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ON THE SELF-DISPLACEMENT OF DEFORMABLE BODIES IN
A POTENTIAL FLUID FLOW

ALEXANDRE MUNNIER

ABSTRACT. Understanding fish-like locomotion as a result of internal shape
changes may result in improved underwater propulsion mechanism. In this ar-
ticle, we study a coupled system of partial differential equations and ordinary
differential equations which models the motion of self-propelled deformable
bodies (called swimmers) in an potential fluid flow. The deformations being
prescribed, we apply the least action principle of Lagrangian mechanics to de-
termine the equations of the inferred motion. We prove that the swimmers
degrees of freedom solve a second order system of nonlinear ordinary differen-
tial equations. Under suitable smoothness assumptions on the fluid’s domain
boundary and on the given deformations, we prove the existence and regularity
of the bodies rigid motions, up to a collision between two swimmers or between
a swimmer with the boundary of the fluid. Then we compute explicitly the
Euler-Lagrange equations in terms of the geometric data of the bodies and of
the value of the fluid’s harmonic potential on the boundary of the fluid.

1. INTRODUCTION

1.1. History. Initiated by the mathematician, physician and physiologist G. A.
Borelli[4] in 1680 and 1681 and continued much later by zoologists and engineers
like C. M. Breder[6] and J. Gray[16],[17] in a series of papers, the investigations
to understand the locomotion of aquatic animals have given rise, to numerous sci-
entific publications. This constant interest has grown from the observation that
aquatic mammals and fish evolved swimming capabilities far superior to what has
been achieved by naval technology. A better understanding of the biomechanics of
swimming may allow one to improve the efficiency, manoeuvrability and stealth of
underwater vehicles.

During the first half of the 20th century, research was done largely by zoologists
and engineers. In the early 1950’s the mathematically oriented scientists entered
the scene and began to develop theories by which it became possible to make
qualitative analysis of swimming propulsion as a continuation of the previously
developed quantitative theories. For example, Sir. G. Taylor studies both large and
microscopic swimming animals in Ref. [36], [35]. Significant contributions are due
to T. Y. Wu[39], J. Lighthill[26] and S. Childress[10]. Recently, J. A. Sparenberg
published a survey on the mathematical theory of fish locomotion[34] to which we
refer for a more complete bibliography on this period.

In the past few years, serious efforts have emerged to study, build and control
underwater vehicles that move and steer by changes of shape and not by direct
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propulsion, such as propellers; see for example the works of M. and G. Triantafyllou
and D. K. P. Yue[37], S. D. Kelly and R. M. Murray[23] and E. Kanso, J. E.
Marsden, C. W. Rowley and J. B. Melli-Huber[21] and references therein.

Experiments have shown that the vortices generated by the tail of fishes play a
crucial role to understand their locomotion. Some models incorporate artificially
vortices, like those of R. Mason[28] and Q. Zhu, M. J. Wolfgang, D. K. P. Yue
and M. S. Triantafyllou[40], detailed in Ref. [15], [22] and [24]. If we do not neglect
the viscosity effects, the relevant model consists in the non stationary Navier-Stokes
equations for the fluid coupled with Newton’s laws for the fish-like swimming object.
This perspective is adopted by J. Carling, T. Williams and G. Bowtell[7], H. Liu and
K. Kawachi[27] and J. San Martin, J. F. Sheid, T. Takahashi and M. Tucsnak[32].
Let us mention also the pioneering contribution to this research area of G. P. Galdi.
He investigates, in the case of a fluid-rigid system filling the whole space, the
existence of self-propelled motion in Ref. [14], [13].

Nevertheless, among numerous mathematical articles studying fish locomotion,
most of them address the case of a potential flow which is by definition vortex-free.
It is the point of view we have chosen in what follows and on which we focus from
now on.

1.2. Swimming in a potential flow. The study the of the coupled dynamics of
a solid immersed in an infinite extended ideal fluid was initiated by Thomson, Tait,
and Kirchhoff. Sir H. Lamb explains their approach in Ref. [25, chap. VI, page 160]:
The cardinal feature of the methods followed by these writers consists in this, that
the solids and the fluid are treated as forming together one dynamical system, and
thus the troublesome calculation of the effect of the fluid pressures on the surfaces
of the solids is avoided. They introduce as unknowns of the problem a moment-like
quantity called impulse. Denoting respectively F and T the extraneous force and
torque acting on the solid and applying to the system fluid-solid the principle of
conservation of linear and angular momenta, they derive the equations of motion
which take the form:

(1.1) M=Ixw+Pxv+T, P=Pxw+F.

In the above system, (IT, P)7 is the impulse and w, v are respectively the angular
and translational velocity vectors of the body relative to a body fixed frame. The
first component of the impulse is the body angular momenta, I := ([Iy¢] + [Lad])w
where [I,.] is the actual inertia matrix of the solid and [I,4] is the so-called added
inertia matrix. The second component is the body’s linear momentum P := (m[I3]+
[M4])v, in which m is the actual mass of the solid, [I3] the 3 x 3 identity matrix and
[Mgaq] the added mass matrix. Both added inertia matrix and added mass matrix
depend on the density of the fluid and on the geometry of the fluid’s domain,
through the solution of a boundary value problem. In the case of a solid alone in
an boundless fluid, [I,4] and [M,q4] are both constant, since the fluid’s domain as
viewed by an observer attached to the solid remains unchanged in the motion.
Later in his book[25, chap IV, page 187], Sir H. Lamb tackles a more involved
problem: When we have more than one moving solid, or when the fluid is bounded,
wholly or in part, by fired walls, we may have recourse to Lagrange’s method of
‘generalized co-ordinates’. Indeed, introducing the generalized coordinates q :=
(q1,-..,qn)" of the problem and the generalized velocities ¢ := (¢1,...,¢,) ", they
show that the kinetic energy of the system fluid-solids reads K = q - [K(q)]q/2
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where the n x n matrix [K(q)] is the virtual mass matriz. Its entries K;;(q) depend
on the mass and on the inertia matrices of the solids but also on the density of the
fluid and on the geometry of the fluid’s domain through the solution of a boundary
value problem. Contrary to what happens in the case of a single solid, when there
are several solids or fixed walls, the virtual mass matrix is no longer constant but
does depend on the relative position of the immersed objects. The least action
principle of Lagrangian’s mechanics yields the equations of motion:

(1.2) %aqi/c_aqiiczqgi, i=1,...,n,

where @); are generalized components of force. Plugging the expression of K into
(1.2), they obtain a system of ODE’s for g1, ..., qn:

(1.3) % > Kij(@)g; | - %Zaqujk(Q)(iij =Q; i=1...,n
J gk
Notice however that before writing this equation, we have to prove that the map-
pings q — M;;(q) is smooth enough to be differentiated. Since the expression of
[K(q)] involves the solution of a boundary value problem on the fluid’s domain,
we must study the sensitivity of a solution of a PDE with respect to the geometry
of its domain. The regularity of the boundaries of the solids and fluid will play a
crucial role when discussing this point. After proving that 0,,K;; is well defined,
the next step would be to compute explicitly its expression. Invoking the chain
rule, we can rewrite the ODE’s (1.3):

(1.4) Z Kij(a)g; +Z 0y K () dredj — % Z 00 Kje()qiqr = Qi i=1,...,n.
J Jik Jik

Although these equations have been studied in the cases of simple geometries (for
example, when the solids are a set of spheres or of ellipsoids) by performing explicit
computations, they have not, to our knowledge, been tackled in the general case,
at least not until very recently. In Ref. [12] we prove, assuming only that the
boundaries of solids and the fluid are Lipschitz continuous (which allows corners),
that the mass matrix is infinitely differentiable with respect to the generalized
coordinates and that the system of ODE’s (1.4) is well posed and admits a unique
solution which is also infinitely differentiable. As a corollary of a more general
result presented later in in this paper, we will slightly improve this result and prove
that both the mass matrix and the solutions of (1.4) are in fact analytic.

An alternative approach, when several immersed objects are involved, is to as-
sume that they are hydrodynamically decoupled. It means that the added inertia
and added mass associated with a given body is not affected by the presence of
the others. Since each body is considered as being alone in the fluid, the impulse
method applies.

Settling the equations of motion for shape-changing bodies is a more involved
task. When the deformable body is an articulated system of solids connected via
ball-and-socket or hinge joints, E. Kanso, J. E. Marsden, C. W. Rowley and J.
B. Melli-Huber[21] prove that the impulse method can be adapted, assuming the
fluid to be of infinite extend. They obtain equations quite similar to (1.1). The
proof is based on the observation that the Lagrangian of the system is invariant
under superimposed rigid motions. The limitations of this approach are that no
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extraneous force like the buoyant force can be taken into account, the fluid has to
be free of any other object and the motion has to start from rest. Some authors
assume in addition that each link is hydrodynamically decoupled from the others.
This hypothesis leads to significative simplifications. However, E. Kanso, J. E.
Marsden, C. W. Rowley and J. B. Melli-Huber[21] and J. B. Melli, C. W. Rowley
and D. S. Rufat[29] show with numerical simulations that in this case the motion
differs from that of the same system in its full complexity.

In this paper we study the locomotion of a set of shape-changing bodies in a fluid
that can be partially or totally bounded. We derive the equations of motions from
Lagrangian mechanics and obtain a system of ODE’s roughly similar to (1.4) for the
generalized coordinates (which are the degrees of freedom of the bodies). We prove
the existence, uniqueness and regularity of solutions assuming that the boundaries
of the bodies and the fluid are Lipschitz continuous only. The key point consists in
studying the regularity of the potential of the flow with respect to the geometry of
the fluid’s domain. This task is achieved using tools of shape optimization theory.
Similar techniques are being developed in the area of fluid-structures dynamics by
M. Moubachir and J. P. Zolesio[30].

Our second contribution is to write the system of ODE’s in a form that is conve-
nient for numerical simulation and for studying locomotion. The equations involve,
among other quantities, geometric data of the bodies, like the curvature of their
boundaries.

1.3. Outline of the paper. This paper is organized as follows: after determining
the equations of motion and stating the main results in the next section, we compute
the Lagrangian of the system bodies-fluid in Section 3. In Section 4, we address
an abstract shape optimization problem whose results are used in Section 5 in
the proofs of Theorem 1 and Corollary 1. Section 6 is devoted to the proof of
Theorem 2 and in Section 7 we indicate some future directions of investigations.
The Appendices contain technical results.

