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Abstract

We design and analyze a Hybrid High-Order (HHO) method on unfitted meshes
to approximate elliptic interface problems by means of a consistent penalty method a
la Nitsche. The curved interface can cut through the mesh cells in a rather general
fashion. Robustness with respect to the cuts is achieved by using a cell-agglomeration
technique, and robustness with respect to the contrast in the diffusion coefficients is
achieved by using a different gradient reconstruction on each side of the interface. A
key novel feature of the gradient reconstruction is to incorporate a jump term across
the interface, thereby releasing the Nitsche penalty parameter from the constraint of
being large enough. Error estimates with optimal convergence rates are established. A
robust cell-agglomeration procedure limiting the agglomerations to the nearest neigh-
bors is devised. Numerical simulations for various interface shapes corroborate the
theoretical results.

1 Introduction

Generating meshes to solve problems posed on domains with a curved boundary and/or
interfaces separating subdomains with different properties can be a difficult task. The
use of unfitted meshes that do not fit the boundary and interfaces greatly simplifies the
meshing process since such meshes can be chosen in a very simple manner. For instance
one can consider meshing a rectangular or cubic domain that contains the actual physical
domain. The analysis of finite element methods (FEM) on unfitted meshes was started in
[2, 3]. An important advance achieved in [23] was to double the polynomial unknowns in
the cells cut by the interface and to use a consistent penalty method inspired by Nitsche’s
method [31] to enforce weakly the jump conditions at the interface or the Dirichlet con-
ditions at the curved boundary. We refer the reader, e.g., to [8, 10] for further advances
and overviews on the topic. One difficulty with the penalty method is the presence of
small cuts, that is, of mesh cells having only a small fraction of their volume on one side
of the interface. Small cuts have an adverse effect on the conditioning of the method and
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can even hamper convergence (see [15] for a recent discussion on the subject). There are
essentially two ways to cure the issue of small cuts: one can either consider adding some
stabilization such as the ghost penalty technique devised in [6] or one can agglomerate
cells in the vicinity of small cuts in such a way that the newly created mesh presents no
small cuts [26]. Cell agglomeration is somewhat delicate in the context of conforming FEM
since it requires a careful handling of hanging nodes and specific mesh structures as in
[24], whereas this technique is somewhat more natural when combined with discretization
methods supporting polyhedral meshes such as, e.g., discontinuous Galerkin methods.

In the present work, we devise and analyze a novel Hybrid High-Order (HHO) method
to approximate elliptic interface problems on unfitted meshes. Robustness with respect
to small cuts is achieved by using a cell-agglomeration technique as mentioned above,
whereas robustness with respect to the contrast in the diffusion coefficients is achieved
by using a different gradient reconstruction on each side of the interface. HHO methods
have been introduced and analyzed for diffusion and locking-free linear elasticity problems
on fitted meshes in [17, 18]. As shown in [14], these methods are closely related to Hy-
bridizable discontinuous Galerkin (HDG) methods and to nonconforming Virtual element
methods (ncVEM). An unfitted HHO method for elliptic problems with a curved bound-
ary or an interface has been proposed and analyzed in [7]. The idea therein was to extend
the consistent penalty method from [23] to the HHO context and to use the polyhedral
capabilities of HHO to deploy a cell-agglomeration procedure to handle small cuts. To
this purpose the HHO unknowns (comprising both cell and face polynomials) were dou-
bled in the cells cut by the interface, whereas no unknowns were attached to the interface
or the curved boundary. Moreover a mixed-order polynomial setting was considered with
the cell unknowns being of one degree higher than the face unknowns. In addition the
Nitsche-type consistency terms at the interface were evaluated using the unknowns from
the less diffusive side thereby achieving robustness with respect to contrasted coefficients
in the spirit of [9, 20]. In the present work, we achieve three important advances with
respect to [7]. First the gradient reconstruction operators in the cut cells are modified
by adding a jump term on the less diffusive side of the interface. This offers the crucial
advantage of releasing the penalty parameter from any constraint of being large enough,
i.e., the penalty method becomes virtually parameter-free. Second we revise and extend
the cell-agglomeration procedure to ensure that agglomerated cells do not propagate fur-
ther than nearest neighbors. We observe that the present cell-agglomeration procedure
is of (much) broader interest than HHO methods and even unfitted methods. Finally we
present for the first time numerical simulations on unfitted HHO methods illustrating the
cell-agglomeration procedure, the optimality and robustness of the error estimates, and
the conditioning of the system matrix.

