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Abstract

Recently, the Shifted Boundary Method (SBM) was proposed within the class of unfitted (or immersed, or
embedded) finite element methods. By reformulating the original boundary value problem over a surrogate
(approximate) computational domain, the SBM avoids integration over cut cells and the associated prob-
lematic issues regarding numerical stability and matrix conditioning. Accuracy is maintained by modifying
the original boundary conditions using Taylor expansions. Hence the name of the method, that shifts the
location and values of the boundary conditions. In this article, we present enhanced variational SBM for-
mulations for the Poisson and Stokes problems with improved flexibility and robustness. These simplified
variational forms allow to relax some of the assumptions required by the mathematical proofs of stability
and convergence of earlier implementations. First, we show that these new SBM implementations can be
proved asymptotically stable and convergent even without the rather restrictive assumption that the inner
product between the normals to the true and surrogate boundaries is positive. Second, we show that it is not
necessary to introduce a stabilization term involving the tangential derivatives of the solution at Dirichlet
boundaries, therefore avoiding the calibration of an additional stabilization parameter. Finally, we prove
enhanced L?-estimates without the cumbersome assumption - of earlier proofs - that the surrogate domain
is convex. Instead we rely on a conventional assumption that the boundary of the true domain is smooth,
which can also be replaced by requiring convexity of the true domain. The aforementioned improvements
open the way to a more general and efficient implementation of the Shifted Boundary Method, particularly
in complex three-dimensional geometries. We complement these theoretical developments with numerical
experiments in two and three dimensions.

Keywords: Shifted boundary method; immersed boundary method; small cut-cell problem; approximate
domain boundaries; weak boundary conditions; unfitted finite element methods.

1. Introduction

In this article, we provide improved proofs for well-posedness, numerical stability and convergence of the
shifted boundary method (SBM) for the Poisson and Stokes problems under a simplified set of assumptions
which makes the SBM more generally applicable in the simulation of practical engineering problems of very
complex geometry.

We briefly recall the scope and motivation for the SBM, which falls in the broader category of unfitted (or
embedded) finite element methods [7, T1HI9, 27H29, 3T, 32] B5], [39-41] [45]. Many of these methods require
the geometric construction of the partial elements cut by the embedded boundary, which can be both
algorithmically complicated and computationally intensive, due to data structures that are considerably
more complex with respect to corresponding fitted finite element methods. Furthermore, integrating the
variational forms on the characteristically irregular cut cells may also be difficult and advanced quadrature

*Corresponding author: Guglielmo Scovazzi
Email addresses: nabil.atallah@duke.edu (Nabil M. Atallah), claudio.canuto@polito.it (Claudio Canuto),
guglielmo.scovazzi@duke.edu (Guglielmo Scovazzi)

Date: April 23, 2020



formulas might need to be employed [23] B7]. Accordingly, it is typical for unfitted methods that a non-
negligible portion of the overall wall-clock time for a simulation is spent handling the embedded boundary,
when complex geometries are considered.

The SBM approach is instead aimed at avoiding integration over cut cells and all the problematic issues
just mentioned, and belongs to the more specific class of approximate domain methods [5], 6] [RHI0, 20~
22, 26] for some examples). The SBM is built for minimal computational complexity, in that the location
where boundary conditions are applied is shifted from the true to an approximate (surrogate) boundary,
and, at the same time, modified (shifted) boundary conditions are applied in order to avoid a reduction
in the convergence rates of the overall formulation. In fact, if the boundary conditions associated to the
true domain are not appropriately modified on the surrogate domain, only first-order convergence is to be
expected. The shifted boundary conditions are appropriately modified by means of Taylor expansions and
are applied weakly, using a Nitsche strategy. This process yields a method which is simple, robust, accurate
and efficient.

The shifted boundary method was proposed in [33] for the Poisson and Stokes flow problems and gener-
alized in [34] to the advection-diffusion and Navier-Stokes equations, and in [42] to hyperbolic conservation
laws. In [33] and [34], an analysis of the stability and accuracy of the SBM for the Poisson and advection-
diffusion operators was also included, respectively. More recently, the authors of [4] analyzed the stability
and accuracy of the SBM for the Stokes flow equations, in an endeavor to complete the numerical analysis
of the method for the fundamental differential operators that combine in the Navier-Stokes equations and
many other linear and nonlinear partial differential equations of importance in engineering and physical
sciences.

In the present work, we propose second generation shifted boundary formulations for the Poisson and
Stokes flow problems, and we include their mathematical analysis of stability and accuracy. These enhanced
formulations are obtained by 1) discarding the assumption that the inner product between the normals to
the true and surrogate boundaries must be positive [33] and 2) removing a boundary stabilization term
constructed with tangential derivatives, which was initially considered necessary for the numerical stability
of the method [33]. Particularly, the assumption that the inner product between the normals to the true and
surrogate boundaries must be positive is typically not verified in three dimensional computations involving
complex geometries, and the ability to avoid such restriction is paramount for the application of the SBM
framework to general engineering problems. Furthermore, the new proofs of stability and accuracy proposed
in this work provide a clear explanation of why the SBM is very effective in the robust treatment of complex
geometry problems.

In addition, we provide enhanced proofs for the convergence rates in the L2-norm, using the conventional
requirement that the boundary of the true domain is smooth, as opposed to the restrictive assumption that
the surrogate domain is convex [4, B3] B4]. We also note that the assumption of smoothness of the true
boundary can be replaced by an assumption of convexity of the true domain.

Finally, in the case of the specific stabilized variational formulation utilized to treat the Stokes operator,
we also discard one of the stabilization terms associated with the incompressibility condition. This modifica-
tion is however less relevant for those practitioners who are interested in pairing the SBM with LBB-stable
finite elements.

This article is organized as follows: Section [2] introduces the general SBM notation; the analysis of
the SBM variational formulation of the Poisson problem is discussed in Section [} the analysis of the
SBM variational formulation of the Stokes problem is presented in Section [} extensive numerical tests are
presented in Section [5] and Section [6} and finally, conclusions are summarized in Section [7]

2. The shifted boundary method

Notation. Throughout the paper, we will denote by L2(£2) the space of square integrable functions on Q and
by L§(Q) the space of square integrable functions with zero mean on Q (i.e., ¢ € L§(€) implies [, ¢ = 0).
We will use the Sobolev spaces H™ () = W™2(Q) of index of regularity m > 0 and index of summability



(a) The true domain €2, the surrogate domain (b) The distance vector d, the true normal n
Qp C Q and their boundaries I'y, and T'. and the true tangent 7.

Figure 1: The surrogate domain, its boundary, and the distance vector d.

2, equipped with the (scaled) norm

m 1/2
[Vllrm ) = (IIvllsz(m +>_ (@) D*v I%zm)) ; (1)
k=1

where D" is the kth-order spatial derivative operator and I(A) = meas,,,(4)/™ is a characteristic length
of the domain A (ng = 2,3 indicates the number of spatial dimensions). Note that H°(Q) = L?*(Q).
As usual, we use a simplified notation for norms and semi-norms, i.e., we set ||v ||, = || v | gm ) and

[v[ke = D*vloq = | D*v|l12(q)-

2.1. The true domain, the surrogate domain and maps

Let  be a connected open set in R with Lipschitz boundary. We consider a closed domain 2 such
that clos(2) C 2 and we introduce a family .7}, of admissible and shape-regular triangulations of 2. Then,
we restrict each triangulation by selecting those elements that are contained in clos(f2), i.e., we form

G ={T € F,:T Cclos(Q)}.
This identifies the surrogate domain
Qpe=int [ | T)CQ,
Tef‘j‘h

with surrogate boundary I}, := 0%y, and outward-oriented unit normal vector n to L. Obviously, ﬁh is an
admissible and shape-regular triangulation of €2, (see Figure . We now select a mapping

Mh:fh—>F, (2&)
T—x, (2b)



which associates to any point & € [, on the surrogate boundary a point @ = M (&) on the physical
boundary I'. Whenever uniquely defined, the closest-point point projection of & upon I" is a natural choice
for «, as shown e.g. in Figure But more sophisticated choices may be locally preferable; we refer to [3]
for more details. Through M}, a distance vector function das, can be defined as

dv, (@) =xz— = [M, —I](). (3)
For the sake of simplicity, we set d = dar, where d = ||d||v and v is a unit vector.

Remark 1. If M, (&) does not belong to corners or edges, then v = n.

Remark 2. There are other strategies in the definition of the map M, and, correspondingly, the distance
vector d. Among them is a level set description of the true boundary, in which d is defined by means of a
distance function.

