example, be in the |+) state for a
spacing of NV = 1, the error is calculated by the probability of finding the angular position in the
state denoted by the red parts of figure a). Thus let ¥, (0) = {f]+) be the approximation of
the |+) = |# = 0) state, then the error introduced by the approximation is given by

™

pelo) = [ 1ve@Pans [ v o)pas (4.15)

—T z

and in similar manner for |—) the error is given by

™

pell) = | 1@ (4.10

s
2

With these expressions the error in any superposition can be calculated by expressing the super-
position in the |[+) and |—) basis.

As holds for general shift resistant encodings, making the spacing (and thus error resistance)
in one domain larger the spacing in the other domain decreases. Here we see that by making
the spacing between the angular position larger the part of the circle representing an ideal angular
position peak gets smaller. As an example using the setting from figure [£:1] for zero spacing, which
corresponds to N = 1 in the context of equation the angular position |# = 0) has any state

between |0 = —§> and |9 = §> to represent it. If the spacing is increased to N = 3 (again in the
context of [4.9) the angular position state |# = 0) is only represented by state between |0 = —%
and |6 = - This range of angular position states used to approximate an ideal peak is referred to

as the correctable error range (in the angular position domain). The correctable error range scales

with the spacing as . Tpis correctable error range corresponds to protection against angular
position shifts scales of e**

angular momentum domain.

with |a| < 5. This shows the ‘cost’ of increasing the spacing in the
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4.2 Quantum gates for the rotor space

In this section the complete set of quantum gates for the rotor encoding are presented. Here the
complete set is given by the gates discussed in chapter 2] meaning the gates

{Crot, H, S} U {T?. (4.17)

First the gates are introduced for the setting where the spacing between the angular momentum
states is zero, meaning all even states encode |0) and all uneven states encodes |1). These are then
generalized to serve as gates for any spacing between the states.

The gates presented here are designed to be resistant to the correctable errors, by which we
mean that the occurrence of a correctable error does not alter the effect of the gate. This propery is
referred to here as ‘small shift error resistant’. This concept is not quite the same as fault-tolerance,
which requires a quantification of the error probability and that is absent here, but the concepts of
fault-tolerance and small shift error resistance are very closely related. (For more on the precise,
formal meaning of fault-tolerance, see [27].)

4.2.1 The gate set for N =1

For the construction of these gates we note that the I:l—operator denotes the angular momentum
operator for the first qubit and Ly the angular momentum for the second. The gates are presented
in order of [4.17]

Controlled rotation gate

The Chop for this encoding is given by

CAtrot = eiﬂLlLQ (418)
By letting C’mt act on a angular momentum eigenstate, the gates acts as
Crot [11) 12y = €™ 521 1) [lg) = €182 {13 lg) = (=1)1" [13) [l2) . (4.19)

The desired characteristic of the gate is given by

(1)l — —1, if{; and 5 odd, (4.20)
1, else.

This makes the gate only induce a phase shift if both states are in |1), proving the desired effect.

The Hadamard gate

The Hadamard gate is the hardest to construct in this setting, since it is the only non-diagonal
matrix of the four gates. Thereby the Hadamard gate is introduced using a qubit teleportation
scheme, this means that the original qubit is measured and its information transplanted on an
ancilla (or ‘helper’) qubit. The implementation of the the Hadamard gate is schematically given
in the figure below.

C rot

) )

) X

Figure 4.2: Schematic implementation of the Hadamard gate using a qubit teleportation scheme.
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To prove this scheme take an arbitrary state, |¥) = a|0) + 3 |1). The two qubit state can then
be expressed as

L
V2

where the |¥) is in the first Hilbert space and the |+) in the second. Now we apply Cyor and
reorder results in

Wstart) = (V) [+) = —=(a]0)[0) + a|0)[1) + B[1)[0) + B [1)[1)). (4.21)

Crot [Wstare) = —=(]0)[0) + a[0) [1) + B[1)[0) = B1)[1))

Sl

2
(@([=210) + [+)) + a(|=) + [+)) [0) + B(1=) = [+) [1) = B(I=) = [)) [1)
(14 (@(10) + [1)) + B(10) = [1))) + [=) (a(|0) + [1)) = B(|0) = [1)))

N = N

(4.22)
Now when measuring in the X-basis on the first qubit, two options arise. The first option is that
|+ is measured. This directly gives the required state on the second qubit.

