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RESUME :

Nous considérons un probléme de contréle optimal décrivant un transfert de population induit par laser sur un systéme
quantique a n niveaux.

Pour un co(t convexe ne dépendant que des modules des contrdles (i.e des intensités des lasers), nous prouvons qu’il existe
toujours un minimiseur résonnant. Ceci permet de justifier des stratégies utilisées en Physique expérimentale. C’est aussi
trés important car cela permet de réduire de facon remarquable la complexité du probléme (et étend certains de nos résultats
précédents pour n=2 et n=3) : au lieu de chercher des minimiseurs sur la sphére de dimension 2n+1, on se raméne a chercher des
minimiseurs sur la sphére de dimension n-1.

De plus, pour le probleme réduit (dimension n-1), on étudie I’existence d’anormales strictes minimisantes.

MOTS CLES :
Controle de systemes quantiques, controle optimal, geometrie sous-riemannienne, resonance, principe du maximum de Pon-
tryagin, extremales anormales

ABSTRACT:
We consider an optimal control problem describing a
laser-induced population transfer on a n-level quantum system.
For a convex cost depending only on the moduli
of controls (i.e. the lasers intensities),
we prove that there always exists a minimizer in
resonance. This permits to justify
some strategies used in experimental physics. It is also quite important because it permits to reduce remarkably
the complexity of the problem (and extend some of our previous results for n=2 and n=3): instead of looking for minimizers
on the (2n-1)-dimensional sphere, one is reduced to look just for minimizers on the sphere (n-1)-dimensional sphere.
Moreover, for the reduced problem, we investigate on the question of existence of strict abnormal minimizer.

KEY WORDS :
Control of Quantum Systems, Optimal Control, Sub-Riemannian Geometry, Resonance, Pontryagin Maximum Principle,
Abnormal Extremals, Rotating Wave Approximation
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Abstract We consider an optimal control problem describing a laser-induced population transfer
on a n-level quantum system.

For a convex cost depending only on the moduli of controls (i.e. the lasers intensities), we prove
that there always exists a minimizer in resonance. This permits to justify some strategies used
in experimental physics. It is also quite important because it permits to reduce remarkably the
complexity of the problem (and extend some of our previous results for n = 2 and n = 3): instead
of looking for minimizers on the sphere $??~! C C™ one is reduced to look just for minimizers on
the sphere S~ ! C R".

Moreover, for the reduced problem, we investigate on the question of existence of strict abnormal
minimizer.

Keywords: Control of Quantum Systems, Optimal Control, Sub-Riemannian Geometry, Resonance, Pon-
tryagin Maximum Principle, Abnormal Extremals, Rotating Wave Approximation.

1 Introduction

The problem of designing an efficient transfer of population between different atomic or molecular levels is
crucial in many atomic-physics projects [17, 26, 20, 35, 6]. Often excitation or ionization is accomplished by
using a sequence of laser pulses to drive transitions from each state to the next state. The transfer should be as
efficient as possible in order to minimize the effects of relaxation or decoherence that are always present. In the
recent past years, people started to approach the design of laser pulses by using Geometric Control Techniques
(see for instance [3, 16, 32, 24, 25, 33]). Finite dimensional closed quantum systems are in fact left invariant
control systems on SU(n), or on the corresponding Hilbert sphere S?"~! C C", where n is the number of
atomic or molecular levels. For these kinds of systems very powerful techniques were developed both for what
concerns controllability [4, 18, 22, 23, 34] and optimal control [1, 21].

The most important and powerful tool for the study of optimal trajectories is the well known Pontryagin
Maximum Principle (in the following PMP, see for instance [1, 21, 31]). It is a first order necessary condition for
optimality and generalizes the Weierstrafl conditions of Calculus of Variations to problems with non-holonomic
constraints. For each optimal trajectory, the PMP provides a lift to the cotangent bundle that is a solution to
a suitable pseudo-Hamiltonian system.

Anyway, giving a complete solution to an optimization problem (that for us means to give an optimal
synthesis, see for instance [7, 9, 14, 15, 30]) remains extremely difficult for several reasons. First one is
faced with the problem of integrating a Hamiltonian system (that generically is not integrable excepted for
very special costs). Second one should manage with “non Hamiltonian solutions” of the PMP, the so called
abnormal extremals. Finally, even if one is able to find all the solutions of the PMP it remains the problem
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of selecting among them the optimal trajectories. For these reasons, usually, one can hope to find a complete
solution of an optimal control problem in low dimension only.

This paper is the continuation of a series of papers on optimal control of finite dimensional quantum systems
[10, 11]. The main purpose is to show that for a certain class of quantum systems (that contains systems useful
for applications) one can reduce remarkably the complexity of the problem. More precisely we prove that for
a convex cost depending only on the moduli of controls (e.g. amplitude of the lasers):

e there always exists a minimizer in resonance that connects a source and a target defined by conditions
on the moduli of the components of the wave function (e.g. two eigenstates, see Theorem 1). Roughly
speaking to be in resonance means to use lasers oscillating with a frequency equal to the difference
of energy between the levels that the laser is coupling. As a consequence one gets a reduction of the
dimension of the problem from 2n — 1 to n — 1 (n being the number of energy levels), see Corollary 1.
From a physical point of view this means that one is reduced to look just for the amplitudes of the lasers;

e for the reduced system in dimension n — 1, we prove that close to any time t of the domain of a given
minimizer, there exists an interval of time where the minimizer is not strictly abnormal (see Theorem
3). This result is a first step in trying to prove the conjecture that for the reduced problem there are no
strictly abnormal minimizer.

This extends some of our previous results (see [10, 11]).

Here we are considering a class of systems on which it is possible to eliminate the so called drift term.
This includes n-level quantum systems in the rotating wave function approximation (RWA) and in which each
laser couples only close levels. For this kind of systems our reduction is crucial to give a complete solution
for systems with n = 3 for several costs interesting for applications. Moreover it gives some hope to find the
time optimal synthesis for systems with four levels and bounded lasers. Finally it is of great help in finding
numerical solutions to problems with n > 4.

The paper is organized as follows. In Section 1.1 we introduce the physical model. In order to characterize
controllability, in Section 1.2 we associate a topological graph to the system in a unique way. In Section 1.3
we formulate the optimal control problem, while in Section 1.4 we discuss the costs that are interesting for
applications. In Section 1.5 we introduce some key definitions and we state our main questions.

Section 2 is devoted to recall how to eliminate the drift term from the control system, by means of a unitary
time-dependent change of coordinates plus a unitary change of controls (interaction picture). This permits to
write the system in “distributional” form.

Our main results are stated in Section 3 (see Theorems 1, 3). Beside stating that there are always minimizers
in resonance and studying strictly abnormal minimizers for the reduced problem, we investigate also the question
if every minimizer is in resonance (see Theorem 2). More precisely, we state that, under the assumption that the
cost function is strictly increasing with respect to the moduli of the controls, every minimizer is weakly-resonant
in a suitable sense.