In case the boundary I' is partitioned into a Dirichlet boundary I'p and a Neumann boundary I'y with
I'=TpUIl'y and I'p NIy = 0§, we need to identify whether a surrogate edge E C I'}, is associated with I'p

or I'y. To that end, we partition f‘h as f‘D,h U f‘N,h with f‘D,h N f‘N’h = () using again a map M, such that
fD,h = {E CTh: Mh(E) C I'p} (4)

and fN,h = fh \ fD,h~ )

Indicating by hr (h%, resp.) the circumscribed diameter (inscribed diameter, resp.) of an element
T € 9}, and ~by h (R, resp.) the piecewise constant function in €, such that hyp = hr (h|iT = hl., resp.)
for all T € 7}, we require that the distance || d || goes to zero slightly faster than h, as the grid is refined,
according to the following

Assumption 1. There exist constants cq > 0 and ( > 0 such that

| d(&) || < cqhrhs veael,NT, TeT,, (5)

where . R
hr = l(Qh)_1 hr . (6)

We also introduce the following mesh parameters

he = (hp hin)Y/? (7a)
hy = max_ hr, (7b)
" TE€Z:TNT, #0
hg = max hrp, Tc
En Teﬁh r ( )
measy,, (T) - - . .
hy = —"4- VEely, TNE#D TcI,. (7d)

meas,,—1(E)

Remark 3. The rate of decay of ||d|| needs only to be marginally faster than the one of h, that is, ¢ can
be set to an arbitrarily small positive number. For example, this condition can be realized in practice by
(iteratively) subdividing each of the edges of the mesh into two, and then slightly shifting the location of
the nodes on the surrogate boundary along the direction d.

Remark 4. When computing convergence rates in numerical experiments, we found that it was not neces-
sary to enforce Assumption [l} and that a standard mesh refinement in which every edge of the grid is split
in half was sufficient. Assumption [I] should therefore be considered as a technical condition for the proofs
rather than a practical condition for computations.



Remark 5. Assumption [l|effectively replaces the earlier and much more restrictive assumption inffh n-v>
0 in [33]. The latter, as will be shown in the numerical tests of Section [f] and Section [6] is typically not
verified for complex geometries. The fact that stability and convergence can be established without this
restriction is one of the main results in this paper (see Section [3| and Section , and paves the way to
the application of the SBM to very complex geometry problems. Incidentally, Assumption ] is also one of
the differences between the unfitted SBM approach presented here and the Universal Meshes Method [38],
an unrelated hybrid fitted /unfitted method that however utilizes closest-point projection algorithms and
stability conditions analogous to infz 7 -v > 0.

2.2. General strategy

The SBM introduced in [33] discretizes the governing equations in Q, rather than Q. Consequently, the
challenge would be to consistently enforce the boundary conditions on I',. To this end, the SBM resorts
to a first-order Taylor expansion of the concerned variable at the surrogate boundary in order to shift the
boundary condition from I'" to L.

To illustrate, consider a scalar field u to be the exact solution to a partial differential equation in 2 with a
trace g on I'. Assuming v is sufficiently smooth in the strip between I', and T so as to admit a first-order
Taylor expansion pointwise, we can write

w(@) + (Vu-d)(&) + (R(u,d)) (@) = g(z) , onT} . (8)
where the remainder R(u,d) satisfies
| B(u,d)[=o(|d]}) as [df=0.
Introducing the function §(z) := g(M,(&)) on I'j,, we see that the trace of u on '), satisfies
u+Vu-d—g+ R(u,d) = Spu—g+ Rpu=0, (9)
where we have introduced the boundary operator
Spv:=v+Vu-d on T (10)

and Rpu is a short-hand notation for the Taylor expansion remainder R(u,d). Neglecting the higher-order
term (with respect to || d||) in (9, we obtain the final expression of the shifted boundary condition

Shu:gv on fh 3 (11)

which will be weakly enforced on the discretization uy of u that we are going to introduce. Similarly, for a
vector field u, we deduce that its trace g on I'j, satisfies

S]—L11,—‘y-.12h’ll,:{_]7 (12)

where Sjv := v+ Vod on I', and Rju is the Taylor expansion remainder of u on I',. Again, neglecting
the higher-order term in , we obtain the shifted vector boundary condition

Spu=g, on fh . (13)

3. The SBM for the Poisson equation
The strong form of the Poisson problem with a non-homogeneous Dirichlet boundary condition reads

—Au= f in Q, (14a)
U= up on I'=0Q, (14b)



where u is the primary variable, up its value on the boundary I' and f a body force.

3.1. Existence, uniqueness and regularity of the infinite dimensional problem

Let us denote by H'/2(Q) a fractional trace space (typically associated with H'(f2)), and H~'(2) the
dual (space) of H}(Q). The well-posedness of the infinite dimensional problem is discussed, for example,
in [24] (Theorem 5.1, p. 80), with the following result:

Theorem 1 (Well-posedness of the exact problem). Let  be a bounded and connected open subset of R™
with Lipschitz-continuous boundary T'. Given f € H=Y(Q) and up € H'/*(T'), there exists a unique solution
u € HY(Q) of Problem . Furthermore, if the boundary T is of class €%, f € L*(Q) and up € H3/*(T"),
then u € H*(Q) and satisfies

lullz.0 < C (I flloge + [lup ll3/2,r) (15)
for a constant C' independent of f and up.

As a point of departure in the development of the SBM discretization, we just assume I" to be Lipschitz-
continuous, f € L?(Q) and up € HY?(T). Later on, we will make stronger assumptions.

3.2. Weak discrete formulation

Discretizing Problem in 5, and enforcing on I';, with § = @p through Nitsche’s method 121 136],
we deduce the following SBM Galerkin discretization of Problem :

Find uy, € Vh(Qh) such that, Yw,, € Vh(Qh)
(Vun , Vwn)g, — (Vup -7, wi)g, — (Spun, Vwp - )p, + (ah Tt Spun, Shwn)p,
= (f,wn)g, — (ip, Vwy - )p + (@hT ap, Shwn)p, (16)
where V() = {vh € C%(Qy) | vppr € PHT), VT € fh} .

In what follows, besides the shape-regularity of the grids, we will assume that there exist two global constants
&1, & € RT such that & h < hy < & h. With slight abuse of notation, we will always assume that h and h
are interchangeable. For the sake of completeness, we rewrite using the classical notation with linear
and bilinear forms:

Find w;, € Vh(Qh) such that, Vwy, € Vh(Qh)

an(un , wp) = lp(wn) , (17a)
where
an(un, wp) = (Vup, Vwr)g, — (Vup -1, Spwp)g, — (Spun, Vwp, - 1)
+{ah™t Spup, Spwn)g, + (Vup -1, Vwy, - d)g, (17b)
In(wn) = (f, wn)g, — (up, Vup - R)g, +{ah™ ap, Sywn)g, - (17c)

Remark 6. Despite utilizing a symmetric form of Nitsche’s method, the bilinear form ay,(uy, , wy) is not
symmetric in general, because of the presence of the term (Vuy, -, Vwy, - d>fh'

Remark 7. Formulation does not include a tangential stabilization term that was introduced [33]
to help in the proof of coercivity. This simplifies the implementation and avoids having to calibrate an
additional numerical parameter. It will be clearer from what follows that coercivity can be proved by simply
relying on Assumption [I]



3.3. Well-posedness and stability

The first step in our analysis of the SBM is to prove that, for sufficiently fine grids, ap(up, wp) is
uniformly coercive. This will immediately imply the existence and uniqueness of the solution of the discrete
SBM problem. Later on, this coercivity result will be used to prove optimal error convergence in the natural
norm.

Theorem 2 (Coercivity). Consider the bilinear form ap(up, , wy) defined in (L7). If the parameter a is
sufficiently large and the quantity hy, defined in @ is sufficiently small, then there exists a constant Cy > 0
independent of the mesh size, such that

an(un, up) > Collun |2 Yup, € Vi(Qn) (18)
where || un |2 = | Vun |5+ [1A~Y2 Shun |2 5,
Proof. By substitution, we have
ap(up , up) = || Vuy ”g,ﬁh — 2(Spup , Vuy, - ’fL>fh + (Vuyp, - d, Vuy, - ﬁ'>fh + | h—1/? Shup Hg,fh . (19)
Young’s e-inequality and the discrete trace inequalities in Theorem [14] of yield
ah(uh, uh) > (1 — €1 C]) H Vuy, ||g7ﬁh + (Vuh . d, Vuy .ﬁ>fh + (a — 61_1) || h71/2 Shup, ||§71;h . (20)
Applying Assumption [1|to and recalling that d = || d ||v give
anun . un) = (1= Cp) | Vun g, — ]2 Vuy v o 5, 112 V-2 ,
-1 —1/2 2
+ (a €1 ) || h Shuh ||071~1}L
(1= et Cr) I Vun 2 — A2 Vun 125, + (@ — &) A2 Shun |2 .

