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SHAPE DERIVATIVE OF DRAG FUNCTIONAL

P. I. PLOTNIKOV AND J. SOKOLOWSKI

ABSTRACT. In the paper compressible, stationary Navier-Stokes (N-S) equa-
tions are considered. The model is well-posed, there exist weak solutions
in bounded domains, subject to inhomogeneous boundary conditions. The
shape sensitivity analysis is performed for N-S boundary value problems, in
the framework of small perturbations of the so-called approximate solutions.
The approximate solutions are determined from Stokes problem and the small
perturbations are given by solutions to the full nonlinear model. Such solu-
tions are unique. The differentiability of the specific solutions with respect to
the coefficients of differential operators implies the shape differentiability of
the drag functional. The shape gradient of the drag functional is derived in
the classical and useful for computations form, an appropriate adjoint state is
introduced to this end. The shape derivatives of solutions to the Navier-Stokes
equations are given by smooth functions, however the shape differentiability
can be shown only in a weak norm. The proposed method of shape sensitivity
analysis is general. The differentiability of solutions to the Navier-Stokes equa-
tions with respect to the data leads to the first order necessary conditions for
a broad class of optimization problems. The boundary shape gradient as well
as the boundary value problems for the shape derivatives of solutions to state
equations and the adjoint state equations are obtained in the form of singular
limits of volume integrals. This method of shape sensitivity analysis seems to
be new and appropriate for nonlinear problems. It is an important observation
for the numerical methods of shape optimization in fluid mechanics.

1. INTRODUCTION

In the present paper we derive the boundary form of the shape gradient for the
drag functional. In [20] the weak material derivatives are employed to obtain the
shape derivative of the drag functional for the compressible Navier-Stokes equations.
It is shown in this way that the drag functional is shape differentiable in the sense
of [26]. For the smooth obstacle, by the so-called Hadamard representation formula
it follows that the shape gradient of the drag is given by the distribution supported
on the boundary of the obstacle. In such a formula, only the deformations of the
obstacle in the normal direction are present by the Hadamard formula. We use the
result and identify the density of the shape gradient by a direct approach. This
approach is interesting on its own, it furnishes a new method for the shape analysis
for nonlinear problems.

We introduce our method for a simple model problem, replacing the compressible
Navier-Stokes boundary value problem by a nonlinear elliptic equation.

2000 Mathematics Subject Classification. Primary: 76N10; 35Q30; 76N25;
Key words and phrases. Compressible Navier-Stokes equations, drag minimization, shape de-
rivative, necessary optimality conditions.
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Example. Let us consider the bounded domain €2 with the smooth boundary.
Take the state equation in the form

—Au(z) = F(z,u(z)) in 9, u(x) = up = const. on IS .

The shape optimization problem is an optimal choice of the domain within an
admissible class, in such a way that the boundary shape functional defined on 92
is minimized. The functional is selected in the form which looks like the drag, i.e.,

J(09Q) =uo [ Vu(x)- n(z)dS .
o9

Using the Gauss formula we can rewrite this functional in the distributed form
(1.1) i(00) = / (Vul? — uF(u,2)) dz
Q

Representation of such kind are common in viscous fluid dynamics since they have
clear physical meaning. For instance, the gradient parts represents the rate of dissi-
pation of the energy. However functional (1.1) is only weakly lower semicontinuous
in the energy space and can be used mostly for minimization problems. The other
approach employed in the paper can be describe in the following way. Introduce a
smooth scalar function n(x) such that n(z) = 1 on 92 and rewrite the expression
for j(0€) in the equivalent form

J(Q):uo/Q(Vn~Vu—nF(:zr,u))d:c.

This functional is weakly continuous, and its principle part is linear with respect
to state variable u. The technical difficulty is that the integrand contains an ar-
bitrary function 1 while the result is independent of 7, and we have to eliminate
the influence of 7 on the results of calculations. For the latter shape functional we
perform the shape sensitivity analysis using the material derivatives, therefore in
the fixed domain setting. Given the shape derivative of J(§2) supported everywhere
in Q we perform the limit passage with the perturbations fields and evaluate the
singular limits of all integrals, formally the perturbations are supported on 92 for
such limits. In this way the shape gradient of j(9€2) supported on the boundary is
identified.

It seems that the proposed method of shape sensitivity analysis of the drag
functional is new, and the simplest possible in the case of the drag functional
dependent on solutions to compressible Navier-Stokes equations.

Drag functional. We assume that the viscous gas occupies the double-connected
domain 2 = B\&, where B C R3, is a hold-all domain with the smooth bound-
ary X = 0B, and 6 C B is a compact obstacle. The boundary of the obstacle is
denoted by S := 06, for simplicity.

Furthermore, we assume that the velocity of the gas coincides with a constant
given vector field U on the surface ¥. The state variables: the velocity field u
and the gas density p satisfying the following equations along with the boundary
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conditions
R

(1.2a) Au+ AV divu = Rou - Vu+ - Vp(g) in €,
€

(1.2b) div(pu) =0 in Q,

(1.2¢) u=UonX¥, u=0onSs,

(12(1) 0 = 0o on Yip,

where the pressure p = p(p) is a smooth, strictly monotone function of the density,
€ is the Mach number, R is the Reynolds number, A is the viscosity ratio, gg is a
positive constant, the inlet X, and the outlet X,y are defined by

YSin={xeX:U-n<0}, You={zeX: U-n>0},

respectively. Here n stands for the outward normal to 92 = X US. Boundary value
problem (1.2) can be regarded as mathematical model of viscous gas flow around
an airfoil & tested in wind tunnel. In our denotation the stress tensor is equal to

R
T=:Vu+Vu" +(A-1)divaul - —pI,
€

and the hydrodynamical force acting on the element ds of the obstacle boundary
S is —Tnds. Hence the hydro-dynamical force acting on the body & is equal

R
J(6) = —/Tnds = —/(Vu—l— (Vu)* + (A = 1)divul — —pl) - nds .
€
S s
Note that this expression can be identically rewritten in the form of the volume
integral. To this end we fix an arbitrary function n € C*°(Q) such that n = 1 in
an open neighborhood of the obstacle & and n = 0 in a vicinity of ¥. Using the
identities
/Tn ds = /(77 div T+ TVn)dz, divT = RguVu
S Q
we obtain

R
(1.3) J(6) =: — /(Vu + (Vu)*+ (A =1)divul — E—QpI)Vn dx — R/nguVu dx
o) o)

The value of J is independent of the choice of the function 7. The drag Jp is a
work in unit time developed by the component of J parallel to the airfoil speed U,

(1.4) Jp(8)=U-J(&).

The minimization of the drag is an important problem of applied aerodynamics.
From the mathematical point of view the drag optimization problem is the shape
optimization problem for the compressible Navier-Stokes equations. The existence
and compactness properties of solutions to drag minimization problem were ob-
tained in [9], [10] for non-stationary case and in [19] for stationary problem by
using direct methods of calculus of variations. For incompressible Navier-Stokes
equations, the existence of nontrivial shape derivatives of solutions and the formula
for the shape derivative of the drag functional and adjoint state were obtained in
[3], [4] and [22], see also [23] and [24] for some generalizations. For general theory of
optimization and control problems for incompressible Navier-Stokes equations see
[2] and [11]. The growing literature on numerical and applied aspects of the problem
is nicely surveyed in [12] and [15]. For compressible Navier-Stokes equations (1.2),
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the the formula for the shape derivative of the drag functional and adjoint state
were derived in [20] under the assumptions that the Reynolds and Mach numbers
are sufficiently small. The goal of this paper is to simplify the results of this work
and give an efficient representation for the adjoint state as well as of the shape
gradient of the drag functional.