3(0(10)+ 1)+ B0 = 1)) = Z5 (@) + 81-) (123)

The second option is for when |—) is found. To obtain the required state in this case the X-operator
is applied to the second qubit. This gives the required state:

1
ﬁ

which shows how the schematic applies the Hadamard gate. The measurement in the X-basis is
easiest done in terms of a angular position measurement, after which a controlled angular momen-

X%(a(\0>+|1>)*ﬂ(|0>*|1>))=%(a(|1>+|0>)*6(|1>*|0>))= (@) +B[=)), (4.24)

tum shift operation (as X) is performed as described above.

The phase and T gate

The phase gate S and magic T gate T act as diagonal matrices and thus are much easier to
implement. Since the phase gate is simply the T-gate applied twice, we only show how to implement
the T gate, but an expression is provided for both

T = ei5leil3] (4.25a)

)

§ = eiFleminl 5], (4.25b)

In order to prove the desired functioning of the T—gate it is noted that the function acts on 1
modulo 8 (e'i! = e'5(+8)) The desired behaviour can be seen, by looking at the effect both
operator have on these residue classes. This gives the following relations:

1, I =0mod 8
etT, l=1mod8
1, l=2mod 4
RETE ie'T, =3 mod8 (4.26a)
-1, l=4mod 8
—e'T, 1=5modS8
—1, =6 mod 8
—ie'T, =7 mod 8
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1, 1=0,1mod8
e_i%[%J _ —i, 1=2,3mod8
-1, 1=4,5mod 8
i, [ =6,7mod 8

(4.26b)

Now by multiplication it is obtained, that

e8]y — 11 b even, (4.27)
e |ly, [ uneven.

The S gate can be derived in similar fashion and thus is omitted here, but do also note that
T? = S. This completes the universal gate set.

As a last note, it is remarked that these gates are small shift error resistant. Since only errors
in the angular position space are allowed for the case of N = 1, we note that threeA of the gates
are of the e’®l form. For the Hadamard gate it is noted that the measurement in X-basis spans
the the whole correctable error range, thus this gate is also fault tolerant for the correctable angle
€rrors.

4.2.2 The gate set for general N spacing

The gates given above are now easily extended to an encoding with spacing N. This encoding
protects the code against shift errors as in equation [£.8] To prove the fault tolerance of the gates
against shift error, it is used that for these angular momentum shifts of size n the following relation

holds [NJ
n+ |3
{N?| =0 (4.28)

This is used to prove the shift tolerance of the N-spaced gates. The gates are still tolerant to
angle errors by the same argument as presented above (only the correctable range diminishes as
noted above), so only the resistance to shift errors needs to be proven.

The Controlled rotation gate

The shift tolerant Co gate for N spacing is given by

Cran = W H @V emt iy

w|Z

I'e Vgl%J]. (4.29)

Here Vl,Ijl act on the first Hilbert and VQ,I:Q act on the second Hilbert space. Since for both
qubits most likely the same physical representation is used, their (angular momentum) spacing (in
the context of equation is taken to both be N.

In order to obtain a small shift error resistant C’,.ot—gate we require that if the encoded state
obtains a shift error ‘A/lnf/{” within the correctable error range as in equation the action of the
gate is the same as on the state without any error. The states, on which such an error has occurred,
are of the form V;*VJ" |kN)|IN) = |kN + n)|[IN + m) (with n,m in the correctable range of shift
errors). Here we can not take m = n, since both system can obtain errors independently.

The C,; gate presented above fulfills this requirement of acting the same on |kN + n) [IN + m),
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for any n, m within the correctable shift error range. This is shown as follows:

v|Z

Crot,n [KN +n) [IN +m) = [Vllgj®%[%J]Te”lW“WJ[ 1 gyl J]|kN+n>|lN+m>

mvﬂ J+n>’lN+{ J+m>
—milflgv l%J]Te”[kMN%JM“m+ Il k:N+{ J+n>‘lN+{ J+m>

kN + n) |IN +m)

zw\

B 5]
— e“"(k""[ N D+L N 1) |kN—|—n>|lN+m>
™ EN + n) [IN +m)

(4.30)
Where in the second to last step equation [£:28]is used. Since the last form mirrors that of equation
0L the Cpop- gate acts as desired and the gate is unaffected by angular momentum shift within

the correctable error range. This proves the claimed fault tolerant behaviour of the gate.

