N
N

N

HAL

open science

A free discontinuity approach to optimal profiles in
stokes flows

Dorin Bucur, Antonin Chambolle, Alessandro Giacomini, Mickaél Nahon

» To cite this version:

Dorin Bucur, Antonin Chambolle, Alessandro Giacomini, Mickaél Nahon. A free discontinuity ap-
proach to optimal profiles in stokes flows. Annales de I'Institut Henri Poincaré C, Analyse non linéaire,

In press. hal-03920819v2

HAL Id: hal-03920819
https://cnrs.hal.science/hal-03920819v2
Submitted on 5 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cnrs.hal.science/hal-03920819v2
https://hal.archives-ouvertes.fr

A FREE DISCONTINUITY APPROACH TO OPTIMAL PROFILES IN STOKES
FLOWS

DORIN BUCUR, ANTONIN CHAMBOLLE, ALESSANDRO GIACOMINI, AND MICKAEL 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 2, we prove that the solution is classical.
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1. INTRODUCTION

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

(1.1) Drag(E) = 2M/ e(u)PdHﬁ/ lul>dH,

O\E OF
where e(u) := §(Du+(Du)*) denotes the symmetrized gradient of u and 3 > 0 is the friction coefficient
(we refer to Subsection for details).

We are interested in minimizing the drag force among all obstacles E with a prescribed 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, uniform cone conditions, etc.) since
this may hide some specific features which would naturally occur. Indeed, letting the geometry of
the obstacle to be completely free, some qualitative behavior (blocked by rigid geometric constraints)
can be observed. This is the case of our problem, where the optimal obstacle (that we prove to exist
without imposing any geometric or topological constraint) may be composed, roughly speaking as a
union of a body with the prescribed volume and pieces of surfaces of dimension d—1. Those surfaces do
not have volume, but count for the total surface area H? 1 (0F) 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

mbin {Drag(E) + HTHOF) + f(’ED} )

where ¢ > 0 and f : (0,]Q]) - RU {400} is a lower semicontinuous function. Roughly speaking, the
terms involving perimeter and volume can be thought as a price to pay in order to build the obstacle
E, and we can give the two relevant choices of function f:

f(m) = +00lfp2m,y for some mg € (0,[$2]), or f(m) = —Am for some A > 0.

Many similar optimisation problems have been considered under the “no-slip” boundary condition,
meaning flows for which v = 0 at 0F. Under volume constraint and an a priori 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 of 120 degrees. In the same symmetry
context, let us also mention the slender body approximation of [34]. We also refer the reader to
the paper by Sverak [35] 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 particular this number can be equal to 1). The proof is genuinely two dimensional and can not be
extended to higher dimensions.

The Navier boundary condition gives many new challenges, namely the possible apparition of lower
dimensional structures in the obstacle that minimize the drag, something which was absent under the
no-slip condition. The Navier boundary condition may be seen as a partial adherence to the boundary
of the obstacle, and it may be asymptotically 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 modelled at the limit by a Navier boundary condition, as was proved in [I4]. In dimension 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 directions of the flow. Moreover,
infinitesimal boundary perturbations can dramatically modify the solution of the Stokes equation with
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Navier boundary conditions, while in presence of no-slip boundary conditions the solution remains
stable. We refer the reader to [J] for an analysis of those phenomena and for a discussion on 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 parameter 3 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 monotonicity 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 ([I.1]) in the class of admissible velocities

VE%/OO(Q) = {u e HY(Q\ E;RY) : divu = 0, wop Ve =0, upq = Voo}

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

(1.2) min 2M/ |e(u)|2dx+ﬁ/ 2 dHO 4 AL (OF) + F(IE]) V.
E,uev};ﬁ,oo () O\E OF
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 F.

In order to avoid unnatural geometric restrictions on the obstacle F, it is natural in view of the
third term appearing in to let it vary within the class of sets of finite perimeter (see Subsection
, and replace the topological boundary with reduced one 0*F.

In order to describe properly 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 discontinuous outside E (see Subsection . Since the
symmetrized gradient e(u) is involved explicitly in , a natural family for the admissible velocities
is given by the space of functions of bounded deformation SBD. The natural relaxation of the energy
takes the form (see Remark for further comments)

T(B,u) =2 / le(w)? dz + 8 / t 2 aH 1 B / [t |2 + Ju~ 2] dHe!
O\E O*E Ju\O*E

+ HTH O E) + 2¢H (T \ O*E) + f(|E)),

(1.3)

where u is set equal to zero a.e. in F, while J, denotes the discontinuity set of u and u* 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 EUJ,, so that it contains also 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 u is tangent to 0* F,
but also the two traces u* are orthogonal to the normal v, along the jump set .J,. The contribution
of the Navier surface term takes naturally into account the contribution from both sides given by u®.

Concerning the perimeter term, we count twice the lower dimensional parts because we see the relaxed
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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 a price to pay in order to construct the obstacle and just keep H?~1(9*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 (F, 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 results of the paper (Theorem concerns the existence of minimizers for the relaxed
functional J in among the class of admissible configurations (see Definition 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*F U J,, under the natural
weak convergence of the problem;
(b) the lower semicontinuity of energies of the form

(1.4) / (a2 + [u=[2] dHe—!

Ju
associated to the Navier conditions.

Point (a) is a consequence of a lower semicontinuity result for the energy

/ [ut - v| + [u™ - vy |] dHO!
which is proved in Theorem by resorting to recent lower semicontinuity results for functionals on
SBD by Friedrich, Perugini and Solombrino [2§].

The energy of point (b) naturally appears in a scalar setting when dealing with shape optimization
problems involving Robin boundary conditions (see e.g. [8, 12} [IT], [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 e ] e ant

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

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

(1.5) HYQNI*EUJ,\ (0*EUJ,)) =0,

so that the optimal obstacle can be described as the closed set obtained by the complement of the
connected components of Q0 \ 9*E U J,, on which u does not vanish identically.
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The technical ideas to prove stem from the pioneering result of De Giorgi, Carriero and Leaci
on the Mumford-Shah problem [30} 24], where the key of the proof is a decay estimate obtained by a
contradiction/compactness argument. For vectorial problems, 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 dimension). In the fracture problem, the key compactness result relies on the possibility to
approximate 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 technical point of view, this
is problematic since the bound in [19] in not strong enough to stay in divergence-free vector fields and
the method in [I6] 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 obstacle 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
minimizers 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. NOTATIONS AND PRELIMINARIES

2.1. Basic notation. If E C R? we will denote with |FE| its d-dimensional Lebesgue measure, and by
HIY(E) its (d — 1)-dimensional Hausdorff measure: we refer to [25, Chapter 2] for a precise definition,
recalling that for sufficiently regular sets H% ! coincides with the usual area measure. Moreover, we
denote by E° the complementary set of E, and by 1g its characteristic function, i.e., 1g(x) = 1 if
r € E, 1g(z) = 0 otherwise. In addition we will say that Ey € Ey if F; C E5. Finally we will denote
with Qg C R? the cube of center z and side r: when = = 0, we will simply write Q,..

If A C R?is open and 1 < p < +o00, we denote by LP(A) the usual space of p-summable functions
on A with norm indicated by || - ||, W1P(A) will stand for the Sobolev space of functions in LP(A)
whose gradient in the sense of distributions belongs to LP(A4;R%). Finally, given a finite dimensional
unitary space Y, we will denote by Mj(A;Y") the space of Y-valued Radon measures on A, which can
be identified with the dual of Y-valued continuous functions on A vanishing at the boundary.

We will denote by M%*™ the set of d x m matrices with values in R: when d = m we will denote
by Mg;nﬁf the subspace of d x d symmetric matrices. For a € R? and b € R™ we will denote with a ® b

the element of M%*™ gsuch that
(a®b)ij = abj,

while if a,b € R? we denote with a ® b the matrix in M2*¢ such that

sym
ibj + a;b;
(a@b)ijza J;—a] .

Given ¢ € R? with |¢] = 1, we denote with £+ the hyperplane through the origin orthogonal to £. If
E C R, we set

(2.1) ES = mel (B),



6 D. BUCUR, A. CHAMBOLLE, A. GIACOMINI, AND M. NAHON

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

(2.2) ES:={teR:y+tfcE}

2.2. Functions of bounded variation and sets of finite perimeter. If O C R? is open, we say
that u € BV(Q;R™) if u € LY(Q;R™) and its derivative in the sense of distributions is a finite
Radon measure on Q, ie., Du € My(Q; M*™™). BV(Q;R™) is called the space of functions of
bounded variation on § with values in R™ and it is a Banach space under the norm ||ul| gy (qrm) =
ull L1 @rmy + |1 Dul| g, (0 paaxmy. We call [Du|(S2) := || Dul| pq, (;praxmy the total variation of u. We
refer the reader to [I] for an exhaustive treatment of the space BV

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

Du = Vudz + (ut —u™) @ v, 1|y,

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 J,, and v,(x) is the normal to J, at z.

Note that if u € SBV(Q;R™), then the singular part of Du is concentrated on J, which is a
countably H% l-rectifiable set: there exists a set E with H? '(E) = 0 and a sequence (M;);cn of
C'-submanifolds of R? such that J, C EU Uien Mi.

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

Per(E) = |D1g|(RY).
It turns out that
Dlp =vgH Y O'E,  Per(E) = HTYO'E),

where 0*F is called the reduced boundary of E, and vg is the associated inner approximate normal (see
[T, Section 3.5]). We have that 0*E C JF, but the topological boundary can in in general be much
larger than the reduced one. If A C R? is open and bounded with H%~!(A) < +o0, then A has finite
perimeter with Per(A) < H4"1(0A).

