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Abstract

Holonomic quantum computation exploits a quantum state’s non-trivial, matrix-valued geometric phase
to perform fault-tolerant computations. Holonomies arising from systems where the Hamiltonian traces
a continuous path through state space have been the subject of a significant amount of research. Discrete
holonomies, on the other hand, where the state jumps from point to point, have had little prior investigation.
In the context of an interferometry experiment, we build an explicit model for universal quantum computation
using a sequence of incomplete projective measurements of the angular momentum operator. We show that
quantum gates constructed with discrete holonomies are resilient to errors. In the limit of dense measurements
we recover known results from the continuous-path holonomy. Our work sets the stage for verification in the
laboratory.
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Chapter 1
Introduction

The road to efficient quantum computation is paved with instability and error. This report explores a
fault-tolerant scheme of quantum computation based on the geometric phase of a quantum state.

Since the advent of quantum mechanics, quantum states are known to have a (non-measurable) global phase.
Later, it was realized that states also have a (measurable) geometric phase [1]. Soon after, this phase was
generalized to a non-Abelian — meaning matrix-valued — geometric phase [2].

In the circuit model of quantum computation every calculation is realized using a series of transformations,
called gates, on a register of qubits. For the entire computation to happen correctly each gate needs to be
resilient to errors. A way of ensuring this is by exploiting these non-Abelian geometric phases (holonomies)
to execute the action of a gate [3].

Holonomic quantum computation is most often studied in systems where the Hamiltonian traces a continuous
path through state space. There are many ways to achieve this experimentally, from using microwaves on
spin qubits [4] to solid-state spins in a nitrogen-vacancy center of a diamond [5]. There has not been as much
research in the discrete case, whereby the state jumps from point to point in state space.

We map a part of this unexplored territory by modeling discrete holonomies that arise in an interferometry
experiment. It is worthwhile to build up a theoretical framework of the experiment as interferometry is such a
ubiquitous technique in quantum physics. Since the discrete holonomy is driven by a sequence of projective
measurements, our scheme takes inspiration from one-way, or measurement-based quantum computation,
but remains within the realm of holonomic quantum computation.

We will show that gates constructed using the interferometry of angular momentum coherent states can
achieve universality — that is, they can approximate any unitary transformation. Both the relevant single-
and two-qubit gates will be explicitly constructed. Finally, we show that the limiting case of our experiment
reduces to the well-known continuous case.

Compared to scant existing literature, [6] we do not require any auxiliary qubits. Our work was written with
experiment in mind, meaning it is easier to directly verify our result in the laboratory.



Chapter 2
Theory

2.1. Projective measurements

We will start by reviewing how a quantum state changes after a projective measurement. Suppose we start
with a state |¢) in a finite, N-dimensional Hilbert space . A projection into a K-dimensional subspace,
Pa, (which is also known as an incomplete measurement if K > 2) can be realized with a projector P,. After
the projective measurement our state transforms as

Pal¥)

VI Y

(2.1)

with probability (y|P,|¢) [7].

Each subspace p, represents a point inside the Grassmann manifold Gry (K, N) and can be spanned by a
frame F, = {|ak>}kK:1. Note that there are infinitely many ways (different frames) to span a subspace. The
collection of frames form a Stiefel manifold, so each subspace is a fiber and the Stiefel manifold is a fiber
bundle with the Grassmann manifold as its base [8]. The overlap matrix, defined component-wise as

(fa|}—b)kl = <ak|bl> y

quantifies how different subspaces are connected [9]. A series of points inside the Grassmann manifold, C,
can be identified with a series of rank-K projections. As these points are also a collection of fibers, C is a
manifestly geometric quantity, and given by

I'c:=PF,...P.
We can generalize ([2.1)) to see how a state changes under the action of I'c. We have that

)
\/<1/1\P1 coi Py 1 PPy ... PL|Y)

with a probability of (Y|P ... Pn_1PnPm_1...P1Y).

) =

2.2. Experimental setup

We are now at a point where we can build the framework needed to describe a non-Abelian holonomy
acquired by a state in a two-path interferometer. Our exposition is based on |10]. The setup is pictured
in figure A beam of particles with the internal state |1;) € F1 (normalized to unity) is sent through a
50-50 beamsplitter giving the state .

U, = 1) ®
|Wr) = |1k) 5

(10) + 1)),
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where [0) and |1) denote the interferometer arms. In the 1 arm a unitary V), restricted to act unitarily on
p1, is applied. In the 0 arm |1;) is exposed to a sequence of m projective filtering measurements, I'c. The
sequence corresponds to the operators II, = P, ® |0)0| + I ® |1)(1] for a = 1,...,m. The two arms meet at
another 50-50 beamsplitter, and the state after the beamsplitter is given by

[W4) = gTe 1) © (10) + 1)) + 5V 1) © (10) — 1)
= %(Fc + V) 1) ® |0) + %(Fc V)1 @|1).

