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A free discontinuity approach to optimal profiles
in Stokes flows

Dorin Bucur, Antonin Chambolle, Alessandro Giacomini, and
Mickaél Nahon

Abstract. In this paper we study obstacles immersed in a Stokes flow with Navier boundary condi-
tions. We prove the existence and regularity of an obstacle with minimal drag, among all shapes of
prescribed volume and controlled surface area, taking into account that these shapes may naturally
develop geometric features of codimension 1. The existence is carried out in the framework of free
discontinuity problems and leads to a relaxed solution in the space of special functions of bounded
deformation (SBD). In dimension two, we prove that the solution is classical.
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1. Introduction

Consider an obstacle E C R? (d = 2,3 inreal applications) contained in a (finite) channel
Q in which a fluid with viscosity coefficient & > 0 is flowing. Assume that the flow
is stationary and incompressible, and that the associated velocity field u is equal to a
constant vector Vo, on the walls of the channel. The obstacle E experiences a force, whose
component in the direction of Vs, will be denoted by Drag(E) and is usually called the
drag force. If we further assume that the velocity of the fluid satisfies the Stokes equation
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in Q \ E and obeys the Navier boundary conditions on JE, the expression of the drag
force turns out to be given (up to a multiplicative constant) by

Drag(E) = 2,L/ |e(u)|2dx+,3/ lu|?d 471, (1.1)
Q\E E

where e(u) = %(Du + (Du)*) denotes the symmetrized gradient of u and 8 > 0 is the
friction coefficient (we refer to Section 3.2 for details).

We are interested in minimizing the drag force among all obstacles E with a pre-
scribed volume and controlled surface area. Precisely, we look for the existence of such
an optimal obstacle and for its qualitative properties. The existence question is not very
relevant as soon as one imposes strong geometric constraints on the admissible obstacles
(e.g. convexity and uniform cone conditions) since this may hide some specific features
which would naturally occur. Indeed, letting the geometry of the obstacle be completely
free, some qualitative behavior (blocked by rigid geometric constraints) can be observed.
This is the case for our problem, where the optimal obstacle (that we prove to exist without
imposing any geometric or topological constraint) may be composed, roughly speaking,
as the union of a body with the prescribed volume and pieces of surface of dimension
d — 1. These surfaces do not have volume, but count for the total surface area ¢~ (3E)
and of course have a strong influence on the flow.

Penalizing the surface area and the volume, the model problem we are interested in
can be written as

H}Ein{Drag(E) +cHUTVQE) + f(ED),

where ¢ > 0 and f: (0, |R2]) > R U {+o0} is a lower-semicontinuous function. Roughly
speaking, the terms involving perimeter and volume can be thought as the price to pay to
build the obstacle £, and we can give the two relevant choices of function f:

f(m) = +00lyntm,) for some mg € (0, [R2]), or f(m) =—Am for some A > 0.

Many similar optimization problems have been considered under the “no-slip” boundary
condition, meaning flows for which u = 0 at dE. Under volume constraint and an a pri-
ori symmetry hypothesis around an axis parallel to the flow, the minimal drag question
has been studied in [36] on smooth surfaces. In [31], still under symmetry hypotheses,
it was conjectured that the optimal profile in three dimensions is a prolate spheroid with
sharp ends of angle 120 degrees. In the same symmetry context, let us also mention the
slender body approximation of [35]. We also refer the reader to Sverdk [32] who, in two
dimensions, proves the existence of an optimal obstacle under topological hypotheses,
namely that the obstacle has at most a given number of connected components (in partic-
ular this number can be equal to 1). The proof is genuinely two-dimensional and cannot
be extended to higher dimensions.

The Navier boundary condition gives many new challenges, namely the possible
appearance of lower-dimensional structures in the obstacle that minimize the drag, some-
thing which was absent under the no-slip condition. The Navier boundary condition may
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be seen as a partial adherence to the boundary of the obstacle, and it may be asymptot-
ically obtained as a limit of flows with perfect slip on an obstacle with rough boundary.
More precisely, a periodic microstructure with the right scaling on the boundary is mod-
eled at the limit by a Navier boundary condition, as was proved in [14]. In dimensions
higher than two it is also necessary to take into account more complex geometries for the
microstructure, which at the limit produce an anisotropic factor that favors certain direc-
tions of the flow. Moreover, infinitesimal boundary perturbations can dramatically modify
the solution of the Stokes equation with Navier boundary conditions, while in the pres-
ence of no-slip boundary conditions the solution remains stable. We refer the reader to [8]
for an analysis of these phenomena and for a discussion of the pertinence of the Navier
boundary conditions in physical models.

For a fixed obstacle E, the minimization of the drag with respect to the friction param-
eter B of the Navier conditions (meaning, from a physical point of view, with respect to
the microstructure on the boundary) has been studied in [5], for both Stokes and Navier—
Stokes flows. While for Stokes flows the drag is increasing with the friction parameter, an
important observation which occurs for the Navier—Stokes equation is that the monotonic-
ity of the drag with respect to the parameter 8 does not hold. This is a reason for which
the results we give in this paper for the Stokes flows are not expected to hold, as such, for
the Navier—Stokes equation.

Since the stationary velocity field associated to a Lipschitz obstacle E turns out to be
characterized variationally as the minimizer of the right hand side of (1.1) in the class of
admissible velocities

Vi (@) = {u e H(Q\ E:RY) : divu = 0. ujpg - vE =0, ujag = Veo)

(see (3.4) in Section 3.1 for more details), we can conveniently rephrase the minimization
problem by also letting the velocity fields intervene explicitly in the form

min {zu/ |e(u)|2dx~|—,3/ |u|2dJ€d—1+c3€d—1(aE)+f(|E|)}. (1.2)
EueVi®, (Q) Q\E OE

The first main goal of the paper is to find suitable relaxations of problem (1.2) for
which we can prove the existence of minimizers without any a priori constraint on the
regularity or the topology of the sets E.

In order to avoid unnatural geometric restrictions on the obstacle E, it is natural in
view of the third term appearing in (1.2) to let it vary within the class of sets of finite
perimeter (see Section 2.2), and replace the topological boundary with a reduced one
J0*E.

In order to properly describe obstacles with very narrow spikes which in the limit
degenerate to (d — 1)-surfaces and that cannot be taken into account through the reduced
boundary, it is convenient to consider admissible velocity fields which can be discontinu-
ous outside E (see Section 3.3). Since the symmetrized gradient e (1) is involved explicitly
in (1.2), a natural family for the admissible velocities is given by the space of functions
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of bounded deformation SBD. The natural relaxation of the energy takes the form (see
Remark 4.11 for further comments)

4(E, u) = Zu/ |e(u)|2dx+ﬁ/ lut|?dxd!
Q\E 0*E

ny / [t 2+ ™ 2] d 64!
Ju\O*E
+ ¢ HTVOYE) 4+ 2¢H4H(J, \ 0¥ E) + f(E)). (1.3)

where u is set equal to zero a.e. in E, while J,, denotes the discontinuity set of u and
uT are the traces of u on 9*E and J,, (the trace u~ vanishes on 0*E by the choice of
orientation, while u ™ is on the outward side).

Within this framework the global obstacle is given by E U J,, so that it also contains
lower-dimensional parts, namely J,, \ 0* E: roughly speaking, for the optimal velocity
these discontinuous regions generate (d — 1)-surfaces which correspond to volumeless,
lower-dimensional subsets of the optimal obstacle.

Admissible velocities must be tangent to the obstacles, meaning that not only is u
tangent to 9* E, but also the two traces u™ are orthogonal to the normal v, along the
jump set Jy,. The contribution of the Navier surface term naturally takes into account the
contribution from both sides given by u*. Concerning the perimeter term, we count the
lower-dimensional parts twice because we see the relaxed obstacle as a limit of regular
obstacles, such that points of J,, \ 0*E correspond to thin parts of the regular obstacle
that collapse on a lower-dimensional structure. We could also see the perimeter term as
the price to pay to construct the obstacle and just keep #¢~1(3* E U J,,) instead, and the
main results of the paper would not be affected.

The relaxed optimization problem can be seen as a minimization problem on the pairs
(E, u) which has the features of classical geometrical problems for E coupled with a free
discontinuity problem for u, with a surface term depending on the traces which are subject
to suitable tangency constraints and boundary conditions.

The first main result of the paper (Theorem 4.8) concerns the existence of minimizers
for the relaxed functional ¢ in (1.3) among the class of admissible configurations (see
Definition 4.1 for the precise definition).

The main difficulties we have to face in order to prove that the problem is well posed
are the following:

(a) the closure of the non-penetration constraint for the velocity on 0* E U J,, under
the natural weak convergence of the problem;

(b) the lower semicontinuity of energies of the form

; [ + 2] d # ! (1.4)

associated to the Navier conditions.
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Point (a) is a consequence of a lower-semicontinuity result for the energy

[ vl + [u™ - v ]d IO
Ju
which is proved in Theorem 5.2 by resorting to recent lower-semicontinuity results for
functionals on SBD by Friedrich, Perugini and Solombrino [28].

The energy of point (b) naturally appears in a scalar setting when dealing with shape
optimization problems involving Robin boundary conditions (see e.g. [10—13]), and it is
easily seen to enjoy lower-semicontinuity properties by working with sections. The lower-
semicontinuity result in the vectorial SBD setting is given by Theorem 5.4 and cannot rely
on an easy argument by sections, which instead would yield the lower semicontinuity of
an energy of the form

[ T 6P vl ase !

with £ € R¢ with || = 1: the optimization in £ in order to recover (1.4) does not seem
feasible in dimension d > 3. We thus follow a different strategy based on a blow-up argu-
ment in which we reconstruct the vector quantities #* by controlling them in a sufficiently
high number of directions (see Section 5.3 for details): in this way we can deal with more
general energy densities of the form ¢(u™1) + ¢(u™), where ¢ is a lower-semicontinuous
function.

The second main result of the paper (see Theorem 4.10) concerns the regularity of the
relaxed minimizers of (1.3). Provided that the volume penalization function f is Lipschitz
and that we are in two dimensions, we prove that for a minimizer (E, u) of §, the optimal
obstacle E U J,, is a closed set, while the optimal velocity u is a smooth Sobolev func-
tion outside the obstacle, recovering somehow the classical setting of the problem. More
precisely, we show that

HYUQNI*EUJ,\(Q*EUJ,)) =0, (1.5)

so that the optimal obstacle can be described as the closed set obtained by the complement
of the connected components of Q2 \ 9* E U J,, on which u does not vanish identically.

The technical ideas to prove (1.5) stem from the pioneering result of De Giorgi, Car-
riero and Leaci on the Mumford—Shah problem [24, 30], where the key of the proof is
a decay estimate obtained by a contradiction/compactness argument. For vectorial prob-
lems, a similar strategy, but definitely more involved, was used for the Griffith fracture
problem in [19] (for the two-dimensional case) and in [16] (for higher dimensions). In the
fracture problem, the key compactness result relies on the possibility of approximating
a field u € SBD([—1, 1]¢) with a small jump set by a Sobolev function which is locally
controlled in H'! (via the classical Korn inequality).

In our case, we follow a similar approximation procedure, but we have to handle two
additional constraints: incompressibility and non-penetration at the jumps. From a tech-
nical point of view, this is problematic since the bound in [19] is not strong enough to
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stay in divergence-free vector fields and the method in [16] creates new jumps on which
the non-penetration constraint is not a priori verified. However, when restricted to two
dimensions, the method of [16] leads to a stronger result, so that both constraints can be
handled.

The paper is organized as follows. In Section 2 we fix the notation and recall some
basic facts concerning sets of finite perimeter, functions of bounded deformation and
Hausdorff convergence of compact sets. Section 3 is devoted to the precise exposition
of the drag optimization problem. In Section 4 we detail the relaxation of the problem
in the family of obstacles of finite perimeter and with velocities of bounded deformation,
and formulate the main results of the paper concerning the existence of minimizers (in
any dimension) and their regularity in dimension two. The proof of the existence of min-
imizers is given in Section 6, and it is based on some technical results for SBD functions
collected in Section 5, while the regularity result is proved in Section 7.

