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UNFITTED HYBRID HIGH-ORDER METHODS STABILIZED
BY POLYNOMIAL EXTENSION FOR ELLIPTIC
INTERFACE PROBLEMS*
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Abstract. In this work, we study the design and analysis of a novel hybrid high-order (HHO)
method on unfitted meshes. HHO methods rely on a pair of unknowns, combining polynomials
attached to the mesh faces and the mesh cells. In the unfitted framework, the interface can cut
through the mesh cells in a very general fashion, and the polynomial unknowns are doubled in the
cut cells and the cut faces. In order to avoid the ill-conditioning issues caused by the presence of
small cut cells, the novel approach introduced herein is to use polynomial extensions in the definition
of the gradient reconstruction operator. Stability and consistency results are established, leading to
optimally decaying error estimates. The theory is illustrated by numerical experiments.
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1. Introduction. The meshing of complex domains or of internal interfaces is an
important bottleneck in the large-scale computation of solutions to partial differential
equations. It is well-known that, for standard finite element methods, the mesh must
match the geometry sufficiently well, or accuracy will be lost. This is particularly
important for high-order methods. Recently, many methods have been developed
aiming at simplifying the meshing procedure by allowing for a larger set of geometric
shapes for the computational cells. Examples of discretization methods supporting
fairly general polygonal (or polyhedral) cells are the discontinuous Galerkin (dG)
method [22, 17], the virtual element method (VEM) [8], and hybrid nonconforming
methods in various flavors, such as the hybridizable dG (HDG) method [19], the weak
Galerkin (WG) method [34], the nonconforming VEM (ncVEM) method [2], and the
hybrid high-order (HHO) method [23]. The tight connections between HDG, WG,
and HHO methods are highlighted in [18]. These three methods are formulated by
means of degrees of freedom (dofs) both in the bulk of the elements and on the element
faces, whereas dG methods only use bulk dofs. Using face dofs leads to advantageous
properties, such as the elimination of bulk dofs by static condensation and the absence
of a minimal threshold to weigh the stabilization.
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Nevertheless, difficulties remain when using hybrid nonconforming methods in
the presence of curved boundaries or interfaces, whereas the treatment of cells with
curved faces in dG methods is more straightforward. One possibility is to enrich (with
nonpolynomial functions) the set of unknowns on curved faces, as in [35] for HHO and
in [9] for ncVEM. Another possibility is to work with mesh cells having flat faces, but
to build the geometric representation directly into the discretization, in such a way
that solution accuracy is not lost although the mesh does not respect the geometry.
This idea has been developed first in the framework of unfitted finite element methods.
These methods originate from the penalty method [3, 6] and were further developed
for conforming FEM in [5]. Combining the ideas of unfitted FEM with Nitsche’s
method for interface problems led to a consistent unfitted finite element method for
interface problems in [25]. These ideas were then generalized to include more complex
coupling problems including PDEs on surfaces and multiphysics coupling, leading to
the cutFEM framework [13]. Unfitted methods have also been considered for dG
[7, 27, 30], HDG [20, 32], and HHO [16] methods. A crucial problem for unfitted
methods is to handle the instabilities that can occur for certain intersections of the
mesh and the interface. In the cutFEM framework using a conforming approximation
in each subdomain, this is solved by the addition of certain stabilizing terms [11],
whereas in dG methods, which are more flexible with respect to cell geometry, this
can be solved by cell agglomeration [33, 27]. This technique can also be used in the
context of conforming finite elements [4] (therein called aggregated FEM).

In the present work, we continue the development of unfitted HHO methods.
The combination of cell agglomeration and a local weak coupling derived from the
HHO framework has been successfully applied to elliptic interface problems [12], in-
compressible Stokes flows [14], and wave propagation in heterogeneous media [15].
Nevertheless, if these methods have to be integrated in an existing HHO code, the
cell-agglomeration procedure becomes a disruptive element since it requires modifying
part of the mesh in the interface zone. It is often desirable to keep the underlying mesh
fixed and modify instead the algebraic structure of the bulk unknowns. One technique
that fits this purpose is the idea of polynomial extension from interior elements to
stabilize the method. The idea was first introduced in the context of Lagrange mul-
tipliers [26] and then using isogeometric approximation and Nitsche’s method in [10].
The purpose of this work is to develop and analyze this technique for hybrid noncon-
forming methods, focusing on HHO methods. Owing to the close links between HDG,
WG, ncVEM, and HHO methods, the present results are relevant to the development
of these other methods as well. Moreover, we focus on elliptic interface problems, but
observe that elliptic problems posed on curved domains can be handled by the same
techniques.

Let us briefly outline the main idea. Recall that a central ingredient in HHO
methods is a local gradient reconstruction from the local cell and face unknowns. The
stability and consistency properties of this reconstructed gradient crucially hinge on
a discrete trace inequality on the normal derivatives at the cell faces. In the case
of ill-cut cells, the constant in this inequality degenerates. One remedy, explored in
[16, 12], is to use cell agglomeration around ill-cut cells. This procedure produces
an aggregated mesh solely composed of well-cut cells, whose size is close to that of
the original mesh. The remedy explored herein is to use the cell and face polynomi-
als of ill-cut cells in the gradient reconstruction of a neighboring well-cut cell. With
this approach, the mesh cells remain unmodified, but the stencil associated with the
gradient reconstruction operator is slightly extended. Moreover, the cell polynomi-
als of the ill-cut cells are stabilized by using the cell polynomials of the associated
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well-cut cells, in the same spirit as the so-called direct ghost penalty method devised
in [31, 28]. The main question is then whether the resulting method maintains the
above stability and optimal approximation properties. The proof of these properties is
by no means straightforward and is the main contribution of this work. Interestingly,
the main analysis tools (discrete trace inequality and polynomial approximation) are
of independent interest.

This work is organized as follows. In section 2, we introduce the model prob-
lem. In section 3, we present the unfitted HHO method stabilized using polynomial
extensions. The stability and error analysis of the method is covered in section 4.
Numerical results are presented in section 5. Finally, the proofs of the analysis tools
(discrete trace inequality and polynomial approximation) on unfitted meshes is out-
lined in section 6.

2. Model problem. Let Q be a polyhedral domain in R?, d € {2,3} (open,
bounded, connected, Lipschitz subset of R?), and consider a partition of  into two
disjoint subdomains Q = Q; U Qy with interface ' := 01 N 08, as illustrated in
Figure 2.1. For all i € {1,2}, we set 7:= 3 — i, so that Q\ Q' =Q*UT. For simplicity,
we assume that the interface I is of class C? and that it does not touch the boundary
of 2. The unit normal vector nr to I' conventionally points from 2; to . For a
smooth enough function v defined on 7 U Qq, setting v; := v|q, for all ¢ € {1,2}, we
denote its jump across I' as [v]r:=wvi|r — va|r.

Our goal is to approximate the exact solution u®™* € H'(Q; Us) of the following
elliptic interface problem:

(2.1a) —V-(kVu™) = f in 7 UQ,,
(2.1b) [u™]r=9p onT,
(2.1c) [kVu™]r - nr=gn on I,
(2.1d) u™*=0 on 0f)

with f € L2(Q), gp € H2 (') and gy € L%(T). For simplicity, we consider a homoge-
neous Dirichlet boundary condition on 9 (see (2.1d)). We assume that the diffusion
coefficient x is scalar-valued and that k; := k|q, is constant for each i € {1,2}. To fix
the ideas, we assume that x; < ko. Our analysis covers the strongly contrasted case
where k1 < k3. We emphasize that it is the property k1 < ko that fixes the num-
bering of the subdomains, and not the fact that one of them touches the boundary.
Thus, the numbering in Figure 2.1 is only illustrative. We also notice that the above
assumptions on I' and  can be lifted with additional technicalities.
The weak formulation can be written as

(2.2) Find v €V, a(u®™,w) =L(w) Yw e Vp

nr

Q2

Fic. 2.1. Model problem.
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with Vy, :={ve H'(Q1UQ) | [v]r =gpon I', v =00n 99}. Notice that Vo = Hj ().
The symmetric bilinear form a and the linear form ¢ are defined as

(2.3a) a(v,w) = Z ki(Vug, Vw;)q,
i€{1,2}
(2.3b) l(w) = (f,w)a + (gn, w)r.

