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Abstract. In this work, we consider unfitted finite element methods for the numerical approx-
imation of the Stokes problem. It is well-known that these kinds of methods lead to arbitrarily
ill-conditioned systems and poorly approximated fluxes on unfitted interfaces/boundaries. In order
to solve these issues, we consider the recently proposed aggregated finite element method, originally
motivated for coercive problems. However, the well-posedness of the Stokes problem is far more sub-
tle and relies on a discrete inf-sup condition. We consider mixed finite element methods that satisfy
the discrete version of the inf-sup condition for body-fitted meshes and analyze how the discrete
inf-sup is affected when considering the unfitted case. We propose different aggregated mixed finite
element spaces combined with simple stabilization terms, which can include pressure jumps and/or
cell residuals, to fix the potential deficiencies of the aggregated inf-sup. We carry out a complete
numerical analysis, which includes stability, optimal a priori error estimates, and condition number
bounds that are not affected by the small cut cell problem. For the sake of conciseness, we have re-
stricted the analysis to hexahedral meshes and discontinuous pressure spaces. A thorough numerical
experimentation bears out the numerical analysis. The aggregated mixed finite element method is
ultimately applied to two problems with nontrivial geometries.
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1. Introduction. Unfitted finite element (FE) techniques are receiving increas-
ing attention since they are very appealing in many practical situations. Such tech-
niques avoid the generation of body-fitted meshes, which is a serious bottleneck in
large-scale simulations. They are particularly well-suited to multiphase and multi-
physics applications with moving interfaces (e.g., fracture mechanics [1], fluid-structure
interaction [2], and free surface flows [3]) and in applications with varying domains
(e.g., shape or topology optimization [4], additive manufacturing and three-
dimensional (3D) printing [5], and stochastic geometry problems [6]). Unfitted FE
methods have been named in different ways. When designed for capturing interfaces,
they are usually denoted as the extended FE method [7], whereas they are denoted
as embedded or unfitted methods when the motivation is to simulate a problem using
a (usually simple) background mesh (see, e.g., the ctt FEM method [8] and the finite
cell method [9, 10, 11]).

Although useful, unfitted FE methods have known drawbacks. They pose prob-
lems to the numerical integration and the imposition of Dirichlet boundary conditions
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and lead to ill-conditioned systems [12]. For most of the unfitted FE techniques, the
condition number of the discrete linear system depends not only on the characteristic
element size of the background mesh but also on the ratios for all cut cells of the total
cell volume and the cell volume inside the physical domain, which can be arbitrarily
small, leading to the so-called small cut cell problem. Methods based on fictitious
material [9] require a penalty term that goes to zero with a power of the mesh size for
optimal convergence. Thus, the condition numbers of the resulting linear systems are
asymptotically affected by the small cut cell problem. For further details about the
convergence behavior of fictitious material methods, see [13]. Preconditioned iterative
linear solvers suitable for standard FE methods are not robust for these formulations.
Recently, a robust domain decomposition preconditioner able to deal with cut cells has
been proposed in [14] for first order methods, but these preconditioners still require
some special treatment for the robust direct solution of local-to-subdomain systems.
On the other hand, ill-posed degrees of freedom (DOF's) on cut cells can lead to poorly
approximated fluxes on unfitted boundaries/interfaces, which is especially critical for
interface-coupled problems like fluid-structure interaction.

The authors have recently proposed in [15] an unfitted FE formulation, referred
to as the aggregated finite element method (agFEM), which fixes the small cut cell
problems for elliptic partial differential equations (PDEs). This novel method relies
on the so-called aggregated finite element (agFE) spaces, grounded on cell aggrega-
tion techniques and judiciously chosen linear constraints for conflictive DOFs with
respect to interior ones. This approach can be applied to grad-conforming (globally
continuous) spaces and discontinuous FE spaces of arbitrary order. The agFEM leads
to a well-posed Galerkin formulation of elliptic problems, viz., no stabilization terms
are needed and the method is thus consistent and does not introduce artificial dif-
fusion. Furthermore, the resulting linear systems have condition numbers that scale
only with the element size of the background mesh in the same way as in standard FE
methods for body-fitted meshes. These methods have been implemented in FEMPAR,
a large-scale FE software package [16, 17].

Among other existing approaches, the most salient one is the ghost penalty for-
mulation used in the CutFEM method [8, 18]. The most widely used version of this
method requires computing high order derivatives on facets for high order FEs, which
are not at our disposal in general FE codes and are expensive to compute, certainly
complicating the implementation of the methods and harming code performance.
Other versions of the ghost penalty method that do not require the computation
of high order derivatives but rely on some macroelement mesh structure have been
proposed for some problems (see, e.g., [19] for the Poisson equation and [20, 21] for
the time-dependent convection-diffusion equation on moving domains). For B-spline
approximations, one can consider the so-called extension or extrapolation techniques
(see, e.g., [22, 23, 24]). These works are close to the agFEM [15] in the sense that the
problematic DOFs associated with B-splines with small support inside the physical
domain are eliminated by constraining them as a linear combination of well-posed
DOFs. Such aggregation approaches are not new in discontinuous Galerkin (DG)
methods (see, e.g., [25, 26, 27]), for which the situation is much easier, since no con-
formity must be kept. In fact, some aggregation techniques in DG [25, 26, 27] can be
cast as discontinuous agFEMs.

The use of mixed FE methods on unfitted meshes has been explored in previous
works. The combination of ghost penalty stabilization and inf-sup stable elements
for the unfitted FE approximation of the Stokes problem was originally addressed
in [28] for triangular meshes in two dimensions. The analysis therein relies on the
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continuous inf-sup condition on the interior domain, viz., the union of interior cells
(not intersecting the boundary), in order to prove pressure stability in interior cells,
whereas cut cell pressure stability relies on ghost penalty stabilization. The extension
of this work to interface Stokes problems for the MINI element has been proposed
in [29] (see also [30] for a similar strategy). The analyses in [28, 29, 30] rely on the
assumption that the discrete inf-sup constant is bounded away from zero uniformly
in h. This uniform stability is not trivial, and it has only been proved so far for
triangular/tetrahedral meshes and some mixed FEs (see [31]). As an alternative to
mixed FE methods, globally stabilized residual-based and pressure jump first order
schemes combined with ghost penalty stabilization have been used in [32]. Global
residual-based stabilization has also been used in [23, 24] for B-spline approximations.

In this work, we propose to combine the agFEM approach, which fixes the small
cut cell problem for the numerical approximation of elliptic PDEs, with mixed FE
spaces. Unsurprisingly, the development of mixed agFE spaces that satisfy a discrete
version of the inf-sup condition is not straightforward. The discrete inf-sup condition
requires a perfect balance of the velocity and pressure spaces, whereas the boundary-
cell intersections can be arbitrary, leading to a large set of possible cell aggregates
geometries. We consider hexahedral meshes and arbitrary order mixed FE spaces
with discontinuous pressures and analyze the potential deficiencies of the unfitted
inf-sup in terms of a set of improper aggregates and interfaces that will require ad-
ditional stabilization.! An abstract stability analysis under some assumptions about
such stabilization allows us to define effective stabilization terms. We propose two
algorithms. The first one combines a standard aggregated tensor-product Lagrangian
FE with interior residual-based and pressure jump face stabilization on improper ag-
gregates and facets, respectively. The second one makes use of an agFE space in
terms of a serendipity-based extension of tensor-product Lagrangian FEs combined
with pressure jump stabilization on improper facets. The resulting schemes can be
used in quadrilateral /hexahedral meshes, the order of approximation can be selected
by the user, the algorithm does not require us to compute (higher than order one)
derivatives on cell boundaries (unlike ghost penalty /cutFEM approaches), and it in-
volves minimal stabilization and consequently artificial diffusion (e.g., only pressure
jump stabilization on a very small subset of facets close to the interface). A complete
numerical analysis shows the uniform stability (that does not rely on the potentially
ill inf-sup condition on the union of interior cells), optimal a priori error estimates,
and condition number bounds with respect to the mesh size and cell boundary inter-
section. Another remarkable feature of our approach is that it exposes a high degree
of message-passing parallelism in the assembly process, and thus it is suitable for
the development of a highly scalable parallel unfitted FE framework on distributed
memory computers, so far still missing in the literature. In fact, a highly scalable par-
allel implementation of agFEM on nonconforming h-adaptive octree meshes, grounded
on p4est for efficient octree handling [33], is under development in FEMPAR [16, 17].
Apart from their ability to control geometry approximation errors by local adaptation
in regions of high geometric variability, octree meshes can be very efficiently gener-
ated, refined and coarsened, partitioned, and 2:1 balanced on hundreds of thousands
of processors [33], the latter being the main reason why we favor this sort of mesh in
our approach.

The outline of this work is as follows. In section 2, we introduce the Stokes
problem and, in section 3, a brief introduction to FE spaces, and some notation fol-

n any case, these ideas could be extended to tetrahedral meshes and other mixed FE spaces.
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lows. Section 4 is devoted to the definition of agFE spaces and their mathematical
properties. A discrete agFEM for the approximation of the Stokes problem is pro-
posed in section 5, in which the stabilization terms are not defined yet. Section 6
is devoted to a complete numerical analysis of mixed agFEMs. More specifically, in
section 6.1, we perform an abstract stability analysis under some assumptions over the
mixed agFE space and the stabilization terms. Two different algorithms that satisfy
these assumptions are proposed in sections 6.2 and 6.3. A priori error estimates and
condition number bounds that are independent of the cut cell intersection with the
boundary are proved in sections 6.4 and 6.5, respectively. A complete set of numerical
experiments can be found in section 7. To close this work, some conclusions are drawn
in section 8.

2. Problem statement. Let us consider an open and bounded physical domain
Q C R? (where d = 2, 3 is the physical space dimension) with Lipschitz boundary
T', occupied by a viscous fluid. We consider Dirichlet boundary conditions on I’
for brevity in the exposition; the introduction of Neumann boundary conditions is
straightforward. The Stokes problem, after scaling the pressure with the inverse of
the diffusion coefficient, reads as follows: find the velocity field w : Q — R? and the
pressure field p :  — R such that

(1) —Au+Vp=f in Q V-u=0 in Q u=g on I,

where f is the body force and g is the prescribed Dirichlet data, which must satisfy
fr g -n = 0, where n stands for the outward normal. In order to uniquely determine
the pressure, we additionally enforce that fQ p=0.

We use standard notation for Sobolev spaces (see [34]). In particular, the L?(w)
scalar product will be denoted by (-, -)., for some w C R%. Making abuse of notation,
we represent the H'(w) duality pairing the same way. LZ(w) is the subspace of
functions in L?(w) with zero mean value. For a Sobolev space X, we denote its norm
by || - | x. In particular, the L?(w) norm is denoted by |- ||, and the H'(w) norm
as || - ||, ,,- The seminorm on the Sobolev space WHP(w) is denoted by |- [k (w), Or
simply | - |1, for H'(w). Given a function g € H?(8w), the subspace of functions in
H'(w) with trace equal to g is represented with H}(w). Vector-valued Sobolev spaces
are represented with boldface letters.

