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Abstract

We present in this paper a class of feedback strategies that solve the steering prob-
lem for finite dimensional quantum systems. The control is designed to let a suitable
distance between the state and the target decrease. Sufficient conditions are given to
ensure convergence of this process.

1 Introduction

Recent theoretical and technical advances in the field of laser technology and microelec-
tronic devices have further motivated the study of coherent control of quantum-mechanical
systems [4, 9, 6]. In particular, the field of quantum computation [11] is very attracting from
a control theoretic point of view. Actually, the information (encoded in the so-called qubits)
is carried by the finite-dimensional complex state of the system and any logic operation is
performed by steering the state of the system to a specific target.

The difficulty of this task lies mainly in three facts. First of all, the mathematical theory
which is involved is not simple. Indeed, the model of the system, based on the well-known
Schrodinger equation, is nonlinear in the control. Moreover, the physical state of the system
does not live in an ordinary euclidean but in a projective complex space. States are equiv-
alence classes: we will deal with vectors which represents the state but not in a canonical
way, since they are not uniquely determined. More details about these facts are given in the
following section.

Second, classical control theory cannot be employed in the usual way because of the ‘col-
lapse of the wave function’ that occurs in the measurement process. Every measurable quan-
tity of a quantum system, called observable, is associated with an operator whose eigenvalues
are the possible outcomes of the measure. The state, that evolves continuously following the
Schrodinger equation, contains only information on the a priori probability on the possible
outcomes of every measurement. According to the orthodox interpretation of quantum me-
chanics, when the value of some measure is known, the state of the system becomes equal to
the eigenvector corresponding to the measured eigenvalue (it ‘collapses’ on the eigenspace).
Therefore the role of feedback, which is fundamental for control purposes, has to be con-



sidered with much more attention, since the observation process modifies the state of the
system.

In the end, every quantum object tends to interact with its surroundings. This phenomenon
is called ‘entanglement’ and is the basis of many quantum computing algorithms, when it
affects the mutual interaction between different systems (each giving rise to one qubit). On
the other hand, when the system interacts with the ambient, it loses the information it con-
tains and becomes, in some sense, a classical object. This process, called decoherence, occurs
after an amount of time that depends on the system. Many methods have been proposed to
maintain coherence of a qubit [14] but this cannot be done during the transformation that
performs a logic operation. Therefore the control of the system has to be done within a
critical time. Note that the increase of energy, which would permit a quicker steering of the
state, is dangerous too, since it could affect not only the state of the designed system, but
also of other systems in its neighborhood, i.e. it could change the value of other qubits.

In this paper we present a strategy for state steering that is based on a feedback, in general
not linear, from the state. The feedback is constructed in order to cause the distance between
the state and the target to decrease. Even if the implementation of continuous feedback is
not an impossible task (see, e.g. [7, 8, 12]), we will not be concerned with practical issues.
Instead, the presented control strategy permits to compute a control that can be employed
successively in open loop. Note that a discrete feedback scheme could be developed as is
explained in [13]: intermediate suitable measures could be done to let the state collapse to
the value predicted by the off-line simulation.

As regards the optimality of the proposed methodology, it has to be further investigated,
since it highly depends on the exact form of the feedback, that is here only supposed to
belong to a vast class of functions.

Before we enter the details about the control strategy and show sufficient conditions for
its convergence, we need to recall some necessary notations and concepts from quantum
mechanics and to give a more precise meaning to the notion of distance between states. This
is done in the following two sections.

2 Finite dimensional quantum systems

Even if usually only one vector is taken to represent it, the state of a quantum system is
associated with a ray of vectors, i.e. with a one dimensional vector subspace, of a complex
Hilbert space H. Therefore we will talk of (physical) states and of state vector.

We are going to use the Dirac’s notation. A state vector is called ‘ket’ and written |¢)) € H
while a vector in the dual space is called ‘bra’ and written (| € H* (note that H ~ H*).
With this notation, the Schrodinger equation, governing the evolution of the state vector |)
is

ihly) = H|p), (2.1)



where A is the Planck constant and H : H — H is an Hamiltonian operator, i.e. an operator
such that H = H*. Therefore its eigenvalues are real valued. In the following, the system is
scaled in such a way that A = 1.

It is easy to see that if [)(t)) satisfies equation (2.1), also |¢)(t)) = €®|(t)) does. The
Schrodinger equation is therefore invariant with respect to a change of phase. Nevertheless,
when 6 is a complex valued function of time, [¢)(t)), though representing the same state as
|1(%)), is not anymore a solution of (2.1). To solve this problem two ways are possible. The
most correct one is based on complex projective geometry [2, 3]: in this context it is also
possible to give a projective formulation of equation (2.1). However, the formalism is rather
difficult. We may therefore follow an easier approach: we choose a state vector |1 (t)) with
unitary norm, i.e. assume that (¢(t)]1(¢)) = 1, and require that all the results we derive are
independent of the phase.

