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Abstract

We prove weighted analytic regularity of Leray-Hopf variational solu-
tions for the stationary, incompressible Navier-Stokes Equations (NSE)
in plane polygonal domains, subject to analytic body forces. We admit
mixed boundary conditions which may change type at each vertex.
The weighted analytic regularity results are established in Hilbertian
Kondrat’ev spaces. The proofs rely on a priori estimates for the corre-
sponding linearized boundary value problem in sectors in corner-weighted
Sobolev spaces and on an induction argument for the weighted norm
estimates on the quadratic nonlinear term in the NSE, in a polar frame.

1 Introduction

The regularity properties of viscous, incompressible flow governed by the
incompressible Navier-Stokes Equations (NSE) have attracted considerable
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attention since their introduction. Regularity results of weak, Leray-Hopf solu-
tions in Sobolev and Besov scales in domains are at the core of the numerical
analysis of the NSE. The stationary NSE, being for large values of the viscos-
ity parameter, a perturbation of its linearization, the Stokes Equation, is an
elliptic system in the sense of Agmon-Douglis-Nirenberg and affords analytic
regularity at interior points of domains, for analytic forcing [1], see also [2].
This local analyticity of the velocity and the pressure extends to analytic parts
of the boundary.

However, it is also classical that in the vicinity of corner points (in space
dimension d = 2) and near edges and vertices (for polyhedra in space dimen-
sion d = 3), analyticity is lost, even if all other data of the stationary NSE is
analytic. See, e.g., [3-7] and the references there. The reason is the appearance
of corner singularities (in space dimension d = 2) and of corner- and edge-
singularities (in polyhedra in space dimension d = 3). While singular solutions
of the Stokes equation are well known to encode physically relevant effects (see,
e.g., [6, 8]), they do obstruct large elliptic regularity shifts in standard (Besov
or Triebel-Lizorkin) scales of function spaces and, consequently, high conver-
gence rates of numerical discretizations. This has initiated the investigation
of regularity of solutions in the presence of non smooth boundaries. One, in a
sense, minimally regular situation is the assumption of mere Lipschitz regular-
ity of the boundary. For the mixed boundary conditions of interest here, some
regularity of velocity and pressure of Leray solutions in non-weighted Sobolev
spaces have been obtained in [9]. In the mentioned polygonal and polyhedral
domains, it has been known for some time that the velocity fields of stationary
solutions for the incompressible NSE in plane, polygonal domains allow higher
regularity in so-called corner-weighted Sobolev spaces. Here, weight functions
which vanish in the corners of the polygon to a suitable power compensate for
the loss of regularity in the vicinity of the corner. The corresponding Mellin
calculus originated in [10]. See, e.g., [4, 5] and the references there. In [11],
an authoritative account of these results, also for NSE in polyhedra, has been
given. The results in [11, Chapter 11] provide regularity shifts in weighted spa-
ces of finite order. To prove weighted, analytic reqularity for velocity field uw
and the pressure field p in P of the stationary, incompressible NSE in poly-
gons is the purpose of the present paper. Specifically, in a bounded polygon
P c R? whose boundary P consists of a finite number n of straight sides,
we consider the analytic regularity of solutions of the viscous, incompress-
ible Navier-Stokes equations. Extending and revisiting our work [12] which
addressed homogeneous Dirichlet (“no-slip”) boundary conditions, we consider
here the stationary and incompressible NSE in plane polygonal domains P with
mized boundary conditions, where now also slip and so-called “open” bound-
ary parts are admitted. These conditions arise in numerous configurations in
engineering and the sciences. Furthermore, our present proof of the weighted
analytic regularity requires a proof technique which differs from the approach
used in [12]. As the corresponding analysis for plane, linearized elasticity in
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[13], it is based on regularity results for the linearization (the Stokes prob-
lem) in a sector built on the Agranovich-Vishik theory of complex-parametric
operator pencils which was already used in [14] and [13] to obtain a priori esti-
mates and shift theorems in corner-weighted spaces. See also [15] for a general
exposition of the role of operator pencils for elliptic systems in conical domains.

The present paper provides a proof of weighted analytic regularity for
the velocity w and the pressure field p of the stationary, incompressible
Navier-Stokes equations in a polygon P, subject to possibly mixed boundary
conditions on the sides of P. The details of the proof are distinct from the
argument in our previous work [12] even for pure Dirichlet boundary condi-
tions. In [12], a bootstrapping argument based on local, Caccioppoli estimates
on balls contained in P and scaling was proposed. Furthermore, the proof pro-
posed in [12] was incomplete; the gap is closed by the argument in the present
paper, which provides in particular in the case of homogeneous Dirichlet (so-
called “no-slip”) boundary conditions, the weighted analytic regularity result
in [12]. This was used in [16] to prove exponential rates of convergence of a
certain hp-DGFEM discretization of the stationary NSE in polygons.

Analytic regularity results for solutions in corner-weighted Kondrat’ev-
Sobolev spaces imply, as is well-known, ezponential convergence rate bounds
for numerical approximations by so-called hp-Finite Element Methods and also
by model order reduction methods. We refer to [16] and to the references there
for recent results on exponential convergence for the Navier-Stokes equations,
for discontinuous Galerkin discretizations, and also to the discussion in [12,
Section 2.2] for exponential rates for certain model order reduction approaches
to the NSE in P.

1.1 Contributions

We establish weighted, analytic regularity results for Leray-Hopf solutions of
the NSE in bounded, connected polygonal domains P C R? with finitely many,
straight sides. We generalize the analytic regularity results stated in [12] from
the pure Dirichlet (also referred to as “no-slip”) boundary conditions as studied
in [12] to the case of mixed boundary conditions at any two sides of P which
meet at one common vertex of OP. As in [12] we work under a small data
hypothesis, ensuring in particular the uniqueness of weak solutions. We also
develop the regularity theory based on a priori estimates of solutions for a
linearization, the Stokes problem, in weighted, Hilbertian Sobolev spaces in a
sector. The result contains the analytic regularity result in [12] as a special
case, and its proof proceeds in a way that is fundamentally different from
[12]. As mentioned, it is based on a regularity analysis in corner-weighted
spaces and a novel bootstrapping argument in the quadratic nonlinearity in
weighted Kondrat’ev spaces. As in [13, 14], the weighted a priori estimates for
the velocity field and the bounds on the quadratic nonlinearity near corners
¢ are obtained for the projection of the velocity components in a polar frame
centered at ¢, rather than for their Cartesian components.
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The main result of the present paper is stated in Theorem 8. Specifically,
under the small data hypothesis and the stated assumptions on the boundary
conditions (see Assumption 1 for details), we show that there exist A > 0 and
~ € (0,1) such that the Leray-Hopf solutions (u,p) to the NSE satisfy, for all
j,k€{0,1,...}, and for any corner ¢ of P

H (H } —cvw) 01,08 u
ced

SAj+k+1(j+k')!7

L?(P)
and
(L0 -ermYonots) — <amargann
cee L2(P)
1.2 Layout

As is well-known (e.g. [15] and the references there) the analysis of point singu-
larities near corners of solutions of elliptic PDEs is based on polar coordinates
centered at the corner. For elliptic systems of PDEs such as those of interest
here, as in [13, 14] in addition we require projections of Cartesian components
of the vector-valued solutions to a polar frame. In Section 1.3, we collect the
corresponding notation for partial derivatives and solution fields. Section 2.4
presents the variational formulation, and a (classical) existence and uniqueness
result. Section 2 presents strong formulations of the boundary value problems
under consideration, detailing in particular also the boundary operators. Also,
weak formulations are recapitulated, with statements on existence and, under
small data hypothesis, uniqueness of solutions.

The corner-weighted, Kondrat’ev spaces that appear in the statement of
the analytic regularity shifts are also introduced. Section 3 then presents a
key technical step for the subsequent analytic regularity proof: a priori esti-
mates in corner-weighted Sobolev norms in a sector for the linearized Stokes
boundary value problem are recapitulated, from [14]. Importantly, they hold
for several combinations of boundary conditions on the sides of the sector, and
for the velocity field in a polar coordinate frame. With this in hand, Section
4 addresses the proof of the principal analytic regularity result for the NSE,
Theorem 8, which is also the main result of the present paper. The key novel
step in its proof is an inductive bootstrap argument for the quadratic nonlin-
ear term in the NSE, in corner-weighted spaces and for the velocity field in a
polar frame at each corner of P. This is developed in Section 4.1. Conclusions
and a short discussion of the results, with some consequences and possible gen-
eralizations, are presented in Section 5. An appendix contains several lengthy
calculations with appear in several of the proofs.
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1.3 Notation

We define N = {1,2,...} as the set of positive natural numbers and Ny =
N U {0}. We refer to tuples a = (o, a2) € N2 as multi-indices and we write
|a] = a1 + ag. For k € Ny, we write

2= )

la|<k  a€eNZ:|a|<k

Given Cartesian coordinates (z1,x2) and polar coordinates (r, ), whose origin
will be clear from the context, we denote Cartesian derivatives as 0% = 95 032
and polar derivatives as D% = 021042 In the following text, we shall always
use roman letters to denote function spaces describing Cartesian derivatives
and calligraphy letters to denote function spaces treating polar derivatives, see
Section 2.5.