2. Notation and preliminaries

2.1. Basic notation

If E € R, we denote by |E| its d-dimensional Lebesgue measure, and by Jed—1 (E)
its (d — 1)-dimensional Hausdorff measure: we refer to [25, Chapter 2] for a precise def-
inition, recalling that for sufficiently regular sets, # d=1 coincides with the usual area
measure. Moreover, we denote by E€ the complementary set of E, and by 1g its charac-
teristic function, i.e. 1g(x) = 1if x € E, 1g(x) = 0 otherwise. In addition, we say that
E, € E, if E| C E». Finally, we denote by Oxr C R4 the cube of center x and side r:
when x = 0, we simply write Q.

If ACR? is open and 1 < p < 400, we denote by L?(A) the usual space of
p-summable functions on A with norm indicated by | - ||,. We denote by W7 (A)
the Sobolev space of functions in L?(A) whose gradient in the sense of distributions
belongs to L?(A; R?). Finally, given a finite-dimensional unitary space Y, we denote by
Mp(A;Y) the space of Y -valued Radon measures on 4, which can be identified with the
dual of Y -valued continuous functions on A vanishing at the boundary.

We denote by M @™ the set of d x m matrices with values in R: when d = m we
denote by M2*4 the subspace of d x d symmetric matrices. For a € R? and b € R™ we

sym

denote by a ® b the element of M?*™ such that
(a® b)ij = a,-bj,

while if @, b € R¢ we denote by a © b the matrix in Mé9xd guch that

sym

aibj + a_/b,-

(@ ©b)ij = 5
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Given & € R? with |£| = 1, we denote by £ the hyperplane through the origin orthog-
onalto §. If E C R, we set
E* := 71 (E), (2.1

where 7 denotes the orthogonal projection, and for y € £+ we set

& ._ .
E; ={teR:y+1t5€E}

2.2. Functions of bounded variation and sets of finite perimeter

If Q € RY is open, we say that u € BV(Q2; R™) if u € LY(2;R™) and its derivative
in the sense of distributions is a finite Radon measure on €2, i.e. Du € My (R2; dem).
The space BV(€2; R™) is called the space of functions of bounded variation on Q with
values in R™ and it is a Banach space under the norm ||u||gv(@;r") = ||u|L1(Q:rm) +
| Dul| g, (2;praxmy- We call [Dul(2) == || Dul g, ;araxmy the total variation of u. We
refer the reader to [2] for an exhaustive treatment of the space BV.

We say that u € SBV(Q2; R™) if u € BV(£2; R™) and its distributional derivative can
be written in the form

Du=Vudx+ut —u")® vue%d_l [u,

where Vu € L'(Q; M?*™) denotes the approximate gradient of u, J,, denotes the set of
approximate jumps of u, u™ and u ™ are the traces of u on Jy, and v, (x) is the normal to
Jy at x.

Note that if ¥ € SBV(2; R™), then the singular part of Du is concentrated on J,,
which is a countably F9¢~!-rectifiable set: there exists a set £ with #¢~1(E) = 0and a
sequence (M;);en of C!-submanifolds of R4 such that J, € E U Uien Mi.

We say that E C R, with |E| < +oo0, has finite perimeter if 1z € BV(R?). The
perimeter of E is defined as

Per(E) = |D1g|(RY).

It turns out that
Dlg = vg X4 9*E, Per(E) = #91(0*E),

where 0* E is called the reduced boundary of E, and vg is the associated inner approxi-
mate normal (see [2, Section 3.5]). We have that 0* E C dF, but the topological boundary
can in general be much larger than the reduced one. If A € R is open and bounded with
HA=1(A) < 400, then A has finite perimeter with Per(4) < #2~1(3A).

2.3. Functions of bounded deformation

If @ € R¥ is open, we say that u € BD(Q) if u € L'(Q2; R%) and its symmetric gradient
Eu = w in the sense of distributions is a finite Radon measure on 2, i.e. EFu €
Mp(2; Mfyi‘nd ). The space BD(2) is called the space of functions of bounded deformation

on 2. We refer the reader to [33,34] for the main properties of the space BD.



D. Bucur, A. Chambolle, A. Giacomini, and M. Nahon 8

We make use of a subspace of BD(£2) called the space of special functions of bounded
deformation introduced in [ 1]. We say that u € SBD(R2) if v € BD(£2) and its symmetrized
distributional derivative can be written in the form

Eu=e@)dx+ ut —u") 0 v, K7/,

where e(u) € L1(Q; Mgfnd ) denotes the approximate symmetrized gradient of u, Jy,

denotes the set of approximate jumps of u, u™ and u™ are the traces of u on J,,, and
vy (x) is the normal to J,, at x. As in the case of functions of bounded variation, J,, is an
F 41 _countably rectifiable set.

We use the following compactness and lower-semicontinuity result proved in [3].

Theorem 2.1. Let Q2 C R4 be open, bounded and with a Lipschitz boundary, and let
(Un)neN be a sequence in SBD(R2) such that

sup[| Eun|(R) + [lunllp1 @:ray + le@n)llzr@maxe) + H (T, < +00
n

for some p > 1. Then there exists u € SBD(2) and a subsequence (uy, )xeN such that
Up, = U strongly in Ll(Q;Rd),
e(un, ) —~ e(u)  weaklyin L?(Q; Mfyﬁq‘i),

HA7V(J,) < liminf #971(J,, ).
k—-+o0 k

We will need also some properties of the sections of SBD-functions. If @ € R is
open and u € SBD(£2), let us consider the scalar function on Qi given by

05(1) = u(y +18) -
and the set
JE = {x e Syt (T (x) —u(x)) - £ # 0} (2.2)
The following result holds true (see [1]).

Theorem 2.2 (One-dimensional sections of SBD-functions). Let 2 CR? be open, £ € R¢
with |€] = 1 and let u € SBD(S2). Then for #% -a.e. y € Q¥ we have
1 € SBV(QS),
with
(@5) (1) = (e@)§ - §)(y +1§) forae.t €

and
_ (T7E\E
Jﬁi = (Ju)y.
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3. Obstacles in Stokes fluids and drag minimization
In this section we explain the drag problem for an obstacle immersed in a stationary flow.

3.1. The flow around the obstacle

Let Q C R be an open bounded set with Lipschitz boundary, and let V € C'(R¢;R%)
be a divergence-free vector field. Given E € €2 open and with a Lipschitz boundary, let us
consider the stationary flow for a viscous incompressible fluid around E with boundary
conditions on 92 given by V', and with Navier boundary conditions on dE. More pre-
cisely, if u: Q \ E — R¥ is the velocity field, we require that the following items hold
true:

(a) Incompressibility: divu = 0in Q \ E.

(b) Boundary conditions: we have
u="Vond2 and the non-penetration condition u - v = 0 on JF,

where v denotes the exterior normal to E.

(c) Equilibrium: considering the stress
0 :=—plg+2une(u), 3.

where > 0 is a viscosity parameter, e(u) is the symmetrized gradient of u (also
denoted by D(u)) and p is the pressure, we require

dive =0 inQ\E. (3.2)
(d) Navier conditions on the obstacle: we have
(ov); = fu onJE,

where 8 > 0 is a friction parameter, and (ov), denotes the tangential component
of force ov.

Stationary flow has the following variational characterization: u is the minimizer of the
energy

Eu) = 2M/ le(u)|? dx + ,3/ lu|?d F41 (3.3)

Q\E IE

among the class of (sufficiently regular) admissible fields
VE%V(Q) ={ve H'(Q)\ E;R%) : v satisfies points (a) and (b}, 3.4)

where #?~! stands for the (d — 1)-dimensional Hausdorff measure, which reduces to the
area measure on sufficiently regular sets. Indeed, if u is a minimizer, and ¢ is an admissible
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variation, so that ¢ = 0 on 92, we get
0=2,u/ e(u):e(ga)dx—i—ﬂ/ u-pdyd!
Q\E IE
=2,u/ e(u):Vgodx+,8/ u-pdJed!
Q\E dE
= —2,u/ dive(u) -pdx + / [—2pe(u)v + Bul - o d H471,
Q\E 0E

In particular, choosing ¢ with compact support in 2 \ E we have
2udive(u) = Vp

for some pressure field p: as a consequence 0 := —ply; + 2ue(u) satisfies (3.2) of con-
dition (c).

Since the admissible functions ¢ are tangent to dF, the optimality condition reduces
to

0= / [2ne(u)v + Bul -(pd]ﬁ’d_l = / [ov + Bu]- <de€d_1. (3.5)
dE E

Notice that every tangential vector field n on dE can be extended to a divergence-free
vector field on 2 \ E which vanishes on 92, hence it is the trace of an admissible variation
¢: indeed, any extension W which vanishes on d€2 has a divergence with zero mean, so
that considering W; with div W = div W with W; = 0 on Q2 and on 0F (whose existence
is guaranteed, for example by [6, Theorem IV.3.1])), the required extension is given by
W — W;. We conclude that the optimality condition (3.5) yields the Navier condition of
point (b).

3.2. The drag force

Assume now that the external vector field V is equal to a constant Vao € R¥ \ {0}, i.e.
the obstacle E is immersed in a uniform flow. The flow is perturbed near E, assuming the
value u, and the obstacle experiences a force which has a component in the direction Vo
which is given by

Voo
Vool
which is called the drag force on E in the direction of the flow.

We claim that

Drag(E) ::/ ov- daedt,
oE

1
Drag(E) = W@(u), (3.6)

where & (u) is the energy defined in (3.3). Using the facts that ¢ is symmetric and with
zero divergence (so that also the vector field 0V is divergence-free), and that u = Vi
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on 02, we may write
/ ov-Vo@a’de_1 =[ aVoo-vth,”d_l =/ aVoo-vded_l
oE oE

0
= / ou-vdJd!
Q2

=/ div(ou) dx +/ ou-vdHi!
Q\E dE

=/ U:Vudx—i—[ ov-uddyit. 3.7
Q\E JE

Using again that o is symmetric and that u is divergence-free, together with the con-
stitutive equation (3.1), we have

/ o:Vudx = / o:e(u)dx = / (—plg +2pne(u)) :e(u)dx
Q\E Q\E Q\E

= / (—pdivu + 2ule(u)|?) dx _Z/L/ le(u)|? dx,
Q\E Q\E
while in view of the Navier conditions on JE and the fact that u is tangent to the obstacle,

/ ov-udyé! =/ (ov)g - udF4! =/3/ lu|?d J41.
dE OE dE
Inserting into (3.7), we get that (3.6) follows.

3.3. The optimization problem

Let ¢ > 0 and let f: (0, |2]) — R U {400} be a lower-semicontinuous function that is
not identically equal to +o00. We are concerned with the following optimization problem:

rrgn{Drag(E) +cHTVQE) + fED).

We are thus interested in finding the optimal shape of an obstacle which minimizes the
drag force, under a penalization involving its perimeter and its volume.

In view of the energetic characterization of the drag force established in Section 3.2,
we can formulate the problem as a minimization problem among the pairs (E, u), where
u is a velocity field belonging to the family 'Vreg (Q) defined in (3.4):

2
min { a |e(u)|2dx+—/ ul>dde? " +cH?™ 1(8E)+f(|E|)}
Euevis, @ Vool Ja\E Vool
Setting all the constants equal to 1, and replacing V4, by a given divergence-free velocity
vector field V7 as in Section 3.1, the drag minimization problem above is a particular case
of the following shape optimization problem:

min {/ |e(u)|2dx+/ |u|2dJed—1+J€d—1(aE)+f(|E|)}. (3.8)
Q\E OE

EueVit, (Q)
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If we want to apply the direct method of the calculus of variations to the problem, i.e.
if we want to recover a minimizer by looking at minimizing sequences (E,, U, )neN, the
following considerations are quite natural:

(a) Since the problem involves the perimeter of E, the sequence (E,)eN is relatively
compact in the family of sets of finite perimeter (see Section 2).

(b) Concerning the velocities, it turns out naturally that it is convenient to also con-
sider discontinuous vector fields. Indeed, if u,, — u in some sense, and 0E,
collapses in some parts generating a surface I" outside the limit set E, the limit
velocity field u can present, in general, discontinuities across I".

E, E

We thus expect an extra term in the surface integral related to the Navier condi-
tions, which amounts at least to

/ 2 + P d 94,
I\9E

+

where u= are the two traces from both sides of T".

The previous considerations yield a relaxed version of problem (3.8) in which E varies
among the family of sets of finite perimeter contained in €2, while the family of associated
admissible velocity fields u is naturally contained in the space of special functions of
bounded deformation SBD(L2) (see Section 2).