An alternative option for a Cyor would be given by

R A

Crot = €7 NT | (4.31)

This gate is much simpler in form than the gate from equation which most likely leads a sim-

. _LiL
pler implementation, and acts as desired on the encoded states in equation since e/ N%- [kNY|IN) =
e kN |IN). This gate does however alter its effect if the encoded state obtained a shift error.
Even an encoded with the error of V; already shows this,

1) [IN) = ™5

Crot Vi [END LN = '™ 33" D [INY £ ™ kN + 1) |INY. (4.32)

Thus this gate is not small shift resistant.

The Hadamard gate

For the Hadamard gate the same argument as above is used. We first note here that the C’rot—
gate is shown to be fault tolerant. Secondly we note that the measurement in the X-basis is a
measurement in the angle domain. The outcome of this measurement is not affected by angular
momentum state shifts, which acts as phase shifts in the angular position space and thereby does
not affect the measurement. This means that the teleportation scheme from above still works small
shift error resistantly. Do however note that the correctable angle shift range is now reduced due
to the larger angular position spacing (for more on the correctable range see the section on error
analysis from above).

The Phase and magic T gate

For the Phase and magic T gates a trick very similar to the C’rot—gate is used. Their expression for
a spacing of N now looks the following;:

A [Vl%J]Teul#Je—ig[@Jf/[gJ (4.33a)
N les amiby LB N
S = [Vl?J]TelleJe_”LTJVlTJ (4.33b)

Here again we require the gate to produce the same effect even if a shift error V™, which is in
the set of the correctable shift error range as in equation [£.8] has occurred. We prove the effect

38



of the T—gate by letting it act on the state on which an such an error has occurred, given by
V™ |EN) = |kN + n). This gives:

2]

. N i T N
TN +n) = = [VIENieidlwle= 5015 ] kN + )

o || 0 )

*l%J*" kN+l%J+n,

_ [l R i = ‘kN N [];’J +n>

&

— gtk st

(4.34)

oy L
le=i5l 3 HEN +n)

Which acts as desired by the same argument as in equation Concluding the small shift
resistant gate set for an N spaced encoding.

Conclusion

As a small recap: the ideal shift resistant encoding of the rotor space is given by

2N—-1

0y =3 [2N1y = o=""
DEDNCUEIWES:
2N—1 mi
BEDNATES PR W Vi
leZ m=0

Where N is an odd positive integer and is responsible for the spacing between the states. For
this encoding a complete fault tolerant gate set is provided by

R M

Croew = [ @l ¥l ey ¥l g |

. L
7 = 15 hteistkle- st 13
with § = 72 and where the Hadamard gate is implemented via a qubit teleportation scheme.
For the Hadamard first a C,.,; gate is applied to qubit as control and an ancilla in the |+) state.
The state of the control is then measured in the X-basis. Lastly a X operator is applied to the
ancilla , depending on the outcome of the measurement. These four gates form a complete gate set.

This means that this encoding and these gates together provide a theoretical scheme for building
a quantum computer.
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5. Physical realisation: superconduct-
ing qubits

In the previous chapter a theoretical outline of a quantum computation scheme in a rotor system
was outlined. In this chapter a class of physical systems, called the superconducting qubits, are
discussed. Because these qubits make use of a Josephson junctions in a superconducting circuit
and the description of these Josephson junction is very similar to that of the rotor, the scheme of
the previous chapter could eventually be realized on such a system. The control and development
of these systems however is not far developed enough to directly realize the scheme of the previous
chapter, so in this chapter the focus is on some recent results in the field.

The main focus of this chapter will be on a new superconducting qubit scheme which makes
use of two-Cooper-pair tunneling. This qubit design uses a Josephson junction, the basic theory
of which forms the first part of this chapter, and uses ideas from the successful formula of the
transmon qubit, of which a short introduction forms the second part of this chapter. The chapter
is then concluded by a discussion of this two-Cooper-pair qubit.

