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Abstract

This paper presents a hybrid variational quantum algorithm that finds a random eigen-
vector of a unitary matrix with a known quantum circuit. The algorithm is based on the
SWAP test on trial states generated by a parametrized quantum circuit. The eigenvec-
tor is described by a compact set of classical parameters that can be used to reproduce
the found approximation to the eigenstate on demand. This variational eigenvector
finder can be adapted to solve the generalized eigenvalue problem, to find the eigen-
vectors of normal matrices and to perform quantum principal component analysis on
unknown input mixed states. These algorithms can all be run with low-depth quantum
circuits, suitable for an efficient implementation on noisy intermediate-scale quantum
computers and, with some restrictions, on linear optical systems. In full-scale quan-
tum computers, where there might be optimization problems due to barren plateaus
in larger systems, the proposed algorithms can be used as a primitive to boost known
quantum algorithms. Limitations and potential applications are discussed.

Keywords Quantum algorithms - Variational algorithms - Hybrid quantum
algorithms - Eigenvectors - Quantum principal component analysis - SWAP test

1 Introduction: Noisy intermediate-scale quantum computers and
hybrid algorithms

Scalable general-purpose quantum computers could run algorithms that are more effi-
cient than any classical alternative [ 1, 2]. However, at the present moment, the available
technology is restricted to computers with a moderate number of qubits with a vary-
ing degree of noise. These computers are usually dubbed noisy intermediate-scale
quantum computers, NISQC [3, 4].

In this scenario, there has been a growing interest on hybrid quantum-classical
algorithms [5—7] where part of the work is shifted to a classical computer. In most
cases there is a continuous feedback between the classical and the quantum computer,
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which has quantum circuits that are a function of a few parameters which are updated in
the classical part of the algorithm according to the results of the quantum measurements
from previous stages.

These algorithms are particularly useful in problems dealing with large state spaces
which can be sampled quickly on a quantum computer without the need to explicitly
write out the whole state, which has a size that grows exponentially with the size of
the problem.

A good example is quantum simulation, one of the most promising applications of
quantum computing. For instance, in molecular simulation, the variational quantum
eigensolver can efficiently search for a particular state in the Hilbert space of n qubits,
which grows exponentially with the size of the problem, and still achieve reasonable
results even in the presence of noise [8—10].

This approach based on using quantum circuits with a classical control also plays
a key role in quantum machine learning [11-15].

In this paper, I present an application of these concepts to the search for an eigen-
value of a known unitary which can be generalized to different kinds of matrices with
some restrictions. The algorithm is based on a modified version the SWAP test for state
comparison and can be realized with circuits of a low depth (with few consecutive
elementary gates). We only require a state preparation phase, a circuit for U and one
CNOT gate and one Hadamard gate for each qubit on which U acts. At the end of the
process, we obtain a list of classical parameters that can produce a good approximation
to a random eigenvector of the desired matrix using a known classically controlled
quantum circuit.

The same method can be adapted to perform quantum principal component analysis
of an unknown mixed state, which can be cast as a problem of finding the eigenvectors
of a Hermitian matrix.

The paper starts with a brief reminder of the SWAP test for quantum state compar-
ison and some hardware-efficient optimizations in Sect. 2, followed by an explanation
of the notation and methods of hybrid algorithms in Sect. 3.

The core quantum variational eigenvector finder algorithm is presented in Sect. 4,
including modifications to solve the generalized eigenvalue problem (Sect.4.1) and
to find the eigenstates of general normal matrices instead of just unitaries (Sect.4.2).
Section 5 shows how to adapt the variational eigenvector finder for quantum principal
component analysis.

Section 6 proposes an alternative implementation in optical systems instead of the
usual quantum circuit model. Section7 compares the proposed quantum variational
algorithms to similar variational algorithms for the same problems commenting the
advantages of each method. Finally, Sect.8 discusses the strong and weak points of
the variational approach for eigenvector determination and comments some potential
applications in the short and long terms.

2 The SWAP test

While it is impossible to tell apart with certainty two quantum states which are not
orthogonal, there are methods that can tell us if they are equal or not with a certain
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probability. The SWAP test [16, 17] permits a simple comparison. We start with two
arbitrary n qubit states |¢/) and |¢) and an ancillary qubit initially in the state |0). The
quantum circuit corresponding to the test is shown in Fig. 1.

The evolution in that circuit is
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If we measure the ancillary qubit after the last Hadamard gate, the probability of
finding the state |0) is associated with the eigenvalue 1 of the observable

Z=10) (0] = 1) (1] = Po — Py 2

for the projectors to the |0) and |1) states Py and Pj. For the output state |®yy¢) the
probability of measuring the |0) state in the ancillary qubit is

1 2
P(0) = (®ou] Po |Pou) = M 3)

and the average value of the Z observable for the first qubit becomes

(Z) = | (y1$) I>. )

For two identical states, the SWAP operation

SWAP [y} |9) = |9} V) &)

does not change the state and the value of the control qubit is irrelevant. The two
Hadamard gates on the ancillary qubit cancel and the whole circuit is equivalent to the
identity. We can see from Eq. (1) that when both states are the same |y) = |¢), there
is a destructive interference between the terms entangled to the ancillary qubit state
[1). The result from the measurement is always |0) and whenever we get that result
we say the SWAP test has been passed.