In Section 4 we will give a precise formulation of the problem in this weak setting,
which guarantees existence of optimal solutions, describing in particular how the bound-
ary conditions on d€2 and on the obstacle have to be rephrased in this context.

4. A relaxed formulation of the shape optimization problem and
statements of the main results

Let Q CRY be open, bounded and with a Lipschitz boundary, and let V € C 1 (Rd ; Rd) be
a divergence-free vector field. In order to deal conveniently with the boundary conditions,
let us consider Q' C R4 open and bounded such that 2 € Q.

The following definition deals with the family of admissible configurations in the
relaxed setting.
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Definition 4.1 (The class A(V') of admissible obstacle-velocity configurations). We say
that (£, u) is an admissible configuration for the external velocity V, and we write
(E,u) € A(V),if E C Q is a set of finite perimeter, while

u € SBD(Q') N L2(Q'; RY)
is such that u = 0 a.e. on E and the following conditions are satisfied:
(a) The flow is divergence-free: divu = 0 in the sense of distributions in €2’.
(b) External boundary conditions: u = V a.e. on Q' \ Q.

(c) Non-penetration condition on the obstacle:
ut v =0 ond*E U Jy,,
where v denotes the normal to the rectifiable set 0* E U J,,.

Remark 4.2. The crucial difference between admissible velocities in the present frame-
reg

work and those of the family V EV (R2) introduced before (see (3.4)) is that they may have
discontinuities outside £. Within the new setting, the global obstacle is given by

E U Jy,

i.e. it may contain (d — 1)-dimensional parts.
Given (E,u) € A(V), concerning the traces of u on 3* E, we denote by u™ the trace
in the direction of the external normal vg, so that u~ = 0 J d=1_ge. on 0*E.
Concerning the non-penetration constraint, notice that it suffices to require it only
on Jy, since it is then automatically verified also on 0* E. Indeed, for # d=1 ge. x €
O*E \ Jy, we have u~(x) = ut(x) = 0 and the constraint is verified, while for #¢~1-
a.e. x € J, N 0*E, the two rectifiable sets J,, and 0* E share the same normal vector.

Remark 4.3. The space SBD(L') is naturally a subspace of L!(Q'; R?): we require for
admissibility that u € L2(Q’;R?) to ensure that the velocity field has finite kinetic energy.
It will turn out that velocities in SBD(€2’) which are interesting for our problem (i.e. with
finite energy) are automatically elements of L2(’; R¢) (see Theorem 5.1).

Remark 4.4 (On the boundary condition). If (E,u) € A(V), then u € SBD(R2') with
u="Vae onQ \Q,so that

JuNQ = {x €92 : y)(x) # V(x)},

where y(u) is the trace of u on dQ2 coming from 2 (i.e. the usual trace of u seen as an
element of SBD(£2)). We conclude that within the present framework, the boundary con-
dition is somehow relaxed: a possible mismatch between u and V' on 92 is admitted, but
then the zone is counted as a jump part of the velocity field, and consequently as a part of
the obstacle 0* E U J,,, and will carry a contribution for the energy (see (4.2) below). Such
arelaxation of the boundary condition is a feature which is common to several applications
of functions of bounded variation to problems in continuum mechanics (see for example
[23,27] in connection with fracture mechanics or [22] for problems in plasticity).
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Remark 4.5. Given (E, u) € A(V), the obstacle £ U J,, may touch 92 only on those
parts where V' is tangent to €2: this is due to the fact that on (0* E U J,,) N 92, the two
sets share #¢~!-a.e. the same normal, and ut =V (if the orientation is suitably chosen).

Remark 4.6. Let E € Q2 be open and with a Lipschitz boundary. Then we can find W €
HY(Q \ E;Rd) such that W = V on 02, W = 0 on dF and div W = 0. Indeed, if ¢ €
C>(R%) is such that ¢ = 1 on a neighborhood of R4 \  and ¢ = 0 on a neighborhood of
E, we can consider the vector field V7 := ¢V, whose divergence has zero mean on Q \ E
(by the Gauss theorem). Then we can find V, € H} (2 \ E; R?) such that div V = div V;
(see [6, Theorem 1V.3.1]), so that the field W := V; — V, is an admissible choice. In
particular, we get that (E, W) € A(V), so that the class of admissible configurations is
not empty.

Let
1:10,]22]] = R U {400} be lower semicontinuous, not identically equal to +o00. (4.1)

For every (E,u) € A(V), let us set (normalizing to 1 the constants involved in the drag
force problem)

(E,u) == /Q |e(u)|2dx+/ lut|2dyed!

0*E
+/ Nut)? + w2 d K41
Ju\o*E
+ KTV E) + 2747 (U, \ 0¥ E) + f(IE)). 4.2)

Remark 4.7. Concerning the volume integral in §(E, u), the density e(u) is equal to
e(V) a.e.on Q' \ Q and equal to 0 a.e. on E: as a consequence we could replace it with
an integral on  \ E without affecting the minimization of §.

Concerning the Navier energy and the surface penalization for 9* E U J,,, notice that
it counts also for the possible mismatch at the boundary between u and V' as pointed out
in Remark 4.4: the mismatch is thus “penalized” by the energy of the problem.

The previous observations show that the larger domain €’ plays only an instrumental
role in the problem, as it can be replaced by any open domain strictly containing 2.

The first main result of the paper is the following.

Theorem 4.8 (Existence of optimal obstacles). Let Q C R4 be a bounded open set with
Lipschitz boundary, V € C'(R%;R?) a divergence-free vector field, and f a function
satisfying (4.1). Let the family of admissible configurations A (V') be given by Definition
4.1 and let & be the functional defined in (4.2). Then the problem

i E, 43
(E,J?éimg( u) 4.3)

admits a solution.
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Remark 4.9. We recover the original drag minimization problem when V is a constant
non-zero vector Vo, and in the functional we properly restore the physical constants p
and B, together with the perimeter penalization constant c.

The second main result of the paper concerns the regularity of minimizers in the two-
dimensional setting.

Theorem 4.10 (Regularity in dimension two). Let @ € R? be a bounded open set with
Lipschitz boundary, V € C'(R?;R?) a divergence-free vector field and f: [0, |Q|] —
[0, +o00[ a Lipschitz function. Let (E,u) € A(V) be a solution to (4.3) according to The-
orem 4.8. Then

HN(QN(Jy U*E\ (J, UJ*E))) =0,

andu € C®(Q\ J, U 0*E;R?).

Theorem 4.8 will be proved in Section 6, on the basis of some technical results estab-
lished in Section 5. The proof of Theorem 4.10 will be addressed in Section 7.

Remark 4.11. In order to prove that the functional §(E,u) is the relaxation of the energy
appearing in the original problem (3.8) in the sense of the lower-semicontinuous enve-
lope of the calculus of variations, we need to approximate in energy any (E,u) € A(V)
through “regular” configurations (E,,,u,) € A(V'), where E,, has Lipschitz boundary and
u, € HY(Q \ Eu; ]Rd). This resembles the situation studied in [7], which can be extended
to the case of energies involving only the symmetrized gradient, like in the study of mate-
rial voids in linearly elastic materials (in this direction, see for example [20]). However,
the constraints of our problem make the analysis very hard to carry out: more specifi-
cally, admissibility requires the divergence-free condition div u,, = 0 and the tangency
constraint u, | dE,, and it is not clear how to enforce them within the currently available
approximation procedures.

5. Some technical results in SBD

In this section we collect some technical properties concerning the space SBD that will
be fundamental in the proof of Theorem 4.8. In particular, in Theorem 5.1 we will prove
that admissible velocity vector fields enjoy higher summability properties (indeed they
belong to Ldz%l). In Theorem 5.3 we will prove that velocity fields u with u™® tangent to
the discontinuity set J,, form a closed set under the natural convergence of minimizing
sequences for the main optimization problem. Finally, in Theorem 5.4 we will prove a
lower-semicontinuity result for surface energies depending on the traces, which entails in
particular the lower semicontinuity of the term associated to the Navier conditions.

5.1. An immersion result

The following embedding result holds true.
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Theorem 5.1. Let Q@ C R? be a bounded open set, and let u € SBD(R?) be supported in
Q such that

E(u) = / eGP dx + / [t + 2] d 264" < oo
Q Ju

Then u € LZ (Q) with
lull 24 < CVEW),

where C depends on d and diam(2) only.

Proof. 1t suffices to follow the strategy of the proof of the classical embedding of BD into
L4/d-1 explained in [33], but concentrating on the square of the components.
Let us consider the unit vector

g:=—(1,1,...,1) e R4,

1
Vd
Employing the characterization by sections recalled in Section 2, for #9 '-ae. y € £
we have

i € SBV(Q))
with
/ @EYPde+ 3 1@ O + 1)~ ()] < +oo.
tEJ;
Then we can write for a.e. t € R,

15117 ey = 1PG5)?1(25)

Loo(Q

= [ 2@y 1de+ 3 a5 0P - 1650
Q tGJg
1 ~ENT

< SIEEIZ o) +2|szy|/95|(u§> 2 ar
+ Z (@) OF + @)~ (OF). (5.1)

J
Let us set

g6(x) :=/ @Y Pde+ 3 1@ O + 165 0P,

ZEJS

where y 1= m¢1(x), i.e. the projection of x on the hyperplane & L, and g¢(x) only depends
on the projection of x on £+ and

/ gsdﬂ“:[ |e<u>s-5|2dx+/ [t 4+ = PIjE - v] d 34!
gL Q Ju

SC[/ Ie(u)lzdx+/ [|u+|2+|u|2]d3€d1]
Q Ju



A free discontinuity approach to optimal profiles in Stokes flows 17

where C depends only on d. Thanks to (5.1) we have

|E-ul®> < Cgg ae.onQ, 5.2)
where C depends on the diameter of €2, and from now on all the constants C that appear
depend on n, diam(2). Forevery k = 1,...,d — 1, we can write

1 d—1

E=—=ex+\— Ik,

Jd d

where e}, is the kth vector of the canonical base, and /iy, is the unit vector in the direction
Jd & — ey.. Reasoning as above on the decomposition

d—1 1
U= ——hy - ——ep -,
E-u 7 ku+ﬂek u

we obtain a similar estimate

& - ul> < Clgn, + gep)- (5.3)

Multiplying inequality (5.2) with inequalities (5.3) fork = 1,...,d — 1, we obtain, rea-
soning as in [33, Chapter II, Theorem 1.2],

02 2 +2 -2 d-1|
I u) “d_lfc[/sz'e(”)' dx+/Ju[|u 2+ Pl }

Since this estimate does not depend on the particular choice of the basis and hence holds
for any & with norm 1, the theorem is proved. ]

5.2. Closure of the non-penetration constraint

In the context of equi-Lipschitz boundaries, the preservation of the non-penetration prop-
erty for a sequence of Sobolev functions converging weakly, comes rather directly via the
divergence theorem (we refer the reader, for instance, to [8]). However, in the case of col-
lapsing boundaries, so that the limit function lives on both sides of a surface and in the
absence of any smoothness of the limit set, this technique does not work. The proof of the
non-penetration preservation requires different technical arguments that we handle in the
SBD context.
Let us start with the following lower-semicontinuity result.

Theorem 5.2. Let @ C R? be a bounded open set, and let (up)nen be a sequence in
SBD(K2) such that

sup[/ le(un)|> dx + de_l(Jun)] < 400
n Q

with
U, — U Iin measure
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for some u € SBD(2). Then

/[|u+-vu|+|u_-vu|]d]€d_l§1iminf/ (o v, | 4 [ vy, |1 d F471
Ju Jun

n——+o00

Proof. Let us consider a countable set of functions {¢; : h € N} which is dense with
respect to || - ||o inside the set

{f €C20.+00]): [ fdt =0and || flleo < 1}.

Given ¢ > 0, let us consider

Llx—xil?
gha(x) = / on(0) dt.
0

where {xj : k € N} is a countable and dense set in B;(0) C R with xo = 0. Clearly,
gnk € CLR?) with

Ghi(x) == Vgni(x) = gy (%lx - Xk|2)(x — Xk).

We have that Gy, « is a continuous conservative vector field with compact support on R4,
Let us set for (i, j) € R? x R? and v € R? with |v]| = 1,

Je(i, j,v) = ShUE(Gh,k(i) —Gpi(j)) - v.