In Section 4 we prove the main results about resonance. To investigate resonance, the key point is to
identify the components of the controls responsible of the evolution of the moduli of the components of the
wave function. The difficulty comes from the fact that, when a coordinate is zero, the dimension of the
“distribution” may fall. This obliges to divide the domain of a minimizer in suitable sub-domains (see Section
1.5.1). In the first part of Section 4 we prove our main results, while in Section 4.1 we give an alternative
geometrical interpretation. In Section 4.2 we investigate the question if it is possible to join every couple of
points in $2"~! C C* by a resonant minimizer. In Section 4.3 we give an example of a minimizer (for a non
strictly increasing cost) which is not weakly-resonant and we propose an open question.

The most technical part is Section 5 where we investigate about strictly abnormal minimizers for the reduced
problem on the sphere S"~! C R™. For trajectories whose coordinates are never zero, our results are just a
consequence of the fact that the dimension of the distribution is the same as the dimension of the state space.
But again the difficulty is coming from the fall of the dimension when some coordinates are zero.

1.1 The Model

In this paper we consider closed finite dimensional quantum systems in the rotating wave function approximation
(RWA). More precisely we consider systems whose dynamics is governed by the time dependent Schrédinger



equation (in a system of units such that & = 1):

() = @10y ¥n()) : R=C 32 i = 1,
where it holds:

(H1) D = diag(En, ..., En) and V () is an Hermitian matrix (V'(¢);x = V(t); ;), measurable as function of ¢,
whose elements V' (t); 1 are either identically zero or controls.

Here (*) indicates the complex conjugation involution. Ej, ..., E, are the energy levels of the quantum system
and the controls Vj x(.), that we assume to be C-valued measurable functions, are different from zero only in a
fixed interval [0,T]. They are connected to the physical parameters by V; x(t) = pjxFjk(t)/2, j,k =1,...,n,
with Fj the external pulsed fields (the lasers) and p;x = pr,; > 0 the couplings (intrinsic to the quantum
system). In the following we say that two levels E;,E}, are coupled if Vjj is a control (and not zero). Moreover

if all the couplings p; , are equal to a constant p (that we normalize to 1) we say that the system is isotropic.
Otherwise we say that the system is non-isotropic.

Remark 1 The term D = diag(E1, ..., E,) in equation (1) is called drift and it will be eliminated in Section
2, thanks to the fact that we are in the rotating wave approximation and that each control couples only two
levels.

Remark 2 This finite-dimensional problem can be thought as the reduction of an infinite-dimensional problem
in the following way. We start with a Hamiltonian which is the sum of a “drift-term” D, plus a time dependent
potential V() (the control term, i.e. the lasers). The drift term is assumed to be diagonal, with eigenvalues
(energy levels) ... > E3 > Es > E;. Then in this spectral resolution of D, we assume the control term V' (t) to
couple only a finite number of energy levels by pairs. Let {E;};cr (I finite) be the set of coupled levels. The
projected problem in the eigenspaces corresponding to {E;};er is completely decoupled and it is described by

(1), (HL).

The function 1 : [0,T] — S?"~1 C C" solution of the Schrédinger equation (1) is called the wave function.
The physical meaning of its components ;(¢) is the following. For time ¢t < 0 and ¢ > T (where the controls
are zero), |;(t)|? is the probability of measuring energy E;. Notice that, in the intervals of time where V is
identically zero, we have:

%m(t)ﬁ =0, j=1,.n.
In the following a state for which we have [1);(t)| = 1 for some j will be called an eigenstate.
Remark 3 This model is physically reasonable in the case in which:
e the number of energy levels is not too big, and they are distinct by pairs;
e there are not too many couplings between the energy levels.

The most interesting case is perhaps the one in which only close levels are coupled. In this case V' has non null
coefficients Vj only on the second diagonals (for j and k such that |j — k| = 1) and the Hamiltonian reads:

Ei  Vip(t) 0 T 0
Vi)  Ea  Vas(t) :
He) = 0o e 0 : (2)
. E,_ Va—1,n(t)
0 . 0 Via.(t)  Ea

In the rest of the paper, we will refer to this model as to the most important example.




1.2 Controllability and Representation of the System with a Graph

To each system of the form (1), (H1) one can associate a topological graph (i.e. a set of points and a set of edges
connecting the points) in a very natural way. The points are associated to the energy levels E; (j = 1,...,n)
and two points Ej;, E} are connected by an edge iff the element Vj  is a control. This makes sense also if all
the energy levels are zero (it happens after elimination of the drift, see Section 2).

Lifting the problem for the operator of temporal evolution (i.e. on U(n)) and with standard arguments of
controllability on compact Lie groups and corresponding homogeneous spaces, one gets the following (see the
recent survey [34] or the papers [4, 10, 11, 13, 18, 22, 23)):

Proposition 1 The control system (1), under the assumption (H1) is completely controllable from any initial
to any final condition if and only if the corresponding graph is connected.

In the following we deal with optimal control problems and we assume existence of minimizers for every couple
of points. Hence we assume:

(H2) The graph associated with the control system (1),(H1) is connected.

If (H2) does not hold, then all the results of the paper are true for the restricted systems associated to the
connected parts of the Graph.

Remark 4 Notice that to guarantee controllability it is necessary (but not sufficient) to have at least n — 1
controls Vj  (with j < k).

1.3 The Optimal Control Problem

In this paper, we are faced with the problem of finding optimal trajectories for a convex cost depending only on
the moduli of controls between a source and a target defined by conditions on the moduli of the components
of the wave function. These are the most common situations in physics since the squares of moduli of the
components of the wave function represent the probabilities of measures. More precisely our problem is the
following:

Problem (P) Consider the control system (1),(H1),(H2) and assume that for time t = O the state of the
system is described by a wave function 1)(0) whose components satisfy (|11(0)|?, ..., [n(0)|?) € Sin, where Si,
is a subset of the set:

& = {(ay,...,a,) € (R")": Zai =1} (3)

We want to determine suitable controls V;y(.), j,k = 1,...,n, defined on an interval [0,T], such that for time
t = T, the system is described by the wave function Y(T) satisfying (|1(T)|?, ..., |¥n(T)|?) € Sfin, where
Stin C &, requiring that these controls minimize a cost that depends only on the moduli of controls:

T
| roo) ()
0
Remark 5 Typical sources and targets are eigenstates. For instance if the source and the target are respectively
the eigenstates 1 and n, we have S;, = (1,0, ...,0), Sfin = (0,0, ..., 1).
In the following to guarantee the existence of minimizers we assume:

(H3) The function f° (that depends only on the moduli of controls) is convex. S;, and Sy;, are closed
subset of &. Moreover the moduli of controls are bounded: there exist constants M;; > 0 such that
|Vjk(t)] < Mj g, for every t € [0, T].

Remark 6 In the problem (P), the final time can be fixed or free depending on the problem and on the explicit
form of fO (see below).