Here and in what follows, for a measurable subset S C Q, we denote by (-,-)s the
L?(S)-inner product with appropriate Lebesgue measure and by ||-||s the correspond-
ing norm. We notice that, in the weak formulation (2.2), the jump condition (2.1b)
and the boundary condition (2.1d) are enforced explicitly in the definition of the func-
tional space V., whereas the jump condition (2.1c) is enforced weakly (i.e., results
from the weak formulation).

3. Unfitted HHO methods. In this section, we present the unfitted HHO
method with stabilization of ill-cut cells using polynomial extensions.

3.1. Unfitted meshes. Let 7, be a mesh that covers 2 exactly. A generic mesh
cell is denoted T' € Ty; it is considered to be an open set, with hp denoting its diameter
and np its unit outward normal. The mesh size is defined as h := maxge7;, hy. For all
T € T, its neighboring layers A;(T') C Ty, are defined by induction as Ag(T") :=T and
A;j(T):={T" €Tp |T'NA;_1(T) #0} for all j € N. In what follows, we use j € {1,2}.
To alleviate the notation, we set A(T) := A1(T'). We make the mild assumption that,
for every mesh cell T € Ty, its convex hull, conv(T'), satisfies

(3.1) conv(T) C A(T).

For instance, this assumption trivially holds true if all the mesh cells are convex sets,
and it remains a reasonable assumption if the mesh cells are nonconvex. One can also
assume more generally that conv(T) C A, (T") for some fixed integer ng.

The mesh Ty, is typically composed of cells having a simple shape (although this
is not a necessary assumption); in our illustrations, we consider a structured mesh
composed of squares. Quite importantly, the mesh 7 is not fitted to the interface
T', so that I can cut arbitrarily across any mesh cell. For all T € Ty, we set TT :=
TNT and T :=TNQ for all i € {1,2} (some of these sets may be empty). The
current implementation assumes that both subcells T¢ are connected, although this
assumption is not needed from a theoretical viewpoint.

The first obvious partition among the mesh cells is between uncut and cut cells.
Moreover, among cut cells, we distinguish between well-cut and ill-cut cells. Specif-
ically, we fix a parameter ¥ € (0,1) and say that a cut cell T is a well-cut cell if,
for all i € {1,2}, T% contains a ball of radius Yhr, whereas T is an ill-cut cell if this
condition fails. It is shown in [16, Lemma 6.2] that, it the mesh size h is small enough
(with respect to the curvature of the interface) and the parameter ¥ is small enough
(with respect to the shape-regularity parameter of the mesh), then, for every ill-cut
cell, the above condition can fail on one and only one side of 7. In what follows, we
assume that this is always the case. The above considerations lead to the following
partitions:

(32) 771 = Euncut U 7;Lcut7 771611t = EOK U EKO’

where T,9¢U collects the uncut cells, 7, the cut cells, 7,°% the well-cut cells, and
T,KO the ill-cut cells. Setting 7' := {T' € T, | T C Q;} for all i € {1,2}, we have
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7711 D (i)T)l (0T)2
o
771Ko,1
h R
[

Fic. 3.1. Left: Illustration of the different types of cell in the unfitted mesh. Right: Zoom on
the local dofs in a cut cell T € '7'hOK; here, the approximation is affine in the subcells and constant
on the subfaces.

Tmeut = TLY T2, For every T € T,*"* we define «(T') € {1,2} as the index such that
Te 771L(T). Moreover, for all T € T,X°, we define «(T') € {1,2} as the index for which
the above ball condition fails. We then consider the partition 7'hKO = hKO’l u 7;1KO’27

where T € ThKO’i if «(T') =i. In conclusion, a mesh partition that is finer than (3.2) is

(3.3) Th:=Ty UT U U T, U T, 02
7’};1m:ut :7’hcut

The polynomial extension technique we propose relies on a pairing operator, which
maps every ill-cut cell S € EKO to an uncut or a well-cut cell that belongs to the
neighborhood A(S). We denote the pairing operator as N : ﬁlKO — Tr, so that we
have

(3.4) N:TEO 38T e (TUTLRUTEO NAS), i:=u(T).
Letting N 5:./\/‘|7-hKO,i for all 7 € {1,2}, we have more specifically

(3.5) N TR 3§ — T e (T UTPXUTEO) N A(S).

We notice that the set 77LKO’i can be partitioned as follows:

(36)  TT=NTHTHUNTH T UNTHTO Vi {12},

The pairing operator is essentially the one constructed in [12, Algorithm 1]. One
difference, however, is that after Step 3 of this algorithm, we need to add an additional
Step 4 performing the same operations as in Step 3, but for any mesh cell in ﬁlKO’2.
One way of proceeding is to set No(T) := S, whenever T :=N7(S) € ThKO’2 for some
cell S e 7;LKO’1. Thus, the well-cut part of S in 5 will be used for T', and the well-cut
part of T in €y will be used for S. The reason why Step 4 is not needed in the
context of cell agglomeration is that by agglomerating 7" and S in Step 3, T' does not
require any further stabilization. An illustration of the pairing operators N and N is
shown in Figure 3.2, and two concrete examples are displayed in the central column of
Figure 5.1 below. Notice that it may happen that some cells in T,°K are in the image
of both N7 and A3. The above choice in Step 4 aims at reducing the possible impact
of the pairing operator on the resulting stiffness matrix. There may be room for some
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/////////////
/////////////

T | M

/////////////

7;IOK NQ

I~

FI1G. 3.2. Pairing operators N1 and N2 acting on the ill-cut cells.

further improvement, but we do not delve on this aspect here since the impact of the
pairing operator on the stencil is already quite modest, as highlighted in Figure 5.4
below.

The mesh faces are collected in the set Fj, and we set Fi = {F € F | F C Q;}
for all i € {1,2}. For every mesh face F € F} := F, \ (F} UF?) cut by the interface
', we define its two subfaces as F* := F'N; for all i € {1,2}. For all T € T, For
is the collection of mesh faces composing the boundary 0T. Moreover, for every cut
cell T € T,PX UTKO, recalling that 7' =T NT, the boundary 9(T*) of the subcell T
is decomposed as

(3.7) AT := (7)Y ' uT", (oT)":=daT N (WL\I) Vie{1,2}.

To unify the notation, for every uncut cell T' € T;! with i := (T € {1,2}, we set (recall
that 7=3 — 1)

(3.8) T':=T, T':=0, (0T7)":=0T, (dT) :=0, T':=0.

Finally, for all T € T;, and all i € {1,2}, the (possibly empty) set Foryi := {F' =
FNQ;| F € Far} is the collection of the (sub)faces composing (9T)".

3.2. Unfitted HHO spaces. HHO methods utilize polynomial unknowns at-
tached to the mesh cells and to the mesh faces. We consider here the mixed-order
HHO method, where the degree of the face unknowns is & > 0 and that of the cell
unknowns is (k + 1). For the motivation of using a mixed-order setting, we refer the
reader to [16, Remark 4.1].

For every uncut cell T € ’Thi, i € {1,2}, the local discrete HHO unknowns are a
pair composed of one cell polynomial and a collection of face polynomials (one for
each face of T'), so that

(3.9)
ir = (ur,upr) € Ur =P (T;R) x P¥(ForsR), P¥(For;sR):= X PY(F;R).
FeFor
Here, P*+1(T;R) (resp., P*(F;R)) consists of the restriction to 7' (resp., F') of scalar-
valued d variate polynomials of degree at most (k+1) (resp., (d—1)-variate polynomials

of degree at most k composed with any affine geometric mapping from the hyperplane
supporting F to R~1). For every cut cell T € T,OXUTKO, following [16, 12], we double
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the HHO unknowns to have the usual unknowns available in each subcell, except on
TT, where there are no unknowns. Thus, the local HHO unknowns in every cut cell are
(3.10) ’[LT = (’[I,Tl,ﬁsz) = (uTl y U(aT)l,uTz,U(gT)z) EZ:{\T = Z;{\Tl X Z:l\TQ

with Up: 1= PFHY(T?) x PX(Fary) and PH(Fory) i= X ey PH(F?), for all i €

(a1yi
{1,2}. To unify the notation between cut and uncut cells, we write @ in the same
format as in (3.10) for every uncut cell as well. Thus, we write 47 := (ur, usr,0,0)
for all T € T;! and 47 := (0,0, ur,usr) for all T € T,2.
The global HHO space on the unfitted mesh is

(311) Z:{\h :Z/{Thl XZ/{;}L XZ/[T}? XZ/{]:’%,

where

(3.12) Uri = X PUTER), Ug = X PMF5R) Vie (1,2}
TeTh FeFy

To enforce the homogeneous Dirichlet boundary condition on 92, we consider the
subspace Upo := =Ur: X Ur1g X U2 X Uzz2g, where Uz and Uzz, are the subspaces of
Uz and U, respectlvely, where all the unknowns attached to faces located on 99
are set to zero. Recall that only one of the two subdomains €2; touches the boundary,
so that, in practice, only one of the two face spaces is modified to account for Dirichlet
conditions.

