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Abstract: This paper deals with the geometrical singularities of the weak solution of the mixed boundary value
problem governed by the stationary Stokes system in two-dimensional nonsmooth domains with corner points and points
at which the type of boundary conditions changes. The presence of these points on the boundary generally generates
local singularities in the solution. We will see the impact of the geometrical singularities of the boundary or the mixed
boundary conditions on the qualitative properties of the solution including its regularity. Moreover, the asymptotic
singular representations for the solution which inherently depend on the zeros of certain transcendental functions are

presented.
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1. Introduction

Let Q C R? be a 2-dimensional bounded domain, whose boundary 9 comprises the corner points and points
at which the type of boundary conditions changes. Note that a point P € 9f) is said to be a corner point if
there exists a neighborhood 7(P) of P such that Q Nn(P) is diffeomorphic to a cone & intersected with unit
disc. For simplicity, we are considering a bounded plane polygonal domain (see Figure 1) with corner points
(w # ) and points (w = m) at which the type of boundary conditions changes. The boundary points where
the boundary conditions change are also referred to as corner points or vertices. The obtained results for a
polygonal domain can be extended to a 2-dimensional bounded domain, i.e. (Lipschitz continuous) C% ! with
corner points. We considered one point as a special case of interest of corner points with an angle w = 7 on one
side of the domain 2, where the Neumann boundary condition, the Dirichlet boundary condition, respectively,
is prescribed.

For the polygonal domain € with the vertices P, ..., Py, we introduce the following notations. Let
Pyy1=P, J= {1, . N}, T; (i € J) be the open edge connecting the vertices P;r; and P;, Iy =Ty, and
w; (i € J) be the interior angle made by I';_;,T;. Let Jp = {z € J: on I'; the Dirichlet boundary conditions
are prescribed} and Jy = {z € J: on I'; the Neumann boundary conditions are prescribed}.

We assume that Jp, Jn are nonempty disjoint sets and J = Jp U Jn. Moreover, let I'p, I'y be given
by I'p = Uieijiv I'y = UieJNfi' We have Tp NIy =0 and 90 =Tp UTy.
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Figure 1. Schematic illustration of a polygonal domain with vertices P, ..., Py .

The velocity and pressure formulation of the stationary Stokes system on a domain Q is

—vAv+Vg=f in Q
1.1
{ divv =0 in (L.1)

where v = (v1,v2) is the velocity vector field with the cartesian components vy, vs, v is the viscosity parameter
of the fluid flow, i.e. (v > 0), ¢ is the hydrostatic pressure and f is a given volume force density.

The following mixed boundary conditions are considered on the boundary 0€:

v=h; on TIp, (1.2)

S[v, q]n:hg on I'y, (1.3)

where n = (n1,n2) is the unit outward normal vector to the boundary and S [v, q] is the hydrostatic stress

tensor with the cartesian components

Ovi | a”j). (1.4)

S[v, q] = —adi; + V(aa:j Oz;

Here, 0;; is the Kronecker symbol. Furthermore, it is noted that if the second equation of (1.1) becoming
—divu = ¢ for a given function ¢ satisfying the property fQ gdx = 0, then a particular regularity of g¢
is required for proving the regularity of the pressure function or for handling the nonzero boundary data.
Generally, for incompressible flows the function g is set equal to zero to satisfy the incompressibility condition.
For simplicity, we are considering g equal to zero. Therefore, for a smooth boundary, smooth given data
and boundary conditions, the system (1.1) has a smooth solution [41]. The system (1.1) with the boundary
conditions (1.2)-(1.3) is known as the stationary Stokes system with mixed boundary conditions [27, 34].

The Navier-Stokes equations or even the Stokes equations are solved for Dirichlet boundary conditions
[8, 10, 11, 15, 17] but this is not common in some situations like finite channel flow models [17, 26]. Usually,
these boundary conditions are used in the upstream of the channel and on the fixed walls but not downstream

of the channel, because the downstream velocity depends on the flow in a channel which is unknown. The
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situation becomes more intricate when the boundary of the domain has corners or edges and the Neumann
boundary conditions are applied on parts of the boundary [25, 32]. Therefore, the second equation of (1.1) helps
to characterize the different types of Neumann boundary conditions with the Green theorem. In numerical
methods, the condition (1.3) is used on the downstream boundary [13].