By construction, f; is a symmetric jointly convex function according to [28, Definition
3.1]. We claim that fori # j,

li-vl+1j-v| < fel,j,v) <i-v|+]j-v]+2e (5.4)

In view of the lower-semicontinuity result [28, Theorem 5.1] we have

lim inf fg(u:,u;,vun)dﬂd_l > fg(u+,u_,vu)d<7€d_l.
Ju

n—-+o00 Jun

We can thus write

mint| [ (b v+ iy i1 2509710 |
n—-+oo

un

> liminf/ feuouy vy, ) d I > | feuT uT vy d 4!
Jun Ju

n——+o00

z/ ™ - vl + [~ - vl] d 641,
Ju

so that the result follows taking into account the bound on F#%~! (Ju, ) and letting ¢ — 0.
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In order to complete the proof, we need to show claim (5.4). The estimate from above
follows from

[Ghi () = G (D] -v = |G = xp) - v[+[(J = xp) -v| < [i-v[+ ][] -v]+ 2¢

since ||¢p|loo < 1 and |xi| < €. Let us prove the estimate from below. We select x;, — 0

such that |i — xg,| # |j — Xk, | (which is always possible in view of the density of {xi :
k € N}inside B,(0) and since i # j) and then ¢y, such that for n — +o0,

—|i —x — ——— an —|j—x - -
A L A TRIEE
where 7 > 0. By definition of f; we infer that
JeG,j.v) = i -v] + ) -v|=2n,
so that the estimate from below follows by sending n — 0. ]

We are now in a position to prove the main result of the section.

Theorem 5.3 (Closure of the non-penetration constraint on the jump set). Let @ € R¢ be
a bounded open set, and let (uy)nen be a sequence in SBD(2) such that

sup[/ le(un)|> dx + J(d_l(Jun)] < +00
n LJa

and
U, —> U in measure

for some u € SBD(R2). If

uf v, =0 H''ae onl,,,

n

then
ut. v, =0 H 1 qe on Ju.

Proof. By Theorem 5.2 we may write

/ [u® - v| 4+ |Ju™ - vul] dye! < liminf/ [|u,Jlr SV, | vun|]d<}€d*1 =0,
n—+o00 7,

u un

so that the result follows. [

5.3. A lower-semicontinuity result for surface energies in SBD

In this section we deal with the lower semicontinuity of the surface term of the functional
J in (4.2) connected with the Navier conditions on the obstacle. The following lower-
semicontinuity result holds true.
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Theorem 5.4. Let Q@ C R? be an open set, u,,u € SBD(Q) such that
U, —>u strongly in Ll(Q;Rd)

and

sup[ [ et ax + de-luun)} < +oo.
n
Then if $: R4 — [0, +00] is a lower-semicontinuous function, we have
[ ey + gt < timine [ i) + gl
This applies in particular to ¢(u) = |u|? and ¢ (u) = 14,0}, which will be of interest
to us.

Proof of Theorem 5.4. Notice first that ¢ may be supposed to be continuous. Indeed, for
any lower-semicontinuous non-negative ¢, by considering a sequence of continuous non-
negative functions ¢ ' ¢ we get

/ Bt + )] dH4" = sup / [ ™) + )] d e
Ju k Ju

< suplimin / [¢k(u;) + ¢ (u,)] dged—1
k Jup

n—-+o00

n——+o00
Un

< liminf/ (o) + p(u;)] dH.
J,

Through a now-standard blow-up argument (see Remark 5.6), we can reduce the prob-
lem to the following lower-semicontinuity result. Let Q1 € R be the unit square centered
at 0, and let us set

H:=01N{xg =0} and Qf := 01N {xg 20}

Given u* € R? with u* # u~ and u,, € SBD(Q) with

Uy — U = u"'lQ;r +u lg; strongly in LI(QI;Rd), (5.5)
sup #471(J,) < +oo (5.6)
n

and
e(uy,) — 0 strongly in L1(Qy; Ms’iffld), (5.7)

then
B) +9u7) = timinf [ [0 + )] 437, 538)

n—-+o00 Jun

We now divide the proof into several steps, and we employ the characterization by sections
of SBD functions explained in Section 2.
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Step 1. Let ¢ > 0 be given. We fix § > 0 and N € N with N > d: these numbers will be
subject to several constraints that will appear during the proof.
Let us fix N unit vectors {£; }1<i<n such that

leq - & — 1] <6 (5.9)

and such that any subset of d of them forms a basis of R?. Moreover, we may assume in
addition that

W —u")-& #0 (5.10)

foreveryi =1,...,N.
Thanks to (5.5) and (5.6), we can fix @ > 0 small such that setting H*=H x {ta}=
H + ae;, we have

(Un) g — u®  strongly in L'(H*;R?)

and
VneN:#47(J, N HE) =0. (5.11)

Step 2. We claim that, up to a subsequence, we can find H C H~ with

HIVH \H)<e¢ (5.12)
such that foreveryi =1,..., N, forevery y € H and foreveryn € N,
H NJy, =9, (5.13)
and
HO((Ju)§) < +00,  HO((Ju,)§NRY) = 1. (5.14)

Moreover, setting
(un)§} = un(y + 160) - &i.

for every y € H; we have

(un)f € SBV((Q1E),

T = (Ju,)§ (5.15)
(cf. notation (2.2)),
||[@§i]/||L1 — 0 uniformly for y € H,, (5.16)
and
(un)g- — u~ uniformly on H_ . 5.17)

Indeed, if the number § appearing in (5.9) is small enough, we can find A, € H~ with

HOVH\ AD) < % (5.18)
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and such that for every y € A the lines {y + t& : ¢ € R} intersect H " for every i =
1,...,N.Inview of (5.5), (5.6) and (5.7), and since pointwise convergence implies almost
uniform convergence, we can find N, C A, with

JAUN,) < g (5.19)
and such that, up to a subsequence,
Itn)& — 48110 — 0 uniformly for y € A7 \ N, (5.20)
||[(Zt\n)§"]’||L1 -0 uniformly for y € A7 \ N, (5.21)
(un)\g- = U~ uniformly on A, \ N, (5.22)
and forevery y € A_ \ N,
HO(Ju,)§) < +oc. (5.23)

Notice that for n large enough and for every y € A \ N; we have
(Ju,)§ # 0. (5.24)

Indeed, otherwise, we would get for ny — oo the existence of yx € A, \ N, with
(un)5i € WEL((01)5,), and (5.22) together with (5.21) would yield

1Gun)5 — 2wy >0

against (5.20) (recall that by the choice (5.10) of the &;, the functions ﬁff have a jump).
The claim follows by setting

H = A\ [Ns U JWu, N H—)].

Indeed, (5.12) follows from (5.18), (5.19) and (5.11), while (5.13) is clearly satisfied.
Relation (5.14) follows by (5.23) and (5.24), while relation (5.16) follows from (5.21).
Finally, relation (5.17) follows from (5.22).

Step 3. Foreveryi = 1,..., N, let us consider the set J,i’_ given by the first point of
intersection (with ¢ > 0) of the line {y + t&’ : ¢ € R} with the jump set J,, as y varies
in the set H defined in Step 2 (recall (5.14) and (5.15)). In view of (5.16) and (5.17), we
can find 7, — 0 such that for every x € J,’;’_ with vy, - & > 0,

lu, (x)-& —u™ - &l < na. (5.25)

Step 4. We claim that, for § small enough and N large enough, up to a subsequence, we
can find J, C Jy, with
HNT) = 1 = e, (5.26)
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where ¢, — 0 as ¢ — 0, and such that for every x € J:f s
x € JI~  ford different indices i € {1,..., N},
where J,f’_ is defined in Step 3. Moreover, we can orient vy, on fn_ in such a way that
eq-Vy, >0 and & -v,, >0 foreveryi =1,...,N. 5.27)

Intuitively speaking, the points in fn_ are seen from H, under d different directions:
moreover, the associated lines cut the jump transversally, from the “lower” to the “upper”
part.

Indeed, in view of the definition of & (which forms a very small angle with ey as
& — 0) and of the area formula (cf. for instance [26, Sec. 3.2]), we can assume that § is so
small that foreveryi = 1,..., N,

. 1
HAN () = / o, &I = V(DS = — 304N (HD), (5.28)
i 1+ s

where the notation (H, )éi is defined in (2.1) and where ¢s — 0, so that, taking into
account (5.12), for small § we have

HATN(TET) > 1 =28, (5.29)

By Lemma 5.5 below (with X = Jy,,, u = # 4=1 and M given by the family of Borel
sets), if N is large enough we can find an index i such that

H1 (J,f" \ U @rmnrETneen J,ﬁd’_)) <e. (5.30)
i1 <ip<-<ig
in=1,...,N

Intuitively speaking, most of the points in JE~ are seen from H . atleastunder d different
directions: we call this set J,", i.e.

Io=Jrn | Gt ngTaeengien). (5.31)
il <i2<~-~<id
ip=1,..., N
In view of (5.29) and (5.30) we get
HANTT) = 1= 3. (5.32)
Finally, if we set
Gne = {x € I o, &> ¢} and B, = J7\ Gue,

coming back to (5.28) we have

HAV(GC) + E2HIT(Bye) > 1 — 3¢,
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so that
HAITY(Gpe) > 1 — 36— £2C,

where C := sup, H?~1(J,,) < +oo. Finally, we orient the normal v, on G, . in such
a way that
Vy, - & > &.

The inequalities (5.27) then also hold true on Gy . if § is small enough thanks to (5.9).
Reducing J,; to G, ¢ if necessary, the full claim follows, taking into account (5.31) and
(5.32).

Step 5. Let fn_ C Ju, be the set given by Step 4. Since the points of this set are seen from
H_ under d different directions, in view of (5.25) we infer that there exists 7, — 0 such
that for every x € fn_ s

iy () = U] < 7.

Reasoning in a similar way starting from the upper part H,", and employing the opposite

directions {—§; :i = 1,..., N}, we can construct fn"’ C Ju, with vy, oriented such that
again
ed vy, >0 and & -v,, >0 foreveryi =1,...,N,
such that
HATNIH) = 1—¢, (5.33)

with ¢, — 0 as ¢ — 0, and such that for every x € fn+,
| () —u™| < 7jn.

Notice that for x € JN,L_ N jn+, the orientation chosen is compatible with that of (5.27), so
that indeed u}, (x) and u,} (x) are the two traces of u, at x.
We can thus write, in view of the continuity of ¢,

| waih +aprant= [
un Jn

) + puy) d e

Jn

4 / ) + py)] d e
TEAT;

= [t + g d et

Jinds

+ d—1 — d—1
+/~+ o Puy)diH +/j_\~+¢(un)dé’€

> [ i) e + / i) d 4!
Jr I

> [put) — 5 HITI) + [pu™) — 7] KT,
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where ﬁn — 0, so that, taking into account (5.26) and (5.33),
timint [ [pf) + p0)1 a9 = ) + SOl - 2.
n—>-1+00 Jun

The conclusion follows by letting ¢ — 0. ]

In the proof of Theorem 5.4 we made use of the following abstract lemma.

Lemma 5.5. Let (X, M, ) be a finite measure space. Let ¢ > 0 and d > 2. Then there
exists N € N that only depends on (X)), €, d such that if {E; }i—1,... N is a family of sets
in M, we can find i such that

M(E;\ U (E,-lmEjzn---mEjd))<s.

J1<j2<+<Jq

Proof. Up to dividing ¢ by p(X) we suppose without loss of generality that u(X) = 1.
It is enough to prove that for any d > 2, ¢ > 0, there is some N(d, &) > 1 such that any
family of N > N(d, ¢) of sets (E;)1<i<n there is some i that verifies

ey U NE) <=
JC[LNI\{i} jeJ
|J 1

meaning that there is some i such that every point of E; outside a set of measure less than
¢ isin (at least) d — 1 other sets E; (for j # i).