3.3. Local reconstruction operator. The local reconstruction operator is a
central tool in the devising of HHO methods. Recall that, in the fitted case, one
possibility (see [1, 21]) is to consider, for all T' € Ty, the operator G&. : U — P*(T;R%)
such that, for all Gy = (ur, upr) € Ur and all q € P*(T;R?),

(313) (Gl%(ﬁT), q)T = (VUT, q)T + (uaT —ur, q"I’lT)aT.

In the unfitted case, the idea proposed in [12] is to reconstrucAt a gradient in each
subcell 7. Thus, one defines a pair of local operators G%. : Up — PF(T%RY), i
{1,2}, such that, for all 47 = (upr,u@r), ur2,upr)2) €Ur and all g € Pk (T, Rd)

(3.14)
(G%‘ (dr),q)ri == (Vupi,q)r: + (U(OTV - UT"'vQ'nT)(OT)i — i ([ur]r, gnr)pr

with Jur]r :=wugi|pr — upz|pr and 6;; denotes the Kronecker delta. Notice that the
two gradients are reconstructed independently, but G% depends on the cell compo-
nents on both sides of the interface owing to the last term in (3.14). This term is only
present when i =1 because we assumed £1 < K2 (to fix the ideas; otherwise the term
is present only when i = 2). As discussed in [12, section 2.5], this is instrumental to
achieve robustness of the error estimate in the highly contrasted case k1 < k3.

Owing to the use of polynomial extensions in the present work, the stencil of
the local gradient reconstruction operator needs to be extended. Indeed, on a given
mesh cell T' € T, this operator now involves the local cell and face unknowns in T
(as before), but also the cell and face unknowns of the ill-cut cells S € N’ =1(T) (those
are the cells S € T, such that there exists ¢ € {1,2} so that N;(S) =T). Therefore,
for all T' € Ty, we introduce the notation

(3.15) @ = (r, (i) sen—1(r) €U =Ur x X Us.
SeN—U(T)
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We can now define, for all T' € Ty, the local gradient reconstruction operators
Gh, U — P*(THR?) for all i € {1,2}. For all (T,i) € Pj, and every polynomial
q € P*(T%R%), g* denotes its extension to A(T) (observe that 7% U Usen—1() St
A(T)). Then, for all @& €%, the following hold:

(i) If T € T,*2ut ) we set, for all g € P*(T%R?) with i :=(T),

(3.16a)
(Ghi(@)), @) == (Vur:, @) + (wory: — uri,@nr)or)
+ > {(“(asy —ugi, @ ns)os) — 0t ([us]r, g nr)sr }
SeN;(T)
(3.16b)

where the summation over S € N, *(T) is void if T is not in the image of ;.
(ii) If T € T,°K, we set, for all i € {1,2} and all g € P*(T*%;R?),

(3.17)
(G% (ﬁj%[),Q)Ti = (Vuri,q)pri + (U(aT)i - uTiaQ'nT)(aT)i —0i1([ur]r, gnr)r

+ ) {(U(asw*Uswq{ns)(asy*5i1([[uSl]r,q+~nr)sr}~
SeN;(T)

(iil) If T € TXO, we set, for all g € P*(T%R?) with i :=(T),

(3.18a) GE, () := Vug,
(3.18b)
(Gh (@), @)1 := (Vurs, @)1+ + (uory — urs, @nr)ory — o ([urle, @nr)pr
+ > {(wosy — us, g ns)os) — 0 ([uslr, g nr)sr }-
SeN;H(T)

Since the discretization method is formulated on the mesh subcells, we consider
the collection thereof, which is conveniently described as a subset of the product set
Tr x {1,2}. Specifically, we set

(3.19a) PR = ((T,u(T)) | T € Ty U {(T,1),(T,2) | T € T,O%}
U{(T)7),| Te T, i:=uT)},
(3.19b) PRO .= ((T)i) | T € T;EO,i:=u(T)}.

Notice that Py, := PhOK U P,Ifo is the collection of all the mesh subcells. As a conse-
quence of (3.6), the subset PXO can be enumerated as follows:

(3.20) PRO = {(S,i) e Py | SeN7UT), (T,i) € PP},

The above notation allows us to rewrite in a synthetic form the formula for the
gradient reconstruction while avoiding the proliferation of cases. Indeed, one readily
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—otor—e—

o & & ¢
_)Ni(S)i
o—ol—e

(a) T e 7'huncut

(c) T € TXO

Fic. 3.3. Local stencil for gradient reconstruction operator.

sees that the formulab (3.16a), (3.17), and (3.18b) are equivalent to setting, for all
(T,i) e POX all @& e U, and all g € P*(T%;RY),

(3.21)
(Ghi (@), @)ri = (Vur:, @)7s + (uory: — uri,@nr)or): — 0 ([ur]r, gnr)pr

+ Z {(U(asy‘ —ugi, g Ms) (95) — 5i1([[US]]Faq+'nF)SF}7
SeNH(T)

where the summation over S € ;" (T) is void if T is not in the image of ;. Moreover,
(3.18a) means that, for all (T,i) € PKC, we set

(3.22) GE (a)) := Vug.

For all (T,1) € POX, it is convenient to define the discrete lifting operator L%, :
L3(T) — P*(TY;R?) such that, for all g € L?(T') and all g € P*(T1;R9),

(3.23) (L5 (9), @)1 := (9, @nr)7r + Z (9,47 mr)sr
SeNT 1)

It is also convenient to define on I' the function given by the jump of the cell com-
ponents of a discrete HHO variable. Specifically, we define the function Juz;, Jr on T’
such that, for all T € T,%, [u7, [r := w1 |pr — ugpz|pr. Then, for all (T,i) € POXK, we
can rewrite (3.21) as follows:

(3.24) (qucn (ﬂé\[) + (5i1L’7€11 ([[’U,Thﬂp), q)Ti = (VuTi,q)Ti + (U(aT)z‘ — Uri, q-nT)(aT)i

+ > (uosy — s g ns) sy
SeN;H(T)
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3.4. Stabilization. We consider three local stabilization bilinear forms. The
first one is the usual HHO stabilization bilinear form in the mixed-order setting
(in the spirit of the HDG Lehrenfeld-Schéberl stabilization [29]). Its role is to weakly
enforce the matching between cell- and face-based HHO unknowns on the subfaces of
the mesh subcells in each subdomain. For all oy, w;, € Upg, we set

(3.25) sj, (0, wn) == Z rihg ! (Wory: (v1:) = varys, Wagys (wri) = wearyi) ory:
(T,i)EP

where H’(CBT),- denotes the L?-orthogonal projector onto P*(Fyryi; R).
The second stabilization bilinear form is the same as the one introduced in [16, 12]
to control the jumps across the interface I'. Specifically, we set, for all 0y, W, € Uno,

(326) Sg(@h,ﬁ}h) = Z Iilh;l([[vTﬂp,[[wT]]r)Tr.
TeTgm

The third stabilization bilinear form is specific to the present setting using poly-
nomial extensions. Its aim is to provide some control on the cell components in ill-cut
cells and is devised in the same spirit as the so-called direct ghost penalty method
from [31, 28]. Specifically, we set, for all 9y, wp, € Upp,

(3.27) s (Bn,bn) o= Y > nwkihg(vse — vhwse — w7,
(T, )ePPX SeN;H(T)

recalling that the superscript + denotes the extension of a polynomial originally de-
fined on T" to A(T), and nar > 0 is a user-defined parameter.
Putting everything together, we define, for all 0y, Wy € Uy,

(3.28) Sk (0, Wn) := 85 (On, Wn) + 55 (On, @n) + s (0, 0n).