The corner singularity theory has been established for compressible viscous Stokes and Navier-Stokes
systems on polygonal and polyhedral domains, and the singular behavior of the solution structure near the
corners and edges has been studied in [17, 25, 35]. The key point of the corner singularity theory is to split the
solution into regular and singular parts. In [25], the method of special ansatzes and spherical coordinates are used
to calculate the singular terms for the Dirichlet problem of the Stokes system. Analogously, in [38] the Fourier
transform is used for Lame’s system with various boundary conditions to obtain the singular functions. There
are some results about the regularity issues for stationary incompressible Stokes and Navier-Stokes systems
on bounded domains with corners. In the singularity expansion method for the Stokes problem, the spectral
problems related to the corner singularities of solutions to elliptic equations were discussed in [8, 9, 19]. Serre [37]
has investigated the existence of the solution of the stationary Navier-Stokes equation for an irregular boundary
data for a connected and open bounded subset but has not analyzed the regularity of the considered problem
in a cornered domain where the types of boundary conditions change. Kellog and Osborn showed the H? x H*
regularity result for the solution of the Stokes problem in a convex polygonal domain in [21]. The H?-regularity
(s being real and nonnegative) of solutions to the Stokes system on convex domains with corners was studied
by [10]. Kweon [28] has considered zero Dirichlet boundary conditions to examine the regularity results of the
incompressible Navier-Stokes equations in a nonconvex polygonal domain. These results have been extended for
compressible Navier-Stokes equations in a nonconvex polyhedral cylinder in R? with inflow boundary conditions
[30, 31]. Also, Mazya [33] has considered the stokes problem with mixed boundary conditions in a polyhedral
domain to analyze the existence and regularity of the problem in weighted Sobolev spaces. Moreover, the results
are established on the point estimates of Green’s matrix. The Helmholtz decomposition was used to obtain
regularity results of the compressible Stokes system in a nonconvex polygonal domain with no-slip boundary
conditions in [29]. The treatment of corner singularities and regularity results of the stationary Stokes and
Navier-Stokes equations on polygonal domains with convex and nonconvex corners are comprehensively explored
in [4].

However, the above-cited literature reveals that the main singularity and regularity properties are inves-
tigated by using the classical Sobolev spaces, and by employing the Fourier transform, the method of special
ansatzes, and spherical coordinates.

The main focus of the present study is to analyze the existence and regularity of the weak solution of the
mixed boundary value problem for the stationary Stokes system in a two-dimensional bounded domain with
corner points or points at which the type of boundary conditions change. The aims are to analyze the qualitative
properties of the solutions including their regularity near corner points where the types of boundary conditions
change. A parametric boundary value problem for the Stokes system is obtained by employing the localization
technique and the Mellin transform, which depends polynomially on the spectral parameter. Furthermore, we
derive the transcendental equations for the parameter problem for various combinations of Dirichlet, Neumann,
and mixed boundary conditions, which, in turn, depends on the abovementioned parameter. Analytically, it
is much more difficult to determine the values of a parameter; therefore, a MATLAB program is developed
with the aid of the Newton method to compute the distributions of the parameter. The existence of the

generalized eigenvalues is discussed in a strip R. A, € [0, 1) with the aforementioned combinations of the
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boundary conditions that depend on the apex angle wgy of the considered domain. Moreover, it is shown that
the obtained eigenvalues and the corresponding eigenfunctions generate the singular terms, which allows us to
determine the optimal regularity of the weak solution of the Stokes system.

The organization of this paper is as follows: In Section 2, we introduce some function spaces and present
the weak formulation of the stationary Stokes problem. In Section 3, we determine a parametric boundary
eigenvalue problem with a complex parameter A, the stationary Stokes system is being considered for various
combinations of Dirichlet, Neumann, and mixed boundary conditions. Furthermore, transcendental equations
for different conditions whose zeros are the eigenvalues of the operator pencil U (A\) are derived. In Section 4, the
distribution of the eigenvalues and the eigenfunctions are discussed. The obtained eigenvalues and eigensolutions

yield singular terms. Additionally, some regularity results are presented. Section 5 is devoted to conclusions.

2. Analytical preliminaries
2.1. Some function spaces

Let us consider the following function spaces from [1, 14]. For v = v(x) with x = (z1,22) € 2. We denote by
Dy the multiindex notation for higher-order derivatives and in cartesian coordinates is described as
N olely
D U:W, a= (a1, a2), |of=a+ as. (2.1)
For 1 < p < oo, the space of all Lebesgue-measurable functions v describe on {2 and p-integrable on € is
denoted by LP(Q2) and is equipped with the norm

H’UH = (fQ |’U(X)‘de)% < 09, for 1 < p < 00,
LP(Q) ess sup{|v(x)| X E Q}, for p = oco.

We can write HUHLp(Q) =| . For p =2, then |[v||2,q is the norm in L?(). It is recognized that LP({2)

o[l 0
is a Banach space. Let [LP(Q2)]* = L%(f2) is the corresponding dual space, where ¢ is the dual exponent given

by ]% + % = 1. Moreover, the space L?(Q2) is a Hilbert space endowed with the inner product

(v,u)o = (v,u)r2(0) = /Qv(x)u(x)dx.