2.3. Functions of bounded deformation. If @ C R? is open, we say that v € BD(Q) if u €

L' (4 R?) and its symmetric gradient Fu := %Du)* in the sense of distributions is a finite Radon

measure on (2, i.e., Eu € My(Q; ngffll) BD(9Q) is called the space of functions of bounded deformation
on . We refer the reader to [33], 32] for the main properties of the space BD.

We will make use of a subspace of BD() called the space of special functions of bounded deformation
introduced in [2]. We say that w € SBD(Q) if u € BD(Q2) and its symmetrized distributional derivative

can be written in the form
Eu=e(u)dz + (ut —u™) @ v, HI | Ty,

where e(u) € L*($; M‘Si;,g) denotes the approximate symmetrized gradient of u, J,, denotes the set of
approximate jumps of u, u™ and u™ are the traces of v on Jy, and v,(x) is the normal to J, at x. As
in the case of functions of bounded variation, J, is a H¢ !-countably rectifiable set.

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

Theorem 2.1. Let Q C R? be open, bounded and with a Lipschitz boundary, and let (Un)nen be a
sequence in SBD(Q) such that

Slrllp [|Eun|(ﬂ) + ||un||L1(Q;Rd) + |’e(un)HLp(Q;Mg;7§ll) + Hd_l(Jun) < 400
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for some p > 1. Then there exists u € SBD(Q) and a subsequence (un, )ken such that
U, — U strongly in L*(; R?),
e(un,) — e(u) weakly in LP(£; M4Xd),

sym
and
HON(J,) < liminf HO (T, ).

k—+o00

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

(2.3) ﬂg(t) =u(y+1t§)-&
and the set
(2.4) Jo={zcJ,: (uT(x) —u (2))- £ #0}

The following result holds true (see [2]).

Theorem 2.2 (One dimensional sections of SBD-functions). Let  C RY be open, £ € R? with
€| =1 and let uw € SBD(Q). Then for H *-a.e. y € Qf we have

a5 € SBV ()
with
(@) (1) = (e(w- &)y +t&)  for ae t €
and
Ty = (J0)5-
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 € CY(R%R?) be a divergence free vector field. Given E € Q open and with a Lipschitz
boundary, let us consider the stationary flow for a viscous incompressible fluid around FE with boundary
conditions on 9N given by V', and with Navier boundary conditions on E. More precisely, 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 ="V on 9N and the non-penetration condition u -~ =0 on JF,

where v denotes the exterior normal to E.
(¢) Equilibrium: considering the stress

(3.1) o= —plg+ 2pe(u),

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

(3.2) dive =0 in 2\ E.
(d) Navier conditions on the obstacle: we have
(ov); = PBu on OF,

where 8 > 0 is a friction parameter, and (ov), denotes the tangential component of force ov.
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The stationary flow has the following variational characterization: u is the minimizer of the energy
(3.3) E(u) == 2;1/ le(u)|? dz + B/ Ju|? dHt
O\E B

among the class of (sufficiently regular) admissible fields
(3.4) VfECgV(Q) = {ve HY(Q\ E;R?) : v satisfies points (a) and (b)},

where H9~! stands for the (d — 1)-dimensional Hausdorff measures, which reduces to the area measure
on sufficiently regular sets. Indeed if u is a minimizer, and ¢ is an admissible variation, so that ¢ =0
on 01}, we get

0= 2,u/ e(u) :e(p)der + B u - pdH!
O\E OF

:2,u/ e(u):Vgodx—i—ﬁ/ u - pdH!
O\E OF

= —2/1/ dive(u) - pdx +/ [—2pe(u)v + Bu] - o dH!
O\E oF

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

for some pressure field p: as a consequence o := —ply + 2ue(u) satisfies (3.2)) of condition (c).
Since the admissible functions ¢ are tangent to F, the optimality condition reduces to

(3.5) 0= / [—2pe(u)r + Bu) - pdHTt = / [—ov + Bu] - pdHT L
oF oF

Notice that every tangential vector field 7 on OF can be extended to a divergence free vector field on
Q\ E which vanishes on 02, hence it is the trace of an admissible variation ¢: indeed any extension W
which vanishes on 0f) has a divergence with zero mean, so that considering Wy with div Wy = divW
with Wi = 0 on 092 and on OF (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 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 V., € 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 V,, which is given by

Drag(FE) := / ov - Yoo A,
oE |Voo’

which is called the drag force on E in the direction of the flow.
We claim that

(3.6) Drag(E) = —

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 oV is divergence free), and that u = V on 052, we may write

/ ov - Vo dH! = / Voo - vdHI? —/ Voo - vdH! = / ou-vdH?
OFE OFE o0 0N

(3.7)
:/ div(au)dw—i—/ au-zxd’}—ld_lz/ U:Vudx—i—/ ov-udH L
Q\E OF O\E OF
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Using again that ¢ is symmetric and that w is divergence free, together with the constitutive equation

(3.1), we have

/Q\E‘U :Vudr = /Q\E’U ce(u)dr = /Q\E(—pld + 2ue(u)) : e(u) dz

= / (—pdivu + 2ule(ul?) dz = 2,u/ le(w)|? da,
O\E O\E

while in view of the Navier conditions on 0F and the fact that « is tangent to the obstacle

/ ov-udH® ! :/ (o) -udH4 ™t = B/ Jul? dH4L.
OF OF OF

Inserting into (3.7)), we get that (3.6]) follows.

3.3. The optimization problem. Let ¢ > 0 and let f : (0,]Q|) = RU {+oo} be a lower semicontin-
uous functions that is not identically equal to +o00. We are concerned with the following optimization
problem:

min {Dmg(E) + cHLOE) + f(]E\)} .

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 Subsection [3.2], we can
formulate the problem as a minimization problem among the pairs (E, ), where u is a velocity field
belonging to the family VE%,OO(Q) defined in (3.4)):

: 21 2 p 2 19,d—1 d—1
min — e(u)|*de + — ul*dH*" 4+ cH OF)+ f(|E|) ¢ -
Eyuevg’%w(m{,vm‘ Q\EI () i 6E| | (OF) + f(|E|)

Setting all the constants equal to 1, and replacing Vo, by a given divergence free velocity vector
field V' as in Subsection the drag minimization problem above is a particular case of the following
shape optimization problem

(3.8) min {/Q\Eye(u)deer/aE\uy?de—l+Hd-1(aE)+f(yEy)}.

Euevps, (Q)

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 (Ey, 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 .

(b) Concerning the velocities, it turns out naturally that it is convenient to consider also dis-
continuous vector fields. Indeed if u,, — u in some sense, and OFE,, collapses in some parts
generating a surface I' outside the limit set F, the limit velocity field v can present, in general,
discontinuities across I'.
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— — T

E

Ey

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

/ [t + a2 dHe,
\oE

£ are the two traces from both sides of T.

where u
The previous considerations yield to formulate a relaxed version of problem in which FE 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(f2)
(see Section [2)).
In Section [ we will give a precise formulation of problem in this weak setting, which guarantees
existence of optimal solutions, describing in particular how the boundary conditions on 02 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 C R? be open, bounded and with a Lipschitz boundary, and let V' € C'(R?; R?) be a divergence
free vector field. In order to deal conveniently with the boundary conditions, let us consider €' C R?
open and bounded such that Q € €.

The following definition deals with the family of admissible configurations in the relaxed setting.

Definition 4.1 (The class A(V) of admissible obstacle-velocity configurations). We say that
(E,u) is an admissible configuration for the external velocity V', and we will write (E,u) € A(V), if
E C Q is a set of finite perimeter, while
uwe SBD(QY) N LA(Y;RY)

s such that w =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 Q.

(b) External boundary conditions: u ="V a.e. on Q' \ Q.

(¢) Non-penetration condition on the obstacle:

wF v =0o0ndEU.J,
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 framework and those
of the family V%, (Q) introduced before (see ([3.4)) is that they may have discontinuities outside of E.
Within the new setting, the global obstacle is given by

EUJ,

i.e. it may contain (d — 1) dimensional parts.
Given (E,u) € A(V), concerning the traces of u on 9*E, we will denote with u™ the trace in the
direction of the external normal vg, so that u= =0 H% '-a.e. on 0*E.
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Concerning the non-penetration constraint, notice that it suffices to require it only on J,, since it is
then automatically verified also on 9* E. Indeed for H? l-a.e. z € 9*E\J,, we have u™(z) = u*(x) =0
and the constraint is verified, while for H% 1-a.e. = € J, N 9*E the two rectifiable sets J, and 9*F
share the same normal vector.

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

Remark 4.4 (On the boundary condition). If (F,u) € A(V), then u € SBD(Q)) with u =V a.e.
on '\ Q, so that
JuNoQ={x €0 : v(u)(z) #V(x)},

where y(u) is the trace of u on 02 coming from € (i.e., the usual trace of u seen as an element
of SBD(2)). We conclude that within the present framework, the boundary condition is somehow
relaxed: a possible mismatch between u and V on 9f) is admitted, but then the zone is counted
as a jump part of the velocity field, and consequently as a part of the obstacle *F U J,, and will
carry a contribution for the energy (see below). Such a relaxation 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 [27, 23] in connection to fracture mechanics or [22] for problems
in plasticity).

Remark 4.5. Given (E,u) € A(V), the obstacle E U J,, may touch 02 only on those part where V' is
tangent to Q: this is due to the fact that on (9*E U J,) N 9K, the two sets share H? !-a.e. the same
normal, and u™ = V (if the orientation is suitably chosen).