Let us put our work in perspective with the literature. Recalling that HHO and HDG
methods are closely related, we first mention that eXtended HDG (X-HDG) methods have
been proposed in [21, 22| where an additional trace variable is introduced at the interface
or the curved boundary. In [13, 32], HDG methods without an additional trace variable
are devised and analyzed, whereby a transferring technique is used to approximate the
data on the curved boundary or the jump conditions across the interface. In contrast
these conditions are enforced herein at the boundary or interface by means of a consistent
penalty method. Concerning more specifically HHO methods, the gradient reconstruction



in the cut cells differs from [7] since the present reconstruction incorporates a jump term.
As mentioned above, this offers the crucial advantage of making the penalty method vir-
tually parameter-free. Incidentally we point out that this idea has common features with
the parameter-free Nitsche’s method devised recently in [28] for unfitted FEM. These links
are further discussed below. Another extension with respect to [7] is to allow for recon-
structions having full polynomial order without being necessarily curl-free, as motivated
by the future treatment of nonlinear problems (not considered herein yet, see, e.g., [5, 1]
for fitted HHO methods in nonlinear mechanics). Finally we mention that the present
unfitted method can be used as well on geometries with a curved boundary that is then
immersed within the mesh. A fitted HHO method for diffusion problems with curved
boundaries is assessed numerically in [4].

This work is organized as follows. We present the model elliptic interface problem and
the unfitted HHO method in Section 2. The numerical analysis leading to optimal and
robust error estimates is presented in Section 3. Implementation aspects, and in particular
the cell-agglomeration procedure, are covered in Section 4. Finally numerical simulations
which confirm the theoretical convergence rates and illustrate the robustness of the method
with respect to small cuts and contrasted coefficients are discussed in Section 5.

2 Model problem and unfitted HHO method

In this section we present the elliptic interface problem and its discretization by the unfitted
HHO method.

2.1 Model problem

Let © be a polyhedral domain in RY, d € {2,3} (open, bounded, connected, Lipschitz
subset of Rd) and consider a partition of € into two disjoint subdomains Q = Q; Uy with
the interface I' := 021 N 9. The unit normal vector nr to I' conventionally points from
Q4 to Q9. For a smooth enough function v defined on Q; Uy, we denote its jump across
I as [v]r := v, — vjq,. Our goal is to approximate the solution v € H*(Q1 UQy) = {v €
L2(Q) | vjo, € H'(Q), i € {1,2}} of the following elliptic interface problem:

—V-(kVu) = f in Q1 UQy, (
[ulr =gp onT, (

[Vu]r-nr = gn on T, (1lc
u=20 on 012, (

with f € L3(Q), gp € H%(I‘), and gy € L?(T'). For simplicity we consider a homogeneous
Dirichlet boundary condition on 9€). To avoid technicalities we assume that the diffusion
coefficient x is scalar-valued and that r; := K|q, is constant for each i € {1,2}. To fix the
ideas we assume that x; < kg. Our analysis covers the strongly contrasted case where
K1 < Ka.