Now, the proper function spaces to define the weak derivatives of functions on domain € are introduced.
The usual definition of differentiability is too strong for our intentions, and we introduce the concept of weak
differentiability. The function v € LF () (this means that v € LY () for all Qy CC Q) possesses an ath

loc loc

p

weak derivative (« € No) if there exists some u € L}

(Q) satisfying

vxa—axx:—lal w(x)Y(x)dx 5°
[ o gviax = (<1 [ o v e o

If this is the case, we write D“v = u as the weak derivative is unique. Now, it remains to describe the suitable
function spaces. For certain given nonnegative integer m € Ny and 1 < p < oo, we denote by W™P(Q) the

Sobolev spaces are defined as

Wme(Q) = {v e LP(Q): D*v € LP(Q), Vo] <m}.
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This is a Banach space which equipped with the norm

1
follwrrey =( X [ 1D"0Gorax)", pe 100,

|a]<m

[vllwme@) = Y D)), p=oc.

lal<m

We also need the seminorm

1
oy =( 3 / Do(fPds)”. pe [100).

Ia\

|’U|Wm oo(Q Z ||D ’U ||L<>o(Q), p = Q.

lee|=

The Sobolev spaces of nonintegral order are introduced below in Definition 2.1. Particularly, the space

Wm™P(Q) for the case p = 2 is a Hilbert space with the inner product (.,.). For simplicity, denoted by

wm2(Q) = H™(Q) = H™ with the norm |[[v||ym2q) = [[v|gm@). Furthermore, we use the notation

= {q € L?(Q) : fﬂqu = 0} and let H} denote the functions in H! with zero boundary values. For

€ (0, 1), H{" denotes the closure of Cg° in the topology of H™, where C;° is the space of all C>° functions

with compact support in Q. When m > 1, HJ* = H™ N H{. The dual space of HJ® is denoted by H~™ and
is endowed with the norm ||f||-,, = sup % T v) , where the notation (,) stands for the duality pairing.

veEHT
For vector spaces, we can write H™ = H™ x H™, L™ = L™ x L™ etc. Let C represent a generic constant

which can have different values in different places and may depend on certain quantities as parameters.

Definition 2.1 For a real m > 0, represented as m =n+ o with n € Ny and 0 < 0 < 1, the space

m_ m(Q) = {U QSR ol < oo}, (2.2)
where
[ol72 = lollae+ Y D3,
la]=n
and

Nl

lollnz = (3 ID0l3,)",

loe|<n

o D “v(z2)|? B
[D%0lo2 = // |961—3732|2+2‘7 dmld@) ’

is known as the Sobolev-Slobodeskij space. It is endowed with the norm ||v|m. 2.
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2.2. The weak solution of the Stokes problem
In this section, the weak formulation for the stationary Stokes problem (1.1)-(1.3), the solvability, and the

uniqueness of the solution are presented in a detail. Let
E(Q) = {u € C*(Q)? divu=0, suppunTp = Q)},

where suppu = {X| u(x) # O}, and suppu C 2. Moreover, let u € C*°(Q) be a test function such that u =0
on I'p. Let V™P be a closure of £(f2) in the norm of W™ ?(Q)% 1 <p < oo and m > 0 (m need not be an
integer). Then V" ? is a Banach space with the norm of W™ ?(Q)?2. For simplicity, we denote V%2 and V12
as H and U, respectively. They are closed subspaces of the spaces L?(Q2)? and W1 2(Q)2. Note that U and
H |, respectively are Hilbert spaces with the scalar products

ou; Ov; .
o Ox; Ox;

(u,v)H:/Qu-vdX and (u,v)U:/QVu-VvdX: (2.3)

To seek that v € WH2(Q2)? and q € L?(Q2), define the following function space
w(Q) = {u eWh2(Q)?: u=0 on FD}.
Moreover, the second equation of (1.1) yields that v — h; belongs to the subsequent space
V() = {u eWh2(Q)?: u=0 onTp, div u=0, in Q},

supposing h; has a divergence-free lift. Clearly, V(£2) C W(Q) are closed subspaces of W1 2(Q)2.
The weak solution of the problem (1.1)-(1.3) is obtained from the following variational formulation: find

a pair (v, q) such that v—h; € V, ¢ € L?(Q) and
a(v,u) + b(q,u) = (f,u) + (hg,u)FN, Yue W, (2.4)

where

a(v,u) = 21// D(u) : D(v)dx and b(g,u) = —/ q (div u) dx,
Q Q

where D(u) is the symmetric part of the velocity gradient Vu. The coercivity of the bilinear form af(.,.)
is ensured by Korn’s inequality. Furthermore, by De Rham’s theorem [39, 40], the equation (2.4) yields the
following identity

a(v,u) = (f,u) + (hg,u)FN, YueV. (2.5)
Remark 2.2 [t is noted that when I'p = 0Q that the bilinear form a reduces to

a(v,u) = 1// Vu: Vvdz,
Q

then in this case one does not need Korn’s inequality to prove the coerciveness.
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Remark 2.3 The weak solution of the Navier-Stokes system with homogenous boundary conditions is proved
in [7, 18]. For any f € L?, there exists a uniquely determined weak solution (v,q) of the homogenous mized

boundary value problem (1.1)-(1.3) and the following estimate holds:
IvIlv + llgllzzc) < ellfll L2, (2.6)

where ¢ = ¢(Q). Hence, we have to analyze the smoothness of the weak solution (v,q) and see how it depends

on the sizes of the angles w;, i =1,..., N of our polygonal domain.