Remark 4.6. Let E € €2 be open and with a Lipschitz boundary. Then we can find W € H'(Q\ E;R?)
such that W =V on 92, W = 0 on OF and div W = 0. Indeed if ¢ € C*°(R?) is such that ¢ = 1 on a
neighborhood of R?\ Q and ¢ = 0 on a neighborhood of E, we can consider the vector field V; := oV,
whose divergence has zero mean on Q2 \ E (by Gauss theorem). Then we can find Vo € H}(Q\ E;R?)
such that divV = divVj (see [6l Theorem IV.3.1]), so that the field W := V; — V5 is an admissible
choice. In particular we get that (E, W) € A(V), so that the class of admissible configurations is not
empty.

Let
(4.1) f:10,|2]] = RU {400} be lower semicontinuous, not identically equal to +oc.

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

(B, u) :—/ ye(u)y2da;+/ |u+\2d7-[d1+/ [t 2 4 [um 2] dpe—
o O E J\O*E

+HITHOE) + 21N (Ju \ 9 E) + (| E)).

(4.2)

Remark 4.7. Concerning the volume integral in J(E,u), the density e(u) is equal to e(V') a.e. on
'\ Q and equal to 0 a.e. on E: as a consequence we could replace it with an integral on Q\ E without
affecting the minimization of 7.

Concerning the Navier energy and the surface penalization for 0* FUJ,,, notice that it counts also for
the possible mismatch at the boundary between u and V' as pointed out in Remark the mismatch
is thus “penalized” by the energy of the problem.

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

The first main result of the paper is the following
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Theorem 4.8 (Existence of optimal obstacles). Let Q C R? be a bounded open set with Lipschitz
boundary, V € CY(R%RY) a divergence-free vector field, and f a function satisfying ([.1). Let the
family of admissible configurations A(V') be given by Deﬁm’tion and let J be the functional defined

in (4.2). Then the problem

4.3 ' E
(4.3) (Eﬁéﬂ(vfﬂ , )

admits a solution.

Remark 4.9. We recover the original drag minimization problem when V is a constant nonzero
vector V., and we restore properly in the functional the physical constants p and 3, 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 Q C 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 [£.3) according to Theorem[.8 Then

H' (QN (J,UIE\ (JLUO*E))) =0,
and u € C®(Q\ J, UJ*E;R?).

Theorem [4.8 will be proved in Section [6] on the basis of some technical results established in[5] The
proof of Theorem [£.10] will be addressed in Section [7]

Remark 4.11. In order to prove that the functional J(F,u) is the relaxation of the energy appear-
ing in the original problem in the sense of the lower semicontinuous envelope of the Calculus of
Variations, we need to approximate in energy any (E,u) € A(V) through “regular” configurations
(En,un) € A(V), where E, has Lipschitz boundary and w, € H'(Q\ E,;R%). This reminds the
situation studied in [7], which can be extended to the case of energies involving only the symmetrized
gradient like in the study of material voids in linearly elastic materials (in this direction, see for exam-
ple [20]). However the constraints of the our problem make the analysis very hard to be carried out:
more specifically, admissibility requires the divergence free condition div u, = 0 and the tangency con-
straint u, 1L JOF,, and it is not clear how to enforce them within the by now available approximation
procedures.

5. SOME TECHNICAL RESULTS IN SBD
In this section we collect some technical properties concerning the space SBD that will be funda-
mental in the proof of Theorem [£.8] In particular in Theorem [5.1] we will prove that admissible velocity

vector fields enjoy higher summability properties (indeed they belong to Ld%dl). In Theorem 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
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.

Theorem 5.1. Let Q C R be a bounded open set, and let u € SBD(RY) be supported in Q such that

E(u) ::/ \e(u)\de—i—/ [Jut|? + [u™[?] dHT! < +oc.
Q Ju
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Then u € Ld%dl(Q) with
Jul 2o < CV/Ew),
where C' depends on d and diam(SY) only.

Proof. Tt suffices to follow the strategy of the proof of the classical embedding of BD into L%/?1
explained in [32], but concentrating on the square of the components.
Let us consider the unit vector

e d
5,_VEQJ,“JJGR.

Employing the characterization by sections recalled in Section [2| for H4 1-a.e. y € £+ we have

a5 € SBV ()

with
/ Pt 3 (1) (0P + 1)~ (1] < +oo.
ted 5
Then we can write for a.e. t € R
1512 . ¢, < | D@57 () = / 2 (af)|dt+ Y |I(@5) @2~ (@)~ (1)
teJ 5
(5.1) 1 ) ) £ / NEPINT:
< SSI2 g + 2951 [ J@s)[ @+ 3 (J@rof +|@-of ).
tEJ
Let us set

gee) o= [ 1G5 Pas S ) 0P + 1) 0]

tEJ 5

where y := 71 (), i.e., the projection of z on the hyperplane &t ge¢ () only depends on the projection
of z on &+ and

[ ocantt = [fet- P dot [ [P P le vl ant?
&t Q2

u

<C [/ le(u)|? dz +/ UuﬂQ + \u’]Q] dHa1
Q Ju
where C' depends only on d. Thanks to (5.1]) we have
(5.2) € ul* < Cge a.e. on {2,

where C depends on the diameter of €2, and from now on all the constants C' that appear depend on
n,diam(Q?). For every k =1,...,d — 1, we can write

1 d—1
= ep + ) ——hu,
§ % 7w

where e, is the k-th vector of the canonical base, and hy, is the unit vector in the direction v/d¢ — ey,.
Reasoning as above on the decomposition
d—1 1
f-u: hk~u+—ek-u

d Vi
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we obtain a similar estimate

(53) ‘5“’2 < C(ghk +g€k)7

Multiplying inequality (5.2) with inequalities (5.3)) for K =1,...,d — 1, we obtain reasoning as in [32]
Chapter 1I, Theorem 1.2]

e wPll e, < | [ letwPaos [ [t + ) antt].

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

5.2. Closure of the non-penetration constraint. In the context of equi-Lipschitz boundaries, the

preservation of the non-penetration property for a sequence of Sobolev functions converging weakly,

comes rather directly via the divergence theorem (we refer the reader, for instance, to [9]). However,

in the case of collapsing boundaries, so that the limit function lives on both sides of a surface and

in 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 Q C R? be a bounded open set, and let (u,)nen be a sequence in SBD(Q) such
that

sup {/ le(un)|? dz + Hd_l(Jun)] < 400
n Q

with
Up —> U mn measure
for some w € SBD(2). Then

/ [u® v+ [u™ - vy]] dHIt < liminf/ [ut - v, | + ™ - v, dH
L n—-+4oo Jun

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

inside the set
—+oo

{f € C%(]0, +o0) :

Given ¢ > 0, let us consider

fdt=0and HfHoogl}.

gle—wy|?
mate)i= [T ey
0
where {z) : k € N} is a countable and dense set in B.(0) C R? with xg = 0. Clearly g € C}(R?)
with

2

We have that G}, 1, is a continuous conservative vector field with compact support on R<,
Let us set for (i,5) € R? x R? and v € R? with |v| =1

fe(i,j,v) == S}?}E(Gh,k(i) - Gri(j)) v

Ghr(z) == Vgnr(z) = on <1|ﬂf - 56k|2> (r — xp).

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

(5-4) i-vl+ i vl < felisgv) < li-vl+ 15 v+ 2.
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In view of the lower semicontinuity result [28, Theorem 5.1] we have

lim inf/ folul gy vy,) dHEE > fouu™, vy) dHE L
Juy,

n—-+0o0o Ju

We can thus write

lim inf [/
n——+oo J

Un

[ v | + gy - v, |] AR+ 26Hd—1<Jun>]

> lim inf/ fe(ul uy v, dH! > fe(u™ u= ) dH
Jun

n—-+0o00 T

>/ [ut - v| + Ju™ - vy ] dHOE,

u

so that the result follows taking into account the bound on H4~!(J,, ) and letting ¢ — 0.
In order to complete the proof, we need to show claim (5.4]). The estimate from above follows from

[Ghe(i) = Gri()] - v <[ —ap) v+ [ —ax) v <|i-v]+]j-v[+ 2

since ||pplleoc < 1 and |z| < . Let us prove the estimate from below. We select zy, — 0 such that
li —x, | # |7 — xk,| (which is always possibile in view of the density of {x : k¥ € N} inside B:(0) and
since 7 # j) and then ¢y, such that for n — +oo

—li—x — and —j—= - =

where 1 > 0. By definition of f. we infer that
f&(ivjvl/) > |7’ : V‘ + ’j : V| - 2777
so that the estimate from below follows by sending n — 0. g
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 Q C R? be a
bounded open set, and let (un)nen be a sequence in SBD(QY) such that

sup {/ le(un)|? dz +HL (T, | < 400
n LJa

and
Up — U m measure
for some w € SBD(Q). If
ut v, =0 H e, on Jy,,
then
ut - v, =0 H¥ 1 a.e. on Ju-

Proof. By Theorem [5.2] we may write

/ [u® - v] + [u™ - val] dHI < liminf/ [uy - v | + ™ - v, ] dH ! =0,
” n—-+oo Jun

so that the result follows. O
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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.

Theorem 5.4. Let Q C R be an open set, u,,u € SBD(Q) such that
Up — U strongly in L*(Q; R?)
and

sup [/ le(un)|? da + ”Hd_l(Jun)} < +o0.
n Q

Then if ¢ : RY — [0, +00] is a lower semicontinuous function, we have

[ 190 + ot et < timint [ fotu) + oty ant

u Un

This applies in particular to ¢(u) = |u|* and ¢(u) = 1f,0y, which will be of interest to us.