2.2 Unfitted meshes

Let (Th)n>0 be a family of matching meshes of 2. The meshes can have cells that are
polyhedra in R¢ with planar faces, and hanging nodes are also possible. The mesh cells
are taken to be open sets in R%. For all T' € T}, hy denotes the diameter of the cell T' and
nr the unit normal on 07" pointing outward 7'. We set conventionally h := maxpc7;, hr.
The mesh faces are collected in the set Fj. Assumptions on the mesh regularity and how
the interface cuts the mesh cells are stated in Section 3.1.

Let us define the partition 7;, = 7;11 U 7;5 U 7',;2, where the subsets

Ti={TeT|TcQ} Vie{l,?2}, (2a)
TH={T €T, | TNT # 0}, (2b)

collect respectively the mesh cells inside the subdomain €;, ¢ € {1,2} (the uncut cells),
and those cut by the interface I' (the cut cells). For every cut cell T € T}' and all i € {1, 2},

we define A
T:=TnQ, T':=TNT. (3)

For all i € {1,2}, the boundary d(T%) of the subcell T is decomposed as
AT") = (0T)' uT", (OT)! := 0T N Q. (4)

An illustration is presented in the left panel of Fig. 1. To unify the notation, for every
uncut cell T € T}, i € {1,2}, we set

T =T, T':=0, (OT):=0T, (OT):=0, T' :=40, (5)
where 7= 3 — i (so that 1 =2 and 2 = 1).

Tr

o)}, / o)
)
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The cell decomposition. A cut cell. An uncut cell.

Figure 1: Basic notation for a cut cell T € 7,0 (left). Local degrees of freedom (k = 0) for
a cut (center) and an uncut (right) cells.

2.3 The local discrete problem

We now describe the local unknowns and operators needed to formulate the unfitted HHO
method. For a subset S C R? consisting of one mesh (sub)cell or one mesh (sub)face, we



denote P¢(S) (resp. P*(S;R?)) the space composed of the restriction to S of scalar-valued
(resp. vector-valued) polynomials of total degree at most ¢ > 0. Moreover, for a subset
S C R?, we denote (-, -)g the L?(S)-inner product with appropriate Lebesgue measure and
| - ||s the induced norm. Whenever S = (}, we abuse the notation by writing P*(S) := {0}
and (-,-)s :=0.

Let £ > 0 be the polynomial degree of the method. For every uncut cell T € T/,
i € {1,2}, the local discrete HHO unknowns are a pair of functions: one polynomial
of degree at most (k + 1) attached the cell T and one polynomial of degree at most
k attached to each face F' € Fyr, where Fyr comprises all the faces composing the
boundary 9T of the cell T. We use the notation o7 := (vr,var) € PMYT) x P*(For)
with P¥(For) = [ pe For P*(F). In the original HHO method from [18, 17], equal-order
unknowns are considered. In unfitted HHO methods it is also possible to consider equal-
order unknowns in the uncut cells, but mixed-order unknowns are needed in the cut cells.
For simplicity, we consider mixed-order unknowns everywhere.

For every cut cell T € T,'', we double the HHO unknowns as in [7] so as to have the
usual HHO unknowns available on each subcell, up to the interface I' where there are no
unknowns. Thus the local HHO unknowns in every cut cell T € ’77; are

’(A)T = (@Tl,f}j@) = (UTI,U(aT)l,UT2,U(aT)2) S Ué{i = U,Zkﬂ X Uéﬁz, (6)

with UE, := PMY(TY) x PY(Fary), Flary == {F' == FNQ; | F € Fyr} is the collection
of the (sub)faces composing (9T)*, and Pk(F(aT)i) = HFI-E;(GTV, PF(F?), i € {1,2}. The
HHO unknowns for cut and uncut cells are shown in the central and right panels of Fig. 1.
For every geometric entity, the number of points represents the number of degrees of
freedom attached to it. To unify the notation between cut and uncut cells, we define lA]é?
asin (6) for all T € T}, i € {1,2}. With this abuse of notation we have o7 := (vr, var,0,0)
for all T € 773 and oy := (0,0, vp,vsy) for all T € ThQ