For any vector field w with components in Cartesian coordinates

we denote its polar coordinate frame projection as

— fup) __( cos?d¥ sin?d
= <u19> =Au, A:= (— sin cosﬁ) 1)

where A shall be referred to as “transformation matrix”. Here and throughout,
vector-valued quantities such as u shall be understood as column vectors, with
u' denoting the transpose vector, which accordingly denotes a row vector.
The symbol Lg; shall denote the Stokes operator, with various super- and sub-
scripts indicating Cartesian or polar coordinates and frame, i.e. we write Lg;
for its projection onto polar coordinates acting on the corresponding velocity
components.

We observe that the projection (1) of the velocity field into a polar frame
renders certain boundary conditions particularly simple: for example, the
homogeneous slip boundary condition in a sector ) will amount to requiring
the angular component uy to vanish on sides of Q.

All quantities which occur in this paper are real-valued. The overline sym-
bol which will indicate polar-coordinate representation of vectors is therefore
non-ambiguous.

We denote with an underline n-dimensional tuples § = (B1,...,58,) €
R™ and suppose arithmetic operations and inequalities such as v < 3 are
understood component-wise: e.g., 8+ k = (81 + k,...,B, + k) for all k € N;
furthermore, we indicate, e.g., 8 > 0if 8; > 0 for all i € {1,...,n}.

Finally, for a € R, we denote its nonnegative real part as [a]; = max(0, a).

For summability index 1 < r < oo, the usual Lebesgue spaces in P shall
be denoted by L"(P), with norm defined also for vector fields v : P — R? as
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[l Py = Jp ]} We denote the usual Sobolev spaces of smoothness order

s > 0 and summability index r by W*"(P); we write H*(P) in the Hilbertian
case r = 2.

2 The Navier-Stokes equations, functional
setting, and main result

Following the introduction of the polygonal domain in Section 2.1, in
Section 2.2 we state the strong form of the boundary value problems, and of
the boundary operators, in Cartesian coordinates. Section 2.3 is devoted to
the saddle point variational form of the boundary value problems of interest.
Section 2.4 reviews statements on existence and uniqueness of weak solutions,
under the small data hypothesis. In Section 2.5 we introduce the corner-
weighted spaces on which the weighted analytic regularity results will be based.
Finally, we state in Section 2.6 our main result.

2.1 Geometry of the domain

Let P be a polygon with n > 3 straight sides and n corners € = {cy,...,¢,}.
Let I'p, 'y, and ' be a disjoint partition of the boundary I' = 9P of P
comprising each of np > 1, ny > 0 and ng > 0 many sides of P, respectively,
with n = np + ny + ng. We denote by n : I' — R? the exterior unit normal
vector to P, defined almost everywhere on I', which belongs to L>(T'; R?),
and by t € L>°(T'; R?) correspondingly the unit tangent vector to I', pointing
in counterclockwise tangential direction.

2.2 The Navier-Stokes boundary value problems

We assume that a kinematic viscosity v > 0 is given, which is constant
throughout P. For a velocity field w : P — R? and a scalar p : P — R, define

(Vu + VuT) , o(u,p) = 2ve(u) — plds,

N

e(u) =

where Idg is the 2 x 2 identity matrix.
With this notation, we consider the stationary, incompressible Navier-
Stokes equations in P

—V-o(u,p)+(u-V)ju=f inP
V-u=0 inP
u=0 onlp (2)
o(u,p)n =0 on Ty
(oc(u,p)n)-t=0andu-n=0 onTlgq.

Here, I'p, 'y, and T'¢ correspond to so-called no-slip, open, and slip
boundary conditions, respectively.
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Remark 1 From the identity
2V -e(u) = Au+ V(V - u), (3)
the boundary value problem (2) is equivalent to
—vAu+ (u-V)u+Vp=Ff inP,
V-u=0 in P,
u=0 onlp, (4)
o(u,p)n =0 on Ty,
(c(u,p)n)-t=0and u-n=0 onTlg.

2.3 Variational Formulation

Weak solutions of the NSE (2) in the sense of Leray-Hopf satisfy the NSE (2)
in variational form. To state it, we introduce standard Sobolev spaces in P.
Throughout the remainder of this article, we shall work under

Assumption 1 The boundary value problems (2), (4) satisfy the following conditions.

1. P is a bounded, connected polygon with a finite number of straight sides,
and Lipschitz boundary I' = 0P.

2. np Z 1.

3. All interior opening angles at corners of P are in (0, 27). In particular, slit
domains which correspond to opening angle 27 are excluded.

Assumption 1 implies that the Dirichlet case considered in [12] is a special
case of the present setting. Furthermore, Item 2 ensures that the lineariza-
tion of the Navier-Stokes equations, i.e., the Stokes problem, admits unique
variational velocity field solutions w, possibly with pressure p unique up to
constants if I' = I'p.

We denote henceforth the space of velocity fields of variational solutions to
the Navier-Stokes equations (2) as

W={velH(P))?:v=00onTp,v-n=00nTg}. (5)

We denote by W* C [H~1(P)]? its dual, with identification of L?(P)? ~
[L2(P)?]*. We also define Q@ = L?(P) if [I'p| < |I'| (i-e., if not the entire
boundary is a Dirichlet boundary) and set @ = L3(P) := L*(P)/R in the case
that I' = FD.

We are interested in variational solutions (u,p) of (2). To state the cor-
responding variational formulation, we introduce the usual bi- and trilinear
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forms:

a(u,v) = 20 /P S ()i )iy da

bu.p) = [ oV uda, (6)
P
t(w; w,v) = /P((w V) -vde .

With these forms, we state the variational formulation of (2): find (u,p) €
W x @ such that

aw,v) + t(us wo) +b(o.p) = [ frvda,
P

b(u,q) =0,

(7)

for all v € W and all g € Q.

2.4 Existence and uniqueness of solutions

We recapitulate results on existence and uniqueness of variational solutions of
the NSE (7). As is well-known, uniqueness of such solutions in the stationary
case requires a small data hypothesis. To state it,

we introduce the coercivity constant of the viscous (diffusion) term

2
Ceoer = | HvlenéV 12 ; A;I[E(U)}ij[f(v)}ij da
Ol p= "=

and the continuity constant for the trilinear transport term

Ceont = sup / ((u . V)v) -wdx .
u,v,weW P
el 1 oy =11 g1 oy =01 1y =1

The following existence and uniqueness result is then classical, see e.g. [5,
Theorem 3.2]. It is valid under a small data hypothesis. To state it, we
introduce

CcoerV
M = eW: < .
{v HUHHI(P) B 2Cfcont}

2 2
Theorem 2 Suppose that Assumption 1 holds and assume that || f|lw+ < C;CCO%'

There exists a solution (u,p) € W x L?(P) to (2) with right hand side f. The velocity
field w is unique in M.

As we assumed above np > 1, there is always at least one side of P where
homogeneous Dirichlet (“no-slip”) BCs are imposed.
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2.5 Functional setting

For z € P and for ¢ € {1,...,n}, let r;(z) := dist(z, ¢;). We define the corner
weight function

@E(x) = Hrf (z).

We next introduce the corner-weighted function spaces to be used for the
regularity analysis. As the notation used in the literature dealing with weighted
Sobolev spaces is not always uniform, we present here several definitions of
corner-weighted spaces and discuss how they relate for the range of weight
exponents that is relevant to the present work.

2.5.1 Corner-weighted function spaces of finite order in P

In the polygon P, for j,k € Ny and v € R", we introduce homogeneous
corner-weighted seminorms and associated norms given by

k
|U|§q(p) = Z ||<I>|a‘_18%\|%2(13), HU||§(§(P) = Z|”|§q‘(p)~ (8)

la|=3 j=0

Furthermore, we also require non-homogeneous, corner-weighted Sobolev
norms. They are, for £ € Ny, k € N with k£ >/, and 8 € R" given by

lole ey = 10l oy + D2 1 @at1a1-e0"lEa(ry, (9)
- e<|a|<k

with the convention that the first term is omitted when ¢ = 0. We there-
fore define the homogeneous, corner-weighted Sobolev spaces Kﬁ (P) and the
non-homogeneous, corner-weighted Sobolev spaces Hg’e(P) as the spaces of,

respectively, weakly differentiable functions with bounded K ﬁ(P) and HS’Z(P)
norms. B N

2.5.2 Corner-weighted analytic classes BE(P) and K7 (P)

With the weighted, Kondrat’ev-type spaces at hand, we now introduce
weighted analytic classes which will quantify the loss of analyticity of velocity
and pressure in a vicinity of the corner points.