In order to formulate the framework for the shape sensitivity analysis we choose
the vector field T € C?(R?)? vanishing in the vicinity of ¥, and define the mapping

(1.5) y =z +eT(x),

which describes the perturbation of the shape of the obstacle. For small e, the
mapping ¢ — y takes diffecomorphically the flow region 2 onto Q. = B\ &., where
the perturbed obstacle &, = y(&). Let (a., g.) be a solution to problem (1.2) in
Q.. After substituting (a., g.) into the formula for J(&,), the drag becomes the
function of the parameter .

It is convenient to reduce such an analysis to the analysis of dependence of
solutions with respect to the coefficients of the governing equations. To this end,
we introduce the functions u.(z) and g.(z) defined in the unperturbed domain
by the formulas

u.(z) = Nu.(x 4+ eT(x)), o0-(x) = 0:-(x + eT(x)),
where
(1.6) N(z) = det (I+eT/(2))(I 4T ()"

is the adjugate matrix of the Jacobi matrix I 4+ ¢T'. Furthermore, we also use
the notation g(r) = v/det N. Calculations show [20], that for u., gc, the following
boundary value problem is obtained,

(1.7a) Au, + V(/\g’1 divu, — E;p(gg)) =/ (u.) + R%B(0-,u.,u.) in €,
€

(1.7b) div (g-u.) =0 in Q,
(1.7¢) u=UonX, u.=0o0ns,
(1.7d) 0c = 00 On Xiy.

Here, the linear operator &/ and the nonlinear mapping % are defined in terms of
N

(u) = Au— (N*)"'div (g7 'NN*V(N " 'u)),
(18) %(Q,U,W) — Q(N*)_l (UV(N_1W))

In the new variables the expression for the force J reads

J= —/ [0 (N"V(N"tu,) + V(N u.)*N — divu. ) — ¢ I|N*Vydz—
Q

(1.9)
R / QEUEV(NfluE) ndz,
Q

where the effective viscous pressure q is given by

R 1
(1.10) qe = e_QP(QE) — Mg tdivu..
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In the proposed framework the question of the existence and representation of the
derivative 0.Jp(6,) is reduced to the question on dependence of solutions to the
boundary value problem on the coefficients of governing equations. The preference
of such an approach is that the equations are considered in fixed domain, which
makes the calculations more transparent, but formally more complicated. Moreover,
the obtained results depend on the extension of the mapping T(z) over R? which
leads to the different formulae for different choice of T. It is worthy to note that
the shape derivative depends only on restriction of the vector field T on S. It is
independent of the extension of T over the flow domain. Moreover, expression (1.9)
involves an arbitrary function n while the shape derivative is independent of 7.

The other approach widely used in the shape optimization is a direct analysis
of the problem in variable domain. This leads to the representation of the shape
derivative in the form of the integral over & with the integrand depending only
on T - n which can be regarded as infinitesimal shift of S. The goal of the paper
is to compare both these approaches and to prove that the expression for shape
derivatives in the form of surface integral is a singular limit of the derivative of
functional (1.9) for the perturbation T which is concentrated near the boundary.
Before formulation of the result we recall the expression for the shape derivative of
the drag and the formulation of adjoint state equation.

We follow approach proposed in [18], [20] and restrict our considerations by the
case A > 1, R < 1, and € < 1 which corresponds to almost incompressible flow
with low Reynolds number. In such a case a solution (ug, ¢o) to the Stokes equations

(1.11) Aug —Vgo =0, divuy =0in Q,

1
u=Uond uy=0onS, Ilgg=qy Ilg=:u-— /qu.
meas ()
Q

and a constant gy can be regarded as an approximation for a solution to problem
(1.7). Instead of the Mach number we introduce the new parameters

o0 = R/(Ae?), o =aopop’(po)-
Hence we can look for such a solution to this problem in the form
(1.12) u.=uo+v, 0 =00+¢, ¢ =qo+Aoop(oo)+T+Am,

with the unknowns functions ¥ = (v, 7, ¢) and the unknown constant m. The pe-
culiarity of stationary boundary problem for compressible Navier-Stokes equations
is that mass balance equation (1.7b) degenerates at points where u. vanishes. The
simple algebraic scheme which allows to cope with this difficulty was proposed in
[18]. The basic idea is to consider the effective viscous pressure as new unknown
variable, next, to add equality (1.10) to basic system (1.7), and finally, eliminate
the divergence u. from mass balance equation (1.7b) using relation (1.10). Thus
we come to the following boundary problem for the triplet (v, 7, ¢),

Av — V71 = o (u.) + RAB(o:,u.,u.) in

o
divv = (— —\Il—m)inQ,
(1.13a) Na”
u. - Vo +op =T, +mgp in Q,

v=0on0d, p=0o0n2,, Ir=m,
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where

Qo+ o

g
U, = \I!——<p2 +op(l—g), ¥ — H(yp),
! g(g 90 ) ( 9 A p'(00)00 (?)

H(p) = p(oo + ») — p(eo) — p/(00) ¢,

the vector field u. and the function g. are given by (1.12). Next it is necessary
to specify the constant m. Since the mean value of div v is null, the constant m
is proportional to the mean value of the quantity g(¢ — oy 10@). The mean value
of the latter quantity involves a large parameter ¢ and it is convenient to replace
it by more complicated relation which is independent of the large parameter o.
Following [20] we can introduce such a condition in the form

(Lish)  m=s [ ¢ - W) dn, x=([al-c-gicods)
Q Q

where the auxiliary function ( is a solution to the adjoint boundary value problem
(1.13¢) —div(u{)+ 0 =0gin Q, (=0o0n oy,

As it is shown in [20], relations (1.13) define a system of differential equations
and boundary conditions which is equivalent to basic problem (1.7). The proposed
algebraic scheme works properly in the range of parameters R ~ \e?. The results
are available for larger domain in the space of parameters, but in this case the
modified equations involve non-local operators, see [16], [17], and [21] for details.
The following proposition guarantees the existence and uniqueness of solution to
boundary value problem (1.13).
For s € (0,00), r € (1,00), denote by X*" and X*" the Banach spaces

XoT = W Q) NWRA(Q), YO = WL (Q) 0 WR3(Q).

Here W#7(Q) denotes the Sobolev space for an integer s and the fractional Sobolev-
Slobodetski space otherwise. We assume that ) satisfies the following condition

Condition 1.1. The flow domain Q has a boundary of class C* and it admits
the representation 2 = B\ &, & € B, in which the hold all domain B with the
boundary 3 = OB is strictly convex.

Proposition 1.2. Let U be a given vector field and the exponents s,r satisfy the
inequalities

(1.14) 1/2<s<1, 1<r<3/(2s—1), sr>3.