Remark 7 Notice that if f© is convex and depends only on the moduli of controls then it is an increasing
function (as function of the moduli of controls). Hypotheses (H3) could be relaxed, in particular if we do not
require existence of minimizers for each couple of points, it is not always necessary to assume that controls
are bounded or that f° is convex. Moreover the hypotheses of boundedness of controls could be changed with
suitable hypotheses of growing of f° at infinity. Anyway these investigations are not the purpose of the paper.
The costs on which we are interested are those described in the next Section, that are convex (some of them
strictly). Moreover the corresponding minimization problems are always equivalent to minimization problems
with bounded controls.

In the following if V'(.) is a function satisfying (H1), (H2), (H3), and ¢(.) the corresponding absolutely contin-
uous trajectory we say that the couple (¢(.),V (.)) is an admissible pair.

1.4 The interesting costs

In this paper, we consider only costs that depend on the moduli of controls, since these are the interesting costs
from a physical point of view, like those described in the following.

Energy

/f"dt o= Z—mlz (5)

_7<k

This cost is proportional to the energy of the laser pulses. After elimination of the drift (see Section 2), the
problem (P), with this cost is a sub-Riemannian problem or a singular-Riemannian problem depending on the
number of controls (see (H1)) and was studied in [10, 11], in the isotropic case (ujr = w), for n = 2,3 and
in the case in which the Hamiltonian is given by (2). For sub-Riemannian and singular-Riemannian geometry
see for instance [5, 19, 27]. y For this cost the final time must be fixed otherwise there are not solutions to
the minimization problem. We recall that a minimizer for this cost is parametrized with constant velocity
(X <k m |VJ «|? = const) and it is also a minimizer for the sub-Riemannian length:

/f“dt 1=\ [5 Visk (6)

]<k k

This cost (6) is invariant by re-parametrization, hence the final time T' can be equivalently fixed or free. For
the costs (5),(6) the controls are assumed to be unbounded. Anyway if the final time T is fixed in such a way
the minimizer is parametrized by arc-length (3, —2—|V7k|2 = 1), then minimizing the cost (5) is equivalent

to minimize time with moduli of controls constramed in the closed set:
1 2
> Vx> <1 (7)
i<k "Ik

In the isotropic case pjr = p = 1 the energy and the length are called respectively isotropic-energy and
isotropic-length. They read:

/f“dt =3 Wil (8)

i<k

T
/f"dt, =[S Wik
0

<k

9)

and the set (7) becomes a closed ball. In the non-isotropic case we call (5) and (6) respectively non-isotropic-energy
and non-isotropic-length.




Isotropic and Non-isotropic Area

/ foat, f°= Z —|V k|,  (isotropic case p; = p=1) (10)

J<k

T . .
These costs are proportional to the area of the laser pulses fo > i<k [Fjk(t)| dt. They are invariant by
re-parametrization. Minimizing these costs is equivalent to minimize time with the following constraint on

controls: .
> Vil < 1.
i<k Tk
Time with Bounded Controls
If we want to minimize time having a bound on the maximal amplitudes of the lasers, |F; | < vjr (j < k)
then we get the bounds on Vj x: |V k| < pjrvjk/2. With the change of notation pj kv k/2 — pjr we get:

[Vikl < jk- (11)

In this case we have fO = 1. Now the isotropic case ujx = g = 1 corresponds to an isotropic system in which
all the lasers have the same bound on the amplitude.
In this case the problem is equivalent (up to a re-parametrization) to minimize:

/ foat, f°=max (12)

i<k

NJk

In the following figure the level sets f© = 1 for the n = 3 case for the Hamiltonian (2) are drawn (of course in
R? instead of C?). If we consider the equivalent problems of minimizing time with constrained controls, then
controls should lie in the compact regions whose borders are these level sets.
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Figure 1: level fO = 1 for different cost functions




1.5 Main Questions

Although the system (1), (H1) has a lot of symmetries, and good properties, the problem (P) in general is
very difficult to solve also for the costs described above, for the reasons explained in the introduction:

e problem of integrability of the Hamiltonian system associated with the PMP,
e presence of abnormal extremals,
e problem of selecting the optimal trajectories among those satisfying the PMP.

Up to now the problem is solved for n = 2 (for the costs described in Section 1.4, that, in this case, are all
equivalent) and for n = 3, for the Hamiltonian given by (2) for the isotropic energy (see [10, 11]). In both
cases optimal controls appear to be in resonance (with the difference between the energy levels that they are
coupling) and every strictly abnormal extremal is not optimal. In this paper we generalize these results for
more general systems and costs. Let us first introduce the definition of resonance and abnormal extremals:

Definition 1 (Resonance) Consider the control system (1),(H1) and an admissible pair (¢(.),V(.)) defined
in an interval [0,T]. We say that the couple (¢(.),V(.)) is in resonance (or is resonant) if the controls Vj x(.)
have a.e. the form:

Vi (t) = Uj (8l B~ Bt/ 24050l - yyhere:; (13)
Uj’k(.) : [O,T] — ]R, Uj’k = —Uk’j, (14)
@ik = arg(¥;(0)) — arg(yx(0)) € [—m, 7] (15)

In formula (15), if 1;(0) = 0, then arg(1;(0)) is intended to be an arbitrary number.

Remark 8 From a physical point of view, to be in resonance means to use lasers (described by complex
functions) oscillating with a frequency given by w/(27) where w is the difference of energy between the levels
that the laser is coupling. Notice that in formula (14) Uj;x(.) takes real values (it describes the amplitude of
the lasers).

In the definition of resonance, the phases ¢; ; sometimes are important and sometimes not, depending on
the explicit form of the control term V' (t) in (1) and on the choice of the source and the target. For instance
if we are considering the problem described by the Hamiltonian (2) and we start from an eigenstate (e.g.
|41(0)| = 1) then all the phases ¢; ; appearing in formula (13) are arbitrary. In fact in this case we have n — 1
arbitrary numbers arg(1;(0)) and n — 1 controls. Therefore in this case it is not necessary to synchronize the
phases of the lasers between them.

On the other side, if we start from a state that is not an eigenstate or we have more controls than the mini-
mum number necessary to guarantee controllability (see Remark 4), to be in resonance we need to synchronize
the lasers according to formula (15).

In any case notice that a global factor of phase in front of % is not important because it can be eliminated
with a unitary transformation. Hence all the phases ¢; ; can be shifted by an arbitrary factor a.

Remark 9 To prove that a minimizer corresponds to controls in resonance, is very important because, as we
will see after elimination of the drift, this permits us to reduce the dimension of the problem from the complex
sphere $2"~1 C C" to the real sphere S"! C R™ (See the Corollary 1 in Section 3). This reduction of
dimension is crucial in finding complete solutions to the optimal control problem in many cases. For instance
for the class of problem described by the Hamiltonian (2):

A. an isotropic or non-isotropic minimum time problem with bounded controls for a 3-level system, is a
problem in dimension 5. In this case, since the dimension of the state space is big, the problem of finding
extremals and selecting optimal trajectories can be extremely hard. The possibility of proving that one
can restrict to minimizers that are in resonance (and this is the case!) permits us to reduce the problem
to a bi-dimensional problem, that can be solved with standard techniques (see for instance [9, 21, 29, 36]);



B a nonisotropic minimum energy problem for a 3-level system is naturally lifted to a left invariant sub-
Riemannian problem on the group SU(3). This problem cannot be solved with the techniques used in
[11] for the isotropic case, because now the cost is built with a “deformed Killing form”. Anyway if one
can restrict to minimizers that are in resonance, the problem is reduced to a contact sub-Riemannian
problem on SO(3), that does not have abnormal extremals (since it is contact) and the corresponding
Hamiltonian system is completely integrable (since it leads to a left invariant Hamiltonian system on a
Lie group of dimension 3).

