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CONTROLLABILITY PROPERTIES OF A CLASS OF SYSTEMS MODELING
SWIMMING MICROSCOPIC ORGANISMS

MARIO SIGALOTTI"? AND JEAN-CLAUDE VIVALDA? 3

Abstract. We consider a finite-dimensional model for the motion of microscopic organisms whose
propulsion exploits the action of a layer of cilia covering its surface. The model couples Newton’s laws
driving the organism, considered as a rigid body, with Stokes equations governing the surrounding
fluid. The action of the cilia is described by a set of controlled velocity fields on the surface of the
organism. The first contribution of the paper is the proof that such a system is generically controllable
when the space of controlled velocity fields is at least three-dimensional. We also provide a complete
characterization of controllable systems in the case in which the organism has a spherical shape. Finally,
we offer a complete picture of controllable and non-controllable systems under the additional hypothesis
that the organism and the fluid have densities of the same order of magnitude.
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1. INTRODUCTION

The mathematical description of the motion of swimming organisms and of the mechanisms of their propulsion
is a challenging and wide field of research. This paper aims at giving a contribution to such a domain in a
comparatively narrow direction.

The object of our study are microscopic organisms. The most prominent aspect of the models describing
their motion is the very high level of viscosity [3,18,22]. The mechanism of their propulsion depends heavily on
the different species and admits a great variety of models (see, for instance, [2,7,9,17] and references therein).

Among microscopic organisms we will further restrict our attention to the class of ciliata, whose propulsion
is determined by cilia, hair-like organelles covering their surface and whose size is very small compared with
that of the organism (see [4,5,9]). Recently San Martin et al. [19] proposed a control theory approach to the
description of ciliata. Following the former literature (and in particular [9,16]) they assume that the organism
is a rigid body and that the motion of the cilia is described by a set of controlled velocity fields on a surface
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enclosing the layer of cilia. They are therefore faced to an infinite-dimensional control system coupling Navier—
Stokes equations, which describe the motion of the fluid, and the equations for the rigid body arising form
Newton’s laws. The hypothesis of high viscosity (i.e., of low Reynolds number) mentioned above is exploited to
reduce such a control system to a finite-dimensional version of it. The state-space is given by the coordinates
of the center of mass of the organism, its orientation and its angular and linear velocities.

Summarizing, San Martin et al. single out a 12-dimensional nonlinear control system which is affine in the
controls. The control system depends on a number of parameters which are explicitly derived as functions of
the shape of the organism, of its mass distribution, and of the surface velocity fields describing the motion of
the cilia. The authors study the control properties of the system proving that it is generically controllable when
the number of controlled vector fields is at least six (see Sect. 5 for details). They also provide some example
of controllable systems in the case in which the organism has a spherical shape. In this special case they also
study the controllability properties of the linearization of the system at its rest position.

Our scope is to enhance the results of [19] basically in three directions: firstly we want to give sharper
results on the generic controllability of the system; secondly we want to obtain a complete characterization
of controllable systems in the case in which the organism is spherical; thirdly we want to provide a complete
picture of controllable and non-controllable systems in the simplified situation which — following again [19] —
comes into effect in the case in which the organism and the fluid have densities of the same order of magnitude.
The overall aim is to provide a better understanding of the dependence of the controllability properties of the
model proposed in [19] on the physical quantities characterizing it. The hard aspect of the model is indeed the
difficulty to obtain reliable expressions for the surface velocity fields describing the motions of the cilia. In this
regard, it is important to provide as precise as possible parametric analysis of the controllability properties of
the system.

The paper is organized as follows. Section 2 introduces the control theoretical language adopted throughout
the paper. Section 3 presents the control system obtained in [19] and recalls the relations between the physical
quantities characterizing the organism and the parameters appearing in the model. Section 4 is technical and
contains an abstract controllability result used in the later sections. Section 5 is devoted to the analysis of
the genericity of the controllability of the system introduced in Section 3. Genericity is initially formulated
in terms of the parameters appearing in the finite-dimensional system and then expressed in terms of the
physical objects they depend on (Sect. 5.3). The main result is that the system is generically controllable if the
number of controlled vector fields is at least three and that one controlled vector field suffices for its generic
accessibility (Thm. 5.1). Section 6 analyzes the case in which the organism is spherical and provides a complete
characterization of the sets of parameters that make the system controllable (Thm. 6.1). Finally, Section 7
establishes a characterization of controllable systems when the organism can be assumed to have the same
density as the fluid (Thm. 7.2). The result follows from a further reduction of the system that transforms it
into a six-dimensional one. The reduction procedure, suggested in [19], is carried out in full details.

2. NOTATIONS AND DEFINITIONS

Let us first introduce some notations: in the following Id denotes the 3 x 3 identity matrix, 0,,x, is the
zero m X m matrix, 0,, = 0,,x1 is the zero vector in R™. We denote by .#,,x, the set of m x n real matrices.
The interior of a set W is denoted by Int(W') and its closure by Clos(WW). For simplicity of notation, when no
confusion is possible, row and column vectors are identified. The canonical orthonormal basis of R? is denoted
by {e1,ea,e3}. For every w € R? we denote by S(w) the skew symmetric matrix such that S(w)z = w x 2 for
every z € R3, that is,

0 —Wws w2
Sw) =1 w3 0 —w
—Ww9 w1 0

In what follows we deal with control systems of the type

q:f(%u)a qu? UERma (21)
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where M is a smooth (C*°) manifold and f : M xR™ — T'M is smooth with respect to both variables. Moreover,
for every T' > 0 the endpoint mapping ET which associates to an initial condition go € M and a control function
u € L*®([0,T],R™) the final point of the corresponding trajectory of (2.1) is well defined and continuous on
M x L*([0,T],R™), where the L' norm is chosen on L>([0,T],R™). (For these and finer properties of the
endpoint mapping see, for instance, [1].)

Let .7 = {f(-,u) | u € R™} be the family of vector fields characterizing (2.1). For every X = f(-,u) € #
we denote by X the one-parameter group generated by X, that is, !X (q) = E(q, uljpy). The attainable set
from q € M is the set

Alg,F) = Ur=0Br(q, L=([0,T], R™)).

When no confusion is possible we write A(q) = A(g,#). If ¢’ belongs to A(q, %), then we say that ¢ is
reachable form q by F.
We say that (2.1) (or, equivalently, %) is controllable if for every g € M the set A(q) is equal to M. We say
that (2.1) is approzimatively controllable if A(q) is dense in M.
Give two vector fields X and Y on M, the Lie bracket between X and Y is defined, in a local system of
coordinates, by the relation
[X,Y] = (DY) X — (DX)Y

where DX denotes the derivative of X. Denote by .Z the Lie algebra generated by .%. System (2.1) is Lie-
bracket generating if for every ¢ € M the set £ (q) = {V(q) | V € £} is equal to T,M. Equivalently, we say
that the rank of .Z is maximal at every g € M.

3. THE DYNAMICS OF SWIMMING MICROSCOPIC ORGANISMS

In [19] the authors describe the swimming of a microscopic organism immersed in an infinite volume of
fluid by coupling the dynamics of a rigid body (representing the organism) with the Navier-Stokes equations
describing the behavior of the fluid outside the body. Exploiting the hypothesis of very low Reynolds number,
they derive a simplified version of the coupled system. The system obtained in this way is finite-dimensional
and nonlinear; more precisely, it has the following expression:

2 = Az+ E(z)+ Bu, (3.1)
( = R
R = RS(w),

where z = (£,w) € R? x R?, ( € R?, R € SO(3), and

B(z) = < J—I(EJTUL)UX w) >

Here J € .#35x3 denotes the inertia matrix of the rigid body representing the organism. Recall that J is
symmetric and positive definite. The matrix A € #sx¢ is a function of the rigid body and the viscosity of the
fluid and its expression is given at the end of the section.

The control function u takes values in R™, m > 1, and B is a 6-by-m matrix, which we write as

_( B
o= (5)
where both By and By belong to 5y,
An important feature of the system above is that (3.1) is a well-defined control system on RS, since it does
not depend on ¢ nor R.
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Denote by Xg the vector field on RS x R3 x SO(3) which is the drift of the control system (3.1)—(3.3), that is,

Az + E(z)
XO (Za <7 R) = RE
RS(w)

Let moreover X1, ..., X, be the controlled vector fields, so that system (3.1)—(3.3) can be written as
m
i=Xo(q)+ > wiXi(q),  qeR’xS0(3).
i=1

Define .Z as the Lie algebra generated by Xg, X1, ..., X.