However, if the states are different, each part of the uniform superposition of the
ancillary qubit becomes entangled to a different state. In that case, there is always a
probability greater than zero of measuring the state |1). In a noiseless system, failing
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to pass the test shows with certainty the input states are different. The probability of
finding a |1) ancillary qubit on measurement grows as the input states become more
different. If we have k copies of the same states and repeat the test k times, even for very
close states with an overlap | (¥|¢) | = 1 —e withe < 1, P(0) = M ~(l—e€)
and we have a probability of passing the test P(0)* & 1 —ke. With enough repetitions,
if we never fail the test, we can be confident that the two input states are the same or,
at least, very close.

As expected, global phases do not change the result of the test. Two inputs |¢) and
¢'® |4r), for an arbitrary phase @, will act exactly in the same way under the test. This
is the desired operation. While a larger circuit with a reference can distinguish between
these two states, if these inputs were isolated states, there is no physical measurement
that could tell them apart.

The comparison in the SWAP test is also valid for general inputs with mixed states.
We consider an ensemble given by the density matrix

p=Y_pil¥i) Wil (6)

where we have a statistical mixture of finding a pure state |;) with a probability p;
for each. For two mixed states with density matrices p and o the probability of passing
the test becomes:

PO) = M @)

where tr(po) replaces | (Y |¢) |2 [18]. When both states are pure states with p =
[Y) (| and o = |¢) (¢| we recover the original overlap.

2.1 The destructive SWAP test

The depth of the SWAP test circuit can be reduced if we notice that, after the test,
the original inputs become entangled and they are discarded. The total number of
elementary gates needed to perform a SWAP test can be reduced to 2n for n qubits.
Most importantly, we only need two stages.

This is the destructive SWAP test explained in [19], which was later rediscovered
by an Al driven search [20]. We can check the test is valid starting from the SWAP
circuit for two qubits shown in Fig.2a. The SWAP operation is performed with three
CNOT gates. A sequence of 3 CNOT gates can perform classical XOR swapping [21]
for two bits in the computational basis x, y € [, so that

CNOT(2.1) CNOT(1.2)
X} ly) —

x@y)y) — x®IySxdy)=[xDy)|x)
T x@y@®x)Ix) =y) Ix) 8)
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Fig.2 Equivalent circuits for the SWAP test on single qubit states

where CNOT(i, j) is controlled by the ith qubit and has the jth qubit as target. The
result follows from two properties the XOR operation @ (equivalent to modulo 2
addition): x ®x =0and x 0 = x.

If the middle CNOT is replaced by a Toffoli gate controlled by the ancillary qubit
in the SWAP test, we have a controlled SWAP operation. When the ancilla has a state
[1) the middle Toffoli gate is equivalent to a CNOT gate on the inputs and we recover
the 3 CNOTs of the SWAP circuit. When it is |0) the two consecutive CNOT gates
cancel each other and we have the identity.

The NOT operation can be decomposed as X = HZ H and we can convert CNOT
gates into CZ gates surrounded by two Hadamard gates. The Toffoli gate becomes a
doubly controlled Z gate with operation CCZ |x) |y) |z) = (—1)*?% |x) |y) |z) where
the sign change only happens if all the qubits have a 1. In that sense, any of the qubits
can be considered to be the target. Putting all together, we can find a series of equivalent
circuits shown in Fig. 2b—d.

Now, starting from Fig. 2d, we can notice that changes on the input qubits after the
Toffoli gate do not affect the state of the ancillary qubit. We might just as well measure
both qubits right after the Toffoli. Finally, there is a further simplification if we notice
that the ancillary qubit will result in a |0) unless both control qubits from the inputs
are in state |1). The result of measuring the two input qubits at this point perfectly
determines the state of the ancillary qubit, which can be removed. If we measure in
the computational basis (observable Z), we can associate a measurement finding a
|0) state to a bit 0 (Z’s eigenvalue 1) and finding state |1) to a bit 1 (Z’s eigenvalue
—1). The logical AND of the measurement results reproduces the result of measuring
the ancillary qubit. A measurement on the input qubits and classical computation
(the AND operation) return the same statistics as measuring the Z observable for the
ancilla.

The same reasoning can be applied to multiple qubits. In that case, the SWAP
operation has the same decomposition for each pair of qubits of the multiqubit state.
We group the first qubit of |¢), g (}), with the first qubit of |y/), qllp, and continue forming

all the n (qé, qf//) pairs for 1 <i < n.For n qubit states, the simplified circuit in Fig. 2d
would have the same CNOT and Hadamard gates in the corresponding qubit pairs and
a Toffoli gate controlled by them and acting on the ancillary qubit. There is a total of
n Toffolis that change the state of the input from |0) to |1) or from |1) to |0) when
both controls are |1). The final value depends on the parity of the bitwise AND, A, of
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the strings coming from measuring the n qubits of each input state. An even number
of ones means the output state in the ancillary qubit would have been |0) (a pass). An
odd number of ones corresponds to failing the test.

Interms of the Z observable of the ancillary qubit, the measurement result is exactly
the same as the product of the measurement results for the C Z observable on each pair.
For two qubits, the CZ operation has eigenvectors [00) , |01) , [10) associated with
eigenvalue 1 and an eigenvector |11) associated with eigenvalue —1. The product of
these C Z observables has the same value as a measurement of the observable Z in the
SWAP test. Considering all the qubits, the observable with the result of the destructive
SWAP test is C Z®" if we write our inputs in the order q(})ql},qéqi o -ngl’;j. Finding
a 1 eigenvalue corresponds to passing the test. Measuring eigenvalue —1 indicates a
failure.