We are going to treat only the finite dimensional case, i.e. H is a finite dimensional complex
Hilbert space, thus isomorphic to C" for some n. We will identify operators with (hermitian)
matrices and vectors in H with vectors in C". Therefore (| is the conjugate transpose of
|1} so that (1]1s) is the standard inner product in C", that gives rise to the euclidean norm
eI = /T,

As we said, each operator H represents a quantity that can be measured, and every
measured value A has to be one of the eigenvalues of H. The role of the state is to give
the probability of the outcomes. Without entering too much into the details, if the state
collapses from |¢) into [¢') after a measure , the a priori probability of this event is given
by (4/|0) .

This process causes the so-called collapse: after the measurement, the state [¢)) assumes
the value of its projection onto the eigenspace associated with \.

3 Distance between states

Our aim is to let the system reach a final state |¢oy). To do this we construct a suitable
state feedback, that can ensure the asymptotic stability of the closed loop control system by
letting the distance between the actual and the final state decrease.

The distance between two states should be computed using formulas from complex projec-
tive geometry [3]. However, it can be proved [1] that the Fubini-Study distance dgg, which
is the distance measured along the geodesic connecting the states represented by |¢;) and
|1h2), can be computed by the equation

cos dps([1h1), |1h2)) = 2| (b1 ]eha) | — 1.

Note that the value |{11[1)5)|* is the probability to collapse from state [1;) into |1)s) after a
measurement and therefore called transition probability.

There are other notions of distance that, as is shown in [15], depend in various ways on
the transition probability. The most intuitive one, since it is the euclidean distance of two
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equivalence classes, is the Bures distance

dBures(|11), [102)) = main [ ]21) — ei9|¢2> |-

It is not difficult to check that d3,.(|t1), |12)) = 2(1 — [{¥1|1he)]).

However, our choice is based on the so-called Hilbert-Schmidt (or, equivalently, on the
trace) distance, since it permits easier calculations. In particular we are going to study the
function

V(1)) = s (99, 1) = 3 Bmea(0),107)) = 1= 10418 (32)

which will be used as a Lyapunov function to prove stability.

4 Model and feedback control strategy

The model of the system we are concerned with is a particular form of the rescaled Schrodinger
equation:

i) = HOW(t), H(t) = Ho+ H(t), He(t) =Y Hu(t), (4.3)

where Hj is the unperturbed Hamiltonian and H.(t) is the interaction Hamiltonian. The
latter represents the effect of the control on the system. Each scalar control w,;(t) acts on
the system in the way specified by the hermitian matrix H;.

The problem we wish to solve is then the following: given an initial state of the system
|10), find controls in feedback form w;(|1))) that move the state to a desired final state [i)y).
Before we go on, we state two important assumptions about the final state |if).

H1 The final state is an eigenstate of the unperturbed system, i.e.
Holths) = Aolty). (4.4)
H2 The final state is not an eigenvalue of all the operators Hj, i.e.

dl e {1, . ,T} such that Hl|77/)f> #+ /\|¢f> VA eR.

Remark 4.1. These are not technical hypotheses: condition (4.4) of H1 ensures that once
the final state is reached, no control is necessary to keep the system in that state. Indeed,
if [¢f) is an eigenvector of Hy, the solution of equation (4.3) with no controls and starting

from |1py) is
il (t)y = H(O)[b(1) = Holp(t)) = (1)) = e ! ypr) = e yp),

and therefore, even if the state vector |i(t)) is not stationary, the physical state is and
coincides with the state [1y).



As for hypothesis H2, note that any notion of distance between two states always depends
on the modulus of their inner product. If the final state were an eigenvector of H; for any
[=0,...,r with eigenvalue \;, then we would have

iW{gl(6)) = (e[ HD (1)) = <)\0 +> /\zm(t)> (Wrlp(8)) = u(t)(Wplo(t)),  (45)
=1

where we introduced the real-valued function u(t) just to simplify the notation. Consider now

that the derivative of [{(V¢|(t))|* is

% (sl )P = W) (Wl (1) + (W))Wl (t)) = 2Re[(W(0)[0r) (el (1)), (4.6)

and so, by replacing the result found in (4.5), we obtain that we would have

d ,
(sl ()* = 2Re[—iu() (¢ (1))[*] = 0.
In other words, if hypothesis H2 were not satisfied, we could never bring | (t)) near to [1)y).
The control strategy that we propose is explained by the following statement.

Proposition 4.1. Suppose that the initial state |1o) is not orthogonal to the final state |1y),
i.e. that

(slho) # 0. (4.7)
Then with the state feedback control
Uz(|@/’>) :gl(Im[<w|¢f><¢f|Hl|¢>])v Vi=1,...,r, (48>

where g;(x) are functions such that ¢;(0) = 0 and x — xg,(z) is positive definite for x € R,
the closed loop system is stable.