The output intensity in the 0 arm is given by

1
T = 7 (Ll (T} + V1) (T + V)[Le)
_1 i i i i
= 4(<1k|V V1) + (1e|V'Te|li) + (1T5V 1) + <1k\FCFC|1k>)
1
= 7(1+ (ITErel1) + 2 Re (1 |VTTe[1,) ).

Let us rewrite (1;|VT¢|1x) in a more convenient form. The first subspace is spanned by |1;) and K — 1
other vectors |1;). Therefore (all sums go from 1 to K),

(L[VITe[1e) = (1[VT1L) (1[Te[1x)
l
S WV (Llm) . (25]15)
Liyerj
> VI (Bl Fm) (Fn | Foner) - (P2l F1)]y
l
= (VD)

Kk
where we have defined (VT),, = (1x|V|1;) and D := (F1|Fpn) (Fin|Fm-1) - .. (F2| F1). Hence,

1 1
T = 7 (14 (WITETe[1)) + 5 Re (VD) .

The total intensity is

Toor = izk - i(K T (F@FC)) n %Re (Tr [ViD]).
k=1

The final step is to find the unitary V that maximizes the intensity, specifically Re (Tr [VTDD. It can

be shown that this happens when V = Up := \D\le7 where |D| = VDD, Up is the direct holonomy
associated with the sequence C |10].

So, when we send our beam of particles through the interferometer the output state corresponding to the
maximum intensity will have been transformed by the holonomy Up.
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Figure 2.1: The two-path interferometer. The input state gets split by a 50-50 beamsplitter. In one arm
the state gets exposed to a series of projections. In the other arm the state undergoes a unitary evolution
V. The state in each of the arms meet again at another 50-50 beamsplitter. Adapted from [10].

2.3. Angular momentum coherent states

A particularly interesting class of internal states are the angular momentum coherent states. Let {|j,m)}’ _ j
be the eigenkets of the J, operator. The angular momentum coherent states are eigenstates of Jz, the angu-
lar momentum operator in the 7 direction, with m = +j [11]. Characterizing 7 with spherical coordinates
as (sin @ cos ¢, sin 0 sin ¢, cos ) the coherent states are e~**’ze=/v |j, +5). We always set h = 1. Note that
e~/ = D5 (¢) is the rotation operator in the 7 direction. So, the angular momentum coherent states are
rotated angular momentum states, where the total rotation has been decomposed into a rotation along the

y-axis and then the z-axis.

If 7 > 1 we can have our sequence of frames be projections into subspaces spanned by different coherent
states, viz.

F(Oar ¢a) = {70 e7 00 |, £5) } = {|4a) -
Each projective filtering measurement corresponds to the operator P, = |joXja| + |—Jja)X—3ja| and represents

N
a measurement of the observable (ﬁ - J ) [10].

We can calculate the overlap matrix for the coherent states by decomposing each state into a tensor product

of spin-1/2 states, |+j) = ’:I:%>®2j. The spin-1/2 states must all be 1/2 or —1/2 because we are only looking
at states of maximal angular momentum. Hence (where k and ! equal + or -, which correspond to the 0
index and to the 1 index of the matrix, respectively),

(FalFo)yy = (kjleteTvet@elsemt0n T emt00 M| )
— <kj|ei9aJye—i(¢b—¢a)Jze—inJy |l_]>

= (kj|Dy(=0a)D- (¢ — da)Dy(6b)|15)

®2j
_ (Dy<—eamz<¢b—¢a>®y<9b>

1
2

®2j
5))
2




For spin-1/2 particles the rotation operator has the following representation [12]
Dn(¢) = e”"ﬂ'ﬁ = efﬁiw = cos(?)] — isin(?)&' ‘N

B COS(%) —in, sin(%) (—ing — ny) sin(%)
(—ing +ny) Sin(%) cos(%) +in, sin(%)

Therefore,
(b —da
- -  (cos(=E=) —sin(=L=) e_l( =) 0 cos(%) —sin(%)
N B Ry e ) ()
cos(eageb)cos<¢“;¢b)+icos(9“;9b)sin<¢“g¢”) sin(eageb)cos ¢“§¢b —isin(‘g‘lgeb)sin<¢“§¢b)
B —sin(io“geb)cos(img%)—isin(g"';eb)sin<¢“g¢b) cos(eagab)cos %5% —icos(e”geb)sin<¢“g¢b)

<_é* ,i) e SU(2).

So, we find that the overlap matrix is

Ra,b Sa,b
(]:a|]:b) = ((_1)21'5; b RZ b)

o
[ (B ) (B o ()]
Sep = |sin Oa = v cos Pa — P — ¢sin Oa + O sin Ga — b 2
@b 2 2 2 D) .