Then there is o*, depending only on s,r, ), and U, with the following property. If
o > o, then there exist g > 0 and €9 > 0, depending only on o, s,r, 2, and U,
such that for all p € (0, o), € € [0,&0], and

(1.15) R+ 21 <y,

problem (1.13) has a solution (v,p,(,m) € Y57 x (X*7)3 x R. Moreover, this
solution admits the estimates

(1.16) lacllyer + [¢lxer < cor Il + ll@llxer < con,

where the constant cq is independent of p and €.
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Note that by virtue of (2.3), (v, ¢, () € C*T7(Q) x C7(£2)? with v(r,s) > 0 and
the drag functional Jp (&) is well defined. Recalling the expressions for o, %, and
g we conclude that the coefficients of equations (1.13) are analytic functions of the
parameter €. Formal differentiation of both sides of (1.13) leads to the following
equations for the variations

(ov,0m, 6, 8¢, 0m) = d%_(v,w,w,(,m) Y
Adv — Viém = G (dp,6v) + 2(D),
div 8V = bay 6o + bag 6T + baz Im + bag Tr T,
uVép + odp = —6vV + b1y 8¢ + bio O + b1z dm + byg Tr T,

(1.17) —div (6¢Cu) + 0 6¢ =div ((dv)+oTr T/,
om = %/(bgl (SQD + b32 om + b34 5< + b30 Tr T/) dCC,
Q
(I-I)omr =0,
where the matrix D and the linear forms %, & are given by the equalities
dN d
D="" —mmi-1, 28| =T =divT,
de le=0 de le=0

€ (0p,0v) = RdpuVu+ RouViv + RpévVu,
2(D) =div [((Tr T)I - D — D*)Vu] + D*Au + A(Du)—
RoD*(uVu) — RpuV(Du),

(1.18)

respectively and the coefficients b;; are given by the formulae

(1.19)
20 00 , 0
b1 =¥ +m—-——¢p— H'(p), b2 =7,
H 00" P'(00)00 (¢), bz A
g
b1z = o, blozg(\ll—l—m)—ng—mp,
o o 1 o
b21 = — + IiHl(gD), b22 = —=, b23 = —17 b20 = —p— \IJ —m,
2  P'(00)oo A 20
¢ 20 o 0C 17
byt = = \Il+m——)+ 1- %y
SN ( ) Qow P’(@o)@o( Qo) ()
1,0 9
bys = ~(2¢ = 1), bgy = —(o(¥ 7
32 )\(ro ), bas Qo(g( +m) 090 )
0 o0
b = (¢~ 1)(0-+0) - L,
00 6]
in which
u = ue , 0= 0O¢
e=0 e=0

Formal differentiation of equality (1.9) leads to the following expression for the
shape derivative of the drag functional

(1.20) iJD(Sa)

e = Lo(T) + Ly (0v, dm, dp),

e=0
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where the linear forms L. and L, are defined by the equalities

L (T)=U | Tr T/(Vu+ Vu* —divul)Vndz—
Q
U [ [D*Vu+ Vu'D — V(Du) — V(Du)*|Vndz—
(1.21) 9
U [Vu + Vu* —divu — qI} D*Vndz+
Q

RU [ puV(Du)p- dx ,
Q

and

(1.22) Ly(6v,0m,6¢9) = =U [ [(Vov+Vov*—div 6v—067)Vn+RE (6v,50)n] da.
Q

The expression for the form L, can be identically rewritten in terms of the so-called
adjoint state. To this end note that, since Vi = 0 on 9 and div (pu) = 0, we have

—U/ (Vv + Vév* —div ov]Vnde = / ov - A(nU) dz.
Q Q
and
U | pnuViévdx = / p (uVn)Udzx
Q Q

This leads to the integral representation of L, in L2(Q2) scalar product
(1.23) Lu:/(A-év—l—Béw—i-C&p)d:v,
Q
where
Lou A=ANU) - RnoVuU + Ro(u-Vn)U,
(124) B=U-Vn, C=-Rnp(uVu)- U.

We define the adjoint state (h*, g*,¢*, v*,1*) as a solution of the boundary value
problem for the system of differential equations adjoint to system (1.17)

(1.25a) Ah* — Vg* — RoVuh* + RpuV h* +¢*Vp + (Vv* = A4,
(1.25b) divh* — I1(b12¢™ + baog™ + »b3al*) = B,
(1.25¢) —div(us*) + o¢* — R(uVu) - h* — ba1g* — by116* — b3 1* = C,
(125d) uVo* + ov* — %b34l* = O,
(1.25¢) " — /blgc* dr =0

Q
(1.25f) h*=00n 09, ¢*=00nXey, v =0o0ny, g =Ig".

Using the notion of the adjoint state we can rewrite the expression for L, in the
form

(1.26) L, = / [Tr T (bios™ + baog™ + ov* + bsol*) + 2(D)h*| du,
Q

It is important to note that the adjoint state equations are independent on T, but
involve an arbitrary function 7. Notice also that the value of the shape derivative
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depends only on the restriction of T to S, i.e., only on the perturbation of the
surface §. In the generic case the perturbation of & can be taken as follows

(1.27) Sc={r=w+ef(wnw), weS},
where the normal shift f(w) is a smooth function defined on §. This relation shows
that the mapping T satisfies the boundary condition

T(w) = f(w)n(w) for w € S.

It is reasonable to eliminate n and T from formulae (1.20) and reformulate the
expressions for the forms L. and L, only in terms of the normal shift f(w). The
corresponding result is given by the following theorem which is the main result of
this paper.

Theorem 1.3. Let parameters R, A\, o, flow domain ), and exponents s,r meet all
requirements of Proposition 1.2, and the perturbed surface S¢ is defined by equation

(1.27) with f € C=(S), then

(128) “Jn(s:)

- / fw) [bloc + 1909 + ov + lbzg — (O, h - n) (D, - n)] ds,
e= S

with the adjoint state variables
(h,g,6,v,1) € WTST(Q) x TV (Q) x WS (Q)? x R,

satisfying the following equations and boundary conditions

(1.29a) Ah — Vg — RpVuh + RouV h+¢Vp + (Vv =0,
(129b) divh — H(b12§ + b22g + %bggl) =0,

(1.29c¢) —div(ug) + ¢ — R(uVu) - h — ba1g — b11s — b3l = 0,
(1.29d) uVo + ov — bzl =0,

(1.29¢) I - /b13< dr =0

Q
(1.29f) h=0o0on%, h=-UonS, ¢=0o0n%.u,, v=0ony, g=Ig

Remark 1.4. It is easily seen that solutions to equations (1.25) and (1.29) are
connected by the simple relation

(1.30) (h*, g", <", v",1") = (nU,0,0,0,0) + (h, g,5,v,1).

Hence the dependence of the adjoint state on n is additive, while the dependence of
Jp on n is multiplicative.

Remark 1.5. If a solution to problem (1.29) has continuous derivatives, then uVs,
uVv vanish on S and equations (1.29¢), (1.29d) give simple algebraic relations for
boundary values of functions g, <, and v. Using these relations we can eliminate ¢
and v from formula (1.28).