1.4. Notation. Throughout this article, we shall use bold print notations for vec-
tors like x, h, q whereas we keep the usual characters for their coordinates x;, h;,
¢; and in a general way for any real valued functions like ¢, ¢. The canonical basis
of the physical space R? is {e}, ez, e3}.

A matrix is denoted in square brackets [M], its entries are M;, ;,, [M]7 is the
transposed matrix, [I3] is the identity matrix of R® and [Q3] the null matrix. The
Jacobian matrix of a differentiable function ¢ is [De].

The Euclidian norm in R? is denoted |x| and we keep the same notation for the
associated matrix norm |[M]| := sup|_q |[M]x], [M] € M(3) (the vector space of
the 3 x 3 matrices).

We use double square brackets for third-rank tensors like [T]. Its entries are
T}, j,j5- We use the convention ([[T]]q)jljé = Z]’3 T}, j2js 455 and (<[[T]]7p7q>)j1 =
Zj2 ng T}, j2jsPj2 55, Where g; and p; are the coordinates of q and p.

If By, k=1,...,pand F are p+1 Banach spaces, we denote L,(E1 x...x Ep, F)
the Banach space of the p—linear continuous maps from F; x ... x E, into F'.

2. MODELLING AND MAIN RESULTS

2.1. Modelling. We denote by S(t) := U™ ,S%(t) the region of the n swimmers
at time ¢ and by (¢) the domain of the surrounding fluid. The boundary 9€(t)
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of the fluid is decomposed into the boundary shared with the swimmers I's(¢) :=
Ur_ Th(t) := Ur_,05%(t) and T'y := 9Q(t) \ Ta(t). We set Q := Q(0), S§ := S(0),
So := S(0) and I'y := T'2(0). We will assume in the sequel that £ is an open
and connected set, that I's is compact and that I'y is either bounded, either an
hyperplane. Let F be an inertial reference frame. In F, the coordinates of the
center of mass of the i—th swimmer are h'(t) := (h{(t), hi(t), hi(¢))T at time t. We
fix a frame F'(t) of origin h'(t) to each swimmer and we write h} := h?(0) and
Fi(0) := Fi. Considering M'(t) a material point of S%(t) of coordinates x!(t) :=
(28 (t), 25 (1), z5(t))T in F and y'(t) = (yi(t),y5(t),v4(¢))T in Fi(t), there exists
a rotation matrix [R'(t)] € SO(3) (the rotation group of R3) such that x(t) =
[Ri(t)]y®(t) + hi(t). We can assume, without loss of generality, that [R(0)] = [I3].
We assume that the motion of M(t) in Fi(¢) is only due to the deformation of
the body S%(t). Introducing then Si(t) := [R'(¢)]T (S*(t) — hi(t)), the deformation
of the body from its initial states S§ into S%(t) is described in F{ by a given one-
to-one smooth function ®'(t,y§) where y§ := y*(0) = x} — hj (see Figure 1). We

FIGURE 1. The deformation of the i—th body is given in the frame F& by a smooth
function ¢’ such that [I3] + ¢' maps B onto B.

therefore have with the notations above: y(t) = ®(t,y}) and Si(t) = ®'(t, S3).
The coordinates of M*(t) in the inertial frame F read:

(2.1) x'(t) = [R(1))®" (¢, x), — hj) +h'(t),
and we define the following map using the partition U?_;S§ of Sp:

(2.2) A:[0,00) xSy — R?’_ _ _ _ .
’ (t,x) — [R'(t)]®'(t,x —h})+h'(t), if x € S§.

We denote ¢’ := &' — [I3] and ¢ = 0,¢". Let B be a ball in R3, centered at the
origin an large enough to contain all the initial regions S§ —h} fori = 1,...,n. We
assume that ¢’ = (4%, #%, #5)T € CJ*(B,R3) (m > 0), the space of the functions
from R3 into R3, m—times continuously differentiable and that vanish outside of B.
Differentiating (2.1) with respect to ¢, we obtain: x*(t) = [R(t)]®"(t,x} — hj) +
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T3

F
Fi(t)

FIGURE 2. The rigid body S%(¢) and the fluid domain Q(t). The frames F¢ and F
are fixed whereas F*(t) moves with the i—th swimmer. The coordinates
of a material point that we follow in his motion is x at time t = 0 in F
and A(t,x) in the same frame at time ¢ > 0.

(R (t)]q&Z (t,x} — h}) + hi(t). Combining this identity with (2.1), it comes:
(1) = [RUO)R(0]T (x (1) — b (8) + B (1) + [R ()] (1, A~ (¢, %' (1)) — ).

The matrix [R(t)][R ’( N belng skew symmetric, there exists a vector w i(t) such

t
that [R*(t)][R'(t)]T (x(t) — hi(t)) = wi(t) A (x(t) — hi(t)) and we define, for all
x € S(t), the Eulerian deformation velocity v’ and the Eulerian rigid velocity v
by:
[Ri(1))¢' (1, A7 (t,x7) — hi))  if x € Si(t),
03 ifx e U#iSj (t),

(2.3a) vi(t, x) = {

2.3b )
( ) 03 ifxe Uj;,giS] (t)

, it i —hi(t)) + hi(t) if it
) ::{wwx () +0(1) ifxes),
The Eulerian velocity in S%(t) is therefore:

(2.4) vi(t,x) = vi(t,x) +vi(t,x), Vt>0.

We denote pg(t,x) the density of the bodies, defined for all x € S(¢) and for all
x € Sp we set p2(x) := ps(x,0). The principle of conservation of mass leads to the
identity:

(2.5) ps(t,x) = p§(A™'(t,x))| det[DAT (¢, x)]|, V=0, ¥x € S(t).

We assume that the swimmers are self-propelled, which means that their defor-
mations are due to inner forces only. The principle of conservation of linear and
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angular momenta ensures that, for all time ¢t and all : =1,... n:

(2.6a) / ps(t,x)vi(t,x)dx = 03 and / ps(t,x)(x —h") Avi(t,x)dx = 03,
Si(8) 5i(t)

or equivalently, upon a change of variables and taking into account (2.5):
(2.60) [ #3608 (t.x ~ i) ax = 0s,
o
(26C) /p%(x)(x + ¢Z(ta X — h(Z))) A ¢Z(t7 X — hé) dX = 03'
o

When the domain of the fluid Q(¢) is bounded and since the fluid is incompressible,
both quantities fQ( p dx and /. s(r) dx do not depend on time. By virtue of Theorem

5.2.2 page 172 in Ref. [18], we deduce that, for all time ¢:

(2.7a) Z/ div(vi(t,x)) dx = 0,

or equivalently, upon a change of variables:
(2.7h) S [ v (6 tx — ) ) [ det(La] + (D (0%~ b)) = 0.
i=1750

Relations (2.7) mean that the volume of the fluid and the volume of the swim-
mers are globally preserved in the motion; see C for a precise definition of the
deformations set D™™.

According to relation (2.1), the location and the shape of the i—th body are
given by a pair Q' := ([R],h?) € SO(3) x R? and a function ¢’ := (¢}, ¢}, ¢3)7
Cr (B, R3). We write Q := (Q!,...,Q") := (([R'],hY),..., ([R"],h")) € (SO(3) x
R3)", and ¢ := (¢',..., ") = (¢}, 0%, 0%, ..., 0%, o2, 62T € Cy(B,R*)". In C,
we define the 6n— dimensional manifold Q)" of the swimmers allowable position
and shape. The pairs (Q, @) of Q"™ are called the global coordinates in the sequel.
Building a local chart, we define the open set Q7;"™ C R%" x CJ'(B,R3)" of the
local coordinates, denoted (q,¢). Also in C, we. 1ntroduce the tangent bundles

ToL™ > (Q,¢,Q,¢) and TQ%™ > (q, ¢, 4, cb).

2.2. Lagrangian mechanics. The equations of motion are obtained by apply-
ing the least action principle of Lagrangian mechanics. In local coordinates, the
Lagrangian reads:

L: Tﬂzl’.m —- R .
(qa ¢a qv ¢) — ‘C(qv d)v qa d))

It is obtained as the difference between the total kinetic energy of the system and the
potential energy due to the buoyant force acting on the bodies. It will be computed
explicitly in Section 3. The deformation ¢ (hence ¢ too) of the swimmers being
given, the vectorial Euler-Lagrange equation of the motion reads, following V. L
Arnold[3], page 56:

(2.8)

(2.9) G L(a, ¢, 4, ) — qL(a, ¢, d, d) = Ogy,.

d
dt
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Since £ depends on time only through the variables (q, ¢, q, ¢) and if £ is smooth
enough, we can apply the chain rule and rewrite (2.9) under the form of a second
order ODE in q:

(210) (%L(a.6.80.6).8) + (9L(a.6.0.8).4) + (9, Lla.6..8).3)
+ <53>qﬁ(q, ¢, 4, $), <2>> — 04L(q, &, &, b) = Ogn.

2.3. Statement of the main results. The first result concerns the existence and
uniqueness of local solutions for the ODE (2.10). We denote ¢, := ([Qs],...,[Qs]) €
Cr (B, R3)™.

Theorem 1 (Existence and uniqueness of local solutions). Assume that 0 is
Lipschitz continuous and m = 1 in (2.8). Then the Lagrangian (2.8) is analytic'
with respect to (q, ¢, q, ¢) € TQ!™ and all the terms in the ODE (2.10) make
sense. For any initial positions and shapes Sy of the bodies, any ¢o € R®™ and any
given deformations t € [0,00) — @(t) = (¢'(1),...,¢" (1)) € CLB,R3)" of class
CF (2 < k < o0) (respectively analytic) such that ¢(0) = ¢, and ($(t), d(t)) €
DY for all t > 0, there exists T > 0 and a unique twice differentiable func-
tion q* : [0,T) — R, for which q*(0) = 06,, *(0) = ¢o and that solves the
ODE (2.10). Moreover, the function q* is of class C* (respectively analytic) and

((a* (), p(1)), (@ (1), (1)) € TQY" for all0 <t < T.