Let T € Tp. As usual in HHO methods, the two local ingredients are a reconstruction
operator and a stabilization operator. In every cut cell T € T,', there are two gra-
dient reconstruction operators GE, : Uk — GF(T%R%), i € {1,2}, where G*(T%R?)
is composed of the restriction to 7% of R?valued polynomial functions with the re-
quirement that (g-nr)|gry € ]Pk(f(aT)i) for all ¢ € G*(T%R?). Possible choices are
GF(T%RY) := P*(T%R?Y) and G*(T%RY) := VP*1(T%). The former choice leads to a
larger reconstruction space and is more suitable in the case of nonlinear problems [5, 1].
The latter choice is the one made in the original HHO methods [18, 17] and is also made
in [7] for unfitted HHO methods. For every cut cell T' € 7? and every Op € Ujl?, letting
[vr]r := v — vp2, we set

(G (01), @)1 == (Vor1, @)1 + (vary — vr1. @ nr)ory — ([orle, gnr)pe,  (7)
(G2 (0r), @) 72 = (Vvrz, @) 72 + (vor)2 — vr2, @) (97)25 (8)
for all ¢ € G*(T1;R?) in (7) and all ¢ € G¥(T?;R?) in (8). Note that G%., (97) only depends
on Uz, whereas G’;,l (07) depends on both 071 and 92 owing to the jump term on the

right-hand side of (7). The difference in the reconstruction between the two subdomains
is important in the highly-contrasted case where k1 < kg (recall our convention that x; <



ko). Using the above conventions on the notation, we can consider the same definitions
for every uncut cell T € T/, i € {1,2}, leading to (G%, (1), q)ri := (Vori, q)pi + (vary —
vri, @nr) g7y for all g € GF(T%R?), and GE.(9r) = 0. Recalling that 7% := T and
(0T)" := 0T, G%., (or) corresponds to the usual HHO gradient reconstruction in the uncut
cells. Furthermore, to weakly enforce the matching between cell- and face-based HHO
unknowns, we consider for all T' € 7}, the stabilization bilinear forms $pi, ¢ € {1,2}, such
that for all Opi, wWp: € ﬁfw“

9)

§T¢(@T¢7’LT)T1') = :‘%h;l <H](€6T)’i(vT" - 'U(aT)i), Wi — w(aT)i> (8T)i’
where H’(gaT)i denotes the L%-orthogonal projector onto P* (f(aT)i). Owing to the above

conventions, in every uncut cell T € ’Ef, Sqi (i, i) corresponds to the usual HHO sta-
bilization with mixed-order unknowns (similar to the HDG stabilization from Lehrenfeld
and Schoberl [27, 30]), whereas §7i (073, wre) = 0.

The discrete HHO bilinear and linear forms read for all op,wr € Ujli,

ar(orir) = Y {ki(Ghu(or), Ghulir))gi 87 (0 o) f 485 (or, o), (10)
1€{1,2}
gTWT) = Z (f,wri)ri + K1(gp, dr(Wr))7r + (9N, wWr2) 7T, (11)
i€{1,2}
with
§g~(f)T, Tf)T) = th;l([[vT]]p, [[’LUT]]I‘)TF, ¢T(ZDT) = h;l[[wT]]p - Gl]cq (’LDT)-TLF. (12)

Note that for every cut cell T € 7,0, the stabilization bilinear forms 35, i € {1,2}, do
not couple the HHO unknowns from both sides of the interface, whereas the gradient
reconstruction in 7' couples them. The coupling also occurs by means of the penalty
bilinear form §g which enforces weakly the jump conditions across the interface. The
quantity ¢ (wr) defined in (12) is designed so that the formulation has optimal consistency
properties.