Note that |R(a, b)\l/j +15(a, b)|1/j = 1]10]. Therefore the determinant of the overlap matrix is never zero,
meaning the matrix is invertible and hence full rank. So, none of the coherent-state subspaces are orthogonal,
assuming j is a half-odd integer we can make a left-polar decomposition of the overlap matrix into

(Ful Fo) = [(Fal F)[Uab = \/ | Rap|* + |Sas|*Ua,

where U, ; is a unique unitary matrix [10]. We stress that this requires j to be a half-odd integer. If j is an
integer then the prefactor ceases to be a number and becomes a positive-semidefinite matrix instead, which
is considerably more complicated.

with

If we perform a sequence of m measurements into the coherent-state subspaces (j is assumed to be a half-odd
integer greater than one from now on) then the final holonomy will be

UD _ (‘F1|‘Fm)(f7n|]:m—1) L (‘/—"2|‘/—"1) (22)

(Rl 1810) (o 8mma?) - (1o + 152

2.4. Quantum gates

Our goal is to manipulate the holonomy to do quantum computations — to find holonomies that correspond
to the action of different (unitary) quantum gates. Important single-qubit gates are the Pauli gates (also

named oy, 0, and 0,.):
0 1 0 —2 1 0
(o) () 26 N)



as well as the Hadamard gate (H), the phase gate (S) and the 7/8 gate (T

1 /1 1 10 10
=0 L) =68 =l o)

The CNOT gate acts on two qubits and is represented by

1 0 0 0
01 00
CNOT = 00 01
00 10

It can be shown that the set H, S, T and CNOT can approximate any unitary operation. That is, the set
is universal [7].

We can also decompose any single-qubit unitary operation exactly into D,(a)Dy,(8)D,(y) [12]. Here we
ignore any additional global phase factors.

2.5. The quantum Zeno effect

By now our strategy should be clear. We want to find those sequences of projections into subspaces of
coherent states with j = (2m + 1)/2, m € N, that correspond to the action of quantum gates. Our qubit
is defined with |0) = |j) and |1) = |—j). This way, we can use the interferometry setup to do quantum
computations. However, with each projection into a subspace, there is also a non-zero probability the
state collapses into the orthogonal subspace. It is a well-known result that taking the limit of infinitely
many projective measurements ‘freezes’ the system. The quantum Zeno effect can even drive the system
through different subspaces with effective certainty |13]. Why, then, do we consider sequences of discrete
measurements?

The pragmatic answer is that fewer measurements are experimentally more feasible. There is also a more
fundamental reason, though. For our choice of angular momentum coherent states when we take the limit
to dense measurements we find that we can only implement a phase gate. To see why, let us divide the total
angles into into N steps, 660 = 8/N and d¢ = ¢/N, and then take the limit N — co. Then, one of the overlap
matrices (F(0, 4 00, ¢g + 6¢)|F(0a, ¢a)) will contain (up to and including first order)

ei(0a+80)Jy Ji(ba+00)J: p—idadz p—ifady _ 180Ty jibady (i8Tz ,—ifa ]y
= (1 +1i60J,)e"Tv (1 + idppJ, )e v
= (1+1060.J,) (1 + idge v J e~ )
= (1+166J,)(1+ id¢p[—sin(b,)Jz + cos(0,)J:])
=141i60J, + id¢p(—sin(b,)J; + cos(6,)J.),

where when going from the third line to the fourth line we expanded the exponentials and used the commu-
tation relationships for J;. Using ladder operators we rewrite the above to

1 1
1+4160J, + idp(—sin(,)Jy + cos(0,)J,) =1 + i59Z(J+ —J_)+idp (— sin(@a)i(L_ +J)+ COS(QQ)JZ).

Since j > 1/2 the matrix elements with ladder operators will always vanish. The off-diagonal elements will
be zero and the diagonal elements will be 1+ cos(,,)d¢. Therefore, in the limit N — oo the total holonomy
can only be a phase. We have shown that in order to get a non-commuting holonomy with the coherent
states, necessary for universality, we require a finite number of projections.



Chapter 3
Results

3.1. Subtleties and starting assumptions

A cursory glance at (2.2) reveals that the relationship between the input angles (the different coherent
states) and the final holonomy is complex. Furthermore, different paths through our space can yield the
same results. Hence, our first step is to reduce the problem to something more manageable.

To make the holonomy unambiguous we require that the overlap matrix is unitary [10]. So, we restrict j to
j = (2m+1)/2, m € N. Our input state will be |[¢)) = a|j) + b|—j) with |a|> + |b]” = 1 and |+j) € F,
where F7 spans the first subspace.

To simplify the problem even more we will only consider sequences of four measurements, which is the
minimum number of measurements that can yield a non-trivial holonomy. The first measurement is a
projection into the same subspace and frame as |[¢)). In an experimental setting we can interpret this
projection as the preparation of our state into the correct subspace. We then carry out two more projections
into subspaces that are different from the first subspace. Finally, we project back into the same subspace
and frame as the starting measurement. Without loss of generality we define (01, ¢1) = (04, ¢4) =: (0,0).
Our sequence of measurements becomes

(an) — (925¢2) — (93a¢3) — (O,O)
The holonomy, given by , reduces to
(F1|Fa) (Fu| Fs) (F | F2) (F2| F1)

\/ (1R1al* + 1514 ) (1R ) (1Rsal* +185.21°) (1R2a* + 1924
_ (FalFa) (Fal Fo) (ol Fo)

\/(|R4,3|2 + |54,3|2) (\33,2 2) <|Rz,1|2 + |52,1|2>

and the maximum-intensity output state will be Up |¢).