We say that a vector field X on R? x SO(3) is a constant vector field if there exist vy, ve € R3 such that
X : (&w,(,R) — (v1,v2,06) and we write X = (v1,v2,06). Clearly, X;,..., X, are constant vector fields.
Notice that if V = (v1,v2,06) and W = (w1, we, 0g) are constant vector fields, then

Vo X W1 + wa X U1
[[Xo, V],W] = J1 (JUJQ X vg + Jvg X ’LUQ) (34)
Og

is a constant vector field as well.
Remark 3.1. For every constant vector field V' = (v1,v2,0g), the bracket [Xo, V] is of the form

[Xo,V](2,(,R) = (G(2,V),—Ruv1,—RS(v2))

for some smooth map G with values in RS  Therefore, if the constant vector fields belonging to
& span R® x {06}, then system (3.1)-(3.3) is Lie-bracket generating.

We conclude the section by recalling the analytic characterization of the coefficients appearing in A, B and J.
Let © C R be an open bounded connected set whose boundary is of class C2, representing the (rigid) shape of
the organism. Then the coefficients .J;; of J are given by

Jij = / 5(@)(es x (z— 8) - (e x (x — &))da, (3.5)

where ¢ denotes the mass center of Q and § :  — (0,00) is the (possibly non-constant) density function.
Denote by F the set R? \ Clos(f2) and, for I € N, 1 < ¢ < o0, let

DYY(F)={p e Ll |0% € LI(F) for all a € N3, |a| =1}

According to [19], Lemma 3.1, for every i € {1,2,3} there exists a unique solution (A, p()) of

—ARD +VpD = 0 onF
divh® = 0 onF
R = ¢, ondN
and a unique solution (H®, P(") of
—AH®D 4+ VPO = 0 on F
divE® = 0 on F
HO(y) = e xy ondN

limy oo HD(y) = 0
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such that AV, H® ¢ L*(F)NDY" (F)ND*?(F)NC>®(F) and p, P®) ¢ L™ (F)NDY“(F)NC>(F) for s € (3, o],
r € (3/2,00] and 0 € (1, 00).
The Cauchy stress is the tensor o defined by the relation

8’Uk 01)5
o(v,p) = —pld+ p (— + —) (3.6)
ayl ayk 1<1,k<3

where p is the Reynolds number of the fluid. For ¢ = 1,2, 3, define
g = U(h(i),p(i))nbg, G — U(]j[(i),p(i))nbQ7

where n is the unit inner normal to 0S2.
Denote by 61,02, T, T2 the matrices in .#33 defined by

1 (@) 2 _ _ (@)
0,; /aszg] ds, ©j; /89 (mxg )jds7

T4 :7/ G\Vds, 1% = f/ (z ><G<i>) ds,
o0 o0 J

where ds is the surface element of Q. It turns out (see [11]) that Y = (@2)T and that

m—l@l m—1@2
A= < J-irt o g-ie >7 (3~7)

where m denotes the mass of the organism. Moreover, with respect to the inner product in R® defined by

3 3
(a,b), =mY abi+ Y Jinazyibsik, (3.8)
=1 k=1

A is self-adjoint and negative-definite.
The matrix B is defined by

where the entries of k and K are

Rij = —/ g(i) -’lbjds, K:ij = — G(Z) -’lbjds,
oQ o0
and 91, ..., %, are fixed functions in C2(992, R3), each one associated to a component of the control u, that
describe the admissible propulsive actions of the organism.

4. A CONTROLLABILITY RESULT IN A MORE GENERAL SETTING

The following proposition provides sufficient (and necessary) conditions for the controllability of systems that
generalize those introduced in the previous section, in the sense that a more general structure for the dynamics
in the coordinates z is allowed.

Proposition 4.1. Consider the following control system
5= f(z,u), z€R’ weR™ (4.1)

Then (3.2), (3.3), (4.1) is controllable if and only if it is Lie-bracket generating at (z,{,R) = (09,Id) and
system (4.1) is controllable.
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Proof. One direction of the equivalence is obvious, since an analytic controllable system is Lie bracket generating
(see [1,12]).

Assume now that system (4.1) is controllable and that (3.2), (3.3), (4.1) is Lie-bracket generating at (z,(, R) =
(09,Id). Notice that

(<", R) € A(z,(,R) = (¢/,(+R(,RR) € A(z,(+ R(, RR) (4.2)

for every (¢, R) € R?® x SO(3), where the letter A is used here to denote attainable sets for system (3.2), (3.3),
(4.1). Indeed, if t — w(t) is an admissible control steering (z,(, R) to (z/,{’, R') and ¢t — (2(¢),((¢), R(t)) is
the corresponding trajectory, then t — (2(t),( + R((t), RR(t)) is an admissible trajectory corresponding to the
same control u.

Fix (2o, o, Ro), (21,¢1, R1) € RY x SO(3). Since (4.1) is controllable, then there exist 19,71 € R? and
Qo, Q1 € SO(3) such that (0g, 70, Qo) € A(z0, o, Ro) and (z1,¢1, R1) € A(0g, 71, Q1). We are left to prove that
A(06, 70, Qo) contains {06} x R? x SO(3).

Since (3.2), (3.3), (4.1) is Lie-bracket generating at (z, ¢, R) = (09, Id), then the set

G = Int(.A(Og, Id))

is nonempty, as it follows from Krener’s theorem (see, for instance, [12], Thm. 1, p. 66). Fix (24, (s, Rs) € G.
Since (4.1) is controllable, there exists a control law ¢t — u(t), defined on an interval [0,7] and such that the
solution of (4.1) with initial condition z(0) = z, satisfies z(T) = 0g. The flow corresponding to the control
law u, evaluated at time T, is a diffecomorphism sending (z., (s, R«) to a point of the form (0, Cx, Rux). In
particular, since the image of G by such diffeomorphism is contained in G, there exists an open nonempty
subset V of R3 x SO(3) such that {0g} x V is contained in G.

Notice the following consequence of (4.2): if (0g,(, R) € A(0s, 10, Qo) and (06, ¢, R') € G, then

(06a§+ R</7RR/) € Int(A(OGan(JaQO)) . (43)

Indeed, taking (z,(, ) = (09, 1d) in (4.2), we have that for every (2", ¢”, R”) in a neighborhood of (0g,(’, '),
the point (2, ¢ + R¢”, RR") belongs to A(0g, ¢, R) and, since (0g, ¢, R) € A(0g, 10, Qo), we are done.
Notice that for every nonempty open subset O of SO(3)

W:{Plpg...Pk|k’EN,Pl,...,PkGO} (44)

is equal to SO(3). Indeed, since O contains at least one element Py of finite order, i.e., an axial rotation of
angle commensurable with 7, then Id belongs to the interior of W. The completeness of SO(3) guarantees that
W =8S0(3).

Take as O the projection of V on SO(3). Then for every R € SO(3) there exists ¢ € R? such that (0g, ¢, R)
belongs to G this can be seen by noticing that there exist &k elements (0, (1, P1), - - -, (0g, Ck, Pr) in V such that
P, €O and PiP,... P, = R and by applying repeatedly (4.3) in the special case 1y = 03 and Qo = Id.

As a consequence, without loss of generality,

Qo = 1d, Q1 = Id.

Indeed, since there exists (o € R? such that (0g, C07Q61) € G, equation (4.3) with (¢, R) = (10, Qo) shows that
(06,70 + QoCo,1d) € A(0g, 70, Qo); similarly, the existence of (; € R3 such that (0g,(1,Q1) € G implies that
(06,11, Q1) € A(0g, 1 — (1,1d).