>
> (1—eCr—cq }Allcz‘h Cr) || Vuy, H(%,Qh + (a — 51_1) I n1/2 Shup ||371;h . (21)

Taking €; = (2C7)~! and considering sufficiently fine grids so that cy ith < (4Cp)~! imply

ah(uh , 'I.Lh) > 41 || Vup ||§,Qh + (Oé - ZC[) H h=1/? Shup H(Q)I‘h . (22)
Enforcing o > 2 C7 yields the coercivity statement with Cp = min(1/4, a — 2Cy) . O

Remark 8. In the case of linear polynomials, the discretization scheme bears some similarities to the
one proposed in [8], a reference that the authors of [33] 34] were unaware of. In the present work, however,
we admit a much greater freedom in the choice of the mapping My, : Q, — Q, that is, our vector d does not
need to be aligned with 7 as in [8] and can be chosen in such a way to account for general domains whose
boundaries have a finite number of corners and/or edges [3]. Although this difference seems mild at first
sight, in reality it makes the work in [8] of not easy applicability in practical engineering problems, and this
might explain why a work dating almost half a century ago has gone relatively unnoticed in the community.
On the other hand, our Assumption [1|is comparable to the general assumption made in [8] on the distance
between the surrogate and physical boundaries; correspondingly, our coercivity result, Theorem |2 above, is
similar to Lemma 6 in [§].

Interestingly, much of the emphasis in [§] and later works [9, [10, [I7] was on perturbations of body-fitted
grids, for which ||d|| ~ h?, despite many of the results of [§] apply in a broader sense. From our perspective,
the case ||d|| ~ h'*¢ - for ¢ positive and arbitrarily small - is significantly more interesting in computational
engineering applications.



3.4. Consistency and convergence analysis

From now on, we pose the following regularity assumption on the exact solution u of our Dirichlet
problem (see [3]):

Assumption 2. Assume that T is of class €%, f € L*(Q) and up € H3/*(T).

As a consequence, Theorem [1| guarantees u € H?(Q) with the estimate . This assumption allows us
to keep technicalities at a minimum in the subsequent consistency and convergence analysis. However, we
mention that it can be weakened to include e.g. domains with a finite number of corners and/or edges (see
[3]), at the expense of more cumbersome mathematical arguments.

The proof of convergence of the SBM for Problem using the natural norm || - ||, relies on Strang’s
Second Lemma. With this goal, we introduce the infinite dimensional space

V(Qn; T) = Vi () + H* () € H* (3 Th) (23)

an extension of the finite dimensional space V}, (Qh) that contains the exact solution u, that is u € V(Qh; fh)
Here H*(Qp; 1) = [l e 5, H*(T) with ‘broken’ norm ||-|[, 5. 5 = > rc 5, [I-ll2,r- Tt is easily checked that

the form ay(+,-) is well-defined also on the space V(Qh; jh) X Vh(Qh). We associate to V(Qh; jh) the norm

= [lvllz +[hwl; (24)

vl 2.0, °

2 ~ ~
V(Qun;Tn)
and we note that if v € V;,(€y,), then || v v (@n: ) = Il vlla- At this point, we are ready to state

Lemma 1 (Strang’s Second Lemma). If uy € Vh(flh) is the solution of , then

lu—=unlly@,;5,) < (1 +C7 an ”Vh(Qh)xVh(Qh)> Eqn(u) +Cq! Bep(u) - (25a)

where
E,n(u) = inf U —w 5 5 25b
) =t =l (25)

is the approximation error and

| ln(wn) — an(u, wp)|

E.n(u)= sup (25¢)
whEVh(Qh) || Wn ||V(Qh;=9~h)
is the consistency error.
Proof. The proof is classic, see, e.g., [24] for details. O

From Theorem [2] we already have that C, is a constant independent of the mesh size. Hence, to estimate
the discretization error in the norm [| - ||y (g, . 5 We need to prove that || an ||y, @, )xv; @, 18 Pounded from
above and to estimate the approximation and consistency errors in terms of the mesh size hg .

Proposition 1 (Boundedness). There exists a constant Cy > 0, independent of the mesh size, such that
ap(u,w) < Co ||u HV(Q;L;%) | w HV(Q;L;%) Yu, w € V(Qu; 93) - (26)
Proof. Using the Cauchy-Schwartz inequality and Theorem we obtain:
ap(u, w) = (Vu, Vw)g — (Vu-n, Spw)s, — (Spu, Vw-n)p +(Vu-n, Vw-d)p + (a Tt Shu, Spw),
IVl a, | Vollga, + 1872 V-l p B2 Shwlly 5, + 1172 Shullg 7, |22 V-2l 5,
IRV qllg s, |02 Vw v, +al B2 Spully g, A2 Shwlly

IN

< Collullv,z lwllv@sz) (27)



with Coy =14 2C; + C? + a. O
The previous result implies that

ap(u, w)

<Cy. (28)

lan llv@,; 7 xv(@n: 7y =  SUP sup
T V@ T) i) wnev @ 1 llv@uan 1w v @,z

Proposition 2 (Approximability). There exists a constant Capp > 0, independent of the mesh size, such
that
E,n(u) < Capp th | V(Vu) ||0’Qh Yu € V(Qu; ) . (29)

Proof. Let w, = Spu in (25b), where S,u is the standard piecewise-linear Lagrange interpolant of v on the
triangulation J3,. Consequently, the goal is to estimate

lu = w0 = I V(= Ihu) llgg, + 1872 Sh(w = Fhw) llo 7, + R (u— Fhu) g, 5,
< V(= I llgq, + 1R Sh(u = L) llo 5, + e, |V (VW) g, - (30)

We begin by stating a classical interpolation result
1A (u = Fu) o, + | V(u— Fhu) [, < Crhg, IV(VY) g, (31)
where C is a positive constant independent of the mesh size. Applying Theorem [[3] and Assumption [T}

[~ Sp(u— Fu) o, < 1072 (uw— Fu) o5, + ’Aléh |12V (u = Fpu) o5,

< O (I1h7" (= 2h) g, + (14 B )1V (0= Fhu) o g,
thg, B 11V (V4) g, )
< Cohg, | V(V0) 0.0, - (32)
Replacing in gives with Capp = max(1,Cy, Cs). O

In order to bound the consistency error E. ;(u), the following Lemma is needed.

Lemma 2. Under Assumptions[l] and[3, there exists a constant Cp > 0 independent of the mesh size such
that, for hy,  sufficiently small, it holds

| A2 Ryu lo.g, = hY2(Spu — ap) lo,t, < Cphe, [ V(VU) g orva, - (33)

Proof. The result follows from a careful bound of the remainder in the first-order Taylor expansion . For
a detailed proof in the more general setting, see Proposition 3 in [3]. O

Remark 9. The estimate in Lemma can be modified to handle general domains containing corners and/or
edges. Naturally, this entails relaxing Assumption [2| (see Lemma 3 in [3]).

Remark 10. Lgmma|2| can be proved without Assumption 2] by introducing additional assumptions on the
mapping My, : T';, = T (see [4, Assumption 5|).

Proposition 3 (Consistency error). Under the hypotheses of Lemma@ there exists a constant Cppr, > 0
independent of the mesh size and u such that

Een(u) < Cpprhg, | V(VU) llgona, - (34)

9



Proof. Integrating by parts the bilinear form ap(-, -) given in (17b)) and applying Lemma |2 yield

(W2 (Spu—1p), W2 Vwy, -)p +a(h™? (Spu—ap), h™ 2 Sywp)y, |

lan(u, wp) — lh(wn)| = | -
< Cparh, IV(VU) [lgova, Twnllv @5 - (35)

The proof is concluded by replacing in (25¢). O

Theorem 3 (Convergence in the natural norm). Under Assumptions|i| and|9, and the condition that hg,
is sufficiently small, the numerical solution uy, of the SBM satisfies the following error estimate:

lw=un lly(,.5) < Cha, | V(V0) o . (36)

where u is the exact solution of Problem and C > 0 is a constant independent of the mesh size and the
solution.