It follows from (1.20) that we can split the expression for the shape derivative
into the geometrical part L. and dynamical part L,,. The geometrical part depends
only on the shape perturbation and state variables u and ¢. The calculation of the
dynamical part is more complicated and requires the solution of boundary value
problem for adjoint state equations. Theorem 1.3 shows that the geometrical part
of the shape derivative vanishes and therefore, can not be used in the numerical
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process of the shape optimization in our framework.

The remaining part of the paper is devoted to the proof of Theorem 1.3. In Section 2
we prove the existence of solutions to problems (1.25) and (1.29) with continuously
differentiable vector fields h* and h. In the next section we discuss the properties of
the normal coordinates in a neighborhood of S. In Section 4 we derive the formulae
for the singular limits of integrals of functions concentrated near S. Finally, in
Section 5 the proof of Theorem 1.3 is completed.

2. ESTIMATES OF SOLUTIONS TO ADJOINT STATE EQUATIONS

In this section we prove the well-posedness and derive a priori estimates for
solutions of the adjoint state equations.
Function spaces. First we recall some basic facts from the theory of Sobolev-
Slobodetsky spaces, which can be found in [1] and [25]. Let Q be the whole space
R?, d > 1, or a bounded domain in R? with the boundary 92 of class C'. For an
integer [ > 0 and for an exponent r € [1,00), we denote by W'"(Q) the Sobolev
space endowed with the norm [|u|y.r @) = supq<; [|0%u| (o). Forreal 0 < s <1,
the fractional Sobolev space W*" (1) is obtained by the real interpolation method
between L"(2) and W17 (€2), and consists of all measurable functions with the finite
norm

ullwsry = lullzr@) + lulsro

where

2.) e = [ o= ol luta) - u(p)l dody.
QxQ

In the general case, the Sobolev space W+ () is defined as the space of measur-
able functions with the finite norm [|ulyi+e.r @) = lullwrr ) +5up|a = [[0%ul|wsr(q)-

Furthermore, the notation Wy (2), 0 < s < 1, stands for the closed subspace
of W*(R?%) which consists of all functions u € W*"(R?) vanishing outside of (2.
We will identify functions of W' (Q) with their extensions by zero to R%. Recall
that W™ (Q) = W' (Q2) for sr < 1. It is important to note that C§°(2) is dense
in W5 (€2), but the space W' (£2) coincides with the completion of C§°(£2) in the
norm of W*7(Q) if and only if s # 1/r + integer.

Forall 0 < s <1and 1 <r < oo, we denote by Wy () the interpolation space
W (Q), Wy ()]s, endowed with the one of the equivalent norms defined by real
interpolation method. In other words, Wy () is obtained by real interpolation
of the subspace W, () = Wy™"(Q) € WH(Q) and Wy (Q) = L"(2). Generally
speaking, W;'"(£2) is not a subspace of W57 (), and its norm is stronger than the
norm of W#"(Q). The question on the interpolation of subspaces is one of the
difficult questions of the interpolation theory. In our particular case the following
result was obtained in [8] and [13], see also [14] for complete account of the theory,

(2.2) Wy (Q) = Wi () for s # 1/r + integer.

The other application of results [13],[14] is the interpolation of subspaces of finite
codimension. Recall denotation (1.11) for the projection II. We have for s € (0,1)

(2.3) I (©) = [ILL7(Q), TV (D).,
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Embedding theorems. For sr > d and 0 < o < s —r/d, the embedding W*7"(Q) —
C*(Q) is continuous and compact. Moreover, for sr > d, and all u,v € W*"(Q),

(2.4) [uvllwsr(@) < c(r, s)||ullwer@llvlwsr@)-

If sr < dand t71 = r=! — d~1s, then the embedding W*"(Q) — L!(Q) is con-
tinuous, [1] Th. 7.57. We have also, [1] Th.7.58, for a < s, (s — a)r < d and
B l=rt—d1l(s—a),

(25) HUHWQ’B(Q) < C(Tv 5, @, 67 Q)HUHWS”'(Q)
Duality. Let s € [0,1]. We define

(2.6) (u,v) = /uvdw

Q

for all functions such that the right hand side make sense. For r € (1,00), each
element v € L"(2) determines the functional £, of (Wy™" (Q)), ' =r/(r — 1), by
the identity £, (u) = (u,v). We introduce the (—s,r)-norm of an element v € L"(2)
to be by definition the norm of the functional £,, that is

(2.7) [ollw=sr@) = sup [(u, v)].

Let W—5"(Q) denote the completion of the space L"(§?) with respect to (—s,7)-
norm. The space W~*7 () is topologically and algebraically isomorphic to (W v’ Q).
Similarly, we can define the dual space W~*"(£2) as the completion of L"(€2) in

the norm

(2.8) [ollw=sr () = sup [(u, v).
ue Wy ()
||u||wgﬂ"’(g) =1

The space W™*"(Q) is topologically and algebraically isomorphic to (Wy’ /( Q)).

Moreover, we can identify W~*"(Q) with the interpolation space [L" (), Wy " ()] .0,

see [5]. Since s —1/r' is not integer for a non-integer —s — 1/r, it follows from (2.2)

that

(2.9) Wy 5" (Q) = W, >"(Q) for —s # 1/r+ integer.

It is well known that the operator V : W (Q) — W*=17(Q) is continuous for
s = 0,1. It follows from this that V : W7 (Q) — W*=L7(Q) is continuous for all
s € (0,1) and hence

(2.10) IVullws—1.rq) < c(s,7)|[ullws.rq) for all s # 1/r + integer, s € [0, 1]

The above results leads to the following lemmas which will be used in the proof of
the solvability of the adjoint state equations.

Lemma 2.1. Let Q C R3 be a bounded domain with O of class C%, and (F,G,) €
We=Lr(Q) x IW*7 (),

s€[0,1], re(1l,00), s#1/r+ integer.
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Then the boundary value problem
Av—Vr =F, divv=IG in Q,

(2.11) v=0 on 09, Ilr=or,

has a unique solution (v,m) € W*TLr(Q) x IIW*"(Q) such that
(212)  [vllwerrro) +ITllwer@) < e(@r, ) (IFlws-1.r@) + 1Gllwer@)-

Proof. For s = 0,1, the lemma is a classical result of the theory of Stokes
equations (see [7]). Hence the mapping (F,G) — (v,w) defines the continuous
operator from W*=L7 x IIW*7 () to W*Th" x IW*" s = 0,1. By the main
theorem of the interpolation theory, this operator is continuous from W57 x
OWs7r(Q) to WeHLr x IW*" for all s € (0,1). In particular, we have

Vllws+rr ) + ITllwer@) < (7, 8) ([ Fllws—1r@) + [|Gllwsr@),

which along with (2.9) gives (2.12). O
The next lemma gives the multiplicative estimate in fractional Sobolev space.
Assume that exponents s, s’ and 7,7’ satisfy the conditions

1 1
(2.13) s'+s=1, —+==1,, s555€(0,1), rr e(l,00).
roor

Lemma 2.2. Let Q C R? be a bounded domain with the Lipschitz boundary. Fur-
thermore, assume that exponents s,s' and r, 7’ satisfy (2.13) and the conditions
(2.14) sr>d, 1/2<s, s#1/r+ integer.