Moreover, for every element p of RP?, the Grassmannian of one-dimensional subspaces of R3, there exists
Cp € R3 such that (0g, (ps Rp) lies in G, where R, denotes the rotation of angle m around the axis p. Applying
(4.3) to (¢, R) = (¢, R") = ({p, Rp) in the special case 9 = 03, we obtain that (0g, (,+ R,(p, Id) lies in G. Notice
that ¢, + Rp(p= 2 ((p, p) p belongs to the axis p. Therefore, G intersects {0} x p x {Id} for every p € RP2.
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Of special interest will be for us the expression of (4.3) when R = R’ = Id, namely
(06757 Id) € A(067n0a1d)7 (067</a1d) eG - (067E+</71d) € Int(A(OGan07Id)) . (45)

Let
S2 = {v e 8?| {06} x Rxo(£v) x {Id} NG # 0}

where 82 denotes the unit sphere in R?. As we remarked above, Si and S? cover S? and, by construction,
they are open. Moreover, both are nonempty, since v € S implies that —v € Si. Since S? is connected we
have 53_ N &2 # 0, i.e., there exist v € R® and two non-negative constants A;, Ay such that both (0g, \1v,1d)
and (0g, —A2v,Id) lie in G; moreover, due to the openness of G, these constants can be assumed to be positive
and commensurable and so there exist two positive integers n; and no such that niA\; — noAe = 0. Applying
repeatedly (4.5) in the special case 179 = 03, we obtain that G contains (09, Id) and, therefore, {0g} x R? x {Id}.

Applying (4.5) again with ¢ = 19 we deduce that (0g,71,1d) is attainable from (0g, 79, 1d). O

5. GENERIC PROPERTIES

The expression generic is commonly used to denote a property of a system that is, in a suitable sense, stable
under small perturbations and that, even when it fails to apply, can be forced to hold by applying to the system
an arbitrary small perturbation.

In order to define precisely what a generic property means in the present context, define

E0 ={(A,B,J) € Msxe X Mxm X Msxz|J=J" >0, AeSym]},

where

Sym; = {A € Msxe | A is symmetric and negative definite with respect to (-,-),}

and (-,-); is defined as in (3.8).

We say that a property is generic for system (3.1)—(3.3) when m = mg if there exists an open and dense
set O in (' such that the property holds for every system defined by a triple in O.

Such a definition of genericity, given in terms of the entries of the matrices A, J and B, is adapted to the
finite-dimensional formulation (3.1)—(3.3) but can appear unsatisfactory from the point of view of the physical
model. Section 5.3 discusses how to define the genericity directly in the space of configurations of the organism
and provides a physically justified counterpart of the following result.

Theorem 5.1. (a) Generically when m > 1 the rank of £ is mazimal at every point.
(b) Generically when m >3 system (3.1)—(3.3) is controllable.

The generic conditions ensuring the Lie-bracket generating condition and the controllability of (3.1)—(3.3) are
given explicitly in Propositions 5.2 and 5.3. Notice that the techniques applied in this section are independent
of the structure imposed on A by the physical motivations of the model, namely, the fact that A € Symj.
Indeed, the conditions that are obtained in the following sections define an open and dense set in

ET:{(AaBaJ)E%GXG X%GXm X%SXS | J:JT>0}

for m > 1 (for the Lie-bracket generating condition) or m > 3 (for the controllability) whose intersection
with Z{" is open and dense in Zf’. In other words, Lie-bracket generating condition and controllability are
generic properties (for m = 1 and m = 3, respectively) also in the class of systems of the form (3.1)—(3.3) for

which the triple (A, B, J) is taken in Z".
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5.1. Generic Lie-bracket generating condition for m =1

When m = 1 the two matrices By and By are column vectors that we denote by b1 and bs respectively. Then
X1 = (b1,b2,06) and Z is the Lie algebra generated by Xy and Xj.

Proposition 5.2. Let i = 0 or i = 1. There exists an open and dense set of triples (A, B,J) in E} such

that system (3.1)—(3.3) is Lie-bracket generating. More precisely, if J, by, and by satisfy the three following
conditions

det(by, Jbo, J?by) # 0, (5.1)

det(ba, Jby, J2by) # 0, 5.2
[|.ba]|? )

det [ J — ——=1_1d 0, 5.3

< L) (5.3)

then £ is maximal at every point.

Proof. Let us prove, first of all, that if C' € .#(3 x 3) is symmetric and invertible, and if b € R? is such that
Cb and C?b are linearly independent, then

C~H(Cb x b) = det(C~H)(C?b x Cb). (5.4)
Notice that (C~!(Cb x b), Cb) =0 = (C~(Cb x b),C?b), and therefore
C~1(Cb x b) = k(C%b x Cb), (5.5)
for some k € R. For every x € R? we have det(C 1z, Cb,b) = (det C~1) det(x, C%b, Cb) and also
det(C~ 'z, Cb,b) = (C~ 'z, Cb x b) = (x,C(Cb x b)) = k (x,Cb x Cb) = kdet(z, C*b, Cb).

Therefore
(det C~ 1) det(x, C*b, Cb) = k det(x, C%b, Cb)
for every x € R3, proving that (5.4) holds true. In particular, taking J = C' and b = by, we have

J1(Tby x by) = det(J 1) (J?by x Jby). (5.6)
Denote by Vi the Lie bracket [[Xo, X1], X1]. According to (3.4) we have
Vi = 2((by x by),J  (Jby x by),06).
Similarly, the definition V5 = $[[Xo, V1], V4] leads to the expression
Vo = (= (J 71 (Jby x b2),ba) by + (J " (Jba x ba), b1 ) ba, — (J 1 (Jba X b),ba) ba, ).
Since <J_1(Jb2 X bg),b2> Xi+V = (<J_1(Jb2 X bg),bl> ba,09) we have that
Z1 = (ba,09)

belongs to .Z, as it follows from (5.1) and from (5.6).
Let Z; = £[[Xo, Z1], Vi]. Applying again (3.4), we have that

Zy = (=by x J 1 (Jby x by),00).
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Equation (5.6) implies that
Zy = ((det J~1) by x (Jba x J?b3),09).
Letting
bs = by x (Jby x J?b)
we can represent Zs = 1[[Xo, Zs], X1] as
Z3 = (ba X b3, 09).
We have shown that the Lie algebra . contains the vector fields

Zl = (bQ,OQ), ZQ = (bg,Og), Z3 = (bg X b3,09).

Notice that
bs = (ba, J?ba) Jby — (ba, Jba) J?bo

is not in span(by), since (ba, Jba) > 0 and because of (5.2). As a consequence, the vectors b, bs and by x b3 are
linearly independent.
Therefore, .% contains every constant vector field of the type (v,0q), with v in R3. It follows that

Wl == (037 b2; 06)

is in .. As a consequence of (3.4), [[Xo, W1], W1] = 2(03, J~1(Jba X ba), 06) lies in £ as well. Due to (5.6), we
deduce that

Wa = (03, J?by x Jby, 0g)
belongs to .Z. Let
by = J?by x Jby
and let W3 = [[Xo, W1], Wa]; we have W3 = (03, bs, 0) with b5 = J~1(Jby X by + Jby X bs). We are left to prove
that the vectors be, by and b5 are linearly independent. Let D = det(be, by, b5) and notice that
D = det(by, by, J 1 (Jby x by + Jby x by))

= (det J~1) det(Jby, Jby, Jby X by + Jby X by)

= (det J~Y) (Jby, Jby x (Jby x ba) + Jby x (Jbz x by))

= (detJ 1) <Jb2, (Jby, by) Jbg — (Jbg, Jba) by + (Jby, bo) Jby — |\Jb4||2b2>-

Since (Jby, Jba) = <b4, J2b2> =0 and (Jby, b2) = (bg, Jba) = 0 we have

D = (det J ') (Jbg, (Jby,bs) Jby — ||Jba|[*b2)
= (det J~1)([[Jba|1? (Jba, ba) — || Tba||? (Tba, ba)).

Now, taking C'= J~1 and b = J?bs in (5.4), we have Jby = (det J)(Jby x bz), from which we deduce
(Jba, bs) = (det J)((Jba, b2) (Jba, J?ba) — || Jba|*).
We also have

| Jbsa||? = (det J)2||Tby x bol|?
= (det J)2(||Jb2 || [|b2|* — (b2, b2)®).
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Defining A = ||Jba|?/ (Jba, ba) we get

D = [[Jba[*((Jbz,b2) (J*ba, Jbz) — || Tba|*) = (det J) (Tba, ba) (|| Tb2*[[b2]* = (Tb, b2)?)