Up =

> 4 |S4s

)

24 |S3.2

An astute reader might raise objections to our use of (0, 0) as our starting state. Because we have parametrized
the direction of the angular momentum with spherical coordinates (and, in extension, our eigenstates), the
coordinate ¢ is undefined at the poles, meaning our coherent states are ill-defined as well; at the poles we
have e’z |£5) and e~ #?/=e~™/s |£5), respectively, so there is no unique eigenstate. In the continuous-path
case one can pick coordinates that remove one (but not both) of the singularities [14]. The two patches that
cover the system are related by a gauge transformation, and the analysis is strikingly similar to how one
would approach a Dirac monopole [15]. In the discrete case we can afford to be slightly more blasé about the
singularity. We were careful to define the (0,0) label to correspond to our starting and ending subspace and
frame, which is unambiguous. Subsequent measurements are projections into rotated versions of the original
subspace. Having discussed the more subtle points of setup, we can move on to constructing the gates.




3.2. Phase gates

We first want to implement a phase gate. We can do so as follows: we expand j as (2m + 1)/2 with m > 1
and pick (0, @2, 03, ¢3) = (7/2,7,7/2, ), where ¢ € [0,27). We find

1 * —ig/2
UD — z 0 = € 0 5 ), (31)
’ 24+-4m (L s 244m (@ 0 z 0 e’d)/
\/COS (5) + sin (5)

with
2= (=1t % ((_1)771 cog2m+1 (%) _ igin2mt! (%))

Since Up € SU(2), |z| = 1. The relative phase change induced by this holonomy is
¢ = arg(z/z") € (—m, 7). (3.2)

That the range of ¢ is always (—m, 7| is not necessarily obvious. To motivate our assertion we sketch a
proof. We have that (writing z/z* =: w) in general arg(w) = atan2(Im(w), Re(w)). atan2 is either +m/2
or a function of Im(w)/Re(w) that maps R to (—m,7]. For ¢ € [0,27) Im(w)/Re(w) diverges with the
left and right limits being either +oco (this can be seen by plotting the function for different values of m).
Notwithstanding the diverging points, the rest of Im(w)/Re(w) is continuous. Because the positive and
negative divergent points alternate the range of the argument is (—, 7).

3.3. Rotation gates

The gate specified by is also the rotation gate in the z direction. A relative phase change of ¢ is the
same as a rotation of our state by —¢ (up to a global phase, which is irrelevant). We can also interpret
the gate as a passive rotation (a rotation of our measurement basis) by ¢, instead of an active rotation of
our state. This makes intuitive sense because when we project into a different subspace we are effectively
rotating our basis. Therefore, is a mapping that tells us how a rotation of a subspace in which we
project a state relates to a rotation of the state itself.

At first, finding rotation gates in the x and y directions seems complicated. However, we can simply
convert our rotation operator along the z direction to two new rotation operators along the other axes
by changing our basis. Recall that a matrix can be represented in other basis through (where P is the
basis transformation matrix) A’ = PAP~!. So, we have D,(¢) = D, (n/2)D,(¢)Dy(7/2)~" and D,(¢) =
D, (3m/2)D,(¢)D.(3m/2) L. This gives for the rotation gates

_ 1 Re(z) iIm(z)
Vb = \/cos2+4m (£) +sin®t*™ (£) <Z Im(z)  Re(z) )’

L <Re(z) —Im(z))-
YeostHam () + st im () \I() - Rele)

Upy =

These matrices are equivalent to the following list of angles by which we rotate our subspaces. They are:

Up.s = Du(0) : (0,0) — (%w) = ((p,g) - (0,0),

0 if m is even T
UD’Z/ = Dy(¢) : (070) — (SD, T 1fm iS Odd) (57 5) — <0a0)a

Up.. = D.() : (0,0) = (gw> = (g,@) = (0,0),

where ¢ can be found by solving (3.2).



3.4. CNOT gate

To achieve a universal set of quantum gates we need to construct the CNOT gate. In principle we could
extend the scheme for single-qubit gates directly, by defining frames as |J, M) (with J the total angular
momentum and M the total-angular-momentum projection quantum number),

{e7Tvemi97= | ] £.7) e 090 | ] 0) e 0 et 10,0y}

We then pick either the control or target qubit to have half-odd integer spin and the remaining qubit to have
integer spin (so the total spin is half-odd integer and the overlap matrix admits a unique polar decomposition)
and once again try to find the appropriate measurement sequence. We call this an ‘active’ CNOT gate.