What makes the two-Cooper-pair qubit exciting, is that it improves upon the successful formula
of the transmon by having a nearly degenerate ground-state. This near degeneracy results in good
predicted relaxation and dephasing times, meaning that the qubits should have longer controlled
quantum effects (thus making for better possible quantum computation) |10]. A full discussion
of these two-Cooper-pair qubits goes beyond the scope of this project, such that we mainly focus
here on the Hamiltonian and deriving some properties of the eigenstates.

5.1 The Josephson junction

In the simplest terms a Josephson junction is explained as a very small piece of insulating metal
between the superconducting wires in a circuit. Since the electrons classically can not move through
the insulating piece of metal, they have to tunnel, describing the quantum mechanical behavior
of the system. A picture and schematic representation of the junction is presented below. This
section is based on [2§].

~1nm

Figure 5.1: (a) a schematic representation of a Josephson junction. The grey metal is a supercon-
ductor and the yellow metal is an insulator, thus this demonstrates that the Josephson junction is
a superconductor-insulator-superconductor tunnel junction. (b) A microscopic picture of a Joseph-
son junction. The junction is here created with an Aluminium-Aluminiumoxide-Aluminium stack.
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As noted above, the Josephson junction divides two superconducting wires. These supercon-
ducting wires show a quantum mechanical behaviour which can be described using the number of
Cooper pairs and the phase. The derivation of this fact is lengthy and irrelevant for the rest of the
section, thus we refer to [28]. The main point is that the state can be described as

0

|\Ilsuperconductor> = Z |An|ez¢% |7’L> (51)

n=0

Where |n) denotes the number of electrons in the wire and ¢ refers to the phase associated of the
superconductor.

Now in order to describe the effect of the junction the difference between the two superconduct-
ing states is used. To describe the effect of the junction on the number of electrons the difference
in number of Cooper pairs (as result of tunneling) is introduced, this is defined by

|m) = |N, — m)|N; + m), (5.2)

where N, is the number of Cooper pairs one side of the junction. here called the right side, and
N the number on the other, here the left. Important to note is that while the number of Cooper
pair states is always a positive integers, the difference in number states can also be negative (by
there being more Cooper pair tunneled to the right), such that m € Z. Secondly to describe the
effect of the junction on the phases of the wires the difference in the phase of the two states is also
introduced, this is defined as

(b = Ad) = ¢wire,1 - ¢wire,2- (53)

Because only the phase difference is an important parameter, this is commonly referred to as the
phase of whole junction (although it is actually a phase difference between the two sides of the
junction).

These parameters behave analogous to a rotor system. In this analogy the difference in the
number of electrons |m) plays the role the angular momentum states |l and the phase ¢ plays the
role of the angular position §. The Hilbert spaces of |m) € [>(Z) and |¢) € L?([0,27]), as in the
rotor case, are related by the discrete Fourier transform. (For more on these operators see chapter
1)

l Now to calculate the effect of the junction on the Hamiltonian of the system, the amount of
energy stored in the junction is of interest. The amount of current that will flow through the
junction is given by

Liune = Icsin(g), (5.4)

where I, is the maximal current the junction can support. The Voltage bias of the junction is
given by

h d¢
Combining these results the energy stored in the junction can calculated by
hd hl. .
H; = JljumVjuncdt = f[csin(q’))——(bdt = Jsm(qﬁ)dqﬁ = const. — Ejcos(¢), (5.6)
2e dt 2e
with the Josephson energy F; = f;Ief

To summarize, the Josephson junction is described using the difference in Cooper pairs |m)
and the phase (difference) ¢, which function analogously to the angular momentum and angular
position of a rotor. The energy stored in the Junction is given by —FE;cos(¢), with E; = Rl

I
2e ’
5.2 The transmon qubit

As noted in the introduction, the transmon qubit design is one of the most successful supercon-
ducting qubits. In this section the encoding and idea behind a transmon qubit is only shortly
reviewed, since the main focus of the chapter is on the two-Cooper-pair qubit. For a full discussion
of the transmon qubit see [29]. This section, being somewhat more elementary, is based on |30]
and [28].