Remark 2.1. (Gradient reconstruction) The gradient reconstruction operators defined
in (7)-(8) are one of the main novelties of the present work. They differ from those con-
sidered in [7] where the two gradient reconstructions in a cut cell need to be evaluated
simultaneously. The main advantage of the present reconstructions is that the incorpo-
ration of the jump term in (7) allows one to avoid the need for a large enough penalty
parameter scaling the bilinear form §§ This is why we have taken this parameter equal
to one in (12).

2.4 The global discrete problem
We define the global discrete space
Uf = [ PPt < I PP < I PR < [T PR, (13)

TeTh Fer, TeTh FeFy



recalling that 7% := TN Q! and F' := FN QY i € {1,2}. For all 9, € 0;: and all 7" in
Th, we denote vp := (UTl,U(aT)l,UT2,U(3T)2) the components of 0y, respectively attached
to T1, (0T)', T?, and (0T)2. Recalling the above conventions on the uncut cells, we have
or == (vr,vaor,0,0) for all T € T,! and o7 := (0,0, vy, vor) for all T € T,2. We denote ﬁ;fo
the subspace of U,’f where all degrees of freedom attached to the faces composing 0€) are
null. The global discrete problem reads as follows: Find uy, € U,’fo such that

an (i, wp) = £y (p), Vi € Uy, (14)

where the biljnear and linear forms are defined by summing allAlocal contributiorls, i.e., for
all @h, ﬁ)h S U}lfo, we set &h(ﬁhv ﬁ)h) = ZTGTh dT(ﬁT, ﬁ)T> and eh(d}h) = ZTGTh KT('UAJT).
The discrete problem (14) can be solved efficiently by eliminating locally all the cell-
based unknowns by means of a static condensation procedure. This local elimination
leads to a global transmission problem on the mesh skeleton involving only the face-based
unknowns. The resulting stencil couples unknowns attached to neighboring faces (in the
sense of cells). Once this global transmission problem is solved, one can recover the values
of the cell-based unknowns in every cell by local solves. We refer the reader, e.g., to [12].

2.5 Variants

Let us give two variants of the scheme based on the use of other gradient reconstructions.
The contents of this section are not used in the sequel and can be skipped at first reading.

A first variant is to define the gradient reconstructions in the cut cells in such a way
that the two subdomains play symmetric roles. In this case one replaces (7)-(8) with the
single definition

o 1
(G:(07), @)1 := (Vuri, @)pi + (vory — vri, @07) o1y — 5([[UT]]F7 gnr)pr,  (15)
for all o1 € (A]Jkﬂ and all ¢ € G*(T%;R%), i € {1,2}, and the bilinear and linear forms become

ar (b, ir) =y {m(é’ffm (67), Gl (W) gs + S (@Ti,ﬁ)Ti)} + 57 (07, ),
1€{1,2}

lr(ir) == > (f,wr:)pi + (g0, (7)) e + (g, {wr}r)7r,
1€{1,2}

with the penalty bilinear form 5{}(@% wr) = mgh;l([[vT]]p, [wr]r)r (now scaled with ko,
recalling that k1 < ka), &ZT('UA)T) = ngh}l[[wT]]p—{/fél%(wT)}r-np, and the average values
{wrlr == F(wp + wr2), {Hé’%(’lf)T)}p = %(mé'fpl (wr) + HQCN;’Z}Q (wr)) at the interface.
The error analysis (which proceeds as in Section 3 but is omitted for brevity) leads to error
estimates with optimal convergence rates but lacking robustness in the highly-contrasted
case where k1 < Ko.

