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Abstract

In this paper, we introduce and study the quantum measurement detection algorithms
(QMDA), whose objective is to detect whether unwanted measurements are being
taken in a quantum circuit or not by applying the Zeno effect. A QMDA is a quantum
circuit that includes three unitary matrices, one of them being applied numerous times
consecutively, and whose initial state is fixed when no foreign measurements occur.
One example is the Elitzur—Vaidman bomb tester, which is generalized by the QMDA
definition, allowing the detection of measurements that are taken in an unknown basis
and in circuits with an arbitrary number of qubits. We prove some key properties and
limitations of these algorithms, as well as studying the performance of the Elitzur—
Vaidman bomb tester and its possible improvements. Some extensions of the definition
would lead to algorithms such as the counterfactual communication one.

Keywords Quantum measurement detection algorithms - Quantum detection -
Quantum measurements - Elitzur—Vaidman bomb tester - Zeno effect -
Counterfactual communication

1 Introduction

Quantum computing is known for its potential to outperform classical computation
in some specific tasks. The most popular quantum algorithms are Shor’s factoriza-
tion algorithm [1] and Grover’s search algorithm [2], which provide exponential
and quadratic time speedup, respectively, over the best known classical algorithms.
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However, other algorithms that show the potential of quantum computers have been
proposed, such as the Elitzur—Vaidman bomb tester [3]. This algorithm is based on
the Zeno effect [4], that is, the initial state of the circuit is slowly rotated to a different
state unless measurements occur. On the other hand, in the presence of measurements,
the final and initial states are the same with high probability. Zeno effect-based cir-
cuits, and mainly the Elitzur—Vaidman one, have proved to be useful in applications
to multiple fields, such as cryptography or object mapping [5-9].

In this article, we introduce a framework for studying measurement detection in an
unknown basis in circuits of the same kind. One of the aims of this work is to extend the
scope of the Elitzur—Vaidman algorithm, and study its behaviour for unknown mea-
surement bases and multiple qubits. So, we introduce quantum measurement detection
algorithms (QMDA), which provide a generalization of the Zeno effect of the Elitzur—
Vaidman algorithm.

A QMDA is a quantum circuit that includes three operators (Uy, U, U;), one of
them (U) being applied numerous times consecutively, and whose initial state is fixed
when no foreign measurements (i.e. undesired measurements that are not expected
during the execution of a circuit) occur.

Some properties of a QMDA are proved, including the detection of measurement
probability of error of a QMDA for a given measurement basis and the corresponding
optimal value. In addition, we find some bases that are likely to yield less accurate
detections, although the probability bounds that we provide, decrease exponentially
as the number of qubits increases. Such bases are given by a linear combination of
eigenvectors of the operator U. This framework allows to compare the generalization
of the Elitzur—Vaidman algorithm with the best possible QMDA. For more than one
qubit, it can be proved to be outperformed by some rather difficult-to-describe QMDA.

Finally, we hint at some extensions of the definition of a QMDA that might overcome
some problems derived from our study. Such extensions of the definition would also
include algorithms such as the counterfactual communication [5] one. In addition, a
QMDA might also be helpful to spot interferences that cause undesired measurements
in a circuit.

The structure of this paper is as follows. In Sect. 2, we briefly describe the Elitzur—
Vaidman bomb tester. In Sect. 3, we introduce the definition of QMDA its associated
detection scheme and we show the main properties of these circuits. In Sect. 4, we study
the particular case of the Elitzur—Vaidman bomb tester, and finally, Sect. 6 contains
the conclusions and future work.

2 Elitzur-Vaidman algorithm

This paper has been motivated by the Elitzur—Vaidman algorithm. It aims at determin-
ing whether foreign measurements have been applied to a circuit or not. Henceforth,
by foreign measurements, we will mean undesired measurements that are not expected
during the execution of a circuit, and they will be represented as an O in the circuits. In
order to detect them, the Zeno effect is used, rotating the initial state slowly so that, if
measurements are taken, the final state of the algorithm differs, with high probability,
from the one when none of those measurements occur. We will briefly describe it next.
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Fig. 1 Elitzur—Vaidman algorithm for one qubit

Elitzur—Vaidman bomb tester

The objective is to detect measurements in a 1-qubit quantum circuit. Such measure-
ments represent a bomb in a quantum circuit, which explodes when |1) is measured.
The algorithm is designed to minimize the probability of measuring |1), while detect-
ing the presence of the measurements in the end, without triggering the bomb. As
mentioned before, O will represent the place where a measurement may or may not
occur.

The Elitzur—Vaidman circuit is shown in Fig. 1, where 0 = ;—k for a given k € N,
and the rotation Ry, whose coordinate matrix with respect to the computational basis

(cos 6 —sin@

sinf cosf
multiple times in order to rotate the state slowly while the measurements may occur, so
that an interruption of such rotation (a measurement) would cause different outcomes
in the final measurement with high probability.

If there are no measurements on O (no bomb), the state |0) will be allowed to
rotate to |1), which will be the result of the last measurement with certainty. (Since
this measurement is not related to O, it does not affect the bomb.)

On the other hand, if there is actually a bomb, each O will take a measurement.
This is the case when the rotation is constantly being interrupted, and consequently, the
state will not be able to get to |1) and it is likely to stay in |0) for every O measurement.
More precisely, the probability of outcome |1) (and so exploding the bomb) is sin® 6

each time. Therefore, the probability of measuring |0) in every O, is cos?* 6 — 1.
—00

So, the probability of measuring |0) at the end can be as close to 1 as desired, meaning
the detection of bomb in the circuit despite not having sparked any explosion.

As we see, the algorithm detects the existence of measurements in a circuit. A
relevant question is its performance when the measurements basis is unknown and
arbitrary. This is the problem that will be addressed in this article.

), is applied k times. As we mentioned above, the rotation is applied

3 QMDA and their properties

As shown in the previous section, we know algorithms that are able to detect, with
high probability, if measurements were taken during the circuit or not, and our aim is
to generalize them taking the Elitzur—Vaidman algorithms as the main reference. We
will provide the theoretical framework before focusing on the Elitzur—Vaidman bomb
tester.

3.1 QMDA definition

The following definition is inspired by our previous work on Quantum Abstract Detect-
ing Systems (QADS) [10]. These systems are able to detect whether there is a marked
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Table 1 Comparison between QADS and QMDA

Algorithm Trivial Implication Expected  Non-trivial case ~ Expected outcome
case outcome
QADS with initial f =0 Ug|¥o) = [¥o) [¥0) f#0 Different from [v)
state |Yq)
QMDA with o=1 U Uk Uolvo) = Vo) |¥o) O = measurement Diftferent from |vr)

initial state |yq)

element in a given set. This is achieved by creating circuits that fix the initial state
when there are no marked elements, so that the outcome is predictable in that case.
Measuring any other state at the end of the circuit would inevitably mean that there
are marked elements. Different subclasses, such as combinatorial or rotational QADS,
have proved to be useful for a variety of problems [11].

Since the objective of QMDA is to detect whether there are measurements in our
circuit, we can employ the same strategy as QADS: fixing the initial state when none of
those measurements occur, so that a predictable outcome is forced for this case. Hence,
the QMDA will be expected to fix the initial state when there are no measurements,
so that any other state at the end of the circuit would confirm that measurements have
happened. The similarities are illustrated in Table 1.

Definition 1 A quantum measurement detection algorithm of size n, henceforth
QMDA,,, is a 5-tuple (Ug, U, Uy, k, |¥9g)), where |g) € H represents the initial
state, being H a Hilbert space of dimension N = 2"*; Uy, U, U; are unitary operators
on H and k > 0 is a natural number such that U; U*Up| o) = |¥0).

As shown in Fig. 2, Ug represents the sub-circuit before the first O (measurement
or not), U the sub-circuit that will be repeated between each two O and U the final
sub-circuit before the last measurement. It is clear, then, that the circuit is prepared
for k 4 1 applications of O. If O = I (no measurement), then the gates are applied
consecutively getting to the final state |y). If O = measure, we assume all of them
measure in the same basis.

From this, the detection scheme for measurements is the following.

Algorithm 1 Detection scheme for a QMDA,,

Given a QMDA, (Ug. U, Uy, k. [%0)):

1: Implement the circuit C starting on the initial state |1/q).

2: Measure the final state over any orthonormal basis that contains |v/().

3: If the result is [q), output ‘NO.” If the result is any other state different from [y/q), output “YES.’

o) —{UoHoHuHoHuHo}- - {vHoHu HA

Fig.2 Circuit of a QMDA
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Fig. 3 Elitzur—Vaidman algorithm as a QMDA for n qubits

We would like to minimize the probability of error of the algorithm when the
measurement basis is unknown. We should notice that the detection scheme does not
provide a wrong answer when O = I, but it might fail when O = measure when we
obtain |y) at the end, so the probability of error is only related to this case.

Our definition allows us to introduce a family of Elitzur—Vaidman algorithms.