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

/ [¢(u®) + (u7)] dH™! = lim inf / (61 (u™) + p(u”)] M
w — 00 Ju

< lim inf lim inf + )] dH!
<t [, o) u1

<timint [ o) + o) 4

Through a by now standard blow-up argument ( see Remark [5.6)), we can reduce the problem to the
following lower semicontinuity result. Let @1 C R? be the unit square centred at 0, and let us set

H:=Q1N{zy=0} and QE := Q1N {xq = 0}.
Given u* € R? with ut # u~ and u,, € SBD(Q1) with

(5.5) Up —> U = u+1Q1+ +u” 1Q; strongly in L*(Q1;RY),
(5.6) sup HO ™ (J,,) < +oo

and '

(5.7) e(un) — 0  strongly in L'(Q1; ngfg),

then

(5.8) o) +0tu) < imint [ 16t) + ofug ) art

We now divide the proof in several steps, and we will employ the characterization by sections of SBD
functions explained in Section

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

(5.9) lea- & — 1] <6
and such that any subset of d of them forms a basis of R?. Moreover, we may assume in addition that
(5.10) (ut —u")-&#0
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for everyi=1,...,N.
Thanks to (5.5) and (5.6]), we can fix a > 0 small such that setting H* := H x {+a} = H + aeq, we
have

(un) = — ut strongly in L'(H*;RY)
and

(5.11) vneN : HEYJ,, N HF) =0.

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

(5.12) HIYH \H ) <e

such that for every ¢ =1,..., N, for every y € H_ and for every n € N
(5.13) H - nJ,, =0,

and

(5.14) HO((Ju,)§) < 00, HO((Ju, )5 NRY) > 1.

Moreover setting

(“/:)f/ = un(y +t&) - &i»

for every y € H_ we have

(wn)s € SBV((Q1)),

(5.15) J@fo = (Ju,)5!
(¢f notation (2.4)),
(5.16) H[@j]/”Ll — 0 uniformly for y € H_,
and
(5.17) (un) |- — u” uniformly on H_ .
Indeed, if the number § appearing in is small enough, we can find A C H~ with
(5.18) HEVH\ AD) < %

and such that for every y € AZ the lines {y +t&; : t € R} intersect H for every i = 1,..., N. In view
of (5.5)), (5.6) and (5.7)), and since pointwise convergence implies almost uniform convergence, we can
find N. C AZ with

(5.19) HEY(NL) < g

and such that, up to a subsequence

(5.20) ||(u/;)fj - agiHLl — 0 uniformly for y € A7 \ N,
(5.21) H[@S]'HU — 0 uniformly for y € AZ \ N.
(5.22) (Un) |- — u” uniformly on A_ \ N,

and for every y € AZ \ N:
0 i
(5.23) HO((Ju,)5) < +00.
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Notice that for n large enough and for every y € AZ \ N, we have

(5.24) (Jun)5 # 0.

&i

Indeed otherwise, we would get for nj, — +oo the existence of y, € AZ\ N, with @yk e WhLH(Q1)50),
and (5.22) together with (5.21]) would yield

—&; _
)y, =™ =0

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

H = A\

N.ulJ(u, 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. For every ¢ = 1,..., N, let us consider the set Jf{_ given by the first point of intersection
(with ¢t > 0) of the line {y + t£" : 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 € Jy with vy, <& >0

(5.25) |u;(x) S —u - §z| < Mn.

Step 4. We claim that, for § small enough and N large enough, up to a subsequence, we can find
J. C Jy, with

(5.26) HTN () > 1 —c,

where ¢. — 0 as € — 0, and such that for every = € jﬁ

(5.27) x € Jo~ for d different indices i € {1,..., N},

where J;~ is defined in Step 3. Moreover, we can orient Vy, on J, in such a way that
(5.28) ed - Vu, >0 and & vy, >0foreveryi=1,..., N.

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

Indeed, in view of the definition of & (which form a very small angle with e; as 6 — 0) and of the

area formula (cf for instance [20], Sec. 3.2]), we can assume that § is so small that for every i =1,..., N
; _ 1
(5.29) HTN (I > / Vi, - & MO = HITH((HD)S) = HiéHd_l(H;)j
In” 5

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

(5.30) HIT(JET) > 1 — 2.
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By Lemma below (with X = J,,, u = H%!, and M given by the family of Borel sets) if N is large
enough we can find an index ¢ such that

5.31 HI | g Jim gz gieT) | <e
n n n n
i1 <ig<--<ig
in=1,...N

Intuitively speaking, most of the points in JZL’f are seen from H_ at least under d different directions:
we call this set J,, i.e.,

(5.32) jn_ = Ji’_ N U (JTiLl’_ N JTifv— N---N J,i’i’_) )
i1 <ig<--<ig
in=1,..N

In view of and we get
(5.33) HEYT ) > 1 — 3e.
Finally, if we set
Gne={z e J, : v, & >e} and B :=J,; \ Gpe,
coming back to we have
HIH(Gre) + 21T (Bae) > 1 3e,

so that
HIHGhe) > 1 —3e — £2C,

where C' := sup,, H"!(J,, ) < +oc. Finally we orient the normal v, on Gy, in such a way that
Vy, & > €.

The inequalities (5.28) then also hold true on G, . if § is small enough thanks to (5.9). Reducing j,;
to Gy ¢ if necessary, the full claim follows taking into account (5.32) and ([5.33]).

Step 5. Let j,j C Jyu,, 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 z € J
[ty (2) = u™ | <

Reasoning in a similar way starting from the upper part HI

-, and employing the opposite directions

{=¢& :i=1,...,N}, we can construct J} C .J,, with v, oriented such that again
ed - Vy, >0 and & vy, >0foreveryi=1,..., N,

such that

(5.34) HTN ) 21— e

with ¢ — 0 as € — 0, and such that for every = € j,j‘
[ty () = u™| < 7.

Notice that for z € j,; N jf{ , the orientation chosen is compatible with that of ([5.28]), so that indeed
u,, (z) and ;! (z) are the two traces of u,, at .
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We can thus write, in view of the continuity of ¢

[+ otuniant=t = [ ot + st ant 4 [ o) + ou)] ant!
J. Jn NJ, J,

un et/ I ATy
+ V1 g1 +) g1 —) g1
> [ e an s [ gnant s [ o

/¢ de1/¢ ) dH-!

") = M) + o(u) - nd?fil(J )
where 7, — 0, so that, taking into account (| and (
iminf [ foluf) + olu WW1>WWHMMMF%J
J

n—-+4o0o
un

The conclusion follows by letting e — 0. U
In the proof of Theorem 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 u(X),e,d such that if {E;}iz1,.. .~ is a family of sets in M, we can find i such
that

w| B\ U (BjNEpN---NE;,) | <e
J1<ja<<Ja
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,e > 0, there is some N(d,e) > 1 such that any family of N > N(d,¢) of sets
(Ei)1<i<n there is some i that verifies

ol Ez\ U ﬂEj <eg,

JC[LN\{i},|J|=d—-1j€J

meaning that there is some i such that every point of E; outside a set of measure less than ¢ is in (at
least) d — 1 other sets E; (for j # i).
We prove it by recursion. If d = 2, let N := E], where [-] denotes the integer part. Given (E;)1<i<n,

let us consider the sets (E, \Ui<j<n jzi Ej) . These are disjoint and u(X) = 1, so there is some

1<i<N
1 such that

1
w| i\ U 'Ej SWSE,
1<j<N,ji
which proves the initialisation.
Assume now that the result is true for d and let us check it for d + 1. Let

N: =N <d, %) and M = [i] ,

and let us consider NV x M sets that we classify into N groups of M sets, written (Ej;)i<k<n,i<i<M-

For every k € [1, N, the sets (E;H \ Ulgng,j;éi EkJ) L<icns € disjoints so there is some i such that

1
po| By \ U | Ep; §M<
1<i< M iiy

l\D\ﬁ)
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Considering the sets (Ej;, )i<k<n, since N = N (d, %) we find some k such that

9
H EE,@‘E\ U m B, | < 9
KC[LN\{k},|K|=d—1kEK

[
29

Ey;, for k # k, and similarly every point outside a set of measure at most 5 is also in one set of the
form E; , for some i # iz. We conclude that outside of measure at most ¢, every point of i belongs

to d other sets, meaning N(d + 1,¢) is well-defined and N(d+ 1,¢) < N (d, %) [2] O

£

This means that outside a set of measure at most 5, every point of Er i is in d — 1 sets of the form

Remark 5.6. Let us detail the blow up argument used in the proof of Theorem If we set
pn = [(ush) + (un )JH [,
and assume that (up to a subsequence)
T weakly™® in M;(Q)
for some Radon measure p on 2, the conclusion follows if we show that
1> [p(uh) + ¢(u ) HT T as measures on ).
With this aim is sufficient to show that

d _ _
(5.35) ij_l(x) > [p(ut(2)) + dlu(z))]  for H Lae. z € J,
where d?j% denotes the Radon-Nykodim derivative of x with respect to H?~! (restricted to J,).

Let us assume (up to subsequences) that
Api=HEN Ty, 2 A weakly* in M, (),
and that
le(up)| dx = fdx weakly® in M;(Q2),

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

du ( ) lim M(Qm,r) lim A(QI,T)

d'Hd_l r—0 Td_l ’ r—0 ’/“d_l

1
< 400, lim —— / |f| dz =0,
r=0r Qr(z)

and (having choosen the axis so that 1, (z) = eq4), for r — 0%
u(r+r) — u'*'(x)ler +u” (a:)lQl_ strongly in L'(Q1;RY).

Since H% -a.e. z € J, satisfies these properties, it suffices to concentrate on such points to prove

inequality ((5.35)).

Let . — 0 be such that
:U’(an,rk) = )\(an,rk) =0.