B4(P) = {U e (Hy(P):3C,A>0s. t.
o k>0

[P+ ]a)—0%v||L2(p) < CAlCI=(|a| = 0, V]a| > 6}7 (10)
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and

KZ (P ::{veﬂKk :dC, A > 0s. t.
k€N

Va € N2 (@140l 2y < 0A|a|a!}. (11)

The aforementioned weighted analytic classes are defined in terms of two con-
stants C' > 0 and A > 0. The constant C' > 0 quantifies the size of a function
in terms of linear scaling of norms, whereas the constant A > 0 relates to the
size of the domain of analyticity.

2.5.3 Corner-weighted spaces in sectors

We shall require function spaces in plane sectors Qs (¢) of opening w € (0, 2),
radius § € (0, 00] and with vertex ¢ € R?, defined as

Qsw(c) ={z € R* i r(z,¢) € (0,6), I(z) € (0,w)}.

We do not indicate the dependence on the vertex ¢ when this is clear from the
context.

For all k € Ny and 8 € R, we introduce the (homogeneous) corner-weighted,
Hilbertian Kondrat’ev space WE(Q&W) of functions v in Qs (¢) with bounded
norm given by

1013505,y = D 1P D, - (12)

|| <K

Here, D* = 0210y? denotes the partial derivative of order a € NZ in polar
coordinates. We write Lg = Wg. For k,/ € Ny with £ > ¢ and for g € R,

HZ’Z(Q[;M) denotes the space of functions with finite norm

HUHQ k “(Qs, H’U”He HQs,w )+ Z a1+ﬂ_£DaUH%2(Qa,w)’
' <|a|<k

where the first term is dropped if £ = 0. For £ € Ny and 8 € R, the corner-
weighted analytic class with weak derivatives in polar coordinates is given
by

Bé(Q5w {’UG nH QSUJ 3C,A>0

s. t. ||r"‘1+6_éDav||L2(Qéyw) < CAl=t(ja| = 0), V]a| > E}. (13)
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In the sector Qs (c), the definition of the spaces Hg’K(Q(s,w(c)) and
Bg(Q(;’w(c)) follows from (10) by replacing Ppija)—¢ in (9) and (10)
with r(-,¢)#*le1=¢ Similarly, the corner-weighted spaces K,];(Qg’w(C)) and
K5 (Qs5.,(c)) can be defined by replacing ®|4—, in (8) and (11) with
(-, c)lel=7,

2.5.4 Relation between corner-weighted spaces

In this section we collect results on embeddings between some of the corner-
weighted spaces we introduced. They are of independent interest, and will be
required at various stages in the ensuing proof of the analytic regularity shifts.

For ease of reading, we either cite or postpone all proofs to Appendix A.
The following implication between polar frame velocity @ in (1) and Cartesian
frame velocity components u holds.

Lemma 3 For all 0 < § < 1, w € (0,2n), c € R?, £ € {0,1,2}, and B8 € (0,1), if
(TS Bé(Q&w(c))Q and u(c) = 0 when £ =2, then u € Bé(th’w)Q.

The reverse implication, in the case £ = 0, is treated in the following
statement.

Lemma 4 Forall0 <8 <1,we (0,27), c € R?, and B € (0,1), ifv € Bg(Q(g,w(c))2
then T € BY(Qs..(c))*.

The corner-weighted spaces in Cartesian and polar frames are equivalent:
the following lemmas on equivalence and embedding between weighted spaces
state this formally.

Lemma 5 Let 0 < § < 1, w € (0,27), 8 € (0,1), ¢ € R%. Then the following
equivalence relations hold for any £ € {0,1,2} and Ng 3 k > £:
k.l k.l
1. ve Hf’ (Qsw(c)) = ve Z‘[ﬂ’ (Qs.w(0)).
2. ve€E Bﬁ(Q57w(c)) < veE Bﬁ(Q57w(c)).
3. ve Hé’l(Qa,w(c)) = v € Wi(Qs.0(¢))-

Lemma 6 Let 0 < § < 1, w € (0,27), B € (0,1), ¢ € R2. Then the following
embeddings are continuous:

1. WE(Q&,UJ(C)) — HZ,Q(Qé,w(C)) — CO(Qé,w(c))'

2. Ifve Hy*(Qsw(c)) and v(c) =0, then v € W3(Qsu(c)).

For the proof of Lemma 5, see [17, Theorem 1.1, Theorem 2.1, Lemma
A.2]. For the proof of Lemma 6, see [17, Lemma 1.1, Lemma A.1, Lemma A.2]



Springer Nature 2021 B TEX template

12 Analytic regularity for NS in polygons with mixed BC

and [18, Section 2]. The following lemma asserts that functions that belong to
corner-weighted Kondrat’ev spaces with non-homogeneous weights for a cer-
tain range of indices, with the additional requirement of the function vanishing
at the vertex for second order spaces, also belong to the corresponding spa-
ces with homogeneous weights. We refer to [19, Chapter 7] for an in-depth
presentation.

Lemma 7 Let 0 < 6 < 1, w € (0,27), B € (0,1), c € R, k € {1,2}, and v €
Hg’k(Qg,w(C)). Let furthermore v(c) = 0 when k = 2. Then, v € K’,j_ﬁ(Qg,w(c)).

2.6 Statement of the main result

We are ready to present our main result on the weighted analytic regularity of
the solution to (2) here using the corner-weighted spaces introduced in Section
2.5. The explicit form of the operator pencil A(A) which arises for the presently
considered Stokes problem and its boundary conditions is given in Appendix
B.

Theorem 8 Let 8, = (B1,...,0n) € (0,1)" be such that at each corner ¢;, the
=f

operator pencil A(X\) for the linearized (Stokes) boundary value problem defined in
(16) has no eigenvalue on Im(\) = 1 — ;. Let further f € [Bg (P)]> N W* be such
Zf

2 2
that || fllw~ < %CO% Suppose in addition that Assumption 1 holds and let (u,p)

con

be the weak solution to (7) with right hand side f.
Then ) ) )
(u,p) € (B () x BY (P).

The remainder of the paper is devoted to the proof of Theorem 8. It is
based on inductive bootstrapping elliptic regularity for the linearized boundary
value problem in corner-weighted Sobolev spaces of finite order, of Kondrat’ev
type. Such estimates are in principle known (e.g. [5, 11, 14, 20]). They are
recapitulated for the readers’ convenience in the form required subsequently
in the next Section 3. The weighted a priori estimates are then combined
with novel analytic estimates of the quadratic nonlinearity in polar frame in
corner-weighted spaces that will be developed in Section 4.

3 The Stokes equation in a sector

Consider, for ¢ € R% § € (0,1) and w € (0,27), the sector Qs (c). Denote
by 'y := {z € R% : r(z,¢) € (0,0), d(z) = 0} and 'y := {z € R? : r(z,c) €
(0,9), 9(x) = w} the two edges meeting at ¢. Let also I's = I'; UTs. As all
the results in this section are independent of ¢, we omit the dependence of the
sector in the notation and write Qs = Qsw(¢).
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We consider variational solutions to the Stokes problem in Qs

lwn) = (]) mQw.  Bup=0 w1
The system (14) reads in components

—V.o(u,p)=f inQsu
V-u=h inQs,
u=0 on F% (15)
o(u,p)n=g onT%

(o(u,p)n)-t=0andu-n=0 onT2,

where T3, T'%,, T2 € {2,T1,T2} are pairwise disjoint and such that '} U
'Y UTE =I5, and where B(u,p) in (14) denotes any of the three boundary
operators in (15). We observe that in (15) we did not include inhomogeneous
boundary data on I'Z,, as this is the physical case of the “no-slip” BCs. We also
observe that the nonzero boundary data g on I'3; will appear in the analytic
regularity shift argument in the proof of Lemma 17.

For the Stokes problem in @Qs,,, the following regularity result in corner-
weighted spaces is a slight extension of [14, Theorem 5.2]. The proof proceeds
along the lines of that of the cited theorem, by localizing uw and p near each
corner ¢ and by rewriting (15) by using polar frame w, followed by an appli-
cation of the Fourier transform in radial direction to obtain the following
parameterized system of ordinary differential equations.

AN (@, p) = [L(N) (@, p), BV (@, p)] = [(0,0), (g -i1,9-i2)]  (16)

in the interval (0,w), where w denotes opening angle of the sector at ¢ (see
Appendix B for details and [15] for general theory of such pencils in con-
nection with elliptic boundary value problems in conical domains). Here, for
j =1,2,4; = 1if Neumann boundary condition is prescribed on I'; and i; = 0
otherwise.

Theorem 9 Let w € (0,27) and B € (0,1) be such that the pencil A(N) in (16) does
not have eigenvalues on the line {Im(\) =1 — §}.
Then for any 6 > 0, there exists a constant Csec = Csec(8,9) > 0 such that for

all f € Lg(Qs,,) and (u,p) satisfying (15) in Qs ),

|lw— u(c)||W§(Q5/2,w) + Hp”Wé(Q‘S/Q‘“)

S CSCC (H?”Eﬁ(@a,w) + ||U’HH1(Q5’M\Q5/2M) + Hp”Lz(Q{s’w\Q,;/z’w) + ||§Hwé/2(r\}3\‘,))
(17)
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For a detailed development, see [21, Lemma 5.1.1]. We remark here that
this result could also be derived using [20, Theorem 5.1] or [15, Chapter 5.1]
if only homogeneous Dirichlet (so-called ”no-slip”) boundary conditions are
considered.