Definition 2 We define EV,, 4 as the 5-tuple (Rg’;", Rgzk’", oy - Rgi”, k, 10)®"), where

Or = ﬁ EV, .« is a QMDA,, for all n and k natural numbers.

The circuit is shown in Fig. 3. The final NOT gate has the objective of fixing the
initial state whenever O = Iy.

3.2 Properties of a QMDA,,

We begin by studying the behaviour of the circuit when the measurements occur. Let
us introduce some useful notation.

Definition 3 Given a QMDA,, (U, U, Uy, k, |Yp)) and an orthonormal basis M =
{|mi)}lN: 1» we define the auxiliary matrices

Mo := (|(m:|Uo|%0)[*)1<i<n (column vector),
M = ([(mi|UIm ) [P)1=i,j=n,

My == ((WolUilm )P i<j<n = (1m|U] [0} |*)1<j<n (tow vector).

My gathers the probability of the QMDA,, circuit collapsing into each |m;) in the
first O measurement, after starting in the state |yy); M gathers its probability of
collapsing into each |m;) in the following O measurements, after starting each sub-
circuit in the corresponding |m ;) measured in the previous O; and M, gathers its
probability of collapsing into |yr) at the end (which would mean a wrong detection),
depending on the state |m ;) it started in after the final O measurement.

The auxiliary matrices are central in our study, due to the fact that they will allow
us to calculate the probability of error of the detection scheme.

Theorem 1 Given a QMDA,, (Uy, U, Uy, k, |Yo)), and assuming that every O rep-
resents a measurement in an orthonormal basis M = {|m,~)}lN: |» the probability of

measuring the state |\yo) at the end of the algorithm is given by My M* M.

The proof of every result of this section can be found in “Appendix A.” This theorem
theoretically allows us to calculate the probability of error of the algorithm for a given
basis M. However, a practical computation of M* mi ght be difficult whenn >> 1. In
this sense, a useful property that we can use to calculate the three auxiliary matrices
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is the fact that every row and column adds up to 1, and so some tricks to calculate M*
are used in subsequent proofs (gathered in the appendices).

Moreover, since there may be a high number of undesired measurements in the
circuits that are out of our control and that might be conditioned by an interfering
environment, it is reasonable to question the effect that noisy measurements would
have on QMDA. We can obtain a first insight into this subject by considering that,
for every measurement in O, the probability of measuring the state |m;) when, in
absence of noise, we would have measured |m ), is given by (m;|E|m ), where E is
a stochastic matrix. This type of noise has been used before to study measurement
errors, for instance in [12].

Under these conditions, the formula for the probability of error changes, as the
stochastic matrix gets represented once for each O measurement.

Theorem 2 Given a QMDA,, (Uy, U, Uy, k, |Vo)), and assuming that every O rep-
resents a noisy measurement in an orthonormal basis M = { |m>)}N_ » being E
the associated readout error stochastic matrix, the probability of measuring the
state |yrg) at the end of the algorithm is given by Ml(EM)kEMo, where E =
((m; |E|m]>)1§t,j§N~

The effect of more complex types of noise is an interesting subject that would
deserve a more thorough and independent study. For now, our aim is to find an algo-
rithm capable of detecting whether measurements have taken place or not, but without
knowing the basis in which they occur. To guide us, we will use the following natural
definition for the worst behaviour of the detection scheme.

Definition 4 Let M be the set of orthonormal bases of a Hilbert space H of dimension
N. Given a QMDA,, Q, we define §(Q) := sup{M M* Mo} pre a1, and we say that Q
is a §(Q)-detector algorithm.

Obviously, we aim to find a QMDA whose §(Q) is as low as possible.

It is time to prove some bounds to the probability of error and to §(Q), some of
them being related to the eigenvectors of U, due to their ability to skip the influence
of every U gate.

Proposition 1 Let (Uy, U, Uy, k, |Y9)) be a OMDA,, and M an orthonormal basis of
a Hilbert space of dimension N. Then

N AL oA 1
k
MiM*My > NIEED > 0.

This immediately shows that it is impossible for a QMDA,, to achieve a perfect
accuracy for any basis we are measuring in, so our best option is to be able to decrease
the probability of error as much as desired, which will always require an increment of
k. Although this can be easily overcome, in the next theorems we identify measurement
bases having particularly undesired properties.
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Theorem 3 Let (Uy, U, Uy, k, |Yo)) be a QMDA,, and let A = {|ali)}lN:1 be an
orthonormal basis of eigenvectors of U. Then A=y, A’l = Ag and

A1ARAg = A1AY = AL Ag >

Moreover,
N ) 1
AlA Ao=ﬁ < {ailUolvo)| =N’ Vi=1,...,N.

As we can see, when measurements occur in a basis of eigenvectors of U, the
detection is immediately restricted to % This property suggests that eigenvectors-
related bases are worth studying and will be our main concern. Several conclusions
can be deduced from it, mainly bounds for §(Q) that warn us about the difficulty of
dealing with these bases.

Corollary 1 If Q is a QMDA,,, then §(Q) > +.

Corollary 2 If Qisa QMDA,, then §(Q) = % if and only if the maximum ofMl M* M,
1

is reached for any basis of eigenvectors of U and its value is .
Corollary 3 If Q is a QMDA,, and 3|a) eigenvector of U such that Up| o) = |a), then
[{a|Uolyo)|? = 1, and hence, §(Q) = 1.

Although the first corollary is a lower bound for the probability of error, this bound
decreases exponentially with 7, so it is not as restrictive as expected. Additionally, it
suggests the following definition.

Definition 5 We say that a QMDA,, Q is optimal if §(Q) = %

Corollary 4 If a QMDA,, is optimal and A is a basis of eigenvectors of U, then
lailUol¥o)|> = &, ¥i=1,....N.

It is worth pointing out that this bound does not mean that the maximum of
My M* My is always reached for a basis of eigenvectors of U. In fact, as we will
see in the next section, the maximum probability of error in the case of any EV y is
not reached for the basis of eigenvectors {| +1i), | —i)}, but for {|+), |—)}. This means
that no EV,, x is optimal. However, at least every EV ; will satisfy the following
definition, which is inspired by the properties proved in Proposition 1 and Theorem 3.

Definition 6 We say that an infinite family {Q p}‘;ozl of QMDA,,, dependent on the

parameter p, is asymptotically optimal if §(Q),) —— % and IM € M such that
p—>00

Ml’pr,(p)Mo’p —> 0.

p—)OO

If a family {Q,, ff: | 18 asymptotically optimal, then we know from Proposition 1
that p — oo = k(p) — oo. After these two definitions, we aim at finding some
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QMDA,, that verifies the conditions presented. As we already advanced, EV ; does
the job for n = 1, but as n increases, we need to consider QMDAs with clever
combinations of eigenvectors of U. This is because, as we will prove, they tend to
cause high probabilities of error if they are not treated correctly. We gather the bases
of linear combinations of eigenvectors of U in the following definition.

Definition 7 For any basis A = {Iai)}fy:l and any P divisor of N, we say the basis M
is a P-combination of A if

P
1 :
[mpayi) = 7F ;01' (Dlapa+j),

wherei = 1,...,P;d =0,..., N/P — 1 and each o;(j) is either 1 or -1 (in other
words, it just indicates the sign accompanying each |a;) for the ith element of M).
Moreover, M must verify the following properties:

. o1(j)=0;(1) =1, Vi, j

P
2a. Y 01, (j)oin(j) =0, Vil #i

j=1
3a. Viy,i2, 3p suchthat o, (j)oi, (j) = 0,(j), Vj
3b. Vi, j2, 3q such that o;(j1)oi(j2) = 0i(q), Vi

This bases are just linear combinations of the vectors of A, but with every coefficient
being £1/+/P. We will see how to construct one soon. Property 1 means that the
first element of M is the sum of the first P elements of A. Property 2a ensures the
orthonormality of the basis, and 3a means that the product of the signs of two different
elements of M are the signs of another element of M. We will need all of them for
proving the upcoming theorems. In addition, some extra properties can be deduced
from these:

Proposition 2 If M is a P-combination of the basis A, the following properties are a
consequence of the properties 1 and 2a.

P
2b. Y oi(jnoi(j2) =0, Vji # ja

i=1

P
2. Y 0i(j)=0, Vi#]1

j=1

P
2d. Y 0i(j)=0, Vj#1

i=1

We will also benefit from the property 3a and 3b to introduce some notation. Since
3ais a property of the signs ‘by rows’, and 3b is analogous ‘by columns’, we will use
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the notation
(i1, 12)r = p & 0;,(j)oi,(j) = 0,()),
U1, J2)e = q & 0i(j1)oi(jj) = 0i(q).

In order to find an example of P-combination basis, we only have to choose a
proper combination of signs. A way of doing it is by using the Sylvester matrices [13].
The Sylvester matrix S (k) of order 2 is

Rk
ﬂm:(if) .

These matrices offer an example of signs election that can be used for constructing
P-combination bases, as we prove in the following proposition.

Proposition 3 If S(k) is a Sylvester matrix and o;(j) := S(k);j, then, for all k and
any given a basis A,

P

1
Impa+i) = 7 ;oi(j)mMn

is a P-combination of the basis A for P = 2.