3 Hybrid algorithms: variational methods

Physical quantum computers are difficult to build. They have a high cost of operation
when compared to classical computers and, in their current implementations, are still
too prone to decoherence to be able to carry out long calculations. For all these reasons,
whenever possible, we would like to replace the quantum parts of the algorithm by
classical computation. For instance, in Shor’s algorithm for integer factorization [1],
the only part that needs a quantum computer is the order finding subroutine. As shown
by Ekera [22], a classical computer can perform a longer preprocessing stage and the
quantum computer can be reserved for a single use of the non-classical routine for
order finding. Even this simplified form of factoring still requires a number of qubits
and consecutive stages beyond the capabilities of current noisy quantum computers.

The first promising results of real-world quantum computers come from hybrid
algorithms where the quantum and the classical stages feed each other. One particularly
successful family of algorithms are variational methods taking advantage of the native
capacity of a quantum computer to describe states in a large space without needing to
store an exponential amount of data [8, 10].

For instance, if we want to compute the ground state energy E, of a particular
Hamiltonian, H, classical variational methods propose a series of trial states. For any
state |), the expected energy value (Y| H |y) > E, gives an upper bound to the
minimal energy of the ground state. If we choose with care the states for which we
measure the energy, we can approximate E, with good precision. Quantum methods
offer a compact way to perform variational algorithms. We no longer need to write
down the whole state vector of the ground state, which can have a number of complex
elements growing exponentially with the size of the problem. For instance, a simple
system with n electrons in separate sites can have 2" spin configurations.

Most variational hybrid algorithms can be described using four main blocks. We
will describe them in parallel with an example application for ground state estimation
for a Hamiltonian made of a combination of Pauli operators (Fig. 3). The four blocks
are:
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Fig.3 Example for three qubits (¥ (6)|Z ® X ® Z|y(6))

e A parametrized quantum circuit P@6): _
The gates in the circuit depend on a 1i§t of classical parameters 6 = (61, ..., 6k)
to prepare a trial state, or ansatz, | (6)). We assume a fixed initial state, usually
with the # qubits initialized to |0) so that P(é) |0y®" = |1ﬂ(§)).
In the example of Fig.3, the classical parameters appear in a series of rotation
gates RX and RY which rotate a single qubit with respect to the X and Y axis of
the Bloch sphere, respectively, by an angle determined by a classical parameter.
There are also two CNOT gates that introduce entanglement in the final state. This
circuit follows the approach of what is called a hardware-efficient Ansatz [23],
where the gates are selected to give the shallower possible circuit that still can
approximate the desired state.

e A processing circuit:
Depending on the desired target, we need to act on the ansatz in different ways.
The measurement stage must return values related to an objective function scoring
how close we are to our goal.
The example in Fig.3 shows a typical variational simulation scenario where the
gates perform a change of basis so that the final measurements correspond to one
term of the desired Hamiltonian in a particular encoding. In this case, the H gate
in the middle qubit and the identity in the rest make the final measurement in
the computational basis give the exact same results as measuring the Z @ X ® Z
observable for the generated ansatz |w(§)).

e Measurement:
We usually consider measurement in the computational basis {|0), |1)} for each
qubit. As a single measurement is not enough to estimate the desired averages, we
need to prepare multiple copies of the same trial state using the exact same classical
parameters and processing circuit so that we can get meaningful statistics. This
stage has been considered together with the processing circuit in the example.

e Classical processing and feedback:
After a few repetitions, the statistics from the measurement are used to compute an
objective function f () which takes a value which depends on the chosen classical
parameters and is related to the problem we want to solve. This dependence is, in
general, quite complex. Using a quantum circuit we reduce an explicit description
of the problem to measuring a small experimental setup.
The global process is a loop that takes the estimated value of the objective func-
tion f(0) at each iteration as a guide to tweak the classical parameters 6. In most
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cases, the problem is posed as a minimization problem where we use classical opti-
mization methods (such as nonlinear optimization or gradient descent methods)
changing the input parameters at stage k to new values 6 until we find a stable
value f (é;) at iteration s which is assumed to be the minimum.

In the example, the expected value (1&(5 NZRXR®Z| w(é)), which approximates
the energy of W(é)) for the simulated Hamiltonian, is the objective function to be
minimized. The classical part starts by choosing a random initial list of parameters
0 that gives a first value f (51). The chosen optimization method then generates
a new set of classical parameters 52 that are fed into the parametrized quantum
circuit. After we complete the second round of measurements, the new value of
the objective function f (52) is compared to the previous one. The changes in the
parameters that lead to a smaller final value are kept and the ones that increase the
objective function are modified until we can no longer find a better solution. This
part of the hybrid algorithm draws heavily on classical optimization and there are
multiple available software libraries, like Python’s scikit-learn [24].

Notice that, in many cases, we have no guarantee that the algorithm will succeed.
Still, we can provide educated guesses for the solution, similar to what happens in
many classical machine learning methods.