_ NN NN
= (Jba, bs) <<Jb2’b2>x A (detJ)<<Jb2’b2>)\ 1>>

Cayley—Hamilton theorem implies that

J3 = asJ? + a1 J + (det J)Id, a1, az € R,

and thus
(J?ba, Jby) (J%ba, bs) |22
=a + a1+ (det J) ————
(Jba, ba) Ty T ) T )
b 2
= 0/2)\ + al + (det J)%
2,02
Therefore,
D = (JbQ,b2>3 ((GQ)\+ ay + (det J)%) A= — (det J) (M)\ — 1))
(Jba, ba) (Jba, ba)
= (Jbg, o) (=A% 4 agA? + ag A + det J)
= (Jby, by)* det(J — AId)
which is different from zero because of (5.3). O

5.2. Generic controllability in the case m = 3

The aim of this section is to prove the genericity of the controllability of (3.1) in the case m = 3. Let us

introduce the notation
A— A A
Agr Ao

Proposition 5.3. Leti =0 ori= 1. There exists an open and dense set of triples (A, B,J) in =3 such that
system (3.1) is controllable. More precisely, if By and Ay + AL, are invertible with Ayy = Ajq — BlBglAgl
and if at least one eigenvector of J is not an eigenvector of BiBy ', then system (3.1) is controllable.

with each A;; belonging to .#5xs.

Propositions 5.2 and 5.3 lead to the following statement, which follows from Proposition 4.1.

Corollary 5.4. Form > 3 and i = 0 or i = 1, there exists an open and dense set of triples (A, B,J) in =}
such that system (3.1)—(3.3) is controllable.

The proof of Proposition 5.3 will be split in several steps. The following lemma allows us to study the
controllability of (3.1) by investigating the controllability of an equivalent system in R? (instead of RS).

Lemma 5.5. Assume that By is invertible and define B= BlB;1 and AH = Ay — BAgl. Then, the control-
lability of (3.1) is equivalent to the controllability of the system

.f:filll‘—’uXx—i—(AllB—i-AlQ—BAQg)U—’UXB’U—BJ_l(J’UX’U), IGRS, (57)

with the control v taking values in R3.
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Proof. Suppose that system (3.1) is controllable. Let = & — Bw and rewrite system (3.1) as

T = /1111’ —w X T+ (/1113 +A12 — BAQQ)W —w X Bw — BJ_l(Jw X w),
w= Az + (Aglg + Agg)w + J_l(Jw X w) + Bs u.

Given two points (zg,wp) and (z1,w1) in RS, there exists a control u : [0,7] — R3 that steers (zg,wp)
to (z1,w1). Thus, denoting by (z(-),w(:)) the corresponding trajectory, the control v(t) = w(t) steers sys-
tem (5.7) from zo to x;.

Conversely, let system (5.7) be controllable and fix two pairs (£y,wp) and (£1,w1) in RS. Notice that (5.7)
can be controlled by smooth controls v : [0,7] — R? satisfying

v(0) =wy, V(T)=ws. (5.8)

(The result follows from the controllability of (5.7) and the density of {v € C*([0,T],R?) | v(0) = wo,
v(T) = wi} in L>(0,T) with respect to the L'-norm. The proof can be deduced from the general results
in [10] or easily adapted from [6] and [12], Thm. 4, p. 110.)

Therefore, if v € C*([0, T], R?) satisfies (5.8) and steers (5.7) from & — Buwo to & — Buwy, then

u(t) = By (9(t) = Ana(t) = (A B + Asa)o(t) = T (Ju(t) x (1))

steers (3.1) from (&, wo) to (&1, w1). O
The following lemma establishes the controllability of system (5.7) in a first case.

Lemma 5.6. Assume that the matrix ;111 + fllTl has two nonzero eigenvalues with opposite signs. Then there
exists an open and dense subset O of {(B,J) € Mexs X Msxsz | J = J¥ > 0} such that system (5.7) is
controllable if (B,J) € O. More precisely, if By is invertible and if at least one eigenvector of J is not an
eigenvector of By By ', then system (5.7) is controllable.

For the proof of this lemma we shall use the following result, proven in [15], about the controllability of
a family of affine vector fields in R™. An affine vector field X is a mapping from R"™ to R"™ of the form
X : 2+ Cx+ c where C € Myxn and c is a constant vector in R"™; the linear part of X, denoted by A(X),
is the linear vector field z — Cz. If % is a family of affine vector fields, we denote by A(.#) the set of linear
parts of the vector fields in .% and we say that .% has no fixed point if there does not exist a point zg € R™
such that X (x¢) = 0 for every X € .%.

Theorem 5.7 (Jurdjevic and Sallet). Let .7 be a family of affine vector fields given on R™. Assume that F
has no fixed point. If A(F) is controllable on R™ ~ {0} then % is controllable on R™.

Proof of Lemma 5.6. From Lemma 5.5, we know that it is sufficient to prove the controllability of the system
defined by the family of affine vector fields .# = { C(v)x + c(v) | v € R® } where

C(v) = Ay — S(v), c(v) = (A11B + A1y — BAgy)v — v x Bo— BJ}(Jv x v).
Choose v in such a way that S(vg) = (A1 — A];)/2. Then

An + AlTl .

1411 — S(’Uo) = B

Define the family of linear vector fields 4 = { A1; — S(vg), S(v) | v € R?*}. The two closed convex cones
generated by the families A(.#) and ¢ are identical, since for every finite family («;)o<i<n of positive numbers
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and every choice of vy,...,vy € R?,

N N
Oéo([lll — S(’Uo)) + Z OéiS(’Ui) = Oé()([lll — S(Uo)) + hm 1 Zai (/111 — S(*T’ Uz))

r—+oo T
=1 i=1

and

ZOQAM— (vi)) (Z%) An— (vo) +Zaz Vo — Vj).
i=1

Therefore, the controllability of A(.#) on R? \ {0} is equivalent to the one of ¢ (see [13,14]).

The trajectories of the vector field S(v) are circles contained in planes orthogonal to v and whose centers are
at the intersections of these planes with the line Rv. Let 2 € R3 \ {0}; thanks to the vector fields S(v), the
attainable set from x for ¢ contains the sphere of center 03 passing through x. Now, as Ay — S (vp) has two
eigenvalues with opposite sign, we can move (thanks to this vector field) along a direction towards the origin
and along an half-line exiting the sphere and going to infinity. Therefore, using again the fact that the family
{S(v) | v € R3} is transitive on every sphere, we proved that ¢, and thus A(.%), is controllable on R3 ~ {0}.

Assume now that we can find a fixed point, denoted by x(, which is common to all the vector fields in .%.
For every vector v € R3, we have

C(v)zo + c(v) = C(—v)zg + ¢(—v) = 03

from which we deduce
Ay1z9 — v x Bu— BJ 7Y (Ju x v) = 0. (5.9)

Taking v = 03 gives Anxo = 03 and therefore (5.9) can be rewritten as
Bv xv=BJ ' (Jv xv) (5.10)

for every v € R3. In particular, if v is an eigenvector of J but not of B, then the right-hand side of (5.10) is
equal to zero, while the right-hand side is not, leading to a contradiction. ]

We are left to deal with the case where the eigenvalues of

the symmetric part of Ayy, are all positive or all negative. Although in this case the linear part of the family .#
is not controllable on R3 \ {0}, we can nevertheless adapt the method introduced in [15] in order to prove the
controllability of (5.7).

Lemma 5.8. Assume that the matriz A3, is invertible and that its eigenvalues have all the same sign. Then
there exists an open and dense subset O of {(B,J) € Msxz X Msx3 | J = JT > 0} such that system (5.7)
is controllable if (B,J) € O. More precisely, if Ba is invertible and if at least one eigenvector of J is not an
eigenvector of B, then system (5.7) 1is controllable.

Notice that, together with Lemma 5.6, Lemma 5.8 concludes the proof of Proposition 5.3. In order to show
Lemma 5.8 we need some definitions and have to prove some intermediate results.

Let % and A(%) be defined as above. In the proof of Lemma 5.6 we pointed out that starting form a point
x € R and following all possible linear vector fields of the type S(v) one can attain the entire sphere of center 03
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and radius ||z||. If the eigenvalues of A3, are negative (resp. positive), the vector field A3, points towards the
interior (resp. the exterior) of this sphere, from which we deduce that

R? [0 <|ly] < |lof} if Afy <0
A ’A(gz — {x}U{ye ] -11 ’
(= M) {{x}u{yeR3|||y||>||m|} if A3, > 0.