Items A. and B. are studied in a forthcoming paper.

C. An isotropic or nonisotropic minimum energy problem for a 4-level system is a problem on S7 or can be lifted
to a left invariant sub-Riemannian problem on SU (4). In this case we conjecture that the Hamiltonian system
given by the PMP is not Liouville integrable both before and after the reduction to real variables. Any-
way this reduction can be crucial in looking for numerical solution to the PMP (it is of course easier making
numerical computation on S% than on S7!). See [12] for some numerical solutions to this problem.

Moreover proving that there always exists a minimizer in resonance permits us to justify some strategies used
in experimental physics.

To introduce the concept of abnormal extremals, we have to state the PMP, that is a necessary condition for
optimality. The proof can be found for instance in [1, 21, 31].

Theorem (Pontryagin Maximum Principle) Consider a control system of the form & = f(z,u) with
a cost of the form fOT fO(z,u) dt, and initial and final conditions given by x(0) € M;y,, x(T) € My, where
x belongs to a manifold M and uw € U C R™. Assume moreover that M, f, f° are smooth and that M;,
and Mg, are smooth submanifolds of M. If the couple (u(.),z(.)) : [0,7] C R = U x M is optimal,
then there exists a never vanishing field of covectors along x(.), that is an absolutely continuous function
(P(.),po) : t € [0,T] = (P(t),po0) € T;;;yM x R (where po <0 is a constant) such that:

i) @(t) = S (2(t), P(t), u(t)),

i) P(t) = =5 ((t), P(1), u(t)),
where by definition:

M (z, Pu) :=< P, f(z,u) > +pof°(z,u). (16)
Moreover:

iii) #(x(t), P(t),u(t)) = M (z(t), P(¢)), for a.e. t € [0,T],
where By (z, P) := max,cy #(z, P,v).

iiii) M as(x(t), P(t)) = k > 0, where k depends on the final time (if it is fized) or k = 0 if it is free.
v) < P(0),Ty0)Min >=< P(T),Ty(ryMyin >= 0 (transversality conditions).

The real-valued map on T*M x U, defined in (16) is called PMP-Hamiltonian. A trajectory z(.) (resp.
a couple (u(.),z(.))) satisfying conditions i), ii), iii) and iiii) is called an extremal (resp. extremal pair.) If
x(.) satisfies 1), ii), iii) and iiii) with po = 0 (resp. po < 0), then it is called an abnormal extremal (resp. a
normal extremal). It may happen that an extremal z(.) is both normal and abnormal. So it makes sense to
speak of strictly abnormal extremals (extremals that are abnormal but not normal).

Remark 10 Notice that the definition of abnormal extremal does not depend on the cost but only on the
dynamics (in fact if pg = 0, the cost disappears in (16)). After elimination of the drift (see Section 2) our
control system (1) will be transformed into a distributional system, that is a system of the form & = >~ u; Fj(z).
For these systems abnormal extremals are also singularities of the end point mapping, and have very special
features (see for instance the recent monograph [8]).




Remark 11 In this paper we are dealing only with non-state dependent costs, i.e. fO(z,u) = f°(u).

Consider the problem (P) under the assumption (H3). Hence a minimizer exists. The main purpose of this
paper is to answer to the following questions:

Q1 Does there exist a minimizer that corresponds to controls in resonance?

Q2 Once we have given a positive answer to question Q1, we would like to answer the question: are all the
minimizers of the problem (P) in resonance?

Q3 Do there exist strictly abnormal minimizers?

The answers to questions Q1 is yes, while Q3 is still an open question, although we are able to prove a result
that strongly restricts the set of candidates strictly abnormal minimizers.

These results are formalized in Theorems in Section 3.

The answer to question Q2 is in general no, but for an increasing cost we show that every minimizer is
in weak-resonance (again this will be formalized in a Theorem after elimination of the drift). To define this
notion, in the next Section we introduce some notations that will be also useful in Section 4 to answer Q1 and
Q2.

Finally another interesting question for physicists is:

Q1 is it possible to join two arbitrary states 1! and 1? by an optimal trajectory in resonance?

The answer is, of course, in general, no. But there are couples of points for which the answer is yes. In
particular if we consider eigenstates, it is true (see Section 4.2).
1.5.1 Weak-Resonance

To introduce this concept, we need some notations.
Consider an admissible pair (¢(.),V(.)) and define the following subset of ]0, T'[:

Badj = {t €]0.T[, s.t. 1;(t) = 0 or ¢,(t) = 0}. (17)

Since 9(.) is continuous, the sets ]0, T[\Bad;  are open. Then they can be expressed as a countable union of
open maximal intervals:

10, T\Bad; =: | J ks, G,k =1,..,n, 1=1,..m, where m € {0} UNU {oo}. (18)
l

In other words I;x; are the maximal open intervals on which v;(t)yx(t) # 0.

Remark 12 In general U;I;;; is smaller than [0, 7] since it may happen that 1;(t)¢(t) = 0 on some interval
of positive measure.

Now we are ready to give the following;:

Definition 2 (weak-resonance) Consider the control system (1),(H1) and an admissible pair (¢¥(.),V(.))
defined in an interval [0,T]. We say that the couple (¢¥(.),V(.)) is in weak-resonance (or is weakly-resonant)
if in each interval I (defined above) the controls Vj i (.) satisfy a.e.:

Viklr, ., (0) = U, i (t)el(Bi =Bt /24050 - qyhere: (19)
Uik () 2 [0,T] = R, Ujry = —Uk,ju (20)
ikt = arg(Yi(aj i) — arg(r(ajr,)) € [, 7] (21)

where I 11 =:]a; k1, b5k In formula (21), if j(a;ry) =0, then arg((v;(aj,k.1))) is intended to be an arbitrary
number.

Remark 13 Roughly speaking a control Vj(.) is weakly-resonant if it is resonant in each interval of time in
which the states that it is coupling (i.e. ¢; and vy,) are different from zero.

If the cost is not strictly increasing (for instance minimum time with bounded controls) in general there are
minimizer that are not in weak-resonance, see Section 4.3 for an example and another open question. Finally
notice that a resonant minimizer is also weakly-resonant.
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2 Elimination of the Drift Term

The great advantage of the model presented in the previous Section (in which each control is complex and
couples only two levels) is that we can eliminate the drift term D = diag(FE;, ..., Ey,) from equation (1) (hence
getting a system in distributional form & = Ui} (z)), simply by using the interaction picture. This is made
by a unitary change of coordinates and a unitary change of controls. Since the transformation is unitary, S;y,,
Stin and the moduli of the components of the wave function are invariant. As a consequence the original and
the transformed systems describe exactly the same population distribution.