Let us assume that f € L*(Q) and g € H%(I‘). The weak form of the Stokes
problem (1) reads as follows: find (u, p) € H;(Q) x L3(2) such that

(2) (Vu, Vv)Q - (V- U)Q —(¢, V- U)Q = (fvv)ﬂ

for any (v,q) € Hg(Q) x L3(R). The well-posedness of this linear problem relies on
the fact that the divergence operator on Hg(f) is surjective in L2(€2). There exists
a constant S that depends on € such that (see, e.g., [35])

PV -v)g o g

rel3(@) very () IPlallvll o

3)

In the following exposition, we consider the numerical approximation of this problem
by using FE methods. In particular, we are interested in the discretization of the
Stokes problem when using unfitted FE methods, i.e., the mesh is not fitted to €.

3. FE spaces. Let us consider an open polyhedral domain w and its partition
Kn(w) into a set of cells. We may consider the case in which all cells are hexahe-
dra/quadrilaterals (hex mesh) or all cells are tetrahedra/triangles (tet mesh). At any
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cell K € Kp(w), we define the local FE spaces as follows. Using the abstract defini-
tion of Ciarlet, an FE is represented by the triplet {K,V, ¥}, where K is a compact,
connected, Lipschitz subset of R?, V is a vector space of functions, and ¥ is a set of
linear functionals that form a basis for the dual space V'. The elements of ¥ are the
so-called DOFs of the FE; we denote the number of DOFs as ny. The DOFs can
be written as 0® for a € Ny = {1,...,nx}. We can also define the basis {¢*}sens
for V such that o%(¢®) = 0,5 for a, b € Nx. These functions are the so-called shape
functions of the FE, and there is a one-to-one mapping between shape functions and
DOFs.

In this work, we consider three different concretizations of the vector space V:
(1) the space P, (K) of polynomials of degree less than or equal to ¢; (2) the space
Q,(K) of polynomials of degree less than or equal to ¢ with respect to each reference
space coordinate; (3) the space Qq (K) of polynomials of superlinear degree less than
or equal to g (see [36] for more details). Q,(K) on hex meshes leads to the serendipity
FE. For the sake of simplicity, we assume that all cells in the mesh have the same
topology and (for a given field) the same polynomial order.?

In order to build globally continuous FE spaces, we denote by A(K) the set of
ny, Lagrangian nodes of order ¢ of cell K for P,(K) in tets and Qg (K) in hexs. The
set of nodal values, i.e., o%(v) = v(x®) for a € N(K), is a basis for the dual space
V. By definition, it holds that ¢®(x®) = 843, where x are the space coordinates of
node b in the corresponding set of nodes. Next, we assume that there is a local-to-
global DOF map such that the resulting global space is C° continuous. It leads to the
following C°(w) global FE spaces: (1) the space P, ,(w) of functions such that its cell
restriction belongs to P,(K) for a tet mesh; (2) the space Qg n(w) (resp., Qyn(w))
of functions such that its cell restriction belongs to Q4 (K) (resp., QQ(K)) for a hex
mesh. We note that for discontinuous FE spaces, the definition of DOF is flexible,
since no intercell continuity must be enforced. We will make use of the global space
P, n(w) of piecewise discontinuous functions that belong to Py(K), for an arbitrary
cell topology. The spaces of vector-valued functions with components in these spaces
are represented with boldface letters.

Given a function v, we define the local interpolator for nodal Lagrangian FEs as

(4) T) = Y 0"t = Y w@)e’, K Knw)

aeN(K) aeN(K)

It is easy to check that the interpolation operator is in fact a projection. The global
interpolator 7 (+) is defined as the sum over the cells of the corresponding local inter-

polators, i.e., 7i(v) = Do Kekn () 7l (v).

4. Aggregated finite element spaces. In this section, we define agFE spaces.
We refer to [15] for more details. First, we introduce some geometrical concepts
related to the use of embedded boundary methods, the cell aggregation algorithm,
and the map between vertices, edges, and faces (VEFs) on cut cells and aggregates.
Next, we use the geometrical aggregation to define agFE spaces on unfitted meshes.
Finally, we provide some trace and inverse inequalities, together with approximability

2The polynomial spaces are defined in the physical space cell, instead of relying on a reference cell
and a map from the reference to the physical space. Both approaches are equivalent for affine maps,
whereas the second one is more appealing due to lower computational cost. The convergence prop-
erties of serendipity FEs are deteriorated if the map is not affine [37]. Fortunately, the equivalence
holds for the Cartesian hex meshes below.
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properties that will be used in the following sections to analyze the stability and to
obtain a priori error estimates. In the following, we assume that hex meshes are being
used. In practice, we are interested in Cartesian hex meshes, where all the cells can
be represented as the scaling of a d-cube. This restriction simplifies implementation
issues, since polynomial bases in the physical space can be obtained as the mapped
reference cell polynomial bases, a fact that does not hold for general (first-order) hex
meshes. However, agFE spaces can readily be obtained for tet meshes using the ideas
below.

4.1. Embedded boundary setup and cell aggregation. As usual for em-
bedded boundary methods, we consider an artificial domain 2,1 with a simple shape
that can easily be meshed using a conforming Cartesian grid K2 = K, (Qay¢) of char-
acteristic size h that includes the physical domain 2 C Q¢ (see Figure 1(a)). In the
numerical analysis, no geometrical error will be considered. In our practical imple-
mentation, the domain boundary is implicitly defined as the zero level-set of a given
scalar function ¥, i.e., I' = {& € R? : ¢!8(x) = 0}. It leads to an approximation €,
of ), e.g., using a marching cubes—like algorithm, which also leads to an approximated
boundary I'y,. We will omit the subscript for the sake of conciseness in the notation,
unless the distinction is important.

Let us define the quantity nx = \IT;‘Q\ and a parameter 7o € (0,1]. Cells in K3

can be classified as follows: a cell K € K such that nx > no is an interior cell;® if
KnNQ =0, K is an external cell; otherwise, K is a cut cell (see Figure 1(b)). The set
of interior (resp., external and cut) cells is represented with IC}l“ and its union Qy, C Q
(resp., (K, Qext) and (K5, Qeye)). Furthermore, we define the set of active cells as
Kn = ICih“ U K§" and its union Quc. We assume that the background mesh is quasi-
uniform (see, e.g., [38, p. 107]) to reduce technicalities, and we define a characteristic
mesh size h.

Qart [

D internal cells
D cut cells

IS / D external cells

(a) (b)
Fi1G. 1. Embedded boundary setup.

We can also consider a partition of €2 into nonoverlapping cell aggregates. Each
aggregate is composed of several cut cells and only one interior cell. Besides, the
cells in an aggregate are connected, i.e., an aggregate cannot span multiple disjoint
domains. Such partition can be computed using the strategy described in Algorithm
4.1 below.

3For no = 1, interior cells are cells K C Q. However, we can weaken the definition by taking
lower values of 7g, considering also as interior cells the ones that have a large enough portion in the
interior.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/08/19 to 5.196.89.225. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

MIXED AGGREGATED FINITE ELEMENT METHODS B1547

ALGORITHM 4.1 (cell aggregation algorithm).

1. Mark all interior cells as touched and all cut cells as untouched.

2. For each untouched cell, if there is at least one touched cell connected to it
through a facet F such that F'NQ # (), we aggregate the cell to the touched
cell belonging to the aggregate containing the closest interior cell. If more
than one touched cell fulfills this requirement, we choose one arbitrarily, e.g.,
the cell connected via the facet with more area inside the physical domain, or
the one with the smaller global label.

3. Mark as touched all the cells aggregated in step 2.

4. Repeat steps 2 and 3 until all cells are aggregated.

Figure 2 shows an illustration of each step in Algorithm 4.1 for 79 = 1. The black
thin lines represent the boundaries of the aggregates. Note that from step 1 to step 2,
some of the lines between adjacent cells are removed, meaning that the two adjacent
cells have been merged in the same aggregate. The aggregation schemes can be easily
applied to arbitrary spatial dimensions.

touched untouched ___ Aggregates’ boundary = 02

X gy g T, |
TN \ \ ™\
1 [

[
N / N / N / _k\ |

I I

(a) Step 1. (b) Step 2. (c) Step 3. (d) Step 4.

Fia. 2. Illustration of the cell aggregation scheme defined in Algorithm 4.1 for ng = 1. We note
that the definition of an aggregate in (5) is such that it only considers the part of the aggregated
cells inside Q as this simplifies the notation in the numerical analysis.

In the forthcoming sections, we need an upper bound of the size of the aggregates
generated with Algorithm 4.1 in terms of the cell mesh size h, i.e., the characteristic
size of an aggregate is bounded by ~h for some ~ independent of h and the cut cell
intersection with the boundary. For a given mesh, the constant v can be bounded
using the following result taken from [15, Lemma 2.2].

LEMMA 4.2. Assume that from any cut cell Ko € K" there is a cell path { Ky, K1,
..., K} that satisfies the following: (1) two consecutive cells share a facet F' such
that FNQ # 0; (2) K, is an interior cell; and (3) n < Npmax, where nypax s a fized
integer. Then, the constant v is at most 2nmax + 1.

The lemma states that the aggregate size is bounded in terms of nyax, i.e., the
number of cells that need to be traversed via facets for connecting a cut cell with
an interior one. Note that large values of ny.x can only appear when dealing with
underresolved geometrical details. Thus, finer meshes contribute to decrease My ax
and, in turn, the aggregate size. The numerical results in [15, section 6.3] show that
~ tends to v = 2 in two dimensions and v = 3 in three dimensions for some practical
cases. However, for complex geometries, local mesh adaptation could be required to
capture small geometrical details and reduce the aggregate size.
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Algorithm 4.1 leads to another partition 7} into aggregates, where an aggregate
is defined in terms of a set of cells as

(5) A=ANQ, A={UMK,: K, €K},

where (without loss of generality) K € Ki is the owner interior cell, also represented
with O(A). Thus, A € T}, is trimmed by the boundary and A is its corresponding
untrimmed aggregate. In the following, trimmed aggregates will just be referred to as
aggregates. By construction of Algorithm 4.1, it holds that (1) ng > 0; (2) interior
cells that have no aggregated cut cells (n4 = 0) remain the same; (3) there is only
one interior cell per aggregate, i.e., K; ¢ Q for i > 0; (4) every cut cell belongs to one
and only one aggregate.

For an interior/cut cell K € Kj, we define its owner (interior) cell O(K) as the
owner O(A) of the only aggregate A € T, that contains the cell, i.e., K U A has
nonzero measure in dimension d. Thus, the owner of an interior cell is the cell itself.