Remark 2.4 The weak formulation of the mized boundary value problem for the Stokes system (1.1)-(1.3) in
a bounded Lipschitz domain for an arbitrary hy and hy is proved in [[13], Theorem 8.1, Part (iii)]. That is,
if [Tp| >0 and |Tn| > 0, there exists a unique solution (v,q) € W x L*(Q) of the variational problem (2.4)

that depends continuously on the data, i.e.

IVl + lallzzy < (I8l + il 5+ ol _y ), (27)
(T'p) (TN)
where the constant ¢(,T'p). The pressure is unique under these conditions, and if ‘FN‘ = 0, then lose the

uniqueness up to a constant.

Remark 2.5 If the given data on the right-hand sides of (1.1)-(1.3) are smoother, for evample, £ € L?(2)2,
hy € [H2('p)]? and hy € [H2(TN))2, further if the domain is sufficiently smooth and the boundary conditions
do not change their types, then it is proved in [{1] that the weak solution (v,q) of the Stokes system belongs
to [H2(Q)]? x [HY(Q)]. Instead, if the domain has corner points or points upon which the type of boundary
conditions changes, in general, the regularity cannot be improved accordingly (see [16, 21]). As a matter

of fact, in these cases, the reqularity can be described by a decomposition of the two-dimensional solution
v(xy,x9) = (Ul,vz,q)T(xl,xQ) into singular and reqular parts of the form
ik
V= Using + Ureg = Z Tkj’k (I)j,k()\j,ka Tk, ok) + Ureg- (2.8)
Jik
Here, the reqular part v.eq belongs to [H?(Q)]?x [H(2)], the corner points are indicated by k with the equivalent

polar coordinates (1, 0x), the exponents \j i are the eigenvalues of the considered problem, and ®;  are the

corresponding generalized eigenvector fields.

Therefore, the information about the singular terms permits us to determine the Sobolev-Slobodeskij spaces
wherein the weak solution of the considered boundary value problem is contained. Thus, we can subsequently

formulate the regularity problem:

Definition 2.6 (The regularity problem for the two-dimensional Stokes problem). Determine an optimal m € R

with m > 0, so that the leading singularity belongs to the Sobolev-Slobodeskij space [H™T(Q)]? x [H™(Q)].

3. The Stokes problem in an infinite cone

In this section, we will see the occurrence of the singular terms of the solutions of the boundary value problem
governed by the stationary Stokes problem near the corners and the structure which they have. So, to analyze

these results, the following steps are followed.
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1. We localize the Stokes problem (1.1)-(1.3) in the neighborhood of a corner point and then consider the

problem (1.1)-(1.3) in an infinite cone.

2. The problem (1.1)-(1.3) is written in local polar coordinates (r, #) and then using the change of variable
r = e7. Afterward, the Mellin transform concerning the variable 7 is applied to obtain a boundary
value problem for a system of ordinary differential equations which depend on the complex parameter A.
Moreover, the operator pencil u (M) is used to represent the generalized form of this parametric boundary

eigenvalue problem.

3. The eigenvalues and the generalized eigensolutions of this parametric boundary eigenvalue problem with
various kinds of boundary conditions are obtained. They enter the asymptotic development of the solution
of the model problem near the corner points. Finally, the regularity results can be followed by the general

theory of ellipticity.

3.1. Localization and the model problem

Assume that Q is a polygonal domain. To show that the weak solution (v, q) of the underlying boundary value
problem is regular, we have to investigate its behaviour near the corner points P; (i € J). Let us consider the
corner point Py as origin and denote wy = wp € (0,27). An appropriate infinite differentiable cut-off function

X(|x]) = x(r) depending on the distance r from the point Py is defined as

The number e is so small that Py is the only corner point of the domain € that lies inside the circle
{x: |x| < 2¢}. We multiply both sides of (1.1) and (1.2)-(1.3) by the smooth cut-off function x, then substitute
(u, p) = (xv, xq) in (1.1) and likewise in (1.2)-(1.3). The derivatives are considered in the distribution sense.