The first Sylvester matrices are:

++++++++

+-+-—+—+-

+++ + ++-—4++—-=-

iy -+ - |-+ +—-—+
S(l)—(+_>»5<2>— T R A —
+——+ + -4+ ——+—+

t+-——-——++

-+ —++-

So, given any basis A, an example of 2-combination basis of A forn = 2 is:

1 1

lm1) = E (la1) + laz)) |m3) = E (laz) + laa))
1 1

lma) = E (la1) — laz)) |mg) = ﬁ (laz) — laa)) .

For n = 3, an example of 4-combination basis is

1 1
lmi) = 3 (la1) + laz) + la3) + laa)) lms) = 3 (las) + lae) + la7) + lag))
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1 1

|ma) = 3 (lar) — laz) + laz) — la4)) |me) = 3 (las) — lag) + la7) — lag))
1 1

|m3) = 3 (la1) + laz) — laz) — la4)) |m7) = 3 (las) + lag) — la7) — lag))
1 1

|mg) = > (la1) — laz) — |az) + |aa)) |mg) = > (las) — lag) — |a7) + las)) .

In this last example, we have combined elements 1-2-3-4 and 5-6-7-8 of A, but
any other combination could be possible, for example, 1-5-7-8 and 2-3-4-6. For any
A basis, and for any given n and P, there are

N N—-P N —2P 2P N!
(P)( P )( P )(P)‘ (P)N/P
different possible P-combination bases. Our theorems provide results for one of the
P combination bases, but the optimality requires an acceptable behaviour for every
possible basis.
We will focus on bases of eigenvectors of U. Their P-combination bases chal-

lenge the optimality of the algorithm and their properties simplify the calculations
considerably.

Theorem 4 Given a QMDA,,, A an orthonormal basis of eigenvectors of U and M a
P-combination basis of A, then, if the eigenvalue associated with |a;) is A; = €',

N 3l
1 0= dX:(:) P jX_;|,3Pd+j|
P F k
+ ; P ; COS QPd+j, Pd+(i, j)e

|Bra+illBra+i,j.| cos(Bratj Pa+i.j). + korPatj Pa+i.je) |

|-
.M"U

where @;jj = ¢; — @}, and B;; is the angle between B; = (a;|Uplo) and B; =
(aj|Uolvo)-

The optimality of the QMDA,, requires this probability not to exceed % We can

|2 = L, which is a necessary

simplify the formula assuming that |S; 12 = |{a;|Uo|¥o) >

condition for the optimality.
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Theorem 5 In the conditions of the previous theorem, if |B;|* := |(a;|Uo|¥0)|> = %
and P = 24, then

N/P—1 P k
N
MiM"My = — 22n p Z Z ZCOS¢Pd+1 Pd+(,j)e
d=0 i=2
L P
P Z COS BPd+j, Pd+(i.j).
j=1
L P
5 Z CoS(Bpd+j.Pd+(i.j). T k@QPd+j Pd+i.j).)
j=1

This formula does not imply that M 1 M* Mo > %, due to the fact that the cosines
may be negative. Unfortunately, making the cosines negative requires large angles,
and since the number of angles increases exponentially with n, getting large ones
becomes a problem of unclear solution. Moreover, we have to remember that the P
combination can be done with any group of P eigenvectors of A, so the angles of the
cosines can be combined however we desire to, and the summation must be negative
(or 0) for all of them in order to achieve the optimality.

Minimizing the formula analytically is difficult in general, but in the case of P = 2
it can be cleverly done. The trick is based on the fact that 2-combination bases are the
only ones in which there is no mixture of angles in the cosines, so that they can be
treated independently.

Theorem 6 Given a QMDA,,, A an orthonormal basis of eigenvectors of U, and M a
2-combination basis, then

A 1 N/ 2 2\2
MM Mo = 5 | 37 (1B2ia P + 182 )
i=1
N/2

21012 codk
+4 ) " 1Bai1171Bai | cos* @i 1 2i cos Bai 12 cos(Bai—1.2i + kpi—1.2i)
i=1

Moreover; defining C; := cos ©2i—1,2i €0s Boi—1,2i cos(B2i—1,2i + kgai—1,2i), the
following bound is verified:

N A oA 1
k
MiM*My > N1
ZE
i—1 Ci +1
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The equality is satisfied if and only if

Vi=1,....N/2, |Boj1* + |2 |* = , and, if C; #0

NZ2Cj+1
i-1 Ci+1
= |Baj—11* = 1B2j1*

The condition for the equality is rather cumbersome. Consequently, since we aim at
a minimization for every 2-combination basis, we focus on the case of independence
of the constants, i.e. |8i|> = |ﬂj|2 = %, Vi, j. This condition is convenient for a
QMDA,, since it unifies the probability formulas for every P-combination basis for
any given P and is a necessary condition for the optimality. Applied to a 2-combination
basis, the probability under this condition is

S I T
M\M™Mo = =0 + 231 > cos® gai 1.2 cos Bai—1.2i cos(Bai—1.2i + kepi—1.2)(1)
i=1

However, being able to minimize the probability of error under one 2-combination
basis does not provide a way of minimizing the probability of error under every 2-
combination basis at the same time, especially for great values of n.

Finally, before getting into the study of EV,, x, we will prove a very useful result
for calculating probabilities of a QMDA,,,,, constructed from other QMDA,, and
QMDA,, of smaller size.

Theorem7 Let (Uy, U, Uy, k, |¥9)) bea QMDA,,, (Vo, V1, V, k, |po)) a OMDA,, and
X, Y two orthonormal bases of dimension 2" and 2™, respectively. Then, given the
OMDA,, ., U1®@V1,URV, U@V, k, [Y0)®l¢o)), the basis Z = {|x;)®|y;), Vi =
1,...,2"Vj=1,...,2"} verifies

20:)20@?0, 21=)A(1®1?1,and2=f(®?.

As a consequence, 212"20 = )A(lf(kf(o . f’l f’kf/o.

This intuitive property allows us to calculate probabilities associated to any basis
that verifies the given conditions whenever we are working with a QMDA constructed
from a tensor product, as it is the case of any EV,, y =EV 1, ® ... ® EV .

4 Study of the Elitzur-Vaidman algorithm

In this last section, we will analyse the behaviour of the Elitzur—Vaidman algorithm.
We will prove that, for n = 1, EV  is an asymptotically optimal family of QMDA,,.
However, this is not the case for n > 1, due to the P-combination bases, as the angles
involved in the formula of Theorem 4 get smaller when k — oo. We will suggest
an adjustment that overcomes this for n = 2, but for greater n the solution in unclear.
The main theorem of this section is the following.
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Theorem 8 Given k, we consider the QMDA EV ;. and we define ¢ := cos by, s :=
sinb. If every O is equivalent to a measurement in the basis M where |my) =
cos %|0) + €'? sin %|1) and |my) = sin %|O) —e'? cos %|1), then

MleMo _ 1 . (c* — s + 252 sin? 0 sin? go)k(46252 sin? 0 cos? 0 — (2 = s%H)%cos? )
2 2 '

The proofs of the two main results of this section can be found in “Appendix B.”
As a consequence, when we measure in the basis of eigenvalues of U = Ry, , which
is A=|+1i),]|—1i), weget AlAkAO = % = % Unfortunately, this does not imply
its optimality, as we are about to prove.

Theorem 9 Given k and EV k, the critical points of the formula in Theorem 8 are
reached for the bases {|0), |1)}, {|+), |—=)} and {| + i), | —i)}.

Obviously, the basis {|0), |1)} corresponds to the minimum, and we need to confirm
where the maximum is.

Corollary 5 Given k and EV1 i, if measurements occur in the basis M = {|0), |1)},
then

_ T \k+2
1 — (cos k+2)

MiM* My = >

Proof We substitute directly in the formula of Theorem 8§ taking into account that, for
|0}, & = 0, obtaining

1—(c* —sH*2 1 — (cos26p) 2

MM My = = :
1 0 ) ) O
1—(cos Z5)* 2 -, .
As expected, > 0, so one of the conditions for the asymptotical

k— 00
optimality is verified. For the second one, we have the following result.

Corollary 6 Given k and EV i, if measurements occur in the basis A = {|+i), | —i)},
then AjA¥Ag = % If measurements occur in the basis M = {|+), |—)}, then

T ’ T .9 T
cos sin
k+2 2(k +2) 2(k +2)

MMM, —l+2COSk >l
1 0=75 5
Proof We can substitute directly in the formula of Theorem 8 knowing that, for | 4 i),

¢ = 7%. The same applies for M, taking into account that for |+), & = 5 and
. O

0
(p:

As we can see, the maximum is reached for M = {|+), |—)}, for which MiM*My >

%. Howeyver, the fact that M 1 m* MO —_— % = % allows us to conclude:

k—o00

Theorem 10 The family EV1 x of OMDA, is asymptotically optimal.
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This confirms that there exists a family of QMDA with the desirable properties.
For n > 1, the EV,, ; circuit looks like:

0" —{ RGO RGO} —{RS" O RS [Hog" HA

Because EV, y = EVi ® ...® EVj, Theorem 7 guarantees a good behaviour
for any basis built from a tensor product of 1-qubit bases. The next step is to study
entangled bases, as P-combination bases can be.