3.5. Discrete problem. The global discrete problem reads as follows: Find
iy, € Upo such that,

(3.29) ah(’&h,ﬁ)h) = Eh(ﬁ)h) Vﬁ)h S Z:{\h07

where the bilinear ay, is defined as follows: For all oy, 1), € Z/Alho,

(3.30) an (O, Wn) == by (On, W) + 55 (0, W)

with

(3.31) bu(in,10n) == Ki(Gha (7)), Gl (07))) .
(T,i)ePh,

Moreover, the linear form ¢, is such that, for all w, € ﬁho,

(3:32) ()= Y. (fwr)r+ Y {(gvwr)re +mbz! (9o, [wrlr)re |

(T)i)EPn TETMt
- Y k(L) G (),
(T,1)ePPK

where the lifting operator L%, is defined in (3.23). Notice that, in the discrete prob-
lem (3.29), only the Dirichlet boundary condition is enforced explicitly (on the face
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unknowns located on the boundary 99), whereas both jump conditions across the in-
terface, (2.1b) and (2.1c), are enforced weakly. We notice that cell unknowns can still
be eliminated from (3.29) by static condensation. Whenever N'~1(T') is nonempty for
a mesh cell T' € Tp, all the cell unknowns attached to T'U USGN’I(T) S are blocked
together.

To prepare for the consistency error analysis, we state a useful result on the
discrete bilinear and linear forms. Although this lemma is only used in section 4, it is
given here to highlight why the definitions (3.21)—(3.22) of the reconstructed gradient
are meaningful.

LEMMA 3.1A(consistency: preparatory identity). Let u®™ be the weak solution to
(2.2). Let 0y, € Upo be arbitrary and set

(3.33a)
87 = GE(0)) + 61 LE ([u]r) — Vus™| 7 Y(T,i) e PPX,
(3.33b)
6755 = {GE () + 60 Lh ([u™]r) } g0 — Vus¥|se V(T,i) € PO, VS e N Y(T),
(3.33¢)
87 = GE () — VuS| i = Vor: — Vus™|ps (T, i) € PRO.

Then, the following holds for all wy, € Z;ho :

(3.34) ap(0n,wn) — €n (W)
= Z Ki(O1 5, Vwpi )i

(T,i)G'Ph

+ Z Hi{(‘ST,i'nTaw(BT)i —wri)aryi — 0 (01, 1-nr, [wr]r) e
(T,i)ePPK

+ > A{rsimns, wos) — ws) sy — 0in(dr.s1-nr, ﬂwSﬂr)sr}}
SeN; (D)

+ 55 (0, 0n) + s (0, 0n) + Y kahg! ([or — u™Tr, [wr]r)7r.

TeTM™

Proof. (1) Recalling the properties (2.1a)—(2.1c) satisfied by the exact solution
and the definition (3.32) of the linear form ¢, we infer that, for all wy, € Upg, €y (10p) =
L1 + L2 + L3 with

Ly:= Z (V- (ki Vug™), wre) i + Z ((R1VUf* = ke Vug*) mrp, wrz)pr,

(T,i)EPnH TeT
Ly= 3 mahg! ([T, [orle)re,
Teﬁut
Ly=— Y s(Lha (™), Gha (03
(T,1)ePP¥

Integrating by parts and reorganizing the boundary term on T’ (recall that np =
—np2 =nr) gives
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Y —(Ve(riVuf), wpi) g

(T,i)ePh
= Z K,Z‘{(V’LLZC»X, V'UJT'i )Ti - (Vufan, Wi )(aT)i }
(T,i)ePh
- Z {(/@1Vuix-np, w1 )TP — (ngugx'nr, 'U)T2)T1" }
TeTM

Since Vug* is single-valued on (97)NQ; and w(pr): vanishes on the mesh boundary
faces, we obtain

Z —(V-(/@iVu?"),wTi)Ti

(T,i)EPL
= Z ki (Vus™, Vwr: ) ri + (Vugnr, wery — wri) ory: }
(T,i)EP
- Z {(mVu‘iX-np,le)Tr — (@Vugx-np,sz)Tr}.
T€7*hcut

Therefore, we have
L, = Z %i{(VUfXanTi)Ti + (Vus™nr, wor): — wTi)(aT)i}
(T,'L')G'Ph,
- Z m(Vu?X-np, [[wT]]p)Tr.

TeT™M
A rewriting of the last term on the right-hand side gives
L1 = Z Iii{(vu?){, v’lUTi)Ti + (Vufx-nT,w(aT)i — ’LUTi)(aT)i
(T,'L')G'Ph,
—dn(Vuinr, HwTﬂF)TF}'

We now use the enumeration formula (3.20) for the pairs (7',7) € PRO. This gives

L= Z ki(Vug™, Vwrp: )i
(T,i)ePn

+ Z Iii{(vu?X'TLT, w((’)T)i — U)Ti)(aT)i — 51’1 (V’lﬁx'nr‘, [[wT]]p)Tr
(T,i)ePPX

+ Z {(Vuing, wosy —wsi) sy — i (Vui*nr, [[ws]]r)sr}}-
SeN;H(T)

(2) For all 6, € U, setting Vri= Gl (03) + 011 L ([u]r) for all (T),7) € PO
and yr,; = G (%) = Vo for all (T,i) € PO, and using the definition (3.31) of
the bilinear form by, together with the definition of L3 given above, we infer that

bu(in,on) — L= > ki(Gha(07), Gl (@) ps
(T,0)ePh
+ > s ([ur), G (7))

(T,1)ePPK

k ~ k /o~
= Z ’ii('YT,ivGTi(wTA’/))TiJ'_ Z ”i(’YT,ivGTi(U’%[))Ti'
(T,i)ePPX (T,i)ePKO
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Using the definitions (3.21)-(3.22) of the gradient reconstruction operator and since
Yr,i € PF(TRY) for all (T,4) € Py, we obtain

br(On,n) = D kil Yrs Vg
(T,3)EPY,

+ Z Hi{(7T,i'nT7w(8T)i —wri)r): — 0a(Yrmr, [wr]r)rr
(T,i)ePpPX

+ > A{(Fims, wesy — ws) as) — i (Vi ﬂwS]]F)sF}}
SeN;(T)

(3) Combining the identities from Steps (1) and (2) and recalling that aj = by +sn
completes the proof. 0

4. Stability, consistency, and error estimate. In this section, we perform
the stability and error analysis for the unfitted HHO method introduced in the pre-
vious section. We use the convention A < B to abbreviate the inequality A < CB for
positive real numbers A and B, where the constant C' only depends on the polyno-
mial degree, the mesh shape-regularity, the parameter ¥ used in the definition of the
pairing operator, and the space dimension.

4.1. Analysis tools. In this section, we present the main tools to perform the
error analysis. The proofs are postponed to section 6. For all (T,i) € ’P;(L)K, recall
that the superscript T is used here to indicate the extension of a polynomial originally
defined on T* to A(T) (observe that T'U Usen—1(r) S CA(T)).

LEMMA 4.1 (discrete inverse inequalities). The following holds for all (T,i) €
PPK all p € PYTHR), and all £>0:

1
(4.1) > {lI6tls +hElI6 losyusr | S ol
Se{TYuUN; 1 (T)
_1
(4.10) S kI - M) (@) osy S I8l

Se{TYuN; 1 (T)

For all s > 0 and all i € {1,2}, let Ef : H*(Q;) — H*(R?) be a stable extension
operator. For all ve H*(Q; UQy) with s> £ and all (T,i) € PYX, we define

(4.2) I (vg) o= 1A (B (0y)) s € PETH(THR),

where IT5 denotes the L2-orthogonal projection onto P*+!(T;R). (Notice that the
operator I;ffl depends on the Sobolev index s, but this dependency is not tracked to
simplify the notation; notice also that the extension operator is not needed if T is an
uncut cell.) Let us set, for all (T,4) € PPX,

1
eri()i= > {llei— I ) s+ Rl — I 00 s
Se{TYuUN; 1 (T)
3
(4.32) + hsl|V (0 = I ) ) e + IV (0 = T (0) ) o)
1
(“3b) )= D hdlle - I ) el