Then there is a constant ¢, depending only on r,s, and 2, such that for all ¢ €
W (Q) and u € W& (Q),

(2.15) ||u§||WS’~T’(Q) < CH“st’m’(sz)||§||WSW(Q)

If u € Wosl’rl (Q), then cu € Wosl’rl (). Moreover, if in addition sr # d + integer
and p € W*T(Q), then Vo € WS=17(Q) and

(2-16) ||§v90||W5*1,T(Q) < C||<P||WS~T(Q)||§||WM(Q)-
Proof Since the embedding W*"(2) — C(f2) is continuous, we have
(2.17)

/ o — 51~ e(@)ul) — s(y)uly)]” dedy <

QxQ

[ o= ol @) @) - <) dady+
QxQ

ISty | 1= ol () = ) dody <

QxQ

/ 2 = y|= " (@) [s(2) = ()] dady + c( s lwer @[l @)
QxQ

Now set

tr=0")"t—dl, p=ds) ha =17t =7, t,8,a € (1,00).
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By virtue of (2.14) there is 6 > 0 satisfying the inequalities
(2.18) s>l—-s+d=s+dandd—rs+ré >0.

Fix such ¢ and set

M(z) = [ o=yl )= dy Nw) = [ fr=sl 5D s(a) () d.
Q Q

Since the embedding W*"™' (Q) — L*(Q) is continuous for, we have from the Holder
inequality

/ |z =y (@) s (2) — <(y)|” dady =

QxQ

(2.19)
[ 1@ M (@) do <l M g0y < luliyn o) 1M o,
Q

Next note that
|z =y~ (@) — <) = (o — y| 7 PET) e(2) — <)) Pla —y| T
where

vzd—i-s'r'—%[d—i—(s’—i—&)ﬁ):dﬁ_rl

B
— 7' and vﬁ <d.

From this and Holder inequality we conclude that

M <N [lo g7 dy < 6. N,
Q

and M* < N. From this and (2.19) we obtain

(2.20)
’ , , , 1/«
[ o= a7 ) () = <)l dndy <l ([ N do)
QxQ Q
_ 7’ _ L —d—B(s'+3) _ g, \"/P
= clullyr oy ([ - ) — st ay) " <
QxQ)

’ ’
cllulyr i s erssn -

Notice that by virtue the identity s’ = 1 — s and inequalities (2.18), we have
s > s’ 4+ 4. Let us prove that the embedding W*"(Q) — W* +98(Q) is bounded.
If r(s — s’ — §) > d it is bounded for all 8 < co. For r(s — s’ —¢) < d it is bounded
if and only if 3 satisfies the inequality

1 4 2s—1—90

8 d d ’

which obviously follows from (2.18). Thus we get [[c|ly1-s+s5(0) < [[S|lwer()-
Combining this result with (2.17) and (2.20) we finally obtain

1
> —
r

o =y~ [e(@)ulz) = s(y)uly)|” dedy < ellullyya g llslliver @)
QxQ
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which yields (2.15).

Now assume that u € WOS/’T/(Q). Recall, see [25], that a function u € WOS/’T/(Q)
belongs to W™ () if and only if u € W& (Q) and dist (z,0Q)~% € L™ ().
Since the function ¢ is bounded, the function uc belongs to WOS,’T/ (Q) for u €
WOS/’T/(Q). Moreover, since by virtue of (2.14) s’ # r’ + integer , we have

”u(Her'xT/(Q) < CHUHWOS/””/(Q)||<HWS~T(Q) .

Finally notice that condition (2.14) yields the relation —s’ # 1/r + integer. Hence
the identity (u,sVe) = (us, Vi) determines a continuous linear functional on
W=5"7(Q2) and the lemma follows. (]

Transport equation. The following lemma is a particular case of the general
results on solvability of transport equations in fractional Sobolev spaces, see [20]
and [21]. Tt concerns with the existence and uniqueness of solutions to the following
boundary value problems for the first order differential equations

(2.21) ZLo:=uVp+op=f in Q, ¢=0 on X,

(2.22) Lt = —div(p*u)+op*=f in Q, ©* =0 on Zu.
Lemma 2.3. Let a vector field u € C(Q) satisfies the boundary condition
(2.23) u=Uon¥, u=0ons,

where U is a given constant vector field. Furthermore, assume that the exponents
s, 1 satisfy the inequalities . Then there are positive constants o* and §*, depending
only on X, U, s, r and ||ul|c1(q), with the following property. If || divu|yws.rq) +
| divullpe(q)y < 6%, 0 > o* , then for any f € W*T(2) each of problems (2.21)
and (2.22) has a unique solution p, p* € W=7 (Q), which admits the estimates

(2.24) ellwsr@ < Cllfllwer@, e llwer@) < Cllfllwer@)-
The constant C' depends only on ||uc1(q), .5 0, U and Q.

Solvability of adjoint state equations. Let us consider the boundary value
problem

(2.25a) Ah —Vg— RoVuh+ RouV h+¢Vp + (Vv =F,
(2.25b) divh — H(b12§ + baag + Hbggl) =G,

(2.25¢) —div(us) + 0¢ — R(uVu) - h — boy1g — by1¢ — b3l = P,
(2.25d) uVu + ov — »bsyl = Q,

(2.25¢) I - /bl3§ dr =n

Q
(2.25f) h=0ondB, h=aonS, ¢=0o0n,, v=0o0nl,, g=Ig

The following proposition is the main result of this section

Proposition 2.4. Assume that domain Q satisfies Condition 1.1, and the expo-
nents s,r satisfy conditions (2.3) and inequalities s # 1/r + integer. Furthermore,
assume that a solution (v, p,<) to problem (1.13) with € = 0 meets all requirements
of Proposition 1.2. Then there exist p > 0, c¢o depending only on U, Q and s,r,
such that for all

(2.26) R+ 21 <y,
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and F € H*L"(Q), G € TIW*"(Q) , P,Q € W*"(Q), n € R, a € RY problem
(2.25) has the only solution which admits the estimate

(2.27) [hflw+ar@) + lgllwer@) + lIsllwer@ + [Vllwer@ + I <

' co([[Fllwe-rr@) + 1Gllwer@) + 1Pllwer@ + 1Qllwsr@ +nl +[al).

Proof. It suffices to prove the proposition for a = 0. We begin with the
observation that by virtue of inequalities (2.3), the spaces W*"(Q) and W+s7 ()
are the Banach algebras and the embeddings X*" — W*"(Q2), Y7 — W*"(Q)
are continuous. It follows from this, inequalities (1.16), (2.27) and formulae (1.19)
that coefficients b;; admit the estimates
(228) Hb13||Ws,r(Q) + ||b21||Ws,r(Q) + ||b23HWS,T(Q) S C(S, r,o, Q)
and
(2.29) [011][wer ) + Ibr2llwer () + [[b1ollwer @)+
' [b22][we.r () + [Ib20lwe.r (@) + [[03illwer ) < e(s,7,0,Q)p

Let us consider the truncated problem

(2.30a) Ah - Vg+(Vuo=F, divh=G,
(2.30Db) —div(ug) 4+ o5 — ba1g = P,
(2.30c) uVu +ov =@,
(2.30d) l— /b13§ de =n
Q
(2.30e) h=00n0Q, ¢=0o0n X, v=0on2y, g¢=Ig.