Proof. Combining Strang’s abstract error estimate (25a) with the stability bound and error estimates
in Proposition [2[ and Proposition [3| gives . O

3.5. L?-error estimate by a duality argument

In this section, we provide an estimate of the L?-norm of the discretization error u — w;, based on the
ideas recently proposed in [3]. This is a considerable improvement to the same work given in [33] and [4] as
we avoid the convexity assumption of the surrogate domain €. We start with the following two preliminary
results:

Lemma 3. It holds

ap(w, v) —ap(v, w) =(Vw-n, Vu-d)s, —(Vv-n, Vw-d)s Yo,w e V(Q; Th). (37)
Proof. By substitution in ((17b)). O

Lemma |[3| quantifies the symmetry discrepancy in the bilinear form a (-, -). The following lemma quan-
tifies the gap in Galerkin orthogonality.

Lemma 4. Let u be the solution of , and up, the numerical solution of . It holds

ah(u — Up , ’Uh) = (Rhu, Vo, - ,ﬁ'>0,f — <Oé h_l Ruu, Shvh>0,fh Yy, € Vh(Qh) . (38)

h

Proof. From , and following the same steps as in Proposition |3] we obtain

ap(u —up, vp) = ap(u, vp) — ap(up , vp)
=an(u, vp) — ln(vn)
= 7<Shu —up, Vo - ’fl>1:h + (a Bt (Shu — ’l_l,D) R Shvh>1:h . (39)
Finally, from @D with g = @p, we have S,u — up = —Rpu, which concludes the proof. O

Theorem 4 (Enhanced L2-error estimate). Assume the hypotheses of Theorem @ to hold. Then, the nu-
merical solution uy of satisfies the following error estimate:

lw=un g, < ChY? 1) V(VW) o0, (40)

where C' is a positive constant independent of mesh size.
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Proof. Given z € L?(Qy), let Z € L?(Q) be its extension by 0 outside €, and let ) be the solution to the
following homogeneous Dirichlet problem on Q:

— A
Y

Il
O Wy

in Q, (41a)
onT . (41b)

Recalling Theorem 1| the stated assumptions in addition to the fact that z € L2(2) imply the regularity
result ¢ € H%(Q) N Hg(2), with the following bound

19120, < 1¥l20 < Q2

0.0= Qlzllg, (42)

where (@ > 0 is a non-dimensional constant independent of Z and the mesh size. The same arguments that
led to @ show that ¢ satisfies

Spthb+Rpp =0  only. (43)
We now apply Proposition 3 in [3], which together with yields the bound
|| hot? Rpy Ho,f‘h < Cprhr | (0 |2,Q\f2h <Cpr@Q hfzh || Z Ho,fzh ) (44)

where Cpp is a positive constant independent of the mesh size.
Next, consider any g € V(€,; 73,) and note that v also satisfies the following variational statement:

(2, 9)q, = —(AY, @)g, = (VY, Vq)g, — (Vi -1, q), - (45)
Adding residual terms on 'y, that vanish by definition if applied to the exact solution, we have:

(Za Q)Qh = (V1/)7 VQ)Qh - <V1r/) . 'ﬁ'a Q>f‘h - <Sh¢ + Rh¢a Vq : h>f‘h + <Oé hil (Sh¢ + Rh¢) ) ShQ>fh
= ah(¢7 q) - <Rh1/% vq : 'fl’>f‘h + <a h_l thﬁ Shq>f‘h

+(ah ' Ry, Sha)g, (46)
where in the last equality we used Lemma [3] Picking ¢ = z = e, := u — u; and using Lemma [] with
v = Y1 = Y,

lewllyq, = anlew, ¥) + Bsym(ew, ¥) + Erem(ew . ¥)
= an(eu, ¥ = ¥1) + Esym(ew, ¥) + Erem (e, ¥) + Eore(u, ¥1) (47a)
with
Esym(eu, V) == (VY -1, Ve, -d)p, — (Ve -1, Vi -d)p (47b)
Erem(eu, ¥) = —(Rat, Vey - ), + (ah™ Ry, Shew)r, (47c)
Eort(u, ¥1) := (Ryu, Vo5 - R)o 5 — (ah™ Ryu, Sutbr)o g, - (47d)

Next, we proceed to bound the four error terms on the right-hand side of (47a)). Applying Proposition
and Proposition [2| (with ¢ in place of u), yields
ap(ew, ¥ =) < Cy | ey Hv(ﬁh,;%) | —vr HV(Qh;ih)
Co Carprhg, lleully@,.5,) | VIV g,
Cs h(zh | €w ||V(Qh;jh) [l €u Ho,fzh . (48a)
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Recalling Assumption (1} Lemma |2} equation , Theorem and Theorem

Bom(ew, ) < cah, (|02 Vew - vlop, |2V lgp, + |02 Vey iy, 102 V0|

o,fh)

1/2 1,8 -

< caCCrhd? 1) leully @,z 1 ¥ 2.0,

1/2 5,6

< CAh2 1Y [lew lyay. g e o, - (48b)
Erem(ew, ¥) < (H W2 Ve, - R ||0,f‘h +af h=1? Spe ||o,f‘h> | hol/2 Rpyp Ho,f‘h

< (Cr+a) llewlly@,.a) 1A Rt llo 5,

< Cs hQ,L | ew ”V(Qh;ﬁh) [l €w ||0,Q,L . (48c)
Eort(u, 1) = —(Rpu, V(¢ —4r) -0 =V -n) i+ (a Rt Rpu, Sp(yp —1br) — Shib)or,,

< B2 Ruullyr, (102900 = v0) - @llgp, + 1IR3 V0 a5, )

a2 R, (1072 800 = 00) o, + 1072 S0l 7, )

3/2 ~
< Co b2 U [V (V) [l onar, N Nl - (484)
Thus, substituting (48a)), (48bf), (48c) and (48d) in (47a)), we obtain
1/2 ™ 3/2 ~
lu—unllog, < Canhg U 1w = lly @, 7 + Cohg U2 V(VW) o g, - (49)

where the the right hand side can be bound by a direct application of Theorem [3]to conclude the proof. [

Remark 11. The bound obtained in Theorem [4]is suboptimal, since for a body-fitted Nitsche discretization
one would obtain quadratic convergence in the L?-norm of the error. However, it is not clear if the above
estimate is sharp, since in computations we always observe optimal, second-order convergence rates. A
careful inspection of the above proof indicates that the only non-optimal bound is ; it is likely that
further cancellations occur in this term, while I'j, approaches I is a smooth way.

4. The SBM for the Stokes flow equations

The strong form of the Stokes flow equations with non-homogeneous Dirichlet and Neumann boundary
conditions read

-V -Q2ue(u)—pl)=§f in Q, (50a)
V-u=0 in Q, (50b)

u= up on I'p, (50c)

Cue(u) —pIl) -n= ty on 'y, (50d)

where e(u) = 1/2(Vu + Vu®) is the velocity strain tensor (i.e., the symmetric gradient of the velocity),
> 0 is the dynamic viscosity, p is the pressure, f is a body force, up is the value of the velocity on the
Dirichlet boundary I'p # () and ¢ is the vector-valued normal stress on the Neumann boundary 'y (where
0N =T =TpUIl'y with Tp NIy = (). The Stokes flow represents a prototype for the application of the
SBM to systems of differential equations in mixed form.

4.1. Existence, uniqueness and reqularity of the infinite dimensional problem

We recall well-known facts about the solution of the Stokes problem above (see e.g. [25]).
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Theorem 5. Let Q be a bounded and connected open subset of of R™ with Lipschitz boundary I'. Assume
fe L), up € H'/?(I'p)" such that Jrup-n=0ifTy =0, and ty € L*(Tn)". Then, Problem
admits a unique solution [u, p| € H'(Q)" x L*(Q) satisfying [op =0 if Ty = 0. In addition, if T is
of class €2 and T'y =0, and if up € H¥?(T), then [u, p] € H*(Q)™ x H'(Q) with the bound

lullzo+ P lie <C (I flloo+ lwpllse2r) - (51)

4.2. Weak discrete formulation

Before stating the weak discrete formulation, we will make the following

Assumption 3. The Neumann boundary is body-fitted, that is f‘N,h =TIy (see Section .

Remark 12. Assumption [3] which at first look may seem restrictive, is actually most frequently verified
in applications involving the Stokes and Navier-Stokes equations. In this context, Neumann conditions are
simply inflow and outflow conditions, and are typically applied on a portion of the boundary that has been
meshed using a body-fitted grid. Note also that Assumption [3| can be relaxed in practical computations, as
shown for example in [34], where numerical results with embedded inflows/outflows appear to be stable and
accurate.