Se{TYuN; 1 (T)

where [v — I{ﬁ*l(v)"’ﬂﬂsr = (vy — I{ﬁl(vl)ﬂsr — (vg — Iéﬁjl(vg)ﬂsr.
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LEMMA 4.2 (approximation). For all ve€ H*(Q UQs) with s € (2,k+ 2] and all
(T,i) € POX, we have

(4.4a) eri(vi) S hT|E7 (0i)|meacry),
(4.4b) () Shi Y B (0)lmsaum)-
i€{1,2}

4.2. Stability and well-posedness. We introduce the following norm on ﬁhoz
For all vy, € Uy,

(45)  onlio= X0 Al Vors B + 1onl2 + s (on, 00) + 58 (i, ),
(T,i)€Ph

where

(4.6) oy = Y mibplvery: —ori{orys

(T,i)€Pn

and the stabilization bilinear forms are defined in section 3.4. We observe that in
general |Op,|2 # s (0, 0p) since the cell component is projected when evaluating the
latter. Furthermore, we notice the following rewriting;:

@7 fonlio= Y m{IVor

(T,i)€Pr

+ Z Z nwvkihg? Jus: — n [
(T,))ePPX SeNH(T)

2.+ b ooy — vl + duhz Ilorlrle

It is straightforward to verify that (4.5) defines a norm on Zjho. Indeed, if 0 € Z/A{ho
satisfies ||0p||no = 0, then all the cell unknowns and all the face unknowns are constant
and take the same value inside each subdomain 2; and globally in the domain €2. Since
the face unknowns on the boundary 0€) vanish, we conclude that all the components
of vy, are zero.

LEMMA 4.3 (stability and boundedness). We have, for all Op, € ﬁho,
(4.8) [n 10 S an(On, 0n) < [l0n 7o

Proof. (1) Bounds on reconstructed gradient. Let (7',i) € PPX. Then, taking
q:=Voup: € P¥(THRY) in (3.21), we obtain

k N
Vo |5 = (G (67 ), Vor: )i — (vary: — vre, Voping) arys + 81 ([or]r, Vopsnp) g

- > {(U(asy —vgi, (Vo) " ng) 95y — din ([os]r, (Vo) T -nr) gr }
SeEN,H(T)

Since Vupi-np € P*(Foryi;R) and (Vor:)t-ng € PF(Fos):;R), we infer that
VoI
= (qucw (f)é\“f), VUTi)Ti - ('U(aT)i - H?@T)i (UTi), VUTi'nT)(BT)i + 51‘1([[1171]][‘, V’UTi 'TLF)TF

— Y { sy —Hlasy (vs0). (For) Fms)os): = (loslr, (Vor) Fomr)sr |-
SENH(T)
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Invoking the Cauchy—Schwarz inequality and the discrete trace inequality (4.1a), we
obtain

7 SIGT ()17

+ Y {15 sy — sy (v sy +duahs lvsTell §-
Se{TYuN; (T)

|| Vva,

Proceeding similarly proves that
k (AN
1G7: (077 S [ Vorel|7:

+ Z {h§1||v(as)i — s (vs:)
SE{TYUN; (T)

sy + diahs I Toslrlde |-

Moreover, for all (T',7) € PKC, we have G (¢4 ) = Vup: in T*. Therefore, multiplying
by x; and summing over all (T,7) € Py, we infer that

(4.9a) Z Ki|| Vo

(T,i)€Pr

(4.9b) b (O, 0n) < Z K/iHv'UTi
(T,i)E'Ph,

Fi S b (0n, 0n) + 55,0, 0n) + 5, (Bn, On),

2+ 85 (0, 0n) + 8, (On, 0n).

Since 9 (9, 95) < |04]2, the upper bound in (4.8) readily follows from (4.9b).
(2) To prove the lower bound in (4.8), it remains to estimate |0,|2. We first
observe that

onl2=" > mi Y hg'llvesy —vsiltas:-

(T)ePP¥  Se{T}UN; (T)
Consider first the case S =T. The triangle inequality gives
lvory: = vzl oy < llvry = Warys (vl oy + 1T = Mapy) (vre) oy

and owing to (4.1b), we infer that

1
lomy + hpllVor:

(4.10) ||U(3T)i — Ui (8T)i S ||'U(8T)z‘ — H?BT)"' (’UTi) T -

Let now S € ./\ffl(T). The triangle inequality implies that

09)¢ < lvasy: — Mz (vsi)llasy: + 11 = Mfpgy:) (vsi — v [l as)i

(I =gy (vr) | os) -

HU(aS)i —Vgi

For the second term on the right-hand side, we simply notice that ||(I — H’(“as)i)(vsi -

vl ) |l@s)y: < [lvsi — vl (0s)i, whereas we invoke (4.1b) to bound the third term.
Altogether, this gives

1
@s): +hgl|Vur:||i.

lvasy: — vsillasy: < lvas)y: — Wiagy (vsi) losy: + llvsi — v

The first term on the right-hand side is bounded using the L2-stability of H’(“a s)i and
(4.10). The second term is controlled by means of the discrete trace inequality (4.1a)
and the definition (3.27) of the stabilization bilinear from spV. Squaring the resulting
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inequality, multiplying by #;hg', summing over S € N, '(T), and finally summing
over (T,i) € PPX, we obtain

0012 S 55 (0, 0n) + s8 (0, 00) + Y Kl Vors| 3.
(T,'L')G'Ph

Combining this bound with (4.9a) gives

Z Kj ||VUT1‘

(T,i)EP

2+ |0n]2 < bw(on, 0n) + 55 (0n, 01) + 5 (0, 01) + s (01, 0n)

= an(0n, 0n),
whence the lower bound in (4.8) readily follows. ad

4.3. Interpolation operator. For all T' € T}, the local interpolation operator
is defined as follows:

(4.11) Th(0) = (I (v), 12 (0)) = (T (1), Wy (1), I (02), Ipry2 (v2)) € Ur,
where Iﬁrl(vi) is defined in (4.2) for all (T,4) € PPX, whereas for all (S,i) € PKC, we
set

(4.12) IgH (i) =1 () Mlse, T=Ni(9),

where we recall that the superscript * is used to indicate the extension of a polynomial
originally defined on T to A(T).

The global interpolation operator is denoted by I }’f cHS (Q1UQ) — Z:ih and is such
that the local components of I¥(v) on a mesh cell T € T, are those given by I%(v|7).
Notice that I¥(u) € U for the exact solution since ulgg = 0.

LEMMA 4.4 (approximation). For allv € H*(Q1US8s), s > %, and oll (T,7) € ’P,?K,
set
(4.13a) 7,(v) == Gh (IE()N) + 6 L ([v]r) — Vv,
(4.13b)
87,5.4(0) = { Gl (IB(0)N) + 60 LEa ([]r)} s — Vuilge VS e NTH(T),

Ty

and recall the error measures er ;(v;) and e%i(v) defined in (4.3a)—(4.3b). Then, the
following holds:

(4.14a) 167,:(0) |7 + BENS7.6(0)l| oryivrr S by {eri(vi) + diner ;(v) },
(4.14b)
> {”(ST,S,i('U” si+hg H5T,S,z‘(v)||(asyusr} Shi'{eri(vi) +8aer;(v)}-

SeN;H(T)

Proof. Let ve H*(Q U€Qy), s> 3, and let (T,i) € PYX. Set
bri(v) = G (I8 (o)) + 8 Lha ([v]r) — VIE (v;) € PFFY(TYR).
(1) Let I%jrl be composed of the two cell components of I¥. We notice that
18 ()12 = (G (B (0)) + 60 Ll ([o]) — VI (01), 8 () )
= (G (T3 (0)N) + 6 L (15 (0)]r) = VIE (v3),874(0)) 7
+ 00 (L ([o = 137 (0)]r), 87,:(0)) .
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Owing to (3.24) and the definition of the operators féi and L%, we infer that
1875 (V)17 = Wy (vi) — L1 (03), 873 (V) ) oy
+ 81 ([v = I3 ()], 87,1 (0) 1er ) e

+ Z {(H’;asm)—Iéﬂflm)*,6'T,1-<v>+-ns><asy
SeN!

+ (v —I§“<v>+ﬂna'T,l<v>+-nr>sr}.