The eigenvectors of Ry, are | + i), | — i), with eigenvalues ¢’ i ¢~ respectively,
so we can consider the basis A of eigenvectors of Rgiz

lar) = [+ +1), lao) =[=0)| =i), la3) =|+0)| =i), laa) =|—=10)| +1i).

i20

Their eigenvalues would be, respectively, ¢'2?, ¢=2¢ 1, 1. Keeping this in mind, the

following result is verified.

Theorem 11 Given k and EV3 k, we consider M a 2-combination basis of A. Then,

k+2 2w
N A oA 1 cos k2+1
MMMy =~ + —— 52
0=y 8

Proof Combining Theorem 6 with the fact that |(ai|R§’2|00)| = 4,Vz =1,2,3,4,

we can substitute on formula (1) knowing that n = 2, 6y = 2(k+2) Q12 = B1o = 46
and @34 = B34 = 0. We should notice that B + kg2 = (k + 1)46 = % =
— 25 = —40c, and cos —46; = cos 46;. O

coskt2 40, +1

The important observation is that % + 3

l. Moreover, % +
k— 00
coskt2 40, +1

= < 2, which means that the probability of error increases as k —> 00!

This leads us inevitably to the conclusion:

Theorem 12 The family EV, i of QMDA, is asymptotically optimal if and only if
n=1

The reason why the previous theorem prevents the optimality also for n > 2 is due
to Theorem 7, which can be used to generate bases from the tensor product of this
2-combination basis and yield a probability of error higher than %

A way of overcoming this issue with 2-combination bases is by adjusting the angles
involved. For example, if {<p,}l , =10, 7,7, 37’} and B}}:‘ , =1{5.0,m, 3; }, where
,8, is the argument of B; = (a;|Up|00). This means that U := 24 eivi laj){a;|. And,
for example, we can define Uy := Zj:1 Bjla;){00] + ijl Bjlaj)(11]. The angles
are chosen so that, no matters how the eigenvectors are paired in the 2-combination
basis, the product of cosines is always equal to 0. Unfortunately, this alternative does
not generalize for greater values of n.

However, the Elitzur—Vaidman circuit of any number of qubits can be adapted to
any basis in which we desire to achieve maximum accuracy by adjusting the initial
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state and the rotation axis of U. This is already suggesting a possibility for the future:
mixing or nesting two different QMDA,, so that one can fix the weaknesses of the other
by providing high detecting probabilities over those bases where the other struggles.

5 Possible extensions of QVIDA, and counterfactual communication

As mentioned throughout the article, there are some possible extensions of the QMDA
definition that can be considered in order to generalize their behaviour further, which
we want to address in the future. Some extensions include the study when each O only
measures on certain qubits (and not on all of them), or the study of properties of the
QMDA,, circuits having intentional, intermediate measurements. These extensions of
our framework, along with some others, would lead to other well-known algorithms,
such as the counterfactual communication [5] one.

The counterfactual communication algorithm works with three-qubit modelling
photons, and the objective is to establish a communication between two parties, Alice
and Bob, in such a way that Bob can communicate a decision (blocking Alice’s photon
or not) to Alice without any photon crossing the transmission channel. This means
that Bob and Alice have communicated without actually sharing any information. The
circuit is shown in Fig. 4.

A |1) in one of the arms means that Alice’s photon is currently in that arm. The two
upper arms belong to Alice’s side and the lower one to Bob’s side. This means that,
whenever we have the state |001), the photon would have crossed the transmission
channel. Here, BSp stands for beam splitter with reflectivity cos? @p, being 6p = 3p-
In other words, with respect to the computational basis,

1 0 0 0
| Ocosfp —sinfp O
BSp = 0 sinfp cosfp 0
0 O 0 1
B : BSu
BSy BSy BSy
10) —oH ok o 0]
jBSM L
BS BS BS
" HoH " Ho}- - foH """ Ho
_ [~
BSy BSy
BSy BSy BSy =
—oH ol —{oH 0]

Fig.4 Counterfactual communication algorithm
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The BSys gate will be applied M times to the two upper arms, and after each one
(except the last one) a whole cycle of N applications of BSy gates to the two lower
arms. The natural numbers M and N can be chosen unrestrictedly. The algorithm
ensures that Alice, based on the measured state at the end, will be able to infer Bob’s
choice with a probability as close to 1 as desired and without |1) being ever measured
in the third qubit. (No photon has crossed the transmission channel.)

The similarities with QMDA,, are clear, since the algorithm, from Alice’s perspec-
tive, intends to detect whether measurements have been taken in every O (Bob has
decided to block her photon) or not (Bob has decided to let her photon pass). However,
the intermediate measurements, the nested loops of BS),; and BSy and the measure-
ments on a specific qubit instead of on all of them, prevents this algorithm from being
a QMDA,, yet, but makes its study interesting enough to deserve another work.

6 Conclusions and future work

In this paper, we have introduced a general framework to detect foreign measurements
in circuits with respect to an unknown basis. The definition of quantum measurement
detection algorithms generalizes the Elitzur—Vaidman bomb tester circuit.

Our results show the key properties and scope of QMDA. We have obtained the
measurement detection probability error in terms of three matrices. In particular, for
high number of qubits, we have derived explicit expressions of such a probability.
Optimality of QMDA has been addressed, showing that bases that do not contain
eigenvectors of the above-mentioned matrices yield better results. Finally, we study
the performance of the Elitzur—Vaidman bomb tester and conclude its asymptotic
optimality for the single-qubit circuit.

Future work includes the study when each O only measures on certain qubits (and
not on all of them). Also, the study of properties of the QMDA circuits having internal
measurements. Other extensions of our framework may include the counterfactual
communication algorithm. Finally, we intend to provide a deeper insight into the
effect of different types of noisy measurements on the detection power of QMDA.
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Appendix A: Proofs of the results in Sect. 3

Before getting into the results, let us fix our notation. We will work with mixed states
of the form Z,N:1 pi i) (¥il, where Z,N:1 pi = 1. Here, the nonnegative real number
p; represents the probability of the circuit being in the pure state |1;). If the current
pure state is |Y) (¢|, and we apply a measurement in the orthonormal basis {|m;) }lN: 1
the state evolves to

D lmaymil [y ) (Wrlima) mil = i) (mi [4) (9 lmi ) (m |

= i=1
= Z (W my) 12 m;) (m; .
i=1

Since |(y|m;)|? is the probability of measuring |m;) from the state |y/), observe
that the coefficients add up to 1 and no normalization is needed. For the sake of brevity,
we will write sums as an inner product of vectors.

N
D pilyid (Wil = v - p'. where ¥ = (1) (Wol. ... |[¥n)(¥n]) and j

=(p1,.... PN)-

Theorem 13 Given a QMDA,, (Uy, U, Uy, k, |Y0)), and assuming that every O rep-
resents a measurement in an orthonormal basis M = {|m,~)}lN: |» the probability of

measuring the state | Vo) at the end of the algorithm is given by My M* Mo,
Proof We begin proving that the mixed state after the pth measurement, being p <
k+1,is

m- MP_IM(),

where m = (|m1){(m1|, ..., |my)(my|).

We will prove this by induction over p. Let us denote some useful states: |¢g) :=
Uplvo) and |¢;) := Ulm;). For p = 1, we have to follow the circuit until the first O
measurement. It starts in the state |[1o) (¥o| and evolves to |¢p) (¢o| after applying Uy.
Here, the first measurement is taken, which leaves us with the mixed state

Z' m;|eo) | |m;) (m;] :n-;l'MO:Vﬁ~Mp_1MO

The next step is to prove that, if the result is correct for p, then it will be for p + 1.
So, our induction hypothesis is that, after the pth measurement, the state of the circuit
is

m- Mp_lﬁ;lo.
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Then we apply a U gate that evolves the state to
N
gty =3 (41700 10}

where (M p=l Mo) _represents the ith element of the column vector MP~ My. More-
]

over, M,-. will stand for the ith row of M. The next measurement occurs, so the new
state is

A~

M. MP~ Mo|m ;) (m|

'MZ

N
Z(Z [(m jlgi) P (1\?11’—11\?10)[) m;)(m;| =

j=1

j=1

~

. MP My.

I
§l

With this result, we know that the final state of the circuit will be

N
Z M*' Molgi) (il = ¢ - M* Mo,

for |¢;) := Uy|m;). This is due to the fact that, according to what has been proved the
state after the (k + 1)th measurement (the last application of an 0), will be 771 - M* Mo
The next step is to apply Uy, obtaining the final state ¢> MK M.