Combining this theorem with an a priori energy estimate and using local charts,
we will show:

Corollary 1 (Existence and uniqueness of global solutions). Assume that 09 is
Lipschitz continuous. Then for any initial position and shape Sy of the bodies, any
collection of n 3 x 3 skew-symmetric matrices [R(l)], ceey [Rg], any nitial velocities
(hy,...,h?) € R® and any given deformations t € [0,00) — ¢(t) = (¢*(1),...,
o" ()T € CL(B,R®)™ of class C* (2 < k < o) (respectively analytic) such that
#(0) = ¢y and (¢(t), d(t)) € D™ for all t > 0, there exists 0 < T* < oo and a
unique twice differentiable function:

Q*:[0,7%) — (SO@3)xR3)"
t = ((RY®)LDE),.... ([R" ()], h" (1)),
for which Q*(0) = ([Is],h},..., [Is],h2), Q*(0) = (R, h},...,[R}],h2) and such

that the coordinates x'(t) in F of a material point, occupying position x} € S}
at instant t = 0, be given by (2.1). Furthermore, the function Q* is of class C*
(respectively analytic) and ((Q*(t), d(t)), (Q*(t), p(t)) € TQZil forall0 <t < T*.
Time T™ corresponds to the time of a collision between two bodies or between a body
with the fluid’s domain boundary. If there is no collision T* = co.

Specifying ¢ to be the null function, the bodies behave like a set of n solids in
a perfect fluid. We deduce straightforwardly from Corollary 1:

Corollary 2 (Motion of solids in a perfect fluid). Assume that 02 is Lipschitz
continuous. Then, the 6n degrees of freedom of a set of n solids subject or not
to the buoyant force in a perfect fluid are analytic functions of t up to the time

e refer to Ref. [8], §4 for the definition of analytic functions of several variables in Banach
spaces.
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of the first collision between two solids of between a solid with the fluid’s domain
boundary.

This result improves the one obtained in Ref. [12] in which we prove under the
same assumptions that the degrees of freedom of the solids are infinitely continu-
ously differentiable. In the same paper, we also prove that collisions (i.e. contacts
with non zero relative velocity) can occur. This situation heavily contrasts to the
one encountered for viscous fluids; see Ref. [19], [20], [33] and [38]. Considering
again deformable bodies and assuming additional regularity for the fluid’s bound-
ary and for the deformations, we can make the ODE (2.10) explicit. We give the
result in the case of a swimmer alone and a bounded fluid’s domain:

Theorem 2. Assume that § is bounded, OS2 is of class C*', n =1 and m = 2 n
(2.8) and that t € [0,00) = ¢(t) € CF(B,R3) is of class C* with (¢, ) € DL for
allt > 0 and ¢(0) = [Q3]. Then for any qo € R®, the C*—function q* : [0,T) — RS
of Theorem 1 solves the following second order non-linear ODE with initial data

(@"(0),47(0)) = (06, o)

(2.11)  ([Ks(t,@)] + [Kp(t, @)))d + (Tt @)l + [T50, (¢ @)l a,a)
AT @l + [T (h @)l a.4)
+ Mt @la + (MELE @) + ML, a))a
+F4(t,q) + F°(t,q) = Oc.
The 6 x 6 symmetric matrices [Ks(t,q)], [Kr(t,q)] (nota: [Ks(t,q)]+ [Kr(t,q)] is

the virtual mass matriz) and [M, fy/m(t q)| are defined in the Appendiz by (D.2), the
6% 6x 6 third-rank tensors [Tesm(t, )], [TS (t, )], [Thim (¢, Q)] and [T5m (¢, q)]

skew

by (D.3), the 6x6 matrices [M;%f(t, q)] and [M Sk/ew(t q)] by (D.4) and the 6—length
column vectors FF/4(t,q) and F°(t,q) by (D.5).

The last term Fb(¢,q) of the left hand side of (2.11) is the buoyant force. Choo-
sing for ¢ the identically null function, the body behaves like a solid. In this case, all

the quantities [Ks(t,q)], [Toym(t, @), [T, (¢ @), [Tam(t @), [T40 (¢, )] and

skew skew

F’(t,q) depend on times only through the variable q. Dropping ¢ in the notations:

[Ks(Q)ld + (TS0 ()] + [T57 ()], &, &) = 0,

is the Euler-Lagrange equation for the free motion of a rigid body in the absence
of fluid and of gravity. In the same way, the Euler-Lagrange equation for the same
solid immersed in a bounded weighted fluid is:

([Ks(Q)] + [Kr(@))d + (T ()] + [T57 (@], &, )
+(TE (@] + [T50 (@), 4,4) + F¥(q) = 0.

3. COMPUTATION OF THE LAGRANGIAN OF THE SYSTEM

Keeping the notation ®* := [[3]+¢" foralli = 1,...,n, weset ® := (&', ..., &)T .
R3 — R3". In local coordinates (see C), we rewrite (2.1):

(3.1) x'(q’,¢') = R(a')®'(xf, — h{) + h'.
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The domain of the i—th swimmer is S°(q’,¢’) := R(a’)®'(S§ — hj) + h' and
S(q,¢) = Ui, 5'(d’, ¢'), Th(a, @) = 85°(q, @) and I's(q, ¢) := 95(q, ). The
definition (2.2) of the function A turns into:

A" xS — R

(32) (q,¢),x) = R(a))®'(x—h})+h’ ifxeS

Since the compact regions S§ and the boundary I'; do not touch or overlap each
other, we can extend the function A to Q)7 xIR?® in such a way that A((q, ¢),-)|r, =
[I3] for all (q,¢) € Q0;"™, using an appropriate C*°—partition of unity. The re-
sulting function A((q,¢),-) is a C™—diffeormorphism from R* onto R? for all
(q,¢) € Q);"™ and the domain of the fluid is Q(q, ¢) := A((q, ¢),Q). We rewrite
the Eulerian velocities (2.3):

(3.3) |
vi(a. ¢.¢,x) = {R(a% (A" (q,¢,%) —hj) ifx € Si(a’,¢'),

05 if x € S(q,9) \ $'(d", 9"),
and

w(@]a' A (x —hi)+ k' if x € Si(q', §'),

03 if x € S(a,9) \ S*(d", ¢'),
the matrix [w] and the vectors wy, k = 1,2, 3, being defined in A. We denote merely
[w'] for [w(a?)] and w! for wi(a'). The rigid velocity vi(q,¢,q,x) of the body
can be decomposed into vi(q, @, q,x) = 22:1 vik(q, ¢,x)g:, where we have set:

(34) vi(a, ¢,4,x) = {

—h)) ifk=1,2,3 o
- Wk/\(x ) 1 3 Ly 9y ifXES’(ql7¢’)7
v, (a, ¢, %) == ¢ | er—s if k=4,5,6,
03 ifx e U#iSj(qj, ¢J)

The kinetic energy of the i—th body reads:

2

sl 9,06 = 5 [ psllela’ A G- ) I v dx
Si(ai,é')

Taking into account the properties (2.6) and (2.7) of ¢' and ¢', the expression
above can be expanded as follows:

1 . 1 . ,
(35) Ksi = 5a' -1l ¢hwla + W2+ 5 [ 816 6~ b Pax,
S5
where [I(a’, ¢))] is the inertia tensor of the i—th body. It is classically defined by:
I ) = [ s~ WPIEa] — (x— ) & (x— 1) e
Si(at,9")
or equivalently, upon a change of variables by
(e, ¢)] = R(a)[I5(¢")R ()",
with:

(36)  [Io(¢")]) = /,pos(lq’i(x = hg)*[Is] - '(x — hp) ® @'(x — hy)) dx.

i
0
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Let m® be the mass of the i—th body. Setting the 6n x 6n symmetric block-diagonal
matrix:

(3.7) [K5(a, ¢)] = diag ('] [I'][w], m* [I5], ..., [w'] T [1"][w'], m" [I3]),

and the scalar:

(38) K4(.6):= 3 [ bl (x— b ax.

=1 0
we obtain that the total kinetic energy of the bodies is Ks(q, ¢, q, ¢) = (1/2)q-
[K5(q,¢)]a+ (1/2)K§(¢, ¢) Let us compute now the kinetic energy of the fluid.
The Eulerian velocity in an perfect fluid is given by u(t, ) = Vi(t, )T, where ¢(t, -)
is the harmonic potential. Using the local coordinates, we can write that ¢(¢,-) =
v(a, ¢, q, @, -) and the Kirchoff principle for potential flow allows us to decompose

®Y into the form @(q, ¢a q, ¢7 ) = ZZL:I (Zk:] @:«,k(qv ¢a )qz + Spfi(qv ¢7 ¢7 )) m
which the functions apﬁ_,k(q, ¢, -) are the potentials resulting from the rigid motion

and ¢'(q, @, {b, -) are the potentials due the deformations of the swimmers. Each
potential is harmonic in 2(q, ¢) and satisfies Neumann boundary conditions:

(393’) al’lso;{,k(qa ®, ) =0only,
(39b) aﬂwi,k(qa ¢a ) = Vi’k *non FQ(qa ¢), k= 1,...,6,
and

(39C) an‘ﬂfj(qa ¢a d’a ) =0on I, an‘pfj(qa ¢a d)a ) = VZi ‘non Fz(q, ¢)

The vector n is the unitary normal to 92(q, ¢») directed toward the exterior of the
fluid. Following our notation, we denote .. := (¢l |, ..., ¢k s)T : Q(q, ¢) = RE and
e, = (pr, ..., M7 : Q(q, ¢) — RS whereas @4 := Y1 | ¢! is a scalar function.
Introducing pg, the constant density of the fluid, the kinetic energy of the fluid is:

. 1 .
(310) ’CF (qv (b, qa ¢) = 5 / PF‘“(Q» ¢, qa ¢a X)‘z dx.
Q(a,9)
Setting the 6n x 6n symmetric matrix:
(3.11a) Ki(a.8))i= | priDe,(a @)D, (a.6)" dx
Q(a,¢)
the scalar:
(3.11b) Ki(q, ¢, ¢, 9) ¢=/ prVoa(d, &, ®) - (Veala, d,d))" dx,
Qq,9)

and the 6n—length column vector:

(3.11c) Ky (q, ¢, ¢) = / pr[De,(a,8)](Vea(a, ¢, ¢))" dx,
Q(q,¢)

we rewrite (3.10):
1

Kr = 54 [Kr(a, P)a+Kp'(a,¢,6)-a+ %K?(q, b, b, 9).
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Remark that both quantities K%(q, ¢, ¢) and K;’d(q, ¢, ¢, ) are linear with re-
spect to each entry ¢. Let now g be the gravitational constant and G(x) := —gx3.
By virtue of Archimede’s principle, the buoyant force on the i—th body is:

Fé(q’)df'):/ (ps(x) — pr)VG(x) dx,

Si(qt,¢")
and the associated potential energy of the system reads:
(312) P(a.¢) =~ [ (ps(x) ~ pr)Gx) dx.
S(a,®)

Finally the Lagrangian of the system fluid-bodies is:

(313) L(a,.6,8) = sa-(Kba ¢) + [Kp(a ))a+ Ky, 6,6) -4

+ 3 K4H.9) + LKL a,.6,8) — Pla§)

In order to study the regularity with respect to (q, @) of the quantities (3.11), we
apply results of shape sensitivity analysis.