A second variant, which is closer in spirit to the Nitsche-type approach and the unfitted
HHO method previously devised in [7], is to set

(Ghi(0r), @)ri == (Vori, @) + (v(ory: — Vi, @17) (971



for all o7 € Ur_ﬁ?, q € GF(T%R%), i € {1,2}. Owing to the absence of the jump term in the
gradient reconstruction, the consistency error analysis (which proceeds as in Section 3 but
is omitted for brevity) shows that the bilinear and linear forms now become

ar(or,ir) = Y {ki(Gha(or), Ghalior)) g + 7 (o, i) }
ie{1,2}

— A (br, ) + 87 (O, 1),

br(wr) == Z (f;wri) e + K1(9D, Iyr(@1)) e + (98, Wr2)r,
1€{1,2}

where n > 0 is a user-dependent parameter, §g is still defined by (12),
ﬁgw(f)T, Tf)T) = m([[vT]]r, Vfle-np)Tr + K1 (VUT1~np, [[wT]]p)Tr,

and ¢y 7 (wr) = nh;l[[wT]]p — Vwpi-np. As is classical in this situation, the need to
bound the Nitsche-type bilinear form ﬁg, to ensure coercivity makes it necessary to take a
value for n that is large enough, depending on the constant from a discrete trace inequality.
Note that the handling of the diffusion coefficients on both sides of the interface is inspired
from [9, 20] and leads to robust error estimates in the highly contrasted case. However,
avoiding a large enough penalty parameter is highly beneficial in practice and is the key
motivation for introducing the novel reconstructions (7)-(8). Similar ideas in the context
of unfitted FEM were discussed in [28].

3 Analysis

In this section we establish stability and error estimates for the unfitted HHO method
introduced in the previous section.

3.1 Admissible meshes

The unfitted HHO method is to be deployed on shape-regular polyhedral mesh sequences in
the sense of [17]. In what follows, the mesh regularity is quantified by a parameter denoted
p > 0. Two additional assumptions on the meshes are needed. The first one quantifies
how well the interface cuts the mesh cells and the second one provides a multiplicative
trace inequality.

Assumption 1 (Cut cells). There is § € (0,1) such that, for allT € T,' and alli € {1,2},
there is i € T" such that B(&q:,0hr) C T

It is shown in [7, Lem. 6.4] that if the mesh is fine enough, it is possible to devise a
cell-agglomeration procedure so that, choosing the parameter ¢ small enough (depending
on the regularity parameter p), Assumption 1 is fulfilled. In the present work we improve
on the procedure outlined in [7] by adding a third step that guarantees that there is no
propagation of the cell-agglomeration. More details are given in Section 4.3. The role of
Assumption 1 in the analysis is to provide the following discrete (inverse) inequalities.



Lemma 2 (Discrete (inverse) inequalities). Let Assumption 1 be fulfilled. Let ¢ € N.
There is cgisc, depending on p, 0, and £, such that, for all T € Ty, all i € {1,2} and all
vpi € PYT?), the following inequalities hold true:

1
e (Discrete trace inequality) |[vr:l|(ary: + [[vpiller < caischy® [lop: i
e (Discrete inverse inequality) |Vop:||ri < caischp v 7i-

e (Discrete Poincaré inequality) Assuming that (vpi, 1)B(®T¢,5hT) = 0, we have ||vpi||pi <
CdiSChTHV,UTi ”Tz .

Proof. The discrete trace inequality is shown in [7, Lemma 3.4]. The proof of the other
two inequalities uses similar arguments. For brevity we only sketch the proof of the inverse
inequality. Since this inequality is classical in uncut cells (see, e.g., [16, Lemma 1.44]), we
consider a cut cell T € T,F'. Invoking an inverse inequality in B(&g:,hr) (with constant
co) followed by the inequality [lvrill g, ny) < CillvrillB,., snp) leads to [[Vupi|pi <
IVUrill B, ey < cobg |vrill B, ey < cocthy o7illB@ . one) < cocrhp lopillpi. O

The second assumption on the mesh is tailored to provide a multiplicative trace in-
equality that is needed to establish optimal approximation properties on the faces of cut
cells. This inequality is proved in [7, Lemma 3.3] and it is shown in [7, Lemma 6.1] that
the necessary assumptions on the mesh hold true if the mesh size is small enough with
respect to the curvature of the interface I'. Here we add an additional assumption on the
number of layers of neighboring mesh cells needed to cover the ball TT introduced in As-
sumption 3. This covering assumption is reasonable if the mesh is not excessively graded.
For all T € Ty, we define the neighboring layers A;(T) C R? by induction as Ag(T) := T
and Aj+1(T) = {T/ €Th | TN Aj(T) # 0}.