We are now ready to calculate the probability of error of the algorithm when every
O represents a measurement, which is given by the probability of measuring )
after the final measurement. The final state of the circuit is qb Mk Mo, therefore, the
probability of measuring |1) in this situation is

N N

Vol (Z (#1*110) 191 )Wo = " 1olUrmi) 2 (31" ¥ho ) = 311 31" Mo,
i=1 i=1

O

When we add noise to our measurements, if the current pure state is |{) (| and
we apply a measurement in the orthonormal basis {|m;) }lN: |» the state evolves to

n n

Do Do mil Elm ) 1 lm ) P | hma)omil =Y 1 m )P mil Elm ) mg) (m).
j=1 i=1

i=1 \j=I

Basically, this means that the probability of measuring |m;) is the sum of the
probabilities of every situation in which we should have measured |m ;) (|{y|m ;) 12)
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but noise made us measure |m;) ({(m;|E|m ;)). Again, since

n

ZZ(m |Elm )|y |m;) lem/l Zml|E|m =Y Ylmp)lF =1,
j=1

i=1 j=1

no normalization is needed.

Theorem 14 Given a QMDA,, (Uy, U, Uy, k, |Y0)), and assuming that every O rep-
resents a noisy measurement in an orthonormal basis M = {|m; )}IN » being E

the associated readout error stochastic matrix, the probability of measuring the
state |yro) at the end of the algorithm is given by M1(EM)kEM0, where E =

({mi|Elmj))1<i j<N-

Proof The proof is analogous to the previous one. We begin proving that the mixed
state after the pth measurement, being p < k + 1, is

m - (EM)P~VE M.
We will prove this by induction over p. For p = 1, we follow the circuit until the

first O measurement. After evolving from |yg) (Yol to |@o) (¢o|, the first measurement
is taken:

n n
> Ueolm )2y mi Elm ) m)(m;| = - EMo = i - (EM)?~' EMy

i=1

Now we assume that the result is correct for p, and we will prove it for p 4 1. So,
our induction hypothesis is that, after the pth measurement, the state of the circuit is

m - (EM)P~VE M.

Then we apply a U gate that evolves the state to
N
G- (M EMo = Y (BN Edlo) loi) il
The next measurement occurs, so the new state is

N N
S (EMP EN) 37 1mlgn)® Y (milElm ) ms) o
j=1 k=1

i=1

N N N
= 20| Yo tmadElm) Y lmlgn) (= Ebdo) | i) i
i=1

k=1 \j=1
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N
=Z Ex. M(EM)P~VEMo|my)(my| = m - (EM)P EMy.

With this result, we know that the final state of the circuit, after the k applications of
O and the gate Uy, will be ¢ - (EM)* E My. The probability of error of the algorithm,
then, is given by the probability of measuring [v/) at the end:

N
(ol (Z (& o), |¢>,-><¢>,-|> o = 3 IwolUalm) P (BN Edy ),

i=1

m}

Proposition 4 Let (Uy, U, Uy, k, |Y9)) be a OMDA, and M an orthonormal basis of
a Hilbert space of dimension N. Then

A A oA 1
1 0= N2K+1) > 0.

Proof We expand M 1M k Mo as follows

N N N
D 1 WolUilmig) > Y~ KmiglU mi) > Hmi_ \U lmig )P mi |Uo o) |2
io=1 i1=1 ir=1
N N N
=y > . Z (Yol U Imig) Pl mig[U mi ) . . [(mi_, |U i) |
io=1i1=1 =1
|{mi |Uol o). (A1)

Since we have a summation of positive terms, we only need to prove that one of them
is > m Firstly, the components of M| add up to 1, so there existsa 1 < jo < N

such that [ (Yo U1 |m ) 1> = & = [(mj,|U] |y0)| = j—ﬁ Here we can apply the basic
property Uy UXUg|o) = |v0) = U*Uplyro) = Ufll/fo% which implies:

N
ﬁsummwkuowoM: (m jo|U* ikz_:l|mik><m,»k| Uolo)
N
= | > (mi,|Uolyo) (m s [U* my,)
ir=1
N
< Y [mi | Uolyo)l[m g [UF miy ).
ix=1

@ Springer



Quantum measurement detection algorithms Page210f38 274

Since the summation is > \/LN and every term is nonnegative, then some of them
1 . .
must be > N so there existsa 1 < jiy < N such that |(mjk|U0|1//0)||(mj0|Uk|mjk)

| > N f Applying the same argument again we get

< [m | Uolyo) | (m jo|U*|m )|

N
< K{mi |Uo|¥o)| Z|<mj0|Uk_l|mik_1>||<mik_1|U|mjk)|-

k-1

|
NVN

From this inequality we deduce that there exists a 1 < jx_; < N such that

[ jo \U* e W m 1T ) | i U 10) |

1
NZ\/_

Reiterating the procedure we will find ji, ja, ... jx—> such that

1
[mjo | U mi ) -V, 1U I )| m | Ul o) | = ——=
Jo 11 Jk—1 Jk Jk w Nk«/ﬁ
1
= [YolUnlm jg) 1 m jg U m )2 [ m 10 i) 21 om i | Do o) = sy

Since this last expression represents one of the terms of (A.1), we conclude that

N A oA 1
k
MiM"My > N2GTD) > 0. O

Theorem 15 Let (Uy, U, Uy, k, |Yg)) be a QMDA,, and let A = {|a,~)}lN:1 be an
orthonormal basis of eigenvectors of U. Then A=1y, A’l = Ag and

A AR Ay = A A = Aty > L
1= 00—N~

Moreover,

1 1
AlAkAo=ﬁ & |<ai|UO|WO)|2=ﬁ, Vi=1,...,N.

Proof It is immediate to see that, because |a;) is an eigenvector of U, then
A= AU1a ) i o = i ®i 1 N2y NN i i = 1
= ({a;] |a/)| )151,/§N = (l{aile |aj>| )151,/§N = (|<al|aj)| )151,/§N = IN.

Therefore, Alﬁkﬁo = Alﬁo. In addition, let us show that under these conditions
Al = Ag. We can notice that the ith component of Aj is

ai | U 190) P = (@i \U* Ul o) I = I{ai1Uolwo) %,
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which corresponds to the ith component of Ag. Here, we used the fact that Ula;) =
Ailai) = (@i|UT = rifail = )" Nail = (@ |U.
To prove the inequality, we expand the product AjAg:

N
> lailUolvo)* (@i |Uolvo)* Zu (ai|Uolyo)*)*.
i=1

i=1

This is a summation of squared real numbers, (each |(¥o|U1|a;) |2). In other words, we
have a real function ZlNzl xl.2 where ZlN: 1 Xi = 1, and this function reaches its mini-

mum + when x; = 4, Vi = 1,..., N. Hence, AjA*Ag = 31 (1(yolUt|a;)P)? =

+oand A|AFAg = L & (@i |Uolyo) > = &, Vi=1,...,N. O

Proposition 5 [f M is a P-combination of the basis A, the following properties are a
consequence of the properties 1 and 2a.

P
2b. Y 0i(jn)oi(j2) =0, Vji # j2
i=1

P
> oi(j)=0. Vi#1l

j=1

P
2. Y 0i(j)=0. Vj#1

i=1

Proof Property 2c is a direct consequence of 1 and 2a, and property 2d is a direct
consequence of 1 and 2b, so we only need to prove that 2b is a consequence of 2a. As
M is an orthonormal basis (due to 2a), then, for any £ (and assuming without loss of
generality that k < P),

o

1 Pl
(milax)|m;) :Z 7 ailmi) =)y 5oi(koi(laj)

1 i=1 i=1 j=1

1 P
- (Z 01 (k)oi ()

i=1

lag) =

'MZ

Il
AM_U

laj).

Ss~—

1

J

This immediately implies that Zle oi(k)oi(j) = 0 whenever j # k. This proves
2b for a fixed k, but as k could have been chosen as desired, the proof is general. O

Proposition 6 If S(k) is a Sylvester matrix and o;(j) := S(k);j, then, for all k and
any given a basis A,

P
mpayi) = Z oi(j)lapasj)
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is a P-combination of the basis A for P = 2.

Proof We will prove every property for the rows and columns of every S(k) by induc-

tion. Fork =1, S(1) = (i +> and the properties can be easily verified. Now let us

assume that S(k) verifies the properties. We shall prove that S(k + 1) does.