We introduce next the discrete spaces Vh(Qh) and Qy, (Qh), for the velocity and the pressure, respectively.
We assume that a stable and convergent base formulation for the Stokes flow exist for these spaces in the
case of body-fitted grids. For example, if we consider the piecewise linear spaces

V() = {vh € CO(Q)" | vpr € PN(T)" VT € %} 7 (52a)

Qu() = {an € Q) | anyr € 21(T1) VT € Ti} (52b)

the stabilized formulation of Hughes et al. [30] will satisfy these assumptions. For the sake of simplicity,
we will use this formulation in what follows, but alternative choices are possible, such as, for example,
discontinuous Galerkin spaces. In the case of pure Dirichlet conditions, that is I'y = @, the space Qh(Qh)
needs to be modified as

Qn() = {Qh € Qn(th) | A qn = 0} : (53)

It is also convenient to introduce the product space Wp,(Qn) = V() x Qn(Qn).

Discretizing Problem in Q,, enforcing on f‘D,h (see definition in Section with g = up,
applying (50d)) on I'y (see Assumption [3) and adopting an unsymmetric form of the velocity strain and
pressure gradient terms, we deduce the following SBM weak form of :

Find [uh R ph] € Wh(ﬁh) such that, V[wh, qh} € Wh((lh),

0= (2ue(un), e(wn))g, — (prn, V-wn)g, +(V-un, qn)g, — (F, wn)g,

—Que(up) —ppd , wy ® ﬁ>fD,h —{((Spup —up)@n, 2ue(wy) + QhI>fD,h
+a2uhit (Shun —ap), Shwn)p, , — (EN, wi)ry
+ v Z (h2 (2u)~" (=V - 2ue(un)) + Von — ), Vau) ;. (54)

Teﬁh

where the Nitsche’s stabilization parameter o > 0 helps in the weak imposition of the Dirichlet boundary
condition, whereas the parameter v > 0 scales a pressure stabilization term required by equal-order veloc-
ity /pressure pairs [30]. As for the weak Poisson problem discussed in Section we assume there exist
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constants C,., &1, & € RT such that (1//Cr)h < h, < hand & h < hy < & h. Again, with slight abuse of
notation, we will assume h, h, and h | are interchangeable.

Remark 13. The variational statement does not include a stabilization term involving the tangential
derivative of the Dirichlet boundary conditions nor a stabilization term on the incompressibility constraint,
as was the case in [4] [33] [34]. The main reason for their introduction in addition to assuming infg n-v>0
was to attain coercivity of the bilinear form a(wy, , wy). However, as it will be clearer from what follows,
asymptotic coercivity can be proved by simply relying on Assumption

Remark 14. The proposed algorithm can be shown to satisfy statements of global conservation of mass
and momentum. We refer the reader to [4] for more details.

The variational statement (54) can be succinctly expressed as:

Find [uy , pr] € Wh(flh) such that, Y[wy, , q] € Wh(Qh),

B([un, puli[wn, an]) = Z([wn, ), (55a)

where

B([un, prl; [wn, an]) = alun, wr) + b(pn , wr) — b(an , wn) — b(un, an) + c(pn, an) , (55b)

L([wn, qnl]) = lf(wn) +lg(qn) - (55¢)
with
a(un, wp) = (2pe(un), e(wn))g, — 2re(un), wy @N)p,

— (Spup @0, 2u€(wh)>fD L ta2u h=tSLuyp, Shwh>vah , (55d)
b(pn, wn) = —(pn, V-wa)g, + (pn, wa )z, , (55e)
blun, an) = (Vund) -7, an)p,, +7 > (B2 20) 7' V- Q2ue(un)), Van), . (550)

TE S
c(pns an) = v (> (21) " Vo, Van)g, (55g)
ly(wp) = (f, wi)g, — (ap @7, 2ue(wn))s, , +a2uh™ ap, Sywn)p,
+ (tn, wp)ry (55h)
ly(gn) = —(@p -7, an)p, , +7 (B> 2u) 7" f, Van)g, - (55i)

4.8. Well-posedness and stability

The first step in our analysis is to prove that the bilinear form a(:,-) is coercive, under suitable assump-
tions. In a second step, we will establish that the bilinear form Z(-,-) satisfies a uniform inf-sup condition.
This will immediately imply the existence and uniqueness of the solution of the discrete SBM problem,
and will be lately used to prove its convergence to the exact solution, with optimal error estimates in an
appropriate natural norm. We start by proving an intermediate technical result.

Lemma 5. Let Cx be the constant in the Korn inequality (A.5D). Then, Yy, € V1,(Qn),
L) 2 lun 15 6, + | Vun [l 5, < 2C% (|| W2 Shun 55, +(caCr héw)z IVun 5 g,

+1/2 ) e(w) 24, ) - (56)
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Proof. Korn’s inequality (A.5b)) yields

)2 w2 g, + I Va2, < Ck (102w 2, + le(un) 124, ) - (57)
Using the triangle inequality, Assumption [I] and Theorem

Ih= 2 un oy, < 1072 Shunllog,,, + 1072 Vandllop,,

< H h—l/2 Sruy, HO,l:‘D,h +cqCr h%D,h || Vuy, ”07@11 . (58)

Thus,
|12y, ngfD’h <2 (H 128, ||§ijh + (ca Or h%D,hV | Vap, “am) : (59)
Substituting into completes the proof. O

Theorem 6 (Coercivity). Consider the bilinear form a(-,-) defined in . If the parameter « is suffi-
ciently large and the quantity cy B%Dyh is sufficiently small, there exists a constant C, > 0 independent of
the mesh size, such that R

a(uh, up) > Cy H Uup ||3 Yuy, € Vh(Qh), (60)

where

a2 = 2072 @) 2w 1, + 1120072 Vel g, + 1 2h)? Sy |2
T l@ul i) Va2, - (61)

Proof. Substituting uy for wy, in (55d)) yields

alun ) = [ 20)"7 e(un) 2., +all@uh™)Y2 Sy | p, |~ 2 2ueun), Syun @ d)p

sh

+ (Vun (d@n), 2ue(un)) (62)

I'p,n>

where the term (Vuy, (d ® 1), 2ue(up))r, . has been added and subtracted. Using Young’s e-inequality
and the third discrete trace inequality (A.3b)) yields

2 2pe(un), Spun @ A)e,, | < el @uh) P e(un)i|fn) et | @uh™)Y2 Shun 35,
< e Cr | @u) 2 e(un) g, +ert | uh™)2 Span 2, . (63a)
(Vun (d@ ), 2ue(un)r,, | < 1/2cahs  (1@u0) 2 Vupw |20+ Cuh) 2 eunn |2y )
< 1/2caCril (1102 Vun 26, +1 o) 2 elwn) 24, ) - (63b)

Substituting (63a)) and (63D)) into (62)), we obtain

alwn, wn) = (1= Cr=1/2caCrhg ) |1 @u) 2 e(un) 2, + (0= ) || @uh™)" Syun |

h 0,l'pn

—1/2¢q agw Cr | (2)" 2V [I5 (64)
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If we choose €; = (4C7)~1, we have that, for sufficiently refined grids, ¢4 C; lei <1/2 and
D,h

alup, up) > 1/2] (20)' 2 e(un) |} o, + (@ = 4Cr) | 2uh™) Sy |35
—1/2¢qCy ’A“L%D’h I (2m)" Vi, ||§’Qh : (65)

Replacing the first term in with the result of Lemma

alwn, wn) = (2CR)! = (caCrhi )?=1/2caCrhs )| 20)Y2 Vun 2,
2O ) 2 20 un 2, + (@ —4CT = 1) [ 20k Spun 25, . (66)
Now, for a sufficiently fine grid, we can assume ((2 CZ)~t —(ca Oy illg“p,h)Q —1/2¢4Cy H%Dﬁ ) > (402)71
so that
alun, un) = (ACH) @02 Vun 2.5+ (2C3) U0 2 | 20 2 wn 24,

+(a—4C; —1) || (2uh™ Y2 Shuy, ||ngyh . (67)

Finally, noting that || (2u)'/? Vauy, ”g,ﬁh > C7t @u| dlNY? Vuy, ||§,fD i and choosing o > 4Cr + 1 we

obtain the desired coercivity bound with C, = min (o —4Cy — 1, (8 C’%(j’l, (8CICE)™Y) . O
Apart from the fact that we are setting d = || d||v instead of d = || d||n, this new result represents
the main difference from [4]. This indicates that the assumption infz 7 -v > 0 in addition to the

tangential and incompressibility constraint stabilization terms mtroduced in the earlier versions of the SBM
method [4] [33] [34] is just a set of sufficient (yet not necessary) conditions to obtain numerical stability.