4. SHAPE SENSITIVITY ANALYSIS

This section is self-contained and address an abstract shape optimization prob-
lem.

4.1. The context. Let B be a large ball in R? centered at the origin and Q2 be
an open connected set in R® which may be bounded or not. We assume that
00 =Ty UTy such that Ty NTy = @, Ty, C B is compact and I'; is either a
hyperplane, either bounded, either the empty set. For any ¢ € C)(B,R3), (m > 1),
we set ® = [[3] + ¢. In all the sequel, we assume that ||¢[l1,c < 1 so that
the function @ is a C™—diffeomorphism from R? onto R3. We assume also that
suppp N1 = O and we denote Q(¢p) := ®(Q) and Ta(¢p) := B(I3). Let E be
a Banach space endowed with the norm | - ||g. We consider for any two given
functions (x,v) € I'y(¢p) X E — b;(¢p,v,x) € R, i = 1,2 the functions u(¢,,-)
and uy (¢, 1), ) that solve the following Neumann boundary value problem:

(4.1a) —Au;i (¢, 1, ) =0 in Q(¢),
(41b) anui(¢a d’? ) =0on Fla anui(¢7¢7 ) = bz(¢a ¢7 ) on F2(¢)7

for ¢ = 1,2, the vector n being the unitary normal to 92(¢) directed toward the
exterior of Q(¢). If Q is bounded, we assume furthermore that the compatibility
conditions:
/@‘(‘ﬁﬂl’,x) dF:E:07 i:172a
T2(e)
are satisfied. These conditions are not needed any longer when € is not bounded,
as it is explained in Ref. [5]. The aim of this section is to study the regularity
with respect to (¢,1) in a neighborhood of {[Q3]} x E C CI*(B,R?) x E of the
functional:

I, ) = /Q V(9330 Vus(6, %) b
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4.2. Some function spaces. In order to study the existence and uniqueness of
solutions for the Neumann boundary value problem (4.1), we introduce the follow-
ing weighted or quotient Lebesgue and Sobolev spaces. We denote D' (Q(¢)) the
distribution space and L?(Q(¢)), H(Q(¢)), H*>(Q(¢p)) and H'/?(I'y(¢)) stand for
the classic Lebesgue and Sobolev spaces.

The case Q) bounded. We define the quotient spaces:

o L3, () := L*(Q(¢))/R. The quotient means that we identify two func-
tions which differ from an additive constant. This space is endowed with
the scalar product (u,v)pz = [o4) uvdx — (fﬂ(¢) udx) (f9(¢) vdx) .

o HY(Q¢)) := H'(Q(¢))/R endowed with the scalar product (u, V), =
Jawg V- Vv dx.

o H3 () := H*(Q(¢p))/R endowed with the scalar product (u, v)g2 =
(u,v) g1 + fQ(d’) D?u : D*v dx, where D?u and D?v are the Hessian matri-
ces of u and v.

Assuming that I's is Lipschitz continuous (and then also I'y(¢) since ¢ is at least
continuously differentiable), we define:

L4 (Ta(¢) i= {ue L(Ta(6)) + [ utx ar, o},

T2(e)

and if T'y is of class C*! and ¢ twice continuously differentiable, H}V/Q(I‘Q(qb)) =
H'2(Ta(¢)) N LY (T2(9)).

The case Q not bounded. The definitions of the functions spaces turn into:

o L2, () :={ueD(Qp)) : \/1+ |x[2uec L*(Q(p))} endowed with the
scalar product (u,v)p2 = fQ(qb) wv (1+ [x]?) dx.

oHN(Q( ) :={ueD(Q :u/\/1—|—|x|2€L2( (), Oz,u € L)),
2,3} endowed with the bcalar product (u,v) g1 = [ uv/ (1+]x|?) dx+

fﬂ(qb Vu- Vo dx.
o HY(O) = {u € HYOAP) : VITREO, u € 13(0Ae)), irj =
2,3} endowed with the scalar product (u,v) gz, = (u,v) iy, + [ D?u :

D%y (1 + |x]?)dx
Assuming that Ty is Lipschitz continuous, we set L% (I2(¢)) := L*(I's(¢)) and
if Ty is of class C! and ¢ twice continuously differentiable, Hy*(Ty(¢)) =

H'2(T2(e)).

4.3. Regularity results.

Proposition 1 (Existence and uniqueness). Assume that 0 is Lipschitz continu-
ous. Then for any (¢,) € CL(B,R3) x E and for any bi(p,) € L% (T2(¢p)), the
system (4.1) admits a unique weak solution u;(¢, ) € Hy(Q(ep)) defined by:

(4.2) | Vui(¢,,x) - Vip(x) dX=/ bi(, ¥ x)p(x) ALy, Vo € Hy (o).
2(¢) r2(¢)

Moreover, there exists a constant C1(2(¢p)) > 0 such that
[ui(@, )|y, < CL(2))1bi(B, )l 12, -



14 ALEXANDRE MUNNIER

If 09 is of class C11, ¢ € C2(B,R3) and b;(¢, ) € H}V/Q(Fg(qb)), the solution
wi(p, 1) is in H3(Q(¢p)) and there exists a constant Co(2(P)) > 0 such that

[ui(, )1z, < Co(P)bi(#, ) 1712

These results are classic when 2 is bounded. For the others cases and the use of
weighted Sobolev spaces, we refer to Ref. [2], [1] and [5].

From now on, we will denote U; (¢, v, -) := u; (¢, ¢, (), Bi(p, v, ) := b;(p, v, ®(-))
and B;(¢,1,-) := Bi(¢, v, ) Jacr (), Jacr(¢) being the tangential Jacobian de-
fined by Jacr(¢) := |[[D®] !Tn||det[D®]|. Notice that if dQ is Lipschitz con-
tinuous, ¢ € C}(B,R3) and b;(p, ) € L% (T2(¢)) then B;(¢,v) € L*(T'y) and
Bi(¢,v) € L% (T2) (since Jacr(¢p) € L>°(T3)) and:

bi(¢a1/)7x) dr, = Bi(d)’d"vx) dry.

L2(e) Iy
In the same way, if 99 is of class C11, ¢ € C3(B,R?) and b;(¢, ) € Hjl\,/z(Fg(cb))
then B;(¢, %) € HY/?(I'2) and Bi(¢, ) € Hy/*(I'2).
Proposition 2 (Regularity of the solutions). Assume that OS2 is Lipschitz contin-
uous and that the given mapping (¢,v) € C}(B,R3) x E — B;(¢,) € L*(T') is
of class CF (1 < k < 00) (respectively analytic) and satisfies b;(¢, 1) € L3 (T2(¢p))
for all (¢,1) € CL(B,R?) x E. Then both mappings:

(&%) € Co(B,R?) x E = Ui(ep, %) € Hy(9),

(¢,7) € CH(B,R®) x E > J(¢,9) € R,
are well defined and also of class C* (respectively analytic) in a neighborhood of
{[03]} x E € CL{(B,R?) x E.

If 99 is of class CYY and the mapping (¢p,1) € CZ(B,R3) x E — B;(p, ) €
HY2(Ty) is of class C* and satisfies bi(¢p,vp) € H}V/2(F2(¢)) for all (p,9) €
C2(B,R3) x E, then the mapping:

(¢,) € C3(B,R?) x E = Up(¢, %) € H (),

is well defined and also of class C' in a neighborhood of {[Q3]} x E C C3(B,R?)x E.
Furthermore, for all compact set K € Q we have K C Q(¢p) whenever ||¢|1,00
remains small enough and the mappings:

(&.9) € Co(B,R®) x E = ui¢p, )| xc € L*(K),

(¢.9) € C3(B,R?) x E — 05, ui($, )|, € LK), i=1,2, j=1,23,
are well defined and of class C' in a neighborhood of {[Q3]} x E. Moreover, we
have the following reqularity for the partial derivatives:

(0pui([03],9,-),€) € HN(Q), V€ E, VE € CJ(B,R?),

(0g (0z,u;) ([03),9,-),€) € L*(Q), Ve € E, V&€ e CF(B,R?), j=1,2,3.

For any given C!—functions t € R +— 1 (t) € E and t € R — ¢(t,-) € CZ(B,R3)
such that ¢(0,-) = [03] and ||p(t)]1,0 < 1 for all t € R, we denote ®(t) :=

Is] + &(t), Q1) := R(t,Q), ui(t) := ui(B(t), (1)), bi(t) := bi((t), (1)), Bi(t) :
Bi(¢(t),v(t)) for i = 1,2 and

J(t) := o Vuq(t) - Vue(t) dx.
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We can compute the expression of 9;J(t):

Proposition 3. Assume that 9 is of class C*' and t — By(t) € HY/?(T) is of
class C*. Then, denoting v(t,x) := 0, (t, ® ' (t,x)) for all x € B and vr(t,x) :=
v(t,x) — (v(¢,x) -n)n for all x € T'y(t), we have:

(4.3) O J(t) =— | Vui(t) - Vue(t)(v(t) -n) dTy,
s (t)

+ /F " (BtBl(i’_l(t)) — by (1) -vr(t)>u2(t) dr,
+ /F . (atBQ(cp—l(t))—vpr(t).vF(t))ul(t) dr,

+2 /F 2% (£)ba () (v(t) - m) dT,

—2 [ H@) (bl(t)ug(t) + bg(t)ul(t)) (v(t) - n) dTs,
FQ(t)
where Vr is the tangential gradient, k1(t,x) and k2(t,x) stand for the principal
curvatures of the surface Ia(t) at the point x and H(t,x) := (k1(t,x) + k2 (t,x))/2
is the mean curvature.

The proofs of Propositions 2 and 3 are similar to the ones of Theorem 5.5.1 page
203 in Ref. [18]. It is written out thoroughly in Ref. [31].

5. EXISTENCE, UNIQUENESS AND REGULARITY OF THE SWIMMERS
TRAJECTORIES

This section is devoted to the proofs of Theorem 1 and Corollary 1. Notations
are those of Section 3.

5.1. The problem in local coordinates. We assume in all this subsection that
the assumptions of Theorem 1 are satisfied, namely 92 is Lipschitz continuous and
m=1in (2.8).