Proof. Consider the Lyapunov function V defined in (3.2). It is clear that it is positive
definite, being zero only when |¢)) and |¢);) are the same physical state. Let us compute its
derivative V(t) along the trajectory imposed by (4.3). We can employ equation (4.6) and,
since Reix = — Im x, obtain that

V(1) = s = 2 Rel(w(0) )i B (1)
— —2Tm[{(8) o) {aby | Hol ()] 2§ul<1w<t»> {4 (8) |t 5) | El (1))
where, by hypothesis (4.4), (6(8)|t7) (6| Holu(1)) = Aol (4514(£))? € R and therefore
- —2;gl<1m[<w<t>|wf><wferw<t>>]> Inf{ (O (e Bl @) <0, (49)

with the proposed feedback law (4.8). Therefore, being V(t) negative semidefinite, the
system is stable. O]



As we required before, the control strategy is independent of the phase of both [¢) and
|9¢). Actually, if for instance we alter the phase of |¢) by A, then

(SO |p) ([ Hile (1)) = e (0 [y)e™ (s | il (£)) = (b ()b ) (sl il (1))

Moreover, note that when |¢)) and |i);) represent the same physical state (the target has
been reached), the feedback controls are u;(|1))) = 0 since in (4.8) the argument of Im is a
real number.

Remark 4.2. Note that if (¢|1(ty)) # 0 and the feedback laws (4.8) are applied, then

(Prl(t)) # 0 for every t > to. (4.10)

Indeed, this is a consequence of the fact that, with V' the Lyapunov function (8.2), by the
proof of Proposition 4.1, L[ (1|1 (t))|* = —V(t) > 0.

The fact that condition (4.10) holds, permits to construct other feedback laws. For exam-
ple, definitions

w([9) = gu(Ime™ W1 (s Hy ), (4.11)

work as well, since Z(1¢|1)) (i.e. the phase of (¢|1)))is always defined. If an arbitrary value
is assigned to Z0 (e.g. Z0 = 0), then it could be possible to start from a state orthogonal
to the final one. Indeed, depending on the values of (¢)¢|H;|1), one or more controls could
be activated. (To be sure that at least one control is different from zero more conditions are
needed, as in Theorem 4.1).

It is interesting to point out that the state feedbacks (4.11) can be obtained by direct
computation, as in the proof of Proposition 4.1, by choosing a different Lyapunov function
V(]1)) based on the Fubini-Study or on the Bures distances, defined in Section 3.

To overcome the problems given by an initial state such that (¢¢|¢)) = 0, one possibility
would be to make a measure of a suitable quantity. This would change (and at the same
time furnish) the state of the system. Then the feedback control could be used.

However, the proposed control laws may not provide a closed loop system which is con-
vergent to |¢);) but one that may remain on some stationary orbit instead of reaching the
desired final state.

A sufficient condition for this controllability question is given by the following theorem.

Theorem 4.1. Consider the conditions:

{ (t¢|[Ho, Hi]|th) =0

4.12
(rINI — Hi|Y) =0 for some N, € R, (4.12)

where [A, Bl = AB — BA are the commutator brackets. Suppose that there is no state vector
|¥) that satisfies the above conditions ¥l =1,... 1 and

Wrl) # 0, [l # 1.

Then, under the hypotheses of Proposition 4.1, the feedback control strategy (4.8) is also
convergent.



Proof. To prove convergence of [1(t)) to |¢)f), i.e., asymptotic stability, we use the Krasovskii
criterion with the same Lyapunov function V' introduced in Proposition 4.1. In other words
we aim to show that the set V of states such that ¥V = 0 does not contain trajectories of the
system, with the exception of the trajectories corresponding to the final state |¢)f).

First of all, note that by equation (4.9) and by the definition of functions g; given in the
statement of Proposition 4.1, for all the state vectors [i)) € V the feedback is u;(|¢))) = 0.
So, if we suppose that there exists a trajectory of the system (4.3) entirely contained in V,
then it must satisfy the following Schrodinger equation

[(t)) = —iHold(t)). (4.13)

Now we characterize V. Again by equation (4.9), we know that V = 0 if and only if the
state [1(t)) satisfies the following system of equations in |1))

(¢ [p) (¢ Hilg)] =0, VI=1,....r.

Notice that Ima*b = 0 if and only if there exist two real numbers n and v, not both zero,
such that na = vb. Moreover, if a # 0, necessarily v # 0 and therefore we get the equivalent
condition Aa = b, for some \ € R.