Theorem 7. The quantity || un || defined in is a norm on V,(Q), equivalent to the norm || wy, 1 @)
(although not uniformly with respect to the mesh size).

Proof. To prove equivalence between || up, ||1~,Qh and || up, || means to show that C || up ”Lﬁh < uplla <
Ca2(h) [|un [, g, for some scalars C1,C2 > 0. We have

[unll g, = a, FUW) | Vun g,
= 1) (2u) 712 (l(Qh)f1 1 2)" 2 wn g q, + || (20)"% Vuy, ||o,§2h>
<1(Qm) 20) 7 Jun |la (68)

which gives the first inequality with C; = 1(Q4) ™! (21)'/2. To show the second inequality, we use the discrete
trace inequalities of Theorem [I4] and Theorem [T1] to get

e [la = 1) 11 20) 2 un g 6, + 1 2) 2 Vunllg 6, + 1| 2eh™)2 Spun oy
+l@el N Vunlog, ,
<UQ) @) un llg.q, + 1+ 2y Crh¢/?) || (2p) 1/ Vunlloa, + 1 @eh™) 2 unllo s,
< (U) T+ CU) 2R | ) un |l 6,
+ (1 +2e)* CrRS2 4 CUQ) Y2 0 V2) | 2) 2 Vo g,
<3UQ) PR )Y un |y g, » (69)

which concludes the proof with Co(h) = 31(Q)~1/2 h=1/2 (2u)'/2. O
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The coercivity property of the form a allows us to prove a uniform inf-sup condition for the form %,
thus yielding the LBB-stability of the proposed SBM variational formulation of the Stokes problem. We
skip the proof, as it does not contain significant differences with respect to that of Theorem 3 in [4], where
the interested reader can find detailed derivations.

Theorem 8 (LBB, inf-sup condition). If the parameter « is sufficiently large and the quantity cq leg 1
D,h

sufficiently small, there exists a constant arpp > 0, independent of the mesh size, such that for any pair
[up , pr] € Wi(Qp) one can find a pair [wy,, qn] € W () satisfying

B([un, pnl;[wn, an]) = arps || [un, pr]llz | [wh, an] |2 (70)
where
un s pad 1% = lln 12 4 11 20) "2 o 1.6, + 112~ W1 2, - (71)
Next, we focus on the convergence of the SBM discretization in a natural norm. Precisely, we set
W (Q; T) = V(Qns Th) x Q3 Tn) ,

with

=
2
N
Il

Vi (Qn) + H* ()", (72a)
Qs Tn) = Qu() +Q(W) | (72b)

where Q(Qp,) = H' () if Ty # 0 or Q(,) = HY(Qy) N L2(Qy) if Ty = 0 . We equip W (Q; ) with the
norm

1. Zyz = o0 @l 1%+ 1 20) 2 hVe@) 24 (72¢)

Note that if [vs,, qn] € Wi(), then || [vn, qn) lw @7, = Il v, an] [l Also note that V(Qu;: ) C

H2(Qy; )™, where the latter space is the subset of H* (Q4)" of the functions with broken HZ2-regularity
on the triangulation J},.
The analysis of the consistency error uses the following identity.

Lemma 6 (Consistency error). Let the exact solution of the Stokes problem satisfy [w, p] € H?(Q)"d x
HY(Q), with p chosen to satisfy Pa, € L3(Q,) if Ty = 0. For any [y, wp] € W (), it holds that

B([u—un, p—pal;[on, wn]) = (Rhu©n, 2ue(vn) +wpd)p,  —a2uh™ Ryu, Shvn)p,, - (73)

I'p,n

Proof. From , we get

B([u—wup, p—pul;[vn, wn]) = B([u, pl;[vn, wa]) — B([un, pul; [vn, wh])
= B([u, pl;[vn, wi]) = ZL([vn, wi]) - (74)

Integrating by parts (2ue(u), €(vn))g, and (p, V- vi)g, in B([u, pl;[vs, ws]) and recalling (12), we
obtain

B(lw—wn, p—pnl;[vn, wp]) = —((Spu—up)@n, 2ue(vp) + wnl),
+ <2uh_1 (Shu —aup), Spvy)

I'p.n

= (Rpu®n, 2ue(vy) +wpl)s —a2uh™ Ryu, Spvp)

I'p.n

(75)

pn>

which concludes the proof. U
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Convergence in the norm W (Qy; ) is established in the following theorem.

Theorem 9 (Convergence in the natural norm). Suppose that T'p is of class €2, and that the exact solution
of the Stokes problem satisfies [u, p] € (H%(Q))™ x HY(Q); in addition, if Uy = 0, choose p satisfying
P, € L%(Qh). Suppose also that Assumption AssumptionE and the hypotheses of Theoremla hold. Then,
the SBM numerical solution [uy, , p] of satisfies the following error estimate:

= wn, = palllw o, < Cha, (I VW) oo+ 19000, ) - (76)
where C' > 0 is a constant independent of the mesh size and the solution.

Proof. The proof relies on Strang’s Lemma and the analysis of the consistency errors, as done in Sect. [3.4]
for the Poisson problem; in particular, one uses Lemma [f] and the estimate of Lemma 2] applied to each
component of the velocity. We refer to the similar proof of Theorem 4 in [4] for the technical details. O

Remark 15. Should the exact solution have a lower regularity than the one assumed in the Theorem (due
to the presence of corners or edges, or of mixed Dirichlet and Neumann boundary conditions), the exponent
of hg in would be < 1. We refer again to Lemma 3 in [3] for the necessary changes.

Finally, we propose an enhanced L? estimate for the velocity error that considerably improves over the
one presented in [4] in that we do not rely on the restrictive and unlikely assumption that the surrogate
domain Qh is convex.

For simplicity, hereafter we assume I'y = (), although extensions are feasible at the cost of an increased
technical burden.

Theorem 10 (Enhanced L?-error estimate for the velocity wy). Assume the hypotheses of Theorem@ hold,
and in addition let Ty = (0. Then, the numerical velocity wy, produced by SBM satisfies the following error
estimate:

lw—wnllog, < CHYZ UMY 12 (I9(Fw) loa + 11 Vpllyg, ) - (77)

where C' is a positive constant independent of the mesh size and the solution.

Proof. Given z € L?(Qp,)™, let Z € L?(Q)™ be its extension by 0 outside Q;, and let [1, A] be the solution
of the following homogeneous Dirichlet problem in €2:

V- Que()+A)= pz in Q, (78a)
—V-p=0 in Q, (78b)
=0 on T'. (78¢)

The stated assumptions in addition to the fact that z € L2%(f2)"¢ imply the regularity result [¢p, \] €
H?(Q)™ x H'(2), with the following bound

162 lly g, + 172N g, < 102 @l + 1M e < QK2 zloe = Q1 2l g, » (79)

where () > 0 is a non-dimensional constant independent of z and the mesh size.
The same arguments that led to show that on I', 1 satisfies

Spp+ Ryp = 0. (80)

Since by assumption T is of class ¥ and 4 is in H?(2)"¢, we can apply Lemma [2|to each component of ),
obtaining

| h=Y2 Ry Ho,fh < Cprhr | |2,Q\flh < CprQhg, | = Ho,fzh ’ (&)
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where Cppg is a positive constant independent of the mesh size. Next, consider [w, q] € W(Qh; fh) and
note that the pair [, A] also satisfies the following variational statement:

p(z, wg, = —(V-2ue(®) + M), w)g, — (V-9 q)g,

= ue®), e(w))g, + (A, V-w)g, — (V- a)g, — (2ue(®) + A, we )y,
= (ue(®), e(w))g, + (A, V-w)g, — (V-9 a)g, — ue®) + A, Spw © 77,
+ 2ue(p) + M, (Vw d) @ A)p, - (82)

Adding residual terms that vanish by definition when applied to the exact solution, we have

n(z, wg, = 2ue®), e(w))g, + (A, V-wlg, — (V- 9, @), — 2ue(®) + A, Spw @ n)p,
+ ue() + M, (Vwd) @ n)g, — ((Spp + Rpp) @1, 2pe(w) — ql)p,
+a <2N ht (S}ﬂ/J + Rptp), Sphw)y,
= B(w —v Y (Pt (Vg- V- (2ue(w))) , VA),
TET,
+ Q2ue(y) + A, (Vwd)@n)p, — (Vpd)@n, 2ue(w) —ql)p,
—(Rpp @, 2pe(w) —ql)g, +a2uh™ Ry, Spw)y, (83)