[+ Sty Sk
Skl = (+ ) ® 50 = <S(k) —S(k))'

Properties 1a and 1b are satisfied trivially. In properties 2a and 3a rows are multi-
plied, and we have three ways of doing it: multiplying two rows from the upper half of
S(k 4+ 1), two from the lower half or one from each half. A row from the upper half is
of the form S(k);.||S(k);., where ‘||’ stands for the concatenation symbol; a row from
the lower half would be S(k);.||(—S(k);.). For the first case, the product of rows i, j,
using the symbol ‘*’ to denote the term-by-term product, will result in

S(k)i. # S(k) j||Sh)i. + S(k) j. = S jy,- ISK) i jy, = Sk + D jy,-»

which proves property 3a. Moreover,

s okt ok 2k
DS+ Dip# S+ Dji =Y Sthk+ 1) )1 = Z SN, ot + ) SK)i jyi
=1 =1 =1

=0

proves property 2a. The other two cases are solved similarly, as well as the procedure
for property 3b. O

Theorem 16 Given a QMDA,, A an orthonormal basis of eigenvectors of U and M a
P-combination basis of A, then, if the eigenvalue associated with |a;) is A; = €'%,

] 1

N (o ¢
MM Mo = 37 5 | Do 1Braril? +Z ZCOS(PPdJrJ Pd+(i.j)e
j=
L2
7 Y 1BratjllBrati. .| €os Bratj, pa+.j.

|Bra+jllBrd+,j).| COS(Bra+j, Pd+,j). + kQDPdJrj,PdJr(i,j)C)) ,

A
~| -
M~

where @;jj = @; — @}, and B;; is the angle between B; = (a;|Uplo) and B; =
(aj|Uolvo)-
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Proof We will begin calculating M. We should remember that B = (aj|Uolyo) € C,
,éi is the argument of B; and B;; = m = /§i - ,é j- A generic element of this matrix
would be

1 (< e ’
7 d_oilara+;] | Uolvo)| = 5 |3 01 apa+;1Uslio)
=1 =1
» 2
1 :
=3 Zai(])ﬂPd+j
j=1
For Ml,we have
[ T ’
7 > oitiarar;| | Uflbo)| = — 3 ei()aparj1UUolo)
P\ =1
1| ’
=3 Y 0i(Dpgy Brat
j=1
We conclude then,
P a2 P kg ? '
‘Zj=101(])/3j‘ ‘Zj=101(J))\j/3j‘
P ' . 2 P '. ko l?
‘Zj=10P(]):3j‘ ‘Zj=10'P(J))“j/3j‘
n 1 A 1
0 P : s 1 P :
P : 2 P ok 2
’ZQ,:] ‘71(]),3N7P+j’ ’Z/:] Ul(]))\N,IH,j,BNfPJrj’
P .. 2 P ok 2
‘ijlaP(J)ﬂN—P-&-j‘ ’ijlap(J)kN_pHﬁN—Pﬂ’
For M , if we consider, for example, d; = d, = 0, we have
R P z R 2
S | 2ol | U | Yo onla) || = 55 [ 0n(Don(iajiUla)
j=1 j=1 j=1
1< ’
= 53 |2 o (o (i)
j=1
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On the other hand, it is easy to see that, whenAd | # d, the term will be 0. Combining
these two properties together, we obtain that M =

P 2 P 12
‘ijl)\j‘ ‘Zjﬂap(‘,)x,‘ 0 0
: L b :
Dy ST ;Y81 A ) 3 ¥1 0 0
1 . .
Pz . : :
P 2 P . 2
0 0 ‘Z_,-=MN—P+/" ‘Z_,-=1<7P(J)AN—P+/‘
. P 2 . P . 2
0 0 ‘ijlﬁp(j))wfpﬂ‘ ‘Z/:]kaPfi‘

The next step is calculating M¥, for which we will need the properties of P-
combination bases. We should notice that M includes several sub-matrices of size
P x P that we can treat separately, so we will focus on the first one:

P 2 P |
‘Z,&Mj‘ ‘Z,:mp(])/\j‘
Sl = . ° .

p . ) 2 ' P. 2
DETITE) S| R ) SN

2
A generic element iyip of this matrix would be ‘Z;;] O’il(j)O'iz(j))\,j‘ =

2
will appear

2
Zle Oir.in)y (JAj ‘ . Property 3a ensures us that each ‘Zle o (jAj
only once in every row and column of ;. This motivates the definition:

B 2
Ai =Y 0|
=1
B 2 1, 2
Ajjiy 1= Zﬁi.(j)aiz(j))xj = Zd(il,iz)r(j)kj = Ay, i), -
j=1 Jj=1

Rewriting the matrix:

Al A Az ... Arp
Axl Ap Ay ... Agp

St = (Aiyiy)i<iyip<p = | 431 432 A3z ... Asp

Ap1 Apy Ap3 ... App
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A Ap Ay ... Ap

Ay A1 Az, -.-Agpy,
= | A3 Ag2, A1 ... Agp),

Ap A(P,2)r A(P,3)r .. A

Now we define the numbers
k
B, =— Z o1, (j1)o1, (j1) Z o, (/A j
11—1 Jo=1

We will prove that S{‘ = (Ailiz)lfsil,ing (B )i<i,.i<p by induction. We first

| U
show that B; , = Aji,:

i1i2

,1<ma,2(m Z"/z(]l)Ajz

i

1112

“U |

P
2 ) Oliriay, (1) (1)
J1=1

However, due to 3a and 2a, Zﬁ:l O(i1.in), (1)), (j1) = O for all j, except when
Jj» = (i1, i2)r, which means

P P P

1 , _ 1

P DALY o, (1001 = B Al D 1= AGin, = Aiin-
=l =l ji=1

We suppose now that Sk (B )1<iy,i»<p and we have to prove that (S]f“Ll),'l[2 =

i1ip
P k k+1
Zl:l Bilellz leerz :
P | Bor P k
D BiA =53 Y ou(naiGo [ 3 on(inAg, | A,
=1 I=1 ji=1 =1

1 L P P
=5 D on | D opUnapn | D ainB,.  (A2)
=1

J1=1 =1

Focusing on the last sum of this expression:

P
> a(jn)B, = Zaz(h) Z 01(j3)01, (j3) Z i, (j3)Aj;
=1

J3=1 Ja=1
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P P P
1 . . .
=3 DAL ) Y 01(j3)0s. ), (73)
=1

Jja=1 J3=1

P P P
1 , . .
=75 D Ao, G0 Y T =00(i1) Y 0j, (A

Ja=1 Jj3=1 Ja=1

Substituting in A.2, we obtain

k

P P P P
1 . . . .
S Bl A =5 Yol | Y 0n(AL | oul Y oulinds,
1=1 /121 jz:l j4:1
. » k1
=5 Y oulnonGo | Y optinA, | =B

Ji=1 =1

Once this result is proved, it can be applied to every Sy41:

sko... 0 0

0ss... o0 0

P PR : :
_P2k . .

00 ..., O

0 0. 0 Sy/p

Now we can calculate Ss 4 / P2k that is, B[.k1 i / P2k for each component. We will use

the property of complex numbers: for x, y € C, |x:|:y|2 = |x|2+|y|2:|:2 <X,y >=
Ix|? 4+ |y|? & 2|x||y| cos X, y. Its generalization is

P 2 P P
Yooidx| =Y Y eilinei()lxg llxj | cos X,
j=1 J1=1ja=1
We focus again on Si:
k
Bf, 1 < ZB:I 0j,(J1Aj,
oor = 5 2 0 (o (o) | =5 : (A.3)
J1=1

Now, we deduce

2

ZP:1 0 (JDA), 1 < . : .
L P2 =72 E o), (J1) E 0, (J3)Aj;
J2=1 J3=1
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P P P
1 . . .
=75 Z oj,(J1) Z Z 0j,(j3)0j,(ja) cOS @y jy

J2=1 Jj3=1ja=1
| LFoL P
=23 2 2080 ) (U1, ) (ja)
J3=1ja=1 =1

|k P L
=2 D cospiGrip. 1= P D oS @i jie-

J3=1 J2=1 J3=1

Coming back to A.3, we have

Bk 1 P 1 P k
o = 2. o001 | 5 D2 cosPhiipe
J1=1 =1
For S4+1, we have
Bhaiiy pd 1w 1< '
i, Pd+i . .
# =7 Z i, (j1)oi, (j1) 7 Z COS YPd+jp. Pd+(ji. jo)e
Jji=1 j=1

We are ready to multiply M* M. The first P components will correspond withd = 0,
the next P with d = 1, etc. For d = 0, the ith component of the column vector would
be

P k 1 P P 1 ' k '
Z P—l (Mo); = 2 Z Z oi(jnor(in | 5 Z COS P (ji. jo)e Z o1(J)Bj
=1 I=1 ji=1 =1 =1

k

1 < o
=57 2. 50D | 5 2 080G

J1=1 J2=1

Z Z 18311851 cos Bjs j, Zdz((h 3)e)o1(ja)

j=1ja=1
P | 2P ¢
=Dl | 5 D COS@hii i
Ji=1 =1

P
1
" D 1B 1Bl €08 By, jo)e-

J3=1

Before continuing, we should notice that arg(e”“pf Bi) = ke;+ arg(B;), which
means that (/%% B;, e’ B;) = kg;+ arg(B;) — (kpj+ arg(B))) = kgij + Bij. With
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this, it is time to add M. Finally,

k
P L
PO )
M\M™Mo = — Z Z o | 5 D COS st e
i=1 ji=1 Jo=1
P P 2
Y
Z 1B 1BGir. 0e| €08 Bisiv.inse | | 2 01 (DA, Bl
]3:] Jja=1
Applying the same procedure as before, we deduce
P 2 P
Z i (j1) Z i (DhBia| = D 1BillBGr e OSBjsiiore + k)G, jor)-
i=l Ja=1 Jja=1
Substituting in the previous expression, we obtain
L I k 1k
MMMy =P P > cosgiip. | - P D 1BillBii.jrel €08 Bji. .
i=1 j=1 j=1

1 P
P D 1BillBi. el cosBj jr + ki)

j=1

Moreover, wheni = 1,then (1, j). = j,sothatcos ¢ j). = cosg;; =cos0 = 1.
Separating this case, we have

2 » » k

P

NN 1 1

MM Mg = P 5D 18| +P Y| 5 D cosji
j=1 i=2 j=l1

v

1
- Z 1Bjl1B.). | 08 Bji.j).