This system is of triangle nature. Using Lemma 2.3 we conclude that in the as-
sumptions of Proposition 1.2 we can choose ¢*, depending only on £2,s, r and U,
so that for every fixed o > o* equation (2.30c) has the only solution satisfying
boundary condition (2.30e) and the inequality

(2.31) lvllwer@) < cllQlwsr@)

Next, using estimate (1.16) and Lemma 2.2 we conclude that

[CVul[ws-1rq) < cllvflwer@) < cllQlwsr -

Combining this result with Lemma 2.1 we obtain that equations (2.30a) have a
unique solution (h,g) € Ws+thr(Q) x IIW*"(Q) satisfying boundary condition
(2.30e) and the inequality

(2.32) |[h[lwstir) + lgllwser@) < cllQllwsr@) + IGllwsr@) + IFllws-—1.rq))-

Applying Lemma 2.3 and using estimates (2.28) we obtain that equations (2.30b)
and (2.30d) have solutions satisfying the inequalities

(2.33)

[Sllwer) + I < (I Pllwsr@) + 1Qllwsr@) + [|Gllwsr@) + [[Fllws-1ra) + In]).

It follows from this that the mapping (F, G, P,Q,n) — (h, g,s,v,1) determined by
equations (2.30) determines the continuous operator 2 : (W*~17(Q) x IW*"(Q) x
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WeT(Q)2 x R — WTL(Q) x IWST(Q) x W (Q)? x R. Let us consider the
operator B = (B1, Bo, Bs, B,) defined by the equalities

B1(h,g,5,v,l]) = —RoVuh + RouV h + ¢V,
Ba(h,g,s,v,1) = —I1(b12s + baag + kbsal),
Bs(h,g,5,v,l1) = —R(uVu) - h — b11¢ — xbs1l, By(h,g,¢,0,1)=0
It follows from estimate (1.16) and Lemma 2.2 that

lsVollws-1.rq) < cllsllwer@llellwsr@) < cullsllwsr-

Combining this result with estimates (1.16), (2.29) we obtain that the norm of the
operator B : (W17 (Q) x IW*"(Q) x W*T(2)? x R — WTLT(Q) x HW 7 (Q) x
W#T(Q)? x R does not exceed cu. Since equations (2.25) are equivalent to the
operator equation

I+2A7'8)(h,g,5,v,1) =A1(F,G, P,Q,n),

the assertion of the lemma results from the contraction mapping principle. [.

3. NORMAL COORDINATES

For any point w € § denote by n the unique outward normal vector to S at
point w. Since § is a smooth manifold, there exist a neighborhood O of § and a
number a > 0 so that the mapping (w,t3) — w + tsn(w) takes diffeomorphically
the set S x [—a,a] — O.

Let us calculate the derivatives and Jacobian of this mapping. To this end we
fix an arbitrary point wy € S. In some neighborhood Oy of this point, the surface
S admits the parametric representation

(3.1) SNOy: w=r(t1,t2), [t <a, r(0,0)=wo,
where the vector-valued function r(t1, t2) belong to the class C* in the rectangular
Q= {(t1,t2) : |ts] <a, i=1,2},
for an appropriate choice of a independent of wy. We will write
t = (t1,t2,t3), €= (t1,t2) so that t = (¢, t3).

and introduce the moving frame

e;(t) =0,r(t), i=1,2, e3(t)=n(r()) e X es.

~ Jer x e
Thus the mapping
X:t — r(t)+tses(t) = w+ tsn(w)
takes diffeomorphically
Q x [—a,a] — Oy and Q x [—a,0] — Op NS
Recall the denotations
gi; = ei(l) -e;(f), by =es(t) 0}, x(D)

for the coefficients of the first and second fundamental form of the surface S and

set

aﬁ)

g =det (gi;), (9*") = (ga8)"
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In this notation, the mean and Gauss curvatures of S are determined by the equal-
ities
1 7 1Y
H= 5(1;} +b3), K =bib;— bybi, where b} = g"*bq;
Using the Weigharten equations
Oy e3 = —ble; with i,j = 1,2,
we obtain the expression for the columns of the Jacobi matrix X'(t)
(3.2) O, X =ej —ts(bje; +bles), j=1,2, 9, X =es.
In order to derive the expression to the inverse of X'(t) we use the identity
. (X' = [Vata (X(8)), Vata(X(6)), Vata (X (£))] =
' (det X') "M [01, X x 01, X, 05, X x 0y, X, 0, X x 0, X, |.

Next note that for j = 1,2,

1/2

ejxe3 =g Pejx(e1xey) =g /*((ej-er)e1—(ej-e1)en)) = g~ /*(gjoe1—gj1€2)

and e; x ey = g'/%e3. From this and (3.2), (3.3) we obtain
O, X X O, X = 9% (gjoe1 — gj1e2) — t39~ /2(bjae1 — bj1e2).
and
Or, X x 01, X = g'/?(1 + 2Ht3 + Kt2)
In particular we have the following expression for the Jacobian
(3.4) det X' = (9, X x 9;,X) - 0, X = g"%(1 + 2Ht3 + K12).

We also get the following expression to the lines of the matrix (X’)~! ( the columns
of the matrix (X'~1)*)

(3.5)
(Vat1)(X(t)) = g7 (1 + 2Hts + Kt35)” ' {g20e1 — g21€2 — t3(bzer — bare) },
(Vat2)(X (b)) = —g~ (1 + 2Hts + Kt3)" ' {(g12e1 — g11€2) — t3(bioes — bries)},
(Vat3)(X(t)) = es.

Conformal coordinates The formulae can be essentially simplified if the parametriza-
tion x = r(f) is conformal. This means that

g12=0, g1 =g =g"?

In this case the expression for the lines of the inverse Jacobi becomes
(Vat1)(X(t) = g~ '(1+ 2Hts + Kt3) " {g"/%e1 — t3(bazer — bares)},

(3:6)  (Vat2)(X(t) = g~ (1 +2Hts + Kt3) "' {g"/%es — t3(b11es — brzer)},
(Vats)(X(t)) = es.

In particular, we have the following expression for the Jacobi matrix and its inverse
at the sheet SN Oy

(3.7) X'(t) = [er,ez,e3], (X'71)*(t) = [9_1/291,9_1/292,93}-
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3.1. Surface perturbation. Choose an arbitrary function f € C*(S). Without
loss of generality we can assume that f is extended over R® and the extension
belongs to the class C>°(R?) Let us consider the immersion

(3.8) Srix=w+rflwnw),w e S,

where 7 € [0, a] is a small parameter. For all small 7 this immersion is the embed-
ding and we obtain the family of smooth surfaces S, which can be regarded as a
normal perturbation of S generated by the normal shift fn. Now our task is to
extend the mapping (3.8) over R3. To this end fix a function x € C§°(R) satisfying
the relations
x(s) =1 for |s| <1/2, x(t) =0 for |s| >1.