We can also construct a map that, given an outer VEF, i.e., a VEF that belongs
to at least one cut cell in §** but does not belong to any interior cell in IC}l“, provides
its aggregate owner among all the aggregates that contain it (see Figure 3). This map
can be arbitrarily built, e.g., we can consider the smallest aggregate that contains
the VEF. The map between the outer VEF b and the interior cell owner is also
represented with O(b).*

Untrimmed
aggregate

Cell
Outer face
° Outer vertex

(a) Outer vertex to aggregate (b) Outer face to aggregate
map map

Fi1G. 3. Map from outer facets and vertex to aggregate owner. The small pointers denote the
aggregate owner. Pointers are not used for vertex and facets belonging to only one aggregate since
the owner is obvious. Aggregates in (a) and (b) are the same, but the aggregate bounds are clearer
n (a).

4.2. Aggregated finite element spaces. Our goal is to define FE spaces using
the cell aggregates introduced above, in order to end up with unfitted FE spaces on
the domain 2, with optimal approximability properties not affected by the small cut
cell problem. The goal of this section is to start with a pair of inf-sub stable FE
spaces (i.e., velocity-pressure pairs of FE spaces that satisfy a discrete version of the
inf-sup condition on body-fitted meshes) and to end up with an aggregated version of
this FE pair (which will not be affected by the small cut cell problem). The process of
defining the aggregated version of a given FE space can be introduced systematically
for different types of interpolations. For the sake of simplicity, we present the method
for a generic scalar-valued field. The technique will be eventually applied to the FE

4 After the cell aggregation and the VEF owner definition, we have defined a map O(-) that, given

any outer VEF or cut cell, provides its owner (interior) cell.
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—T~\ — T
( \ [ /
\ \
) o nodes in N, }L“
e nodes in N}?Ct
\ x nodes in NP
1 / N A N A
(a) V) (b) Va (ORY

FiGc. 4. FFE spaces.

space for the pressure field, and to each component of the FE space for the velocity
field (which are a scalar FE spaces).

Let us represent with Vj,(w) a generic global (continuous or discontinuous) Lag-
rangian FE space, i.e., it can be Q4 for hex meshes and P, ;, for tet meshes, for an
arbitrary order g. We introduce the active FE space associated with the active portion
of the background mesh Vi = V}, (K3°%) and the interior FE space Vi = V), (KiP).
The active FE space V' (see Figure 4(c)) is the functional space typically used
in unfitted FE methods (see, e.g., [14, 12, 9]). It is well-known that V' leads to
arbitrary ill-conditioned systems when integrating the FE weak form on the physical
domain Q only (if no stabilization technique is used to remedy it). It is obvious that
the interior FE space Vi* (see Figure 4(a)) is not affected by this problem, but it is
not usable since it is not defined on 2.

Herein, we propose an alternative agFE space V}, that is defined on € but does
not present the ill-conditioning issues related to V. To this end, we can define the
set of nodes of Vi and Vi<t as Mj» and N7<Y, respectively (see Figure 4). We define
the set of outer nodes as NP = N2\ N (e.g., the nodes that belong to outer VEFs
in Figure 3). The outer nodes are the ones that can lead to conditioning problems due
to the small cut cell problem (see, e.g., [12]). The space of global shape functions of
Vit and Vit can be represented as {¢® : b € Nj"} and {¢® : b € N}, respectively.
Any function u, € V}L“ can be written as up = ), Ain up@®, and analogously for
functions in V', The space V, is defined taking as the starting point V" and
adding judiciously defined constraints for the nodes in N

In order to define V,, we observe that, in nodal Lagrangian FE spaces, there is
a one-to-one map between DOFs and nodes (points) of the FE mesh. For globally
continuous FE spaces, we can define the owner VEF of an outer node b € NP,
denoted as OV*f(b), as the lowest-dimensional VEF that contains the node b. As
a result, the composition of the outer-VEF-to-cell-owner map O(-) with the outer-
DOF-to-vef-owner map OV*f(.) leads to an outer-DOF-to-cell-owner map, namely,
O o O*f(.). Abusing notation, we also denote this map as O(b) for an outer DOF b.
For discontinuous FE spaces, all the DOF's belong to the cell itself, since no continuity
must be enforced. Thus, the DOFs owner and outer-DOFs-to-cell maps are trivial
once defined the cell aggregation. Since no continuity must be enforced among cells,
the definition of DOF's is very flexible.

Given a function v, € Vi* and a cell K € K, we define the unique polynomial
&K (vy,) : RY — R such that its restriction to the cell K coincides with the FE function,
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ie., vp(x) = & (vp)(x), * € K. With these ingredients, we define V,, C V2 as the
subset of functions in V2 such that, for any DOF a € N2,

(6) v =0y V) = D (&) (¢")a" (on)-

beN (O(a))

By construction, functions in V), are uniquely determined by the DOFs of Vi*. Thus,
we can define the extension operator & : V}L“ — VWV C VZ“ such that given uj € V,il“
provides the FE function & (up) € V" with outer nodal values computed as in (6).
See Figure 5 for an illustration of the extension operator £ (). Thus, the agFE space

is the range of this operator, i.e., V), = &,(Vi*) C Vact. If functions in Vi are C°

continuous, since V;, C V2, then functions in V}, are also C° continuous. We note
that (6) makes sense for continuous and discontinuous spaces, and, e.g., both tensor-
product and serendipity spaces for hex meshes and Lagrangian FEs for tet meshes.
In any case, the definition in (6) is general and can be used for spaces with DOFs

that are not nodal evaluations.

—
—
= 1
3
% i
-~
‘/l/ )
(a) DOFs owners (b) v, €V} (c) E(vn) € Vn

Fi1a. 5. Illustration of the extension operator En(-). The red arrows represent the exterior DOF
to interior cell map O(-). Function vy, is equal to 1 at the DOFs associated with the root cell of the
aggregate displayed in (a) and equal to 0 elsewhere. By formula (6), the extended function Ep(vp)
is also 1 at the exterior DOFs whose cell owner is the root cell of the aggregate in (a). Note that
not all DOFs in an aggregate need to share the same cell owner.

4.2.1. Nodal Lagrangian aggregated finite element spaces. In particular,
for nodal-based Lagrangian FE spaces (which include tensor-product Q, ,(K;) and
serendipity spaces quh(lCh) for hex meshes and P, 5, (KCp,) for tet meshes), the previous
expression is reduced to

(7) m@) = 3 @) @).

beN (O(a))

The computation of the constraint is straightforward and simply involves evaluating
the shape function polynomials of a cell in a set of points that do not belong to the
cell, viz., the nodes of an aggregated cut cell. The definition of DOF ownership is
simple: the VEF or cell that contains the node related to the DOF with minimum
dimension, which is uniquely defined.

4.2.2. Discontinuous aggregated finite element spaces. Let us comment
on discontinuous FE spaces, e.g., Pon (Kr) on hex meshes. It is easy to check that for
discontinuous spaces, the agFE space can be analogously defined as
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(8) Vi =A{v: v|la € P, (A)for any A € Ty}

The equivalence between the definition based on (6) and the one in (8) is straightfor-
ward. The use of aggregation techniques within DG methods has already been used,
e.g., in [39, 27].

4.2.3. Aggregated finite elements with serendipity extension. Up to
now, we have assumed that the constraints for the extension operator were com-
puted using the same shape functions as the ones of the local FE space in the owner
interior cell (see (6)). Here, we consider a more general case in which these two shape
functions bases (and the corresponding spanned spaces) can differ. In particular, we
are interested in using a tensor-product Lagrangian space at all cells in a hex mesh,
but to compute the constraints through the corresponding serendipity basis (preserv-
ing the order of approximation). As we will see later on, it does not affect accuracy
and has positive properties when considering stable mixed agFE spaces (see section
6.3).

Let us introduce some notation, in order to distinguish between tensor-product
and serendipity FE spaces. For serendipity FEs and hex meshes, i.e., Qq(K ), we rep-
resent its unisolvent set of nodes with A (K), i.e., the corresponding nodal values are
a basis for the dual space, with cardinality 7i5; (see [36, Figure 1]). The corresponding
shape functions and DOFs are represented with {QUSG}GGN(K) and {6}, (k) Tespec-
tively. For serendipity spaces, we denote its corresponding nodal interpolator in (4)
as 7L (v).

We constrain every outer DOF a € N2 of a function vj, € V2" as

o = 06 o b)) = D o0& (8")5" (vn),

beN (O(a))

or analogously,

(9) w(@) = Y (@) ().

beN (O(a))

It leads to the new agFE space V), and its corresponding extension operator Ep. We
note that the serendipity extension can be combined with a standard Lagrangian FE

space V2. In fact, this is the case that will be considered in this work.

4.3. Mathematical properties. In the following, we list some FE inequalities
that will be used in the next sections. We use A < B to say that A < CB for
some positive constant C, and analogously for 2 and ~. We use C to denote such a
constant, which can be different in different appearances. The word constant in this
work always denotes independence with respect to h and the cut cell intersection, i.e.,
it is not affected by the small cut cell problem. The constants can depend on «y and
19 For a cut cell, hi is defined as the one of the whole cell, and thus independent of
the cut.

Let us consider an arbitrary FE space V. The following inverse inequalities hold
(see, e.g., [38]):

(10) IVunll < P lunll g

(11) 1Onunllpare S P [V unll
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for any K € K}, where n is the outward normal (in this appearance, with respect to
I'pNK), and 9, = n- V. The inverse inequalities (10)—(11) also hold for untrimmed
aggregates A by simply recalling them for every cell in A. Furthermore, we have the
following trace inequalities (see [40]):

(12) lull o S Px 2||UHK+h [Vull for any u € H'(K),
(13) ullpar S hg 2||uHQmK+hI§(||Vu||QnK for anquHl(QﬁK)

for any K € Kj,. The last result can be proved using the ideas in [40, Lemma 3] and [41,
Lemma 3.1] under the assumption that the mesh is fine enough to capture geometrical
details and the curvature of I' is bounded almost everywhere (see [40, 41] for more
details). We note that for FE functions (defined in the whole cut cell K'), (13) holds for
both the physical and computational domain and boundary, whereas for continuous
solutions it only makes sense for the physical domain. The extension operators &y, (+)
and 5h() satisfy the following stability bounds. The standard extension operator can
be considered for both tet and hex meshes, whereas the serendipity extension operator
only for hex meshes.