We prove it by recursion. If d = 2, let N = [%], where [-] denotes the integer part.
Given (E;)1<i<n, let us consider the sets (E; \ UlsjsN,j# E;)1<i<n. These are dis-
joint and p(X) = 1, so there is some i such that

1
,U«(Ei\ U ‘Ej)fﬁf&
1<j<N,j#i

which proves the initialization.
Assume now that the result is true for d and let us check it for d + 1. Let
2
N = N(d, E) and M = [—],
2 g

and let us consider N x M sets that we classify into N groups of M sets, written

(Ek.i)1<k<na<i<m- Forevery k € [1, N], the sets (Ex; \ Uj<j<pm,ji Ek.j)1<i<m are
disjoint, so there is some iy such that

1 €
M(Ek,ik \ U Ek,i) =< 7 < 3

1<i<M,i#i
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Considering the sets (Ey j, )1<k<n, since N = N(d, 5) we find some k such that

&
i) U B =5
KC[1,N]\{k} keK
|K|=d—1

This means that outside a set of measure at most 5, every point of E Kig _isind — 1 sets
of the form Ey ;, for k # k, and similarly every pomt outside a set of measure at most
5 is also in one set of the form Ej I for some i # ij;. We conclude that outside a set of
measure at most &, every point of E Fi; _ belongs to d other sets, meaning N(d + 1, ¢) is

well defined and N(d + 1,¢) < N(d, 2)[;]. L]

Remark 5.6. Let us detail the blow-up argument used in the proof of Theorem 5.4. If we
set

= (o)) + ¢(u;)] I [,

and assume that (up to a subsequence)
Un N n o weakly* in Mp(S2)
for some Radon measure p on €2, the conclusion follows if we show that
w=>[p™) + ¢ )K" J, as measures on Q.

With this aim it is sufficient to show that

d,}fd T () = [p(uT (X)) + p(u™(x))] for H¥ lae. x € Jy, (5.34)

where ——5— y U,{, —2L denotes the Radon-Nikodym derivative of i with respect to # d=1 (restrict-

edto Jy).
Let us assume (up to subsequences) that

An = H4! LJu, ) weakly* in Mp(£2),
and that .
le(un)|dx — fdx weakly* in Mp(R2),

where f € L'(Q) (this is possible since (e(1,))neN is bounded in L?).
Let x € J,, be such that

du (x) = lim M(Qx r) lim A(Qx r)

—(x , 0o, lim
dJed-1 r—0 pd-l1 r—0 pd-1 <+

1
dx =0,
r—>0 rd-1 /Q,(x) /]

and (having chosen the axis so that v, (x) = ey), forr — 07T,

u(x +r) — u+(x)1Q1+ +u"(x)lg; strongly in Ll(Ql;Rd).
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Since #9~1-a.e. x € J, satisfies these properties, it suffices to concentrate on such points
to prove inequality (5.34).
Let rz — 0 be such that

M(an,rk) = )‘(an,rk) =0.

Since by weak convergence and the relation above we have u,(Qx,r,) = ((Qx,r, ), and
similarly for A, we can choose ny " 400 such that

r,f_l r]f_l
H(Qx,rk) > Mnk(Qx,rk) - k’ /X(Qx,rk) = Ank(Qx,rk) - T

and

rd—1
[ irtavz [ leunlax -t
Qx,rk Qx,r

k

Moreover, setting v (y) := U, (x 4 rry) we can also assume

Vg —> u"'(x)lgfr +u"(x)lg; strongly in L'Y(Q1:R%).

We get
1 1 1
|€(Uk)| dx = d—1 |e(unk)| dx =< ﬁ |f| dx + E —0
0 T Ox.ry Tk Qxry
and
1 A
e%d—l(‘lvk) =4 lﬂd_l(-]un n Qx,rk) = "Rk LTk (dQ);’rk)
rk_ k rk_
A 1
= % + — — ¢ < +o00,
rét k

so that, using the lower semicontinuity (5.8) concerning functions on the unit square (and
to which the proof of the theorem has been reduced),

du . w(Qxri) o Mg (Qxre)
agea ) = Jim U = fimind S
— timinf [+ S@IAIT = gl () + Bl ()
k—+o00 J”k

and (5.34) follows.

6. Existence of minimizers: Proof of Theorem 4.8

We are now in a position to prove the first main result of the paper.
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Proof of Theorem 4.8. Let (Ey, u,)neN be a minimizing sequence: since the function f
is not identically equal to +o0, and in view of Remark 4.6, there exists C > 0 such that

F(Ep,un) <C.

Since u, = 0 a.e. on E, we may write

/ P daed 1 ¢ / [t P+ g P dded = = / [t P+ g P d e
J0*E, Jun \O* Ey

Jun

so that we infer

HETVDE,) < C
and

/ leun) | dox + H (Ju,) + / [yt P+ Juy 1P1d 4" < .
Q

Jun

Notice that

EGI@) = [ feteldx+ [ = ased

Jun

< / (V)] dx + / leGun)| dx + / [t | + ;] d 964
Q\Q Q u

n

1
< [ tewlax+ —[|sz| + [ et dx + 2247 (7,
Q\Q 2 Q

+ [ P+ b Plaseit] <.
for some C > 0. Moreover, thanks to Theorem 5.1 applied to u — V' we may assume also

that

<C. 6.1
””n“L%(Q,) = (6.1)

By the compactness result in SBD (see Theorem 2.1), there exist a subsequence (4, )keN
and u € SBD(Q') withu = V on Q" \ Q and such that

Up, = U strongly in L(Q2/; RY), (6.2)
e(un,) — e(u) weakly in L*(Q'; M%), (6.3)

JH4N () < liminf 47y, ).
k—+o00

Concerning the sets E,,, we may assume, up to a further subsequence if necessary, that
there exists a set of finite perimeter £ C €2 such that

lEnk — 1g strongly in Ll(Rd) (6.4)
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with
HALO*E) < liminf 971 (3* Ep,).
k—+o00

In particular, we get

FUE]) < liminf £( En). (©.5)
Let us prove that
(E,u) € AV). (6.6)

In view of (6.1) we infer that u € Ld%ll(Q/; R4) so that in particular u € L2(Q'; R?).
Moreover, u = V on Q' \ , while u = 0 a.e. on E thanks to (6.2) and (6.4).

Since the divergence constraint is intended in the sense of distributions on €2, this
passes easily to the limit thanks to (6.2). Moreover, in view of Theorem 5.3 we deduce

ut 1 v, onJy,.

In particular, this entails
ut Lvg ond*ENC,

since for x € 0*E we have either x € J, or ut(x) = 0. We conclude that the non-
penetration constraint for the velocity field holds on 0* E and on J,, \ 9* E, so that (6.6)
holds true.

Let us prove the pair (E, u) is a minimizer for the problem. Thanks to (6.3) we get

le(u)|? dx < liminf/ |e(unk)|2 dx,
Q' k—+o00 Jq/
while in view of Theorem 5.4 we have

/[|u+|2+|u_|2]d5‘€d_1fliminf/ sl 12 + u, [P1dH71,
Ty k=400 J . k k

Uny,

which entails
/ P daed! ¢ / [t P+ P ded ™!
0*E Ju\O*E

< liminf[/ u [2dged! +/ [loe;! |* + |u;k|2]d¢7€d_1} (6.7)
k—+ool Jo*E,, Jup \8* Eny,

sinceu = O a.e.on E and u,, = 0a.e.on Ey,.
Let us prove that
2H9N(J, \ 3*E) + HTV(D*E)
< liminf I (Jy,, \ 0*En,) + H47' (0" Eny)). (6.8)

k—+o00
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Let us choose & € R? such that

HIT((x € EUTy ut(x) =h)) = T ({x € *E U Jy tu”(x) = h})
= JH ({x € 0" En, U Sy, :uf (x) = h})
= J47 " ({x € 0*En, U Ju, : 1y, (x) = h}) = 0.

This is possible because, for example, the sets {x € 0*E U J,, : ut(x) = h} are disjoint
as h varies, and similarly for the other sets. In particular, setting

V" :=u+hlg and v,}l’k = Un, +hlg,
we have

Jop = By UJi, =*EUJ, and Jy =
g

u,,k

UJig, =0"En Uy,

up to #¢~'-negligible sets. If we apply Theorem 5.4 with the choice ¢y, (s) = Lgg2py to
the sequence (U,}:k)keN we get

%*%Wm+a%*%h\wEw=/[m«wﬁ3+m«Mrﬂd%*1

Juh
gmw/ [ (0 ) + g )7)] d 04!
k—>+o0 I
nk
= liminf[H4 (% En,) + 2997 (L, \ 8" En,)]
k—+o0 k

so that (6.8) holds true.
Gathering (6.3), (6.7), (6.5) and (6.8), we deduce

J(E,u) < liminf §(E,,, un,)
k—+o0

so that, taking into account (6.6), the pair (£, 1) is a minimizer of the main problem (4.3),
and the proof is concluded. u

7. Regularity of two-dimensional minimizers: Proof of Theorem 4.10

This section is devoted to the proof of Theorem 4.10 concerning the regularity of mini-
mizers in dimension two.

As mentioned in the introduction, the general strategy used by De Giorgi, Carriero
and Leaci for the Mumford—Shah problem in [24] faces the new difficulties given by the
vectorial context, considered in [16, 19] in connection with the Griffith fracture problem,
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and also by extra conditions proper to our problem, that is, incompressibility and non-
penetration for the velocity fields. We follow the main lines of [16, 19]: however, technical
difficulties allow us to deal only with dimension two (see point (a) below).

Since our drag problem involves pairs (E, u) as admissible configurations, and some
points of 9* E may not be jump points of u, it will be useful to deal with pairs (J, u),
where J is a rectifiable set and u is a function whose jumps are contained (up to J1!-
negligible sets) in J and satisfy the constraints of zero divergence and non-penetration.
More precisely, we formulate the following definition.

Definition 7.1 (The class V). Let @ € R? be an open set. We say that (J,u) € V(Q)
if J C Q is a rectifiable set, and u € SBD(2) is such that divu = 0 in the sense of
distributions in Q, #(J,, \ J) = 0 and ulﬂ3 vy =0H"'-ae. onJ.

The structure of the section is the following:

(a) In Section 7.1 we prove a fundamental approximation lemma (smoothing Lemma
7.2), which allows us to approximate every (J,u) € V(Q1) with #1(J) small
by a configuration (J \ Q,,v) € V(Q1), where v is a Sobolev function in the
slightly smaller square @, with a control on the energy. The idea is that the jumps
of u in Q, are “smoothed out”, giving rise to the function v which preserves the
divergence-free constraint together with the non-penetration condition. This result
is inspired by [16], and it is here that the dimension two is fundamental.

(b) In Section 7.2 we prove regularity for local minimizers of a Griffith functional
G(J,u) = / le(u)|?dx + J(J),
Q

defined on pairs (J,u) € V(2). The kind of local minimality considered is very
weak, and inspired by the kind of competitors that can be constructed thanks to
the smoothing Lemma 7.2. The key result to get regularity is given by the decay
estimate contained in Proposition 7.7.

Regularity for minimizers of the Griffith energy is then used in Section 7.3
to prove Theorem 4.10, that is, to show the regularity of minimizers of the drag
problem.

(c) Finally, motivated by the regularity result of Theorem 4.10, in Section 7.4 we
describe a different relaxation of the drag problem which involves topologically
closed obstacles and Sobolev velocities: the regularity result can be used to prove
that such a formulation is well posed in dimension two.

7.1. The smoothing lemma
We fix a standard radial, smooth, non-negative mollifier p with support in a disc of radius
1/8 and denote

ps(x) = S‘Zp(%)-



D. Bucur, A. Chambolle, A. Giacomini, and M. Nahon 32

The main result of the section is the following smoothing lemma which is in the spirit
of [16].

Lemma 7.2 (Smoothing lemma). There exist C,n > 0 such that for any (J,u) € V(Q1)
with J1(J) < n, then letting § := Jfl(J)% there existr € 11 — 82, 1[and v € SBD(Q1) N
HY(Q,) such that the following items hold true:

(@) H°(J NIQ,) = 0andforevery0 <s <r,
H'(J N0\ Qr—y)) = C6s.

(b) {v#u} € Qrand(J\ Qr,v) € V(Q1).
(c) It holds that )
le)ll20,) < (1 + C88)|le()z20,)-

(d) There exists a cut-off function ¢ € C*°(Q,, [0, 1]) with ¢ =0 on O, \ Q,—s,
¢ = 1o0n Q,_4s, and such that

1
le(v) —gps * e(u)lL2¢0,) < CIclle(w)L2(0))-

Proof. The proof follows the strategy introduced in [16], and some parts will be referred
directly to that paper. However, since our conclusion is slightly different, we prefer to
develop some computations in detail. We use the notation @ < b when a < Cb for some
dimensional constant C.