P
1
: ( D 1BilBi. el cosBj jre + ki)

Jj=l1
2 » » k

1
BiP] +P) P D cos .
i=2 j=1

Il
| =
.M"U

P
1
= 2 1BillBajyel cos B .
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1 P
17 D 1BilBi. el cosBj jr + ki)
j=1

This completes the case d = 0. The overall formula of the algorithm is

NP1 P 2
oAk Ay - 12
MiM"My = Z P Z|ﬂPd+]|
d=0 j=l1
L k
+P Zz P 21 COS PP+ j,Pd+(i,))e
= j=

Lk

P Z |BPd+jlBPd+i.j).| €OS Brd+tj Pd+i.)).
=

1

P 4

J

|BPd+jlBPd+i.j).| €OS(Brd+tj Pd+.j)e T KQPd+j Pd+(i.j)e)

P
=1

m}

Theorem 17 Given a QMDA,,, A an orthonormal basis of eigenvectors of U, and M
a 2-combination basis, then

7k A 1 “ 2 2 2
it it = 5 | 3 (1812 + 182 ) +
i=1
N/2

2ia 12k
+4§ [B2i—1171B2i|” cos” @i 1,2 cOS Bai—1,2i cOS(Bai—1,2i + k@2i—1,2i)
i=1

Moreover, defining C; = cos* 212 cos Bai—1.2i cos(Bai—1.2i + kgai—1.2:), the
following bound is verified:

—_—

MleMO > N2 N .
2 -
i; Ci + 1
The equality is satisfied if and only if
1
Vi=1,...,N/2, |Brj1l> + |poj* = —5———, and if C; #0
N/2 Cj +1
i1 Ci+1
= |Baj11> = BojI*.
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P[oof 1\;{1]\;["]\;10 for P = 2 is obtained directly from formula of Theorem 4:
M M*My =

N2t (2 2 2 (2 k
Z 3 Z 1Boasil® | + 22 3 ZCOS ©2d+j,2d+(, ).
i=

d=0 j=1 j=1

Z [B2a+j11Bad+(i. j). | €08 Bad+j 2d+(i. ). )
2
1
3 Z |Bad+jl1Bad+i. j). | €O8(Bad+j.2d+i. j). + k¢2tl+j.2d+(i,ij(-))
j:

N2 NJ2
2
= ( (1B2a—11* + |B2al?)” + 4 E |B2a—11*1B2a|* €05k @201 .24 €08 Bau—1,2a €0S(Baa—1,24 + k¢2d1,2d))
d=1 d=1

It is important to notice that the cosines are independent from each |;|?, because
they only depend on the argument of §;, and not on the module. Both values can
be chosen as desired and independently when building the algorithm. This allows
us to rewrite the expression as ZZNZ/IZ (Iﬂzi_1 1%+ | Bai |2)2 +4 ZlN:/]z CilBai—11*1Bil%,
where each C; = cos® @a;_1.2; cos Ba; 1.2 c0s(Bai_1.2i +k@ai_1.2) can be considered
a constant. The reason why this is not possible for P > 2 is that, in those cases, the
angles of the cosines are combined (for example, pairing 1-2, 3-4 some times and 1-3,
2-4 other times), which prevents writing them as constants independent from each
other.

Writing x; = |8; |2, we must minimize the function with the restriction Zj»v:l Xj =
1.If M := N /2, we obtain

2

M1 N-2
FGr o xn) =) (o +x0) + (1 - ZL’)

i=1 i=1
M—1 N-1

+4 Z Cixpi—1x2i +4Cpyxn—1 <1 - Z x,'> .
i=1 i=1

Its derivative with respect to a variable x3; is

N-2
=2(x2j—1+x25) —2 (1 — ZX,’) +4Cjxzj1 —4Cyxy-1 =0

i=1

af
0x2;

N-2
(ZCJ + 1))62]',1 +x2j + Z X — ZCM)CN,] =1
i=1

When deriving with respect to x2; 1,

N-2
x2j—1+ Q2Cj + Dxyj + in —2Cyxn-—1 =1,

i=1
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so we can subtract the equations and get

2Cjx2j—1 —2Cjx2; =0 = x2j-1 = x2;.

When we derive with respect to xy_1, we arrive to an analogous result:

8f N—-1
=4CM (1 — le) —4CMXN71 =0
i=1

0xn_1

It might be the case that C; = 0, so that the equation cannot be cancelled. In that
case, then for j, k such that C; = C; = 0, we deduce from the previous equations
that xp; 1 + x2; = x2x—1 + x2¢ := p. We will suppose, without loss of generality,
that those C; = 0 are exactly the last r, so that C; # 0,Vi = 1,..., M — r, for
which xp;_1 = xp;. Let us rewrite f accordingly and take into account that p is also
a variable to be computed.

M M
O xy) =) (i +x0)? +4) Cixgioixi

i=1 i=1
M—r M—r
=rp’+4) x5 +4 ) Cixj,
i=1 i=1

M—r M—-r—1
=rp>+4 ) (Ci+Dx3 =rp*+4 > (Ci+ D3,
i=1 i=1
2

M—-r—1
1 r
+4(Ch—r + 1) (5 2oy m) .

i=1

We derive with respect to any variable x3;.

i=8(C<—i—1)xz'—8(C —l—l)(l—Z—Mi:_lx-):O
8x2j Jj Jj M—r ) ) - 2i
1 rp M—r—1
(Cj+ Dxzj = (Cy—r + 1) (5 - - le m)

(Cj + Dxzj = (Cha—r + Dixpr—r.
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Now we derive with respect to p.

3f rp M—r—1
37 = 2rp —4r(Cy— ,+1)<———— Z x2,~> =0

P =2(Cp—r + Dxp—r.

This is equivalent to (C; + 1)x2; = (Cpy—r + 1)xpy—,, due to the fact that, for
eachk=M—-r+1,...,M, (Cy + 1)(x2k—1 + x21) = 2(Cp—r + 1)xps—,, which
is the same as the previous one but without xo;_1 = x2; being necessary. Moreover,
we have (Cy + 1)(xok—1 + x2¢) = (C; + 1)(x2;-1 + x2;) for every pair (j, k). This
allows us to deduce

N M M
IURD SRERNES 3L
i=1 i=1 i=1

(XZJ l+x2])_1 = X2j-1+ X2

.—Q

M Cj—i-l-
1Ci+1

™

For those j such that C; # 0 we have, additionally, the promised x2; = x2;_1.
The previous procedure is only possible if C; # —1, Vi, but this is satisfied in our
particular case. If, for example, cosk @12 cos P12 cos(B12 +ke12) = —1, there are only
four possibilities: (—1)-1-1,1-(=1)-1,1-1-(=1)or (—1)-(—1)-(—1).Itis easy
to discard them one by one. Finally, the value of the function in the critical point is

M M
Z(XZj—l +x2/)° +4 Z Cixpj_1x2;

j=1 j=1
IX—: ] 1 +ZC/M' 2
( ,+1) (§ )
M

=y —— +ZC,

i—1 i+1

(l ,+1) (56

M 1

22(C+1)

i 5!
Jj=
(i:l Ci +1 ) i=l Ci+1

In the worst case (C; = 1, Vi), f would take the value 2,1%2 On the other hand, if
x1 = 1 and the rest of the variables are 0, then f = 1. This confirms that the critical
point is the minimum of the function. O

a
+

iMR
Q

a

lMi
o

lMi
SIRY
+|+
[ ._aN
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Theorem 18 Let (Uy, U, Uy, k, |Yo)) be a OQMDA,,, (Vy, V1, V., k, |¢o)) a OQMDA,,
and X, Y two orthonormal bases of dimension 2" and 2™, respectively. Then, given the
OMDA, ., U1®@V,UQV, U0®Vo,k |1//0)®|(po)) the basis Z = {|x,)®|yj)
1,...,2",Vj=1,. 2’”}venﬁesZo—X0®Yo Zl X1®Y1andZ X®Y
Asa consequence, lekZo = XleXo Y1 YkYo

Proof First, we will sort the basis Z as follows:

Z=A{lx0)®Iy1)s -5 IX0) @ ym)s -5 [Xn) @ |y1)s -5 [Xn) ® [ym)}-

Proving this result for Zo and Z; is almost immediate, as they are column and row
vectors. Hence, we will detail the proof for Z. If we look at an ij component of V4
where i = (¢cy — I)m +ryand j = (c2 — 1)m + rp, being 1 < ¢j,¢2 < n and
1 <ry,r2 <m,then

Zij = NzilU @ VIZ)? = 1({(xe, | @ (yry DU @ V)(|xey) @ |y )
= [({xe; 1U %)) @ ((yr IV Iy D)

~

=[x 10U %) PLOr IV ) P = Xeyer Vo

This immediately implies that Z=X®Y. Having proved this, the last equality is
straightforward.