The main advantage of this family of hybrid algorithms is the possibility to probe
a large state space with a quantum circuit that grows linearly instead of exponentially
with the size of the system. This is particularly interesting in the simulation of quantum
systems, where the states of the simulated system can be easily mapped into the
quantum computer. For instance, chains of n fermions with spin 1/2 or —1/2 can be
directly represented by n qubits in the state |0) or |1) and we can directly explore
the Hilbert space of dimension 2" with a compact system and study, among others,
phase transitions in the Ising model [25]. A good review of existing applications can
be found in [10].

4 A variational method for the eigenvectors of unitary matrices

The SWAP test gives a suitable objective function for a hybrid variational algorithm
that finds the eigenstates |e;) of a unitary evolution U such that U |e;) = A; |e;). The
method can be generalized to multiple scenarios.

Foran N x N unitary U, we can find N orthogonal eigenvectors |e;) which form an
orthonormal basis and their corresponding eigenvalues A; = ¢!% are complex numbers
of modulus 1.

The circuit for the quantum part of the algorithm is shown in Fig.4. We use the
same parametrized circuit P(§ ) with the same classical parameters twice to generate
a trial state |y (6))|¥(0)), which is transformed by the unitary into |y (0))U |y (0))
and then proceeds to a destructive SWAP test circuit.

The objective function in the algorithm comes from the statistics of the SWAP test
and can be written as

f6) = P©O) — P(1) = [(y @)Uy @) )
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Fig.4 Variational quantum circuit for the eigenvectors of U

We approximate the probabilities of passing and failing the SWAP test, P (0) and P(1),
respectively, from counting how many times we get each outcome and dividing by
the total number of times we run the test. The 0 and 1 results correspond to the parity
of the bitwise AND of the measurement results in the computational basis (assuming
0 for |0) and 1 for |1)) and they have the same statistics that would appear if we
had measured the ancillary qubit in the complete SWAP test. The evaluation of the
objective function is reduced to computing the expected value of the Z observable for
the ancillary qubit, albeit in a roundabout way to reduce the final number of gates.

The objective function is an inner product of normalized states, with f (5) < 1,and
we can see that the maximum is obtained only if the trial state is an eigenvector of U,
[¥(0)) = le;). Then

FO@) = (el Ule) | = | (el hi lei) > = 1. (10)

Most optimization methods and software libraries work by minimizing a function.
For these, we can consider:

f'@) = P) = P©O) = —[(y@)|UIY®) (1)

or

1

T 7@ PO —-P() (12)

1)

With these functions that can be computed from measurements on the circuit, we can
use a classical optimization method to update the parameters 8 until the parametrized
circuit giving P(6) produces a good approximation to an eigenstate of the target unitary
U.

@ Springer



254 Page 10 of 24 J. C. Garcia-Escartin

10) — O1

0 — Oz
P() U

10) — e On

10) — o — 0}

10) — & — ol
P(0) 1%

0) — S o

Fig.5 Variational quantum circuit for the generalized eigenvector problem U |e;) = AV |e;)

4.1 Solving the generalized eigenvalue problem

The circuit can be modified to find generalized eigenvectors in what is usually called
the generalized eigenvalue problem of finding |4) and A such that

Ule;) = AV |e;) (13)

for two given matrices U and V' (see Fig. 5). The hybrid algorithm is exactly the same
as before, now maximizing the objective function f (0) = I(W(G) Ut VIW(G)) 2 until
FO) = e UV je)) [P = | (ei] 2 |ei) I = 1.

4.2 Generalization for normal matrices

The variational eigenvector finder can be modified to work on normal matrices for
both the usual and the generalized eigenvalue problems. Consider a normal matrix N
such that NNT = NTN.Foran M x M normal matrix the spectral theorem guarantees
we have a decomposition:

M
N =Y kile) (eil (14)

for M orthogonal eigenvectors. This spectral decomposition might not be unique if
there are degenerate eigenvalues.

For any square M x M complex matrix A, the matrix H4 = A + A" is Hermitian
(Hy = HZ). If A admits a spectral decomposition like in Eq. (14), this Hermitian
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matrix shares the eigenvectors of A with

M M M
Hy= A+ AT =) "Nile) (eil + Y Afler) (eil = > (i + A7) lei) (i
i=1 i=1 i=1

M
> _2Re(t) lei) (eil. (15)

i=1

If we consider the unitary U = ¢4 it will have a decomposition

M
Ua =Y e?R0) |g;) (ei]. (16)

i=1

The matrices A, H4 and U4 have the same eigenvectors with eigenvector |e;)
associated with eigenvalues A;, 2Re(;) and e2Re(hi) respectively.

If we can construct the unitary evolution U4, we can obtain the eigenvectors of
any A admitting a spectral decomposition, including all normal matrices. Finding an
efficient quantum gate sequence that realizes the exponential ¢/ /4 might be difficult.
This is a well-studied problem that appears in Hamiltonian simulation [26, 27] and in
the HHL quantum algorithm for linear systems of equations [28]. All the tricks used
there can be recycled in this variational method, including efficient approximation
for sparse matrices [29] or designing evolutions directly for the particular quantum
computer architecture in which the variational circuit is run [30].