We divide the proof into several steps.

Step 1: Subdivision into small squares. Let us set
N =1+[J' () 7],

where [-] denotes the integer part. In the following we assume that #!(J) is arbitrar-
ily small, so that N is arbitrarily large. For convenience in the construction, we set § =
I/N < 3'(J )%, which (mildly) differs from the choice of the statement: yet since § is
asymptotically equivalent to F1(J )%, the mismatch does not affect the validity of the
conclusion.

Forr €1 — 5%, 1[ and each k > —2, let us set

S = i—]: and r;p = (N — 2%)8

Then we consider a partition (up to a negligible set) of Q, into cubes obtained by filling
0+, with cubes of side 8o and denoted by (go,;);, and then each Q,, \ Q,,_, with cubes
of side 6 and denoted (gk, ;); (note that there is only one way to do this).

For any square ¢ = z + [—t,1]?, we write

g =z+ [_§t §t]2 and ¢” = (q")
. 7 ’ 7 ) :
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We set
gk, = (Gr,;)"-
We may notice that with our choices,
Vk=1:q]; € Oy \ Ors (7.1)

and {q; j Jk,j is a covering of Q, with a fixed finite number of overlaps: indeed, each g}/ j

meets at most 8 neighbors ¢/, ., and they all verify |k — p| < 1, meaning 8 /6, € {%, 1,2}.

p,i’
This is because the factor % above is chosen such that (%)3 < %

Step 2: Choice of the square Q,. We now make a convenient choice of r such that the
density of J near dQ, is small, following an approach similar to [18, Theorem 2.1].

We claim that there exist C, 7 > 0 such that for § < 1 we can choose r € ]1 — /8, 1]
with #°(J N9Q,) =0,

Vs el0.r[: H'(J N(Qr\ Qr—y)) < C82s (7.2)
and
/ leu)|? dx < 05%/ le(u)|? dx. (7.3)
0:\Qr_, o1

Consider indeed the measure p on [0, 1] defined as

_ ' NQ0E)  JouletPdx
W(E) = 10 + T, eGP dx

where Qg = |J,cg 00, is the cubic shell associated to E C [0, 1]. It suffices to prove
that we can find r € |1 — 82, 1[ such that

HO(J NdQ,) =0, (74)
and, denoting [ := [r —s,r[for0 <s <r,
() < Cszs, (1.5)

where C > 0 is a suitable constant which we fix below. Indeed, if § is small enough this
implies that (recall that #!(J) behaves like §2)

HT 00\ Qry)) < F(N(IY) < €53

and
/ le(u)|? dx < 65—%(4&)/ le(u)|? dx < 465%/ le(u)|? dx,
Qr Qr—48r Ql Ql

so that (7.2) and (7.3) follow by choosing C := 4C.
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Let /; be the union of all intervals that do not satisfy (7.5). If (1,7) is a Vitali covering
of 1, then

Cs—3

2 = (o 11)32“(’2")>55’%Z|1S’|——Z|51St L.
i i

hence |1;] < %5%.
Let I := nx(J) U my,(J), where mx, ,, denote the projection on the coordinate axis:
we have asymptotically |I5| < 282. If C > 10, this implies that for § small enough,

11— V6, 1\(I1 U L) # 0,

which yields the existence of r, which verifies claims (7.4) and (7.5).

Step 3: A first approximation. In view of (7.2) and of (7.1), for every k > 1 we have
H(Jy ﬂqk )= 828k
while if § is small enough (recall that #!(J) behaves like §2 and r € |1 — 52, 1))
H(Jy ﬂqoj) < H'(Jy) < 88.

This means that the jump set of u in every cube of the constructed subdivision is arbitrarily
small compared to its sides.

Thanks to [15, Proposition 3], and taking into account the preceding inequalities , for
every (k, j) there is a set wy,; C q,’w. and an affine function ay_; with e(ag, ;) = 0, such
that

ok j| S 8 H (T N gy ;) < 863, (7.6)

4
/ lu—ag;|"dx < (5k/
qllc,j\wk,.f q;

k.j

2
le(u)|? dx) , (7.7

and the function vy ; = u + (ax,; —u)le, ; verifies

H(Ju N ) I\
/ le(ps, * ve.) = s, + Q)P dx 5 (L) / le(u)|? dx
k. Sk ax

k.j

58%/ le(u)|? dx (7.8)
q

"
J:k

(see [15, p. 1389]), where p is the mollifier defined at the beginning of the section.
Notice that in view of our construction (namely the choice of r), we have

lwk, ;| < gk, ;1. (7.9)

and this is where we most use the fact that we are in two dimensions.
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We now let (¢, ;) be a partition of unity associated to the covering (g, ;) of O, and
such that Vg ;| < i Let us set

w:=1lgpno,u+1g, Zgok,jwk,j, where w j = ps, * Vg, ;.

k,j
We claim that
U)ESBD(QI)OHI(Q,«), {w#u}c Qr’ ng(JW\J)Z()’ (710)
1
ew) =Y gk, jps, * e(u) < 85lle@)llL2(oy (7.11)
k,j Lz(Qr)
and

the trace of w and u on dQ, coincide. (7.12)

We postpone the proof of these claims to Step 5.

Let us set
0= Y 9o,
0,/)eX

where K denotes the set of indices such that go ; has a distance greater than 28r from
Q. Since r € |1 — 52, 1[, in view of the definition of the set of indices K, we get that
the function ¢ vanishes on Q \ Q,_s and itis equal to 1 on Q,_45.

We can write

e(w) = > @i jps, *e(u) = le(w) —pps x )] — > @r.jps, * e(u).
k.j (k,j)gK

Thanks to (7.3) we have

2 2

Z @k,jp(sk * e(u)

(k. )EX

< D leikes x ez 0, 20
k. NEX

Z Pk, j P8 * e(u)

(k,)EX

LZ(Q,-) Lz(Qr\Qr—Zﬁr)

S le@ 220000, 40y < 822200,
so that in view of (7.11) we conclude
le(w) — @ps * el 120,y < 85 lle@)lz2(,)- (7.13)
Moreover, we may write
le)lL2c0,) = lops * e)llL2(0,) + lle(w) — ps x e)lL2(0,)

= llpps * e(W)ll12(0, ;) + lle(w) —pps x e(u)llL2(0,)
< lle@)llr2¢0,) + lle(w) —ps * e(u)|2(0,),
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so that taking into account (7.13) we deduce
1
le)llL2(g,) = (1 + C8e)lle(m) 20, (7.14)

where C > 0.

Step 4: Enforcing the divergence-free constraint. By admissibility, u is divergence-free
in the sense of distributions in Q1, so that the trace of e(u) is zero in Q1, while

/ u-vd¥' =0, (7.15)
90,

where v is the outward normal vector of Q,, and u denotes the trace on dQ, (J does not
intersect dQ, by construction).
Recalling that w € H'(Q,), we may write thanks to (7.13),

. 1
ldivinliz2c,) = ITr(e(w)) 1220,y = ITr(e(w) — ¢ps * e 2o, < 8+ el z2(0,)-

By (7.12) the trace of u on dQ, coincides with that of w, so that from (7.15) we deduce
/ divwdx = 0.

Using a classical result (recorded at the end of this proof in Lemma 7.3), there exists a
vector field ¢ € H{} (Q,) such that

. . . 1
divg =divw and [[Vqll12g,) < l[divwllz2co,) < d¢lle)llr2(o))- (7.16)

Let
w—gq in Q,,
vi=
u in Q1 \ Oy,

and let us check that v satisfies the conclusions of the lemma.

The choice of r given by Step 2 immediately yields point (a). Clearly, v € SBD(Q1) N
H'(Q;) with {v # u} € O,. Moreover, since the trace of w — ¢ and u coincide on 00,
we get divv = 0 in the sense of distributions in Q1, so that point (b) is proved. Points (c)
and (d) follow from the corresponding properties for w (see (7.13) and (7.14)) taking into
account that the correction term ¢ has a small gradient norm of the order 8% as estimated
in (7.16).

Step 5: Proof of the claims (7.10), (7.11) and (7.12). In order to conclude the proof, we
need to check the claims on the function w contained in Step 3.

Let us start by noticing that the oscillation of the maps ag ; on intersecting squares
can be estimated. Indeed, as soon as gy, ; and g, ; intersect, then

lqk,;j N gp,il Z max(|qk,;l. 1qp,il).
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and since (see (7.9))
1@k ; N dp) N (@k,; Uwpi)| < gy ; N4y,
and a; x, a;,p are affine, then using [16, Lemma 3.4] and (7.7) we deduce
lak.; —apillLi ng,» S Mok — ap.illLsca ng) )\, Uop)
= llax,; = ullLs@; \ow) + lapi —ullLag), Ny
< 82 lelizay ) + 53 ez,
LH OIS 7.17)

as 8 and §, are comparable.
Let us come to the claims. Clearly,

e(w) = g je(wi ;) + Y Vor; O we.
k.j k.j

so that

e(w) =Y r.jps, * e(u)

k.j
=Y grjlewr,) — ps, x e@)] + Y Vor ; © wi ;. (7.18)
k.j k.j

For the first term of the right-hand side, we have, thanks to (7.8),

2
> orjle(wr, ) — ps, * e(u)]
ks L2(0,)
2
< 3" ok lew ) — ps, * €]
s L2(0,)

<D le@we,)) = ps x e@ll72, )
k,j

1 1
<85 ) le@liagy ) S 83 le)za(o,): (7.19)
k.j ’

where we used the finite overlapping of the squares q,/c’, j for the first and last estimates.
Let us estimate the second term on the right-hand side of (7.18). Notice that we may
write
Y Vor;Qwr; = Y. Ver; O Wi —wpi) ongp
k,j Qr,jNGp,i 79

since ) ; Vg, j = 0.
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(al) If q;’i € O,_,, then gjx Ng; p, # @ means that §y =6, =6,k = p =0, and
we may rewrite the term as

Z Vo,j © (wo,j — wo,i)-

q0,jNqo,i 70
We get
2
Z Vgo,j © (wo,j — wo,i)
g0,/ NqGo,i #D L2(qo,i)
< ! 2
~ Z 8_2||w0,j — Wo,i ||L2(qo,,~nqo,,~)' (7.20)
q0,jNqo,i 79
Now
lwo,; — wo,illL2(g,. ;g0 = 105 * (V0. — v0.)) | L2(g0;ng0)
< [lvo,; = vo,illL2(gj ;nap -

Since

vo,j = vo,illL2gy ngy,) = (@0, = @0,i) Lo, ;ueo, llL2(q) nay )
+ [ = a0, j)1wo, | L2(g) N\wo )
+ 1 = a0,i) 1w ; ll2(q) \wo)
< |(ao,; — aO,i)||L4(q(’)’jﬂq(’)!i)|w0,j U wo,iﬁ
+ 110 = a0, )l Lo(gj \wo |0
+ 1100 = a0, 1 2sq) \wo [ 90,51

recalling (7.6), (7.7) and (7.17) we get

1+1
lwo.j = wo.illz2(g, ng0) = V0.5 = voillLaey ngy p < 8" #lle@llLaqy vy -

Coming back to (7.20) we infer

2 2
Z Vor,j © Wi, j = Z Vgo,j © (wo,; — wo,i)
k.j L(g0.) q0,;Nqo,i #9 L2(qo0,i)
1
<8 Y ||e(u)||§2(qgjqui). (7.21)
q0,;Nqo,i 0 ’ '

@2) Ifqp; € Or_,, thenfor g ; N qp;i # @, we decompose

Wp,i — Wk,j = ps, * (Up,i —ap,i) — pg, * (Wk,j — ak ;) + (api — ag,j)-
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Notice the crucial step that ps, * ay ; = ai, ; due to the fact that a_; is harmonic
(since it is affine). Then we have, thanks to (7.7) and (7.17),

o8, * (Wpi = ap.)lL2(gy ;ngp0) = Vi = piillLag ) < Splle@llLagy )

o8, * (vk,j = ar.)llL2gr,napi) = 10k =k, jliL2gy ) < Splle@llLaggy )

1+
lap,i = ak.jllL2ge ;ngp) 80 *le@llL2igy ugy -

where we also used the fact that 6, and & differ by at most a factor 2. And so,
with the same computations as in the previous point, we obtain

2
< 2 le@liagy vy 722

Z Vor,j © w,;
L2@pi) gy ingpi#0

k,j

Gathering (7.21) and (7.22), and in view of the choice of r which satisfies (7.3), we

deduce
2

Z Vr,j © wi,j

" L2(0))

2
=2
pi

> Vi © wy,
k,j L2(gp,i)

1
<4éz ”e(u)”iz(er) + ”e(u)”iz(Qr\Qr,z)

1
<82 le)72(g,)- (7.23)
Coming back to (7.18), in view of (7.19) and (7.23) we deduce that

1
e(w) — Zq)k,jplgk x e(u) S defle)llLzo,)-
k.j

L2(Qr)

so that claim (7.11) follows.