In the sequel, we shall need the notion of normal accessibility, which is recalled below.

Definition 5.9. Let ¥ be a family of complete vector fields on a manifold M. The point y is said to be
normally ¥ -accessible from z if there exist X',..., X? in ¥ and t1,...,t, > 0 such that

=X o ---oetPXp(I)

and the mapping

(T1y.e,Tp) — en X' o —0e™X (1),

defined in a neighborhood of (¢1,...,%,), is of rank equal to dim M at (¢1,...,%p).

In [15] the authors exploit the fact that if a family of vector fields is controllable, then every point y is
normally accessible from every point . As the family A(%) is not controllable on R3 \ {0}, we are lead to
prove a suitable normal accessibility property. First, we recall the notion of projecting a linear vector field on
the unit sphere. For every linear vector field U defined on R™, the projection of U on the unit sphere S™~! is
the vector field U defined, for every z € S"~ !, as

In the particular case where n = 3 and U(z) = S(w)z, we have U = U|g2. Denote by S(w) the vector field
obtained in this way. Notice that if S(w) is nonzero, then its spectrum contains the value zero and two nonzero
purely imaginary eigenvalues. So, the phase portrait of S(w) consists of all circles obtained as intersections
of S with the planes orthogonal to w (and in particular the two singletons +w/||w]|).

Going back to the general case, it can easily be seen that the flow of U is given by the expression ”Zi—gi”

This means that the integral curves of U are obtained by projecting the integral curves of U onto S™~!. This
leads to the following remark: let 7 be a family of linear vector fields on R™ and denote by % the family of
their projections on S™ . Then J# is controllable on S™~! if and only if J# is transitive on directions, i.e.,
any ray from the origin is reachable by 7 from any other ray from the origin.

Lemma 5.10. Assume that the eigenvalues of Aq1 + fllTl have all the same sign. Then we can extract from F
a finite family F° such that there exists a sphere of center O3 and radius v of points normally A(F°)-accessible
from every point of the unit sphere.

Proof. Let vy € R? be such that A5, = A;; — S(vg) = A§,. Let, moreover, w; be an eigenvector of A3, and
take wsy, w3 € R3 such that the family (w1, ws,ws3) is a basis of R3. Consider now the family

A(FO) = { A3}, A5y — kaS(w2), ASy — ksS(ws) }

extracted from A(%), with ko and k3 to be chosen later. B B
Since wy and w3 are linearly independent, then the family {S(wz), S(w3)} is controllable on S2. Notice now
that -
A3y — kS(wj)
li i S Nt/ A .
R
and that the projection on S2 of the linear vector field corresponding to A5, — kS(w;)/k converges to —S(w,)
as k goes to infinity. Since the controllability is an open property (see [21]), we deduce that for ks and ks large
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enough the projection onto S? of the family {(A5, — koS(wy))/ka, (A, — k3S(ws))/ks} is controllable on S2,
which implies that the family {(A11 — k2S5 (w2))/ke, (A11 — k3S(ws))/ks} is transitive on directions. Since the
integral curves of (A1 — k;S(w;))/k; coincide with those of A1 — k;S(wj) for j = 2,3, we can conclude that
the family {411 — k2S(w2), A11 — k3S(ws)} is transitive on directions, provided that ko and ks are chosen large
enough.

Moreover, any nontrivial trajectory of the vector field /I{l whose initial condition belongs to its eigendirection
span(w;) either diverges to infinity (case A5, > 0) or converges to the origin (case A3, < 0). Hence, for every
z € R3~ {03}, A(z, A(Z?)) contains a set of the form R3 ~. B(0,r) (case A5, > 0) or B(0,7) ~ {03} (case
A3, < 0). The interior of A(x, A(Z°)) being nonempty, there exists at least one point, denoted by y, that can
be normally A(F)-accessed from z (see [21]). Notice that since y is normally A(F°)-accessible from z, then
y is also normally A(.Z°)-accessible from every point in a (sufficiently small) neighborhood of 2. Moreover, all
the points in A(y, A(#°)) are normally A(.Z°)-accessible from .

We conclude by using the compactness of the unit sphere: for every x € S2, there exists a neighborhood V,
of z and a set R®\ B(0,7,) (case A5, > 0) or B(0,7,)~ {03} (case A5, < 0) whose points are normally A(.Z°)-
accessible from every point of V.. As we can include the unit sphere in a finite union of neighborhoods V., we
can claim the existence of a sphere of radius r whose points are normally A(.#°)-accessible from every point of
the unit sphere. O

The following lemma guarantees the unboundedness of the sets A(z, #) and A(z, —F).

Lemma 5.11. If B is invertible and if at least one eigenvector of J is not an eigenvector of B, then for every
x € R? both sets A(x, F) and A(x,—F) are unbounded.

Proof. Take v € R? such that ¢(v) = —vx Bv—BJ~(Jvxw) # 03; this is possible since at least one eigenvector
of J is not an eigenvector of B. For every o € R the vector field  — C(av)z + c(aw) is in .Z and

lim C(av)x ;l— c(aw) — w).

a—00 «
This proves that, given a time T' > 0, the solution of & = C(av)z + c¢(av) on the interval [-Ta =2 Ta™?] is
as close as we want to the solution of & = ¢(v) on [-T,T] (with the same initial condition) provided that « is
large enough. Now, the solution of & = ¢(v), 2(0) = z0, leaves any fixed bounded set both in time 7" and in
time —T', provided that T is large enough. O

We consider now, as in [15], the family {hx ., | A > 0, w € R™} of affine diffeomorphisms of R™ defined by
haw(x) =w+ Az — w). An easy computation shows that, for every X € .7,

(haw, X)(2) = AMX)(z —w) + A X (w)
where h) ., X denotes the pushforward of the vector field X by hj .. In particular

lim (s, X)(2) = A(X) (@~ w). (5.11)
Denote by %) ., the image of the family .# by hj ., that is, the transformation of .# under the change of
coordinates hy -

Proof of Lemma 5.8. Let A(Z°) and r be as in the statement of Lemma 5.10. Consider the finite family
AMZFD) = {A(X)(z—w) | X € Z°} and notice that each point of the sphere of center w and radius r is normally
A(F))-accessible from every point of the sphere of center w and radius 1. Let Zy ., = {hyo, X | X € F}.
Thanks to formula (5.11) we can assert that, if A is chosen sufficiently small, the sphere of center w and radius r
is contained in the attainable set for .Z) ,, from every point of the sphere of center w and radius 1 (see [21],
Lem. 3.2). Fix such a A > 0.
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FIGURE 1. z belongs to A(w, %) (the case r < 1).

Given w in R?® we claim that A(w, %) contains a neighborhood of w. Indeed, since the sets A(z,.#) and
A(z, —F) are unbounded, the same is true for the sets A(z, Z» ) and A(x, —Fy ), for every x € R3. This
implies in particular, because of the arc-connectedness of attainable sets, that there exists y € A(w, Zxw)
such that ||y —w| = 1. Let p < r and fix z € B(w, p). Since A(z, —Fy ) is unbounded, then, again by
arc-connectedness, there exists 2’ € A(z, —%y ) such that ||z’ — w| = r. Since from every point of the sphere
of center w and radius 1 we can reach any point of the sphere of center w and radius r, the point 2’ is reachable
from y by the family .%, ,,. Finally, every point z € B(w, p) belongs to A(w, %) (see Fig. 1). Since Z) ,, is
the transformation of % by a diffeomorphism preserving w, we deduce that A(w,.#) contains a neighborhood
of w. Therefore, every attainable set A(z,.%#) is open.

Since the control system defined by —.% has the same form as that defined by .# and verifies the hypotheses
of both Lemmas 5.10 and 5.11, the reasoning above proves also that every attainable set A(z, —%) is open.
Take now y in the closure of A(x, %#). The set A(y, —%) being open, there exists z € A(y, —%) N Az, F)
which proves that y is reachable from = by the family %#. Every attainable set A(z, %) is therefore both open
and closed; thus it is equal to R3. ]

5.3. Generic controllability: physical interpretation

The scope of this section is to provide a better physical insight of Theorem 5.1. More precisely, we want to
check that for m > 3 there exists an open and dense set in the (suitably defined) space of microscopic organisms
modeled here such that the corresponding control system (3.1)—(3.3) is controllable.