5 Principal component analysis of unknown mixed states
The proposed variational method can be also extended to statistical mixtures, which

can appear, among other situations, after a pure state is subject to decoherence. Any
mixed state can be described by a density matrix

) A7)

o= nilvl)
J

with a variable number of terms m where the p; are the probabilities associated with
finding a pure state W j) and sum to one. This decomposition is not unique and the
states are not necessarily orthogonal. The density matrix p is still Hermitian and it
will have a spectral decomposition

N
p=Y Ajlyi) (Wil (18)
j=1

where N is the dimension of the state space and the |y;) are now orthogonal states.
For non-degenerate eigenvalues, this decomposition is unique.
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Fig.6 Quantum circuit for 0 J74 H
variational quantum principal 07 E @
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One important problem for mixed states is quantum principal component analysis
(QPCA): determining the leading terms in the spectral decomposition. The eigenvalues
of the Hermitian p are real and can be ordered from the largest to the smallest as
A1 > X2 > ... > Apn. The principal component is the eigenstate associated with the
largest eigenvalue which, in certain scenarios, gives a good approximation to the full
state. This mirrors classical principal component analysis methods [31], which have
applications in multiple fields, like in machine learning, where it is generally used as
a way to reduce the dimensionality of the data [32, 33].

The general QPCA problem is thought to be hard for classical computers. Lloyd,
Mohseni and Rebentrost showed that there is an efficient quantum algorithm for QPCA
as long as we can prepare multiple copies of a state with a density matrix AA" for
any given matrix A [34]. The proposed quantum method was later dequantized by
Tang who showed that if we assume there is an equivalent black box giving this state
preparation, there are classical methods which are only quadratically worse than the
quantum proposal (as opposed to the exponential quantum advantage in the case of
low rank matrices) [35].

The variational quantum algorithm proposed in the previous sections can also be
used to perform principal component analysis with the same caveats regarding state
preparation. We assume we are given multiple copies of a mixed state with density
matrix p. While for general tasks it might be hard mapping a classical matrix to a
state, the method can still be useful, for instance, to approximate the input of a noisy
channel within certain precision when the principal component does indeed give a
good estimation of the original input [36]. When compared to the QPCA algorithm
of [34], we just need the raw input states instead of using them to build the evolution
e'?, which makes the variational algorithm more suitable for current noisy quantum
computers. However, we are subject to the usual problems of variational methods: they
are heuristic and we have no guarantee of finding a solution, among other challenges.

We will use the circuit in Fig.6, which also admits a gate efficient realization
with a destructive SWAP test like the circuits in Figs.4 and 5. For an unknown input
mixed state p, we perform a series of SWAP tests comparing the input to the pure
state 0(9) = |w(9)) (1//(9)| generated from a ﬁxed input and a parametrized quantum
circuit controlled by the classical parameters 6. In the optimization phase, we will
tweak these classical parameters until the ansatz 0(5) maximizes the value of the
measured observable.

From Egs. (7) and (18), we see the expected value we approximate is

N
r (po (@) = (Zmp(é) [v7) mw@») =Y mlw@ ) 2. (19)

i=1
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The global maximum is achieved when the ansatz is the principal component (the
eigenstate |1) associated with the largest eigenvalue XA1). In that case the expected
value becomes A;. For any other trial state, with at least some part of the state
orthogonal to Y1) and A1 > Ay > A3 > --- > Apn:

w(po@) = LA @ P =2 @ W P=h O

In general, the final state found at the end of the algorithm will depend on the opti-
mization method and the input state. If we start close to a principal component the
objective function will find a local maximum with a trial state close to the desired
state. However, the search algorithm can also converge to local maxima that do not
correspond to a principal component. The global maximum will be more prominent
for mixed states with a strong principal component.

There are two important differences with respect to eigenvector estimation for
unitary and normal matrices. In those cases, we could know for sure the algorithm
had converged to a true eigenvector by checking the expected value, which should
converge to 1. Here, we cannot be sure we have found the principal component and
not converged to some local maximum (likely a second or third component, or a
superposition of the first components). However, we get additional information if we
did. In QPCA, it is useful finding both the state and the eigenvalue, which can be learnt
from the expected value. The value will tell us how important the principal component
is with respect to other terms and how well it can be used as a compact description of
the whole state. Larger values correspond to principal components that represent the
whole mixed state better.

Using multiobjective optimization, we can also search for successive components.
When the algorithm converges after k iterations, we obtain a set of parameters ékl that
give the estimated principal component |¢71) = |1//(§k1)). We can now alternate two
series of rounds for each iteration j in order to evaluate the parameters 5}2 defining
our trial state for the second component. First we can perform the usual comparison
of the ansatz with the input state p to estimate tr(po (512)). Then, we generate as input

states o (ékl) and o (512) and use a SWAP test to estimate the overlap tr(o (5,{1)0 (é?)) =
|(w(5kl)|W(672)) |2 We want two orthogonal states such that tr (o (5,{1)0(52)) = 0. Using

these two estlmated values, the classical parameters must be optlmlzed according to a
new objective function that the classical algorlthm will use to propose the vector 9

for the next iteration. Assuming we minimize f (9) during optimization, we can, for
instance, define an objective function

@) = 1/t(pa(0)) + Cl(¥ ©O)|y1) Q1)

with a weight constant C that penalizes the previously found principal component
and directs the search toward the next maximum eigenvalue in the decomposition of
p. This procedure can be repeated as many times as needed with additional terms to
search for the third, fourth and successive components, much like molecular search
for excited energy levels above the ground state in molecules [37].
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6 Optical implementation

The variational algorithms for eigenvectors and quantum principal component analysis
we have seen are not restricted to near-term universal quantum computers. They can
also be carried out in linear optical setups with certain restrictions.