In particular, we get also that w € H'(Q,). Claim (7.12) concerning the traces follows
by the construction which involves convolutions whose radii become finer and finer as we
approach 0Q, as detailed in [16]. Finally, we deduce that w € SBD(Q1), and that claim
(7.10) holds true. ]

In the proof of Proposition 7.2 we made use of the following lemma due to Necas (see
[6, Theorem IV.3.1], or also [4]).

Lemma 7.3. Let Q be a bounded, connected open set with Lipschitz boundary, and let
L%(S'Z) be the set of zero-average L>-functions. Then there is a continuous linear map
®: LF(Q) — Hy (2 RY) such that divo® = 1d; 3 q).

7.2. Regularity for quasi minimizers of the Griffith energy
Let € R? be an open set. In all the following, we will consider the Griffith functional
G(J,u,B) = / le(u)|?> dx + #1(J N B),
B

where B C 2 is a Borel set.
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We consider the following (very weak) notion of local minimality.

Definition 7.4 (Quasi minimizers). Let A,7 > 0. We say that (J,u) € V() (recall Def-
inition 7.1) is a (A, F) quasi minimizer of G on V() if G(J, u, w) < +oc for any open
set @ € K, and for any square Q. , € Q with r € (0,7), #°(J N3Q,,) = 0 and

1
lim sup EJ(’I(J N(Oxr\ Ox,r—s)) <1,

s—>0t

and for any function v € Hl(Qx,r; R?) with divv = 0 and v = u on dQ -, we have

/ le)|>dx + H'(J N Qx,) < / le(v)|? dx + Ar?. (7.24)
Remark 7.5. Notice that under the assumption of the previous definition, we have (J \
Ox.r,v) € V(Q), where we extended v to the entire Q2 by setting v = u in Q \ Q. , and
inequality (7.24) may be written as

G(J.u,Qx,) <G\ Qxr.v,Qx,r) + ArZ.

The local minimality property involves thus a comparison between (J, u#) and very
special competitors: the Sobolev function v is obtained by “smoothing out” the jumps of
u inside suitable squares Qy ,, so that it can be paired with the rectifiable set J \ Qx r,
yielding the admissible pair (J \ Q. r, v). Such competitors are provided by the smooth-
ing Lemma 7.2, for which the dimension two is essential. A somehow related weak notion
of minimality involving Sobolev competitors, still in dimension two, has been investi-
gated in [9] (minimality with respect to its own jump set) for the (scalar) Mumford—Shah
functional.

Remark 7.6. The notion of minimality is weak enough to include any local minimizer of
a functional of the form

F(u, A) ::/|e(u)|2dx+/ Oy, ut u")ydat,
A JuNA

where © is a measurable function such that inf(®) > 1 (or inf(®) > 0 up to scaling).
The following result is the key ingredient for obtaining regularity.

Proposition 7.7 (Decay estimate). Let A > 0. There exists a universal constant T € (0, 1)
such that for every T € (0, T) there exist ¢ = &(t) and ¥ = r(t) with the property that for
any (A, r)-quasi minimizer (J,u) of G on V(R), if forr <,

G(J,u,Q,) > r3% and F'(J N 0,) <er,

then
G(J,u, Qrr) < T22G(J,u, Qy).
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Proof. By contradiction assume that for t sufficiently small there exist ¢, — 0, 7, — 0,
0 < ry <y, and a sequence (K, wy) of (A, ry)-minimizers such that for every n,
G(Kn,wn, Qr) = 13, J'(Kn 0 Q1) < entn,
G(Kn.wn. Qzr,) > T2G(Kn.wn. Or,).
Let

K
gn = G(Ky, Wy, Qy,), Jn = —2 and Uy(x) = M

I'n A/ 8n
Then (J,, un) is a (A 4/, 1)-minimizer of G, (-, -, Q1), where

Gu(J,u, A) = / le@) 2 dx + 31T N A),
A 8&n
with
Gu(Jntin, 01) =1, Gp(Jnottn, 07) > 7% and H'(J, N 01) =¢,. (7.25)

1 1

Let us apply the smoothing Lemma 7.2: if §, = &5, let O, with 1 — 687 <5, < 1
be the square on which the jumps of u, are smoothed out giving rise to the function v,
associated to an admissible pair (J \ Qs,,vn) € V(Q1). In particular,

1
len)llLzoy < (L4 Cé3)lle(un)lirz,y With le(un)llr2c0,) < 1. (7.26)

and
1
lle(vn) — nps, * eW)llz2(o,,) < Cdr lle(un)llL2(0,): (7.27)

where C > 0 is independent of n and ¢, € C*°(Qy,, [0, 1]) is such that ¢, = 0 on Qj, \
Os,—8,, 9n = 1 on Qg 45, . Since vy, is divergence-free and Sobolev on O, we have

/ vy cvdH! =0. (7.28)
905,

By the classical Korn inequality on Q, there is an antisymmetric affine function a,
such that IQS (vy, —ay)dx = 0 and

/ |V (v, —a,,)|2dx < Cl/ |e(v,,)|2 dx

Osn Osn

for some C; > 0 independent of n. We infer that (v, — a,) is bounded in H'(Qy, ). Since
sp — 1, we can assume, up to extracting a further subsequence,

Un —an — w weakly in H (Q1;R?) (7.29)

for some w € H'(Q1). Since every v, — a, has zero divergence, then so does w. More-
over, ||e(w)||Lz(Q1) <1.
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Let ¥ € C2(Q1;R?) have zero divergence, and let n € C2(Q1, [0, 1]) be a cut-off
function such that {i/ # 0} € {n = 1}. Let us consider

I {PQS,, [(1 = n)vn 4+ n(an +w +¥)] in Qs,,
" Un in Ql \ an’

where Pg ~denotes the projection on divergence-free H 1(Qs,) vector fields which pre-
serves the trace obtained according to Lemma 7.3 by considering

Pg,, (u) :=u— Pg (divu)
for any u € H'(Qys,; R?) with a zero mean divergence. Note that z, is well defined as
(1 =nvy +na, +w+y¥)=v, ondQs,

for n large enough, and so its divergence has zero mean thanks to (7.28).
Since (J, \ 9Qys,, z,) is an admissible competitor for (J,, u,) according to Definition
7.4, we obtain
Gn(Jn,un, Os,) < “e(Pan [(1 =n)vn + nlan +w + ¢)])||22(QS,,) + Arn
< (le(@ = mva + n(an +w +¥))lz2(0,,)
. 2
+ C |l div((1 = nvn 4+ n(an + w + ¥)lr2c0,,))” + AVTn
= (”e((l — My +nan +w + 1uy))”Lz(Qm)
2
+C|IVn-(w+an — vn)HLz(Qs,,)) + Ay,
Since
Vn-(w+a, — Un)“LZ(Qs,,) -0
and (recall that {yy # 0} € {n = 1})

le((X —m)vn + nlan +w + ¥)llz2(0,,)
= [[(1 —ne(vn) + ne(w + ¥) + Vn © (w + an — vn)llL2(g,,)
< (1 = me(vn) + ne(w + ¥)llL2g,,) + on,

where 0, — 0, we infer thanks to (7.26) (and since e(a;) = 0),
Gn(Jn un, Qs,) < [I(1 —ne(vy, — an) + ne(w + W)||22(an) + On. (7.30)

Now, still using (7.26) we may write

/ le(vn — an)? dx < (1 + cg,%)zf le(up)|? dx

Sn Sn

1
E (1 + Cgr?)an(Jn,un’ an) + Ona
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and so coming back to (7.30) we deduce

le(un —an)lZ2(g, ) < 11 = me(n —an) +ne(w + ¥)|72(q, ) + on-
This yields

/Q (1= (1= ) e(vn — an) dx

< /Q @01 = n)evn — an) : e(w) + PPle(w + ¥)P) dx + on,
so that in view of (7.29),

/ (1= (1= ®)le(w)]? dx < limsup / (1= (1= )le(vn — an) dx
01 01

< /Q @2n(1 = ne(w) : e(w) + n’le(w + ¥)I?) dx.

Notice that by choosing ¥ = 0 and letting n localize on characteristic functions of open
sets, we infer that

e(vy —an) — e(w) stronglyin L (Q1; M2X2). (7.31)

sym

In particular, we get
[ lewiax < [ jew+wPax
1 01

which means that w is a local minimizer of the energy z > |le(z) ”iZ( 0y N H! functions
with zero divergence. This yields Aw = V p for some p € L?(Q;). Using Lemma 7.8
below, we have

1 1
le(w)|? dx < —r%/ le(w)]?dx < —12,
Qr 2 Ql 2
Taking into account (7.31) we deduce
1 3
2 2
le@n)lz2(o,.,,,) = 572 + 0n- (7.32)
By minimality we have
G(un, Jn, Qs,) < ||e(vn)||1242(QSn) + ATy,
= le@nlzzq,.,,) + €@ 72(0,\ 0,5 + AVTn:
while thanks to (7.27),
len)llL2(0u\0rvs,) = ll€(Wn) — @nps, * e(un)llL2(0,,\0.45,)
+ ll@nps, * eWn)llL2(0,,\0r15,)
< on + |lps, * e(un)llL2(0,, 5,\0u4s,)
<on+ lle@n)lr2(0,,\00)
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In view of (7.32) we infer

A

Glitn, Jn, Q5,) = le@n) oo, , + on + len)lL20, 00 + Av/rn

IA

I s 2
51—2 + o0, + “e(u”)“Lz(QSn\Qf)

so that |
G(up, Jn, Q) < ET% + On.

In conclusion, taking into account (7.25), if n is large enough we get
3 | T
‘[2 <G(uns~]n, Q‘[)SE‘[Z +0n7

which is a contradiction. [

In the preceding proof, we made use of the following result.

Lemma 7.8. There exists a constant Cy > 0 such that for any divergence-free vector field
u € H'(Q1:R?) such that Au = V p for some pressure p € L?(Q1), we have

V1 e (0,1/2]: / le(u)|* dx < COTZ/ le(u)|? dx.
0+ (o3

In particular, forany 0 < v < 7 := 4C;2 A % we have
0

1
/ le(u)|?dx < —13/2/ le(u)|? dx.
O 2 01

Proof. Notice that e(u) is invariant by the addition of an asymmetric affine function a.
Up to a translation by such a function, Korn’s inequality tells us that

/ u?dx < C le(u)|? dx.
01 01

The equations verified by u are equivalent to the existence of ¢ € H2(Q1) such that
@(0) = 0,u = V¢, and A%2p = 0. By elliptic regularity there is a constant C’ such that

sup [V2¢|* < C’/ [Vol|? dx
Q1/2 01

and so forany t < 1/2,

/ le)P dx < 4]Q.| sup [V2g|? < 4CC’| 0, |72 / )P dx. .
Qr Ql

Q12

The decay estimate can be iterated as follows.
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Lemma 7.9 (Iteration of the decay). Let A > 0 and, according to Proposition 7.7, let 1y
be small enough such that the decay estimate applies with g = £(t9) and 7o = 7 (1), and
let T € (0, 8%) be small enough that the decay property applies with €1, 1. Finally, let

2.3
F = min (o, 71, £33, 0 ).

T1
Suppose that (J,u) is a (A, r)-quasi minimizer of G on V(2) and G(J,u, Qx ) < e1r
for some r € (0,7). Then forall k € N,

3k
< ety TF

G(J,u,Q

x,ré‘r]r)

Proof. Let us prove the statement by induction on k. In the following, we write g(r) =
G(J,u, Qx.r), so that we need to check that if g(r) < &;r, then for every k € N,

k 3k
g(rgtir) < eoty Tl (7.33)

The inequality is true for k = 0. Indeed, we have the following alternatives:
(a) If g(r) > r32 then g(1;7) < tf/zg(r) < Juueir < gur by definition of 7.
(b) If g(r) < r3/2 then g(t1r) < g(r) < r3/? < gyt r by definition of 7.