Assume that 1(t) satisfies the Schrédinger equation (1). Let U(¢) be a unitary time dependent matrix and
set (t) = U(t)yY' (t). Then o' (t) satisfies the Schrédinger equation:

AV

= = HE' )
with the new Hamiltonian:
H =UTHU - U CZ: (22)
If we choose:
Ut) = e 0t (23)

and we recall that H = D + V(t), we get H' = etPtV (t)e~*Pt, that is a Hamiltonian whose elements are either
zero or can be redefined to be controls. Hence the drift is eliminated. Finally dropping the primes and including
the 7 in the new Hamiltonian (¢’ — v, H := —iH') the Schrodinger equation reads:

dp(t) _
L = Hayw(o). (24)

Here H is skew-Hermitian and its elements are either zero or controls. There is no more drift and the dynamics
is in “distributional” form, i.e. v;(t) = Sorey Hjk ()Y (t).

The relation between the old controls V' (t) J,k (for equation (1)) and the new controls H(t);  for equation
(24) is the following:

V(t)j = (ie” P H(t)e'™) ;= H(t); elPr=F0m/2, (25)

Remark 14 Notice that the transformation (23) kills also a not-only-diagonal drift. While to kill a time
dependent drift we need the transformation (see [10]):

Ut) = e”'fzto D(t) dt

3 Statement of the Main Results

With the transformation described above (formula (23), and following), the problem (P) becomes the problem
(P?) below and the answers to questions Q1, Q2, Q3 are contained in the next Theorems, that we are going
to prove in Sections 4, 5.

Problem (P’) Consider the minimization problem:

d¢( )

= H(t)y(t) (26)
min / P H (27)
(1 (0)%, s [ (0) ) € Sin (28)
(I (T )I ,---,Iwn( )I?) € Sin (29)

where:
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e f0 depends only on the moduli of controls,
e there hold (H1’), (H2), (H3). where (H1’) is the following condition:

(H1’) the matriz H(t) is skew-Hermitian, measurable as function of t and its elements are either iden-
tically zero or controls.

We have the following:

Theorem 1 (answer yes to Q1: existence of resonant minimizers) Let (¢(.), H(.)), defined in [0,T],
be a solution to the minimization problem (P’). Then there exists another solution ((.), H(.)), to the same

minimization problem (with the same source, target and initial condition 1)(0) = (0)) that is in resonance:
H; 1 (t) = Uj i (t)e™ir, where: (30)
Uj() : [0,T] = R, Ujp = =Uy,; (31)
@ik := arg(1;(0)) — arg(¢x(0)) € [, 7] (32)

Moreover the arguments of 1;(.) do not depend on the time. In formula (32), if 1;(0) = 0, then arg(1;(0)) is
intended to be an arbitrary number.

Theorem 2 (answer to Q2) Let (¢(.),H(.)), defined in [0,T], be a solution to the minimization problem
(P?). Then if the cost is strictly increasing, (¥(.),H(.)) is weakly-resonant:

Hjk(®)ly,,, = Ujka(t)e®=t, where: (33)
Ui () gy = Ry Ujkg = —Uk,ju (34)
@ik = arg(Pi(ajri)) — arg(¥r(ajr)) € [—m, 7] (35)

where I g1 =]aj k1, bk are the intervals defined in Section 1.5.1. In formula (35), if ¥;(ajk:) = 0, then
arg((¢;(aj k1)) is intended to be an arbitrary number.

In the rest of the paper we call an admissible pair, a couple trajectory-control for an optimal control problem
satisfying (H1’),(H2),(H3).

Remark 15 Notice that after elimination of the drift, to be in resonance implies to use controls with constant
phases.

An important consequence of Theorem 1 is the following. If an admissible pair is a solution in resonance to
the minimization problem, then there exists also one for which arg(y;(0)) =0, j = 1,...,n, i.e. corresponding
to real controls and real initial conditions. In this case equation (26) restricts to reals, so 1 (t) € S~ C R™.
Hence it makes sense to give the following:

Definition 3 We call (RP?), the problem (P?) in which all the coordinates and controls are real.
And we have:

Corollary 1 If (v(.),H(.)) is a solution to the minimization problem (RP’) (that is with (t) € S"~! €
R™, H(t) € so(n)) then it is also a solution to the original problem (P?) or equivalently, with the transformation
described in Section 2, of the original problem (P).

The following Theorem restricts the set of candidate strictly abnormal minimizers, for (RP’):

Theorem 3 (partial answer to Q3 for (RP’)) Let (¢(.),H(.)) be a couple trajectory-control that is a
minimizer for (RP’) and assume that there are no constraints on the controls (H(.);r : Dom(¢)) = R). Then
for every t € Dom(v), there exists an interval [t1,t2] arbitrarily close to t (possibly non containing t), on which
(W(.),H(.)) is not a stricly abnormal extremal.

For properties of abnormal extremals, we refer the reader to [1, 8, 9, 27, 28].
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Remark 16 In Theorem 3 the fact that we assume unconstrained controls is just a technical hypothesis that
permits to simplify statements and proofs. Notice that for the costs described in Section 1.4 controls can always
be assumed without constraints.

As we said above, the non existence of stricly abnormal minimizer is still a conjecture. After the result given
by Theorem 3 to prove this conjecture one is essentially left with the following;:

Problem: Let (¢(.), H(.)) and (¢(.), H(.)) be two non strictly abnormal minimizers defined respectively
on [tq,ts] and [tp, t.] with t, < tp < t.. Is it true that the concatenation of the two is not strictly abnormal?

4 Resonance and Weak-resonance

In this Section we prove Theorems 1 and 2. The key point is to identify the components of the control H; j(.)
that are responsible of the evolution of |¢;| and of arg(¢;). The difficulty is that these components are well
defined only for the times such that ¢;(t) # 0 and ¢ (t) # 0 (); and 1)}, are the states coupled by Hj x(.)). So
we have to split the problem into the intervals I;;, defined in Section 1.5.1.

Let (¢(.),H(.)) be a solution to the minimization problem and restrict the problem to the interval I,
a=(j,k,1) € (1,..n)% x (1,...,m), where 1); and v, never vanish. Define in I,:

9;-*(t) = arg(y5 (1)),
= Y2 (t)],
o () = 03 () — 07 (1).

From the definition of I, the phases are well defined. Define the functions uf(t) and v$,(t) in such a way
that:

HPy () == Hjp(8)|,, = (ufy,(t) + ivfy (8)e i), (36)
We have:
a (67 (67 (67
k —Uk 5 Yjk = Uk,
{ (2| = uf +i02, | (37)
Now in I,:

h;(t) = Z HZ () () = Z (u§ () + dvy (1)) [on (t)]e™5 ).

k
From that, with a simple computation one gets:

9 (ot = Tu (38)
770 = TR0l (39)

These equations show that, on I,, u$; and v, are responsible respectively of the evolution of |¢);| and arg(¢;).
From the original minimizer (¢(.), H(.)) we now define a new minimizer by means of two consecutive
transformations:

e the first in which we set at zero all the v*-components of the control and we get a new admissible pair
connecting S;,, and Syi, having a strictly smaller cost for a strictly increasing f° and that is weakly-
resonant. This proves Theorem 2;

e the second in which Hj; is set to zero where ;¢ = 0 and in which all the phases ijk are set to
arg(¥;(0)) — arg(¥r(0)). This transformation does not increase the cost and produce a control in reso-
nance. This proves Theorem 1.
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These transformations are realized in the following.