Since by weak convergence and the relation above we have pi,(Qzr,) = 1(Qz ), and similarly for A,
we can choose ng " +00 such that

rdfl T‘gfl
M(Qit,’f‘k) Z Mnk (Qx,rk) - kk ) A(Ql‘ﬂ‘k) 2 )\nk (Q:E,Tk> - k Y

and .
-1
Tk

[oifide= [ fetunlde -
Qz,'rk Qz,rk
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Moreover, setting vy(y) := up, (x + r,y) we can assume also

v — u+(ac)1QIr +u” (ac)lQl- strongly in L'(Q1;RY).

We get
/ le(vr)| dz = d—l/ ‘e(unk)‘dxg d—l/ ‘f’d.%'—i-%—)()
1 rk Qz,rk Tk Qz,'rk
and X \ ) 1
H (o) = M1  (Tun, N Qu) = "’“((%i’rk) < (Cgi’f’“) + = = ¢ < Foo,
Tk T e 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)

d : (Qx,rk) . . Nk (Qx,rk)
() = Jim S 2 i e S
= liminf / [(v) + d(vp))] dHY > p(uT () + d(u (x))
k——+o0 Jvk

and ([5.35)) follows.

6. EXISTENCE OF MINIMIZERS: PROOF OF THEOREM [4.§]
We are now in a position to prove the first main result of the paper.

Proof of Theorem [[.8 Let (Ep, un)nen be a minimizing sequence: since the function f is not identically
equal to +00, and in view of Remark there exists C' > 0 such that

J(En,up) < C.
Since u, = 0 a.e. on E, we may write

[ttt [ P Pl = [P P
0*E, w *En

n Ju n

so that we infer

HOUOE) SO and [ et ot BN + [ P fu ) ant < c
Q

Jun

Notice that
rm%mwz/wwmm+/|@—@mw*
Q/

Jup,

s/ wwwm+/emmm+/ ] + fug ] dH?
Q\Q Q

1
< / le(V)|dz + 3
Q/\Q 2

for some C' > 0. Moreover, thanks to Theorem applied to u — V' we may assume also that
(6.1) [[n | <C

L =
By the compactness result in SBD (see Theorem , there exist a subsequence (up, )ren and u €
SBD() with u =V on '\ Q and such that

01+ [ letun)de+ 200 )+ [ (P g Pt | < €
Q J,

un

(6.2) Up, — U strongly in L'(Q';RY),
(6.3) e(un,,) — e(u) weakly in L2(€; ngx,g),
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and
HIL(T,) < lim nf H ().

—+00
Concerning the sets E,, , we may assume, up to a further subsequence if necessary, that there exists a
set of fine perimeter £ C €) such that

(6.4) lg, —1p  strongly in L'(RY)
with
HIYO*E) < liminf HTY(O*E,,).
k—+o00
In particular we get
(6.5) F(IE]) < liminf f(|E,).
Let us prove that
(6.6) (E,u) € A(V).

In view of we infer that u € Ld%dl(Q’ :R9) so that in particular u € L?(€Y; R?). Moreover u = V
on '\ ©, while w = 0 a.e. on E thanks to and (6.4).

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

ut L Vy on Jy.

In particular this entails
ut Luvg on 0"ENQ,

since for x € 9* E we have either z € J, or u™ (z) = 0. We conclude that the non-penetration constraint

for the velocity field holds on 0*F and on J, \ 0*F, so that holds true.
Let us prove the pair (E, ) is a minimizer for the problem. Thanks to (6.3)) we get

le(uw)|? dz < liminf/ le(un,)|? d,
Q k—+4o0 Q/
while in view of Theorem [5.4] we have that

[ Pt Pl <timing [, P g P
w k——+oco Junk

which entails

/ ot P dH ¢ / a2+ Ju= 2] dHe!
O E J\O*E

< liminf / [uh PdHT + / [t [*+ Juy, |*] dHE!
k——+oco 8*Enk Junk \a* Enk

since v = 0 a.e. on F and u,, =0 a.e. on £, .
Let us prove that

(6.7)

6.8)  2HTN(J,\ 9" E) + HHOE) < liminf (Q’Hd_l(Junk \ & E,, ) + %d—l(a*Enk)) :

k——+o0
Let us choose h € R? such that
HIY {2z e ' EUJ, s ut(z) =h)) =HT Y {z € *EUJ, : u (x) = h})
=H" {2 € O*Eny Uy, : uf, (x) = h}) = H ({2 € 0°Eyy Uy, : uy,, (x) = h}) =0.

ng Nk
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This is possible because for example the sets {x € 9*FU J,, : ut(z) = h} are disjoint as h varies, and
similarly for the other sets. In particular, setting

" = u+ hlg and vﬁk i=Un, + Mg,

we have

Jpp =y U J1, =0 EU J, and Jvﬁk =J

u"lc

Uiy, =0 En, UJy

Tk
up to H? l-negligible sets. If we apply Theorem with the choice ¢, (s) = Lisxny to the sequence
(vﬁk)keN we get

H*NWE»+mﬂ*@a\WE>=/;km«wwv+¢uw%WWH*4

k——+o0

(6.9) §MML[MMNHmwMWMH

Unk

N T d—1/q* d—1 *
~ lim nf [”H (07 Eny) + 2H4 (T, \ O Enk)]
so that holds true.

Gathering (6.3)), (6.7)), (6.5) and , we deduce

J(E,u) < liminf J(Ey,, , un,)
k——+o0

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

7. REGULARITY OF TWO-DIMENSIONAL MINIMIZERS: PROOF OF THEOREM [4.10

This section is devoted to the proof of Theorem concerning the regularity of minimizers 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 [19] 16] in connection to the Griffith fracture problem, 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 [19, [16]: however technical difficulties allow us to deal only with dimension 2 (see point (a) below).

Since our drag problem involves pairs (E,u) as admissible configurations, and some points of 0*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 H'-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 Q C R? be an open set. We say that (J,u) € V(Q) if J C Qis a
rectifiable set, and u € SBD(RQ) is such that divu = 0 in the sense of distributions in Q, H*(J,\J) = 0
and u‘j; vy =0 H'"ae onJ.

The structure of the section is the following.

(a) In Section we prove a fundamental approximation lemma (Smoothing Lemma , which
allows us to approximate every (J,u) € V(Q1) with H!(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 @), 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.
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(b) In Section [7.2| we prove regularity for local minimizers of a Griffith functional
Gl u) ::/ le(u)|?dz + H (),
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
The key result to get regularity is given by the decay estimate contained in Proposition
(L7

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

(c) Finally, motivated by the regularity result of Theorem in Section we describe a differ-
ent 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, nonnegative mollifier p with support
in a disc of radius 1/8 and denote

_ x
ps(x) :=6"2p (5) :
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
HY(J) < n, then letting 6 := %I(J)% there exist r €]1 — 53, 1[ and v € SBD(Q1) N HY(Q,) such that
the following items hold true.

(a) HO(JNOQ,) =0 and for every 0 < s <r

HUT N (Qr\ Qry)) < C625.

(b) {v#u} CQr and (J\ Qr,v) € V(Q1).
(c) It holds
1
le(W)l L2y < (14 C66)[le(w)ll r2(q,)-
(d) There exists a cut-off function ¢ € C®°(Q,,[0,1]) with ¢ =0 on Q, \ Qr—s5, ¢ =1 on Q,_4s,
and such that X
le() = wps + e(w)llr2(r) < CO% lle(w)z2qn)-
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 will use the notation a < b when a < Cb for some dimensional constant C'.
We divide the proof in several steps.

Step 1: Subdivision in small squares. Let us set
1 _1
N =1+ [H(J)7H],

where [-] denotes the integer part. In the following we will assume that #!(J) is arbitrary small, so
that N is arbitrarily large. For convenience in the construction, we will set § = 1/N< H(J )%, which

(mildly) differs from the choice of the statement: yet since § is asymptotically equivalent to H*(J )%,
the mismatch does not affect the validity of the conclusion.
1
For r €]1 — §2,1[ and each k > —2, let us set

(5k::6—r and rk:<N—1>6.
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Then we consider a partition (up to a negligible set) of @, into cubes obtained by filling Q,, with
cubes of side dp and denoted by (Go,j);, and then each @y, \ @y, , with cubes of side J; and denoted
(Gk,j); (note that there is only one way to do this).

For any square ¢ = z + [—t,t]2, we write

2
¢ =72+ [_it ?t] and  ¢":=(¢).
We will set
Qg = (Gry)'-

We may notice that with our choices
(7.1) Vk>1: qg,j € Qrpyy \ @ry s,

and {qg j}k’,j is a covering of ), with a fixed finite number of overlapping: indeed each qg’ ; meets at
most 8 neighbours qg’i, and they all verify |k — p| < 1, meaning 6 /6, € {%, 1, 2}. 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 0Q), is small, following an approach similar to [I8, Theorem 2.1].