Remark 10 By relation (3), if (u,p) € [H5?(Qs.)]> x W}(Qs.) is a solution of

[e=)

A +vVh .
LSt(u,p)z(f N ) in Qs B(u,p)=<g> on T x I} x T,
0

or, in components,
—vAu+Vp=f+vVh inQs,
V-u=h inQs,
u=0 on F% (18)
o(u,p)n =g on 1"%
(o(u,p)n)-t=0and u-n =0 onl"g,

then it is also a solution of (15). Estimate (17) therefore also holds for solutions of
(18) when h = 0.

4 Proof of the main result

We now prove Theorem 8, which, as our main result, ensures analytic regular-
ity in scales of weighted spaces of solutions to the Navier-Stokes equations (2).
First, we will devote our attention to the nonlinear transport term, as treat-
ing this term is the main difference in comparison to the weighted analytic
regularity proof for the Stokes problem in P in [14].

4.1 Estimate of the nonlinear term

We start by rewriting the quadratic nonlinearity (u-V)w in polar coordinates
and projecting its Cartesian components into the polar frame as in (1). We
note here that the gradient operator in Cartesian coordinates is projected to
a polar frame by (cf. the definition of A in (1))

vV=A" <T_8{819> : (19)

Lemma 11 For any constant vector field ¢ taking value (c1, CQ)T € R?, the following
equality holds:

_(((ur + er)Orur + £ ((ug + c9)Ogur — (g + cy)ug)
(ute) Vifute)= ((“r + cr)Orug + £ ((ug + c9)dpuy + (ug + Cﬂ)uT)) - (20)
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Proof We have
(o uso) = (wre) Viu=a((@e:a7at (4, ) aa)

(e ()

_ cos H(ur + cr)Orur — sind(ur + ¢r)Oruy
o sin ¥(ur + cr)Orur + cos V(ur + cr)Oruy

S =

_ ((Ur +er)rur + 3 ((ug + cg)dgur — (uy + 019)“19))
(ur + cr)Orug + £ ((uy + c9)dguy + (ug + colur))
O

In order to treat the individual nonlinear terms arising from the polar
representation of the transport term of the Navier-Stokes equation obtained
above, we need a technical result on weighted interpolation estimates in plane
sectors. The following statement is the polar version of [12, Lemma 1.10].

Lemma 12 Let §,w € R such that 0 < § < 1 and w € (0,27). For all Bi,Bs €R
such that By > B1 + 1/2, there exists a constant Ciny = Cint (9, w ,81,62) > 0 such
that, for all o € N(Q) and all functions ¢ such that

max Hrﬁl +aitmpatn

Inl<1
the following bound holds:

ellL2(Qs.) < oo,

1/2

BlJralDa@HLz (Qs.0)

HTB2+OC1DQSO||L4(Q5’M) < Cingllr

3 1/2 1/2 1/2
% Z Hrﬂl+al+m'DQJFU‘PHL/z(Q&w)+04/ H,,ﬁlJrapDOé HL/2 0s)
In|<1

Proof We set § = 1. Consider the dyadic partition of Q1 given by the sets
S9 = {mte,w c971 < r(z) <2_j}7 j € Np,

and denote the linear maps V¥ : 57 — 5% Denote pj=¢po \I!j_1 : $Y = R and write

D for derivation with respect to polar coordinates (r, ) in SY. Then, by scaling,
for any ¢ € [1, 00),

2
D g g5y = 27O pBrrarDeag oo (21)

Furthermore, the following interpolation inequality holds in SY: there exists Co>0

such that 12
llvll L (89) < COHUHHI(SO)HU”L2 (59) (22)

holds for all v € H'(SY). In addition, by (19), for all v € H'(S),

ol sy < 16 ([0l 72(s0) + 1r0llF2(s0) + 109llF2(s0y ) - (23)

41 fcos Huy + ¢y)dgur — sin¥(ug + cg)ur — sind(uy + cy)dguy — cos ¥ (ug + cy)uy
sin ¥(uy + ¢y)Ogur + cosV(uy + cy)ur + cosV(uy + cy)Oyuy — sinI(uy + cy)

)]
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Combining (22) and (23) and choosing v = r*1 D3 j gives

1Dl L (s0)

1/4
Sov (12
<200 [r DG 1 gy | 30 DT D) s
In|<1
1/4
~ nl/2 S ~ 12 2 —1R_a~ 12
<200\|TalDa<P;HL/2 (59) D P DG [ F2 50y + FlIr T DB 172 (50,
Inl<1
Therefore, using the bound 2~ lal < r(z)* < 219l valid for all z € S° and all a € R,
Bo|+|B1|+1/2 ~
| BZJFQIDOQ,O e (59) < olB2|+[61]+1/ 200Hr51+041pa HL2(SO)
1/4
x | S0 Pt Bt G2 g0y + adllrP T DG T2 50

In|<1

We denote C7 = 2'52|+|51|+1/22CO. Using this last inequality and (21) twice,

121D a5
—j(Bat+1/2
< 2 IHYD IO DG )
< 2B gy pPrrerpog, ||L2(SO)
1/4
3 = ~ 2 2. B Sa~ 112
x Z ||7'ﬁ1+al+mpa+n80jHL2(SO)+0‘1”T61+mpasﬁj|\L2(so)
Inl<1
<02~ §(B2— ,31*1/2)HT51+041'D01 ||1L/22(SJ
1/4
3 2 2. B 2
x Z ||Tﬁ1+a1+n1Da+n¢HL2(Sj) +041H7“Bl+a1DaSDHL2(SJ)
[n]<1
Since 5’2 - Bl —1/2 > 0, we can conclude that
3 4 4 3 2
S D) Lasny < CF | Y I DYl 2 sy
j€No J€Ng
3 2 2 3 2
| D0 D I Em D )T gy ot Y P T D el gy
[n]<1j€No J€No

Taking the fourth root of both sides of the inequality above concludes the proof for
the case § = 1. The general case § € (0,1] follows by scaling (with constant Ciyg
depending on §). O

Using the interpolation result obtained above, we can estimate, under a
regularity assumption on u, the individual terms appearing in (20). This is
done in the following Lemma 13 and Corollary 14.
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Lemma 13 Let 8 € (0,1), 0 < § < 1, w € (0,27). Then, there exists a constant
Cq = C4q(B,6,w) > 0 such that for all u € Wg(Q(;,w) with ||uHW§(Q&w) < 1 such

that there exist constants Ay, Ey > 1, and k € N satisfying
PP 2D g, ) < ATTPES? (o] —2)), VaeNj:2<|a|<k+1, (24)
it holds for all a,n € N3 such that |n| < 1 and |o| < k — || that

||Tﬁ/2—1+a1Da(rn1D77u)||L4(Q5 ) o5)
' 25
< Ca(la] + 1)/ Al I=3/21 poatna 172114 4 ) — 9],

Proof We start by proving the theorem in the case |n| = 0. Applying Lemma 12 with
=f3/2—1and 31 = 8 — 2 (note that 8 € (0,1) implies B2 > B1 + 1/2), for all
=r

B/2=1+a1 pa p—2+a1pa, H1/2

HT L2 QS )

ullp1(Qs..) < Cintllr

—24 1/2 1/2 2 1/2
% Z ||rB a1+n1Da+nu||L/2(Q6,w) tal / Hrﬁ +a1DauHL/2(Qs,w)
[n|<1

(26)
When || > 2, using (24), we have

2-1
e JrO”Dau||L4(Q(;,W)

< Cine AT PEET2 (2|0 - )12 4 (14 0} ) (ol — 2)1M?) (o] — 2)1M/2
< Cing AT PEE 220l - DV 41+ ay/?) (o] - 2)!
< Cim A2 B2 4001 2 (|a] - 2)1.