Let (¢(.), H(.) be the original minimizer and let u$, and v, the corresponding components of the control in
I, defined in formula (36). Define a new admissible pair (¢(.), H(.)) by setting in I,:

"Ik ik (40)
{ 07, =0

Notice the important point that o, = 0 implies that the corres_pond_ing B;’fk are constants (see equation (39))
and they will be considered arbitrary phases. In other words (¢(.), H(.)) is the admissible pair corresponding
to the control:

_ ij(t) ift¢UaIa

: = ? RyaYe4 41

Hjx(t) { u?’k(t)e’ﬁi,k if t € I, for some a, (41)

where Bﬁk are constant arbitrary phases. The corresponding trajectory 1(.) in each I, satisfies:

b;(t) = pg ()™

J3(t) = 7 (D)e” (42)
Yi(t) = pi (t)e'™

with 9;-" and 62 constant and such that 0_3?‘ - 62 = _;?jk. Now since Hjj = Hjp if t ¢ Ual, and the uj

component is always the same for every o, it follows that |¢;(¢)| = [¢;(t)| for every ¢ € [0, T]. This means that
¢(.) and %(.) connect the same source and target (recall that they are defined by conditions on moduli). By
construction (¢(.), H(.)) is in weak-resonance.
Proof of Theorem 2 By contradiction assume that:

o f¥is strictly increasing;

e (¢(.),H(.)) is not in weak-resonance that means v (t) # 0 on some set of positive measure A C [0, T
and for some indexes j, k, a.

In this case from equation (37) we have:
|H; ()| < |Hji(t)| for each t € A,
that means:

/0 POA()dt < / POH(b))dt,

which contradicts the optimality of (¢(.), H(.)), proving Theorem 2. |

Proof of Theorem 1 In formula (41), the phases Bﬁk are arbitrary, so for each interval they could be
chosen to be:

B5 = wik = arg(y;(0)) — arg(4y(0)) € [-m,7] (43)
where arg(1;(0)) is intended to be an arbitrary number if ¢;(0) = 0. This proves that if (¢(.), H(.)) is a

solution to the minimization problem, then there exists another solution (1(.), H(.)) that correspond to control
H of the form (30), (31), (32) on UaI,. It remains to consider the set Bad, ; =]0,T[\Uq I, already defined in
formula (17), where 9; or 1, are zero. The following Lemma assures that on Bad; x, we can put the control
at zero, without changing 1 and without increasing the cost.

Lemma 1 Let (1(.), H(.)) be an admissible pair and define a new control H(.) by:

Ao () = H;(t) for allt such that ;(t)yr(t) #0
PR 00 otherwise.

Then (¢(.), H(.)) is also an admissible pair and its cost is not bigger than the cost of (1(.), H(.)).

14



Proof. Let us first prove that H(.) is a measurable function. Let N be the set of times where 9); is not 0. Being
¥;(.) measurable it follows that the function 1I; defined by I;(t) =1 if ¢t € N;, I;(¢t) = 0 if ¢t ¢ N;, is measur-
able. This implies that H; j(¢) = I; ()1 (¢)H, 1 (t) is measurable and H(t) as well. Let us now recall a classical:

Fact. Let g(.) : R — R be an absolutely continuous function. Then the set of points x where g(z) = 0
and ¢'(z) # 0 has zero measure.

From this fact, we have a.e. that 3=, H; x(t)x (t) = 3, Hjx(t)¥r(t). Indeed, when ¢y (t) = 0 then H; j,(t)¢ (t) =
ﬂj,k(t)t/uc(t) = 0 and for a.e. t such that ¢;(t) = 0 we have 4;(t) = 0 and so > Hir(r(t) = 0 =
Dok H;j 1, ()1 (). Hence H(t)i(t) = H(t)y(t) for a. e. t in [0,T]. Tt follows that if ¢)(t) = H(t)1(t) a.e., then
this relation holds also with H(t) in the place of H(t), that is (¢(.), H(.)) is an admissible pair. From the fact
that |Hj x| < |Hj x|, it follows that (¢(.), H(.)) has a cost not bigger than (¢(.), H(.)). The Lemma is proved. ™

The proof of Theorem 1 is now complete. |

Remark 17 In formula (43), Bﬁk has been chosen in such a way to be compatible with the initial condition:
$(0) = (0). (44)

4.1 Transversality

In this Section we give a more geometric interpretation to the proofs of Theorems 1 and 2. We are going to show
that the vector field associated to the control v defined in formula (36) is always tangent to a submanifold

of §?"~! whose points are reached with the same cost. As a consequence the transversality and maximum
conditions of PMP say that the control v, can (resp. must) be set to zero for a nondecreasing (resp strictly
increasing) cost.

Lemma 2 Given ay,...,a, € [, 7], let us define the map:

2n—1 2n—1
Sen - S

ROta : { (¢1; 7¢n) = (eialwh i) eia"¢n)'

If () = (W1(2),-- -, ¥n()) defined on [0,T] is an admissible curve then Roty(1)(.)) is also an admissible curve
and has the same cost as (.).

Proof. Tt is just a matter of computation. Let us denote by H (.) the control matrix associated to the admissible
curve 9(.). The fact that +(.) is an admissible curve, associated to the controls H(.), writes ¢ = >_; H;xt);,

Vk € {1,...,n}. By multiplying by e®*, we find pe'® = > Hj pei(@x=2i)ep e Hence the curve Rot (1)
is an admissible curve corresponding to controls H;; = Hje(®*~%). And since the cost function does not
depend on the phase of the controls, the two curves have the same cost. |

This means that Rot, is an “isometry” for the cost defined by f°, for any (a1,...,a,). A trivial consequence
of this lemma, is:

Corollary 2 For any two points ' and ¥ in S?"~1, all the points of the set:

Ty2 = {(ie™, ..., p2e®) | (aq,...,a,) € R"}
are reached with the same cost from the set:

Tor = {(@Wle®, ... pte®) | (ar,...,a,) € R"}.
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As a consequence if 1(.) : [0,T] — S*"~! is a minimizing trajectory between the two sets Ty1 Ty2, then the
transversality condition of PMP (see v)) is:

< P(t),Tn(t) >=0. (45)
Now let F% (¢) and G (4) defined in I be the two vector fields associated with the controls uf; and v

defined in formula (36):
by =D (WaFfa (W) + 054G (@)

k
One can easily check that on I,,:

Fﬁ[k (¢) — eiﬁj,kipkaiwj _ e*iﬁj,kipj azk ,
G5 () = i(en iy 55 + e P 500).