LEMMA 4.3. Given a function up, € VI, it holds that

R (un) g,
HVrfh(Uh)llgm S ”Vuhnﬂ

[En(un)llq, .
HVSh(Uh)Ilgm < IIVUhllg

in’ in

Proof. The proof for £,(-) can be found in [15, Corollary 5.3] for a general agFE
space, which can be either Vi or the discontinuous FE space of its gradients. The

results for gh() can be proved analogously. 0

The combination of the previous lemma and the inverse inequality (10) for un-
trimmed aggregates lead to the following global inverse inequality for functions in the
agFE space:

(14) IV En(un)llq hHunllg, for any uy € V)"

act N in

Given the interior FE space Vi, we can define the standard Scott-Zhang inter-
polation using the definition in [42]. Let us define an extended Scott—Zhang inter-
polant as follows: (1) perform the standard interior Scott—Zhang interpolator onto
Vit through the assignment for every interior DOF a € Ni® of an arbitrary VEF /cell®
K, C Qi that contains the owner VEF of a, and compute the mean value of the
function on K,, represented with O'SZ “(4); (2) extend the interior function to € using

the extension operator &(+) (or 5;,,( )), leading to a function in Vj, (or V3,). Thus, the
extended Scott—Zhang interpolant reads

m () (@) = Y op (w)E(¢ ().

aeN®

The serendipity-extended interpolant, represented with 7“7;? Z(u), is obtained as above,
but using &(+) instead.

5Even though this choice is arbitrary, we do not permit Ko C Qin to be a vertex, since it would
restrict the applicability of the interpolator to C°(Q) functions with pointwise sense. We note that
the concept of VEF /cell ownership of a DOF can be extended to nonnodal DOFs (see, e.g., [16]).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/08/19 to 5.196.89.225. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

MIXED AGGREGATED FINITE ELEMENT METHODS B1553

In the next theorem, we prove the approximability properties of the extended
Scott—Zhang interpolant. In the statement of the theorem, we represent with v(A)
the union of the owner of the aggregate itself and the owners of all its neighbors, i.e.,
v(A) ={O(B): ANB#0, B e T,}. Wenote that A Z v(A) C iy, in general.

THEOREM 4.4. Let us consider an agFE space V), such that Py(A) C Vi (A) for
A€ Ty, g€ NT. Let us consider a function u € W (Q), where1 <p < oo, m < q+1,
and m > d forp=1orm > %forp> 1. Given A € Ty, and K € Kj, such that
K C A, it holds that

(15) flu — 7Tib;Z(“)HWg(K) SR ulwn u(a))

for 1 < s < m. The same results apply for the serendipity-extended agFE space Vi
and its corresponding interpolant 7% (+).

Proof. The standard and serendipity interpolants can be analyzed analogously.
The Scott—Zhang moments G'}S:(Z’a(') are bounded in W} () owing to the trace theo-

rem, i.e., WH(Q) C L (K,) for K, being a facet or cell (see [42]). On the other hand,
E(p%(x)) C W (K) for any cell K € Ky, since it is a combination of shape function
with bounded nodal values (see (6) and Lemma 4.3). Moreover, from the definition of
the extension operator, the nodal values of 7% (+)|4 are constrained from the DOFs
of the owner interior cell of A or the DOFs of the owner cell of a neighbor of A.
Thus, we readily obtain that H7r,fz(u)||wgn(14) < Cllullwm(v(ay)- Next, we consider
an arbitrary function 7(u) € W™ (2) such that m(u)|x € Py(v(A)) C Vi(r(A)) (note
that the inclusion also holds for the serendipity extension). The fact that 777 (-) is a

projection onto Vj, by construction yields 7(u)|4 = 772 (7(u))|a. Thus, we have:

llu— 7T??Z(U)||W;n(1() < u— W(U)HW;"(K) + || () — U)HWPT”(K)

Sllu=m(u)lwm )+l (w) —ullwm way) S llu=m(w)lwmway)-

Since v(A) is an open bounded domain with Lipschitz boundary by definition with a
characteristic size bounded by «h, one can use the Deny—Lions lemma (see, e.g., [35]).
As a result, using the 7(u) that minimizes the right-hand side, it holds that

flu— WEZ(H)HW;H(K) S |U‘W;"(y(A))-
The Sobolev embedding theorem and the trace theorem yield
(16) [lu— WsZ(U)HW;(K) < C(A)|ulwm w(ay)-

In order to eliminate the dependency of the constant on the size of A, we use stan-
dard homogeneity (or scaling) arguments. We consider the scaling of A to a reference
aggregate with unit diameter, recall (16) in the scaled domain, and use the corre-
sponding change of variables to push back the inequality to the original aggregate
(see, e.g., [38, Lemma 4.3.8] for more details). It proves the lemma. O

5. Approximation of the Stokes problem. In this section, we consider the
FE approximation of the Stokes problem (1) using agFE spaces on unfitted meshes.
We focus on inf-sup stable spaces (velocity-pressure pairs of FE spaces that satisfy
a discrete version of the inf-sup condition on body-fitted meshes), which have been
extended with the aggregation strategy of section 4. In this section, the velocity and
pressure spaces are represented with V', and Mj, respectively. As usual in unfitted
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FE methods, the Dirichlet boundary conditions cannot be enforced strongly. Instead,
we consider a Nitsche-type weak imposition of the Dirichlet data [43, 44]. It provides a
consistent numerical scheme with optimal converge rates (also for high-order elements)
that is commonly used in the embedded boundary community (see, e.g., [32] for its
application in unfitted discretizations of the Stokes problem). Another important
ingredient in unfitted FE approximations is the integration on cut cells. We refer to
[14] for a detailed exposition of the particular technique used in this paper. With
these ingredients, we define the Stokes operator,

(A7) Ap(un,ph,Vh, qn) = an(wp, vp) + bp(Vh, pR) — bn(Wn, qn) + jn(Wh, Ph, V4, an),

where

(18)  an(un,vn) = (Vun, Vop)g — (Ontn, Vi) — (Onvh, un)p + 7 (hun, 1)1,
(19) bh(vhvph) = - (V : vhvph)Q + (n : vh7ph)1" )

with 7 a large enough positive constant, for stability purposes. The right-hand side
reads

Ly (vn,qn) = (f,vh)g + gn(f,vn).

The pressure stabilization term j, and the corresponding potential modification of
the right-hand-side g, to keep consistency will be defined in sections 6.2 and 6.3,
motivated from the numerical analysis. The discrete Stokes problem finally reads as
follows: find (wp, pn) € Vi, X M), such that

(20) Ap(wh, Dhy V1, qn) = Ln(vn, pr) V (vh, qn) € Vi X M.

In the following analysis, we restrict ourselves to hexahedral meshes and dis-
continuous pressures. Similar ideas can be applied to inf-sup stable mixed FEs on
tetrahedral meshes and continuous pressures, but we do not consider these cases for
the sake of conciseness. Thus, using the notation in section 4.2, we will make use of the
following global agFE spaces: the space Qg 1, for ¢ > 1, in which the local FE space
is the tensor-product Lagrangian Q,(K) in all cells K € Ky, and the constraints are
defined using the standard expression in (7); the space Qu%h, for ¢ > 1, in which the
local FE space is the tensor-product Lagrangian Q,(K) in all cells K € K, and the
serendipity extension in (9) is used only to compute the constraints; the discontinuous
space P, for ¢ > 0, defined in (8).

6. Numerical analysis. In this section, we perform the stability analysis of FE
methods for (17). First, in section 6.1, we consider an abstract stability analysis, i.e.,
we prove an inf-sup condition under some assumptions over the mixed agFE space
and the stabilization terms. Two different algorithms that satisfy these assumptions,
and thus are stable, are proposed in sections 6.2 and 6.3. A priori error estimates for
these methods are obtained in section 6.4. Finally, in section 6.5, we prove condition
number bounds that are independent of the cut cell intersection with the boundary,
i.e., the small cut cell problem.

The analysis of the discrete problem obviously relies on the well-posedness of the
continuous problem, i.e., the inf-sup condition in (3). For the sake of conciseness in
notation, we have not distinguished between the actual computational domain
and the physical domain 2. It is important to distinguish between these two in the
definition of the inf-sup constant, i.e., 5(2) versus 5(2;,). In general, () can tend
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to zero as h — 0. The lower bound for §(:) relies on a decomposition of the domain
into a finite number of strictly star-shaped domains. B(€,) could tend to zero as
h — 0 unless one can prove that this number is bounded away from zero for €.
Fortunately, there are constructions of the computational domain €} for which one
can prove that in fact () is bounded below or, even more, converges to 3(€2). In
particular, if Q, is a polygonal h-approximation of € in the sense of [45, Definition
4.5], it holds that |8(Q2) — 8(Q)] < ¢()h. In what follows, we simply consider
B = infp<pn, B(Qp) for hy a fine enough mesh size to represent the topology of the
geometry at hand.

6.1. An abstract stability analysis. In this section, we analyze the well-
posedness of the discretization of the Stokes problem (17) in an abstract setting, in
which the FE spaces and stabilization terms are not explicitly stated. Instead, we do
the analysis under some assumptions of these ingredients.

We define the following norms:

2 . 2 _1 .2 2 . 2 2
(21) [l = IVullg + 12l llu, pll, =l + 2l

In the following lemma, we prove some stability and continuity properties of the
different terms that compose the Stokes operator in (17).

LEMMA 6.1. For a large enough positive constant T in (18), it holds for any
up, v, € Vy

(22)
2
an(wn, un) > Yallunllly,, an(wn, va) < Ealllwnlll,llvnlly, on(vn, an) < Eolllvallly, llgn o

for some positive constants vq, ., and &.

Proof. The continuity and stability of a can be found, e.g., in [15, Theorem
5.7]. The continuity of by, is obtained by using in its two terms the Cauchy—Schwarz
inequality and in the second one the inequalities (13) and (14) (see also [32]). 0

Let us describe two types of common aggregate topologies. First, we define rect-
angular cuboid aggregates as the ones with such a shape (possibly after adding some
inactive cells); e.g., all the aggregates in Figure 6(a) with the exception of the L-
shaped aggregates on the left. Second, a line aggregate is such that all its cell centers
lie on the same straight line. In Figure 6(a), the L-shaped and square aggregates are
not line aggregates. Let us also define the set of interior aggregate facets

Fap =0ANdB, A, Be T, }—hi{FAB:AaBeﬂL}-

We note that, since A C § for any aggregate A € T, by its definition in (5), Fap
can include a cut facet of a cut cell. Finally, we introduce below the concept of
improper facets and aggregates, which will be the ones that will require some type of
stabilization.

DEFINITION 6.2 (improper aggregate set of V).  The improper aggregate set
T, s defined as the subset of aggregates in Tp, that do not have a rectangular cuboid
shape (see Figure 6(a)). Its complement is represented with T," = Ty \ T, .

DEFINITION 6.3 (improper facet set of V). The improper facet set F, is the
set of facets F' € Fy, such that at least one the two aggregates Ap, Bp € Ty, that share
the face is not a line aggregate (see Figure 6(a)). Its complement is represented with
Ff =Fu\F, .
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(a) Improper aggregates (in blue) in Def. 6.2 (b) Reduced set of improper facets (in red)
and improper facets (in red) in Def. 6.3. to be stabilized in Algorithm 6.13.