41



The building of the transmon started as the idea of encoding a qubit in an harmonic oscillator.
These qubits are however not encoded like in section for which the level of control is not yet
high enough, but are encoded in a simpler fashion by taking the two lowest energy levels of the
oscillator. By only using these two states, this subsystem behaves like a qubit system.

The attractiveness of this idea comes from how easy the system is to obtain. A simple LC-
circuit (see the figure below) behaves like an harmonic oscillator and the gap between energy levels
of the system can be very easily engineered. Since E, = (% + n)hw, with w, = \/%70, any energy
spacing can be obtained. The problem with building a qubit in an harmonic oscillator is that
the energy difference between all the energy levels is the same. As a consequence the process of
changing the state from |0) to |1) costs the same as |1) to |2). This forms a problem, because any
external energy supply used to operate the qubit operations (for instance microwave radiation) can
move both |0) — |1) and |1) — |2) at the same time. This means that the state leaks out of the
required two lowest levels, which leads to errors in the computation.

Island 1

Island 2

Figure 5.2: (a) a schematic representation of a LC-circuit and (b) the equal spaced energy states
of the harmonic oscillator.

The innovation of the transmon qubit is to get around this problem by introducing an anhar-
monious element in the oscillator by replacing the inductance by a Josephson junction (see the
figure below). This anharmonious element causes the states to be spaced unevenly, which makes
it possible to find a regime where the states have a good coherence time and do not leak too easily
into the states of |2) and up (but leakage can still happen).

Island 1

Josephson

Capacitance g
inductance

Island 2 P

Figure 5.3: (a) a simplified schematic representation of a transmon circuit and (b) the unequal
spaced energy states introduced by the Josephson junction.

The Hamiltonian of this system is given by

ﬁtransmon = 4Ec('ﬁ‘ - ngj)Q - EjCOS((b). (57)

Here 7 is related the charge state operator (by Q = 2¢f) and it acts on the Cooper pair difference
of the Josephson junction as 7|m) = m|m). n, is the gate charge offset in the system and as
previously discussed chosA(qZ)) is the energy in the junction.

Now to see the power of the transmon the effect of the energy ratio % is crucial. The effect
of this ratio is twofold. On increasing the ratio on the one hand the effect of the charge noise in
the form of ng is decreased, which fluctuates as it is induced by some external Voltage V;, but on
the other hand the level of anharmonicity of the system decreases (thus increasing leakage in the
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system). But since the first effect decreases exponentially and the second only algebraically, there
exist an optimal regime for the ratio. In this regime, the qubit is quite well protected from charge
noise, having a decoherence time roughly between 10us — 100us for realistic parameters [28], and
the states are divided well enough to avoid (too much) leakage. This central property makes the
transmon a very successful qubit encoding.

5.3 Two-Cooper-pair qubit

The new two-Cooper-pair qubit takes many of its ideas from the original transmon (especially the
way in which it avoids charge noise is very similar) and improves upon the formula by having
the two lowest energy states be nearly degenerate. This improvement should allow the circuit to
have even longer coherence times, since the phase-difference obtained over time, given L}fo)t
(remember that for any stationary state ¥, (t) = \I/n(O)e*i%), is even smaller. But since the
scheme of this qubit is so recently designed, there are no experimental results as of the moment of
writing.

For these qubits first a short overview is presented of the circuit used to create the two-Cooper-
pair tunneling. After this an in depth discussion of the Hamiltonian describing the system is
presented. The circuit and Hamiltonian are from [10].

The circuit

The circuit of the two-Cooper-pair qubit makes use of an inductive element and a capacitance in
parallel as in the LC and in the transmon circuits. Here the inductive element consists of two
Josephson junctions placed in parallel, both placed in the middle of two superinductances (see the
figure below). This parallel composition only allows for the tunneling of two Cooper-pair electrons
at the same time.

superinductance

Josephson- . .
capacitance
mpm ©°

junction

Figure 5.4: (a) a simplified schematic representation of a two-Cooper-pair tunneling circuit and
(b) the unequal, nearly degenerate, spaced energy states introduced by the circuit. The energies
in (b) are not representative of the exact scale, but provide some idea of the energy spectrum.