21Z%Z= X1 @Y - (X @D (Xo @ Yo) = X1 X X - V1 VF Y.

O
Appendix B: Proofs of the results in Sect. 4
Theorem 19 Given k, we consider the QMDA | EV1 y and we define ¢ := cos 6, s :=
sinb. If every O is equivalent to a measurement in the basis M where |my) =
cos %|0) + €'? sin %|1) and |my) = sin %|O) —e'? cos %|1), then
(c — 52 4+ 252 sin? 0 sin (p)k(4c23 sin? 6 cos? @ — (c2 — 5%)% cos? 0)

MM My = =
2 2

Proof We begin with Mo taking into account that Up|y¥g) = (¢ s)".

‘ 0 . o
(m1|Uolo) = (cos % e % sin %) (g) =ccos 5 + e ssin 2

9+ .0 . A
€cCcos — + §ssin = cos¢g — i | ssin — sin
2 2 ¢ 2 oY
2
2 6 .0 220 .
= [(m1|Up|¥o)|~ = ccosz—i-ssmzcosgo + 57 sin Esm ©
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0 0 0 0
= ¢?cos’ 3 + 2cs cos 5 sin > cos ¢ + 5% sin? 5

0 0
= ¢?cos® 3 + ¢s sin 6 cos ¢ + 52 sin? 3

As My only has two components that sum to one, we deduce:

n c? cos? —+cssm000sg0+s sin 2%
Mo = 29 20"
c?sin? ¢ — cssinf cos ¢ + 52 cos 5

Besides, UITWO) = (s ¢),so Ml is built in the same way as Mo but exchanging
the c and s:
) t

2

260

52 sin 3 — c¢ssinf cos ¢ + ¢? cos

A 52 cos? —~|—css1n9cos<p+c sin
M, = 5

D I

For M , we calculate the first component M 11

6

. c—s cos 5
(m|U|my) = (COS% e ' sin %) . .20
s ¢ e'?sin 5

0 _ ,i¢ gin &

_ (cos 0 v i Q) ccos 5 —se'¥siny
- 2 2 0 i qin O
5 COS 5 + ce sin 5

. . 6 0 0 0
=c+ ("% —e'P)scos 3 sin F=¢~ i <2s cos 5 sin 3 sin <p>

=c—i(ssinfsing) =
= |(m1|U|m1) > = ¢ 4 5% sin” 0 sin® g.

We know that its rows and columns add up to 1, so we conclude that

2 2

A c2 + s2sin? @sin? ¢ s% — s2sin O sin? ¢
M= c2p 2 2 22y
§° —s7sin” 0 sin“ ¢ ¢“ 4 s sin“ 6 sin” ¢

For calculating M*, we use a lemma that is easily proved by induction:

ba (a+ bk = (a — b)* (a+b)¥ + (a — bk
. 1 (1 + (2 — 52 + 25%sin2 0 sin? )k 1 — (¢ — 52 + 252 sin? 0 sin? w)k)

(a b)k _1<(a+b>’<+<a—b>’< <a+b>k—<a—b)k>
Mk ==
2 \1 — (c® — 52 + 252 sin? O sin? @)¥ 1+ (¢2 — 5% + 252 sin? 0 sin? @)k
_ L aAb - Ak
T2 \1-Ak 14 ak)e
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We are ready to calculate the final probability.

PN 1+Ak 1 — Ak\ [c?cos? +cssin900s<p+szsin2%
MMy = k k 2 9 . 0] =
—A"1+A ¢?sin 5 cssm@cosgﬂ—i—szcoszj
1+Ak[(c 2)(cos2 9 _sin? Q) + 2c¢s sin 6 cos @]
T2 Ak[(c 2)(0052 g _sin? 2 5) + 2c¢s sin 6 cos ¢] '
N ag oA 52 cos? +cssm9005<p+c sng ! 1+Ak[(cz—s2)0039+2cssin9005¢]
MMMy = ) kpo2 2 : =
s2 sin? cssmecostrc 0052— 1 — A*[(¢® — s7) cosO + 2¢s sin 6 cos ¢ ]

_ 1 Ak[(c — sz) cosf + 2c¢s sin 6 cos p][— (c — sz) cos O + 2c¢s sin 6 cos (p]
=27 2

1 (c2 — 52 + 252 sin? 6 sin? ©)*(4c?s? sin” 0 cos? ¢ — (c? — 52)% cos? 0)
=37 2 :

]

Theorem 20 Given k and EV1 y, the critical points of the formula in Theorem 8 are
reached for the bases {|0), [)}, {|+), [=)} y {| + 1), | — )}

Proof We have to derive the formula of Theorem 8 with respect to both variables. We
should remember to take 0 < ¢ < 2w and 0 <6 < 7.

af _ k(c? — s2 4252 sin? 0 sin? (p)k_14s2 sinZ @ sin ¢ cos (p(4c2s2 sin? @ cos? ©— (c® = sH)2cos?0)

dp 2
(c — 52 4 252 sin? 6 sin? )*8c2s? sin” @ cos ¢ sin @
2
df  k(c? — 5%+ 2s%sin? 0 sin® @)k~ 1452 sin? ¢ sin 6 cos O (4c2s? sin® O cos® ¢ — (¢? — 52)? cos® )
90 2
+ (c? — 52 4 252 sin? 0 sin® @)¥ (8¢2s2 cos? ¢ sin O cos O + 2(c — s2)% cos O sin b))
2

i — sin T — ¢ — T T T i
We notice that s = sin 5012 € = COS 3y but 0 < ) < 1 which

necessarily implies that 0 < s < \L@ % < ¢ < 1, and as a consequence, ¢ > s. This

also means that 2 — 52 + 252 sin? 0 sin® ¢ > 0, so:

gi =0 < sin’6 sin ¢ cos go[k(4c 52 sin” 6 cos® ¢ — (c — s2)2 cos’ 0)
—26%(c? — 5% + 25%sin” O'sin” ¢)] = 0; (A.4)
% =0 < sin6 cos O[2ks” sin <p(4c 52 sin’ 6 cos® ©— ( —s5?cos?0) +
+(c? — 5% + 257 sin” 0 sin” @) (4c?s? cos® ¢ + (¢* — s2)*)] = 0. (A.5)

It is immediate that, if sinf = 0 = 6 = 0, &, then both partial derivatives are 0
regardless of the value for ¢. This critical point corresponds with {|0), |1)}. Another
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possibility for % =0iscos® =0 = 6 = Z. Then

a
f _s1n(pcos<p[2ks cos’ ©— (c — 52 4 2s%sin® )] =0.

If singp = 0 = ¢ = 0, 7 we have the critical point for the basis {|+), |—)}; and if

71371

cosp =0= ¢ =7, and the critical point would be {| 4+ i), | — i)}. If none of
both is O, then

2ks? cos? 0 — (c2 — 5% 4+ 252 sin? ) =0
2ks?cos> o — (1 — 252 + 2s%sin’ @) =0
252 (kcos® ¢ + 1 —sin® ) = 1

1
k cos? cos>p = —
Y+ % 752
2 1
Cos“ ¢ = ———.
2s2(k + 1)

However, 2s2(k 4+ 1) < 1, Vk > 0, which is a contradiction.
The last case for A.5 to be 0 occurs when

2ks? sin <p(4c 52 sin” 6 cos® © — (c2 — s2)2 cos’ 0) + (c2 — 5% 4+ 252 sin” 6 sin? ®)
(4c?s?cos? g + (2 — 5% =0

If % in A.4 is also 0, there are three possibilities which lead us to contradictions. If
sing = 0, then

(c2 — s2)(4c2s2 + (c2 — s2)2) =0 = 4c’s> = —(02 — s2)2 <0 #
If cos ¢ = 0, then

—2ks?(c® — 52)? cos? 0 + (2 — 5% + 252 sin? 0)(c? — 52> =0
1

252 (—kcos?0 — 1 +sin’0) = —1 = coszézm

Finally, we can have
2)2cos20) — 2¢2(¢* — 5% + 252 sin? O sin® ) = 0;
2)2 cos® 0) + (c2 — 5% 4+ 27 sin” 6 sin? ®)

k(4czs sin Gcos ¢ — (cz—s
2ks? sin <p(4c 2 sin” 6 cos® © — (c?—s
(4c?s?cos? g + (2 — 5% =0

2)2

We isolate 4c2s? sin? 0 cos? ¢ — (¢> —s2)? cos? @ in the first equation and substitute

it in the second, obtaining
4¢2s% sin? (p(c — 5% 4 257 sin” 6 sin® ) + (c2 — 5% 4 257 sin” 6 sin? ®)
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(402s2 cos? ©+ (02 — s2)2) =0
A 4232 +5 =0 = (P +5HP=0=1=0 #
O
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