If |a| <1, instead, it follows from HuHW?}(Q&,w) <1 and (26) that

I3 0D g, ) < Cine(2+ a1®) < 4Ckne.
This proves (25) for |n| =0, i.e., that for all |a| < k,
_ —3/2 1/2
P27 DU L,y < ACie ALY EZFY2 (0] + 1)) — 2041 (27)
Consider now the case || = 1. We have
2-1
e 2 G O PRI

< ||T5/2—1+0é1+mpa+n B/2=1401 po

ull 1(@s ) +rmllr ull L1(Qs )+
For all |a] < k — 1, we can apply (27) to the two terms in the right hand side above:
ar [T D g, ) < ACi AN BRI () 1) an o) - 24

< ACk ALY B (o] 4 1) 29 0] - 1)1,
and
[rP/2= et mpet iy 4o < AC AL TV B2 (0] 4 1) 2o - 141,
Hence, for all || < k—1 and all |n| =1,
||T/8/271+a1'Da(TmIDnu)||L4(Q5w) < 120intAL|a|_l/2]+E32+172+1/2(|04|+1)1/2[|a|_1]+!7
which concludes the proof, with Cq = 12Cj¢. O
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Corollary 14 Let f € (0,1),0<d <1, w € (0,27), and let u € WE(Q&w) satisfies
||“||W§(Q5 ) < 1. Suppose that there exist Ay, Ev > 1 and k € N such that

1P 2D 12, ) < AMTPER? (Ja| —2)), VaeN:2<|al <k+1.
Then, with the constant Cyq from Lemma 13, for all o € Ng such that |o| < k,

H7ﬁ/2_1+alpa(7ﬂu)HL4(Q51W) < 4Cd(|05‘+1)1/2AHQ‘73/2}+E32+1/2HO(‘ _2}_"_!. (28)

Proof We start from the bound

||TB/271+&1DQ(TU’)HL4(Q§1M) < HTB/eralDaU”L‘l(Q&w)JFO‘l”7ﬁ/271+a1D<a171@2)“|'L4(Q5M)7

where the second term is absent if ay = 0. From Lemma 13, it follows that
72D g, ) < 6Ca(la] + 1)1/ AL B2 o) — 2]

and that (when a3 > 1)

041Hrﬁ/2_1+al'D(al_I’QZ)UHL‘l(Q&w)
< 5a1|a|1/2AHQ|75/2]+E8¢2+1/2[|()| _ 3]+'
< max i (la| + 1)/2Allel1=3/2+ gaat1/2) g
=N \ G+ D2 max(j — 2,1) “ “ *
< 2 V3(Jal + 1)M2 Al g 2 o) - g,

Equation (28) follows from the above, bounding 1 + %\/g < 4 for ease of notation.

(]

We are now in position to estimate the weighted norms of the nonlinear
term in the sector Qs (c), under the assumptions of analytic bounds on the
weighted norms of w. Initially, we do this under the assumption that w €
Wé (Qs.,(c))? (which implies that w vanishes at the vertex of the sector) in
Lemma 15.

Lemma 15 (Weighted analytic estimates for the quadratic nonlinearity in polar
frame)
Assume that B € (0,1), 0<d <1, w € (0,2m) and c > 0 are given fized.

Then, there exists a constant Cy = Ci(B,0,w,c) > 0 such that for all constant
vector fields ¢ = (c1,¢2) | € R? such that |c1| + |ea| < ¢ and all w : Qs — R? with
||EHW§(Q5,W) < 1 such that there exist k € N and constants Aw, Ew > 1 satisfying

[—2

1P =2D %0, 12, ) < AT ES2 (ol - 2)!

5o o] -2 forall2 <la| <k+1,
[P P2 D%y | 12, ) < At

Ey (laf = 2),
the following inequality holds:
[r* 272D (2 ((w + €) - V) (w + ) £2(Qs.)

<A ER o)l VaeNE:1<]|o| <k

(29)
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Proof By Lemma 6, there exists a constant Cepp = Compb(8,0,w) > 0 such that
||EHW§(Q5M) <1 implies w € [C’O(Q(;’w)]2 and

W] Lo (Qs..,) < Cemb- (30)
Next, we recall from Lemma 11 that
2
2 Orwy +1((wy + cg)Ogwr — (wy + c9)wy)
r“((w+c)-V w+c:(r (wr + ¢r)Orwr b b .
(« )V ) r?(wr + ¢r)Orwy + 1((wy + cg)Dgwy + (wy + cg)wr)
(31)

We will estimate the individual terms.

Estimate of rw} and rw,wy

Let v € {wr,wy}. From (28), Lemma 13 and Corollary 14 it follows that for any «
as in (29)

-T2 D (rwgv)) | 12050

||

o 2-1 - 2—1yo—
<> (n)"”““” Do) Lasoy Ir® T 2D g a0 )
J=01n|=jn<a

||

<> > (S;)“Cﬁum+1)1/2A£L”"3/2“EZZ“”M2]+!

J=0n|=jn<a
x (|a] = || + 1)/2 Al =1 =8/2s gea=nat /2 _ 9],
< 40(21A£La|*3/2]+E3}2+1
] . 1/2 . 1/2
3 S (“)iga -G ED Mol =it D) 7 .
o mrm<a \1 max(j(j — 1), 1) max(([e| = j)(la| = j = 1),1)

Here we have used [|n] —3/2]+ + [|o| — || — 3/2]+ < [|la] — 3/2]4 for all n < a.
Now, for all j € Ny,

GV GEDPmaxG)Y 1 e 1
max(j(j —1),1) max(j —1,1) max(7,1)3/2 =~ max(j,1)3/2

In addition,
- ( )> <| >
[nl=jn<a J

rwyv))lL2(Q;..)

Therefore,
”7,041 +ﬂ*2fD0¢(

||

_ 1 a
< 24c3All =32 ga2 N7 jija) — ) ,
SO 2 Mol = T o] 51772, 2

j=0 Inl=jn<a

||

< 243 Al gt S

=0

We have, by the Cauchy-Schwarz inequality,

1
max(j, 1)3/2 max(|a| — j,1)3/2

|| ]

1
<1
2 G D (el 5,07 < 2 manip < OO <

l\’)\U‘
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We conclude that for any « as in (29),
IF1 72D (rud)) | 12, ) < B0CTALY ™3/ B2t o) (32)

and
1 P2 D (rwgwe)) | 1205y < 60CT ALY/ EG2 a1, (33)

Estimate of r?c.0,v, rcydyv and rcyv for v € {w,,wy}
Let £ € N2 such that |¢] < 1 and let ¢ € {cr,cy}. We have

I 2D (P D) | 2

a2 i —2 — 1
< > (J' >||539%0||L00(Q5,W)II7““1+5 DO D) 2, )
n=(0.4).J€{0.....a2}

<ec > (?) [re P2 DO (P D) Lo, -
n=(0,5),5€{0,...,c2}
If a] = 07 then

—2 1
=2 (oD ) | g, )

<c Z (|j> HT&+1+ﬂ*2'D04*77DE”HL2(Q61w)
n:(oaj)7je{o Loz}

<CZ <|a|> Allal=i— 1]+Eaz I — j — 1]4!

< Z \al'Ancw I+ gaa—jtés
7=0

-1
< ecAL(,ll E3,2+1|a|!

since Zloﬂ L Zj OJI =e Ifa; >0,

j=0 41 =
—2
I 272D (1 oD ) | 2 g )
<e > <C;2> <”Ta1+£1+1+5_2DQ_T'D£UHL2<Q5,w>
je{oa"'7a2}an:(0a.j)

+ (1 + gl)alHTCH+51+ﬁ—2'Da—U—(1x0)D§UHL2(Q6 )

_1 « o —
+(1+£1)§1%H A Rpens (2OD§“HL2(QM)>

<e Y <32)4A£Lajll+E$2—f+l[|a| 5= 1!
»az}

jE{O
< 4¢ Z |a‘ A|Oé‘ Ea2+§2

< 4ecA|u?‘_ EQ2tee la!.
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In conclusion, we have that for any ¢ € {cr,cy}, any v € {wr,wy} and any £ € N(Q)
with [¢] < 1,

B2 D (11 D) || L2 0, L
(Qs,w) (34)

<decAldITI B2 o)l VaeNG:1< ol <k
Estimate of the remaining terms
Let v,w € {wr,wy} and let £ € N3 such that |¢| = 1. We have, for any |a| > 0,
P D WD )| 2 )

o]
<> X <a>Hrmwn_lm(rw)”L4<Qs,w>||7"0”_mwm_lpa_"(’“&pgv)||L4(Qs,w)
i=tinl=gn<a \
+ [P P D (5 D) | 12, )
= (I) + (ID).

(35)
We bound the sum in term (/) by similar techniques as above, using Lemma 13 and
Corollary 14:

||
<y > (f;) 403 (| + 1)/ 2 AU =3/2 e grat1/2p 0 o
J=1|n|=jn<la
x (Jaf = |n] + 1)V/2 Al =I=1/2 goe=mateat1/2) 0y
< 40§A£La|*3/2]+E$2+1+52

|| o . 1/2010] — i 1/2
33 (Bt

= max(5(j — 1), 1) max(Ja] - .1’

where we have used that

(Inl =3/2+ +[lal = Inl = 1/2]+ <[lal =3/24,  Vn<a:lp =1
Since
G+ G+p'? 1 ey 1
max(j,1)  max(j,1)}/2 max(j,1)1/2 = ~ “max(j,1)1/2’
and using Holder’s inequality, we obtain

|ex|

loe| =3/2]4+ pao+€2+1 1
(1) < sc3All ES oty , - —_—
j=1 max(] - 17 1)max(j, 1) / max(|a\ - 1) /
2 4[|e|=3/2] +éa+1 % 1
<8CHAy I TR T !
T 3/2 — i 1)1/2
= max(j — 1,1)32 max(la| - j, 1)1/
o] —1 3/4 o] —1 1/4
S80§A£La|73/2]+E3412+52+1|a“ 1_|_ Z j_2 1+ Z j—2
j=1 j=1

< 24C§Ag,a|_3/2]+E32+52+1‘a|!,
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where we have used 1+ ((2) < 3. We now estimate term (II) in (35). Remark that
-2
(1) < [[rwll e () ™ TP 72D (15 DX 0) | 2y .- (37)
In addition,
-2
I 772D (4 D) | 2
< ”7,041+§1+5*2DQ+EUHL2(Q6M) + 0‘161||7'a1+ﬁ72Dav”L2(Q,;1w)
< AT EGTE (o] - 11+ ol A5 EG o] - 21!
< 34T peetE (o — 1)1,
Hence, from (30) and (37), for any « as in (29),
(I1) < 30Camn Ay~ BG4 (Ja] = 1)L (38)
It follows from (35), (36), and (38) that, for any v, w € {w,wy} and any multi-index
¢ such that |¢] =1,
[P T2 D (T wD ) )| 2, ) < (24CF + 3Cemp) AT EG2H1HE2 0)1 (39)
The combination of the formula (31) and of the bounds (32), (33), (34), and (39)

concludes the proof, with

Cty = 6 max (6003 + 4ec, 24C§ + 3Cemb + 466) .