Let us pick w = 2 = ey := u —up, ¢ = ¢y := p — py. Using Lemma@with [Vp, wr] = [, Af] ==
[Zh(1), Zr(N)], where 7}, denotes the Scott-Zhang interpolant at the nodes of the triangulation, we write

pllewld, = Bllew, eplilt —tr, A= Ai]) + Eab([ew , ) [0, A]) + Eym([ew, ep]; [10, A))

+ Grem(lew , )i (¥, A)) + Sore([w, s [¥0), A1]) (84a)
with
Euav([ew, epl; [0, N]) 1= —y D (h*(2p) " (Ve, — V- (2ue(en))) , VA) . (84b)
Teﬂh

Eym(lew, e[, A]) = Q2ue®) + A, (Veud) @n)p, — (VYpd) @7, 2ue(en) —epl)y, . (84c)
Srem([€w s epli [P, A]) == —(Rpp @7, 2ue(eq) — epI>f“h + a2 W' Ry, SheU>fh ) (84d)
@@ort([ua p]? [11[]] ) )\I]) = <Rhu Y ﬁa 2[1,6(’1,[)]) + >‘II>f‘,L -« <2N’ h71 Rhua Sh¢[>f‘h . (846)

We proceed to bound the error terms on the right-hand side of (84a)). Recalling Proposition 3 and Proposition
5 in [4], we have, for suitable constants,

| B[ew, epl; [ =21, A=Al

IA

Cz | [ew. ep] ||W(§zh;jh) [[¥ =1, A= A1 HW(Q,L;Q”,L)
< CxCapphg, (u1/2|¢ lh.a, 1 )\|1,(zh) | lew, el llw a2,

Crhg, 1% || lew e llw @, 7, llew log, - (85a)

A

IN

From the definition of the norm W (Qy; 7), we immediately get

|égstab([eu7 ep]; [0’ )‘]) ‘

IN

|2 R VAo, (112072 R Veyllog, + 11202 RV - elew) o, )

Cs hfzh Nl/z | [ew ep] ||W(Qh§jh) | ew Hojzh . (85D)

IN
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Recalling Assumption [T, Theorem [T1] and Theorem [I3] we obtain

| Gamlews epli [0, )| < cahls | @uh)2 Vey vy, (I120h)2e@) oz, +1 Cuh™) 72X, )
+eahl | @un) 2V g, (I Cuh) el log, +1@ua) e lor, )
< caCOrhg’ |llew enl llw @7 X
$ (UQ) T2 W2 19 g, + U2 N g, )

1/2 7/
< Cohg 1) 12 || lew s €] @z Il €w log, - (85¢)

Invoking now the bound , we have

[ Gremlews e[, ) 1< (I@uh) 2 elew) log, + 1 @ah™) e oz, ) I Cuh™) Rut 7,
+all @uh ™) Spewllor, | @uh™)Y? Rutp o,
< (201 +a) N1/2 | [ew €p] ||W(Qh;§h) [ hol/2 Ry ||0,1~“;1
< Cuohg, 12 |l lew el lw @, l €ullog, - (85d)
At last, recalling the classical error estimates for the Scott-Zhang interpolant, we get
| Sore([w, pli (b7, Ar]) [ = | = (Rau®n, 2ue(p — ) + (A= AT —2pe(yp) — M)y 1,
+a2uh™ Ryw, Sp( — 1) =)o,
< 1@uh ™Y Rywllyr, (I12um)2e@ — ) llop, + 1 Cuh) /2 e@) |, )
@k )Y Ry, (@) 2 0= A0 o, + 11 @0k 2 M 5, )
+all2uh™)" Ryu o5, x
< (I 2uh™)2 Sn( =91 o, + | @b ™2 Sut o, )

3/2 /6
< Cuhg 1) il ewllog, I V (V) o v, - (85¢)
Thus, combining (85a)), (85b]), (85c), (85d]), and (85€) in (84al) yields
1/2 /6 -
[u—unlyg, <Cans hg/h W)Y 7 2 | [ = wn s p = llw @, 5, - (86)
The right-hand side can be bounded using Theorem [0] which concludes the proof. O

Remark 16. The previous bound is clearly sub-optimal due to the terms in &sym ([ew ; €p]; [¢, A]). However,
it is not clear at the moment if the above estimate is sharp, since in computations we always observe optimal,
second-order convergence rates.

5. Two-dimensional numerical tests

In this section, we perform convergence tests comparing - on grids of similar size - the new proposed SBM
formulation with the corresponding body-fitted formulation for the Poisson and Stokes flow equations. Our
numerical tests are performed on a domain €2 given by the right trapezoid of height s = 1 and bases b; = 0.6
and by = 0.4 as shown in Figure To verify that the SBM formulations do not require the geometric
resolution condition infz v-n > 0, the computational grids are carefully built so as to violate it, as shown in
Figure 2B} In particular, the computational grids are constructed by splitting into four equal-area triangles
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Mesh Size | No. of surrogate edges with v - n < 0| Percentage of total surrogate edges
4.00E-02 1 4.35%
2.00E-02 1 2.33%
1.00E-02 5 5.43%
5.00E-03 9 5.06%
2.50E-03 23 6.35%
1.25E-03 38 5.38%

Table 1: Number of surrogate edges with v - n < 0, as the computational grid of Figure |2[is refined.

b1

o
—— by — -
(b) Zoomed view: the surrogate domain 2 (grey), the
a) The domain 2, a right trapezoid with s = 1, true boundary I" (blue), and the surrogate boundary
& v
b1 = 0.6 and by = 0.4. Ty, (red).

Figure 2: The true domain Q (left) and the surrogate domain Q;, (right).

each of the rectangular elements in a Cartesian grid of aspect ratio 5:1. Table[I]accounts for the absolute and
relative number of surrogate edges of each mesh for which the geometric resolution assumption is violated.
The grids used for the body-fitted method are virtually identical to those used for the SBM, in the sense
that they are obtained by moving the true boundary T' by —10~'5 vertically, so as to attain T', = T (see

Figure .
The algebraic system of equations is solved using a smoothed aggregation multigrid method as precon-
ditioner from Sandia’s ML Library, part of the Trilinos Software Project [43].

5.1. Poisson problem
In this first test, we considered Poisson’s equation defined on €2 with the manufactured solution

u(z,y) = ysin(2rx) — x cos(2my) . (87)

Dirichlet boundary conditions are applied on all boundaries and the Nitsche penalty parameter is set as
a = 10. Figures [3a] and |3b| show the numerical solution and L?-error rates for the SBM and body-fitted
variational forms. It is apparent that violating the condition infx v -n > 0 has no effect on the convergence
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(a) Numerical solution. (b) Convergence rate of ||u —u™)|jo.q-

Figure 3: Poisson problem: plots of the solution and error convergence rates.

Body-fitted SBM

Mesh Size | |u—u"[oo  Rate |[u—u" loa, Rate
4.00E-02 4.95E-03 - 5.12E-03 -
2.00E-02 1.26E-03 2.00 1.28E-03 2.00
1.00E-02 3.16E-04 2.00 3.19E-04 2.00
5.00E-03 7.92E-05 2.00 7.96E-05 2.00
2.50E-03 1.98E-05 2.00 1.99E-05 2.00
1.25E-03 4.96E-06 2.00 4.98E-06 2.00

Table 2: Convergence rates for the Poisson equation using the body-fitted and the SBM approaches.

rate of the SBM. In fact, the L2-norm of the SBM error converges quadratically, and therefore faster than the
rate 3/2 theoretically predicted, as shown in Table |2l Such behavior has been observed in all computations
performed to date, including the ones reported in [4, [33] [34].

5.2. Stokes flow problem

We then computed a solution to the Stokes flow problem defined on the same domain 2 of the Poisson
problem, and with the manufactured solution proposed in [4], and given as

p(a,y) = 2% + 42,
ug(z,y) = —(—0.22% — 0.222 + z + 1) cos(y) ,
uy (2, y) = (—0.622 — 0.4z + 1) sin(y) .

The fluid viscosity is set as u = 1, the Nitsche penalty is set as a@ = 2.5 and the pressure stabilization
parameter is chosen as v = 1. Dirichlet conditions are applied to all boundaries, besides the left leg of
the trapezoid, where a Neumann condition is enforced. Figure [da] and [Ab] show the numerical solutions of
the pressure and velocity, respectively. The L?-norm of the solution errors, for the SBM and body-fitted
algorithms are reported in Figure [5[ and Table As for the numerical tests presented in Section the
condition ian:Dyh v-n > 0 has no effect on the convergence rates of the solution error, shown in more detail
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Figure 4: Stokes flow problem: Solution plots.
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Figure 5: Convergence rates for the Stokes problem test case.

in Table In fact, the L?-norm of the SBM error converges quadratically, hence faster than the theoretically
predicted rate 3/2.