Introduce a vector field T, (z) defined in the neighborhood O of the surface 95 by
the relations

(3.9)

T,(z) = T;(w+tsn(w)) = f(w)x(ts/7)n(w), where t3 = t3(x) = dist (z,S).

Since the vector field T, vanishes for t3 > a, it, being extended by 0 over R?,
belongs to the class C°°(R3). Hence for all small &, the mapping z — x + T, ()
determines the diffeomoprhism of R3. Moreover this diffeomorphism is equal to the
identical mapping outside of 7- neighborhood of S.

Now we consider in more details the structure of the derivative of 77 and the
related matrix D,. In order to formulate the corresponding result it is convenient
introduce the notation M(t) for the Jacobi matrix X’().

Lemma 3.1. Under the above assumptions,

T,(2) = X (t5/7) f(@)n(w) ® n(w)+

T

X(t3/T)n(w) ® Vign f(w) + x(t3/7)S,

(3.10)

where t3 = t3(x),
Vianf(w) = (I - n(w) @ n(w)) VF (@)l =0

is the orthogonal projection of the gradient f onto the tangential plane to S, and
elements S;; of the matriz S in the local coordinates t are defined by the equalities

Sij = x(ts/7)f(w) Y Wiwei, Wi(T) = —-b5(M "),
a=1,2

in which e;q is the ith component of the vector e,. Moreover, we have

(3.11) Tr T, = 2 (ts/) () — 2 (t/7) H(w),

where H(w) is the mean curvature of S. The matriz D admits the representation

D, = (X' (1/7)f(w) = 2/ {13/ TV H () T-

(3.12) T
—X'(t3/7)f(@) n(w) @ n(w) + x(t3/7) B(W) © Vian f(w) + x(t3/7)S.

The matrizes T, and D, satisfy the boundary conditions

(3.13)
T, =n(w) ® Vignf(w)+S, D, =-2fHI—n(w)® Vi f(w)—S on S.
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Proof. By virtue of the partition of unit approach, it suffices to prove the lemma
in the neighborhood of Oy of an arbitrary point. wy € S. Let t € Q X [—a,a] be
a local coordinate system in this neighborhood, such that # is a local conformal
coordinates on the manofold S N Ogy. In this coordinates we have

1
(314) aIZTT = _X/f (9%.153 n+ Xawpf atq (r)p 6mitq n+ n-+ Xf 6witp 8tpn
T

where (r), is the pth component of the vector-valued function r(f). Noting that
Vats = e3(t) = n(z(t)) we arrive at the first basic identity

1 1

(3.15) =X'f Op,t3 n = =X fn; n.
T T

Next we have

8zpf 8tq (r)ZD 817itq = Z 8xpf atq (I‘)p 8xitq

q=1,2
= > Ou,f MpgNg; = 04, f — MysNsiOu, f = Oz, f — 1y O, f
q=1,2
which leads to the second identity
(316) Xaxpf atq (r)p axitq n= (vtanf)i n,

where (Vignf)i is the ith component of the vector Vi., f. Using the Weigharten
equation we also get the third identity

(3.17) XS Oztp Op,n = —xf Z bg(M_l)giea =:xf Z Wieq.
i=1,2 i=1,2
Combining (3.1)-(3.17) we finally obtain (3.10). Since e; o = M4, we have
TrS=xfY, Y Wea=—xf D, M )aM = —xfbs = —2xfH,
i=1,2 a=1,2 a=1,2

which along with (3.10) and the identity Ve, f - n = 0 leads to the representation
(3.11). Formula (3.12) is an obvious consequence of (3.10) and (3.11). It remains
to note that since x’ = 0 and x = 1 on § boundary conditions (3.13) follows from
(3.11) and (3.12). O

4. LIMITING RELATIONS

In this section we establish some auxiliary facts on the singular limits of integrals,
with the integrands depending on the derivatives of T

Lemma 4.1. For any ¥ € C(Q),

7N\.0

lim /z/z(:c)T’T(:c) dr = /w(w)f(w)n(XJndcu7
(4.1) Q s
liny Q/ (@) Tr T (2) do = S/ (@) f(w) ds
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Proof. Using the partition of unit we can assume that spt ¢ concentrated in
the neighborhood of point wy € S and hence

/w )T (x da:_//d; )T/ (X (t)) detX'(t) dt

where ¥ (t) = (X (t)) and Q = [—a,a]®. Using the identity (3.10) and formula
(3.4) we obtain

TLX(6) detX'(8) = 2 (12/7) 1 (0(0) es(]) © ex(d) 9/2() + R(b)
where
R(t) = %X/(t3/7)f(w(f)) es3(t) @ es(t) (2H +t3K)+

(x(ts/7) €3(6) & Vianf (D) + x(t/7)S() ) g/ + taH + 3K)

Since the functions f, V f and elements of the matrix S are uniformly bounded in

Q x [—7,0] we have
0
// (t)dt<er—0as7T—0
Thus we get
0
hm/w T (2) do = lim // ¥ (ts/7) (w0 (B)es (1) © es(D)g"/2(D) db
Noting that
liy - / / O)]X (t3/7) f (w(D))es(F) @ es(B)g"/2 ([)dt = 0

and using the relations e3(?) = n(w(f)) and ¢g'/2dt,dt, = ds we obtain

0

li [ 6T (z >dx—;1\n57 / (/)£ (D) eal®) @ eal®) g'/*(F) de
Q
1 0
= ;i{%— X' (t3/7)dts /wto es(?) @ es(t) g"/*(F) dirdty =

[ 505 @@)es® © e 2B dtrdra = / $(@)f(@)n() & () ds
Q

S

which yields the first equality in (4.1). The second obviously follows from the first.
0.

Next lemma establishes the limiting relation for the integral involved the deriva-
tives of the mapping D,
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Lemma 4.2. Let the vector fields h,u: Q +— R3 belongs to the class C* ()3 and
vanishes on S. Then

(4.2) hm/a h(z) - (0, D)ude = — /f )Oph(w) - (I—n®n)d,u(w)ds,

Proof. Using the partition of unit we can assume that spt h is concentrated in
the neighborhood of point wy € & , which gives

/8 h(z) - (0, D)udr = //(%clh (t)) - [&EiD(X(t))}u(X(t)) det X'(t) dt.
Q -
Notice that

9z, h(X (1)) - [0, D(X(£)] u(X (t)) = G*9;, h(t) - [9;,D(X (t))] (t)
where
h(t) =h(X(t), u(t)=u(X(t), G = (Vxt,)(X(t))- (Vxty)(X(t)).
Thus we get

/a%h( ) - (0., D) udx—//quat - [0, D(X(t))] a(t) detX’(t)dt.

Since u vanishes at S, the Taylor formula gives
u(t) = u(w(t) + tsn(w(?)) = Onu(w(t))ts + r(w, ts)
where

1
t—r(w, ts) — 0 as t3 — 0 uniformly with respect to w € S
3

Since the first derivatives of h and functions GP? are uniformly bounded and
|0;,D| < 72 we have

0
é/[‘qu(’?tph(t).8tqD(X(t))r(t)| detX'(t) dt < 7™ //|r ) dt — 0

as 7 — 0. Thus we get

lim [ 0,,h(x)-0,;,Dudz =
T\O

11\1\%/ / t3 GPe 6,5 8t ( (t)) 67111((4](%)) detX’(t) dlfldtgdt3

Next it follows from the representation (3.12) that
10y, Dr| < et for g =1,2
and

9, D, — %x”(t3/7)f(w(f))(1 Cn@n) 4 By with | (t)] < er!