Experimentally, it is easier to implement a ‘passive’ CNOT gate, where we embed our single-qubit gate into
a larger system. We use a similar scheme as |[16]. Suppose our states have an extra degree of freedom, other
than angular momentum, labeled by ¢. This degree of freedom will act as our control qubit. We can prepare
a beam of particles of the form a|j, &) + b|j, ') + ¢|—j, ) + d|—j, €'), with |a|* + [b]> + |¢|* + |d|* = 1. As
illustrated in figure we send this particle beam through a filtration device (akin to a polarizing beam
splitter). Let |0) and |1) represent the interferometer arms. The state after the filtration device will be

[Wk) = (alj, ) + c|=4,0) @10) + (b3, &) + c[=j4, ) @ 1) .

In the 0 arm we expose the beam to a single-qubit X gate (where we make the sequence of measurements),
while in the 1 arm we do nothing. We then recombine the beams. The output will be of the form a |—j, ¢) +
blj, t') +c|j, ) +d|—34,0"). We see that this setup corresponds to the action of a CNOT gate.

1 1
|

X —— 0

A
[¥r) = (alj,€) +c[ —j,£)) ®|0)
+ (bl7, 2"y +d| — 4, £)) @ 1)

o

Figure 3.1: A passive CNOT gate, following a similar scheme as [16]. A filtration device splits the input
state. In the 0 arm we implement a single-qubit X gate while in the 1 arm we do nothing. The states are
then recombined.

3.5. Toffoli gate

Instead of single-qubit gates and the CNOT gate, we can also achieve universality by only using the Toffoli
gate [7]. The Toffoli gate acts on three qubits at once. We will show that our scheme unfortunately does
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not generalize (at least not naively) to a three-qubit system. Suppose we have three angular momentum
coherent states, which we denote with |7, 7', 7). We can span the three qubit system with the following set
of frames:

{e—iQJye—i¢Jz |ja ja ]> ’ e_ieJye_i(sz ‘jmja _J> ) e_iejye_i¢Jz |ja _ja j> ’ e_iaJye_i¢Jz |.77 _j’ _J> )
e e g, g e e T [, g, =) e e s | = ) e eI =g = =)}

In this basis, the Toffoli gate takes one of three forms depending on which two qubits are the control qubits.
If a generic state is |4, j/, j”'), then we have for j and j'; j' and j”; and j and j” as control qubits, respectively,

100 0 0 0 0 O 100 0 0 0 0 O 100 0 0 0 0O
01000000 0100 00O0O 0100 0O0O0OTO
001 00 O0O0O0 001 00 O0O0O0 001 0O0O0O0O0
0001 0O0O0O0 0000 O0OO0TO0T1 0001 0O0TO0TO0
000 01 0O0O0}” 000 01 O0O0O0}” 00001 O0O0O0
0000 O0OT1TO0FPO 0 000O0OT1TO0TO 0000 O0OO0OTO 071
0000 O0OO0O0T1 0 000O0O0OT1F®O 000 0O0O0OT1FPO0
0 000O0O0OT1F®O 0001 O0O0O0O0 000 0O0OT1TO0TFPO

=)

2
Just like the single-qubit system we can measure (fi < J ) to project into frames spanned by

e 0ve=107:135 35) = e 0 vem 0 |5 4 4,
e—10Jy o—idJ-

e~ #Tve=i97: 135§y = T(|j,j, =)+ 1. =3, 3) + 1=3,3,5)):

00 |35, ) — WMJ;M(U, G =3) =G =) + 1=, —r ),

o101y =it 135, —35) = e~ 10Ty o —id |—3, =4, =3,

e g, V2l =) = Il - Zs 100,
e AT 97\/34” (=VEl-d. =43 + g ==} + 5 -0~} ).
o—i0Jy p—i9 - i)y = eﬂ%\;;%(u, —5,3) = |=34,3,9)),

e~y |5 gy = (w\/%lmﬂj, —J,=J) = |=3: 4, =)

Note that this makes clear that the three-qubit space is a direct sum of three subspaces. The basis transfor-
mation matrix from the |4, 5/, 7”) basis to the |J, J') basis is given by

1 0 0 0 0 0 0o 0
1 2
0?00\/1;0 (1) 0
0L 00 - 0o L o0
0o 0 L o o L 0o +
- ) 7 R : R
0oL 0 0 -~ 0o -—L O
\/gl \/61 \/51
00 Lo o L 0 -4
1 2
000 L 0 0 /2 0 o0
00 0 1 0 0 0 0

11



Operators transform as (new) = ST(old)S. So, in the |.J, J') basis the Toffoli gates are given by