This is exactly the case, since (¢f|t)) # 0 for any value [¢) of the state, by Remark 4.2.
Therefore |1)) belongs to V if and only if it satisfies the system of r equations A (¢¢|Y) =

(Ve Hi[¥) =0, ie.,
) €V < Vi=1,...,r I\ such that (¢ NI — H|¢)) = 0.
We only need to analyze one single equation F'(\, [¢)) = 0, where
F:RxC"—C, (A ) = (g |\ — H[¢),

and the index [ is not determined for now, but will be fixed later. Before giving the details,
we briefly explain this fact.

By considering also the equation A = 0, we extend equation (4.13) to define a dynamical
system on the manyfold M = R x C™. This dynamical system is associated with the vector
field

XA [9)) = (0, —iHo[)) (4.14)

(see [10] for the notions of differential geometry that are used). The projection m(\,|¥)) =
|4)) permits to go back to the original system. In particular, V = w(F~1(0)).

Suppose that we are able to show that, for some I, F~1(0) is a submanyfold of M. Hence
it admits a tangent space at the point (A, [¥)) € F~1(0). So, if it does not contain the
tangent vector X (A, [¢)), it follows that the integral curve of X through p is not contained
in F71(0), i.e., that the trajectory of system (4.13) is not contained in V.
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For F~1(0) to be a submanifold of M it suffices to prove that the differential of F at
(A, |1)) is surjective for every (A, |¢)) € F~1(0). Indeed,

d d
dF ey (1, |0) = EF(A + s, [1h) +slo))| = %(@/}ﬂ(/\ + su)I — Hi|Yp + so)
s=0 s=0
= (I N — Hi|®) + p{ts|1). (4.15)

Let us fix the index [, which exists by hypothesis H2, such that A\I — H|y;) # 0 for every
A € R. This choice clearly permits to conclude that (4.15) is surjective.

The tangent space at (A, [¢)) € F~1(0) is equal to ker dF{y jy)). Hence, we have to check if
dF ey (X (A, [¥))) = 0. This, by (4.15) and (4.14), is equivalent to

dE ) (X (A, [1))) = dE () (0, —iHolp)) = —i{e¢|(M — Hy)Holyp) = 0. (4.16)

Note, finally, that since F'(A, |1))) = 0 we have

(V| AHolv) = XoA(hs|tb) = Xo(y[Hilh) = (os|HoHil9)),

where we also used relation (4.4) of hypothesis H1. Condition (4.16) becomes then

(WA = Hi)Holvb) = ([ HoHy — HiHol)) = (¢y|[Ho, Hil[)) = 0.

The theorem is proved since, by hypothesis, this equation does not admit non-trivial solu-
tions. 0

5 The two-level spin system — an example

In this section we show that the standard model of a two-level spin system allows to perform
a simple logic operation with one single feedback control.

A two-level spin system, e.g. the spin of an electron, is the simplest finite dimensional
quantum system. The spin is a quantity that can be measured along every direction and the
result is +s for some constant s. In this paper, we let s = 1 for the sake of simplicity. Once
we consider one direction, which traditionally is the z axis, the two eigenvectors associated
with the eigenvalues —1 and 1 are simply denoted by |0) and |1). This shows that the spin
system furnishes a ‘quantum hardware’ that can handle one bit of information, i.e., it is a
qubit.

To be more detailed, consider the following set of matrices

0_01 0_0—z' 0_10
110 Yol =0 —1|”

which satisfy the relations 032- =1,j =9,z and 0,0,0, = il. Their linear combinations,
with real coefficients, generate the whole set of matrices with eigenvalues +1, i.e., of spin
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operators. In particular, it can be proved that, given any versor a = [am Qy az], the
operator o, = > ;@;0; is the spin operator along the direction a. Note also that the set
{I,0,,0,,0.} generates every hermitian operator.

With this choice, the states of the qubit are

-} - ]

The model usually employed defines Hy = o, thus ensuring that the states of the qubit
|0) and |1), (which coincide with the eigenvectors of Hy) are stable with no control. Then
one control acts by means of the matrix H; = 0,,. To perform a NOT, the simplest logic op-
eration, we have to steer the state from |¢)g) = |1) to |¢)) = |0) (the opposite transformation
is symmetrical).

By Theorem 4.1, we have convergence. Indeed, note that

(Hy, Hy] = 0,0, — 0,0, = —2i0,.

Since o, is exactly the operator that performs the NOT operation, o,|¢;) = 0,|0) = |1).
Therefore the first of conditions (4.12) can be written as

(¢l [Ho, Hi]l) =0« (Olow|) =0 < (1[¢) =0 & ) =[0) = [¢y),

and admits only the trivial solution.
It is not difficult to show that the simple open loop bang-bang control presented, for
instance, in [5] can be achieved by the feedback control (4.8) where

1 x>0
g1(x) =sign(z) =< 0 r=0.
-1 <0
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