And with a simple computation one can see that the vector GJO{ x(¥(t)) is tangent to the set Ty -
GeW(@) € TTyw), Vtel,. (46)

From (45) and (46), one get that < P(t),G§ (¢ (t)) >= 0.

close to any time t of the domain of a given minimizer, there exist an interval of time where the minimizer
is not strictly abnormal

there are not strict abnormal extremals. Then the maximality condition iii) of PMP implies (here f =

u§k Fi (9) + 05,.G5 (9)):

S ugi(t) < PO, F((0) > +p0f* (u, (0 +iv5 (D) = max S s < P, Fu W) > +pof(ltsa-+i01])
gk T Gk

Now since pg < 0 (there are no strictly abnormal extremal, as it will be proved in Section 5), we get that (we
stress the fact that v§; is not useful to reach the final target since the source and the target are defined by
conditions on the moduli and G7; is responsible only of the evolution of the phases, see eq (39)):

e for a non decreasing cost this condition is realized if vi =0ae. (plus conditions on ug Nk
b k)

e for a strictly increasing cost this condition can be realized only if v, =0 a.e.

4.2 Eigenstates

Let us recall that an eigenstate is a state for which one of the coordinates has norm 1 and the others are 0.

In this Section we show that it is possible to join every couple of eigenstates by a minimizing trajectory
that is in resonance (question Q1°). More in general we prove that the answer to question Q1 is yes for any
couple of initial and final states ¢! = (¢1,...,4,) and ¢* = (47, ...,4;) such that ;47 = 0 for any j, that in
particular is true for eigenstates.

Let ¢(.) be a minimizing trajectory in resonance between the points (01|, ..., [0%|) and (|1%], ..., [)2|). Define
0} and 67 as the arguments of ¢} and ¢7, putting them to 0 when the corresponding coordinate is 0. We define
a; to be equal to 6} if 1} # 0, or to 67 if ¢F # 0 and 0 if both ¢} and ¢7 are 0. Finally let a := (ai, ..., an).
The curve

$(.) == Rota(¥(.)),

is a resonant minimizer for the problem with initial and final condition ¢! and 2.

4.3 An Example of a Non-Weakly-Resonant Minimizer

In this Section, in the case of a non strictly increasing cost, we show an example of an optimal couple trajectory-
control (¢(.), H(.)), joining a source and a target defined by conditions on the moduli, that is neither resonant
nor weakly-resonant. Consider a time minimization problem for a 4-level system in the form (2) (i.e. with
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controls on the lower and upper diagonal), for the isotropic case. We have fO(H) = max{|H1 2|, |H23|,|H3,4]|},
that is not a strictly increasing function but just a not decreasing one.
It is easy to see that the following curve: t ~ (cos(t),sin(t),0,0) for ¢t € [0, %] is a minimizer between
the eigenstates |¢;] = 1 and |¢2| = 1. It can be obtained by different control functions. For instance by
~ (—1,0,0), or by t — (—1,0,U;) where

Us(t) = for t € [0, §],

Us(t) = for t € [§, 7]
U3(t): for t € [T, 37],
Us(t) = for t € [3X, 7]

The second one is clearly not weakly-resonant.

The following is still an open question: Under the hypothesis (H1%), (H2) and (H3), does there exist an
example of non-decreasing cost function such that there exists a trajectory (¢(.), H(.)), solution of (P?), being
non-weakly-resonant, such that there is no weakly-resonant control H with (1(.), H(.)) solution of (P’) ?

5 Strictly Abnormal Minimizers for the real problem

In this Section we prove Theorem 3 (i.e. we prove that close to any time t of the domain of a given minimizer,
there exist an interval [t1,¢2] where the minimizer is not strictly abnormal). We are able to prove the result
only in such a interval, since on that interval we can make a suitable partition of indexes, see Lemma 3 (how to
extend this result to the whole domain of the minimizer is still an open question, cf. end of Section 3). Then
the difficulty of the proof is coming from the fact that the dynamics has singularities each time a coordinate
is zero. For instance, in the most important example (see formula (2)), when 1); = 12 = 0 then the control
V1,2 has no effect on the dynamics, i.e. the corresponding vector field is zero when 1; = 1, = 0. Hence, in
order to prove the theorem, we show (subsections 5.1 and 5.2) that every minimizer @Z of the problem (RP?)
is also a solution of an auxiliary optimal problem (RP”), living on a submanifold 7 of S™~!  which has no
singularities. Then in subsection 5.3 we prove that this new problem has no abnormal extremals (which proves
that the minimizer 1 is a normal extremal as solution of (RP?”)). Finally, we come back to the original problem
(RP?’) proving that the minimizer has a normal lift in 7*S™~! (subsection 5.4).

In the following, let (1(.), H(.)) be a couple trajectory-control that is a minimizer for (RP).

5.1 Permutation of indexes

In this subsection, we construct a submanifold 7 on which we will restrict the optimal problem (RP’).

Lemma 3 In every neighborhood of every time t of the domain of the minimizer, there exists a sub-interval
of time, denoted by [t1,t2] (possibly non containing t), such that there exists a partition I U J of {1,...,n}
satisfying:

o if j €1 then ’l/)j(t) =0Vte [tl,tz],
o if j € J then ¢;(t) # 0Vt € [t1, 2]

This is just a consequence of the continuity of 1(.). The proof is left to the reader. In the following we always
restrict to the interval [t1,¢2].

Definition 4 We say that two indexes j and k of J are connected (denoted by j ~ k) if j = k or there exists

a sequence ji,...,Js of indexes of J such that j = ji, k = js and Vr < s the coefficient H;_; ., is a control.

Remark 18 This definition of connectedness is exactly the same as in subsection 1.2 but for the sub-graph
defined by J. Until the end of this Section, ”connected” refers to this last definition.

We immediately get:
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Lemma 4 In J, the relation "~” is an equivalence relation.

»

Definition 5 We denote K1, ..., K, the equivalence classes defined by "~” and my,...,m, their cardinalities.

We also denote My =0 and My =3, ., my.
Now, let us make a permutation on the indexes that orders the sets Kj, ..., K, I in such a way that:
Ve<r Ko={Mi_1+1;..; M},

and
I={M,+1;..;n}.

Lemma 5 After the permutation, we have:

a) forallj > M, +1 (j€I) ;=0 on [t1,ts].

M,
b) for all £ < r, the map t — Z [ ()? = Z [ (t)|? is constant on [t1,ts].
JjEK, Jj=Mg_1+1

Proof. The point a) is just a consequence of the definition of I. In order to prove the point b), let us consider
£ <r. For any j in Ky, we have:
() =D Hix(t)P(t)
k<n
But Hj, =0if k¢ K, UT and ¢, = 0 if k € I. Hence for ¢ in [t;, ,]:
=) Hjx(®)d(t)
keK,
Now, the matrix H’(t), whose coefficients are the H; .k (t) with ],k € Ky, belongs to so(myg). Hence the vec-

tor ¢, whose coefficients are the ;(t) with j € K, satisfies w = H%" and then has constant norm, i.e.
> ek, ¥ (t)]? is constant. |

From the previous Lemma 5, it follows that for ¢ € [t1,t2], ¢¥(¢) belongs to the set:
J = 8™7HC) x ... x S™THC) x [[{wi(t)}

Jjel
where C¢ = /> c e, 195 (81)[%

Remark 19 In the following, we are going to restrict (RP”) to J. Notice that the dimension of J is ), (m¢
1) < n — 1, while the original problem (RP’) lives on S™~! that has dimension n — 1.