Assume now that (7.33) holds. Notice that by definition of G we have (since 79 < 1)

3
sk
HJ N Qr{; ) < g(r(])‘rlr) < ety Tir < eorgrlr,

Tur

so the decay property of Proposition 7.7 may be applied. Again we have two alternatives:

(a) If g(fé‘ Tr) > (t(’f 717)3/2, by the decay property we have, using (7.33),

3k+1)

k+1 3/2 k
o Tir) <ty g(tgnir) < gotg T1F.

F{

(b) If g(r(’f 71r) < (r(],c 717)3/2 then by the definition of 7,

k+1 k ur 3 (k+1) 3(k+1)
g(10+ Tr) < g(rytir) < ﬁsoroz Tr < €075 7.
0%

In both cases, (7.33) follows for the choice k + 1, so that the induction step is proved. =

If we want to draw some conclusions on the regularity of quasi minimizers (J, u), we
need somehow to bound the freedom connected to the choice of J: notice indeed that any
pair (JAN, u) with #1(N) = 0 is essentially equivalent to (J, u), where AAB denotes
the symmetric difference of sets.

We set win

J* = {x € Q :limsup,_,, Z-0%x) 5 o), (7.34)

where J is a sort of normalized version of J, where points of density zero have been
erased.
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By standard properties of rectifiable sets we have
HYJATT) =0.
As a consequence if (J,u) € V(), then also (JT*,u) € V(Q) with G(J, u, A) =
G(J T, u, A) for every Borel set A C Q.

Proposition 7.10. Given A > 0, there exist &, 7 > 0 such that of any (A, r)-quasi mini-
mizer (J,u) of G on V(Q), if G(J,u, Qx,) < er for some Qx, € Qwithr <7, then
Jtn Oy, =0

Proof. Let gy, €1, 71, T2, I be given according to Lemma 7.9. Notice that if G(J,u, Qx.r)
< g1r with r < 7, then for any p € (0,r),

D=

1 3 _ _1 _
-3 55 — 2
G(J,u,Qx,p) < Cor—2pz, where Co := max{sltl 80Ty 0Ty

[N][)

). (7.35)

1

Let us set ¢ == 7¢1, and assume G(J,u, Qx,) < er. Notice that for any y € Qx’%, we

have -
G(J.u,Qy ) =G(J,u, Qx,r) < er = £15

so that from (7.35),

G(J,u, HLJ N
0= lim (J.u, Qyp) > lim sup ( Qy,p)7
p—>0% o p—0+ o
which yields J* N 0, r = 0. n

Proposition 7.11 (Regularity for quasi minimizers). Let A,7 > 0. Then for any (A, 7)-
quasi minimizer (J,u) of G on V() we have that J ¥ (see (7.34)) is essentially closed
in,ie. L

H(@NUT\I)) =0
whileu € C®(Q2\ JT).

Proof. Since the functional G coincides with a volume integral outside J, there exists an
J!-negligible set N C Q \ J such that for every x € Q \ (J U N) we have

o G Qn) _

p—0 P

0.

Thanks to Proposition 7.10 we infer
QNJTCcJUNCJTUU\JHUN.

Since the last two sets are # !-negligible, we infer #1(Q N (F \JT)) =0.
Since L L
KU N\TH) < H (I\JT) =0,
we get that u is locally H' on Q \ J+ (thanks to Korn’s inequality): smoothness then

follows from the regularity theory for solutions to Stokes equation (see e.g. [6, Theorem
IV.5.8)). |
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7.3. Proof of Theorem 4.10

We are now in a position to prove the regularity result given by Theorem 4.10.
Let (E, u) be a minimizer of § and let us set

A :=4Lip(f) and J:=J,UJ"E.

We also assume (up to multiplying u by c_%) that the constant ¢ of (4.2) is 1.

We first prove that (J, u) is a (A, 1) quasi minimizer of the Griffith functional G on
V(2) according to Definition 7.4. Indeed, let Q. , € 2 with r < 1 be a square as in
Definition 7.4, with associated competitor (J \ Qx,r, v). We claim that either

H' 00,  \ED)=0 or H'(00.,\E?) =0. (7.36)
In the first case, from the minimality inequality

F(E,u) < §(E,ulg\g,,)

we deduce v = 0 a.e. on Q,, and ' (0*E N Q) = 0, so that the inequality to check
for quasi minimality is trivially satisfied. Notice that admissibility of (£, ulg\g, ) for
the main problem follows from the fact that the trace of u on dQ , is zero, that boundary
being composed of points of density 1 of the set £ on which u vanishes.

If the second possibility in (7.36) holds true, then the relations (see [29, Theorem 16.3]
and recall that #°(0Q » N 0* E) = 0 by the properties of Oy )

J(E,u) < J(E\ Qx,r,v) and 0°(E\ Qx,) =0"E\ Qx, =0"E\ Qx,r

yield in particular
| lewPaxsx'0 00 [ lewpPar+ar
Ox,r Ox.r

so that the quasi minimality of (J, u) follows.

By Proposition 7.11, we get that the normalized set J T (see (7.34)) is essentially
closed in €2, i.e. o

HHQNUIT\JH) =0,
and u is smooth on 2 \ J+, so that
QnJ, cJ+.

On the other hand, in view of the general properties of the reduced boundary of sets of
finite perimeter (see [2, Theorem 3.59] or [29, Theorem 15.5]) we have 9* E C J T. Taking
into account that #/1(J T AJ) = 0 (where A denotes the symmetric difference of sets) we
infer

H' QN T, UPFE\(J,UIE) <H(QNJI+\J)
<H(QNITF\IH+H'IT\J)=0,

so that the conclusion follows.
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In order to complete the proof, we need to check claim (7.36).

Assume by contradiction that the claim is false. Then there exists p € E(M N 9Q x,r
and g € E® N30 x,r that are not in one of the corners. Without loss of generality we
suppose p,q € {x —re; + Rey}, with p; < ¢1, the case when both are in different sides
being analogous. For s > 0 small, we let
e Cp:=p+[-50]x[0,s]and C; := ¢ + [0, 5],

* gs:[p1— 5,91 + 5] = [0, 1] be zero at the extremes, affine on [p; — s, p1] and [q1,
¢1 + s] and equal to 1 on [p1, ¢1],
© f€Cl(0.s) with0 < fo <1,

o ps(x) = gs(x1) fs(x2 + 7).
Then

H(T N (Qxr \ Qxr—s))

A%

/ %(UE)ldel:/ 015 d H1
0*E E

1 1
—f fs(yz+r)dy——[ Fi(va+ 1) dy,
ENC, S JENC,

s
so that, letting fs 7 1 we get
HUT N (Qxr \ Qxr—s)) _ |IENG| |ENG]

s -G 1Cql
Since as s — 07, by assumption on the density properties of p and ¢, we have
Enc EnNnc
M — 1 and M — 0,
1Col 1Cql
we infer .
i KN (Qur \ Q)
imsup >1,
5s—>0 §

which is against the assumption on r in Definition 7.4 of quasi minimality. The proof is
thus concluded.

7.4. Some remarks on a “strong” formulation of the problem

In this section we elaborate on a different relaxation of the drag minimization problem
which involves topologically closed (but not necessarily regular) obstacles F' in the chan-
nel © and velocity vector fields which are H! on Q \ F.

Within this perspective, given & C R open and bounded, it is natural to start with
pairs (F, u) such that

F C Q isrelatively closed, €2 N JF is rectifiable, J(dfl(Q NoF) < 4oco (7.37)
and

ueHL(Q\F:RY), divu=0inQ\F, e(u)el?Q\F;:MIxT)  (138)

sym
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Notice that, as for the relaxation studied in the previous sections, dF may contain “lower-
dimensional” parts. The set 2 \ F is open, so that the space H, (Q\ F; R%) is well
defined.

It is not clear how to talk about traces on d(€2 \ F'), which are fundamental in for-
mulating the tangency constraint, as the set is in general not regular. It turns out that
velocities admit a well-defined trace at #¢~!-almost every point of F , even if this set is
not assumed to be only rectifiable and not regular. This is a consequence of the following
result, which involves the space GSBD of generalized functions of bounded deformations
introduced in [21]. Let us set

B u inQ\F,
o= (7.39)
0 inF.

Lemma 7.12. Let Q C R? be a bounded open set, and assume that the pair (F,u) satisfies
(7.37) and (7.38). Then @i € GSBD(2) with #¢~1(Jz \ OF) = 0.

Proof. Since #¢~1(Q2 N dF) < oo, for every ¢ > 0 we may find some covering of dF
through a finite union of balls of radius less than &, denoted (B;)<;j<ne, such that

NE

sy e

i=1

for some C > 0 that does not depend on ¢. Let B be the union of these balls — which

is a Lipschitz set up to a small perturbation of the radii — and let u® := ulg\ ge. Then
u® € SBD(R2) with

Eu® = e(u)dx|[(2\ (F U B®) + uX9"'|dB".

Moreover,
u® > ae.inQ
with
limsup/ le®)|? dx + 47 (Jye) < +oo.
e—0 Q

We apply [17, Theorem 1.1] to (u#®): since # is finite almost everywhere, we directly
identify # with the limit that is obtained, and we infer & € GSBD(£2); moreover, up to an
FH 41 _negligible set, J; C dF by construction, and the result follows. ]

Coming back to configurations (F, u) satisfying (7.37) and (7.38), up to a choice of
orientation of the rectifiable set 2 N dF, there is no ambiguity in defining the traces uljg 7
of u on #?~'-almost all points of Q N IF.

In addition to the previous items, we thus also require for (F, u) the non-penetration
condition

u‘iaF -vgr =0 J4 1 ae. on QN IF. (7.40)
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Given an admissible configuration (F, u), we can consider the following energy (all
the constants have been normalized to 1):

J(F,u) :=/ |e(u)|2dx+/ lut|)?dged!
Q\F QNieF

+[ [ + [u= 71 dFe "
QNFONF
+ QN F) + 207 QN FO N F) + f(|F)),

where 0° F denotes the measure-theoretical boundary of F, and f is the penalization
function introduced in the previous sections (see (4.1)).

Configurations with finite energy are linked to admissible configurations of our main
relaxed problem by the following result.

Lemma 7.13. Ler Q© € R4 be open and bounded, and let (F,u) satisfy (7.37) and (7.38)
with J(F,u) < 4o00. Then the function i defined in (7.39) is such that i € SBD(LQ2).

Proof. Tt suffices to note that for every direction £ € S¥~! we have

J(F.u) = /E X [ /Q NG OFPde+ Y (1@ O + |(a§)—(t)|2)} dyt'(y). m

tEJﬁi

Dealing with boundary conditions yields the same problem highlighted in our main
relaxation. Assume 2 has a Lipschitz boundary, and let us simply write u in place of .
We have that u € SBD(2) so that the trace on d<2 is well defined. Given a divergence-free
vector field V e C! (Rd; R4 ), we can deal with the relaxation of the boundary condition
by considering the set

Ly = {x € 9Q 1 u(x) # V(x)},

and enforcing the non-penetration constraint leading to
u-vge =0 and V-vae =0 H9 'ae onTyyq. (7.41)

So for a configuration (F, u) satisfying (7.37), (7.38), (7.40) and (7.41), we can consider
the energy

FUOE(F u) = J(Fou) + 2947 (Tuy) + f (VI + [u?1d 4"
I‘u,V

The minimization of &*"°"¢ on admissible configurations is a different possible relaxation
of the original drag minimization problem. We clearly have

min E,u) < inf J%"¢(F, u).
(E,M)GAV(Q)g( ) < (F,u)él ( )

Equality is reached in dimension two thanks to the regularity result given by Theorem
4.10. Indeed, if (E, u) is a minimizer for &, we know that 0* E U J,, is essentially closed,
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so that an admissible relatively closed set F arises by considering the complement of the
union of the connected components of 2 \ 0*E U J,, on which u does not vanish identi-
cally. The function u is smooth outside F, so that the pair (F, u) is strongly admissible
with 3" (F, u) = 4(E,u). As a consequence, in dimension two the relaxed problem

min strong F,M
(F’u)&’ (F.u)

is indeed well posed.
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