We consider passive linear optical systems with input states that are a superposition
ofterms |nny - - - n,,) where we have n = Z;":l n; photons distributed into m orthog-
onal modes (like different paths or orthogonal polarizations). A linear optics system
acting on m modes can be described classically by its scattering matrix S which is
an m x m unitary matrix [38, 39]. The corresponding quantum evolution acting on
n photons can be computed from S as U = ¢y, »(S) using different known methods
[40—43]. The unitary U has a size M x M, with M = (”J”:*l). For one photon the
quantum evolution is exactly the scattering matrix S = U [44].

There are multiple constructive methods to map any desired unitary S into a physical
setup using only linear optical devices such as beamsplitters and phase shifters [45-50].
These implementations have a circuit size that grows quadratically with the number
of modes in the worst case and can generate any desired unitary S. There exist many
successful experimental realizations of configurable optical circuits with integrated
optics [51-57] that offer a linear optical system that can be controlled electronically.
These hybrid systems have configurable phase shifters and beamsplitters and give
quantum evolutions that depend on a few classical parameters. They can be designed
to provide any available scattering matrix for the size input, but there are also simpler
configurable circuits that can produce good enough ansdtze in variational quantum
algorithms [58].

These systems give an efficient way to realize the first half of the proposed quantum
circuits which has the parametrized unitaries that generate the trial states for eigenvec-
tor estimation and principal component analysis. For the second half which performs
the state comparison, we need to restrict our setups.

The SWAP test admits a simple experimental realization for two photons. We start
from two separate single photons in the same large Hilbert space. We just need to direct
the two photons encoding the states to the two inputs of a balanced beamsplitter. At the
output of the beamsplitter, we place two binary photodetectors (that click for one or
more photons and do nothing for the vacuum). In such a setup, we call a coincidence to
the simultaneous detection of one photon at each output port of the beamsplitter. For
two input single photon states described by density matrices p and o, the probability
of finding a coincidence at the output is [59]:

_ 1 —tr(po)

P ,
¢ 2

(22)

which is exactly the probability of failing a SWAP test. That way, optical measurements
at a beamsplitter can be used for state comparison [19].

Notice we need to encode the whole state from a large Hilbert space into a single
photon. There are many alternatives, like taking advantage of the high dimensional-
ity provided by orbital angular momentum [60-62]. A good option compatible with
current optical network technology is using a time-bin encoding for the orthogonal
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Fig. 7 Time bin encoding for optical qubits. The time location of an optical pulse can serve as a basis
for a qubit. With different amplitude combinations and relative phases between the optical pulses, we can
produce any desired qubit

modes. Figure7 shows different states of a qubit in time-bin encoding. The photon
wavefunction can be confined to two different time bins representing the |0) and |1)
qubits. If we use a common phase reference that is assigned to the pulses in the |0)
time bin, we can use amplitude modulators to distribute the probability amplitude in
the two time bins and phase modulators to introduce a relative phase with respect to
the reference. The result is an optical qubit in any state of choice. This approach has
been used, for instance, in quantum key distribution protocols over optical fiber [63,
64].

In the proposed variational algorithms, we need d-dimensional systems, or qudits,
which can be generated by dividing the photon into d time bins. With the current
technology, we can expect a reasonable coherence time of microseconds and amplitude
and phase modulators in the GHz range, which could produce systems with 1024 bins,
equivalent to 10 qubits. Existing modulators, beamsplitters and detectors could give
results comparable to what can be done in a quantum computer with 20 qubits. Each of
the two photons could also be distributed into multiple separate spatial modes, possibly
with added time-bin encoding. The measurement would need a balanced beamsplitter
for each pair of modes corresponding to the same position for each photon and one
detector at each of their outputs.

In all the variational algorithms proposed, both for finding eigenvectors and for
quantum principal component analysis, one of the subsystems would be one photon
directed to a parametrized linear optics multiport. The second system can either come
from a general optical quantum channel, which could produce a mixed state we want
to characterize, or a known optical transformation if we want to map a known matrix
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S into the optical system in order to find a compact description of its eigenvectors, as,
in this case with a single photon, U = S.

While the scalability of this approach is limited, it can be an interesting alternative
to full quantum computers in the near term, particularly in the cases where we need
a low noise implementation. Photons have long coherence times, relatively low noise
and do not need advanced cooling systems unlike many implementations of quantum
computers, especially those based on superconducting qubits. Optical systems have
their own problems like losses, synchronization or producing good approximations to
single photon states, but, for most of these problems, there are acceptable technical
solutions that have been used in quantum key distribution systems [65, 66].

7 Comparison to other variational quantum algorithms for
eigenvector determination

There exist various proposals for variational quantum algorithms that learn an eigen-
state of a Hamiltonian, a density matrix or a general matrix, each focusing on different
objectives. The main motivation of the algorithms put forward in this paper is to reduce
as much as possible the depth of final quantum circuit.

Noisy intermediate-scale quantum computers are the natural hardware to run the
quantum part of hybrid variational quantum algorithms. However, variational methods
are severely limited by the noise in each quantum gate.