It is clear that (q,¢) € Q' — [K%(q, ¢)] € M(6n) defined by (3.7) is analytic.
In the same way, (¢,%,) € Ca(B,R?)? — K&(1p;,1,) € R defined by (3.8) is
bilinear, continuous and hence analytic.

To study the regularity of (q, ¢) € le’l — P(q, @) € R, we rewrite it as follows:
P(a.¢) =~ [ sG(A@ @) dx+ [ prG(ALa.¢.x) dec (DA 6] dx

in which A(q, ¢) is given in (3.2). Since we have:

|, prG(a(a¢.20)det [DA (4.6 )]| dx =
> [ prGiAla.d.x) det |[D®!(x b ) dx,

we conclude that (q, ¢) € le’l — P(q, ¢) € R is analytic.
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The Stokes formula yields, for all (q, ¢) € Q; Yandalli=1,... n:
/ Vi’k(q,¢)~ndx:/ div(vi*(q,¢))dx =0, Vk=1,...,6,
I'2(q,¢)

St(a,¢)

the vector field \_fi *(q, ¢) being defined by (3 4). The hypothesis (2.7) ensures that,
for all (q, ¢, q,¢) € TQY; Vandalli=1,...,n:

Z/F vi(a, ¢, ) -

2(q,9)

where v/ (q, ¢, qb) is given in (3.3). Hence Proposition 1 applies to the functions
ik and @, defined by (3.9). We deduce that [K%(q, )], K&(q, ¢, d,¢) and
TFd(q7 ¢, @) given in (3.11) are well defined for all (q,¢,q, @) € TDZl’l. We
address now the sensitivity of Kj‘i(q,qS,éS,éﬁ) and K};’d(q, b, ¢) with respect to
(q,,q, ¢) To match notations of Proposition 2, we define:
b;L"’k:(q’ ¢’ X) = V;L”’k(q’ ¢’ X) : n(x)7 X 6 F2(q7 ¢)7 vk = 17 A 767
bfj(q7 ¢7 ('z)a X) = vfj(q7 ¢7 ¢7X) ' H(X)7 Xe FQ(qa ¢)7 Vi= 1) sy
and Bi7k(q7 ¢7 X) = b'iﬁk.(qa d)a A<qa d)a X)) a'nd Bé(q, ¢7 ¢7 X) = bzd(qa d)a d')a A(qa d)a X))
for all x € T's. We easily obtain that, for all x € T'y(q,¢) and alli =1,...,n:
Bi’k(qv d)v X) =
(R(a)Tw') A ®'(x —hi) -n(®(x —h})) ifk=1,2,3,
R(a)Ter_3 - n(®(x —hi)) if k=4,5,6,

0 otherwise,

if x € I',

and . ‘
i . d(x—hi) n(®'(x—hd)) ifxely,
0 otherwise.

At this point we need the following proposition whose proof in given in Ref. [31]:

Proposition 4. Let T' be a Lipschitz continuous surface in R? and denote:
C(R3R3) := {® € O™ (R3 R®) : ||® — [[3]]|1.00 <1}, (0<m < o0),

mnv
(see B). Then:

(1) It is possible to define x—almost everywhere on T' a unitary normal vector
n(x).

(2) The normal vector n(x) being given x—a. e. onT, for all® € C°(R3,R?)
such that | ® — [I5]]]1,00 < 1, it is possible to define x—almost everywhere on
® (") a unitary normal vector n(®,x) such that n([Is],x) = n(x) for almost
every x € T and such that the mapping ® € C°°(R3,R3) — n(®, ®(.)) €
L>(T') be analytic. We denote N(®,x) := n(®, (x)).

(3) There exists x—a.e. on ®(I") a tangent plane. Denoting {T1(®), T2(®)}
an orthogonal basis of this plane such that {n(®), 71(P), 72(P®)} be a direct

orthogonal basis of R®, we have x—a. e. on ®(T'), for all ¢ € C1>°(R3,R3):

(5.1) (0aN(®, &~ Zn D(¢ o ® )]7y(®).
=1
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Let us consider a given C*—function, 1 < k < oo (respectively analytic) t €
[0,00) = ®(t) € C°(R3,R3) such that ®(0) = [I3] and denote n(t) := n(B(t)),
Tr(t) = TR(®(1)), N(t) := N(®(1)), v(t,x) := 0, ®(t, ® *(t,%x)) and vr(x,t) :=
v(t,x) — (v(t,x) -n(t,x))n(t,x) (the tangential part of v(t,x)). Then, the identity
(5.1) reads:

(5.2) ON( @7 (1) = = Y _(n(t) - [Dv()]T(t)Ti(8),

k=1
almost everywhere on ®(t,T).
Assume now that T is CY' and ® € C2°°(R3,R3). At any point x of ®(t,T),

wmuv

II5(t,x) stands for the second fundamental form. Then the mapping: t € [0,00) —
N(t) € L>(T) is of class C* (respectively analytic) in a neighborhood of t = 0 and
for all x € ®(t,T):

(5.3)  ON(t, & 1(t,x)) = —Vp(v(t,x) - n(t,x)) — Ia(t,x), vr(t, x), vr(t, x)),

where Vr is the tangential gradient. Introducing also k1(t,x) and ka(t,x) the prin-
cipal curvatures of ®(t,T'a) at the point x and choosing for T1(t,x), T2(t,x) the as-
sociated principal directions such that (Ily(t, x), 7;(t, %), 7:(t, x)) = —([Dn(t,x)]7,(t,X))-
Ti(t,x) = ki(t,x), i = 1,2, we also have:

(2 (t,x), vr(t,x), vr(t, x) Zm (t,x)(v(t,x) - 7;(t,x))Ti(t, X).

Using this proposition, we deduce that the functions (q, @) € Q7 Y Bik(q,¢) €
L2(Ty) and (q,¢,q,¢) € TQY" — Bi(q,¢,¢) € L*(Ty) are analytic. We con-
clude, applying Proposition 2, that all the quantities defined by (3.11) have the
same regularity and hence that L is analytic.

Computing each term of (2.10) from the expression (3.13), we obtain that (2.10)
reads:

(5.4) ([K5(q, )] + [Kp(a. 0)).a, )
+(0alK7(@,0).4,8) — 5(0alK" (0 D), 4)
+ (0p[K5(a, @) .6 ) + (06K (a0, 0)]. .1, )
+(0q K’”d<q, ), a4 b, ) — (0K (a.8). - b, @)
K@, ), ,) + (05K (@, 0). 6. 6. — 5 (0aK (@, 8), .8
+ (0gP(q, @), ) = O,
where [K"(q, ¢)] = [K%(q, )]+ [K}(q, ¢)]. Let us make precise the nature of each

term arising in this expression:

o [K%(q,d)] + [Kr(q,¢)] is a 6n x 6n symmetric matrix, that is to say an
element of Ly(R®" x R R),

0q[K5(q, @)] and 0q[KF}(q, ¢)] are 6n x 6n x 6n third-rank tensors, that is
to say elements of L3(R5" x R6" x R R),

0p|K%(q, @)] and 0p[K%(q, @)] lies in L3(C} (B, R*)™ x R®™ x R6" R),
9K (q, ) is an element of L3(R™ x C}(B,R?)™ x RS R),

o K7%(q, ¢) belongs to Ly (CY (B, R?)" x R, R),
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* 0qKfi(q, ¢) is in Ly(R*" x C§(B,R?)" x C3(B,R*)", R),
o 95Kp'(a. @) is in La(C(B,R)" x Cf(B,R?)" x R, R),
e J,P(q, d) is a 6n—length column vector, that is an element of L;(R" R).

The last remaining point to prove before applying the Cauchy-Lipschitz Theorem
to the ODE (5.4) is:

Lemma 1. For all (q,¢) € DZZ’I, let Xi(¢") > 0, i = 1,...,n be the smallest

eigenvalue of the inertia tensor [I5(¢")] defined by (3.6) and remind that m* > 0 is
the mass of the i—th body. Then, for all ¢ € R°":

a- ([Ks(q, @) + [Kp(a, ¢)))a > @%W(ﬁ) cos®(agy),m’ cos®(ap) }|af.

In particular, the family of symmetric matrices [K%(q, @)+ [K5(q, ¢)] is uniformly
elliptic on RS™ x RS™ whenever (q, @) remains in a compact subset of :l’l.

Proof : Beforehand, notice that since q-[K}.(q, ¢)]q := fﬂ(q-dﬁ |V (e, -q)|? dx, the

matrix [M7(q, @)] is positive definite for any (q,¢) € DZZ’I. The estimate arises,
taking into account the definition (3.7) of [K§5(q, ¢)] and remarking that, for all
i=1,...,n:

g WTREOEERE)T WG 4 L))
a1 200 a2 " a0, W TR(a) g

and that |[w']7'R(a?)¢f| < 1/ cos(ad)|q?]. O

Let now t € [0,00) — ¢(t) € CL(B,R®)™ be a given function satisfying the as-
sumptions of Theorem 1 and plug the expression of ¢(t), ¢(t) and ¢(t) into the
ODE (5.4). Applying the Cauchy-Lipschitz Theorem, we obtain the conclusion of
Theorem 1. The proof is then complete.

5.2. The problem in global coordinates. In this section, we tackle the proof
of Corollary 1. Under the assumptions of Theorem 1, we denote [K"(q, ¢)] :=

(K5 (q, )] + [K5(q, ¢)] and for all (q,,4q,¢) € TQL;":

(550)  E(q.a¢) = —a- [K(q, ),

2
B\ . su 7<8¢[K7«(q7 ¢)]7d)7qa q>
o0 @D 9= 0 =K .0 .4
r,d . r.d P,
5.5(; 52 , ¢, "“ — su 7ﬁ<KI<l (q7 ¢)v¢v q> + <8¢KF" (q> ¢)7¢7¢7q>
. (0.9 "1#012" VK" (q,9)],4,9)

)
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For any C?—function t € [0,00) — (q(t), ¢(t)) € Q7" such that (q(t), d(t), a(t), d(t)) €

T we define:
(560) ala,,,b.0) = L (KE(a,),6.6) — Pla,9)

¢ ; 1 .. .
+ efo (01(a. @), @)dr (_2<K§i«“(QO7 ¢O)) ¢O’ ¢0> + P(q07 ¢0) + E(qu 0, ¢O)>

+ [ 00).0) (50H@.0).6.6) - Pla.@) ) e a0 g

N / (_;<5¢K%<q, ). d. . 8) — (Ki(a,¢). b, ¢)

+ (0sP(q, b), d>>) eJi G1(ad).hdr g g

and:

(5'6b) k(q’ (b? (.b7 éﬁ? t? 8) = ef; <61 (q’(b)’d))dTéQ (q7 ¢7 é? ¢)7

and we set at := max{a,0}, kT := max{k,0}. According to Lemma 1 and reg-
ularity results proved earlier, we deduce that the quantities (5.5) are (at least)
Lipschitz continuous with respect to (q,¢,q, ¢, d) € TQZ;1 x R, We draw
the same conclusion for the functions ¢t € [0,00) — a(q, ¢, o, b, t) € R and
(s,t) € [0,00)% — k(q, ¢, ¢, P, t,5) € R (and then also for a™ and bT).