The space of organisms, denoted by X,,,, will be identified with the set of pairs (€2, ¥), where Q C R? is open,
nonempty, connected, bounded, and of class C?, while ¥ is the m-uple of functions in C%(992, R?) determining
the action of the controls (see Sect. 3). For simplicity we assume that the density ¢ of the organism is constant,
so that the inertia matrix J is determined (up to the positive multiplicative constant §) by the shape 2. (For the
general case see Rem. 5.14.) The topology on ¥, can be defined assigning the basis of open subsets defined by

e (L T) ={(Id +v)(Q), D) | v € W(Q,R?),® € (C*(0Q,R?))™,
||’U||37o<> <eg, ||(I> o (Id + ’U) — \IIHC?(Q) < E}

for all € € (0,1/2) and all (Q,¥) € %, (see [20] or, for a different approach, [8]). By extension ¥y denotes
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the set of C?, open, nonempty, connected, bounded subsets of R? endowed with the topology whose basis is
given by all
Ho,(2) = {(1d +0)(Q) | v e W(Q,R?), |v]

3,00 < 5};
e€(0,1/2), Q€ .

Theorem 5.12. Assume that m > 3. There exists an open and dense set O in X, such that (3.1)—(3.3) is
controllable if (2, ) belongs to O. Moreover, there exists an open and dense set P in X such that O N ({2} x
(C2(0Q, R3))™) is dense in {Q} x (C2(0Q, R3))™ for every Q in P.

Proof. Denote by F(,¥) the triple (A4, B,J) associated to an element (2, ¥) of 3y through (3.5), (3.7)
and (3.9). We want to show that each condition appearing in the statement of Propositions 5.2 and 5.3 is
satisfied by the elements of the image through F' of an open and dense subset of Y.

Notice that the map ¥ ~ B is onto when considered from (C2(9Q, R3))™ to Moxm (9 fixed). Indeed,
according to [19], Lemma 4.1, ¢, ¢, ¢®) ™M G GG are linearly independent in L?(99, R?). Therefore,
since the orthogonal to a smooth function in C2(952, R3) with respect to the L2-product has infinite codimension,
the relation (3.9) defines a surjective map. In particular, the pre-image of an open and dense set in Ay, is
open and dense in (C%(952, R3))™.

Let us now take into account the dependence on Q. We claim that the map from 3 to R® that associates
to a domain €2 the spectrum of the corresponding inertia matrix — with eigenvalues repeated according to their
multiplicity and with § normalized to one — is locally open at every point. In order to check it, fix Q € ¥y and
a system of coordinates such that O3 is the center of mass of € and ey, ea, e3 its principal axes of inertia. Then
the elements of the normalized inertia matrix J° = J/§ of Q) are

Jioj _ { ifQ $ixjd.2ﬁ=0 1f@7é.7a (5.12)

fQ(Zk#mk)d:c if i = 7.
Apply the transformation Id + v to €2, where v is the diagonal matrix diag(vy, vs,v3), and denote by J°(v) the
normalized inertia matrix of (Id + v)(€2). Then

19(0) = (I, (1 + k) (L + o) (L +vy) fgmizgde =0 if i # 4,
i i(Hz:I(l‘i”Uk)) fQ(Zk¢z(1+UI€)2l’i)dl‘ le:j

The spectrum of J%(v) is therefore given by the components of the vector 0°(v) = (£(II3_, (1+vx)) [, (ks (1
vg)2z?)dz)?_,. A straightforward computation shows that the determinant of the Jacobian matrix of 0¥ with
respect to (v1,vs,v3), computed at vy = vy = v3 = 0, is different form zero. The map v + ¢°(v) is therefore a
submersion at v = 0.

In particular, the eigenvalues of J are simple for ) in an open and dense subset of ¥, independently of W. If
by does not belong to any of the three planes generated by pairs of eigenvectors of .J, then (5.2) is automatically
verified.

Similarly, one notices that all the assumptions appearing in the statements of Propositions 5.2 and 5.3 can
be represented in the form G(2, V) € O where O is an open and dense subset of a finite-dimensional vector
space V, the map G : ¥,,, — V is continuous and for 2 in an open and dense subset of 3y we have that G(2, ¥)
belongs to O if B belongs to an open and dense subset of .#sx, (possibly depending on §2). Therefore, G~1(O)
is open and dense in X,,. O

Remark 5.13. As recalled above it follows from [19] that, once 2 is fixed, the linear map associating to the
m-uple ¥ the matrix B through (3.9) is onto as a map from (L2(0Q, R3))™ to #sxm. Thanks to this result,
and to the remark that (3.1)—(3.3) is controllable if m = 6 and B is invertible, the authors prove that for m > 6,
for an open and dense subset of m-uples in C2(9Q,R?) (Q fixed) the corresponding system is controllable
(see [19], Thm. 1.1). In the language adopted here the result of [19] says that, for every fixed 2 and for m > 6,
controllability is a generic property with respect to W.
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Remark 5.14. In order to introduce a reasonable notion of genericity in the case where the density § of the
organism is not constant, it is necessary to include § in the definition of X,,. Let X,, be the set of triples
(Q,U,0) where (2,¥0) € %, and § € L>®(Q, (0,400)) and endow %, with the topology whose basis is given
by all

A (0, 0,6) = {((1d + 0)(Q), @, 7) | v € WH(Q,R?),® € (C*(92,R*))™, 7y € L¥(R, (0, +00)),

[[vll3,00 < &, [|® o (Id +v) = ¥llezq) <&, |yo (Id+v) =8| Le) <},

e € (0,1/2), (Q,9,0) € $,.. Following the same arguments of proof as above, one can prove that if m > 3
there exists an open and dense set © in 3, such that (3.1)-(3.3) is controllable if (Q, ¥, §) belongs to ©. The
only difference consists in verifying that the map associating to (€2,0) the spectrum of J is locally open, and
this can be done by taking the same perturbation (Id 4 diag(vy, v2, v3))(£2) as above for © and the perturbation
0 o (Id + diag(vy, va, v3)) for 6.

6. SWIMMING SPHERICAL MICROSCOPIC ORGANISMS

When the microscopic organism happens to be spherical, the equations presented in the previous sections
have a very special form. As described in [19], general results in hydrodynamics (see, e.g., [11]) show that the
matrix A corresponding to a spherical organism is diagonal and, more precisely, of the form

_(=pdd 0
A= ( 0 _pQId ) '

p2 > p1 > 0. (6.1)

with

Moreover, since the inertia matrix J is proportional to the identity (assuming that the mass distribution is
homogeneous inside ), the nonlinear term E appearing in (3.1) is given by

E(z) = ( Yo )

Notice that in the spherical case w satisfies a well-defined control subsystem, i.e.,
W = —pow + Bau. (6.2)

We are going to prove the following result.

Theorem 6.1. Let Q) be a ball and assume that the mass distribution of ) is homogeneous. Then the control
system (3.1)—(3.3) is controllable if and only if the rank of Bz is equal to three and By is different from O3y, .

The easier part of the proof is to show that the controllability of (3.1)—(3.3) implies that
rank By = 3, B # 035m. (6.3)

Indeed, the linear control system (6.2) is, as it is well known, controllable if and only if rank By = 3. Moreover,
if By = O3xm, then the space {03} x R? is invariant for the dynamics of the control system (3.1), which is
therefore non-controllable.

The converse implication will be proven in several steps.
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6.1. The case where B; and B- are linearly independent

In this section we study the case where the organism is spherical and
rank By = 3, B ¢ span(Bs). (6.4)

Let us prove the following technical result.

Lemma 6.2. If assumption (6.4) holds true, then there exist ci,ca,c3 € R3, an orthonormal basis {dy, da, ds}
of R3, and a m x 3 matriz T such that

3 3
BlFU = ZUZCZ‘, BQFU = Zvidi; c1 X d1 7é 03. (65)
=1 1=1

Proof. Firstly, let us consider the case m = 3. Then Bs is invertible and for every orthonormal basis {d;, da, d3}
of R?, we have

3
BQF'U = Z Uidi,
i=1

for T' = By *(dy|da|ds), where (d;|da|ds) denotes the matrix whose columns are dy, da and ds. Since BBy, * is
not proportional to Id, then d; can be chosen such that d; x (BlBgldl) # 03. It suffices to complete d; to any
orthonormal basis {d1, ds,ds}, since B1T'v = Zle v;c; with ¢; = BlBgldi.