Lo 0 0 0 0 00 10 0 0 0 0 0 0
01000&00 0 1 0 0 0 0 0 0
00 2 L o0 ¥ 00 2 1 12 _ 1
Lls\/g 32 0 0 ? ﬁOng?)Oi/é
00 5= 0 0 —/§ 00 0 0 N 0 0 NG 0 %
00 0 o 1 o o0 0] 100 0 0 1 0 o 0 |’
1 V2 1 5 1
00 2 —/2 0o L 00 00 355-%5 % O 6 0 —33
00 0 0 0 0 10 000 oo 010
00 0 0 0 0 01 00 -5 ©B O 3z 0 3
10 0 0 0 0 0 0
0 1 0 0 0 0 0 0
2 1 1 V2 1
0.0 3 VR v R S
0 0 % 0 0 L 0 —L+
3 V6 V2
0 0 0 0 1 0 0 0
1 V2 L 5 1
00 ;-9 & 0 g 0 5=
0 0 0 0 0 0 1 0
1 1 1 1
00 % Y s Vo

From section we know that any gate will be the product of the overlap matrices. Since our three-qubit
system decomposes into three independent vector spaces, the overlap matrices will be block diagonal,

Fr 0 0
(FalFo)=( 0 F> 0],
0 0 PR

with F; the 4 x 4 overlap matrix for the vector space corresponding to a total angular momentum of 3j, and
F; the 2 x 2 overlap matrix for the vector space corresponding to a total angular momentum of j. All three
of the Toffoli gates in the |J, J') basis require mixing of the three vector spaces. This cannot be realized
with products of overlap matrices. Hence, we cannot produce the Toffoli gate.

Although these bases do not allow for the Toffoli gate, there may exist other bases (coupled to observables)
that do. What these bases are, and even whether they exist is still an open question.

3.6. Universal quantum computation for j = 3/2

It is instructive to work out the discrete set of gates needed for universal quantum computation in the case
of j = 3/2. The process for working out higher-j gate is identical. Our goal is to construct the H, S, T, and
Pauli gates. For that, we need ¢, and to calculate ¢ we first need Up .. Plugging in m = 1 into (3.1]) gives

us ]
(7=3/2) ! 14 3e72% 0
UD z = 2ip |-
’ /10 + 6 cos (2¢p) 0 1+ 3e
Therefore,
1+ 3e~2
(b = arg (]W) (3.3)

A plot of is shown in figure Note that ¢ is multivalued. However, in the end, each intersection
point yields the same holonomy. We should clarify that by same we mean up to a global phase; for the rest
of this section if a gate is equal, equality up to a global phase is meant. Of course, a global phase is not
measurable and does not have any effect on the quantum system.
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Figure 3.2: The relative phase ¢ as a function of the rotation of the subspace rotation ¢ for j = 3/2.

2r

For the T, S and Pauli gates we want to find the intersection point where ¢ is 7/4, 7/2 and =, respectively.
We find the gates can be made using the following sequence of measurements:

6
,77)—> z723,1rcsec 2 ~ 144 — (0,0),

2 \/6 (\f—\/36\/§+70+10)+12

)= (=, ) < arctan <3+2\/ﬁ> R~ 130) — (0,0),

¢
) — (g, ) (arctan (\/i) ~ 0.955, g) — (0,0),
(

) — arctan( ) 7T> — (g, g) — (0,0),
Z:(0,0) — (z,w) — (2 arctan (\/5)) — (0,0).

Note that these sequences are not unique. For example, the Z gate is also given by a measurement sequence
where the second pair of angles is replaced by (7/2,0). Next is the Hadamard gate. H can be decomposed
into two rotations, a 7 rotation around the z axis and a 7/2 rotation around the y axis. We can use the
values we found above to construct the following sequence,

H:(0,0) — (arctan <3+2\/ﬁ>,w> — (g, g) — (0,0) — (gﬂr) — (g,arctan (\/5)) — (0,0).

With the above gates we can achieve universal single-qubit computation. If we embed the X gate into the
setup described in section [3.4 we can achieve universal quantum computation.

T:(o,o)—>(

|

3.7. Gate efficacy

Having constructed the formalism to describe holonomic quantum gates, we now turn to their performance.
There are two main mechanisms that give rise to faults in the gates’ performance. The first is that with
each projection into a subspace p, there is a chance our state will collapse into the orthogonal subspace

13



p instead. The second is purely experimental: in practice it is difficult to project perfectly into a given
subspace. We will have some small error §6 and d¢ in our angles.

Let us start with the probability amplitudes. In this case the gate itself works perfectly, but we have to
take into account post-selection of the states. Recall from section [2.1] that the transition probability for a
series of projections I'c = P, ... Py is given by (Y|Py...P,_1PyPy—1...P1|Y). Because our initial and
final frame is the same, it is convenient to look at the matrix representation of I'¢ in the {|4j)} basis. Then,
all computations reduce to linear algebra. The representation is given by

represented by
—)

I'c (FolFn ) (Fm| Fm-1) - - - (F1|Fo)-

We can write an arbitrary state this basis as |1)) = cos(%) [j) + € sin(%) |—j), with a € [0,7] and b € [0, 27).