A first strong limitation is that there is a bound to the maximum depth for which
variational algorithms give genuine quantum advantage [67]. Above a certain depth
threshold, which depends on the noise level, classical Monte Carlo techniques offer an
efficient simulation of the quantum variational method. Even if the results are correct
despite the noise, the problems that can be solved in this case can also be solved,
without all the specialized hardware, using a classical computer.

A second important limitation comes from the classical optimization phase. Noise
introduces barren plateaus in the optimization landscape [68]: the gradient vanishes
exponentially with the depth of the parametrized circuit generating the ansatz. This
makes classical optimization unfeasible. The search for a global minimum of the cost
function will get stuck at some sub-optimal parameters.

We can compare the proposed variational methods to previous algorithms in terms
of the depth of the circuits.

We have approximated the overlap (|1/f(5) DU (| (5) |) comparing two states
Uy ©)]) = UP()(|0)®" and (|¢(§)|) = P(H)(|0))®" using the SWAP test.
Hovzever, we can just take an initial all-zeroes state and make it evolve under
P @)UP®) [69]. If we project the resulting state to the |0)®" output, the statis-
tics for ﬁndigg all the output qubits in |0) are ] P*(Gq)UP(é) |0Y®" which is
exactly ([y (@) DU (|¥ ()]

This approach has advantages and disadvantages with respect to using the SWAP
test. The biggest advantage is that is only uses n qubits for 2" x 2" unitaries instead of
2n qubits and does not require any additional gates. In the proposed destructive SWAP
test the overhead of the SWAP test reduces to two gates per qubit pair, which is not
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so important. The qubit advantage is not trivial, though, particularly for intermediate-
scale applications where qubits are scarce. However, the additional circuit depth due
to including P(6) can be important, as the performance of variational algorithms can
degrade exponentially with the total circuit depth [68] and deep noisy circuits can
loose quantum advantage [67].

There are also other variational methods that assume a known Hamiltonian that can
be efficiently written in the Pauli basis [70, 71]. For eigenstates, the cost function

@ =(v@| |y @)~ (v@)| u |ly@) 3)

is equal to zero and can be used to tune the parameters in P(é). This only requires n
qubits for a Hamiltonian corresponding to a 2" x 2" matrix. The additional cost of
measuring the corresponding Pauli operators is small (at most a change of basis gate
on each qubit). This can be more efficient than the SWAP test eigenvector finder, but
it only works for known Hamiltonians which can be efficiently decomposed into Pauli
operators (in some encoding).

Notice that the SWAP test algorithms proposed in this paper would also work on
arbitrary unitaries U, even if we just have a description in terms of the quantum circuit
giving the evolution. We do not need to compute a closed form for the matrix U or
find the corresponding Hamiltonians.

The application of the SWAP test for variational quantum principal analysis works
on unknown input density matrices o and has the simplest circuit from all we have
seen in this paper. Two notable variational algorithms are given in [72, 73], both of
which follow the same philosophy of the method in Sect.5: after the procedure we
have a set of classical parameters that allow the reconstruction of the desired principal
component with a small error.

The algorithm for variational quantum state diagonalization in [ 72] takes two copies
of the unknown state per each quantum iteration. Both copies go through the same
parametrized diagonalization circuit P(é) and they are compared using variations of
the destructive SWAP test or inner product measurements. The cost function is chosen
so that, after successful optimization, P (5 )pP(0) is diagonal. Later, this diagonalizing
operation can be used to recover the eigenvalues and eigenvectors of p. The complexity
is essentially the same as the circuit in Fig. 6. The circuits have the same depth, but
the method needs two copies of the parametrized quantum circuit and the input state
instead of the one copy in Fig. 6.

The alternative variational quantum state eigensolver in [73] only requires one copy
of p and the parametrized circuit and, instead of the SWAP test approach, it only uses
n qubits (for states in a Hilbert space of dimension 2"). This algorithm produces the
same result as the method in [72] using a cost function C (5) = tr(P' (é)pP(é)H ) for
a given Hamiltonian H which can be adapted during training. This method is more
versatile and compact at the cost of adding a few gates to include the Hamiltonian in
the measurement.

In general, these two algorithms are more flexible than the method in Sect.5 and
they give a full solution to principal component analysis with a slightly higher gate
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cost. If the full spectrum is needed they can be more interesting, but they both require
more sophisticated processing and interpretation.

8 Strong and weak points, applications and outlook

Classically, finding the eigenvalues of a matrix is an efficient task. For unitary matrices,
the QR decomposition [74-76] gives a robust algorithm with efficient and stable
numerical software implementations in reference suites like the LAPACK library [77].
For an N x N matrix, the number of operations grows as O(N?), with alternative
algorithms with complexities between quadratic and cubic depending on special cases
[78-80]. This includes bisection methods that can search only for one or a limited
subset of eigenvectors instead of the whole spectrum at a smaller cost in terms of the
number of operations.

However, in a quantum setting, the size of the state space grows exponentially
in the number of qubits. For n qubits, this means that any algorithm that needs to
explicitly write down the N = 2" complex entries in a general eigenvector will suffer
from this growth. The variational quantum algorithms introduced in this paper return
a compressed version of the state so that we can produce the desired eigenstate on
demand. The classical parameters in 6 are a short list that contains all the information
we need to recreate the desired eigenvector using the parametrized circuit we chose for
the search. This native encoding into a quantum state allows for an efficient preparation
for future uses.