Assumption 3 (Multiplicative trace inequality). There isy > 0 such that, for allT € 7;?,
there is @p € R such that T C TV := B(&p,vyhr) and there is cmy such that for all
ve HYTY) and all i € {1,2},

_1 1 1
Wllory + lollzr < e (W ol + Hvu;fuwu;f) (16)

Moreover, there is ng € N such that T' C Ay (T). Finally, for all T € T}, i € {1,2}, we
set TH:=T.

In what follows 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 polynomial
degree k > 0, the mesh parameters p, d, v and ng, and the above constants cgisc and ¢y
3.2 Stability and well-posedness
For all T € T;, and all op € ﬁéﬁ, we define the local semi-norm

072, = " wi{IVvpelids + hptvorys — vpBopy |+ mah lerlele. (17)
1€{1,2}
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Lemma 4 (Stability). Let Assumption 1 be fulfilled. We have ]f}T|gT < ap(op, 0p) for all
T €Ty, and all or € UE.

Proof. Owing to (7), we infer that
HV’UTI ”%11 = (V’UTl, VUTl )Tl
= (G’%l (@T), VUTl )Tl - (U(aT)l — VU1, VUTl ‘nT)(aT)l —{—([[UT]]F, VUTl ’nr)Tr.

The Cauchy-Schwarz inequality, Vo1 -np € PF (.F(aT)1), and the discrete trace inequality
from Lemma 2 to bound [|[Vuz:||gryupr lead to

IV B < 1G5 0r) 13 + hp 1Ty (vory — vrn) By + b ITorlr e
Similar arguments lead to
IVorale S 1GE(0r)l3e + hpt 1Ty (varys — vr2)Zpe.

Therefore we have 3 ;¢ g oy il| Vor |12+ rihg | [vr]r|3r S dr(ir, o7), and it remains to

bound >, c ¢ oy /‘iih%l”v(aT)i—UTi ||?8T)i' Let i € {1,2}. Since vy —vp = H](“aT)i(v(aT)i—
vpi )+ (1 _HIE;QT)Z-)(UTZ‘) and recalling the definition (9) of the stabilization bilinear form $7:,
we only need to bound ht(|(T — HfaT)i)(vTi)H%aT)i. Invoking the discrete trace inequality

and the discrete Poincaré inequality from Lemma 2, we have

h I = Ty ) (0ri) | oy
= hle(I - H?&T)i)(UTi)H?aT)i = h:FlH(I - H(()aT)i)(UTi - ETZ')”?(?T)"
< hptllori = Orilltery S hpllor = opill3: S [ Vore 17,
where Ui is the mean value of vpi over B(&pi,dhr). This concludes the proof. O

Letting Hﬁh”zh =D reT, |@T|2T, a classical argument shows that we define a norm

on U /Ifo (recall that all the unknowns attached to boundary faces are null by definition of
U, ,’fo). This norm is in spirit close to the broken H'-norm used in discontinuous Galerkin
methods.

Corollary 5 (Well-posedness). If Assumption 1 is fulfilled, we have for all Oy, € U,’fo,
6n13, < an(On, 0n), (18)
and the discrete problem (14) is well-posed.