F1G. 6. [llustration of improper aggregates and facets. Using Definition 6.2, we show in (a) the
improper aggregates in blue. The only improper aggregates are the L-shaped ones, since the other
ones have rectangular shapes. The improper facets in Definition 6.2 are the ones in red in (a).
The L-shaped aggregates and the square-shaped aggregates on the corners are not line aggregates;
thus their interior boundary facets are improper. We show in (b) the restricted set of facets to
be stabilized in the definition of Algorithm 6.13 in section 6.3 for the serendipity extension. We
note that the reduced facet stabilization holds only for three dimensions and second-, third-, and
fourth-order FEs with serendipity extension, but we show the idea in two dimensions for simplicity.
Among all the red facets in (a), only the red ones in (b) must be stabilized, because the other ones
are between aggregates that share the same interior cell.

In this section and section 6.2, we make the following assumption on the velocity
FE space. This assumption holds, e.g., considering the velocity agFE space as the
standard extension of second- or higher-order FE spaces in the interior cells.

Assumption 6.4. There exists a ¢ € ZT, ¢ > 2, such that Q(A) C V,(A) for
any A € Ty,.

Let us detail the roadmap that will be followed in the rest of this section in order
to show the stability of (17). First, we need to prove a discrete weak inf-sup condition
for the mixed agFE space V', x M} under Assumption 6.4. In order to do that, we
construct a stable quasi-Fortin interpolant® in Lemma 6.5, which is used to prove
the first weak inf-sup for the space of aggregate-constant pressures in Lemma 6.6.
Making use of an aggregatewise bubble function (for proper aggregates in ’7?' only),
we can obtain extra pressure stability with additional assumptions on the mixed agFE
space in Lemma 6.7. The combination of these two lemmas leads to the final weak
inf-sup condition in Theorem 6.8. This result shows the deficiency of the weak inf-sup
condition. In Assumption 6.9, we state the properties that must satisfy the pressure
stabilization to correct such a deficiency. We finally prove an inf-sup condition for A,
in Theorem 6.10.

LEMMA 6.5 (quasi-Fortin interpolant). For any v € Hy(Q), there exists a func-
tion wi" (v) € V'}, such that

(23) /F vom= /F P w)n YFe T, [nF @)l < Erloll o

for a positive constant g > 0.

SWe use the name quasi-Fortin interpolator because it only provides the property of the standard
Fortin interpolator (see, e.g., [35]) on proper facets in .7:;{.
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Proof. Facets F' € ]—",j are between two line aggregates A, B € Tj, by definition.
This fact combined with Assumption 6.4 ensures the existence of a quadratic facet
bubble such that

(24) /¢£-nz|F|>o, 165w <1, ¢F -m=0 on DAB.
F

We note that the first inequality is true because A and B are line aggregates, thus
there is at least one full FE facet on their interface, i.e., the one between the interior
cells.

Given a function v € H§(Q), let us consider, e.g., the extended Scott-Zhang
interpolant 777 (vy) with the optimal approximability properties in Theorem 4.4.
For agFE spaces with serendipity extensions, we would consider ﬂfz (vp,) instead.

Using (24), at every proper facet F' € }"}J[, we can compute (r(v) € R such that

o [ ofn= [ @-ri?w)-n

and define ¢, (v) = ZFE]_-: &1 Cr(v) € Vj,. Thus, taking 71" (v) = 757 (v) + ¢, (v),
one readily checks the equality in (23). Next, we prove the stability of the quasi-Fortin
interpolant. We can bound (r(v), since F € .7-';[ , as follows. Let us represent with
Ap, Brp € T, the two aggregates sharing F' and ABr = Ap U Br. The properties
of the facet bubble in (24), the extended Scott—Zhang approximability properties in
(15), the inverse inequality (13), and the Cauchy—Schwarz inequality yield

(26}‘: f (U_W}?Z fF ’U—’/Th )) HU_Wh (U)HF
Jpdn -n : || < |F|
Sh T |l =752 ()llga, Sh™= (W73 v —mu(0)] 4, + b3 v — 7 (V)] 4,)

_d-2
ShT 7 ol yap)

Using scaling arguments, the results in (24) and (25), and the fact that for any
interior cell K € Ki, the cardinality of the set {4 € T, : K C v(A)} is bounded
independently of h, we get

2 _
lh @)l < D2 Irdnllvas, < Do Eh 165 i~ (any)

FeF; FeF;t
2
S E 'U||1,Q~
Fert

This result, combined with the stability and approximability of the Scott—Zhang pro-
jector and the triangle inequality, leads to the stability of the quasi-Fortin interpolant
n (23):

F
" )l < i @), + 1Sn @), S ol g-

It proves the lemma. 0

In what follows, we will make use of the jump operator over facets:

[pl(x) = El_igl+ (p(x + en) — p(x — en)) Ve € F, VF € Fy,

where n is a normal to the facet.
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LEMMA 6.6. Let us consider the mixed FE space V', x My, for My, = Pthng(Q).
Then, for any pn € Por N L3(Q), there ezists a vy, € V', such that

(26) ||ph||Q S bh ’Uh’ph Z h” ||Fa |||vh|||h S ||ph||97
FeF;
for a positive constant By.

Proof. Relying on the continuous inf-sup condition (3), for any p, € PornN L3(2)
there exists a v € Hy () such that

bu(0.0) == (V- 0.p) + (0 mpi)e = = 3 (@ [y = 5l

FeFy

(27) vl o < Pl

where we have used integration by parts and added up the contributions from both
cells sharing an interior facet. Using the properties of the quasi-Fortin interpolant in
(23), after some algebraic manipulation, we obtain

b(rs" (v >,ph>:f(V~wzF<v>,ph)Q+(wzF<v>~n,ph)F:— > (717 @) lpal)

FeFp
= - Z (7 @) o) = 3 (wh7 @) ),
=- Z CRAT IS (WZFfv)-n, [pol)
Fert FeF,
(28) ==Y @+ Y (- @) nlpal)
FeF, FeF,

We can bound the last term in (28) using the trace inequality (13), the local Scott—
Zhang interpolant error estimate in Theorem 4.4 for v € H{ (), the second bound in
(27), and Young’s and Cauchy—Schwarz inequalities as follows:

> (e-m" @) nlpal) < Y o=t @) plllpallx

FeF; FeF;

<> Ew - ),

FeF,
1
+h2 o =i @), 4 ) palll
1
Y vl eapmh? IToadl e

FeF,

2 1 2
Salolia+= > hllpdil;

FeF;,

1
(20) Sollpallg +— Y2 Alllenll

Fer,
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for any o > 0. Combining (27), (28), and (29) with « large enough, we readily get

1 c
(i (v),p) = Zllpnlle = Callpallo = 5 > lllpalllz
FeF,

1 2 C 2
= g llenllo =2 > Alllpalliz

FeF,

for By > 0. It proves the lemma. ]

Let us define the L? interpolant for extended discontinuous Lagrangian spaces as
follows. Given p, € P, ), and 0 <r < ¢, we define 7, (pn) € P, 1, as the solution of

(W;:’T(Ph)y%)A = (Ph qn) 4 Van € P,
LEMMA 6.7. There exists a p,(pn) € V1, that satisfies the following properties:
(30)

-0 2 2 —,0 2
> o = on)lly < bnlen(n)on), llen @)l < D llon — 7 (on)ll-
AeT;t AeT;t

1
Bo

Proof. Due to Assumption 6.4, for every proper aggregate A € 7;:' (i.e., a rect-
angular cuboid), there is a quadratic bubble ¢, € V1,(A) that vanishes on A \ T'
and satisfies

(31) oi@) =0, [ ol 214> 0. o5
For any p;, € M}, we define

(32) @n(pn) = Y ¢nh>Vpy.
AeT,"

Using the definition of the norms in (21), the trace inequality (13), and the inverse
inequality (14), we readily obtain |||, (pr)ll, < b~ len(Pr)|lg- Combining this result

~

with the fact that ||¢7 [|co,.4 < 1 and (32), we prove the continuity bound in (30):

— 2
llentnlln S D B2IVeRli = > BV (on —m, (o)l

AeT;t AeT;t
-0 2
S Y lpn = o)y
AeT;t

Next, we note that given a proper aggregate A C ’77L+ and FE function vy, using
scaling arguments, the first two properties in (31), and the equivalence of norms in
finite dimension, we have

(33) C_ (vn,vn) 4 < (D vn,vn) 4 < Ch (Vn,01) 4

for positive constants independent of h and cut cell intersections. Thus, integrating
by parts the first term in (19) and using the definition of ¢, (pp) in the statement of
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Lemma 6.7, the fact that aggregate bubbles vanish on interior facets on the aggregate
boundaries, and the equivalence of norms in (33), we obtain

(34)
br(en(n)pn) = D (enn), Vo) = Y B2 (03, 1Voul*) 4 2 D WIIVpalls
AeT;f AeT;t AeT;f

On the other hand, since (pp — w;’o(ph))|,4 € My(A) N L3(A), it holds from the
Poincaré-Wirtinger inequality with a scaling argument

(35) ”ph - 7Th (ph)HA h”V(ph - 7Th (ph))HA = h”VthA'

Combining (34) and (35), we prove the lemma. |

In the next theorem, we combine the inf-sup for the space of aggregate-constant
pressures in Lemma 6.6 and the additional stability in Lemma 6.7 to prove the desired
weak inf-sup condition.

THEOREM 6.8. Let us assume that the mized FE space V', x 770_hﬁL2 (Q) satisfies

the inf-sup condition (26) in Lemma 6.6. Then, for any pj, € Py_1.ns there exists a
vy € V', such that

(36)

7||ph||ﬂ<bh onpn) + O AlIalli+ Y low+m "l ol < ol
FeF, A€T,”

for a positive constant 3.