4.2 Analytic regularity in the polygon P

We can now prove the main result of this paper. With analyticity in the interior
and up to edges of P being classical, we concentrate on the sectors near the
corners ¢; of the domain P. We define for ¢ € (0,1),

Sk = Q5. (ci), i=1,...,n. (40)

We prepare the bootstrapping argument required for establishing analytic reg-
ularity by proving that the solution (u,p) as is given in Theorem 2 satisfies
that (u — u(c:),p) € W2, (S5 x WA, (S3).

Lemma 16 Let éf = (B1,-..,Bn) € (0,1)" be such that around each corner ¢;, the
operator pencil A(X) defined as in (16) has no eigenvalue on Im(\) = 1 — ; for

2 2
i=1,..,n and let f € [LBf(P)]2 NW* such that || fllw+ < C;Cc%:él . Suppose that

Assumption 1 holds. Let (u,p) be the solution to (2) with right hand side f.
Then, the following results hold:

1. Forall0 <6 <1 withd < imini,j |Cj — Cil,
(= u(e),p) € V2 (Siyo)l2 x WA (SLye), Vi€ {L,...,n}.

2. For any corner ¢; which touches a complete side T'; C T, u(c;)-n =0 on
I'; where n is the outer normal vector of T';.
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Proof We start by showing the first assertion. For all s € (1,2) and for t = (1/s —
1/2)71,
I Fllspy < ||‘I’—§f||Lt(P)H‘I>§ff||L2(P)~

Therefore f € [Lgf (P)]? implies

s 2 2
felL’(P)]7, VSE<1’1+max,8f>'
In addition, w € [H'(P)]? implies by Sobolev embedding u € [L*(P)]? for all ¢ €
[1,00). By Hélder’s inequality, choosing t € [1,00) and s = (1/2 4 1/t)~ !,

lw - V)ull oy < llullpegpy IVl 2y < 00

which implies (u - V)u € [L*(P)]?, for all s € [1,2). It follows from [5, Corollary 4.2]
that there exists ¢ > 1 such that (u, p) € [W29(P)]*> x W9(P). This in turn implies,
by Sobolev embedding, u € [L°°(P)]2. Hence (u - V)u € [L?(P)]2. We conclude by
applying Theorem 9 to each corner sector to obtain that there exists a constant Csec
such that for each ¢ € {1,...,n},

I = w(llwz sz )+ lIPlhws (si ) < Csec(||f||z(£f)i(sg)

Tl gsp + el + ol )

Now, since f € [L',Igf(P)]2 and (u - V)u € [L?(P))?, it holds that f € [Lgf (SH)?
and (u-V)u € [Eﬁf(Sg)P; hence, the right hand side of the inequality above is
bounded. Using [13, Corollary 4.2] to bound the norm of the Cartesian version of the
flux concludes the proof of the regularity result.

To show the second point, we fix i € {1,...,n} and assume that I" C ' abuts ¢;.
Then, for any point € I" we have, due to the boundary condition, u(x)-n = 0, where
n is the outer normal vector of I'. In addition, Lemma 6 implies that u € C° (Sig)2
since u — u(c) € W[%L (Sg/g)2 C CO(%)Q. Therefore, by letting  — ¢; along I, we
have u(¢;) - n = limg ¢, u(x) -n = 0. O

We prove weighted analytic estimates for Leray-Hopf weak solutions in
each corner sector.

Lemma 17 Let éf = (B1,---,Bn) € (0,1)" be such that in a vicinity of each corner
¢;, the operator pencil A(X) defined as in (16) has no eigenvalue on Im(A\) =1 — 3;
2 2
and f € [Bg (P)2NW* such that ||f||w- < %CO%' Suppose that Assumption 1
f con

holds and let (u,p) be the solution to (2) with right hand side f.
Then there exists dp € (0,1] such that for all i € {1,2,...,n}, (u,p) €

[ng (SgP/2)}2 X Bé1(sgp/2)

Remark 18 Lemma 17 implies in particular that if w(c;) = 0 (this happens when
at least one straight edge of stp is a zero Dirichlet edge or both edges are

equipped with homogeneous Slip boundary condition), then w € [B%Z (Sgp/2)]2 C
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(Hg (55 /2)]2 and p € B}g (SgP/Q) C H (S(; /) implies by Lemma 7 that
u 6 (K3 B (55 /2)]2 and that p € Ki_ B (55 /2) Furthermore, by definition
Bﬁi(sép/2) m-Kffﬁi(Sép/Q) = KZ*& (Sép/g). Therefore, u € [K;ﬁi(sgpm)]? and
p € K7 5,(S5, /5) in this case.

Proof Write éf = (B1,.--,0n) € (0,1)™ Fix 0 < dp < 1 such that dp <

iminm |¢; — ¢;| and such that
o= uledlwe s ) <L oy sy ) ST Vi€ {Loom) (4)

Note that this condition is meaningful thanks to Lemma 16. The proof proceeds by
induction, in each of the corner sectors. Fix ¢ € {1,...,n}. We write r(z) = r;(x) =
| — ¢;] for compactness.

Let u = u—wu(c;). Before setting up the inductive bootstrap argument, we rewrite
the NSE with @ in polar coordinates and rearrange the equations in the sector ngp
as

I8 (@,p) = (A(f —((u+ u(ci())) -V)(u + u(u)))) in S¢, (42a)

B(u,p) =0 on Ts. (42Db)

This set of equations has the following component-wise form:

1 (u((ror)?+ 05— 1) —200y U\ 1 (ror\ 2.
r2 ( 200y v((rdr)? + 03 — 1)) \uy + r\ 9y )P Fin Sop,

(43)
1 ~ ~ . i
- ((ror + 1) ur + 0yuy) =0 in SZ;P,
(44)
% =0 on 8S§P NTp.
(45)

Here f = F—(@+u(y) V)(@+u(y)). On 8S§P NI'y and BSgp NT'q, respectively,

“1a ~ ~ 1~
(I/(’/‘ 61_9’1,14"_"1 87,7{7'9 r~ u19> —0 (46)
—p+2vr™ " (Ogty + Ur))

and

o B
(y(araﬂ + 1o,a, — %%)) =0. (47)

See Appendix C for details of the derivation.

The analyticity of w and p in P\ (UZ 155 /2) and the analyticity assumption
on f,ie., f€ [BB (P)]? (whence f € [Bﬁi (Sép )]? by Lemma 4), imply that there
exists A1 > 0 such that for all |a] > 1,

”rﬁﬁmdpa(ﬂ?)HLQ(SgP) < Allap,  (48a)

[Pt =202 (A G+ ule)) - V)@ ul@))lragsy, vy, < A lall, (48b)

2



Springer Nature 2021 B TEX template

Analytic regularity for NS in polygons with mized BC 25

f -1 -1
P DY) g gty < AT (ol - 1),
5p \Ps

P/Z) -
(48c)
and, for all kK € N, - N
Hr BTUHHl(SgP\SéP/z) S Alk' (48d)
For the ensuing induction argument, we define the constants
1\3/2
E, = max <2, 8 <1 + ;) ,(81/)3/2) 7 (49a)

and

4 1
A, = max (22CsecA1, 2Csec(Cy + 9)E12L, ;AL 4 <;(Ct +2)+ 4) E3/37

4A1,4(Ct + 1+ 3v)Ey, 2). (49b)

We now formulate our induction assumption.

Induction assumption
We say Hj . holds for k € N and ky € N with ky <k, if

iFor—2. 0~ -2 —4/3
||7‘;6 +an DO‘UT”LQ(Sg /2) < ALO‘\ ELaz / ]+(|a| —2), , 2<|a| < i L
r VYa € Nj : - -

i —2 2 [ap—4/3
||7"f3 +an ’Do‘ug”Lz(Sg'Pﬂ) < ALO“ ELOQ / ]+(|a| — 2)!, ag < ko +1,
(50a)
and
Bitar1—1~a la|—1 o 2 1< ol < l;v
A D i <A E - 1), VYa € Nj :
I P||L2(55P/2) < Ay w’(lof = 1) aeNj {QQ <o,
(50b)

where Ay and Ey are the constants in (49b) and (49a).