The algorithm for variational quantum principal component analysis can also be
useful for channel characterization, for instance, in the analysis of mixed states coming
from a quantum optical channel with decoherence or to study the decay of a quantum
state with time in a noisy quantum computer.

The main potential application for these methods is finding eigenvectors as a step-
ping stone for more complex routines. Take for instance the quantum phase estimation
algorithm of Kitaev [81] where a quantum computer can give efficient approximations
to an eigenvalue of a given unitary provided one of the inputs is the corresponding
eigenvector. The variational quantum eigenvector finder can be used in conjunction
with quantum phase estimation to obtain the full spectrum of any unitary U, including
all the eigenvalues.

The variational eigenvector finder also combines well with Abram and Lloyd’s
algorithm that gives an efficient approximation to the eigenvectors of a Hamiltonian
with arbitrary precision as long as it has a “good enough” initial guess state [82]. If
we can produce a state |¢;) that approximates the desired exact eigenstate |e;) and has
a non-negligible overlap |(¢; le;}|? with it, the eigenstate can be refined and taken as
close to the exact value as desired. This fits particularly well with the output of the
variational eigenvector finder. Even if the optimization does not converge to an exact
eigenvector, we can determine from P (0) — P (1) (the Z observable from the SWAP
test) whether the trial state is close or not to an eigenstate. Larger expected values
correspond to a greater overlap. With the correction from Abrams—Lloyd algorithm,
even poor ansdtze can give a clean eigenstate.
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Fig.8 Quantum circuit realizing

the Hadamard test |O> | H T H _/74

) 8 U £

While these are interesting applications, both require long circuits and use the quan-
tum Fourier transform which, for large systems, is still impractical due to accumulated
noise. A more realistic application in the short term would be optimizing algorithms
for noisy intermediate-scale quantum computers.

Take, for instance, the Hadamard test of Fig. 8, which appears in many proposals
for quantum machine learning [12, 83] and in the quantum algorithm for Jones poly-
nomials [84, 85]. This circuit is a simpler version of the quantum phase estimation
algorithm that still can give results that no classical system can.

A key element in that circuit is the controlled unitary cU which applies a unitary
U to the target when the control qubit is |1) and is the identity for a control qubit |0).
If we are given U as a black box, this task is impossible in the usual quantum circuit
model without describing the complete cU operator and decomposing it [86]. The total
number of gates in those decompositions can be large, introducing too much noise,
and there have been various attempts to give concise descriptions for particular cases
in order to reduce the depth of these circuits [§7-90]. In particular, if we can produce
an eigenstate of the evolution there are restricted efficient circuits for cU [81]. The
variational quantum eigenvector finder can be part of general methods to compute a
Hadamard test with a smaller total number of gates.

A preliminary simulation of the proposed quantum variational eigenvector finder
[91] shows that, for moderate sizes of U, the algorithm converges to valid eigenvectors
both for random input unitaries and for defective matrices with high degeneracy like
the quantum Fourier transform. As the size of the problem grows, the found state has a
smaller overlap with a true eigenstate. This is a common problem in variational quan-
tum algorithms. For an ideal algorithm, we can just use more complex parametrized
circuits to cover a larger part of the state space up to a point. However, in noisy execu-
tion, this approach can be counterproductive. In the simulations, even for the smallest
problems, noise introduces an appreciable deviation from true eigenstates.

On this account, the proposed algorithms share the drawbacks of most hybrid vari-
ational methods. First of all, we need a good ansatz. There are different proposals for
parametrized circuits that could be used. In any variational method, there is a tension
between expressivity and depth. Expressivity describes how much of the whole state
space can be reached from outputs of the parametrized circuit. Depth is given by the
number of consecutive elementary gates we need to build the circuit. We would like
to have expressive enough circuits that can generate an ansatz close to our target state
(the exact eigenvector we are searching for). However, highly expressive parametrized
circuits tend to have larger depths and the noise can build up to levels that make the
output unusable. Apart from that, in order to sample more of the space they need
more classical parameters. Optimizing a large set of parameters is less efficient and
the classical part of the algorithm can converge to suboptimal solutions. Among other
challenges, if we can represent very small changes, there can appear barren plateaus
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(the optimization algorithm gets stuck in a region of the state space with small changes
in the objective function but far from the real minimum) [92]. While this can limit
the usefulness of the method as the state space grows, there are methods to optimize
the parametric circuits so that the number of parameters is small but we are still able
produce states close to the target [93, 94]. The search for better parametrized circuits
and optimization methods is a vibrant area of research and most of the results for other
variational quantum algorithms are likely to be useful in the eigenvector algorithms.

One advantage with respect to other problems, like searching for the ground state
in molecular simulation, is that we do have a confirmation whether the algorithm has
succeeded or not. We might not converge to a true solution, but, when we do, the
expected value will be one.

In general, hybrid algorithms are an interesting solution to middle sized problems,
but have challenges scaling to really large state spaces. The classical optimization phase
becomes more involved with the number of parameters and we might not converge
to the optimal solution. Even in this case, if scalable full quantum computers become
available, the initial approximation the variational eigenvector finder gives can be used
to kickstart the Abrams—Lloyd algorithm [82].

Despite these limitations, the presented variational eigenvector finder and quantum
principal component analysis algorithms can become a useful addition to the toolbox
of quantum computation in the near future and they can be incorporated into practical,
more complex hybrid quantum-classical algorithms.
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