We will focus on the rotation gates since they form the basis for all single-qubit gates. Furthermore, due to
symmetry, we only need to look at rotations around the z axis. It turns out that the transition amplitude
Te is independent of the input state and is given by

Te =472 (cos%'4m (%) + sin?H4m (%))

A plot is shown in figure [3:3] We can see that as we increase j, the transition amplitude decreases exponen-
tially. The maxima of the transition amplitude occur at integer multiples of 7, while the minima occur at
half-integer multiples of 7. If we compare this to figure[3.2] we see that for both cases the extrema correspond
to no relative phase change at all. However, at half-integer multiples of 7 the state acquires a global phase
of -1, while for integer multiples of 7 the global phase remains zero. For j = 3/2 the maximum value of the
transition amplitude is 1/16 ~ 0.063, while the minimum value is 1/64 ~ 0.016. All in all this plot tells us
that we should pick j to be as low as possible to have a feasible gate.

17
0.100!
0.010}
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Figure 3.3: A logarithmic plot of the transition amplitude for rotations along the z axis as a function of
the subspace rotation . Red is j = 3/2, yellow is j = 5/2, and blue is j = 7/2.

Next, we would like to know what happens when we perturb our subspace angles. Our perturbed state will
acquire a slightly different holonomy (Up,) than the unperturbed state (Up). We will quantify the difference
in holonomy by calculation the minimum fidelity over all possible input states [¢),

2

F(¢',¢) = min ultu .

@\ v) = min | WIUSUIY)
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We assume ¢ = arctan v/2 ~ 0.955, the angle for a Z gate. Small perturbations will be in the order of 1072,
In figure and we show surfaces of minimum fidelity corresponding to perturbations of the form
(02, p2) — (02 + 00, o + 5¢) and (03, ) — (03 + 50, p + d¢), respectively.

(a) Perturbations of the form (62 + 60, 2 + d¢). (b) Perturbations of the form (03 + 00, ¢ + §¢).

Figure 3.4: Surface of minimum fidelity for small perturbations away from the Z gate.

We can see that the gates are robust, that is, they are fairly insensitive towards noise. There is effectively no
difference whether we consider perturbations of the second measurement or of the third measurement. We
could have expected this, by symmetry of our measurement path. We would also like to see if this robustness
changes when we change j. To that end, we only perturb ¢. This is shown in figure

T T T T T T T T
1.0

0.9} {
0.8} {

0.7}

0.6~ R R ‘ ]
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
7

Figure 3.5: The minimum fidelity for perturbations of the form (¢ + d¢) of the Z gate. Red is j = 3/2,
yellow is j = 5/2, cyan is j = 7/2 and blue is j = 9/2.

We can see that for small perturbations the value of j is irrelevant. However, for larger perturbations the
lower j-gates have higher fidelity. Interestingly, the difference between j = 3/2 and j = 5/2 is very small,
especially compared to j = 7/2 and higher. We do not know of a good explanation for this.

The general shape and trend of the curves are not changed by much if we perturb the first measurement
and then plot the effect of a perturbation of the second measurement. The main features discussed above
remain essentially the same, except that the fidelity is slightly lower.
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From the above analyses we conclude that the best gates are for low values of j. Although a j = 5/2 gate
will have a similar resilience to errors as a j = 3/2 gate, the difference in transition amplitude decreases
exponentially, making the latter a more attractive option.

3.8. The Zeno limit

We conclude our discussion on discrete holonomic gates by verifying the Zeno limit. We will take the
Zeno limit for the D,(¢) gate. As there is some freedom in what measurement sequence to take, we pick
(0,0) — (g, 0) — (g, cp) — (0, 0) for simplicity. The continuous-path holonomy for a curve parametrized by
s € [0,1] is given by [17]

UD = U()ylPefoldSA(S),

where P denotes path ordering and [A(s)],; := (ax(s)|ai(s)), with {ak(s)}zz1 a smooth set of frames. Uy ;
is the overlap matrix of the first and final frame [10]. Because we have a closed path Uy = I. Furthermore,

Jao(s)) = e~ MmO )

|d0($)> — (q's(s)efiqﬁ(s)‘lz Jzefie(s)Jy + é(s)efzkb(s)Jz Jyefie(s)Jy) |]> ,
ar(s)) = e O gy

|a1(s)> — (d)(s)e—iqﬁ(s)Jz Jze—ie(s)Jy + é(s)e—iqﬁ(s)Jz Jye—ie(s)Jy> |_]> ;

where dots denote derivatives with respect to s. We then find that A(s) = idjo.. So, the continuous

holonomy is
.. v e'i 0 1 0
Up = eXP(U%/O d¢) = ( 0 ez‘cpj) ~ (0 e2i¢’j>’
where the final identification holds because a global phase is not measurable.