Invoking the definition of the L?-orthogonal projections HI(CE)T)i and HI(CE)S)i gives

16% ()7 = (vi = I3 (03), & (v) ) oy + Sua ([ — IF (0)]r, 8, (v) ) e

+ {( = L (i) 075 () ns) as)s

SEN,H(T)
+ 81 (o = L5 (0) I, 8, (0) ) |-

Invoking the Cauchy—Schwarz inequality and the discrete trace inequality (4.1a), we
infer that

h2(18% ()l S llvs — Iid (i) oy + danllo — I (o) o[l e

+ Y {llo = I @) sy + dallle = 15 @) *Ie e -
SeNT(T)

Recalling the definition (4.3a) of er ;(v) and the definition (4.3b) of 61}7i(v) gives
i Shpt {er,i(vi) + 5i1€;,i(?})}7
and owing to the discrete trace inequality (4.1a), we obtain
1 _
1875 ()llzs + 1073 () | @ryivre S 107 (0)llr: S hp' {eri(vi) + duner i (v) }.

Finally, since d7;(v) = 87, (v) — V(v; — I¥F ! (v;)), invoking the triangle inequality
proves (4.14a).
(2) Assuming that N '(T) is nonempty, for all S € N;*(T), we have

Or,s,i(v) = 5&“,1(”)+ si+ V(Iﬁrl(viﬁ
The discrete trace inequality (4.1a) and (4.15) imply that
1
1875 (v) *[lse + h&llo7; (v) *l@syiusr S 107 (W)llr: S by {eri(vi) + dinepi(v) }-

Invoking the triangle inequality and recalling (4.3a) proves (4.14b). O

(4.15) 167,4(v)]

Si — U; Si).

4.4. Consistency.

LEMMA 4.5 (consistency). Let u®™ be the weak solution to (2.2). Assume that
u®* € HS(Ql U Qg), s> % Set @h('lf}h) = ah(I,’f(uex),ﬁ)h) — gh(ﬁ}h) for all Wy, € Upg.
The following holds:

(4.16) @h(@h)IS{ > il {eri(uf) + el (u e")}Q} [[@nlno-
(

T,i)ePP¥
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Proof. Owing to (3.34) from Lemma 3.1, we have @y (wy,) = A1 + Ay + Az with
A=Y ki(8ri(u™), Vur) s,

(T,i)EP
Ay = Z fii{(5T,i(ueX)'nT7w(aT)i —wri) @7y — 01 (07,1 (u™)-nr, [wr]r)rr
(T,i)ePP¥
+ Z { (07,5,i(u ns,w(as)l wS’)(@S)L_(Szl(&TSl( )'nr,[[ws]]r)sr}}>
SeN,H(T)
A= sj(If(u Z kihp! (LA (u™) — u™]r, [wr]r)rr + si (IF (u™), i),

TeTmt

where §7,;(u®™) and &7, 5;(u) are defined in (4.13) for all (7,i) € PY¥, whereas we
set Op ; (u®) = V(I;ﬁ'l(uﬁx) —uf¥) for all (T,4) € PRO, and where [I5! (u) — u®]r
is defined in Lemma 4.2. Owing to (4.12), we infer that the term A; can be rewritten
as follows:

A= Z m{(tsm( ) Vwrpi )i + Z (07,5,i(u ),V"wsi)Sfﬂ}

(Ti)ePRX SeNTY(T)

Invoking the Cauchy—Schwarz inequality together with the approximation results from

Lemma 4.4 gives

|A1|§{ Z kihy {er; (uf )+511€T1( ex)}Z}{ Z m||VwT1|?F}
(T,i)EP

g{ ST ki {ena(uf) + Sk (u° )}2} ldnlno,

(T,3)ePOK
(T)ePRX

M

where the last bound follows from the definition (4.5) of the stability norm ||-|[,0. The
same arguments prove that

|A2|§{ Z rihp {er i (uf )+621€Tz( ex)}Q} llwn || no-

(T,i)ePPX

Finally, let us write A3 = A3; + Aszs + Az with obvious notation. First, observing
that s (Wp,wp) < |p|?, we obtain

1
2
|A31S{ Y rihgp gy (uf = IEH (uf ))IlfaT)i} |@ns

(T,i)ePh
%
S{ > mh#nu?‘—Iﬁl(u?)n?m} [ s,
(T,i)€Pn

where the second bound follows from the L2-stability of H’(CaT)i. Owing to (4.12), the
summation on the right-hand side can be rewritten as

1
2
|A31|S{ > Yo mibg = I )| asy} [n]s-
(

T,i)ePR¥ Se{TYUN(T)
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Therefore, we conclude that

1
2
|A31|§{ > f%‘hT2€T7i(u?X)2} | 5.

(T,i)ePPX

Concerning Agss, the Cauchy—Schwarz inequality and the same arguments as above
give

1

2

- ex ex 2 N A~ rs

|A32|§{ E kihz? {eri(u$®) + el ;(u®) } } sh (W, p) .
(T,i)ePPX

Finally, s (IF(u®), ) = 0 owing to (4.12). Putting everything together proves the
claim. d

4.5. Error estimate. We are now ready to establish the main result of our error
analysis.

THEOREM 4.6 (error estimate). Let u®™ be the weak solution to (2.2). Assume
that u® € H*(Q1 UQy) with s € (3,k +2]. The following holds:

(4.17)
1 1
2 2
X 2(s—1 X

{ S Rl —ug) T} 5{ S ki TVIE (ug >|%,5<A2<T>>}

(T,i)EPy, (T )ePPX

1
SETE N R | ey
i€{1,2}

Proof. Define the discrete error as éj := f}’f(uex) —ap € ﬁho- Since ap(ép,€p) =
Dy, (ép,), invoking the stability result from Lemma 4.3 and the bound on the consistency
error from Lemma 4.5 gives

. _ 2
lenllfo < E rihz? {er,i(u™) + 5i1€gﬂ)i(ue")} )
(T0)ePRx

Owing to the approximation result from Lemma 4.2 and since k1 < kg and A(T) C
Ao (T), we infer that

N 2(s—1 S/ ex
lenlZo s D0 wiha® VB (uf) e (anry)-
(T,i)ePPX

Invoking the triangle inequality then establishes the first bound in (4.17). The second
bound follows from the shape-regularity of the mesh, and the H®-stability of the
extension operators E. d

5. Numerical results. In this section, we present numerical results to illus-
trate the convergence rates established in Theorem 4.6. We also compare the pres-
ent method to the one from [12] stabilized by a cell-agglomeration procedure, and
we briefly investigate some aspects related to the implementation (quadrature, local
polynomial bases, pairing criterion).

In all cases, we consider the unit square domain  := (0,1)? discretized with uni-
form Cartesian meshes of size h:= /2 x 0.1 x 27 with £ € {0,...,4}. The polynomial
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Fi1G. 5.1. Circular (top row) and flower-like (bottom row) interfaces. Left column: Coarsest
mesh. Central column: Outcome of pairing procedure for polynomial extension stabilization, cells
. +KO,1 . . KO,2 ) . .
in T~ " are colored in green, and cells in T," '~ are colored in blue (color images are available
online); arrows indicate the pairing operator. Right column: Outcome of pairing procedure for cell-
agglomeration stabilization; agglomerated cells are colored in dark.

degree is taken such that k € {0,...,3}. The interface is defined using a level-set func-
tion ®, with T':= {(z,y) € Q| ®(z,y) =0} and Q; = {(z,y) € Q| (—1)'®(z,y) > 0} for
all i € {1,2}. We always take k1 := 1 and modify the diffusivity contrast by taking
ke = 10, m € {0,...,4}, where m = 0 corresponds to no contrast and m =4 to a
highly contrasted setting. We consider two shapes for the interface: a circular shape
and a flower-like shape, defined by the following level-set functions:

513) (I)C(:Cay) = (xia)2+(y7b)27R27

(5.1b) Pp(x,y):=(x —a)® + (y — b)* — R* + ccos(nh)

with 6 := arctan(i’—:g) ifx>aqa, and 6 := 7+ arctan(g—:s) if x <a, a:=b:=0.5,
R=1, ¢:=0.03, and n = 8. Figure 5.1 illustrates on the coarsest mesh (¢ =0) the

two interfaces (left column) and the outcome of the pairing procedure for polynomial
extension stabilization (central column) and for cell-agglomeration stabilization (right
column).