The Hamiltonian

The Hamiltonian of the circuit is approximated by [10]
H = 4E (71— n,I)? — chos(2¢A)7 (5.8)

where the operators mean the same as in equation The only difference between the two
Hamiltonians is that the cos(¢) from the transmon is now replaced by a cos(2¢).

First the question of where the cos(2¢) element comes from. The cos(2¢) element is a direct

consequence of only letting two Cooper pairs tunnel at same time. This can be seen as follows. As

noted before, the energy of the Josephson junction is given by —FE;cos(¢). Now by Euler’s formula
note that cos((;g) = %(eiq; + e*i‘z)) = %(‘A/ + VT) (see chapter , thus letting a Cooper-pair tunnel
is represented as a right and a left shift in the difference of electrons. By letting only two Cooper-
pairs tunnel the result is twice the shift, this gives (V2 + V12) = %(eﬂ‘% +e7129) = cos(26), which

shows how the cos(2¢) is obtained.
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Using the representation %(‘72 + VTZ) of the two-Cooper-pair element and the commutation
relation from chapter [I] of
Vkeiozﬁ _ eikaeiaﬁf/k (59)

the following commutation can be derived (since e®™ = 1)
e He ™ — H. (5.10)

From this commutation it can be concluded that ei*L and H share eigenfunctions. This means
that the eigenfunctions of H are given by either even or odd number of Cooper states. These
eigenstates will have nearly the same energy and be orthogonal for each energy level.

To further study the eigenfunctions, the Hamiltonian is represented on the phase space of
L3([0,27]). After using separation of variables the time-independent form of the Schrédinger
equation is given by

*¥(¢)
g

— 2ng4t 8‘15;;5)

which is a differential equation with periodic boundary conditions ¥(¢) = ¥(¢ + 27). Now using
the substitution of g(¢) = ¢**"sW(¢), the differential equation reduces to

o) (E
02 AE. 4F,

This differential equation is known as the Mathieu equation. From the substitution above, it
can be concluded that the solutions of the Mathieu equation will provide the eigenfunctions and
eigenvalues of the original Hamiltonian.

First the eigenvalues are discussed. In order to find a physical solution, the solution of the state
has to be bounded (to be normalizable), or “stable”. A stability chart of the Mathieu functions is
given in the figure below.

AE. ( + ng) — Ejcos(20)(¢) = BV (o), (5.11)

cos(2¢)>g(qz5) = 0. (5.12)

a

A
/’_\_’/’_\

15

10

5
15 —10/ 5 5 \1'0 15 4

Figure 5.5: The stability chart of the Mathieu function for different values of a = % and ¢ = 8ETJ

The region with stable solutions is denoted by the orange surface in the plot. The orange region
depicts four bands of stable solutions here. The figure is from [31].

Any eigenvalue of the original equation has to be in the orange region. The solutions are even
further fixed by the boundary conditions for g(¢), obtained by the original ¥(¢) = ¥(¢ + 27),
given by

9(¢) = e " 7g(p + 2m). (5.13)
From this boundary condition it follows that there are only two energy value per band (more on
this later). With this information an upper bound to the difference between the energy level in
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a band can be obtained, since the energy difference will be smaller than the height of the energy
band of the bands in figure Hereby the following result is obtained for large % (from |31]

section 28.8) ‘

2m+3
24m45 Jo f F\ T4 7E; 6m? + 14m + 7)+/SE; E.
AFE < \/» J e VE 17( ) Zio[=1)). (5.14)
m! m \8E, 32V E, E;
Where m € Ny denotes the numbgr of the energy band. This shows, that the two lowest energy

levels, by taking m = 0, for large 5> are nearly degenerate as claimed before.

Now for the eigenfunctions associated to these energies, things become a lot more tricky. The
Mathieu equation has no solutions in a closed form, meaning some expression of the form f(z) = ...
does not exist. Still the equation has been studied thoroughly (see [32] and [31]) and therefore a
lot of properties of the solution are known. (A nice discussion of the Mathieu functions for this
Hamiltonian is also given in [33], though it is unpublished work.) Here some of these properties,
those relevant to this Hamiltonian, are discussed.