Strategy of the proof
We start the induction by noting that Hi 1 holds due to Lemma 16 and to (41).
The induction proof of the statement will be composed of two main steps. In the
first step, we show
Vk e N, Hk,k - Hk+171. (51)
Then, in the following step, we will show that, for all ¥ € N and all j € N such that
J<k
Hyp and Hyy1,; = Hpq1j41- (52)
Combining (51) and (52), we obtain that
Hyp = Hpiq k4, (53)

We infer from (53) that Hy, ;. is verified for all k& € N. This will conclude the proof.
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Step 1: proof of (51)
We fix k € N and suppose that Hj, j holds. Define

U= rké‘,’fﬁ, q= rka,]fp. (54)
Then, for all || <2,
rM D% = rF ok (rM D) (55)
and
Dg = Tk_Qaf(rm—"anp) — krk_laf_lD"p —mk(k — 1)7’k_28,]f_1p. (56)

Furthermore, multiplying (44) by r and differentiating by OF we obtain
(ror + (k + 1))08%, + 0Foyuy = 0,

hence

~ 1
0=r* 10y + (k+ D)0 + 7" 90r Ty = - ((r0r + LJvr + dgvy). (57)

From (55), (56), and (57), it follows that the pair (v, q) as defined in (54) satisfies,

with LSA and B in polar frame and acting on the velocity field @ in polar frame as
defined in (42a) and (42b) formally the Stokes boundary value problem

St (v,q) <f> in 5513’

B(v,q) = (g) , on (855P NCp) x (8S§P NTy) X (8S§P Nlq),.
0

(58)

Here, fand (assuming that 85’313 NIy # @) g are defined by

F=r""20r0?(F -

~ 0
g= krk—laf—lp .
(59)

Using (48a), Lemma 15 with w = wu, the inductive hypothesis Hy, j, and the fact
that for all v € LQ(SZ;P)

k _ yak—1
(@@ ule) V0@ ue)) - ot 2 (TP DO,

HUHL?(SZ < |lollpes: T ||U||L2(51 \Si
we find from (59)
1Nz, (55 ) < WP 52082 Pl ey, )
208 (@ ule)) V) @+ wl(e) s )

3 k— k i k— k—
+ Rl Ol 2y )+ Rk = DI 20r pl oy

spr2)

Rl 20T Dgpl 2 s
< Ak 4 (ctAﬁ*1E5 4 A’f) K+ k (Aﬁ’l n A’f’l) (k —1)!
+h(k—1) (4572 + AF72) (k-2 4k (AF B+ ALY

< (541 + (Co+3) A5 B2 k.
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Furthermore,

k—1qk—1
180372055, ey < I 0F Py

< k(||r’“*2+ﬁaf*1p||m<sg,,>

k=245 gk—1 k—1+8 ok
+r Por 319P||L2(sgp)+||7” ﬁarpHLZ(sgp)

= DI Y )
< 4k (A’f’l n Aﬁ*lEu) (k —1)!
—4 (A’f*1 + Afj*lEu) K.
It follows from (58), Theorem 9, (48d), (48c), and the two inequalities above that

%= ol (i) + lalhwy sy

5p /2 5 /2)

< Chee (nfu%(y sy 5, 0+ lalzaisy, vss, )+ 181 s mm)

5/2

< Chec (11A’f +(Cy + 7)A5—1Eu) k.

R (60)
We claim that v(¢;) = 0. This means that this term in (60) could be omit-
ted. To prove the claim, we observe that the validity of Hy j; implies that

||rk+ﬁi_28f5\|L2(S§P/2) < 400 and thus © € Egi_g(Sgp/z)Q. This is equivalent to

v E EBI,Q(SZ;P/Q)?. Using (60), [13, Corollary 4.2, Page 322] and Lemma 6 we have
that v € CO(S}; /2) . Then the condition v € ﬁﬂi_g(sgp/2)2 forces v (and D) to

vanish at ¢; since otherwise r2(5'i_2)vi2 would not be integrable on Sgp/z.
Now, for all |n| = 2,

Dy = r*oFD"u + nlkrk_laf—"m_la;”ﬁ + [ — 1]+k(k — 1)7"k_28f§.
Therefore, for all |n| = 2,

i+k+n1—2qk
[P 2 D o si )
P/2

) + nlk”rﬂﬁrkJﬂh*3ak+771*18?72

< ”6HW§(51 u”L?(S’
k2

p/2)

Bith—2 k=
+k(k = 1)[r Ol pa(si )

< Csec (11A1 +(Cy+7) AR~ 1E2> k4 2k AR (k= D)+ k(k — 1) A5 2 (k — 2)!
< Chec (11A1 +(Cy +9) AL 1E2) k.
For all |n| =1,
Dl =r*oyD"q + mkr™ o) p,
hence

Bitktm—1 gk pyn v v Bitk—1gk
[l O Dplras; ) < lallwy csi )+ Klr Orplieaess )

< Cuec (1145 + (o + 1) AL D) R+ RAST (k= 1)1
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< Csec (1114]1C + (Cy + S)Aﬁ_lEi) k!

From (49b) it follows that for every k € N

5i+k+n1*287k_?D77 ﬁi+k+771*16fp77

max ||r < ARk,

[n]=2 pHL2(S§P

= k
u\|L2(sgP/2) < Aukl, max lIr 1)

i.e., that Hy 1 holds. We have shown implication (51).

Step 2: proof of (52)
We now fix j € {1,...,k} and we assume that Hy, j and Hy ; hold true.
Multiply (44) by r and differentiate by 8f_j8§+1 to obtain
rof P10 G, 4 (k41— joF 00, + 0F 100y = 0.
Therefore, using Hy11 j,
||T51+k—j—28f—j8§+2~

wollLzsy )

A k—j—1 akt1—j Aj+1~ idk—j—2 ak—j aj+l~
< ||PBith—i=1 gkt Tot UT||L2(53P/2)+7<7||?‘5+ T2 ur||Lz(53P/2)
< AFEITVBk 4 kAR RT3 (1)
< 24k gI=1/3

< AREIT g,
(61)
This proves the estimate for .
To prove the bound on ur, multiply the first equation in (43) by r? and

differentiate by af‘jaf;, to obtain

vaF I8 %, = —u (ﬂa? + @2k — §) + D)roy + (k — §)? — 1) KI5, — 200k T
+ (207 +2(k — j)ror + (k= j)(k —j — 1)9F 7~ a%p
—0F 90 (A(F ~ (@ + u(@) V)@ + u(e)r)

Therefore,

Bith—j—2gk—j git2y .
P20k 0 sy

< (Aik! 2k Ak — 1)+ k(k — 2)(k — 2)!>A5_2EE’4/3” + 245 BT P (k- 1))
+ %(Aﬁk! +2(k = DAL (k= D!+ (k= 1)(k = 2) A (k = 2)!)Ef;
+ %A’fk! n %CtAﬁflEf;”k!
< (%A’f + (1 + %) Ak B + (%(ct +2)+ 4) AETVELY 4 (1 + %) Aﬁ*zEz’é) K.
< AFEIt23p
(62)

This provides the estimate for .
Last, consider the second equation of (43): multiplying by r? and differentiating

by 87lffj 81% we obtain

roF o3 p = v (ﬂa,? + 2k =5+ D)ro-+ (k—j)%> -1+ 839) el
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+ 200 T G — (k- j)orI el

+okia) (ﬁ(f —((@+u(e)) - V)(@+ U(Ci)))ﬁ) :

Hence,

i+k—j—1ak—j aj+1
PRI R 90 pl oy

5p/2

< V(Aik! + 2k Au(k — 1)+ k(k — 2)(k — 2)1)A5—2ELJ’4/3]+

FvARBITY 3k 4 op AR RT3 (- 1) 4 (k- 1) A2 BT (6 — 2)1
+ AFKl 4+ O AE LI 2R
< (A'f + oA BT L (O + 1+ 30) AR BT 4 Aﬁ*QEfﬁl) k!

< AFpItig.
(63)
Then, the estimates in (61), (62), and (63) imply that Hyiq j4q holds true. By
the strategy outlined above, this shows implication (53) and thus verifies Hy, j for
all k € N. Therefore (u,p) € [B%@ (S'gP/Q)]2 X Béi(S§P/2)7 which leads to (w,p) €
[Bgi (Sgp/z)}z X Béi (Sép/2) due to u(c;) = 0 and Lemma 3. The proof is concluded
by noting that w — w is a constant vector field. O

Combining the estimates in each sector with classical results on the ana-
lyticity of the solution in the interior of the domain and on regular parts of
the boundary from [1], this implies the weighted analytic regularity in P of
solutions to the stationary, incompressible Navier-Stokes equations, stated in
Theorem 8.