Lemma 2 (Energy estimate). Let q* be the solution defined on [0,T), arising
in Theorem 1 and ¢ be the corresponding deformation function. Then, for all
t €10,7), the following estimate holds:

(5.7 E(@". 4", ¢) <a"(q", ¢, ¢,,1)
1/2

t . . .
+ % |:2 (/(; k+(q*7¢7¢7¢7ta S)\/a+(q*7¢7¢7¢7t) dS)
2

t
+ [ ob.biesas]
0

It means in particular that E(q*, q*, ¢) is not able to blow up in finite time whenever
(a*, ¢) remains in a compact subset of DZl"l.

The proof of this technical lemma is given in Ref. [31].

Let q* be the solution defined on [0,7) given in Theorem 1 and denote T' :=
sup{t € [0,T) : (q*(s),d(s)) € Q%', Vs = [0,4]} and Q*(t) := Fi(q*(t)) for all
t € [0,T) (see C for the definitions of ﬁzl’l and §1). Classic behavior results for
solutions of ODE’s (see for example Theorem 4.1, page 15 in Ref. [11]) ensure that:

lim (£, 4" (1), (1), 4" (1), &(1)) € ([0, 0) QL.

It means that one of the following alternatives happens:
e Either T =00, N N _
e Either (q*(T), (1), q*(T), »(T)) € 8TQZi1- Only two events are possible:
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— Either (q*(T), (T)) € 99"\ 9Q"". Hence, making use of Lemma 2
together with Lemma 1, we deduce that |q*(T)] < oo. The con-
figuration (locations and shapes) for the bodies at time T, that is
S(q*(T), ¢(T)), can be chosen as new initial configuration. We denote
it Sy and we can reapply Theorem 1 with (¢o, ¢g) = (¢*(T), ¢(T)).
We obtain a new function q* and the function Q* can be extended to
the right of T' by setting Q*(T +1) = 31 (g*(t)).

— Either (q*(T),¢(T)) € o9 'n 8{.2 . This possibility means that
time T corresponds to the tlme of a collision between two bodies or
between a body with the fluid’s domain boundary. It is the only case
where we may have |q*(t)| — oo as t — T.

The proof of Corollary 1 is then complete.

6. EXPLICIT FORM OF THE LAGRANGIAN SYSTEM OF ODE’S IN A PARTICULAR
CASE

In this section we address the case of a swimmer alone and we assume that the
system body-fluid fills a bounded region in R3. We denote h(¢) the coordinates
of the center of mass of the body with h(0) = 03. The deformation is given by a
C*—function (k > 1): t € [0,00) = ¢(t) € Cy*(B, R3) for which (p(t), (1)) € DL™
for all ¢ > 0 and ¢(0) = [O3]. We denote ®(t) := [I3] + ¢(¢) and the deformed
swimmer is Sy(t) := ®(t,Sp). For any pair (t,q) such that (q,¢(t)) € Q5"
denote merely A(¢,q) instead of A(q, ¢(t)) defined by (3.2). We recall that A(, q)
is a C™—diffeomorphism from R? onto R3. In particular, we have:

R(a)®(t,x)+h ifx e Sp,
X if x eI'y.

A((t,q),x) = {

We set S(ta) = A((La), So), Q(ta) = A((t,a),2) and Ts(t,q) = IS(t,q).
We define also A, a C™—diffeomorphism from R3 onto R3 by A((t,q),X)
R(a)T(A((t,q),~) h) for all X € R3 and we set S(t) := A((t,q), So) = ®(t, So),
Q(t,q) == A((t,q),Q), T'a(t) := dS(t) and I'1(q) := A((¢,q),I'1) = R(a)T(I'; —h).
We introduce the following vector fields compactly supported in R3:

Vi((tq),) == 9, A((t @), AN (L)), k= 1,6,
vi((t,q),-) == BA((t,q), A ((t,q), ")),
vi(ta), ) = AL a) AN (), ),
V(). ) == 0y, At @) A ((ta)), k=1,....6,
vi(t,q), ) = GA((La) A (L), ),
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and we can make them explicit on the boundaries of (¢, q) and Q(¢,q). Thus, we
have:

vi((t,q),x) = 03 onTy, k=1,...,6,
vi((t,q),x) = 03 on I'y,
vi((t,q),x) = wi A (x — h) on T's(t,q), k=1,2,3,
vi((t,q),x) = ex_3 on I's(t,q), k=4,5,6,
v((t,q),x) = R(a)¢ (p, A" ((t,q),x)) on It q),
v((t,a),x) = R(@)¢ (p, A7 ((t,q),x)) on Ta(t,q),
and:
Vi((t,q),X) = —(R(a)Twr) AX, onTy(q), k=1,2,3
Vi((t, ), %) = —R(a) ey 3 onTy(q), k=4,5,6
v4((t,q),X) = 03 on T'y(q),
Vi((t,q),X) = 03 onTy(t), k=1,...,6,
vI((t,q),%) = p(p, A ((t,q),X)) on Ta(t),
v(t,@),%) = d(p, A ((t,q), %)) on Ta(t)

We denote [V"(t,q)] the 3 x 6 matrix defined on R3 and whose column vectors
are Vi, k = 1,...,6. Like in Section 3, the potential of the fluid reads ¢(t,q) =

22:1 o (t, q)dr + ¢ (t, q), where ¢%(¢,q) and ¢%(t,q) are harmonic in Q(¢,q) and
satisfy the following Neumann boundary conditions:

Onr(t,q) = bi(t,q) :==vi(t,q) -non Ty ULy (¢, q), k=1,...,6,
O (t,q) = b(t,q) := va(t,q) -n on T'; U (t,q).

We introduce also:

er((t, ), x) := ¢p((t,q), R(@)x +h), k=1,...,6,
7((t.a),%) = ¢'((t.q), R(@)x +h), Ve Q(tq)

The functions @%(t,q) and $%(t,q) are also harmonic in ﬁ(t,q) and satisfy the
Neumann boundary conditions:

OnPi(t,q) = by(t,q) :=0 onTi(q), k=1,...,6,
OaPr(t,q) = bi(t,q) == (R(a)Twir) AX -1 on [y(t), k=1,2,3,
Ondi(t,q) = bi(t,q) :=R(a)Ter_3-n  onTy(t), k=4,5,6,
0a3(t,q) = b*(t,q) == Vj(t,q) -n on Ty (q) UT5(t)

Weset @ == (¢, ..., 05T and @" := (@}, ..., 75)T and we denote merely [Kg(t, a)l,
(K5t a)], Ki'(t, @) and K7 (t, q) instead of [K(q, ¢(1))], [KF(a, ¢(1))], K" (a, ¢(1), d(1))
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and K(q, ¢(t), (t), d(t)) defined in (3.11). The ODE (5.4) becomes:

(61) (K] + [Ki(a)l. )
0[RS ()], 4,6 — 3 (Oa[KE (), a4

+ 0a[KE( Q)]@ 6,) — 3 (@l KE (), 4)
+ <at [ng(t, q)]v q, > + <8t [K}T?‘(ta q)]v q’ >
+ <8‘31K7I‘7)‘d(t7 q)7 q7 > - <6qud(t> q)7 ) q> + <atK7l‘7)‘d(t7 q)7 >
~ 104K, ), ) + (4P(t ), ) = O,

The expressions of [K§(t,q)] and [K}(t,q)] (upon an integration by parts) are
given in (D.2). Tedious computations involving the formulas (A.1) yields:

(OalE () 406 ) — 5@l (1 @) d0d) =
(TSt @l + [T (b)) 6.4,

where the 6 x 6 x 6 third-rank tensors [Tem(t,q)] and [T/ (t,q)] are given in

skew
(D.3). Without difficulty, we obtain also the identity 0;[K%(¢,q)] = [Mi%(t,q)],
the 6 x 6 symmetric matrix in the right hand side being given in (D.2). Observe
now that we have:

Q(t,aq)
Kpi(t,qi= | V@lt,q,X)-V@i(t,q,%X) dX, i=1,...,6,
Q(t,q,%)

and
Ki(t,q) = /~ IVE(t,q,%)|? dx.
Q(t,q,X)
Applying formula (4.3), we obtain:
aqu“(taQ) = */~ pF|V@d|2[‘7T]Tn dr,.
Ti(a)
The change of variables x := R(a)X + h in the integral above yields:
aqK;l?(t,Q) = */ pr| Vel P W ndl,,
Iy

where the matrix [W7] is given by (D.1). In order to apply again the same formula
(4.3) to the others terms, we introduce:

Bj(t,a,%) := b (t,q, A((t,q),x)) on T3 UTy, k=1,....6,

Bd(ta q, X) = bd(tv QaA((tvq)aX)) on Fl U FQ;
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and we have:

Bi(t,q,x) =0 only, k=1,...6,
Bi(t,q) =0 on I'y,

Bj(t,q,%) = (R(a) wi,) A ®(t,x) - n(B(t,x)) on Ty, k=1,2,3,
Bi(t,q) = R(a) er_s - n(®(t,x)) on 'y, k=4,5,6,
B(t,q) = ¢(t,x) - n(®(t)) onTy, k=1,...,d.

Straightforward computations yield for all X € fl(q) and for all kK = 1,...,6,
8, Br((t,q), A ((,q),%)) = 0 and for all i = 1,....,6 and all x € [5(t) we have:

) (wp Aw;) - Rla)(xAn) ifl1<k<i<3,
0. Br((t,q), A ((t,9),X)) =1 (Rl(a)nAe,_3) - w; if k=4,56,1=1,2,3,

0 otherwise.