Thus, the boundary value problem is set into an infinite cone
S:{(r79):0<r<oo,0<9<w0},

and coincides with the original problem near the point Py . The Stokes system (1.1) becomes

{ —vAu+Vp=F in S5 (3.1)

divu =G in S,

where F = xf — 20Vx - Vv —vvAyx +¢Vyx and G = v - Vyx. The behavior of (u,p) near the corner point
Py determines the regularity of the solution (v,gq) in the neighborhood of the point Py . If we suppose that
the right-hand side in (1.1) is f € L2(2)2, then F € L?(5)? and G € H'(S). Besides, the following boundary
conditions are prescribed on the subsequent edges I's o (§ = 0) and I'g ., (f = wo) of the cone (see Figure 2).
Just one condition is considered per edge to differentiate between the mixed boundary conditions. Therefore,
the obtained boundary conditions are:

Dirichlet boundary conditions:

u=H; on FS,O, FS,wo if FS,O; FS,wo C I'p, (32)
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where yh; = H;.
Neumann boundary conditions:

S[u,p]n = HQ on Fs,o, F&wo, if FS,O; FS,wg C FN, (33)

where xhy +vn(Vx v+ v-y) =H;, and the notation (-) denotes the vector direct product between two

vectors.
Mized boundary conditions:

(3.4)

Figure 2. The infinite cone S with opening angle wp.

It is observed that the right-hand sides of the obtained boundary conditions have similar smoothness
as the original problem in the domain 2. To analyze the regularity results of the boundary value problem

(3.1)-(3.4) , we rewrite the operators in polar coordinates. Hence, the transformed form is

Pu, 1 Ou, 1 0%u,  u, 2 Oug dp
NG Tt e —w ) T =
0%up 1 Ouyg 1 Q%up  ug 2 Ou, 1 0p
_ -7, _ v 2 r it 3.5
V( or2 r Or + r2 902  r2 + r2 89) r 00 Fo, (35)
10 10
; E(T’ur) + ; %UJQ = G,

where (u,,ug) are the polar components of the velocity vector U, (F., Fy) are the polar components of F and

- (ur\ _ u\ = (Fr) Fy ([ cos@ sinf
u_(uo>_A(uQ)’F_(F9>_A(F2>’A_<—sin9 cos@)'

Similarly, the boundary conditions (3.2)-(3.4) emerge as

are given by

— T —1
Uy o = (rue)'|y_y , =H, (3.6)
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g5 = .
72 .
—p+2v(tme 41 “T)|9:0 wo = Ho»
—1
“T‘e:o = H,,
Uy :F 5
e @3
o0 T =H,,
—2
Hy,

—P+2V(iau9 + ur)’e:wo =

where m = 1 for Dirichlet and m = 2 for Neumann boundary conditions. They hold
F(r,0) = F(z1,72) and G(r,0) = G(z1,72).

p(r,0) = p(z1, 72),
Accordingly, the system (3.5) is set on the

(H, Hg)",

and H" =
in the infinite cone where U(r, ) = u(x1, z2)
Now, the variable 7 is introduced by the relation r = e
infinite strip with width wq as
u,  u, Oty o . o~ . 5
(572 a2 '~ ae)*F_p_FT S
ug g ou op _ = g
g% YR & T o i 3.9
(G + g —Wo+2 55 ) +gg=F w8 (39
Ot o1 ~ _
T, o+ % -G i S

or
—00 < 7 <00,0<6 <uwp}and a=mu(e,b),p=cple,0),F =eF(e,0) and

The Dirichlet, Neumann, and mixed boundary conditions also yield the transformed form

Here, S = {(T, 0)
G =e"G(e,0).
with the boundary data H!T! = e”ﬁl+1(67, 0),1=0,1 as
ﬁ|0 0, wo = (aTan)TL:O wo = Hlv (310)
tv( %+ e — )| = HE
oo pow (3.11)
H(-p+w(Gp+an)| = H,
=0, wo
~ _ 7l
fir |y = Iff’
11(9!9 0~ Hy,
(BuT + Bug ﬂé’)‘e — sz (312)
=wo
_p—|—2l/( 39 +’LL7-) P = H92
8— is introduced

To obtain the boundary eigenvalue value problem, the Mellin transform with respect to r € R
(3.13)

%/ a(r)yr—"'dr, acC.
0

= (2m)”
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Letting r = €7, (3.13) yields

Ma(r)](a) = a(a) = (27) "2 / e a(em)dr = Fla(e)](N), (3.14)
where a = i\, A € C, i? = —1 and F[u(e™)](\) is the complex Fourier transform with respect to the variable

7. We have
Rea=—-ImA, Ima=Re.

Now, by applying (3.14) to (3.9)-(3.12) with respect to 7, the two-point boundary value problem for the
unknown functions (4., g, p) is obtained. It depends on the complex parameter A and holds on the interval
I =(0,wp). Let L(X\) denote the matrix differential operator of the transformed form of the system (3.9) and
maps W2 2(I)? x WL 2(I) — L%(I)? x W1 2(I). Therefore, one has

LN (@,p) = (F,G) on  I=(0,w), (3.15)
where
) —1/[;—;2 — (14 A%)] 2v2 —(1—14X)
L) = —2v 2 [ 2 — (14 22)] 2 : (3.16)
(1+4N) 2 0