Proof of Theorem 8 The analyticity of weak solutions (u,p) in the interior and up
to analytic parts of the boundary is classical, see, e.g., [2, 22]. The weighted analytic
regularity near corners of P is provided in Lemma 17. O

Remark 19 If for each corner ¢ € €, either at least one of the two sides of P meeting in
¢ is a Dirichlet side with no-slip BCs or both sides of P meeting in ¢ are equipped with
homogeneous slip boundary condition, then by repeating the argument in Remark
18 near each corner and using again the analyticity of (u,p) in the interior and up
to analytic parts of the boundary, the present analysis will imply

(w.p) € K5 5 (P x KT g (P).

5 Conclusion and Discussion

We have shown analytic regularity of Leray-Hopf solutions of the stationary,
viscous and incompressible Navier-Stokes equations in polygonal domains P,
subject to sufficiently small and analytic in P forcing. We proved analytic reg-
ularity of the velocity and pressure in scales of corner-weighted, Kondrat’ev
spaces. The present setting of mixed BCs covers most examples of interest in
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applications, such as, e.g., channel flow with homogeneous Neumann condi-
tion at the outflow boundary. With the argument in [12] containing a gap, in
the particular case of homogeneous Dirichlet (“no-slip”) boundary conditions
on all of P the present result implies that the result in [16] stands under the
assumptions stated in [16]. The analytic regularity in homogeneous weighted
spaces implies, as explained in the discussion in [16, Section 5], corresponding
bounds on n-widths of solution sets which, in turn, imply exponential conver-
gence of reduced basis and of Model Order Reduction methods. Corresponding
remarks apply also in the present, more general situation, and we do not spell
them out here.

We note that our weighted analytic regularity arguments were local, at
each sector. Assumption 1, item 2 was only imposed to ease the presentation
of (known) results on existence and uniqueness of variational (“Leray-Hopf”)
solutions.

The present results also imply, along the lines of [16] (where only the case
of no-slip BCs on all of 9P was considered), exponential rates of convergence
of hp-approximations. Details on the exponential convergence rate bounds for
further discretizations in the case of the presently considered mixed boundary
conditions shall be elaborated elsewhere.

Declarations

The authors declare that data sharing in this article is not applicable as no
datasets were generated or analysed during the current study.

A Proofs of Section 2.5.4

Proof of Lemma 3 The third item of Lemma 5 and the second item of Lemma 6 give
that for any £ € {0,1,2} there exists a constant Ag > 1 such that for any a € N3,

—/L — +1
5T D 2, () < AL el

Then we have

—L ——
| ullL2(Qs.0(c)) < 4P Ul £2(Qs.0(c))
and for all |a| > 1,

4
I DY | L2 ()

as

g ; ¢ .
= <j)laf?cosﬁ|L°°(Qa,w(c))”rﬂ+a1 07 0y urll L2 (s (e))
=0

oz /o . - i
+Z(J’2>||8f981n19||m(@5,w<c>>WM 071952 ugll L2y (o))
j=0

az
1 —jl @
<24 ot Ap 7 ( j?) < 2(240)1 % a1,
=0

A similar estimate holds for ug. By the above results and using the third item of
Lemma 5 and the first item of Lemma 6 we have u € [Bg (Qs..(c))]?, which, by the

second item of Lemma 5, is equivalent to u € [Bé(Q(;)w(c))P. O
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Proof of Lemma 4 From v € [B/(@)(Q<57W(c))]2 it follows that v € [B%(Qg’w(c))]Q by
[17, Theorem 1.1]. Then, there exists Ag > 1 such that, for all |a| > 1,

as
o . .
HraﬁﬂDo‘wHLz(Q&w(c)) < Z <j2> 167 cosﬁHLw(Qé’w(c))||r°‘1+/38318§‘2 ]111|\L2(Q5yw(c))

=0

= « i . « a1 a0 —7j
+>0 (j?)naggsmﬂ|Lm(Q51w(c))||r 1B g 902 Tv2ll12(Qs.0(0))
j=0

s
<24Malt 3" 4y7 (?) < 2(240)1 .
j=0

The estimate for vy follows by the same argument. |

Proof of Lemma 7 Lemma 6 implies that v € Wg(Qa,w(c)). Elementary calculus
yields

sin ¢

Oz, = cos¥0r — . Oy,
Oy = SNy + CO:ﬁaﬂ,

. .2 . s 2
5;%1 — cos? 198,% + 2(305;9251n19819 + smr ﬁar B 2cosz951n198mg + 51;121981297

. 2 . 2
8%2 — sin? 1983 _ 2cosz9251n19819 n cos ﬁar " 2cosz951n198mg + cos2 198129,

r r r r

2.9 2 29 2 . .

D1, 0, = cosﬂsin't?&% + sin 19r2cos 0819 n cos“ ¥ . sin ﬁam _ sin ﬁrcosﬁar _ sin 1150868129.

Therefore there exists C > 0 (C' =7 when k = 2 and C = 2 when k = 1 will suffice)
such that for any o € N3 with |a| < k,

1/2
1P 0% || 2 g, o) < € ( 3 |r“+a1D%|%z<Qa,w<c») = Cllolys (.. (o)
la|<k

By definition, it follows that v € KE—B(Qé,w(C))‘ O

B Parametric Operator Pencil for
Stokes-Problem

In this appendix, we give details about the parametrized system (16). Recall
that r and + are polar coordinates in the sector Qs.. Set D = —idy. The

parametric differential operator f()\) in (16) is defined as

~

L(AN)(w, p)

vD? +20(1+ X)) v(3+iN)iD  —(1+ i/\)> " , (1—ix iD) <”) )

p

_( < —v(B3—iNiD v2D*+v(14+X*)  iD
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We also define the boundary operator §(A) in (16) as

E(A)(u,m:(Ao(A) ay | A [ up ) (65)
p p

where, for any u € {0,w},

100
01 0) , if {9 = u} corresponds to a Dirichlet edge,
D —v(14+1iA) 0
A, (N)(a,p) = 1/211/ V;yi_gl ) _1> , if {¢¥ = p} corresponds to a Neumann edge,
0 1 0
, if {¢# = u} corresponds to a Slip edge.
iD —(1+i/\)0> (0= u} corresp bece

(66)
For the derivation of this parametric system, see [21, Chapter 4.2]

C Stokes operator in polar coordinates

In this appendix we provide the elementary calculations to verify (43)-(47),
which describe the NSE with boundary conditions in polar coordinates and
polar components. We recall the representation of the NSE in the Cartesian
reference frame

LSAt(’U,ap) = (f a (16 V)u) in Sépv (67)
B(u,p) =0 onTs. (68)

Using u = u — u(c;) we rewrite this set of equations as

LSAt(ﬁ,p)(f—<<a+u<ci>é~V><ﬁ+u<cm) inSi,,  (69)

B(u,p) = —B(u(c;),0) =0 onTs. (70)

(69) follows directly from (67). We justify that the right-hand side of (70) is
a zero vector. To this end, we note firstly that due to Lemma 16, u — u(c;) €
W3 .(S5)* € C%(S5)? and thus w € C°(S})?, which implies the continuity of
u|f6 along I's. On a Dirichlet side, we use the homogeneous Dirichlet bound-
ary condition and the continuity of w to derive u(c¢;) = 0, which implies
B(u(c;),0) = 0 on this side. On a Neumann side, B(u(c;),0) = 0 as all
entries of e(u(c;)) equal zero. For a side equipped with Slip boundary condi-
tion, Lemma 16 shows that the first component of B(u(c;),0) equals 0 and
the second component also vanishes with the same reasoning as in the case of
a Neumann side. The right-hand sides of (45), (46) and (47) are thus verified.
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The vector Laplacian in a polar reference frame reads [23, Equation (3.151)]

= 1 (7’87«)2 + (91% —1 _2819 =
Au=5 ( 20y (ro)2+02-1)"

and [24, Equation (I1.4.C3)]

==_{( Owp
Vp = <r‘1&9p> .

The divergence of @, which equals to V - u, is [24, Equation (IL.4.C5)] V-u =
L ((r0r + 1)U, + Dyliy), whence (43) and (44).

Regarding the boundary conditions (70), we start from the expression of the
stress tensor in polar coordinates and polar frame, see [24, Equation (I1.4.C9)],

= Op iy %(87,{[,9 + 1 (819177« — ﬂﬁ))
e(@) = (;(5»a§-+r1(aﬁar-aﬁ)) (g + i) ) (1)

hence the stress tensor in a polar reference frame reads

= . ~ . 20, U, Oty + 771 (Ot — ﬂﬁ)
JWW)Q%W)M@V@ﬂWH*@MVﬂM 2Dty +7,) ) P12

nz:l:(?), t:$<(1))7

where the sign depends on the side of the sector being considered. Then, by
matrix-vector multiplication,

(72)
We have furthermore

Orllg + 7‘_1(819177» — 1719)>

o(w,p)n = +v < 2r=H(DpUy + ) —p

and consequently
~ -~ N 7 ~ ]. ~ ~
(o(u,p)n) -t =oc(u,p)n -t = -0ty — — (g, — Uy).
r

Also, it follows from the definition that @ -n = @ -7 = 4y, thus verifying
(45), (46), and (47).
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