Let now m > 3. Denote by ij) the jth column of B;.

The second case we consider is when there exist 1 < j1, j2, j3 < m such that Béjl), Béh), B§j3) are linearly
independent and (B§j1)|B§j2)|B§j3)) & span(B§j1)|B§j2)|B§j3)). Consider the m x 3 matrix IV whose all entries
are zero excepted the entries (j1,1), (j2,2) and (js, 3) that we take equal to 1. The columns of the 3 x 3 matrices
B! = B,I" are Bi(jl), Bfﬁ) and Bi(j3) (1 =1,2). The matrices By and B} fulfill the hypotheses of the case m = 3
and we are done.

Finally, consider the case in which for every triple 1 < j1, j2, j3 < m such that Béj 1), Béﬁ), Béj %) are linearly
independent, we have that (B§j1)|B§j2)|B§j3)) is proportional to (B£j1)|B§j2)|B§j3)). Let

(o ok = {51 1<j<m, BY 03}

Then (B§j1)| . |B§j’“)) is proportional to (B£j1)| . |B£j’“)). Assumption (6.4) implies that there exists 1 < j < m
such that B§j ) # 03 and Béj ) = 03. The column B§j ) cannot be proportional to both columns Béj " and Béh)
so there exists an index, say ji, such that BEj ) is not proportional to Béj 1), this implies that ng Dy B§j ) is not
proportional to Béj 2 (since By ) and Béj Y are proportional). Consider the m x 3 matrix IV whose all entries
are 0 excepted the entries (j,1), (j1,1), (j2,2) and (j3,3) that we take equal to 1. The columns of the 3 x 3
matrix Bf = B1I” are ng) + B§j1), Bih) and B§j3) while the columns of B, = BoI"” are Béjl), Béﬁ) and Béjg).
The matrices B} and Bj fulfill the hypotheses of the case m = 3 and we are done. g

Notice now that for every @ € SO(3), the change of coordinates ¢’ = Q¢,w’ = Qu,(’ = (,R' = RQ~!
preserves the dynamics of (3.1)—(3.3). This is equivalent to say that, up to a change of coordinates, we can
replace (B, B2) by (QBi1,QBz2), for every choice of @ € SO(3). Let dy, dz,ds be as in (6.5) and choose @ such
that Qd; = e; for i = 1,2,3 (where we recall that (e;);—1.23 denotes the canonical basis in R3). The above
transformations show that proving the controllability of the control system (3.1)—(3.3) under assumption (6.4)
is equivalent to proving it under the hypotheses that m = 3, By = Id, and that the first column of B; is not
proportional to e;.

Denote by b1, bs, bs the columns of B;. Accordingly, the controlled vector fields are the three constant vector
fields X,L = (bl, €, 06)7 1= ]., 2, 3.
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Lemma 6.3. If (6.4) holds then system (3.1)—(3.3) is Lie-bracket generating.

Proof. Applying (3.4) in the case J = Id we obtain that for every vy, vy € R? the constant vector field
V = (v1, v2,0¢) satisfies
[[Xo,Xi], V] = (ei X v — bz X ’U2,09). (66)
In particular, taking ¢ = 1 and V = X5 in (6.6), we deduce that Z = (e1 x b1,09) belongs to .£. Applying
again (6.6) to V = Z we get that, for i = 1,2,3, Z; = (e; X (e1 X b1),09) belongs to .£. Since Z, Z1, Zs, and
Z3 span R? x {09}, it follows that % contains

span(X1, Xo, X3) + R? x {09} = R® x {0¢}-

As noticed in Remark 3.1 this proves the lemma. O

The controllability of system (3.1) follows from Proposition 5.3: indeed, Ay = p1ld is symmetric and
invertible and hypothesis (6.4) implies that By = B1B; ! has a smaller set of eigenvectors than J = Id.
Theorem 6.1 is therefore proven, because of Proposition 4.1, under the stronger assumption that (6.4) holds
true.

6.2. The proportional case
In order to complete the proof of Theorem 6.1, we have to prove that system (3.1)—(3.3) is controllable when

rank B, =3, By =ABa, A#QO. (6.7)

Using the same normalization argument as in the previous section, we can assume that m = 3 and Bs = Id.
Moreover, we can take A = 1 by performing the change of coordinates ¢’ = ¢/, W’ =w, (' = (/\, R' = R.
Therefore, without loss of generality, X; = (e;,e;,06) for i =1,2,3.

Let us prove the Lie-bracket generating condition. We have

[Xo, Xi] = (—p1ei, —p2ei, Rei, RS(e;))

and
[[Xo,Xi], [XO7X]‘]] = (06,2R(6]‘ X ei),RS(ej X €i)).
A further computation yields

[[[X0, Xi], [Xo, X;]], [Xo, Xi]] = (06, 3R(er. x (e; % €;)), RS(ex x (ej X €;))).

Therefore, the Lie algebra .# contains the following vector fields

€; —p1€;j 03 03

e; —p2e; 03 03

03 ’ Rej ’ 2R€k ’ 3R€l ’
03 RS(ej) RS(ek) RS(@[)

for i, j, k, 1 =1,2,3. As a consequence, .Z contains also

(p2 — p1)ei 03 0 05
03 (p1 — p2)e; 03 03
Rei ’ Rej ’ Rek ’ 03 ’
RS(&L‘) RS(eJ) 03 RS(eZ)

for i, j, k, I =1,2,3. These vector fields form a moving frame on the manifold R? x SO(3) (since p; # p2).
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In order to conclude the proof of Theorem 6.1 we need to show that (3.1) is controllable. Applying Lemma 5.5
this turns out to be equivalent to the controllability of the following system,

i=—pix—vxz+(pa—p)v, xcR? (6.8)

with the control v taking values in R?. Decomposing the control as v = wz + W with w € R and W orthogonal
to z, equation (6.8) rewrites as

&= (=p1+ (p2 = pr)w)z =W x .

Clearly, choosing W = 03 allows to move as desired along span(z), while the choice w = p1/(p2 — p1) permits to
attain the sphere of radius ||z|| centered at the origin. The controllability of (3.1) is thus proven and the proof
of Theorem 6.1 completed.

7. THE CASE WHERE THE DENSITIES OF THE MICROSCOPIC ORGANISM AND OF THE FLUID
HAVE THE SAME ORDER OF MAGNITUDE

As pointed out in [19], Section 2, the assumption that the densities of the microscopic organism and of the
fluid have the same order of magnitude leads to stronger simplifications than in the general case studied in the
previous sections. In particular, according to the remarks of page 6 the control system (2.18)—(2.27) presented
in [19] reduces in this case to

—Av+Vp=0 on F x (0,T), (7.1)
divo =0 on F x (0,T),
v(y,t) = £() +w(t) x y + Zui(t)wi(y) for (y, 1) € 90 x (0,T), (7.3)
| lllm v(y,t) =0 for t € (0,7), (7.4)
/ o(v,p)nds =0 on (0,T), (7.5)
o9
/ y X o(v,p)nds =0 on (0,7T), (7.6)
19)
(=R¢  on(0,7), (7.7)
R=RS(w) on (0,7). 7.8

Physically, v represents the field of velocities of the fluid in F' (the coordinates are attached to the body), p is the
pressure, £ and w are the linear and angular velocities of the organism and finally ¢ and R give its position and
orientation with respect to a fixed frame. Recall that v1,...,1,, are the functions characterizing the control
actions and that o is the Cauchy stress defined in (3.6).

Given a time-interval [0, T] and a control u € L>([0,T], R™) there exists a unique solution (v, p, £, w, ¢, R)
of (7.1)—(7.8) satisfying

v e H'([0,T], L*(F) N D"(F) N D**(F) N C>(F)),
supyep(1 +[ly[)
pe HY(
¢ e HY([0,T],R?), we H?

|v(y,t)|| < oo for almost every ¢ € [0, 7],
0,7T], L ( ) N DYI(F) NCX(F)),
[0,T],R?), ¢ € C'([0,T],R?), ReC([0,T],50(3)),

ﬂﬂ

|
[0,
(

for s € (3,00], 7 € (3/2,00] and 0 € (1,00) (see [9,19]).