~ ~ ~ ~—1
We denote [N (t, q)] the 6x6 matrix whose entries are N; (¢, q) := 9g, B (t,q, A (t,q))

and invoking formula (4.3), we get:

(OalKE(t. )], 6,) — 3 (0[KE (). a,6) =
1 ~r ~7r1T - T . 1 ~T . =7 AT -
~ 3 | pelP@ DS an DT AT+ 5 [ B (@ (8] + [N o

5/ pr (@7 IDRID (71w~ [DF)DF | d(n - [DV"14) ) dT-

+ [ pe@ - @) - (F]7)qdr.
Ta(t)

Applying the change of variables x := R(a)X + h, we get:

(Oal K5 (1, )], 0.6,) — 3 (Pl )] - 4,a) = (751 + (750, a.4),

in which the expressions of the 6 x 6 x 6 third-rank tensors [[T;;éfl]] and [[Tf;é;]] are
given by (D.3). The same formula (4.3) yields also:

<8QK;,'d<ta q)7 é[, > - <8qK7F7‘d(t7 q)a N q> =

The change of variables x := R(a)X + h leads to:
r ) r, . F/d .
(0aK (1, @) 6.") — (OaK (1. ). @) = M1, (1 ),

the definition of 6 x 6 skew-symmetric matrix [MF/d (t,q)] being given in (D.4).

skew
As regards the computation of 9;B%(t,q), we require the use of Lemma 4. Since
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A(t,q,%) = ®(t,X) on I'y(t), we obtain that:

~ ~_1 _
ath(tvqu (t7q7 X)) =

R(a) (¥ An+% A ((—n - [DV47r)r, + (—n - [Dvd]fg)fg)) ‘wy, ifk=1,2,3,
R(a)((=n- [D¥¥ 7)1 + (-n- [Dvd]m)m) er3 if k= 4,5,6.

We also have on T'(t):

VFgZ(tu q, §) : Vd =
R(@)(VEAD+EA (—r1(T1 - V)71 — kg (T2 .vd)TQ)) ‘wy ifk=1,2,3,

R(a)(—ki(T1-v)T1 — Ka(T2 -Gd)rz) €3 if k=4,5,6.

But the definition of the tangential gradient allows us to write Vp(v¢-n) = (V(v?-

n)-71)71+(V(v¥4n)-75)T2 and according to the definition of the principal curvature
ki, we get V(Ve-n) -7y =n- [DVYr, + V¢ [Dn]r, = n- [DvYry — k(v 7).

We deduce that on I'y(%):

~ ~_1 _ ~ o
8tB;c(t7q7 A (t7qa X)) - va;@(t7q7 X) . Vd =

—R(@)XAVr(ve-n)) wy ifk=1,23,
—R(a)Vp(Gd . 1’1) €r_3 if k= 4, 5, 6.

We denote j&(t, q) the 6—length column vector defined on fg(t) whose entries are
~ ~ ~_1 ~ _
Ap(t,q) := 0, BL(t,a, A (t,q)) — Vrbi(t,q) - v¥ and applying one more time for-

mula (4.3) we obtain:

KT (1 Q))d = — / pr[D@IDF 4% - m) dT,
Ta(t)

4 [ pe(# @ R)+ @ @A) dr, 42 [ ol i (7710w ar,

T2 (t) Ta(t)

2 ézﬁfﬂ([erTn<¢* @+ (@ 7)) (¥ m) L.

Upon the change of variables x := R(a)X + h, the identity above turns into:

QK5 (t a)la = [My(t, @)la,

the 6 x 6 symmetric matrix [Mf;éﬁ(t, q)] being given in (D.4). We compute as well
~ ~ ~— d

that, on T'y(t): 0;B4(t,q, A 1(t, qQ)=v n-Vr[in) v -k (v 11)2 — ko (v

T5)2. Since Vpgd(.t,q) -ve = Vp(¥? - n)-v¢ we obtain 8t§d(t,q,xil(t,q)) —

Vrbd(t,q) - vei=ve-n—2Vp(vel-n) - v? — k1 (ve - 71)? — ka(V? - T2)%. Applying
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formula (4.3), we get:

oK (ta) =~ [ pr(v* - m)(DF(VEY AT
2(t

+ 2/~ pr[V ) Tn(v? - n)?2dr, — 2/ prH (@d[f/’“]Tn + (v n)CoT)Gd -ndl,

La(t) To(t)

+/ pF(gdZA;+ (v'd n— 2V n) - ¥4

I's (t)

— (V) — k(WY 7'2)2)@7") dr,.

The change of variables x := R(a)xX + h leads to:

0K (t,q) = - / pr(v MV
2(1,q

+ 2/ prW n(v? . n)?dl, — 2/ PrH (gad[WT]Tn + (v n)cp’“)vd -ndl,
Is r

(taq) 2(taq)

—|—/ pp<gpdA + (\'/d ‘n—2Vp(v?-n) - v?
Ta(t,q)

— (v — R (ve 7'2)2)g07') dr,.
Notice that —r1(v®-71)% — k2(v? - 72)% can be replaced by IIz((¢,q), vi, v&) where

(¢, q) is the second fondamental form on T's(t,q) and v := v¢ — (v¢-n)n is the
tangential part of v®. Following the same ideas we obtain:

qKf(t,q) = —/F pr| Vel PWr T ndl,.

Eventually we get upon a change of variables:
P(t.a) = = | (s = prldetlDA(t a0 GA( ) dx.
0

Applying formula (5.16) page 175 in Ref. [18], that is 9,, det[DA(¢, q)] = det[DA(t, q)]div[dy, A(t, q)]

we obtain:

0, P(t,q) = / pr div(9g, Al a4, A (¢ 4, X)) G(x) dx
S(t,q)

— /S(t(p)s(x) — pr)VGE(X) - Oy, Alt, q,A_l(t7 q,x))dl,.

But 9, A(t,q, A" (t,q,x)) = v and div(v}) = 0 for all i = 1,...,6. Hence it
comes:

94, P(t,q) = / (ps(x) — pr)gW es dx,
S(t,q)

and this expression matchs that of F®(¢,q) given by (D.5). All the terms arising in
the ODE (6.1) have now been computed and the proof of Theorem 2 is complete.



26 ALEXANDRE MUNNIER

7. FUTURE DIRECTIONS

A natural continuation of the results presented in this paper would be to perform
3d numerical simulations using the formula given in Theorem 2. This work is in
progress.

About control, an interesting question is: for a given rigid motion of the swimmer
in the fluid, is there a deformation that yields this motion ? This problem is known
as tracking problem. Equation (5.4) is then considered as an ODE in ¢, in which
q,q and { are given parameters. The uniqueness in the Cauchy-Lipschitz Theorem
ensures that if such a deformation exists, when replugging it into the same ODE
as parameter, the solution cannot be anything but the initial targeting motion.
The theoretical problem of controlling an ellipsoid (modelling a submarine) in a
potential flow was recently tackled by T. Chambrion and M. Sigalotti[9] using tools
of geometric control.

At last, a sharp asymptotic study of the motion when two bodies get close and
finally collide remains to be done.

APPENDIX A. EULER ANGLES

Let be A :=]—m, [x]—7/2, 7 /2[x]—7, 7| and A :=]—7, w[x]—7/4, 7 /A[x] -7, 7
and define the function:

R:A— SO(3
A ( ) CoC3 —C283 —S89
T o
a=(ag,a,a3)" = Rla) := | —s189c3+ 153  $18283 +c1c3  —s1c2 |,
C182C3 + 8183 —C18283 + S1C3  Ci1C2

where ¢; stands for cos(w;) and s; for sin(c;). The pair (A, R) is an analytic chart
from A onto a neighborhood of [I3] in SO(3) such that R(03) = [I3]. The coordi-
nates «; are the so-called Euler angles with the “xyz” (pitch-roll-yaw) convention.
Introducing the vectors wi(a) := (1,0,0)7, wo(a) := (0,cos(ay),sin(a;))” and
w3(a) = (—sin(ay), —sin(ay) cos(as), cos(ay) cos(as))?, we have the relations,
easy to prove:

OR

(A.1a) B

(@R(a)Tx=wi(a)Ax, VxeR3 Vac A, Vi=1,2,3.

We denote:
1 0 — sin(ag)
[w(@)]:=1] 0 cos(a;) —sin(ag)cos(az)
0 sin(ay)  cos(ayq) cos(ae)

We can compute the derivatives of the vectors wy(a):

. 1< <
(A.1b) Owy (o) = {“"J(C“) Nwi(a), if1<j<k<3,

daj 05, if1<k<j<3.

The differential of the matrix [w(a)] is a third rank tensor given by:

(A.lc) dqlw(a)] = e2®@ (w1 Awr)®er+e3® (w1 Aws)®er+e3® (wa Aws) Res.
The 6 x 6 block-diagonal matrix [@W(e)] is defined by :

(A-2) [W(ax)] := diag ([w(ex)], [Is]),

and we have det[w(a)] = cos(az).
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APPENDIX B. DEFORMATION SPACES

Let B be a ball in R3, centered at the origin an large enough to contain all the
initial regions S§ —h} for i = 1,...,n. Let CJ*(B,R3) (m > 0) be the space of the
functions F = (Fy, Fp, F3)T from R? into R3, m—times continuously differentiable

and that vanish outside B. This space, endowed with the norm:

L”(]B)> 7

is a Banach space. If m > 1 and ||F|1,00 < 1, a fixed point argument ensures
that [[3] + F is a C™—diffeomorphism from B onto B. The functions of CJ*(B, R?)
obviously belong to C™°(R3 R3), the space of the m—times continuously dif-
ferentiable functions, uniformly bounded in R3 as well as all of their derivatives.
This space is also a Banach space endowed with the norm || - |l;,00. For any
function F := (Fy, Fy, F3)T € C™>°(R3,R?), the Jacobian matrix [DF] can be
considered as a function of C™~1:°°(R3,R3)3 since each row VF; of the matrix
is in C™~1L°°(R3,R3). More generally, if [F(x)] is a matrix for which the rows
are three functions F1,Fy and F3 lying in C">°(R3 R?), we will consider that
[F] € C™>(R? R?)3 and denote
1[Fllm,00,3 == ~sup 1]z, 00-
2,3

=1,

oritr2+s Fi

omn 1’18"/23}2873%3

|F |00 := sup ( sup
Y1 +72+7v3 <m \1=1,2,3
Y1,72,73 €N

Obviously, the space C™>(R? R?)? endowed with the norm || - ||, 00,3 is & Banach
space.