5.1. Implementation aspects. Quadratures along the interface and in the cut
subcells are realized by dividing the interface into 2" segments, r € N, and creating a
subtriangulation of the two cut subcells. The construction of the subtriangulation is
performed as discussed in [12]; see, in particular, Figure 4.1 therein for an illustration.
Unless explicitly stated otherwise, we set r := 8. We also take nx := 20 for the
stabilization bilinear form s} in (3.27). Concerning the flagging of ill-cut cells, we use
the parameter 9 := 0.3. Our numerical experiments below show a marginal impact of
the choice of this parameter on stability and accuracy. As this numerical observation
is not backed up by theoretical results, we recommend using a flagging parameter ¢
as indicated above.

Another important aspect is the choice of the polynomial bases in the subcells and
the subfaces. Both bases are realized by considering centered and scaled monomials.
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FI1G. 5.2. Errors as a function of the mesh size for the exact solution (5.2). Comparison be-
tween stabilization by polynomial extension (solid lines) and by cell agglomeration (dashed lines).
Left: Clircular interface. Right: Flower-like interface.

In particular, the barycenter of each subcell is used for the centering of the corre-
sponding basis. The barycenter is computed using the above subtriangulation. The
scaling of the monomials is isotropic and uses half of the diameter of the original cell.
In the ill-cut cells, say, S; with i € {1,2}, the centering and scaling is defined by
considering the merged cell S; UN;(S;).

5.2. Convergence rates. We consider first a test case with no contrast and no
jumps (gp = gn = 0). The exact solution is taken to be (in Cartesian coordinates

(z,y))
(5.2) u™(z,y) :=sin(rz) sin(ry).

Errors are reported in Figure 5.2 for the circular interface (left panel) and the flower-
like interface (right panel). Here and below, errors are evaluated using the energy
norm considered in Theorem 4.6. In both panels, we compare the results obtained
using stabilization by polynomial extension (solid lines) and by cell agglomeration
(dashed lines). Both approaches yield similar results, with slightly better errors when
using polynomial extension, especially on coarse meshes, except for k = 3 and the
flower-like interface.

We next study the sensitivity of the errors with respect to the value of the pairing
parameter ¢ used for flagging ill-cut cells. We consider again the exact solution (5.2).
Errors are reported in Figure 5.3 for k=3 and ¢ € {0,0.1,0.2,0.3} (¢ =0 corresponds
to no pairing, irrespective of the ill cut). The left (resp., right) panel corresponds to
polynomial extension (resp., cell agglomeration). Solid lines correspond to polynomial
bases centered at the barycenter of each subcell (the default choice in our implemen-
tation), whereas dashed lines correspond to centering at the barycenter of the original
cell for both sides of the cut. We observe that this second choice yields poor results
owing to poor conditioning of the local matrices, whereas the first choice is robust to
the presence of ill cuts. Somewhat surprisingly, the robustness is such that it allows
us to flag cells with a very loose criterion (¢ = 0.1) or even to flag no cells at all
(9 =0) and still obtain close-to-optimal errors.

A further comparison between polynomial extension and cell agglomeration is
provided in Figure 5.4, which compares the sparsity profiles of the stiffness matrices
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FI1G. 5.3. Errors as a function of the mesh size for the exact solution (5.2) for k = 3 and
various values of the pairing parameter ¥ used for flagging ill-cut cells. Left: polynomial extension.
Right: cell agglomeration.
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F1G. 5.4. Sparsity profiles of the stiffness matrices obtained using polynomial extension (left)
and cell agglomeration (right). In the left panel, the red dots indicate the coupling blocks result-
ing from polynomial extension. In both panels, the global block-decomposition into cell and face
unknowns is indicated by black dashed lines. Coarsest mesh (£=0).

obtained with both procedures using the lowest-order polynomial setting. We observe
that both approaches lead to a similar sparsity profile and that the stiffness matrix
corresponding to cell agglomeration is slightly smaller (as expected). The sparsity
pattern of the matrix corresponding to cell agglomeration directly results from the
data structure of the agglomerated mesh, whereas the sparsity pattern of the matrix
corresponding to polynomial extension is derived at the assembly stage by means of
the pairing operator.

We now turn our attention to a test case with diffusivity contrast and jumps
across the interface. We first consider the exact solution for the circular interface
such that (in radial coordinates (p,0))

6 6
(5.3) (o)=L, (o) = 4 RO (1 - 1).
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F1Gc. 5.5. Left: Errors for the exact solution (5.3) as a function of the diffusivity contrast on the
finest mesh (€=4) and for various polynomial degrees (k €{0,...,3}). Right: Errors as a function
of the mesh size for various values of the subtriangulation parameter, k = 3, r € {2,4,6,8}, and
various diffusivity contrasts, m € {0,...,4}.

Notice that this solution does not exhibit jumps across the interface (gp = gy = 0).
The errors in the highly contrasted case where ko = 10%k; exhibit the same optimal
convergence rates as those reported in Figure 5.2 (not shown for brevity). To highlight
the robustness of the approach with respect to the diffusivity contrast, we report in the
left panel of Figure 5.5 the errors as a function of kg = 10™k1, m € {0,...,4}, obtained
on the finest mesh (¢ = 4) and for various polynomial degrees (k € {0,...,3}). The
right panel of Figure 5.5 underlines the importance of ensuring sufficient geometric
resolution when performing quadratures in the cut subcells. Therein, we report the
error as a function of the mesh size for the subtriangulation parameter r € {2,4,6,8}
and various diffusivity contrasts. We observe that in all cases, taking r > 6 is required
to avoid that the geometric errors pollute the optimal decay of the discretization
errors.

We now include jumps across the interface while considering the highly contrasted
setting where ko = 10*x;. For this purpose, we modify the exact solution in (5.3) and
set

6 8 8 6
X P X P —R R
(5.4a) u(p) = P us*(p) = P + 7
6 6
14 P
5.4b ex = ex =
(5.4b) ut*(p) P ug*(p) p

Notice that, for the exact solution (5.4a), we have gn = 2R%(3 — 4R?) and gp = 0,
whereas, for the exact solution (5.4b), we have gy =0 and gp = Rﬁ(%1 - %2) Errors
as a function of the mesh size are reported in Figure 5.6 for polynomial degrees
k € {0,...,3}. Optimal convergence rates are observed in all cases. Actually, the
errors for both exact solutions are very similar.

A more challenging setting is obtained when considering for the exact solution

(5.5) uf*(x,y) = cos(y)e”, us*(x,y) :=sin(mzx) sin(my),

leading to variable jump data gp and gy. Here, we do not consider a diffusivity
contrast (k1 = kg =1). Errors as a function of the mesh size are reported in the left
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F1G. 5.6. Errors as a function of the mesh size for the exact solution (5.4a) (left) and the
ezact solution (5.4b) (right) for various polynomial degrees k € {0,...,3}; diffusivity contrast set to
Ko = 104n1.
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F1G. 5.7. Left: Errors as a function of the mesh size for the exact solution (5.5) for various
polynomial degrees k € {0,...,3} (with subtriangulation parameter set to r = 10). Right: Errors as
a function of the mesh size for k=3 and r € {4,6,8,10,11}. No diffusivity contrast.

panel of Figure 5.7 for various polynomial degrees k € {0, ...,3} and subtriangulation
parameter set to r = 10. Optimal convergence rates are observed in all cases. To
motivate the choice for r, we report in the right panel of Figure 5.7 the errors as
a function of the mesh size for k = 3 and r € {4,6,8,10,11}. We observe that the
geometric error does not pollute the discretization error only for r = 10, except for
k =3 on the finest mesh, where r =11 is actually necessary to suppress the geometric
error (notice in passing the very low values attained by the error).

Finally, we perform a brief study of the conditioning of the stiffness matrix. In the

left panel of Figure 5.8, we consider a circular interface with radius R := % 3—2, 1€
{—4,...,4}, and we report the Euclidean condition number as a function of the radius,

using either polynomial extension (solid lines) or cell agglomeration (dashed lines).
We consider the coarsest mesh (£ = 0) and polynomial degrees k € {0,...,3}. We
observe that, for each polynomial degree, the conditioning remains fairly insensitive
to the stabilization method of the ill-cut cells. To exacerbate the effect of ill-cut
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F1G. 5.8. Euclidean condition number of the stiffness matriz on the coarsest mesh (¢ =0) as
a function of the radius of the circular interface (left) and as a function of the position parameter
0 for the square interface, using polynomial extension (solid lines) and cell agglomeration (dashed
lines).

cells, we now consider a square interface with level-set function ®4(z,y) := max(z —
a,y — b) — (0.25 + §) and position parameter § := 0.5 x 1077, p € {2,...,9}. The
right panel of Figure 5.8 reports the Euclidean condition number as a function of
the position parameter of the square interface. We observe full robustness of the
condition number with respect to the cut position, for both polynomial extension and
cell agglomeration. Further numerical results (not displayed for brevity) indicate that
a variant of the stabilization bilinear form s’i}[ , where the penalty is enforced on the
faces of T' with a weight h;l, does not lead to a robust behavior, but instead to a linear
growth in 6! for k € {2,3}. We also emphasize that the errors still behave optimally
(figure omitted for brevity), in agreement with the above convergence analysis.