Proof. Let us decompose by, (vy, pr) as follows:
(37) b (Vns ph) = br(vn, 7, " (pn)) + ba(Vn, o — 5, (P1))-

Since V', x (P, N L§(§)) is weakly inf-sup stable by the statement of the theorem,
i.e., it satisfies (26), there exists a function vy such that

(38)

1, _o 2 — -0
%Ilﬂh’ ()l < by @)+ Y kil @)l lonll, < Il on) g
FeF,

Using the trace inequality (13), the inverse inequality (14), the stability of v, in
the weak inf-sup condition (38), and Young’s and Cauchy—Schwarz inequalities, the
second term in (37) can be bounded as follows:

— — _1 1 —
by (vn, T, ’0(ph) —pn) S ||'Uh||1’Q||ph — Ty ’O(Z?h)HQ + h7 2 ||vpl|ph2 ||pn — 7, ’0(ph)”r

)
S Monllullpn = m, " (pr)llg

-0 2 1 —0 2

(39) S allm, ™ (en)llg + llpn = m, ™ (on)llo-

Combining (37), (38), and (39) for a small enough, we get

2
(40) ﬂ*lm “n)llg < ba(on,pn) + > BIm @l + Cllon — 7 (on)l1
FeF;;
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where 5 > 0. On the other hand, we have that Vp, € P_,, and @,(pn) €
Q,(A)NH(A) C V), for any A € T, (see (32)). Thus, combining the first inequality
n (30) from Lemma 6.7 with (40), we obtain, for an arbitrary positive constant o,

2
bi(on(on) + a'vnpn) = = Sl — 1 o)1y + ||7Th (Pl
7 =

_ 2 _ 2
—a’ Y hllm, (o)l — o' Clipn — 7, (o)l
FeF,

_ﬁ Z |pn — 7, (ph)”A 5*||7Th (ph)”Q

O AeTr

—a 3 by el

FeF,
-0 2 -0 2
—a'C Y pn =, )y —'C > lpn — 7 (on)ll
AeT;t AeT,;
/C/B
ZTO > lpn =m0 (ph)llA ﬂ*lm (ph)HQ
0 AeT;t
-0 2 -0 2
=o' > Bl o)l —o'C > lpn — w5  (on) Il
FeF, AeTh‘
o' Cpy ~0
>———0 N " lpp— (ph)HA H?T (ph)HQ
60 AET, Bo
-0 2
—a > bl o)l
FeF,
1—2a'Cp _ 2
(41) — 25" e =, (0l 4

0 AeT,”

Next, we note that the local inverse inequality in (10) is true for untrimmed aggregates.
However, since the extension operator is aggregatewise for piecewise discontinuous FE
spaces, it also holds for trimmed aggregates. The trace inequality (12), the inverse
inequality on trimmed aggregates, and the triangle inequality yield

3wl el < S Allen — 7 el + S kil

FeF; FeF; FeF;

-0 2 2

(42) S D len—m “wn)lly + Y- AlllpalllE-
AETn FeF,

Invoking (42) in (41) and picking «’ small enough, we get
2
bu(pn(0n) + 0w, pn) Zlon — 73 (1) gy + 15 (o)l

= 7wl = > Mo = n)

FeF, A€eT,”

>lpnlle = Y Bl = Y llow =m0 o)l

FeF, A€eT,”
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It proves the first inequality in the theorem. Furthermore, using the fact that
H7r;’0(ph)|\9 < ||pnllq, the stability in (30), and the triangle inequality, we get

2 2 2
llen(p )+a'vhH|hSIII¢h( mlh + lle'onlll,

-0
< 3 lon = @l + o' m o)l < lowll-
AeT+

It proves the theorem. 0

Assumption 6.9 (pressure stabilization). For a mixed FE space V' x M), we
consider jp (pressure stabilization) such that it is positive semidefinite and for any
(un,pn), (Vh,qn) € Vi, x My, it holds that

1.
(43) ?Jh(uh,ph,wmh S e = m el + S Al - Hluh”|h7
! A€T;, FeF;

(44) Jn(Why Phy YRy qn) < EGlllwn, pulll,lllvn, anlll,

for some positive constants v; and &;.

THEOREM 6.10. Let us assume that the mized FE space V', x My, satisfies the

inf-sup condition (36) and that the pressure stabilization j, satisfies Assumption 6.9.
It holds that

1 Ap(un,ph, V. qn
(45) Dnpall, < sup (un, Ph; V1, G1)
ﬁd (’l)h,,q;l)EVhXMh |||vh’qh|||h

for a positive constant By.

Proof. First, we take as test function (up,pp). Using the first inequality in (22),
we get

Ap(un, pr,wn, pn) = an(wn, wn) + jn(wn, ph, Wh, pr) > ’Ya|||uh|||i + jn(un, Ph, Un, pr)-

Next, taking as test function (vp,0), where wv;, satisfies the weak inf-sup (36) in
Theorem 6.8, we get

Ap(wp, pry o1, 0) = ap(wn, v) + bp(vn, pr) + jn(wn, pr, vn, 0)

1 2
> 5*||ph||g— 7 rlleallz = D lpw— Pl
e FeF; AET;”
(46) + ah(uha vh) +jh(uh7ph7’uh70)'

On one side, the second inequality in (22) together with Young’s and Cauchy—Schwarz
inequalities yields

2 62

2 2
an(un, vn) < 7= [lun Il + llonll; < 10wl +allpnlle

for an arbitrary constant «. On the other side, using the fact that the pressure
stabilization is positive semidefinite, Cauchy—Schwarz and Young’s inequalities, the
continuity in (44), and the stability for vy in (36), we get
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. 1 . .
Jn(wn, ph,vp,0) > — @Jh(uh,ph,uh,ph) — ajn(vp,0,vp,0)

1.
> — @Jh(uh,pmuh,ph) —a&jlvnll}

1 .
(47) = = g (W, phs wns pr) — a&jllpn g

As a result, combining (46)—(47), and taking « small enough, we obtain
-0 2
A oo 0) 2 ol = S BIdIE = S llon — 7 o)l
FeF; A€T;”

(48) — Jn(Wh, Pr, Un, Pr) — |||Uh||\i

By taking (up + o’vyp, pp) as a test function with o small enough, using (47), (48),
and the assumption over the pressure stability in (43), we finally get
An(wn, pr wn + v, pr) Z [luallly + @' Cllpallg + in(wn, pr, wn, pr)

_ 2
—a'C Y hllpallly = o'C Y llow =, (on) s

FeF, A€ET,~

2 lnllly, + ple, + n (wns pns wn, pa)-

On the other hand, the stability for v, in (36) and the triangle inequality yield

llwn + ovn, pallly < llwn, pally + lle'vrll, S llwn, palll, + llo'prllq S llwn, pall,-

It proves the theorem. ]

6.2. Mixed agFEM and pressure stabilization. We propose below an algo-
rithm that satisfies Assumption 6.9 and thus the stability results in Theorem 6.10.

ALGORITHM 6.11. We consider a hex mesh, the velocity space Vi, = Qg 1, and
the pressure space My = Pqil,h for an integer ¢ > 2. The pressure stabilization term
is taken as

gn(@n,pnsvn,an) =Y minh ([onls [an]) p+ D mi2h® (= Aty +Vpp, —Avp+ V) 4

FerF, AeT,~
(49)  gn(fion) = > B2 (f,—Avp + Vau),
A€T,”

for positive algorithmic constants 7;1 and T;2.

The agFE space thus relies on the popular FE space Q4 x P, ;, for the interior
cells. The velocity field is extended to cut cells by the standard extension operator
in section 4.2.3, and the discontinuous pressure field is extended by the standard
(discontinuous) one. This choice has been motivated by the proof of the abstract
discrete inf-sup condition.

THEOREM 6.12. The method proposed in Algorithm 6.11 has a pressure stabiliza-
tion term that satisfies Assumption 6.9 and thus it satisfies Theorem 6.10. As a result,
the discrete problem (20) is well-posed for f € L*(Q).
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Proof. As required in Assumption 6.9, the pressure stabilization is positive semi-
definite. In order to prove that (43) holds, we use the following inequality. Given three

=y
Tollx

functions v, p in a Hilbert space X and u in a Banach space Y, defining 7%
we have, using Young’s inequality for an arbitrary constant o > 1,

2llp —vll% = llp = vllx + Il + vl — 2(p,v)x
1

> llp = ol + (1= 2 ) Il = (a = Dloli

a—1

1
— e ol o+ (1= 3 ) Il — -

Taking o = 1+ v > 1, we obtain

1
2lp+oll% > llp+vll% + 1Jrilllpllgc = Jlull3-
v
Let us consider X = L2(A), v = hAup, p = hVpp,, Y = H'(A), and u = w2y, for
A €7, and an arbitrary positive constant w. Using the inverse inequality (10), we
have that h||Auyl|l, < C|lugll, 4, thus v > C~2w. The previous bound leads to

50) > R - Auy+Vpli = C > B3Vl - D wlunl 4
AeT,” AeT,” A€eT,”

The Poincaré-Wirtinger inequality with a scaling argument yields

(51) I = 7 (i)l a S BIIV (o = 73, (n) g = IV pr -

Combining (50) and (51), using Lemma 4.3, and adjusting w accordingly, we find

5
i”

uf g
2")/j ’

) -0
nwn,pywn,pn) =55 Y lon =, en)ll2 +v5 D hlllpalllF -
AT, FeF;

for a positive constant ;. Thus, the stabilization term satisfies Assumption 6.9. Its
continuity in (44) is obtained from the trace inequalities (12)—(13) and the inverse
inequality (14). This result, together with (45), proves the well-posedness of the
discrete operator. Furthermore, for f € L3(£2), we can easily prove that g (f,vp) <

Eoll Fllell[onlll,- i

6.3. Mixed agFEM with serendipity extension. In this section, we propose
another mixed agFEM, which makes use of the serendipity extension in section 4.2.3.
It relies again on Qg 5 X Pq_—l, p, for the interior cells. The velocity field is extended to
cut cells by the serendipity extension operator and the discontinuous pressure field is
extended by the standard (discontinuous) one. This choice has also been motivated
by the proof of the abstract discrete inf-sup condition. The method reads as follows.

ALGORITHM 6.13. We consider a hex mesh, the velocity space V', = Qq,h, and
the pressure space My = Pqil,h for an integer 2 < q < 2d — 2. The pressure stabi-
lization term is taken as

(52) n(onsan) = Y b ([oal, lan])

FeF,
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for a positive algorithmic constant 71, whereas g, (f,vy) = 0. In three dimensions,
if ¢ < 2d — 3, the improper facet set F,  can be reduced further, by considering only
those facets that also satisfy that their corresponding owner interior cells O(Ar) and
O(BF) do not share a FE facet, i.e., |Ka, N Kp,| =0 in d — 1 sense (see Figure
6(b))-

We note that Assumption 6.4 does not hold in this case but stability is proved
using a different strategy. The analysis is almost identical to the one in section 6.1.
We only comment on the two points in which it differs.

THEOREM 6.14. The method proposed in Algorithm 6.13 has a pressure stabiliza-
tion term that satisfies Assumption 6.9 and thus it satisfies Theorem 6.10. As a result,
the discrete problem (20) is well-posed for f € H™*(Q).

Proof. First, we note that for the serendipity FE up to order 2d — 2, a unisolvent
set of DOFs are nodal values on the cell boundary only and thus zero for bubble
functions (see [36] for more details). Thus, the serendipity extension of the quadratic
bubble function of the owner cell of the aggregate is zero in \ Qi for ¢ < 2d — 2.
Therefore, one can define aggregate bubbles that satisfy (31) for all the aggregates;
thus all the lemmas/theorems still apply without the need of cell interior stabilization
or Assumption 6.4.