We claim that there exist C, 7 > 0 such that for § < 7 we can choose r €]1—+/4, 1[ with H°(JNIQ,) =
0,

(7.2) Vs €)0,r[: HY (TN (Qr\ Qr_s)) < C62s
and

7.3 e(w)|? dz C(S% e(w)|? dz.
(7.3) /QT\QT_J(» < /1\<>r

Consider indeed the measure p on [0, 1] defined as
’Hl(J) Jo, ]e u |2dx

where Qg = U,cpdQ, is the cubic shell associated to E C [0, 1]. It suffices to prove that we can find
re|l— 53, 1] such that

w(E) =

(7.4) HO(TNOQ,) =0,
and, denoting I? := [r — s,r[ for 0 < s < r,
(7.5) W) < G5 3,

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

HUT N (Qr\ Qrs)) < H ()u(IF) < Co3s

and

/ \e(u)]zdaz < C’éé(élér)/ \e(u)]zdaz < 4é'5é/ |e(u)|2dx,
Q \Q'r 46r

1 1

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

o a1 ., G2 G52
= 0([0,1]) > Y u(Is) > €6 %Zrm—*wa*w

1
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hence |I;| < %6%.
Let I := m,(J)Umy(J), where 7., m, denote the projection on the coordinate axis: we have asymp-
totically |Io| < 262. If C' > 10, this implies that for § small enough

J1= Vo, 1I\(I1 ULy) # 0,
which yields the existence of r which verifies claims ([7.4]) and ([7.5)).

Step 3: A first approximation. In view of and of , for every k > 1 we have
H'(Ju Nl ) < 0261,
while if ¢ is small enough (recall that H'(.J) behaves like 62 and r €]1 — 52, 1))
H' (Jungg ;) < H (Ju) S 66o.

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

Thanks to [I5l Proposition 3], and taking into account the preceding inequalities , for every (k, j)
there is a set wy j C ¢; ; and an affine function ay ; with e(ay, ;) = 0, such that

(7.6) wijl S H (Ju N ;) S 067
2
(7.7) / u— ag ;| de S <5k/ |6(U)|2d$> :
Do \W,j a.

and the function vg ; 1= u + (ag; — u)ly, ; verifies

1
HY TNl )\?
| telos v g = s, wePde s (2 el de
qk,j k a

k.j

(7.8)
<65 [ e(w)|? da,

(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

(7.9) |wr,j| < lqr,l,

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

w = 1Ql\Qru + 1g, Z Ok, j W, j where Wk, j = P6, * Vk,j-

y
We claim that
(7.10) w e SBD(Q,) N HYQ,), {w#u} CQ.,  H(J,\J)=0,
1
(7.11) e(w) =Yk jps, * e(u) S o6 le(u)llz2(@y)
k.

L2(Qr)
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and
(7.12) the trace of w and u on 9Q), coincide.

We postpone the proof of these claims to Step 5.

Let us set
Y= Z $0,55
(0,5)eK

where K denotes the set of indices such that gp; has a distance greater than 207 from 9@Q),. Since

rejll -9 %, 1], in view of the definition of the set of indices K, we get that the function ¢ vanishes on

Q\ Qr—s and it is equal to 1 on Q,_4s.
We can write

e(w) = 3 prgpa +eu) = [e(w) = pps we(w)] = D P ps, +ew).
k,j

(k.j)gK
Thanks to (7.3) we have
2 2
> njps, *e(u) =1 Y orjps, *e(w)
(k.j)gK L2(Qyr) (k.j)¢K L2(Q\Qr—25r)
2
S Z 05,508, * e(u)”LQ(Ql\QPer)

(k.j)gK
1
S e\, s S 02 le@Z2(qy):
so that in view of ([7.11]) we conclude
1
(7.13) le(w) —pps * e(u)llL2(q,) < 8 lle(w)llr2(q,)-
Moreover we may write
le(w)ll L2,y < lleps * e(W)llr2(q,) + lle(w) — @ps * e(u)||L2(q,)

= [[pps * e(u)l|L2(q,_s) + lle(w) — wps x e(u)l|L2(q,)

< lle(wllr2(qy) + lle(w) — @ps * e(u)l 12(q,),
so that taking into account (7.13]) we deduce

1

(7.14) le(w)llz2an < (1+C88)le(@)l2(an),
where C' > 0.

Step 4: Enforcing the divergence free constraint. By admissibility, u is divergence free in the
sense of distributions in @1, so that the trace of e(u) is zero in @1, while

(7.15) / u-vdH! =0,
aQr

where v is the outward normal vector of @, and u denotes the trace on 0Q, (J does not intersect 0Q),

by construction).
Recalling that w € H'(Q,), we may write thanks to (7.13))

. 1
ldivellag,) = ITr(e(w)ll 2, = IITr(e(w) — wps * e(uw)lz2(q,) S 55 lle(w)] 2 (qn)-
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By (7.12)) the trace of u on 0Q), coincides with that of w, so that from (7.15) we deduce

/ divwdz = 0.

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

. . : 1
(7.16) divg = divw and Va2, S Idivwl|r2g,y S 68 le(u)llr2(q,)-

Let
w—gq in Q,
vi= .
u in Q1 \ Qr,

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

The choice of r given by Step 2 yields immediately point (a). Clearly v € SBD(Q1) N H*(Q,) with
{v # u} C @Q,. Moreover, since the trace of w — ¢ and u coincide on 9Q,, we get dive = 0 in the sense
of distributions in @1, so that point (b) is proved. Points (c) and (d) follow from the corresponding
properties for w (see and ) taking into account that the correction term ¢ has a small

gradient norm of the order § ¢ as estimated in (7.16).

Step 5: Proof of the claims , and . 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 ay, ; on intersecting squares can be estimated.
Indeed as soon as g ; and g, ; intersects, then

gk, N qp,il 2 max(|qr.jl,1gp.l),

and since (see ((7.9))
(qk; N gpi) N (wrg Uwpa)| < gk N )
and a;,a;p are affine, then using [16, Lemma 3.4] and (7.7]) we deduce

(7.17) Ha;w — ap,z-

(g, ,nd, ) < llak; — ap,i”L‘l((q;C’jﬂq;Z)\(wijwpi))
1
< llak; = wllragy \ory) + lapi = vllrag zwp) S 5 le(u)llz2(qy ) + 05 lle(u)llL2(qr )

1
< 2 ez o

as 0j and ¢, are comparable.
Let us come to the claims. Clearly

w) =Y erje(wry) + Y Vi O why,

k.j k,j
so that
(7.18) e(w) — Z kiP5, * e(u Z Pk,j|€ [ W j) — Ps, * e(u)} + Z Vorj © wh,;.
, Y
For the first term of the right hand side, we have thanks to (7.8])
2
2
onale [etwes) =ps v el S |Jens]etwes) = ps +e(w)]|

- L2(Qr)

(7.19) Q) M

1
sZne(wk,j)—mk*e( . sasZn W ) S 5 e,
>
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where we used the finite overlapping of the squares ¢}/ ; 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

YoVorjOuwe;= Y, VRO (W —wpi)  on gy
k. ki Nqp,i 70

since ) V@k,j = 0.

(al)

If q . € Qr_,, then gj; N ¢;p # 0 means that 6y = 0, =0, k = p =0, and we may rewrite the
term as

D Vo, © (wo; — woy)

q0,5Mq0,:#0
We get
2
1
(7.20) > Vo © (wo; — woy) S D> 57||w0,j - wOJH%?(qo,jﬂqo,i)'
q0,5MNgo,: 70 L2(qo;)  909M190.:70
Now
[wo,j = wo.ill £2(g, ;0g0.) = 196 * (0,5 = v0.0)ll 22(g0 5000.0) < 10,5 = v0sillL2(gf g )-
Since
||’U0’j - (q67jﬂq6,i) S H(a‘ G’OZ) WO]UWO'LHL qojﬂq(“ + H(u_a’oﬂ) WO'LHL2 qOJ\UJO])
+ H(’LL —ap l) wo, j HL2 q0 \wo,i)
1 1
< lI(a0, = a0i)llLa(qy gy ) 1wo.5 Y woil* + [[(w = ao)l| gy \wo ) lw0.il
1
+ [ (w = a0, (g \wo ) [w0.41 7
recalling ([7.6)), (7.7) and (7.17]) we get
1
[[wo,; — (d0.jN0,6) = l[vo,; — UO,Z'”LQ(q{,’jﬂq()Yi) < §'ti ||€(u)||L2(ngqug,i)-
Coming back to ([7.20]) we infer
2 2
> Ve O wyy < D2 Vo, © (wo; —woy)
(7_21) k.j L2(qo.4) q0,5Mqo,:7#0 L2(qo.:)
1
Nk Z He(u)Hiz(Q(l)l,qu(l)l,i).
90,;Nq0,i70
(a2) If gp; & Qr_,, then for g j N gp; # 0, we decompose

Wp,i — Wk j = ps, * (Upi — ap;i) — poy, * (Wrj — agj) + (api — agj)-

Notice the crucial step that ps, * ak j = ay, ; due to the fact that ay ; is harmonic (since it is
affine). Then we have thanks to and ( -

s, * (vpi — ap7z‘)HL2(qk,jmq,,,i) < lvpi = apill 2, ) < dplle(llrz(gr )
s, * (Vkj = k) L2 50050 < N0k — Gk jllrzgg ) S dplle(u)llLay )

1
< 8y T le(u)

lap,i — akjllL2(g1 ngp.s) S Op 22 (ap g o

where we also used the fact that J, and J; differ from at most a factor 2. And so we obtain
with the same computations as the previous point that
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2
(7.22) Y Ver; ©wyy < > le(w)z2(qy ugy -
k.j L2(gp.4) ak,5Nap,i7#0

Gathering ([7.21)) and ([7.22)), and in view of the choice of r which satisfies ((7.3)), we deduce
2 2

> Ve © wiy < 2|20 Veors O wny

(7.23) ki 2@y Pk 12(gy0)

1 1
S ozlle(u)l7zg,,) + le@ o, ) S 2 le)zq,)-
Coming back to (|7.18)), in view of (7.19) and ([7.23) we deduce that

o=

e(w) =Y @rips, * e(u) S otllew)l2@n),
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 radius becomes finer and finer as we approach 9Q), as
detailed in [I6]. Finally we deduce that w € SBD(Q1), and that claim ([7.10]) holds true.
O