First it is noted that equation [5.12]is periodic in ¢, with period w. Now by Floquet’s or Bloch’s
theorem any solution has to be of the form

9(¢+m) = e™g(9), (5.15)

with v € R the characteristic exponent (Floquet) or the wave vector (Bloch). By equation it
can be concluded that v can only take the form of

v=-—ng+k kel (5.16)

This result has some important consequences. First two general properties of the solutions.
The result of implies that for any charge offset ny the solution ¥,,(¢) is either periodic or
anti-periodic in ¢ with period 7, meaning

\I/m(d) + 77) = (_1)m\11m(¢)7 (517)

where m € N labels the eigenfunctions.
A second general property is the already mentioned two solutions per energy band. While a
formal proof is given in [33|, this can easiest be understood graphically in the figure below.

Figure 5.6: The eigenvalues % values on the y-axis versus the Floquet exponent on the x-axis

Ej

for the Hamiltonian of at gz- = 30. This graph depicts relation between the eigenvalues and
the Floquet exponent for a general Mathieu equation, thus all values for the Floquet exponent are
possible. In the case of the Hamiltonian from equation the possible Floquet exponents are

further fixed by equation

When fixing a value of ngy, it can easily be seen that a displacement of k € Z places the Floquet
exponent each time in a new band. But more importantly the degenerate solutions are for each
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ng separated by a an odd number of displacements (meaning m = 2k + 1 for some k € Z) and
that these two solutions exhaust all solutions in the energy band [33]. This property is crucial for
proving some error resistant characteristics of the system.

The second consequence from result lies in the form of the degenerate eigenfunctions. The
eigenfunctions of the Mathieu equation are called the Mathieu functions and are for v € R denoted
by me,(,")(gb), where n € N labels associated the energy bands. Using the properties of the Mathieu
functions it is proven here that the eigenfunctions in the same energy band are of the same form

n [0, 7], but differ only in their (anti-)periodicity.

Following the reasoning used in [32], we use an expansion of the Mathieu function for a general
Mathieu equation. Let t = €™, where the choice of v is only restricted by having to imply a stable
solution (since we are talking here about the Mathieu equation in its general form). The function
Un(z,t) = mel(,n)(z) is an analytic function on the ring R : 1 —0 < [¢| < 1 + 0 with 6 € R small
(such that the solutions exists on the whole ring). Thus v, (z,t) has a Laurent decomposition of

vn(z,t) = Y. al? (2)t™ (5.18)

meZ

which leads by taking using the Cauchy integral theorem on

1 [ won(z,7)
(n) _ - g I\ 1
o)) = g § (5.19)
to the decomposition of me}(z) of
mel™ (z) = Z al™ (z)e™m, (5.20)
mEZL

Since mel"” (2) has to satisfy the condition of , this decomposition can be simplified to

mel(,")(z) = Z aé")(z — mm)e™™, (5.21)

meZ

(see also [32] sect. 2.34.). This decomposition holds for any Mathieu equation [32].

Using this decomposition we will prove that, for the Hamiltonian of equation one solution
in an energy band is periodic if and only if the other solution anti-periodic. Here we use that for
this Hamiltonian it holds that (as was noted above) given that the Floquet exponent v is a solution
to the original equation of [5.12] the other solution in the same energy band can be obtained by
filling in 1 + [ for some odd 1. Also it was remarked that these two solutions form all the solutions
in the energy band. Now suppose that me(Jf) (z) is a solution of equation Filling the Floquet
exponent v5 = vy + [ of the other solution in the decomposition of equation it is obtained that
the degenerate solutions are of the form

me()(z) = ¥, af”(z — mm)e™ ™ and (5.220)
mMEZL
mel) () = meyy(2) = 3 ag” (2 — mm)e ety
meZ
_ Z a(()n) (Z _ m7r) (ei'rr)mleimﬂ'vl , (522b)
meZ
— Z a(()")(z _ mﬂ>(_1)meimﬂ'u17
MEL