5.2 Restriction of the Control System to J

In this Section, we show that 7 is also a solution of an auxiliary optimal problem (RP”) in J.

Definition 6 We call (RP”) the optimal problem (RP’) in which we restrict the dynamics by adding o new
condition on the matriz of controls: H; (t) is set to 0 if j or k is in I.

Remark 20 Notice that J is preserved by the dynamics of (RP”).
Lemma 6 The curve ¥(.) is a minimizer for (RP”).

Proof. As proved in Lemma 1, 1; does not change if we set to zero the controls H 5.k such that one index
belongs to I. Hence % is an admissible curve for (RP”).

Now, since the cost function is the same for both (RP?) and (RP?”), it follows that ¢ is a minimizer for
(RP”).
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5.3 The Minimizer ¢(.) is not an Abnormal Extremal for (RP”)

Let us denote F} 5 (1) the vector field associated with the control Hjz: 1) = >k HikFjr(1). We denote by
Ay the distribution generated by the Fj ;(¢) with j,k € K, and A = @A,. We have that A(g) C T,J for
q€eJ.

Using Fj 1 (¢), the dynamics of (RP”) reads:

b= Y HjuFje(¥),

¢ jkEK,
Lemma 7 The distribution A is the whole tangent space of 7: A =TJ.

Proof. Let us first prove that, for every £, A, = TS™~1(Cy).

First step: it exists a set Ly of couples of indexes of K, with cardinality m, — 1, that keeps K; connected in
the following sense: for any couple of indexes j,k in Kj, there is a sequence ji,...,js in K, such that j; = j,
Js =k, {jp,jp+1} € Ly and Hj, ; ., is a control.

The proof can be done by induction on the cardinality of K,. If it has cardinality one, L, is empty. If it has
cardinality two, the proof is trivial. If the cardinality of Ky is bigger than two, we can choose an index k € K,
such that K, := K, — {k} is still connected (this is a standard fact of graph theory). Now, K is connected
and has cardinality m, — 1. Hence, by induction hypothesis, there exists an Lg that keeps K ¢ connected and
has cardinality my, — 2. Now, k is connected to an index j of Ky, hence the set Ly = L, U {{j,k}} keeps K,
connected and has the required cardinality.

Second step: the family of F} (v) ({j,k} € Ly) is linearly independent (L, was constructed for this purpose).

The proof can be done by induction : if my = 1, Ly is empty. If my > 1, then one can choose a index k
appearing only once in Ly. Let call j the index such that {j, k} € L;. The vector F} (1) is linearly independent
of the rest of the family : it is the only one vector that has a non zero k-coordinate.

Now Ly — {{j,k}} has cardinality m, — 2 and keeps connected K; — {k} of cardinality m, — 1. Hence we
can apply induction.

Last step: From the previous step, it follows that A, has the same cardinality m, — 1 as the sphere S™~1(C)),
hence we get A, = TS™ ().

Thus we have A = A, = @, TS™1(Cy) =TJ. [ |

Since the distribution A is the whole tangent space of 7, it is a standard fact that there are no abnormal
extremals for the problem (RP?”).
5.4 End of the proof

Now, we are going to prove that the curve {bv() admits a normal lift on S~ ! i.e. it is not a strictly abnormal
extremal for the problem (RP’).
Let us denote O a local coordinate system on S™~1(C), and © = (0y,...,0,). Then:

((—)la ste @7‘) Cl: sty CT'; er+1a ste ¢n)
is a local coordinate system on R". We denote by Pe,, Pc, and Py, the dual coordinates in T*R",
P = ZP@ld@j + ZPngCK + Z Pwid%/}z',
{<r <r i€l

and

Py =) Po,do,
<r

its restriction to J.
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Remark 21 Notice that the vector fields F} ; with j, k in K, depend only on the ©, coordinates and that they
annihilate dCs (s < r) and di; (i € I). This fact will be essential to conclude the proof.

The PMP-Hamiltonian associated with (RP”) is:

M7(0,H,Py,po) = P7( > HjxFji(©)) +pof°(H),
7,ked

where f0 is the cost function. Since ¢ is a normal extremal for (RP”), there is a lift (¢, H, Py, ), with
Do # 0, that satisfies:

.él = %(é7ﬁaﬁ5750)
P@e = _Bawéaf(@JH;PJ:ﬁO)

and the maximality condition:

mj(w(t)aﬁ(t)’ﬁj(t)aﬁo) = mgx{%J(lz(t)aHa ﬁj(t)aﬁO)}a

where the maximum is taken over the set of controls.
Now, the PMP-Hamiltonian associated with (RP’) is:

(w;HPPO Z H]kF]k)+p0f0( )
7,k<n

To conclude the proof of Theorem 3 we need the following:

Claim Let us denote: P = Py + 2 0<r0dCe + 37,0 dip;. Then (i, H,P, o) is a normal lift of Y sat-
isfying the PMP for (RP?). -

Proof. Let us first remark that P satisfies 13@ = 13%. =0forevery /<randie€l.
In order to prove the claim, we have to prove that the lift satisfies the Hamiltonian equations:

b = g1 (47)
P o= %Z’f (0, 71, B, ) (48)

and the maximality condition:
%(J(t)a ﬁ(t)a f)(t)aﬁO) = mgx{ﬂ(i(t): HJ f)(t)aﬁO)} (49)

The equation (47) is always trivially satisfied (it is the dynamics).
Let us prove that (48) holds. Firstly, we have that:

X O 67}11 ~ o~
Po, = a@J (0,H,P7,po) = 50, V> P> bo)-
Secondly,
oM
60 (T,b,H PpO Z H7 60 J: ))

7k<n
but H & = 01if ¢ or k is in I and, because of Remark 21, 30[ (Fjk) = 0 when j and k are in J. Hence

)

c,=0= ——(¢, H,P,po). The proof is the same for P¢i for i € I. Hence (48) is satisfied.
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Let us now prove (49). We have that, if j, or k, is in I then Fj,k(zz) is in span{a%i ; 1 € I}. Indeed,
Fj1(¢) = @Zkaiwj - @Zj%, and then if j € I, then ¢; = 0 and F; 4 (¢) = Jka%j' Hence, because Py = 0, we
have that ﬁ(F]k) =0if j or k is in I and we have that for any control H:

M0, H,P,po) = P(Y HjxF;x(P)) +pof°(H)
73,k<n _
= _FN’( Z H"ij,k(iﬁ)) +50f0(H)
jked B
= Pr( Y HjwFjx(@)) + pofO(H)
jked

= %J(waHaﬁjaﬁO)

Now the fact that (’(Z, H, Py, py) satisfies the maximality condition for (RP”) allows to conclude that (¢, H,P,po
satisfies the maximality condition for (RP?). |
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