In the proof of Proposition 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%(Q) be the
set of zero-average L?-functions. Then there is a continuous linear map ® : LE(Q) — H(Q;RY) such

7.2. Regularity for quasi minimizers of the Griffith energy. Let Q C R? be an open set. In all
the following, we will consider the Griffith functional

G(J,u, B) ::/B]e(u)|2d:c+7-[l(JﬂB),

where B C () is a Borel set.
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(Q) (recall Definition|[7.1)
is a (A,7) quasi minimizer of G on V(Q) if G(J,u,w) < +oo for any open set w € Q, and for any
square Q. € Q with r € (0,7), H°(J N Q) =0 and

1
lim sup E"HI (J N (Qupr \ Quyr—s)) <1,

s—0t

and for any function v € HY(Qy,;R?) with diveo =0 and v = u on 0Q,,, we have

(7.24) / le(w)[2 dz + H'(J N Qur) < / le(v) 2 de + Ar2.

z,r Qz,r
Remark 7.5. Notice that under the assumption of the previous definition, we have (J\Q,,v) € V(),
where we extended v to the entire Q by setting v = u in Q\ @, and inequality (7.24) may be written
as

G(J,u, Qur) < G(I\ Quryv, Qur) + A1
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The local minimality property involves thus a comparison between (J,u) and very special competi-
tors: the Sobolev function v is obtained by “smoothing out” the jumps of u inside suitable squares Q. .,
so that it can be paired with the rectifiable set J \ Qg ,, yielding the admissible pair (J\ Qz,v). Such
competitors are provided by the Smoothing Lemma for which the dimension two is essential. A
somehow related weak notion of minimality involving Sobolev competitors, still in dimension two, has
been investigated in [10] (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)|2d:n—|—/ O(vy,u™,u”)dH!
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 € (0,7) there exist ¢ = (1) and 7 = 7(T) with the property that for any (A,T)-quasi
minimizer (J,u) of G on V(), if forr <7

G(J,u, Q) >r?  and  HY(INQ,) <er

then
G(J,u, Qrr) < 732G (T, u, Q).

Proof. By contradiction assume that for 7 sufficiently small there exist €, — 0, 7, = 0, 0 < 7, < 7p,
and a sequence (K,,w,) of (A,7,)-minimizers for such that for every n

G(Km W, an) > 742/27 Hl(Kn N an> <eprn, and G<Kna Wn,, Q’T’f'n) > TS/2G(Kna W, an)

Let
K, n{Tn
gn = G(Kyp,wp, Qr,), Jp = and un(x) = m

n N
Then (Jyn,up) is a (Ay/ry, 1)-minimizer of Gy (-, -, Q1), where

Gn(J, 1, A) ::/ le(w)|? dz + 2 H (T N 4),
A

n

with
(7.25) G (I, tn, Q1) =1, Gn(Jn,tn, Qr) > 772 and  HY(J, N Q1) = en.

1

1 1

Let us apply the Smoothing Lemma if 0, = €7, let Qs, with 1 — 92 < s, < 1 be the square on
which the jumps of u,, are smoothed out giving raise to the function v,,, associated to an admissible
pair (J\ Qs,,vn) € V(Q1). In particular

1
(7.26) le(wa)ll 2@ < (1+Co9)le(wn) 2@y with  e(un)llzzg < 1.
and
1
(7.27) le(va) = @nps, * el 20, ) < COE lelun)ll i),

where C' > 0 is independent of n and ¢, € C*(Qs,,, [0, 1]) is such that ¢, = 0 on Qs, \ Qs,—s,, ¢n =1
on g, —4s,- Since vy, is divergence free and Sobolev on ), we have

(7.28) / vy - vdH! = 0.
0Qs,
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By the classical Korn inequality on ()5, there is an antisymmetric affine function a,, such that
/. Q. n)dz =0 and

/ IV (0n — ap) |2 < cl/ le(vn) 2 da

n n

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

(7.29) Up — Qp — W weakly in H}.(Q1;R?)
for some w € H'(Q1). Since every v, —ay, has zero divergence, then so does w. Moreover [[e(w)| 12(g,) <
1.

Let 1 € C°(Q1;R?) have zero divergence, and let € C°(Q1, [0, 1]) be a cut-off function such that
{» #0} € {n = 1}. Let us consider

L {]P’QS” [(1 —n)vp, +n(an +w + w)] in Qs,
n +—
Un in Ql \ Q8n7

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

Pg,, (u) :=u — ®q,, (divu)
for any u € H'(Qs,; R?) with a zero mean divergence. Note that z, is well defined as
(1 —n)vn +n(an +w+1)=v,  ondQs,

for n large enough, and so its divergence has zero mean thanks to ([7.28]).
Since (Jp, \ 0Qs,, , zn) is an admissible competitor for (J,,, uy) according to Definition we obtain

G (Jn7un7an)
2
H (IP’QS [(1 —1n)vn + n(an +w + 1/})}) ‘ 120, + AT
< (lle((1 — mvn + nlan + 0+ ) 2., + ClAV(E — nvn + nlan +w + )l10,)* + Avia

2
< (e (1 = nva + n(an + w+ ) | 2(qu,) + ClIVn- (0 + an = v 12(q,))° + AV,
Since

IV - (w + an = vn)ll2(.,) = 0
and (recall that {¢p # 0} € {n =1})

le (1 = n)vn + nlan +w + ) HLQ(QSH) = (1 = n)e(vn) +ne(w + ) + Vn © (w + an — Un)”LQ(QSn)
< |[(1 = n)e(vn) + ne(w + )| 2., + on
where 0, — 0, we infer thanks to ((7.26]) (and since e(a,) = 0)
(7.30) Gr(Jn,un, Qs,) < [|(1 = n)e(vn — an) + ne(w + 7/})”L2(Q + on.

Now, still using (7.26)) we may write

1 1
/ le(vn — an)2 da < (1+05,9)2/ le(un)2dz < (14 C55)2Go (o, tmy Qs ) + on,

sSn sn

and so coming back to ([7.30) we deduce
le(vn — an)lZ2(q,,) < 11 = n)e(vn — an) +ne(w +¥)|72(q,, ) + on.
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This yields

/ (1= (1=n)?)le(vn — an)*dz < / (2n(1 — n)e(vn — an) : e(w) +nle(w +¥)|?) dx + op

sn sn

so that in view of ([7.29))
/ (1 - (1- 77)2) |e(w)|2d:c < limsup/ (1 - (1- 77)2) le(vy, — an)\Qda:
Q1

n—oo 1

g/‘@ml—mdw:dwwwﬂdw+wW)w.

1

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

(7.31) e(vp — an) — e(w) strongly in L%OC(Ql; Mszyxrf)

In particular we get

/Jdmﬁmg/°ﬂw+wﬁw,

1

which means that w is a local minimizer of the energy z — |le(z)||3. () on H ! functions with zero
divergence. This yields Aw = Vp for some p € L?(Q;). Using the Lemma below, we have

1 1
/ le(w)[? dz < 73/ le(w)2dz < 73,
QT 2 1 2
Taking into account (|7.31)) we deduce
1 s
(7.32) He(vn)H%Q(QTHn) < 37 + 0y,.
By minimality we have

G(un, Jn, Qs,,) < He(vn)H%?(QSn) + AV, = ||6(Un)HQL2(QT+5n) + He(vn)H%2(QSn\QT+57L) + AV,
while thanks to ([7.27))

le(i)llL2(Qu\@rys,) < ll€(vn) = @nps, * e(un)llL2(Qu\Qr s,y + 19nPs, * €(un)llL2(Qu\@r s,
< on + llps, * e(un)llL2(Q., 5,\@r1s,) < On F lle(un)llz2(Q,,\@0)-

In view of ([7.32]) we infer

1 s
G(tn, Jn, Qs,) < lle(wn) 72, ) Flontlle(un)llzz@u, \@n PHAVFL < 572400+ le(un) 720, \00)

so that
1 -
G(un; Jn7Q’T‘) < 57—% + Op,.

In conclusion, taking into account ([7.25)), if n is large enough we get
1
7—% < G(Um JmQT) < 57'% + Op,

which is a contradiction.

In the preceding proof, we made use of the following result.
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Lemma 7.8. There exists a constant Cy > 0 such that for any divergence-free vector field u €
HY(Q1;R?) such that Au = Vp for some pressure p € L?(Q1), we have

vr e (0,1/2] : / le(u)]* dx < C()TZ/ le(w)|? da.

T 1

In particular, for any 0 <7 <7 := ﬁ
0

/ \e(u)deg;T?’/?/ le(u)|? da.
T Ql

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)|? d.
1 Q1

A % we have

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

sup |V2g0‘2 < C"/Q |Vp|? dx
1

Q12

and so for any 7 < 1/2,

[ el dr < i@i] sw 9% < 4ci@uir [ el da.
QT Ql

Q12

The decay estimate can be iterated as follows.