Additionally, the matrix boundary operators for different kinds of boundary conditions can be written as:

For Dirichlet boundary conditions

- 1 00 - 1 00
Bppi(A)|sy = <0 1 0> + Bopa(Wl,y, = <0 1 0> ' (3.17)
For Neumann boundary conditions
o . ) .
. vss —v(l—iX\) 0 - —v& v(l—i\) 0
Byni(A =2 Bnna(A = 90 . 3.18
Wy <2u 22 —1) + BrwaQloe, < 2w —wd 1 (3.18)
For mized boundary conditions
R 1 0 0\ - vZ —v(1—i\) 0
Bpni(A = Bpnaz(A =2 . 3.19
pn1(N)]y_g (0 ] 0) , Bona(V)]y_, <2V 2w 1) (3.19)

Therefore, the operator B[ 1(A) is used below to define the general transformed form of the matrix boundary

operators for different kinds of boundary conditions

{B[,.](A)(ﬁ,ﬁ)}:(ﬂl,fﬁ) on I = (0,wp). (3.20)

Accordingly, the generalized form of the operator pencil I (M) for the two-point boundary value problem can

be written as

U = [LO, {By 0} (3.21)
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Therefore, the operator U(\) maps W2 2(I)2 x Wh2(I) into L*(I)% x W 2(I) x C2 x C2. Note that Z()\) can
be defined for every boundary point in the sense of [2, 3]. Thus, U(\)(0, A) = 0 is used to describe a generalized
eigenvalue problem and the solvability of these type of problems is discussed in [24]. Besides, the eigenvalues
of the operator U (M) are obtained with the determinant method; this means that the nontrivial solution of the

generalized eigenvalue problem leads to a transcendental equation whose zeros are the eigenvalues of u (M. To

compute the eigenvalues and the corresponding eigenfunctions, we proceed as follows.

Definition 3.1 A complex number A = A\ is known as eigenvalue of Z;l()\) if there exists a nontrivial solution,
i.e. (., \o) # 0, which is holomorphic at Ao, such that U(Xo) @(0, o) = 0. @(0, o) is called an eigenfunction
of L?(AO) corresponding to the eigenvalue \o. The set of fields {QO(O,)\O), 10,1(0, Ao), -, ﬁo,s(a,Ao)} with

Ug,0 = Uo @5 said to be a Jordan chain corresponding to the eigenvalue Ao, if the equation

6
87 ) Vom—q(0, )] _ N =0 for m=12.s,

m
q=0

*Q‘)—A

is satisfied. The number s+ 1 is called the length of the Jordan chain.

Remark 3.2 [t is noted [22-24] that if the complex number X\ is not an eigenvalue of the operator Z;l()\) , then
U(N) is an isomorphism between the spaces W 2(I)2 x Wh2(I) and L2(I)? x Wh2(I) x C2 x C2.

3.2. The calculation of the eigenvalues

To evaluate the eigenvalues and the corresponding eigenfunctions of the stationary Stokes system for various
boundary conditions, the determinant method is considered (see [5]). The result is the transcendental equations
whose roots are the eigenvalues, namely, A\, wherein (p is used for multiple eigenvalues, i.e., p=1,...,N).

Dirichlet boundary conditions (DD): It means that Dirichlet boundary conditions are given on both sides

of the corner point. The solutions of the equation
sin?(Awp) = A% sin?(wy), (3.22)

are the eigenvalues of U()).
Neumann boundary conditions (NN ): It means that the Neumann boundary conditions are given on both

sides of the corner point. The eigenvalues are the solutions of the equation
A% sin?(wp) — sin?(Awp) = 0. (3.23)

Mized boundary conditions (DN): It means that Dirichlet or Neumann boundary condition is given on
one-side of the corner point and the other condition is given on the other side. The eigenvalues are the solutions

of the equation

cos?(Awp) — A? sin?(wp) = 0. (3.24)
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4. Regularity results

Let (v,q) € W1 2(Q)?x L%() be the unique weak solution of the stationary Stokes problem. The information of
the singular terms permits us to evaluate the optimal regularity of the weak solution (see [4, 38]). The exponent
Au (generally complex) described below are the resulting eigenvalues that can be obtained from the above
derived transcendental equations of the generalized boundary eigenvalue problem. For the optimal regularity of
the weak solution, it holds that the solution belongs to H*®R<*0~¢(Q), where € > 0 and ), is that eigenvalue
which has the smallest real part R, A, that lies in the interval (0,1). In the subsequent figures (Figures 3 and
4), the black lines reveal the real eigenvalues, while the red lines reveal the real parts of the conjugate pair of

complex eigenvalues.