In three dimensions, since serendipity FEs up to order 2d — 3 do not include
the DOFs corresponding to the quadratic facet bubbles, the facet bubbles of the
owner interior cells of an aggregate are extended by zero. Thus, if the roots of two
neighboring aggregates are also neighbors, there exists a facet bubble that satisfies
(24). As a result, the subset F, can be restricted as stated in the definition of the
algorithm, whereas the previous lemmas/theorems still hold (see Figure 6(b)). On
the other hand,

) 2
Jn(Wh, Phy Wy ph) = Z mih| [pn]ll 7
FeF,

We can readily check that the stabilization term satisfies (43). The continuity result
in (44) is readily obtained from the trace inequalities (12)—(13). As a result, the
stabilization term satisfies Assumption 6.9. This result, together with (45), proves
the theorem. |

6.4. A priori error estimates. At this point, we have already checked that
Algorithms 6.11 and 6.13 are well-posed. Next, we want to prove a priori error esti-
mates for these algorithms. The proof of these results is fairly straightforward, since
the pressure stabilization terms are consistent for pressure fields in H'(Q2). As usual,
Galerkin orthogonality, the stability in Theorems 6.12 and 6.14, and the approxima-
bility properties in Theorem 4.4 lead to the desired results.

Let us note that the jump stabilization in (52) (also in (49)) can be modified
by integrating not only on (potentially) cut facets F' € Fj but in the corresponding
whole facets. Such modification does provide more stabilization and does not affect
the consistency of the method in the error analysis of Theorem 6.15 below.

THEOREM 6.15. Let us consider the discrete solution (upn,pr) € Vi X My in
Algorithms 6.11 and 6.13 (for a given order ¢ > 1). If the solution (u,p) of the Stokes
problem, (2) belongs to H*(Q) x H*(Q) for a > 1, then the following a priori error
estimate holds for k = min(q, a):

llw —wn,p —pull, S thuHH’CH(Q) + hk”P”Hk(Q)-
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Proof. First, let us note that the bilinear form Ay, in Algorithms 6.11 and 6.13 is
consistent. Since p € H!(Q2), the pressure jump stabilization vanishes. It is obvious
to check that the interior residual-based stabilization vanishes too. Let us consider
the extended Scott—Zhang projector for every component of the velocity 7r;? Z(u) and
for the pressure ;2 (p). The Galerkin orthogonality and the continuity of A, (which
is a direct consequence of the continuity results in (22)—(44)) yield

Ah(uh - sz(u);ph - sz(p),'vh, qh) = Ah(u - sz(u)’p - 7.[-I§Z<p)7 Vh, Qh)
s s
< &alllu = m % (w),p — 7, “pllllllvn, gulll .-
Taking as test function the (v}, gp) for which the global inf-sup condition in Theorem
6.10 is satisfied and the previous inequality, we readily get
(Uh - WEZ(U)yph - ﬂ—}?z(p)7 Vh, Qh)
lvns anllly,

< Batallu — % (w),p = 727 ()l,-

Ap,
llwn — 737 (w), pr — 77 (), < Ba

Finally, the approximability properties of the extended Scott—Zhang projector in The-
orem 4.4 and the trace inequality (13) yield

2 2 _1 2 2
=7 (w), p=m3 Zplll, = IV (w=m 7 (w) o+ 172 (w — 7% (w)) [+ [l =777l

IS h2k||u||§1k+1(9) + h%”p”?{k(ny
It proves the theorem. 0

6.5. Condition number bounds. It is well-known that extended FE spaces
without aggregation lead to arbitrary ill-conditioned systems, due to the small cut cell
problem, i.e., when the ratio nx tends to zero (see [12] for details). Thus, arbitrarily
high condition numbers are expected in practice since the position of the interface
cannot be controlled and the value nx can be arbitrarily close to zero. It has motivated
the agFEM in [15]. We prove in the following theorem that the agFEM proposed
herein for the Stokes problem leads to the same condition number bounds as for body-
fitted methods, i.e., they do not depend on the cut cell intersection. We represent
with | - sz the Euclidean norm of vectors and matrices.

THEOREM 6.16. The condition number of the matrices that arise from Algorithms
6.11 and 6.13, i.e., k(Ap) = |Anle|A; e, satisfies k(Ap) < Cuh™2 for a positive
constant C,,.

Proof. First, we note that u; € V), can be stated in terms of a global basis of
FE shape functions as Ziv;‘l U,¢;,. We define the Cartesian norm for the vector of
DOF values of u;, as |up|;2. We proceed analogously for the pressure, e.g., p, =
Zivﬁl Pu.¢y € Mp; we note that the pressure space has dimension N, — 1 due to the
zero mean restriction, i.e., M C L3(f2). Let us represent velocity-pressure functions
in V), x M}, with bold capital Greek letters. Given ®;, = (up, pr), we define |<I>h|§2 =
|un|? + |pnl7.. For any velocity component and pressure, we have from the fact
that the eigenvalues of the local mass matrix in every interior cell are bounded (see,
e.g., [46]) that C, h?|up|% < ||uh||522in < Cf h¥|up|%. This result, combined with the
stability of the extension operator in Lemma 4.3, yields

(53) Crrhunlie < Junllgy < Ciph®unlZ..
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We can proceed analogously for the pressure space. Now, we can bound the following
velocity norm using the inverse inequality (14), the trace inequality (12), and the
norm relation in (53), as follows:

2 2 1 2 _ 2 _
llwnll, = 1Vl + 122 unlly S B2 (lunllg S 292 |un|Z.

Thus, we have |||‘1>h||\i < h372|®, |2 for any @), € V), x Mj,. The Friedrichs inequality
and (53) yield |up|% < C(Q)h™ 4 un|g, < CQ)R|upll;. As a result,

(54) O~ hunlfe S Munllly S A% funlfe.

We can bound the norm of A, by using its continuity (from the continuity results
in (22) and (44)) and the norm equivalence in (54) for the velocity and the version in
(53) for the pressure as follows:

An@, ) _ Rl %l e

55 A = max max
( ) | h‘Z2 DLV XMy VL,eEV ), XMy, |¢h‘g2|‘1’h|52 - |¢h|gQ|‘I’h‘€2

Making abuse of notation, we use A,®, = Ap(Pp,). Next, we provide a lower
bound for the norm of the operator A, ®;, for some ®;, € V;, x M},. Using the inf-sup
condition in Theorem 6.10 and the norm equivalence in (54), we obtain

Ap(®p, ¥y)
A P = e s
[An®nle =, max | G a
Ap(®p, 9y) 19, . 1wl
56 = max > L3 min -0
(56) wheVixMn [ €l [®hle z Ball®nlly o, pin, W, 2

Combining (56) and the lower bound in (54), we get |A,®p|2 = hd|®y|s2. Taking
@), = A, ' Wy, we readily obtain [¥y,[,2 > h?|A, "Wy |e. Thus, |A; e < h™9, which,
together with (55), proves the theorem. |

7. Numerical experiments. The main purpose of this section is to evaluate
the performance of the agFE spaces in several different scenarios. We start with a
convergence test (cf. section 7.2), where we numerically validate the a priori error
estimates of section 6.4 and the condition number bounds of section 6.5. Next, we
consider a moving domain test (cf. section 7.3) in order to check the robustness of the
methods with respect to small cuts. Finally, we provide the numerical solution of two
realistic problems (cf. section 7.4) in order to illustrate the ability of the agFEM to
deal with complex geometrical data. The performance of the linear solver step is not
analyzed herein. The implementation of optimal and scalable solvers for the Stokes
problem and its application to agFEM will be considered in future work.

7.1. Setup. In all cases, we solve the Stokes problem (1) using Galerkin approxi-
mations with conforming Lagrangian FE spaces as indicated in section 5. We consider
both agFE spaces and conventional ones in order to evaluate the benefits of using cell
aggregation. For the conventional (unaggregated) case, we use, in all cells K € Kp,
Qs 5 and P; 5 spaces for the approximation of velocities and pressures, respectively
(e.g., in three dimensions, hexahedral elements with continuous piecewise triquadratic
shape functions for the velocity, and discontinuous piecewise linear shape functions
for the pressure). For the aggregated case, we consider Algorithm 6.13 with ¢ = 2,
i.e., the space Qz,h for every velocity component (the aggregated version of Qs ;, using
the serendipity extension in section 4.2.3) and the aggregated counterpart of P; ,, for
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the pressure. In order to fulfill inf-sup stability, we use the facet-based stabilization
given in (52) for the aggregated spaces with 7;1 = 0.01 (the value that minimized
the error for a simple test and a set of possible constants). The results for the usual
(unaggregated) spaces are labeled as standard throughout the numerical examples,
whereas results using cell aggregation are labeled as aggregated.

The algorithms proposed in this work have been implemented using the tools
provided by the object-oriented HPC code FEMPAR [16]. The underlying systems of
linear equations are solved by means of a robust sparse direct solver from the MKL
PARDISO package [47] specially designed for symmetric indefinite matrices (to which
FEMPAR provides appropriate interfaces). The condition number estimates provided
below are computed outside FEMPAR using the MATLAB function condest. Numerical
integration is based on local body-fitted triangulations of cut cells into triangles (in
two dimensions) or tetrahedra (in three dimensions), where standard quadrature rules
can be applied. The local triangulation of a cut cell is obtained by FEMPAR from its
nodal coordinates and the intersection points of cell edges with the unfitted boundary
via the Delaunay method available in the QHULL library [48, 49]. Note that these
submeshes are used only for integration purposes and are completely independent
from one cut cell to another (see [14] for details).

7.2. Convergence test. We consider the Stokes problems defined in the 2D and
3D domains shown in Figure 7. The 2D domain (cf. Figure 7(a)) is a circular cavity
defined as the set difference of the unit square [0, 1]? and the circle of radius R = 0.3
and center C' = (0.5,0.5). The 3D domain is a complex-shaped cavity defined as the
set difference of the unit cube [0,1]* and a 3D body whose shape reminds the one of
a popcorn flake (cf. Figures 7(b) and 7(c)). This “popcorn-flake” geometry is often
used in the literature to study the performance of unfitted FE methods (see, e.g., [8]).
The popcorn flake geometry considered here is obtained by taking the one defined in
[8], scaling it by a factor of 0.5 and translating it a value of 0.5 in each direction such
that the body fits in the unit cube [0, 1]3>. We consider Dirichlet boundary conditions
on the interior walls of the cavities, whereas Neumann conditions are imposed on the
facets of the unit square and unit cube (see Figure 7). Dirichlet boundary conditions
are imposed using Nitsche’s method as discussed in section 5.

Physical domain (2 B Dirichlet boundary I'p Neumann
boundary I'y

(a) 2D case. (b) 3D case (outer view).  (c) 3D case (internal view).