Lemma 7.9 (Iteration of the decay). Let A > 0 and, according to Pmposition let 79 be small
enough such that the decay estimate applies with g9 = (1) and 7y = 7(79), and let 1 € (0,e2) be
small enough that the decay property applies with €1, 71. Finally, let

~ P 5?)7'5)
T = 1min 7“0,7’1,2’507'1,7 .
T1

Suppose that (J,u) is a (A, 7)-quasi minimizer of G on V() and G(J,u, Qz ) < e1r for somer € (0, 7).
Then for all k € N,
2k

G(J, u, Qx,‘r(’f‘rlr) < &gty TIT-
Proof. Let us prove the statement by induction on k. In the following, we write g(r) = G(J, u, Qzr),
so that we need to check that if g(r) < eyr, then for every k € N

3
(7.33) g(rEmr) < 607'02le7".
The inequality is true for k = 0. Indeed we have the following alternatives:

(a) If g(r) > r3/2 then g(mir) < Tf/2g(r) < ymimerr < ggmir by definition of 7.
(b) If g(r) < 3/2, then g(mr) < g(r) < r3/? < ggrir by definition of 7.
Assume now that ([7.33) holds. Notice that by definition of G we have (since 79 < 1)

3
2k
Hl(J N QTéchr) < g(Tngr) <eorg Tir < 50757'11",

so the decay property of Proposition may be applied. Again we have two alternatives.
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(a) If g(r8mir) > (7'(’)“7'17")3/2, by the decay property we have, using (7.33)),

3(k+1
7_(;4:—}—1 2( )

g( ) < 73/29(7'(’)“7'17“) < g7y .

(b) If g(r&mr) < (rfmi7)3/? then by the definition of 7
3 3
nr) < g(rhimr) < 77217*3 €07 (kH)nr < eoTy (kH)nr.
€070
In both cases, (7.33)) follows for the choice k + 1, so that the induction step is proved. O

gyt

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

We set

(7.34) Jt = {x € Q : limsup

r—0

’Hl(,]r;Qm) . 0} .

JT is a sort of normalized version of .J, where points of density zero have been erased.
By standard properties of rectifiable sets we have

HYITATT) = 0.
As a consequence if (J,u) € V(Q), then also (JT,u) € V(Q) with G(J,u, A) = G(JT,u, A) for every
Borel set A C Q.

Proposition 7.10. Given A > 0, there exist ,7 > 0 such that of any (A,T)-quasi minimizer (J,u) of
G onV(Q), if G(J,u,Qyy) <er for some Qqr € Q with r < 7, then J© N Qxé = (.

Proof. Let eg,e1, 7,72, 7 be given according to Lemma Notice that if G(J,u,Q4,) < e1r with
r < 7, then for any p € (0,r)

_3
2

, 11
(7.35) G(J,u,Qqpp) < C’or*%p% where Cj := max {517'1 LEOTy 2Ty ° } .

Let us set € := %51, and assume G(J,u, Q) < er. Notice that for any y € Q:Cé, we have

G(J,u,Qy5) < G(Ju, Qup) S er=e1
so that from ([7.35|)

1
0= lim 7G(J,u, @yp) > lim sup —H (/0 Qy’p),
p—0+ p p—0t P
which yields J* N Qr,% = 0.
O
Proposition 7.11 (Regularity for quasi minimizers). Let A,7 > 0. Then for any (A,T)-quasi
minimizer (J,u) of G on V(Q) we have that J* (see (7.34) ) is essentially closed in §, i.e.,

H (sm(ﬁ\ﬁ)) —0,
while u € C(Q\ JT).

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

hm G(J7 ’LL, Qcmp)
p—0 P

=0.
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Thanks to Proposition [7.10| we infer
QnJrcJUNcJtU(J\JYHUN.

Since the last two sets are H'-negligible, we infer H'(Q N (J+\ JT)) = 0.
Since

HY (T, \JTT) <HNI\JTT) =0,

we get that u is locally H' on Q\ JT (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]).
O

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

A = 4Lip(f) and J:=J,UO'E.

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

We first prove that (J,u) is a (A, 1) quasi minimizer of the Griffith functional G on V(Q2) according
to Definition Indeed, let @, € 2 with r < 1 be a square as in Definition with associated
competitor (J \ Qzr,v). We claim that either

(7.36) HY(OQu, \EDY=0 or  HY9Q.,\ED)=0.
In the first case, from the minimality inequality
j(E,u) S j(E,ulg\Qm)

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

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

J(Bu) ST (E\Qurv)  and  0(E\Quy) =0"E\Quy =0"E\ Quy

yield in particular

/ \e(u)de—k”Hl(JﬂQw,T)g/ e(v)2de + Ar2,

xz,r Qz,r
so that the quasi minimality of (J, u) follows.
By Proposition we get that the normalized set J* (see (7.34])) is essentially closed in 2, i.e.,
HY QN (JF\JT)) =0,
and u is smooth on Q \ J+, so that
QnJ, CJt.
On the other hand, in view of the general properties of the reduced boundary of sets of finite perime-
ter (see [I, Theorem 3.59] or [29, Theorem 15.5]) we have 8*FE C J*. Taking into account that
HI(JTAJ) =0 (where A denotes the symmetric difference of sets) we infer
HY QN T, UIFE\ (JL,UIE)) <HY QN TF\J) <HQNTT\JH)+H(JT\J)=0

so that the conclusion follows.
In order to complete the proof, we need to check claim ({7.36)).
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Assume by contradiction that the claim is false. Then there exists p € E() NOQ:, and q € E©) NOQy
that are not in one of the corners. Without loss of generality we suppose p,q € {x — rea + Re; } with
p1 < q1, the case when both are in different sides being analog. We let for s > 0 small

e Cp:=p+[-s,0] x[0,s] and C, := ¢ + [0, s]%,

® g5 : [p1 —s,q1 + 5] — [0,1] be zero at the extremes, affine on [p; — s,p1] and [g1,¢1 + s| and

equal to 1 on [p1,q1],

o f,€CH]0,s]) with 0 < f, <1,

o QDS(:IZ) = gs(xl)fs(xZ + T)'
Then

HVJﬂﬁhm\QmuQﬁz/

O*E
1

1
_1 / folyz + )y — ~ / fulyo +r)dy
S JENG, S JENC,

ww@mwz/&%ﬂﬂ
E

so that, letting fs 1 we get
HUT N (Qur \ Qur—s))  1ENGy|  [ENCy|

S B |Cp| |Cq|
Since as s — 0T, by assumption on the density properties of p and ¢, we have

EncC EnNncC
7| p| —1 and 7‘ q| — 0,

|Gyl Cyl

we infer .
JnN _
s B 0 Qe \ Qo)) |

5—0 S

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 channel Q and velocity vector fields which are H lloc on Q\ F.

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

(7.37) F C Q is relatively closed, QN OF is rectifiable, HETHQNOF) < +00
and
(7.38) we Hy (Q\F;RY,  divu=0in Q\F,  e(u) € L*(Q\ F; ML)

Notice that, as for the relaxation studied in the previous sections, 0F may contain “lower dimensional”
parts. The set 2\ F is open, so that the space H} (02 \ F;R?) is well defined.

It is not clear how to talk about traces on 9(2\ F'), which are fundamental to formulate the tangency
constraint, as the set is in general not regular. It turns out that velocities admit a well defined trace
on H%! almost every point OF 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 Generalised Functions
of Bounded Deformations introduced in [2I]. Let us set

(7.39) M in Q\ F
' ’ 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
(735). Then @€ GSBD(R) with Hé(J; \ 9F) = 0.
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Proof. Since H™H(Q N OF) < oo, for every € > 0 we may find some covering of OF through a finite
union of balls of radius less than e, denoted (Bf)1<i<ne, such that

f <dian;(B§)>d1 <0

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(Q2) with

Euf = e(u)dz| (Q\ (FUB®%)) + uH® 0B

Moreover

u® =1 a.e. in

with
limsup/ le(u)? dx 4+ H (Jyue) < +oo.
Q

e—0
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(); moreover up to a H '-negligible set, J; C OF by
construction, and the result follows. O

Coming back to configurations (F,u) satisfying and , up to a choice of orientation of
the rectifiable set {2 N OF, there is no ambiguity in defining the traces u‘iap of u on H4 -almost all
points of QN OF.

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

(7.40) u‘iap ~Vor =0 Hé lae. on QN OF.

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+/ ]u+]2d7—ld_1+/ ut | + |u= ] dHI!
O\F QNoeF QNFONF

+HEHQNOF) + 21 (N FO N 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))).

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

Lemma 7.13. Let Q C R be open and bounded, and let (F,u) satisfy (7.37) and (7.38) with J(F,u) <
+oo. Then the function 4 defined in (7.39)) is such that u € SBD(Q).

Proof. Tt suffices to note that for every direction ¢ € S4~! we have

HEw= [ /Q @Y @R+ Y (1 1@ 0P + @)~ | ar' ).

tE]ﬂg
O

Dealing with boundary conditions yields to the same problem highlighted in our main relaxation.
Assume  has a Lipschitz boundary, and let us write simply u in place of 4. We have that u € SBD(Q)
so that the trace on 99 is well defined. Given a divergence free vector field V € C'(R?%;R?), we can
deal with the relaxation of the boundary condition by considering the set

Cyv ={x €0 : ulx) #V(z)},
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and enforcing the non-penetration constraint leading to

(7.41) u-vgo =0 and V -y =0 H 1 ae. on I'vaa.

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

TN (F ) i= J(Fyu) + 2H (T y) + / (V2 + Jul?] dH® L.

Fu,V

The minimization of 75"°"¢ on admissible configurations is a different possible relaxation of the original
drag minimization problem. We clearly have

min  J(E,u) < inf J%"(F v).
(Eu)eAy () (Fu)

Equality is reached in dimension two thanks to the regularity result given by Theorem Indeed,
if (F,u) is a minimizer for J, we know that 0*FE U J, is essentially closed, so that an admissible
relatively closed set F' arises by considering the complement of the union of the connected components
of Q\ 9*E U J, on which u does not vanish identically. The function u is smooth outside F', so that
the pair (F,u) is strongly admissible with J5"°"¢(F,v) = J(FE,u). As a consequence, in dimension
two the relaxed problem

min J57"°"8(F, u)
(Fu)

is indeed well posed.
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