)



CONTROLLABILITY OF SWIMMING MICROSCOPIC ORGANISMS 1073

The finite-dimensional reduction of system (7.1)—(7.8) can be obtained following the procedure proposed
in [19]. To this extent, as in Section 3, define the fundamental solutions (A", p(9) and (H®, P(®) of the Stokes
system and associate to them the matrices ©F, T*, k, K. Let L be the n x m matrix

ol e\ '/ «
= (5%) (%)

Lemma 7.1. For almost every t € (0,T) we have

Proof. According to [19], Lemma 3.4, we have

/ g vds = {/ a(v,p)nds} =0
a0 a0 i

GW .pds = [/ yxa(v,p)nds} =0
o0

3

o0

where the equalities in the right-hand sides follow from (7.5) and (7.6).
On the other hand, for almost every ¢t € (0,7T),

[ evds= [ g0 (6w xy+ D un)ds = (0% + 6% + k),
o9 o9 =

and, similarly
/ G vds = — (T + T2 + Ku);.
o0

(& )e=-( %) (5)

which proves the lemma. O

Therefore,

System (7.1)—(7.8) therefore reduces to the control system

é = RLlua m
{ R = RS(L*) u e R™, (7.9)

Ll
= (%)
By homogeneity, since the set of admissible controls is the whole R™, the controllability in arbitrary small

time of system (7.9) is equivalent to the controllability of the control system whose admissible velocities are
given by the family of vector fields F = {+X,; | 1 < < m} defined by

where L', L? € .#5x,, are such that

Xi(¢. R) = (Rbi, R S(cy) (7.10)

where the b;’s denote the columns of L' and the ¢;’s those of L?. Moreover, since F is symmetrical, the
controllability of this family is equivalent to the fact that the Lie algebra generated by F, denoted by .Z, is of
rank 6 at every point of R x SO(3) (see, e.g., [1], Cor. 5.11).
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Theorem 7.2. The control system (7.9) is controllable in arbitrary small time if and only if one of the following
conditions is satisfied:

(1) rank(L?) > 2 and (L) L? + (L2) L' # Opxm:

(2) rank(L?) = 2 and rank(L) > 3.

Proof. First of all notice that the Lie bracket between two vector fields of the form Z;(¢(, R) = (Rv;, R S(w;)),
1 =1,2, is given by
[Z1,Z5)(¢, R) = (R(wy X vg —wa X v1), RS (w1 X ws)). (7.11)
Let us prove the “if” part of the theorem. Suppose that we can find in £ two vector fields Y7, Y5 of the
form
such that the vectors v; and 7, are linearly independent and that the inner product (51,71) is nonzero. We
prove here below that, in this case, the Lie algebra . is of full rank at every point of R? x SO(3). Then we
show that both (1) and (2). guarantee that, without loss of generality, such Y7 and Y5 can be found.
Let Y3 = [Y1, Y2] whose expression can be obtained using (7.11). Define the vector field W; as the bracket
between Y3 and Y;. Applying again (7.11) we obtain that
_ (R (2(B1,m)v2 — ((Bryv2) + (Basv1))v — (y1,72) 61 + |71|252))
(G ) = i UG = RS(=(n, 727 + I 72) |

Let Wy be the vector field obtained adding (v1,72) Y1 — ||71]*Ya to W, i.e.,

Wa(¢,R) = <R(2<51,71>72 - (<€;7’Y2> + (ﬁg,fyl))fyl)) .

Since Wy is in £, then the vector field Yy = [Ws,Y7] belongs to £ as well and we have that Y3((,R) =
(R(2{1,71)71 X 72),03). Consider now the vector fields Y5 = [Y4,Y1] and Y5 = [V4, Y2], both belonging to .2,
and whose expressions are

Y5(G,R) = (R(2(B1,v1)m % (11 X 72)),03)
Ys(C,R) = (R(2(B1,71)72 % (71 X 72)),03).

Since each matrix R in SO(3) is invertible, and because (81,71) # 0, the vector fields Y1, ..., Y5 span T(¢ g R? x
SO(3) at every (¢, R) € R? x SO(3) if and only if the matrix

Ao (Bt B mexBi—mxf mxye nx(nxy2) Y2 X (nx7)
Y12 Y2 X 1 03 03 03

is full-rank. The non-degeneracy of A follows easily from the assumption that the vectors «v; and 7, are linearly
independent.

We shall prove now that the hypotheses (1) and (2) imply the existence of two vector fields Y7 and Y>3 as
above.

Let r = rank(L?). Notice that for every matrix I' € GL(m) the reparameterization u — I'u transforms the
matrix (L', L?) into (L'T, L2T). The condition (L1)" L2+ (L2)" L' % 0, is preserved by this transformation,
since, (L'T) LT + (L*T) LT = TT((L')" L? + (L*)" LY. Thus, without loss of generality, we can assume
that L? = (L1 |03 (m—r)) Where L?Y € M3y, is of rank r. Let us write L as (L1 | L1?) where LY € A3,
and L2 € My (m—r)-

Suppose that (1) holds. If (Ll’l)TLQ’1 + (L2’1)TL171 # 0%y, then we can find 1 < ji, 52 < 7 such that
(bj,, i) # 0, or (bj,,cj,) # 0, or (bj,,cj,) + (bjy, ) # 0. If (bj,,c;,) = (bj,,¢j,) =0, then the inner product
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(bjy + bjy, ¢y +¢jy) = (bj,,¢jy) + (bjy, cjy) is nonzero, and thus the vector fields Y1 = X;, + X, and Y5 = X,

fulfill the required conditions. Otherwise, (L2’1)TL1’2 # 0px (m—r) and we can fix 1 < ji,jo <7 and j3 > r such

that ji1 # ja, (bj,,¢j,) = 0 and (bj;,c;,) # 0. Then Y7 = X, + X, and Yo = X, fulfill the required conditions.
Assume now that (2) holds and (1) does not. Then ¢; and cq are linearly independent and

<b1,01> = <b2,02> = <b1,02> + <b2,01> =0.

Moreover, there exists j > r = 2 such that b; # 03 and (bj,c1) = (b;,c2) = 0. Therefore, there exists a real
number « # 0 such that b3 = a(c1 X ¢2). Then, according to (7.11),

[Xlan](CaR) = (R(acl X (Cl X 02))a03)'

As (c2,c1 X (c1 X ¢2)) # 0 the vector fields Y7 = X; and Ys = Xo + [X, X;] fulfill the required conditions.

Let us prove now the “only if” part of the statement. First notice that if » < 1 then there exists a vector
zo € R? \ {03} such that L?u x xyp = 0 for every control u. Multiplying equation (7.9) by x¢, we get that
Rzo =0 and so R(t)zo = R(0)x for every time t. Therefore, system (7.9) is not controllable.

Assume now that r = rank(L) = 2 and (Ll)TL2 + (LQ)TL1 = Omxm. Let Y = [X1, X3], whose expression,
according to (7.11), is given by

Y(C,R) = (R(Cl X b2 — Co X bl),RS(Cl X CQ)).
Since (b;,¢;) =0 for i = 1,2 and (b1, c2) + (b2, c1) = 0, we obtain that

YV, X1] = —(c1,e2) X1+ [|ea]* Xz
[Y, Xo] —lle2l? X1 + {c1, c2) Xo.

Therefore, the Lie algebra .Z, which is generated by X; and Xs, is equal to the linear space of vector fields
spanned by X7, X5 and Y and cannot be of full rank.

Let now 7 = 3 and (LY)" L2 + (L2)"L' = Opyum. The condition (L21)"L12 = 03 (m—3) implies that the
columns of L'? are orthogonal to all the elements of a basis of R?. Therefore, L2 = 03 (m—3)- As for the
columns of L1, we easily obtain from (L11)T L2 4 (L21)' L1 = 03,5 that

b1 = — g e — a3 C3,
by = a2 ¢1 — a3 c3,

bs = aug c1 + s e,

for some aq2, @13, ass € R. Without loss of generality we can assume that (¢1, co, c3) is a positively oriented
orthonormal basis and an easy computation gives

(X1, Xo] = X3,
[X17X3] :*XQ;
[X27X3] :Xla

which proves that % is equal to the linear space of vector fields spanned by X3, X2 and X3 and cannot be of
full rank. O
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