Fic. 7. Convergence test: View of the problem geometries.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/08/19 to 5.196.89.225. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

MIXED AGGREGATED FINITE ELEMENT METHODS B1569

We use the method of manufactured solutions in order to have a problem with
known exact solution, which is used here to compute discretization errors. The (man-
ufactured) exact solution we have considered is

.ou” .
(57) u = Wv p= 3333/3’

where

u* = (—y+05, z+ O.3)t, (z,y) € Q C R? in two dimensions,
u* =(y—-05 —z—2-03, y— 0.5)t , (z,y,2) € QCR?® in three dimensions.

This solution corresponds to a (divergence-free) velocity field of magnitude 1 that spins
around the point (z,y) = (—0.3,0.5) for the 2D case and around the line (z,y,z) =
(=2—0.3,0.5,2), z € R, in three dimensions (see Figure 8). The particular values of
the boundary conditions (both Dirichlet and Neumann) and external loads are defined
such that (57) is the exact solution of the Stokes problem (1).

2 LdY

7, /”/ /7
T,

(a) 2D case. (b) 3D case.

Fic. 8. Convergence test: View of the manufactured solution (vectors/streamlines colored by
pressure field).

The numerical approximation is done using a family of uniform Cartesian meshes
obtained by dividing each direction of the unit square and cube into 2™ parts, with
m =3,4,...,9 in two dimensions and m = 3,4,5 in three dimensions. The obtained
results are displayed in Figures 9, 10, and 11.

Figure 9 shows the scaling of the condition number of the underlying linear sys-
tems as the mesh is refined. For the agFE spaces, the condition number scales as
expected in conventional FE methods for body-fitted meshes (i.e., the condition num-
ber is proportional to A~2), which confirms the theoretical condition number bound
derived in section 6.5. The same behavior is observed in 2D and 3D cases. The lines
for the 3D case in Figure 9(b) have only two points, since we were able to estimate the
condition number only for two of the 3D meshes due to the large amount of memory
demanded by the condest function of MATLAB. The benefit of using cell aggregation
is clearly illustrated in Figure 9. The standard FE spaces without cell aggregation
lead to condition numbers that do not scale proportional to h~2. Theoretically, the
condition number can be arbitrarily large without cell aggregation depending on how
cells are cut, which leads in practice to an erratic scaling of the condition number
that reaches large values, as shown by the red lines in Figure 9.

On the other hand, Figures 10 and 11 report the convergence of the H! semi-
norm and L? norm of the discretization error for the velocity field, and the L? norm
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Fic. 9. Convergence test: Scaling of the condition number upon mesh refinement.
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F1c. 10. Convergence test: Convergence of the discretization error for the 2D case (d = 2).

of the discretization error for the pressure field for the 2D and 3D cases, respectively.
Since we consider second polynomial order for the velocities and first for the pressures,
the optimal convergence orders are third order of convergence for the velocity error
measured in the L? norm, second order for the velocity error in the H' seminorm,
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Fi1c. 11. Convergence test: Convergence of the discretization error for the 3D case (d = 3).

and second order for the pressure error in the L? norm. The plots show that the
agFE spaces lead to these optimal FE convergence orders, which in turn confirms
the analysis of section 6.4. Note that the standard (unaggregated) FE spaces lead to
the optimal convergence orders in the 2D case (cf. Figure 10). However, it is clearly
not the case in three dimensions (cf. Figure 11). The underlying linear systems
are so ill-conditioned (reaching condition numbers up to 103% as previously shown
in Figure 9) that in general one cannot rely on the results computed by the linear
solver using double precision floating point arithmetics. It can also be potentially
caused by Nitsche’s method losing stability in those cases in which cut cells are too
thin, provided that the standard method selects the penalty of the Nitsche’s method
globally, instead of cellwise definitions that rely on local eigenvalue solvers. We have
encountered some situations where the linear solver was indeed not able to provide an
accurate solution for the reasons commented above; see, e.g., the red line in Figure
11(c). We note that the discretization errors of the standard and aggregated methods
in Figures 10 and 11 are very close (for those cases in which the solver could provide a
meaningful solution for the standard case). In this study, the manufactured solution
is smooth, in particular on the boundaries. However, for flow problems with boundary
layers, even though the same convergence rate is expected, there can potentially be
an offset between the error plot of the standard and aggregate methods due to the
fact that the aggregates increase the characteristic size (also reducing the number of
DOFs) in the vicinity of the boundaries. In any case, h-adaptivity can naturally and
elegantly solve this issue, which will be the object of future research.

7.3. Moving domain experiment. In the second numerical experiment, we
study the robustness of the unfitted FE formulation with respect to the relative
position between the problem geometry and the background mesh. To this end,
we consider two geometries whose definition is parametrized by a scalar value ¢
(cf. Figure 12). The 2D geometry is a circular cavity, with radius R = 0.225 and
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(a) 2D case. (b) 3D case (internal view).

Fi1G. 12. Moving domain experiment: View of the problem geometries.
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Fic. 13. Moving domain experiment: Condition number versus domain position.

whose center is located at an arbitrary point on a diagonal of the unit square (cf.
Figure 12(a)). The 3D domain is again a cavity defined using the popcorn flake
geometry (cf. Figure 12(b)). In this case, we scale down the popcorn flake used in the
convergence test (cf. section 7.2) by a factor of 0.5 and place it at an arbitrary point
of the diagonal of the unit cube. In both cases, the position of the bodies is controlled
by the value of the parameter ¢ (i.e., the distance between the center of the body
and a selected vertex of the square/cube). As the value of ¢ varies, the objects move
and their relative position with respect to the background mesh changes. In this
process, arbitrary small cut cells can show up, leading to potential ill-conditioning
problems. In this experiment, we consider a background mesh that discretizes the
unit square/cube with 2™ elements per direction, where m = 5 for the 2D case and
m = 4 for the 3D case.

Figure 13 shows the condition number estimate of the underlying linear systems
versus £. The plot is generated using a sample of 200 different values of ¢. It is
observed that the agFE spaces lead to condition numbers that are nearly independent
of the value of ¢, which shows that the agFEM is very robust regardless of how cells are
cut. The benefit of using aggregation is clearly demonstrated here by observing the
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e Inflow

0.0 mmo m 75.0 —1.4 s ™ 53.0
Outflow

(a) Problem geometry. (b) Velocity (magnitude). (c) Pressure.

Fic. 14. Complex 3D examples: Problem geometry and numerical solution for the Stokes flow
around spherical obstacles (streamlines colored by velocity magnitude and pressure).

results associated to the standard FE spaces. In that case, the condition numbers are
very sensitive to the position of the geometry and reach very high values (condition
number greater than 10?5 in the 3D case).

7.4. Complex 3D examples. We conclude the numerical examples with the
simulation of two complex geometries in order to show that the cell aggregation can be
effectively used also in more complex settings. The first complex example is the sim-
ulation of a Stokes flow around a set of randomly spherical obstacles (see Figure 14).
The (fluid) domain is the set difference of the unit cube [0,1]* and the spherical
obstacles. We consider homogeneous Dirichlet conditions (no-slip conditions) in the
surfaces of the spherical obstacles using Nitsche’s method. The inflow boundary is
the face + = 0 of the unit cube (see Figure 14(a)), where we impose a prescribed
polynomial inflow velocity profile with value:

u=(10y(y — 1)z(z — 1), 0, 0), (z,y,2) € '™ ={0} x [0,1]%.

The outflow boundary is the face £ = 1 of the unit cube, where we impose homoge-
neous Neumann boundary conditions. We impose homogeneous Dirichlet conditions
on the remaining faces of the cube. The problem is simulated using a background
Cartesian mesh defined on the cube with 2° elements per direction. The obtained nu-
merical solution is plotted in Figures 14(b) and 14(c). Note that the approximation of
the velocities clearly conforms to the unfitted surfaces even though the interpolation
is slightly coarsened near these surfaces by the cell aggregation.

The second complex example is a Stokes flow inside a spiral pipe (see Figure 15).
The radius of the tubular cross section of the pipe is 0.1, whereas the radius of the
spiral central axis is 0.875. We impose homogeneous Dirichlet conditions on the walls
of the spiral. The inflow boundary is one of the two terminal cross sections of the
pipe, i.e., the disk of center C' = (0,0.875,0.86) and radius R = 0.1 (see Figure 15(a)).
On the inflow boundary we impose a parabolic velocity profile with value

7“2
u= (1010R2, 0, o),

where r € [0, R] is the distance between a point x in the inflow boundary and the
center C. Homogeneous Neumann boundary conditions are considered on the outflow
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e Inflow
Outflow

1.8 mm = 100

(a) Problem geometry. (b) Velocity (magnitude). (c) Pressure.

Fic. 15. Complex 3D examples: Problem geometry and numerical solution for the Stokes flow
in a spiral pipe (streamlines colored by velocity magnitude and pressure).

boundary. Like in the previous example, the problem is simulated using a uniform
Cartesian mesh of the unit cube with 2° elements at each direction. The results are
shown in Figures 15(b) and 15(c). Note that even though it is a very challenging
example for the cell-aggregation strategy because the surface to volume ratio is very
high, the computed results reproduce a perfectly laminar velocity field that flows
smoothly through the spiral pipe.

8. Conclusions. In this work, we have developed mixed agFEMs for the approx-
imation of the Stokes problem on unfitted meshes. We have considered the standard
extension operator for the definition of agF'E spaces and a new one that relies on the
extension of the serendipity component only (for hex meshes). A cell aggregation
algorithm allows one to start with an FE mesh and create an aggregate partition with
some desired properties. The agFE space is readily computed from a typical FE space
plus simple cellwise constraints.

For the sake of conciseness, we have considered as a starting point mixed FE
methods on body-fitted meshes with discontinuous pressure spaces on hexahedral
meshes, considering both the standard and serendipity extension for the velocity field.
We have performed an abstract stability analysis that relies on a set of assumptions,
in order to prove a weak inf-sup condition for mixed agFE spaces. Such analysis shows
the potential deficiency of the unfitted discrete inf-sup for such spaces. It allows us
to identify a subset of aggregates/facets (close to the boundary), coined improper
aggregates/facets; these subsets depend on the mixed agFE space being used.

Based on the abstract stability analysis, we have defined two different algorithms
that satisfy the required assumption for having stability. The first algorithm relies on
a standard velocity extension plus interior (residual-based) stabilization in improper
aggregates and pressure jump stabilization on improper facets. The second algorithm
relies on the serendipity extension for the velocity field components and pressure jump
stabilization on improper facets. For these algorithms, a complete numerical analysis
proves stability, a priori error estimates, and condition number bounds that are not
affected by the small cut cell problem.

A complete set of numerical experiments bears out the numerical analysis. Finally,
the mixed agFEM is applied to two problems with nontrivial geometries, viz., free flow
in a medium with inclusions and confined flow in a spiral.
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