3 31
25 251
2 2t
- -
T A @157
@ x
1 17
0.5 051
0 0
0 w2 " 3mi2 2x 0 /2 - 3n/2 2x
“o “o

Figure 3. Distribution of the eigenvalues for DD and NN  Figure 4. Distribution of the eigenvalues for Dirichlet-
boundary conditions, where black lines — real eigenval-  Neumann boundary conditions, where black lines — real
ues and red lines — real parts of the conjugate pair of  eigenvalues and red lines — real parts of the conjugate
complex eigenvalues. pair of complex eigenvalues.

To estimate the singular terms in solutions, the query arises whether we have achieved all the feasible
singular terms. The response is yes if all the eigenvalues are simple. The following theorem [11, 24] expresses

the singular behavior of the solution of the problem (2.4) in the neighborhood of a corner point.

Theorem 4.1 Given f € LP(Q)?, 1 < p < oo, (v,q) is the uniquely determined weak solution of the problem
(2.4) and let P be an isolated corner point of T'. If A1, Aa,..., AN are the eigenvalues of the operator Z;l()\),

then the solution (v,q) admits the subsequent expansion in a neighborhood Ps of P, i.e.

N 1. kup—1

(v,q) = x(r) ZZ Z Cup. ke Pp,p w (75 0)

p=1p=1 k=0

+ [vmg(r, 0), Greg(r, 9)], (4.1)

With (Vyeg(r, 0), greg(r, 0)) € W2P(P5)*> x WLP(Ps). Here, N be the number of all eigenvalues of the operator
Z:l()\) in the strip ReA, € (0,2 — %), the constants cy, , « depend on the data and the singular functions,

1, = dim KerZJ(AH) , Kup 1s the length of the Jordan chains of L?(A#) and the corresponding singular functions
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are given by

&, , .(r, 0) = (v#,p,n(r, 0), dyu. (1, 9)), (4.2)
with
K J )
Vo pon(r, ) =1 w o0 (0), (4.3)
=0 7
1 <= (logr)? i
QM,p,n(ﬂ 0) = rrut (:Yg') 9057 1(0). (4.4)
j=0

The logarithmic terms occur only if X, has the algebraic multiplicity greater than one.

For a detailed explanation of the eigenvalues and the equivalent eigenvectors, we refer to [[25] Chapter
5.1] and the results specified in [[25] Theorem 5.1.1].

Now, we briefly describe the results on the eigenvalues of the equations (3.22)-(3.24) and the corresponding
eigenvectors. We consider the equation (3.22) to find the roots, and the others will be treated analogously.
Ordering these solutions with the nondecreasing real part, a nondecreasing sequence of numbers A; ; : j = 1,2, ...
is obtained, where ¢ = 1, ..., NV is used to represent the number of vertices or corner points of 2.

The numbers s; ; are defined by
Si,j:Re)\i,j+1a j=1,2,...,

which is known as the order of the regularity of the solution space. Let [®; ;, ¢; ;] be the singular functions

corresponding to the velocity and pressure with the singular exponents A; ; and defined as

i, j Ai,j—1
O, i =xir; T ;(0), wij=xir; 7 &, (0). (4.5)

The functions &; ;(#) and 7; ;(#) are certain trigonometric pressure and velocity eigenfunctions respectively,
relative to the eigenvalues A; j, j = 1,2,... , where x; is a smooth cutoff function. More information about
the number ); ; can be found in [22, 25]. Furthermore, the nonconvex and convex cases are discussed below
separately regarding the apex angle wyg.

Case 1. For the nonconvex case, that is wg € (w, 2m), the first 3 leading eigenvalues \; ;, j = 1,2,3 are real

and the properties

1 2
*<)\i’1<l</\i,2=1<)\i73<l, woe(ﬂ',w*], (4.6)
2 wo wWo

1 2
*<>\¢71<1<>\i72<)\i73:1<f7r

* 2. 4.
5 o o wp € (w*,2m) (4.7)

hold. In particular, w* & 1.43037 is the unique solution of the equation tan w—w = 0 in the interval w € [0, 27).
It can be seen that for an angle wy € (w*, 27), there are two eigenvalues A; 1, A;, 2 less than 1.

Case 2. For the convex case, that is wg € (0, 7), A; 1 is a simple and unique eigenvalue that lie in the strip
0 < ReAij1 < wlo For this, the relative pressure eigenfunction &; j(é') has a constant value and the velocity

eigenfunction 7; ;(6) is zero.
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Similarly, the dual singular functions for the velocity vector and the pressure function are { (@: i Pi j), forj >

1} and defined by

(4.8)
o= e ().

Hence, the functions {Tijj (9), g;j(e)} are obtained by replacing A = —); ; into the eigenfunctions {7; ;(6),& ;(6)}.