6. Proofs. This section collects the proofs of the two results stated in section 4.1.
6.1. Proof of Lemma 4.1.
Proof. (1) Proof of (4.1a). Let (T,i) € PYX and ¢ € PY(T%R). We have

S {1t s +h It losyus b S X 16T Is S 16t lac,

Se{TYUN; Y (T) Se{TYuN; I (T)

where the first bound follows from the discrete trace inequality from [16, Lemma
3.4] upon observing that the aggregated cell T UN, *(T) satisfies the ball condition
invoked therein, and the second bound follows from the construction of the pairing
operator. We next observe that there is a ball B(A(T')) of diameter vhr such that
A(T) C B(A(T)), where « only depends on the mesh shape-regularity parameter. We
also recall that, since (T,i) € PPX, there is a ball B(T,4) of diameter Yhr, so that
B(T,i) C T*. We then infer that

o lacry <lot sacry) S ollser,) < |l

where the inverse inequality invoked in the second inequality follows by the arguments
given in the proof of [12, Lemma 3.4]. This completes the proof of (4.1a).

(2) Proof of (4.1b). Let (T,i) € PY¥ and ¢ € P*(T%;R). Let (¢)5(r,;) denote the
mean-value of ¢ in B(T,4). Since (I — H?as)i)((p‘*‘) =(I- HI(CaS)'i)((‘ﬁ — <¢>B(T,i))+)7
invoking the L2-stability of H?as)i followed by (4.1a) gives

Ty
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> 5t 5 1T =Tg):) () a5y < > hE%HW— (D)B.)) " 05y

SE{TIUNTH(T) Se{T}uN;Y(T)

Shrtll— (d)s(

where we also used the mesh shape-regularity, which implies that hr < hg < hr for
all S € A(T). The bound (4.1b) now follows from the discrete Poincaré inequality
established in [12, Lemma 3.4]. 0

6.2. Proof of Lemma 4.2.

Proof. Let v € H*(Qy U ) with s € (2,k+ 2] and let (T,i) € PYX. Set

(1) Recall that the ball B(T,) of diameter 9hr is a subset of T since (T, i) € PPK.
Let (vi)g(r,i) denote the mean-value of v; in B(T,). In this step, we prove that, for
all Se{T}uN YT,

(6.1) 19 = (vi)B(r,0)ls S PrlIVillacr)

We have [[9; — (vi)g(r,i)lls < |0; — (vi) B(7,) [l a(r) since, by construction, S C A(T).
Let (0;) a(r) denote the mean-value of o; on A(T'). Invoking [24, Lemma 5.7] gives

195 — (Oi) acry lacry S el V|| acry-

Moreover, letting OB(T, i) denote the boundary of the ball B(T,i) and since B(T,i) C
A(T), we have

l{vi) BT,y — (Vi) acryllacr) = [A(T T)|2[0B(T,i)|~* [{vi)B(T,5) — (Os) a() llos(r,)
< |A(D)210B(T, 1) 7% (lv: — (i) ser,a loser.s)
+ 118 — (@) acr los(r,0)) »

since ¥;|pB(1,i) = vilon(r,i)- Invoking a multiplicative trace inequality from 9B(T,%)
to B(T,4) gives

1
lvi = vi)s(r.pllosr,) < St o - (i) BT + il Vvillsr,),
and the Poincaré inequality in B(7T,4) then gives

lvi = (vi) BT,y lloer,i) S A3V Vil BT,4)-
A(T

The same arguments, together with B(T,i) C
lead to

) and the mesh shape-regularity,

10 — (Oi) acrylosr,s S hEIVOillacry.-

Combining the above bounds and since |A(T)|2|0B(T,i)| "2 < hq%q proves (6.1).

(2) The higher-order version of (6.1) is established by invoking the Morrey poly-
nomial of v; based on mean-values of higher-order derivatives of v; (see, e.g., the proof
of [24, Lemma 5.6]). Omitting the details for brevity, this gives, for all 0 <m < s, a
polynomial gy, (v;) € PET1(T%R) such that, for all S € {T}UN;(T),

(6.2) |0; — Qm(vi)|Hm(S) S h%_m|5i|HS(A(T))'
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(3) Since Iéifl(qo (vi)) = qo(v;), the triangle inequality gives
155 = IEF (0) T lls < 115 = qo(vi) s + 1115 (v = qo(3)) -

The first term on the right-hand side is estimated by using (6.2) with m = 0. For the
second term, the discrete inverse inequality (4.1a) gives

127 (vi = g0 (v:)) Flls S I3 (vi — g0 (v)))]

where we used the L?-orthogonality of I;fl in T. Invoking again (6.2) with m =0
and combining the above two bounds proves that

S = I @) s S Bl acr)-
Se{TYUN(T)

i < L5 (vi = qo(0i)) e < 119 — qo(vi) |

A similar reasoning with ¢;(v;) in (6.2) also gives

> hs ||V (@ — I3 (0)P)lls S s loil e ary)-
Se{TYUN; ! (T)

Altogether, this proves that

> {Hvi — I ) llsi + hs ||V (0i — Ivfﬁjl(vi)JF)HSi}
Se{TYuN; (T)

< Y B -EP ) s +hs V@ - I @) )s | S Bl ac)-
Se{TYUN; 1 (T)

(4) Invoking a multiplicative trace inequality on all the faces composing (9S)?
for all S € {T} UN; *(T) (observe that the aggregated cell T UN, *(T) satisfies the
required properties), and since s > % by assumption, we infer from the above bounds
that

1 3
> {h§ lvi — Ly () Tl sy + h2 IV (v; — Iﬁrl(vi)Jr)H(asy}
Se{TYuUN; 1 (T)

S hr|0il e (acry)-

This completes the proof of (4.4a).

(5) To prove (4.4b), we bound the jump across ST by the triangle inequality,
so that we need to estimate the traces on ST from both sides of ST, for all S €
{TYUN;}(T). On each side, we invoke a multiplicative trace inequality on S*. This
inequality is established with a slight adaptation of the arguments in the proof of [16,
Lemma 3.3], whereby we make a specific choice for the apex of the cone, say, C(ST),
considered in that proof.

(5a) Assume first that S =7T. The triangle inequality gives

1 1 1
hilllo = 157 )Irlle < hillvi = I (o) e + Ao — T2 (vs) e

For the first term on the right-hand side, the apex of the cone C(T") is taken to be
the center of the ball B(T,i). Since C(T') C conv(T) C A(T) by the assumption
(3.1), we infer that

l ~ ~
h2 v — I3 () |l oe S N8 — 15 (0) Ml acry + eIV (@ — IE (0) )l acy.
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and adapting the above arguments gives
l ~
h2 vy — IE () |l oe S 113l ars a(ry) -

1
To bound h|lv; — & (vy)||pr, we can consider the same cone to derive the multi-
plicative trace inequality, so that

i ~
h2 vy — I (o) |l oe S W lal s (a(ry)

where 07 := EZ(v;). Altogether, this proves that

l ~
7w — I%“(U)HFHTF S Z b || s (a () -
i€{1,2}

(5b) Assume now that S € N '(T). Then, the apex of the cone, C(ST), to
establish the multiplicative trace inequality is taken to be the center of the ball B(S,7)
(indeed, if (S,i) € PKO, then (S,7) € PP¥). This yields C(ST) C conv(S) C A(S) C
Ao(T). Invoking the same arguments as above then yields

1 ~
§||[[I§4+1(’U)+ —vfrllsr S Z P |03 s (aq (1)) -
i€{1,2}

This completes the proof. 0
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