Suppose we have j = 3/2 and rotate our subspace by ¢ = 7/4. In the Zeno limit our holonomy should be a
phase shift with argument —2 x 37 /(2 x 4) = =37 /4 ~ —2.35. How do we take the appropriate limit in the
discrete case? It turns out we have to increase the number of measurements like shown in figure [3.6]

VAPEAVENAY

Figure 3.6: We approach the Zeno limit by making more measurements along the path.

To see this, note that we want to make the measurement sequence (0,0) — (%,0) — (%, ¢) — (0,0) more
and more dense. This sequence is composed out of three legs: one leg down, one leg along the equator, and
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one leg back up again. A first guess would be to add measurements points by first dividing each leg into two,
then adding a point half way. Next, divide the leg into three and add two points. We keep dividing more and
more finely until we effectively have a smooth path. This works well for the first two legs, but for the last
leg there is an ambiguity. Intuitively, we want to stay on the geodesic when dividing the path. Otherwise,
we would twist around the sphere when going back up to the pole. This would change the character of the
holonomy. So, when we go from (g,<p) — (0,0) we keep our ¢ coordinate fixed to . Only in the last
measurement we ‘jump’ from ¢ to zero. Does this jump matter?

The answer is no. The easiest way to see this is to look at the matrices that make up the holonomy Up. If
we do not include the jump we will have a matrix of the form

Up o< ((0,0)[ (0, ) X ((Om, ) (Om—1,)) X - x ((02,0)](0,0)). (3.4)

If we include the jump our matrix will look like

Up < ((0,0)[(0,)) x ((0,0)|(6m, ©)) X ((Om; @) (Om—1,9)) x -+ x ((#2,0)[(0,0)). (3.5)
However,
B e—5(2m+1)e 0 cos?mtl ‘9’“) — sin?mt! %)
((070)‘(079‘7)) x ((0’90”(97%790)) - ( 0 e;(2m+1)c,a> x (Sin2m+1 (Oén) cog2m+1 (g;) )

= ((0,0)[(Om; #))-

So, there is no difference between and . Another way of viewing this is by nothing that projectors
are gauge-invariant, and that all subspace at the north pole are connected by a U(1) gauge transformation.
So, the sequence of projection into different subspace of the north pole should not matter. The appropriate
way to take the Zeno limit, then, is to increasingly make the measurement sequence more dense along the
geodesic connecting the initial four measurement points.

If we choose the initial state, say |[¢)) = %ﬂ J)+1—7)), we can also calculate the transition probability.
This probability should go to one as the amount of measurements increases, because of the quantum Zeno
effect. Furthermore, the off-diagonal elements of the holonomy Up should go to zero and the argument of
the relative phase shift of the diagonal elements should go to —37/4. This is plotted in figure

_ 208
-2.36 < 0.005 B
-2.38 N <
—2.40 S 0.004 ..té 0.6
524 0,003 =04
—2.44 = 2
©0.002 =
-2.46 ~ %
3 202
—2.48 S 0.001 s
-2.50 = 0.000 00
4 6 8 10 12 14 16 18 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120 140
Number of measurements Number of measurements Number of measurements

Figure 3.7: The behavior of the discrete holonomy Up for a subspace rotation of ¢ = w/4 (using a Z-gate)
when the amount of measurements is increased. (left) The argument of the relative phase of the diagonal
elements of the holonomy. (center) The absolute value of the off-diagonal elements of the holonomy. (right)
The transition probability for an initial state %ﬂ J) 4+ 1—7)). The inset shows a zoomed-out version of the
larger plot.

In figure [3.7] we can see that the diagonal elements quickly approach the limiting value. However, the off-
diagonal elements take longer to go zero (the initial spike is because with only four measurements Up is
diagonal). Approaching a transition amplitude of one takes the longest of all (as can be seen from the
inset, where the amount of measurements exceeds 1000). To sum up, when we increase the amount of
measurements we reassuringly recover the expected continuous-path holonomy, which, unlike the discrete
holonomy, is Abelian.
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Chapter 4
Conclusion

We have demonstrated that interferometry-based discrete holonomic quantum computation can achieve uni-
versality. In particular, we have explicitly constructed quantum gates for the angular-momentum coherent
states, whereby rotation gates were achieved using a sequence of four projective measurements. The pro-
cedure we have used to construct the quantum gates generalizes easily to different quantum states as well
as multi-qubit systems. Like other holonomic quantum gates, our gates are resilient to errors. We also
recover previously-found results for continuous-path holonomic quantum computation by taking the limit to
infinitely many measurements.

Our work opens the way for experimental verification. It would be interesting to see how scalable our
approach is. On more theoretical grounds it is worth investigating whether there exists states other than
the angular-momentum coherent states that can be used in our experiment. And, if so, what performance
difference those states would give. A worthwhile family of states to investigate are the subspaces spanned
by the eigenkets of J; where m = :I:%. In those cases the holonomy in the Zeno limit remains off-diagonal,
and therefore retains its non-Abelian character. In what way the discrete case transitions to the continuous
case is still an open question.
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