using in the second step that ml is odd if and only if m is odd, since ! has to be odd. From
these decompositions of the two solutions we conclude that the solutions in a given energy band
are the same on [0, 7], with one being periodic over m and the other anti-periodic over . Since
these solutions exhaust all possible solutions in a given energy band, the proof is complete.
Since for degenerate eigenfunctions the solutions only differ in their (anti-)periodicity, it is
concluded that their orthogonality is stable under a small shift. This means that if ¥, ¥, are the
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normalized solutions in the same energy band that for a small shift eiol with o e R small, it holds
that (Uy| eiol |¥1) ~ 0. Secondly the superpositions of ¥y = %(\I/O + ;) have zero support
on [m,2x] for U, and [0,7] for ¥_. For the lowest energy state the states will then be localised
near 0,7 respectively, since the potential energy is lowest at 0,7 and for the lowest energy there
is little tunneling. For this reason also their orthogonality is stable under small shifts, meaning
m giol |¥_> ~ 0. This shows some of the error resistant qualities of the system.

Thus from the analysis of the Hamilton the following results can be concluded. The two
lowest energy states are nearly degenerate, where their degeneracy scales with a dominant term of

2E;
e VB for large % This degeneracy means that the lowest energy states will only obtain a very

small phase difference over time, which is an important property for long coherence times. Secondly
the solutions in the same energy band have the same form on (0,7) and differ on (7, 27) only by
their (anti-)periodicity. This means that the superpositions ¥, = %(‘I’O + ¥y) are localized close
to 0, respectively. This means that the two Cooper pair qubit already shows some promise for
realizing the zero spacing encoding from the previous chapter (see and since it inherits the
same techniques as the transmon to protect the qubit from charge noises (which corresponds to
angular momentum shifts in the rotor picture) this zero spacing is a justified assumption here.
Thus, while a full realization of the scheme from chapter [ still are far away, the encoding for zero
angular momentum spacing seems realizable.
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Conclusion

As said in the introduction, the goal of this report was to study error correcting encodings of
qubits in a rotor space. The rotor space was described using the angular momentum L and the
angular position O, where the expressions of the states in the different bases were related by the
discrete Fourier transform. The possible errors on the states in the rotor space were given by
shifts, V the angular momentum shift and e’*” the angular position shift. To protect the encoding
a shift resistant encoding was used. Here small shift in the code can be detected by a stabilizing
measurement and then corrected. Since large errors are seen as the accumulation of small errors,
the encoding should be error resistant.
The ideal shift resistant encoding of the rotor space was given by

B 2N—-1 mr
0y =Y l2Nn = Y o= 25,
leZ m=0
2N—-1 mi
D= N+ Ny = ) (f1)m\9: 2.
leZ m=0

Where the spacing between the states is given by an odd positive integer N. For a zero spacing
N =1 is used. For this encoding a complete fault tolerant gate set was provided by

pLY

J®V2l7j]7

=

C’rot,N = [VAYI l

vl

Lo vl ¥t emstitaim L

7 — (715t e—i3 L]

‘z\b

3

with S = 7?2 and where the Hadamard gate is implemented via a bit teleportation bit scheme.
For the Hadamard first a Cj.; gate is applied, then a measurement in the X-basis on the original
and lastly the X operator is applied controlled by the measurement. These four gates formed a
complete gate set. This means that this encoding and these gates together provide a theoretical
scheme for building a quantum computer.
While the construction of an actual quantum computer following the scheme from above is still
far away, because of the high level of state preparation and the hard to realize floored angular

momentum operator (given by | %] with k € Z). A recent superconducting qubit scheme shows
some promise in parts of the realization. This two-Cooper-pair qubit allows only pairs of Cooper
pairs to tunnel through a Josephson junction. The resulting state is described by the difference in
Cooper pairs between the sides of the junction, which was described using the same Hilbert space
as angular momentum, and the phase across the junction, which was analogue to the angular
position state. In this two-Cooper pair scheme, the two lowest energy states are nearly degenerate,
are similar on (0,7) and differ on (7, 27) only by their (anti-)periodicity. Of the two states one
consisted of only an even difference in Cooper pairs and the other of only an odd difference, which
corresponds roughly to the |0),|1) in the zero spacing encoding from above. Using these lowest
energy states a superpositions localized near 0 and 7 can be constructed, which corresponds to the
£ (= %(|0> +|1))) in the zero spacing scheme from the encoding above. This means that, while
the implementation of the fault tolerant gate set seems very far away, the two-cooper-pair qubit is
able to replicate the zero space encoding presented above.
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