Denoting ¢ := (¢',...,¢™)T € CF*(B,R*)™ and ¢ := (', ..., 9™)T € CJ*(B,R>)"

with @' := (41, ¢h, ¢%)T € CJ'(B,R3) and 4’ := (45, ¥b,95) € CJ*(B,R?), we de-
fine the deformation fiber bundle:

D= {(§,w) € O (BRY)" x CF(BRY)" : |6]l100 < 1,

. Ao e =) dx = 05, [ ) x-+ 8 — ) 5~ i) = 0y

So

and if 2 is bounded:

Z/S div(3'(x — b)) det([Is] + [D'(x )]} = 0, ¥i = 1,...,n }.

Remark that D™™ does not contain any function that reduces to a rigid displace-
ment on one S§.

APPENDIX C. GLOBAL AND LOCAL COORDINATES
Global coordinates. According to relation (2.1), the location and the shape
of the i—th body are given by a pair Q' := ([R’],h’) € SO(3) x R® and a
function ¢' = (¢%,¢%, ¢5)T € C*(B,R?). We denote Q := (Q,...,Q") =

(([R'];n"), ..., ([R"],h™)) € (SO3)xR?)" and ¢ := (¢',...,¢")" := (0], ¥3, 03, ...

Cr(B,R3)™. The SO(3) group being an infinitely differentiable 3—dimensional
submanifold of M(3) (the vector space of the 3 x 3 matrices), (SO(3) x R3)" is a
6n—dimensional submanifold of (M(3) x R3)". We define Q™™ as being the open
subset of (Q, @) € (SO(3) x R3)" x C*(B, R?)™ for which any body do not touch or
overlap another body or the boundary of the fluid region. The connected component

BT, 05, 05)T €
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set of Q™™ containing the pair (Qo, ®¢) in which Qg := (([I3],h}), ..., ([I3],h})) €
(SO(3) x R*)™ and ¢ := ([03],...,[03]) € CF*(B,R3)" is the set of all the reach-
able (or allowable) configurations. It is denoted QZl’m. We denote T'Q™™ the
tangent bundle of @™™ and we introduce the subset of TQZl’m of all the allowable
positions, velocities, deformations and deformations rate of the bodies:

TQ," ={((Q,9),(Q,¢) eTQ"™ : (Q, ) € Q" (¢,¢) € D"}

Remark that this set keep a structure of fiber bundle. The elements (Q, ¢) € Q.
are called the global coordinates.

Local coordinates. Let us denote o' := (a?, ab, al) € A the Euler angles of the
i—th body (the Euler angles are detailed in A) and introduce the function:

T (A xR x CF(B,R*)" — (SO(3) x R*)" x Cj"(B, R?)"
((a',hh),....(@" "), $) = ((R(a'),h'),..., (R(a"),h"), ¢).

Weset §1((al,ht), ... (@™ h"),¢) = (R(al),hl),.... (R(a™),h"), F2((al,hl),... (a™, h"), @) :
¢ and §F := (§1,52). The elements

1 1 1 1 1 1 7
(q7¢> = (alaa27a37h’17h’27h37'"7a’ilaag7ag7h'?1/b7 37 §7¢>7

of the open subset Q7" := (A x R3)" x CJ*(B,R3)"NF~1(Q™) of (R x R3)™ x
Cg*(B,R?)" will also be generically denoted (q, ¢) := (41, 43,43, - -, 47+ 45, 45, ).
We set also Q7™ = (A x R*)" x C*(B,R*)" NF~1(Q);™) C Q™. The pairs

al

Q™. §) or (ﬁZim,S) are local analytic charts of Q;"™ in a neighborhood of

(QO7¢O) such that g(quQbO) = (Q07¢0) where qp = ((03’h(1))7""(03’h8))T €
R%". We denote

TAL" = {(a,9). (@) € QU™ x (RS x CP'(B,R?)") : (¢, ¢) € D"},
TN == {((q, ), (@, d)) € Q" x (R x CF(B,R*)") : (¢, ¢) € D™},

The elements (q, @) € Q7 are called the local coordinates.

APPENDIX D. DEFINITIONS OF SOME TENSORS, MATRICES AND VECTORS

Under the assumptions of Theorem 2, we denote ®(t) := [I3] + ¢(¢), for all
0 <t<T. Forall (t,q) € [0,T) x R® such that (q, ¢(t)) € QL2 Q(t,q) and S(t,q)
stand for the region of the fluid and the region of the swimmer respectively and

Ds(t,q) := 05(t,q). We define the following vector fields for all x € S(t, q):

vi(t,q,x) == R(a)p(t,®(t, R(a)” (x — h))),

vt q,x) = R(a)p(t, 2" (t, R(a)” (x — h))),
where ¢ stands for d,.¢p. Also for all x € S(t,q), the vector A(t,q,x) is given by:

—w; A (x—h)-Vr(vi(t,q,x) -n) ifi=1,23,

Ai t7 ) =
() {ei—S - Vr(v¥(t,q,x) - n) ifi=4,5,6.
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We define the 3 x 6 matrix [W"(¢,q,x)] on I'; U S(¢,q) by:
—wjA(x—h)-e if1<4,5<3,

(D.la) VxeTy, Wi(t,qx) =4 -1 ifi=j—3, j=4,56,
0 otherwise,

(D.1b)

wiAN(x—h)-e if1<ij<3,

1 ifi=j—3, j=4,5,6,

0 otherwise.

Vx e S(t,q), Wi(taqx):

We set for all i = 1,...,6 and all x € S(t,q): vi(¢t,q,x) := [W"(¢,q,x)]f; where
{f1,...,fs} is the canonical basis of RS. The potential functions ¢! (t,q) (i =
1,...,n) and ¢%(t,q) are harmonic in Q(t,q) and satisfy the Neumann boundary
conditions:
Onpi(t,q) =0on Ty and Onpi(t,q)=v](t,q)-n on 'yt q),
One(t,q) =0onT; and  One®(t,q)=vi(t,q) -n on Tyt q).
We set the function ¢"(t,q) : Q(t,q) = R® by ¢"(t,q) := (¢1(t,q),...,s(t,q))".

We introduce the following 3 x 3 symmetric matrices, where pg stand for the density
of the bodies and m its mass:

It @) = /S ps(t.%) (1% — h2[ls] — (x — h) ® (x — ) dx,

(t,a)

oitt.a) = [ ps(1:30(206 - ).,

S(t,q
- Vd(t7 q, X) ® (X - h) - (X - h) ® vd(t7q7 X)) dX7

the 6 x 6 symmetric matrices (the matrix [@] arising below is defined by (A.2)):

(D.2a) (st @) = [(t, @) diag ([1(t, @) m{Ls]) ()l

(D.2b) Ketta) =g [ pe(e" o W0+ W7 ne ) dr,
T2(t,q)

(D.2c) (M) (¢, q)] :=[@(q)]" diag ([0, 1(t, q)], [0s])[@(q)],

and the following 6 x 6 matrices for all x € T'y(¢,q):

(mz’ - hz)nj - ni(zj — h]) if1<:<5<3,
Nij(t,q,x) :== < (nAei_3)-e; ifi=4,5,6, j=1,2,3,

0 otherwise,
[N (t,q,x)] = @] [N(t q,x)][&(q)].
The entries of the 6 x 6 x 6 third-rank tensors [[TS?,/TZ(t, q)] and [[TS/T (t,q)] are:

skew
(D'3a) (Tg;/nZ)jlj2j3(ta )

q) ‘=

1 . L

5 (wmin{jg,jg} /\wmax{jg,j3})[l]wj1:| if1 < J1,J2573 < 37
0 otherwise,
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and

S/r
(ng) (Tsk/ew)j1j2j3 (t’ q) =

1 : S
3 [(wjz ANwi)Twj; + (wjs Awjp)I]wj, | i 1< 1,2, 3 <3,

0 otherwise.

Let pr be the constant density of the fluid. The 6 x 6 x 6 third-rank tensors
[[T;;é,:(t,q)]] and [[TF/T (t,q)] read respectively:

skew

030) [Tt @)=~ [ prDe DT o (W n)ar,

41 / pre” ® (N (t,a,%)] + [N(t, q,%)]7) T,
I'a2(t,q)

and

D3d) [T, ()] = [ pr(N(ta)] - NVt @)T) o o7 dr,
T2 (t,q)

+3 /Fl,op (W) n e (DD ~ (D' [D']" @ W] ) dI.

The matrices [M, f;/,ﬁ(t, q)] and [M, B/d (t,q)] are given respectively by:

skew

Daa) )= [ pr(e oA+ As ),
2

(t,a

- / pr(v?-1)[De"|[De"|" dT, + 2 / pr(v" - )W 'n@ W ndl,
T2 (t,q) Ta(t,q)
- 2/ prH(ve - n) ([WT]Tn R+’ ® [WT]Tn) dr,,
T2 (t,q)

and

(DAb) M2 (¢, q)] = / o (N] — [NT) dT,
T2 (t,q)

+ / PF ([W’“]Tn @ [Dp (V)T — [De (V)T @ [WT]Tn) dr,,
Iy

where k1(t, q, x) and k2(t, q, X) are the principal curvatures at the point x of I's(¢, q)
and the unitary vectors 71(t,q,x) and 75(¢,q,x) are the associated principal di-
rections such that {n, 71,72} be a direct orthogonal basis and [Dn]r; = —k;7;,
i=1,2. H(t,q,x) := (k1(t,q,%x) + ka(t,q,x))/2 is the mean curvature. Finally,
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the expressions of both vectors F¥/?(t,q) and F9(t,q) are:

(D.5a)
1
Fat, q) := / pF ((vd ‘n)p" + godA) dr, + f/ pr| Vel PWT T ndl,
Fz(tﬂ.‘l) 2 Iy
+ 2/ pr(v?-n)? (W) ndl, — 2/ prH (v n)pd W ndl,
T2(t,q) T2 (t,q)
- / pr(2H(v? - n)? — T (vi, vit) + 2V (v? - n) ~Vd)cpr dr,
T2 (t,q)
N / pr(v?-n)[De"|(Veh)" dT,,
I'2(t,q)
where Iz ((t, q,x), v, vi) = —k1(v? - 71)? — ka(ve - T3)% and
(D.5b) F(tq) = - [ s pr)gWesdx
S(t,q

Observe that F°(t,q) = 0 for i = 4,5 and, taking into account (2.6) and (2.7),
Fb(t,q) = (m — ppvol(Sp))g, where vol(Sp) is the volume of the swimmer and g
the gravitational constant.
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