Remark 4.2 [t is noted from the abovementioned results that the qualitative properties of the solution including
reqularity of the underlying boundary value problem depends on the properties of the eigenvalues X, . It is observed
that if Re A, > 1, then the general solution defined in (4.1) is regular and belong to [H*(Q)]* x [H'(Q)]. If
ReAy < 0, then the solution does not belong to [H'(2)]*> x [L*(Q)]. The case Re A, = 0 represents the
translation which is reqular. Hence, we consider only those eigenvalues of the generalized boundary eigenvalue
problem that lies in the strip 0 < R. A, < 1. Furthermore, the generalized eigenvalues depend on the values of

the apex angle wq.

It is stated in Section 2 that the presence of the corner points on the boundary of the domain €2 does not affect
the behavior of the regular part of the solution of the underlying boundary value problem. Thus, the following

theorem describes the regularity of the singular terms of the solution of the corresponding problem in €.

Theorem 4.3 (Regularity) Let \,, be a simple eigenvalue with the real part R. Ay, lies in the interval
(0,1), and presume that it comprehends an eigenvalue with the smallest real part. The equivalent leading
singular solutions of the considered boundary value problem in S is defined in (4.1), where the functions
(@ﬁ’”‘j(Q),wﬁ’”_j(G)) given in (4.3) and (4.4) are the angular dependent part of the solution. Then for an

arbitrary small but fived ¢ > 0, we have
Vsing = (Vs, @s) € [HR 20T m¢(Q))2 x [He Ao =¢(Q)). (4.9)

Proof For the proof, we use the idea of [[17] Section 1.4.5] and [22, 25]. Let 2 C R? be a bounded plane
polygonal domain, whose boundary comprises the corner points P; : 1 <4 < N. Let n(FP;) be the neighborhood
of P; such that

n(P)NQC{(r,0):0<r<oo0,0<60<wp}, (4.10)

with wy < 27. Let Vging be a function which is smooth on Q\ {P;} and coincides with 7*«¥ () on n(P;) N,
where W(0) = (94,577(0), "7 (0)) € C=(0,wp). Thus, for p =2, we get

ve €[H™(Q)]? forany m < ReAy, + 1,

and

gs € [H™(Q)] for any m < ReAuy,

and hence the assertion is shown. O
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Remark 4.4 The method of proof is first developed by [6] and consists of proving that Vg € WL(Y) for an
integer I > m and r < p and then using the Sobolev imbeddings. So far, we have considered the case for p > 2.

The general proof for p < 2 makes use of the weighted Sobolev spaces.

Similar results hold for functions of the form 7+ (In7)¥ ().

5. Conclusion

In this article, we have studied the boundary singularities and regularity of the weak solution of the mixed
boundary value problem for the stationary Stokes system in a nonsmooth domain with corner points and points
at which the type of boundary conditions changes. It is noted that near these points, the Stokes flow can
generate infinite pressures and infinite velocity gradients. However, physical implications of these results are
worth exploring to understand whether the singularities in a natural flow are discrepancies in the mathematical
tools while modeling the complex phenomena. This is considered a topic of separate research efforts. Moreover,
to obtain the singular terms, the transcendental equations of the generalized boundary eigenvalue problem for
the Stokes system are derived for different boundary conditions. The roots of these equations are the eigenvalues
of the operator u (M\). These eigenvalues and corresponding eigensolutions produce singular terms.

To get the maximal regularity of the underlying problem, we have accounted for only those eigenvalues
that lie in the strip 0 < Re A, < 1. The generalized eigenvalues A, depend on the values of the apex angle
wop. It is noted from the above achieved results that if R. A, > 1 then the solution defined in (4.1) is regular
and belongs to [H?(2)]> x [H'(2)]. The case R, A, = 0 represents the translation which is regular. It is seen
for the case of Dirichlet and Neumann boundary conditions that for an apex angle wy € (w*,2m), there are
two eigenvalues A; 1,A;, 2 which are less than 1. For these cases, the weak solution (v,q) of the considered
problem has singularities, if the domain 2 has reentrant corners (w; > 7 : ¢ =1,2,...N). On the other hand,
for the case of mixed conditions, the singularities appear at corners with (w; > % : 4 = 1,2,..N). Moreover,
it is observed that if singularities exist, then splitting the solution into a singular part which defines a linear
combination of explicit model singularity functions s,, for the Stokes operator with corresponding unknown
coefficients C,,, and a regular part that belongs to H? x H'. The results to be achieved here can be extended
to general three-dimensional domains (not necessarily axisymmetric or prismatic) with straight edges to analyze
the edge singularities and regularity expansion of the solution.

Presently, the Stokes and Navier-Stokes systems with the Navier-slip boundary conditions and the free-
boundary problems in bounded domains with corners have very interesting phenomena. The issues regarding
their existence and regularity are considered for smooth domains, but theoretical results for the corner singularity
decomposition are still not obtained. Therefore, these issues are numerically interesting. In future works, it
is important to show the unique existence of the approximations for the regular parts and coefficients, and to
derive their error estimates. On the other hand, it is also observed that the nonstationary compressible Stokes

and Navier-Stokes equations on polygonal domains could be considered.
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