22 P. I. PLOTNIKOV AND J. SOKOLOWSKI

It follows from this that
t3GP19,, h(t) - [0, D(X(t))] Opu(w(?)) detX'(t) =

=X (ts/7)f (w(@)G™ 0, h(t) - (I - n@n)du(w(?) detX'(t) + Ra,

where
|R2| S C|t3|/7’ S (&

Using formula (3.4) for the Jacobian we obtain

£GP0, B(6) - [0, D(X (£)] d,u(w (D)) detX'(t) =

X" (t3/7) f(@()G™8;,h(t) - (I - n®n)d,u(w(®)g"/? + Rs,
where |R3| < ¢. From this we conclude that

11{11 Oz, h(z) - (0, D)udr =

m“‘//@xtyT (w(D)) G™ 0y, h(t) - (I —n @ n)du(w(D)g'/? dt

N0 T

Since the vector field h vanishes at t3 = 0 we have for a = 1,2
O h = 14(t), 0, h(t) — 9, h(Z,0) = r3(t),

where r;(t) — 0 as t3 — 0 uniformly in ¢ € Q. In particular we have

0
S| [ [ eams@@ern® - - nowo,uwme a <
Q —T

C
—2//|t3| |r1| + |r2| + |r3]) dt — 0 as 7 — 0.

Combining obtained results we arrive at the equality
lim Oz, h(z) - 0y, Dudr =

““‘//wx@ﬁ (w(®) G* 0, h(F,0) - (I - n® n)du(w(D)g"/? dt

7\.0 T2

Recalling that
d,h(7,0) = 9, h(w(?)) and G =e3-e3 =1
and using the identity

0
1
—2/ tg/’?' dtg——l
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we finally obtain

ll\I\% 0z, h(z) - (05, D)udr =
Q

7\,0 T2

0
lim 1 / / tax" (t3/7) f(w(®)dh(w(@)) - (I - n @ n)d,u(w(t))g'/? dt =
Q —7
0

(tim s / tax" (ts/7) dt / J@(®)0,h(@(@) - (T - n®n)d,u(w@))g"/? dtdts =
Q

- /f(W(f))anh(w(f)) -(I-n®n)du(w)g'/? dadi =
Q

- /f(w)anh(w) -(I-n®n)d,u(w)ds
s
which yields (4.2) and the lemma follows. [J

5. PROOF OF THEOREM 1.3

Fix an arbitrary function n € C°°(Q) satisfying the boundary conditions n = 0
on Y so that = 1 in a neighborhood of §. Next choose the perturbation T in the
form (3.9). Notice that the derivatives of the function 5 vanish in a neighborhood of
S and the vector field u belongs to C*(Q). Substituting T, into (1.21) integration
by parts and applying Lemma 4.1 we obtain

(5.1) lim L(T;) = 0.

Since the function n is infinitely differentiable the right hand sides (A4, B,C) of
adjoint state equations (1.25) belongs to W17 (Q)x ITW " () x W7 (Q), it follows
from Proposition 2.4 that (h*, g*,¢*, v*,1*) € WIS (Q) x IIWS™(Q) x W™ (Q) x
R. Applying Proposition 2.4 to problem (1.29) we conclude that (h,g,s,v,l) €
Wtsr(Q) x W7 () x W (Q) x R.

It follows from this that the functions ¢g*, ¢*, and v* are continuous. From this

and Lemma 4.1 we obtain

(5.2)

lim [ Tr T. (blog*—i-bgog*—l—av*—i-l*bgo) der = /f(w) (blog*—l—bgog*—l—av*—i-l*bgo) ds.
S

7\.0
Q

Next we have

/.@(TT) -h*dx = /div[(Tr T/I1—-D, — D¥)Vu] - h*dz+
Q

(5.3) /(D:Au + A(D;u)) - h* do—
Q

R/Q[Di(uVu) +uV(D;u)| - h*dz = I1(7) + L(7) + I3(7).
o)
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Recall that by virtue of definition of the spaces Y*", we have u € Y C W?22(Q)
and ¢ € X*" C W12(Q) On the other hand, the vector field h* has continuous
derivatives in 2. Hence we can integrate by parts to obtain the identity

(5.4) Is(r) = R/ [¢D%(uVu) - h* — o(uVh*) - (D, u)] dz
Q

Here we use the equality div(gu) = 0. Since g, Vu, Vh* are continuous and u, h*
vanishes at S, we can apply Lemma 4.1 to obtain 11{1% I5(7) = 0. Next introduce
T

the matrix
V="Tr T’TI—DT—Di.
Note that
(VVu)ij = ikﬁwkuj, [le(Vvu)]J = 6% (Vzkﬁmku])
Thus we get

ZT; ]

Ii(r) = /div(VVu) -h* = —/Vik[)zkuj O, dx
Q Q
It follows from Lemma 4.1 and the equality D = Tr TI—T" that for any ¢ € C(Q),

li{r})/Vikz/J dx = /f(w)(—&ik + 2n; ng)Y(w) ds.
Q s

Since Vu and Vh* are continuous, we conclude from this that

1%]1(7') = /f(w)aziuj Oz, h; ds — Q/f(w)nkamkuj ni0z,h; ds
S S

Recalling that u and h* vanish on 0 f we obtain
O, Uj Bmih;-‘ =0pu - Opyh", N0z, u; niaxih; = 0pu - O,h*,

which gives

li{r(l)[l(T) = —/f(w) Opu - O,h* ds
s

Next integrating by parts we obtain

I(7) = —/ [(DT +D5)0y,u - Oy, h* + 0y,u - (0, D )" + O, 0" - (811.D7)u} dz
Q
Applying Lemma 4.1 and 4.2 we arrive at the equality

71—i\‘n1012(7—) = _Q/f(w) [&Eiu + Og,h* — (n . amill) (n . amih*):| ds+
S

2/f(w) [(’%u- Op,h* — (n . Bnu) (n . 8nh*)} ds.
S

Since u and h* vanish on S, we have 0;,u = n;0,u and 9,,h* = n,;0,h* which
gives

Oz, u- 0y, ™ — (n . 8ziu) (n . 8xih*) =0,u-90,h* — (n . 8nu) (n . (?nh*).
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Thus we get li{rb I>(7) = 0. Combining (1.20) and (1.26) we arrive at the following
expression for the shape derivative of the drag functional
d

EJD(GE)

e=

= Le(TT)—f—/Tl” Tfr (blo§*+bzog*+0’u*+l*b30) dr+1; (T)-i—]g(T)—f—Ig(T).
Q

Letting 7 \, 0 we finally obtain

d
E‘]D(GE)

0 /f(w) (b10§* + boog™ + ov™ + 1*b3g — Opu - 8nh*) ds.
e=
S

It remains to note that by virtue of identity (1.30),
(g*,¢*,v*,1*) = (g,5,v,1), O,h* =09,hon S,

and the theorem follows. [J
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