6. A three-dimensional numerical test for Stokes flow in complex geometry

In this section, we solve the Stokes flow problem in a three-dimensional domain given by a “sponge-like”
cavity [44] shown in Figure @ This complex geometry contains a large number of holes, internal channels
and sharp corners, and is a better representative of typical engineering applications. Moreover, the domain
considered here is represented in STL format (ie, a set of disconnected triangular facets) and generating
grids on geometries that are not “water-tight” may be even more challenging for state-of-the-art (adaptive)
meshing algorithms.

This geometry is immersed in a domain £ = [—10, —10] x [-10, —10] x [—11, 7] with a total of approx-
imately 7.5 and 25.2 million tetrahedral elements for a coarse and high resolution grid, whose surrogate
boundaries are shown in Figure [6b] and Figure respectively. Table (] accounts for the absolute and rela-
tive number of surrogate faces of the coarse (Figure and fine (Figure grids for which the geometric
resolution condition infnyh v -n > 0 is violated. For the numerical setup, we choose the same viscosity u
and stabilization parameters as the ones in Section

Figures[6d] and [6¢] display the streamlines profile around the true geometry colored with pressure contours
for the grids given in Figure[6b]and Figure [6d respectively. These smooth and well-behaved numerical results
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Body-fitted

Mesh Size [[[e(u —u")[[o.o Rate | [u—u"]oo Rate [[[p—p" oo Rate
4.00E-02 1.39E-02 - 6.01E-04 - 9.87E-03 -

2.00E-02 6.68E-03 1.06 1.62E-04 1.89 3.52E-03 1.49
1.00E-02 3.26E-03 1.03 4.21E-05 1.95 1.24E-03 1.51
5.00E-03 1.61E-03 1.02 1.07E-05 1.98 4.35E-04 1.51
2.50E-03 8.01E-04 1.01 2.70E-06 1.99 1.53E-04 1.51
1.25E-03 3.99E-04 1.00 6.77E-07 1.99 9.40E-05 1.50

SBM
Mesh Size [[[e(u —u")[[, 5 Rate [[u—u"[,5 Rate [[[p—p"[ly5, Rate
4.00E-02 1.34E-02 - 7.93E-04 - 9.81E-03 -

2.00E-02 6.57E-03 1.03 2.08E-04 1.93 3.49E-03 1.49
1.00E-02 3.23E-03 1.02 5.36E-05 1.96 1.25E-03 1.48
5.00E-03 1.60E-03 1.01 1.36E-05 1.97 4.37E-04 1.51
2.50E-03 7.99E-04 1.01 3.41E-06 2.00 1.54E-04 1.50
1.25E-03 3.99E-04 1.00 8.54E-07 2.00 5.43E-05 1.50

Table 3: Convergence rates for Stokes flow problem using the body-fitted and SBM approaches.

indicate that the SBM can robustly capture the behavior of Stokes flow across very complex geometries
despite the increasing number of faces violating the geometric resolution condition as the mesh is refined.

Grid ‘ No. of elements ‘ No. of surrogate faces with v-n <0 ‘ Percentage of total surrogate faces
coarse ~ 7.5 million 234 0.196%
fine ~ 25.2 million 577 0.189%

Table 4: Number of surrogate faces with v -1 < 0 for the coarse and fine grids shown in Figures |6b| and
respectively.

7. Summary

We have provided an enhanced analysis of well-posedness and accuracy for the SBM in the case of
the Poisson and Stokes operators. The key improvement with respect to previous work are the removal
of an assumption about the angle between the normal to the surrogate boundary and the corresponding
normal to the true boundary. In addition, we have shown that no penalties on the tangential derivative
of the Dirichlet boundary condition are required to prove stability and accuracy of the SBM. In addition,
particular to the Stokes operator, incorporating an incompressibility constraint stabilization term was also
deemed as unnecessary. Furthermore, in the enhanced L2-error estimates, we removed the assumption of
convexity of the surrogate domain €2,, relying instead on a conventional assumption of smoothness of the
true domain  (which could be replaced by convexity of the true domain €2). These aspects are important in
advancing the understanding and development of the SBM, in that they increase the flexibility and simplicity
of the method, particularly when the geometry of the boundaries is highly complex. We have also performed
a number of tests to verify the findings of our theoretical analysis.
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Appendix A. Some useful inequalities

Hereafter, we collect some well-known inequalities that are used in the paper.

Theorem 11 (Trace Theorem). Assume A C R™ is open and bounded and DA is Lipschitz. Then the trace
operator T : H'(A) — L*(0A) such that Tw = w)p4 satisfies

lwlZaoa) = 1 Tw 7204y < CUA)T wllg 4 +1(A) [w]i 4), Vw e H'(A), (A1)

where C' is a constant that may depend on the shape of A but not on its size, and [(A) = meas(A)Y/" is a
characteristic length of the domain A.

Let 7" be the regular triangulation introduced in Section , and let H*(Qy,, 7h) = [Tresn HE(T)
be the ‘broken’ Sobolev space of order k£ > 0 with semi-norm |v ke Gh = ZTE@L v |k . For the sake of
simplicity, here and in the rest of the paper we use the symbol | hv |, a,.5n to indicate the scaled quantity
> regn | hrv . The general trace theorem above can be particularized to functions belonging to such
spaces as follows.

Theorem 12 (Scaled trace inequalities). There exists a constant c; > 0 independent of the mesh size such
that for any element T C Qp with an edge v C T'y, one has

1/2
Ih? w2, < er(lwl2r+|hrwl?y) . Ywe HY(T). (A.2a)

Summing over all the elements with at least one of their edges on the boundary T, we obtain

IR 2wl s < e (lelﬁ,m +|hw|im,§h) , Ywe H' (Qp, T") . (A.2b)

Combining these inequalities component-wise, one gets analogous results for vector- or tensor-valued
functions.

Theorem 13 (Scaled vector /tensor trace inequalities). There exists a constant C; > 0 independent of the
mesh size such that

I hTVU/'VHgW < Cr(lwlip+lhrwlsy), YweH*(T), (A.2¢)
029w vl2s, < (1wl +1hwle 7). Vue H(@)n B, 57, (A.24)
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In 2 e l2s, < Cr(le) |2g, +he@) 2y 5)

Cr(lwl g, +1hwiy 50),  Ywe (H'( Q) NHX (@, T (A2e)

A

In (A.2d) and (A.2d)), v denotes any unit vector field defined on the boundary.

Using the equivalence of norms in a finite dimensional space, we obtain the following trace inequalities
for piecewise affine functions.

Theorem 14 (Discrete trace inequalities). There exist constants cr,C; > 0 independent of the mesh size,
such that

IWhrwla, < erllwlds, vwe 2\ T), (A.30)

and, for all vector functions w” belonging to the space of piecewise linear and globally continuous functions
over the mesh 7,

B2 Vw2 < O Vel |2, (A.3b)
VAV w2 < Cr |Vt |2, (A.30)
IR 2 e(w)n ez < Crlle(w")|}q, - (A.3d)

In the second inequality, v denotes any unit vector field defined on the boundary.
Next, we recall two classical Poincaré-type inequalities [TI, 2] below:

Theorem 15 (Poincaré inequality). Assume that Q, is a bounded connected open subset of R™ with Lips-
chitz boundary Sy, There exists a constant Cp > 0, depending only on Qy, (and in particular, independent
of h), such that for all u € H ()

lulloa, < Col@) (IVullgq, + 157 ulg,) - (A 4a)

An alternative version of the Poincaré inequality holds for functions of bounded average.

Theorem 16 (Poincaré inequality for functions of bounded average). Assume that Qy, is a bounded connected
open subset of R™ with Lipschitz boundary 0S)y,. There exists a constant 3Cp > 0, depending only on Qy,
(and in particular, independent of h), such that for all p € H*(Qy,) satisfying fﬁh p =0, one has

12106, < CrUM) VR, - (A.4b)

Finally, we recall two inequalities of the Korn type for H'-vector fields.

Theorem 17 (Korn’s inegualities). Let Qy, be a domain in R™ with ng > 2. There exists a constant Cg > 0
such that for all u € H* ()",

lw 20 < O (12 6, + 1) e(w) I2,,) - (A.5a)

Furthermore, if I C ('“)flh has positive (ng — 1)-dimensional measure, there evists a constant Ck > 0 inde-
pendent of any h < 1(Q,) such that for all w € H* ()",

Il < Cx U2 (IR 2 w2 +lle(w) |24, ) - (A.5b)
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