Proof. The coercivity property (18) follows by summing over the mesh cells the bound
from Lemma 4, and well-posedness follows from the Lax—Milgram Lemma. O

Remark 3.1. (Weights) The jump term ||[vr]r||;r in (17) is weighted by the factor x;
and not kg (recall that k1 < k). This is possible because the gradient reconstruction in
T? does not involve the jump across T.
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3.3 Approximation

Let E; : H*2(Q;) — HF2(RY), i € {1,2}, be a stable extension operator. For all
v e H' () UQy) with v; := v)g, and all T € Ty, we define

IV (vg) = (I (Ei(v) e € PEFH(TY), (19)
PE(0) = (5 (0), Ba(0)) 1= (T (01), Ty (00, 158 (02), T (02)) € U, (20)
where HI;,J{I denotes the L?-orthogonal projector onto P**1(TT). Note that we do not
project using the subcell 7% but the larger set T from Assumption 3 so as to invoke the
optimal approximation properties of I,fjl (see for instance [7, Lemma 5.6]). Indeed if this

assumption is fulfilled, we have for all v € L?(Q) such that v; € H*2(Q;), i € {1,2}, and
all T € Ty,

1
v — I3 (0i) lps + Ao =I5t (vi)ll oy + hl|V (v — I (03)) |

S WP E;(0) | ety (21)
1
h v =I5 () ller S W52 Z |Ej (03)] resa oty (22)
je{1,2}

It is convenient to define a discrete lifting operator L%, : L2(T') — GF(T*;RY) for all
T € T} such that, for all g € L*(I') and all ¢ € G¥(TH; R?),

(L71(9), @)1 = (9. g'mr)gr. (23)
With the above abuse of notation, we set L%, (g) := 0 for all T € T/, i € {1,2}.

Lemma 6 (Approximation for gradient reconstruction). Let Assumptions 1 and 3 be
fulfilled. For all v € L?*(Q) such that v; € H*2(), i € {1,2}, and for all T € T;,, we
have

1
1871 (0) |72 + R 07 (0) | oryporr S hE™t D 1B (w))lwearry, (24)
je{1,2}
1
1872 (0) 72 + R 1872 ()l oryzurr S PrH Ba(v2)| iz ), (25)

with 871(v) := GE, (f:’ﬁ(v)) + L%, ([v]r) — Vi and 872(v) == G’%z(f:’ﬁ(v)) — Vg, and with
GE, and G%, defined in (7) and (8), respectively. (Note that 671(v) depends on vy and
va, whereas dp2(v) only depends on vsy.)

Proof. Let us set &/, (v) := G&, (Ik(v)) + LY, ([vlr) - Vléffl(vl). Owing to (7) and (23),
we have

187+ (0) 17+ = [y (1) = L3t (01), 871 (v) nr) oy + ([o— I3 (0)], 81 (v) - ) e

Since (8 (v)-nr) o) € P¥(F(or)1) owing to the assumption on the reconstruction space
G*(T*; R?), we can replace ngaT)l (v1) by v1 in the first term on the right-hand side. The
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Cauchy—Schwarz inequality and the discrete trace inequality from Lemma 2 lead to

1
1071 ()71 + 2|07 (V) Loy rure < 1107 (V) I

_1
< hp? (lon = 57 @) oy + v = 157 ()]l )

Invoking (21)-(22) together with dp(v) = 044 (v) + V(Iﬁrl(vl) —v1) and a triangle in-
equality then proves (24). The proof of (25) uses similar arguments. O
3.4 Error estimate

Recall that u and 4y, are the solutions to (1) and (14), respectively. We set u; := uq,,
i€ {1,2}.

Lemma 7 (Consistency and boundedness). For all 05, € U,’fo, we define the consistency

error as Dp(0n) == Y per, {dT(f:’ﬁ(u), or) — ET(GT)}. Then we have

1
A~ 2 ~
Du@n)] < (3 lorliz + erle) * Ionll,,
TeT,

where

lgr |z = w1 (167 @13 + b |87 ()1 )

+ wz( (|82 (u) |72 + hrl|d72 (w)l[Erz2 ) (26)
(oT)
lerllar == Y mibglu = T (i) 1ory + mib Ilu — I (@)le |7, (27)
1€{1,2}

with o1 (u) = Gl}l(féi(u)) + L% (9p) — Vur and &72(u) == Gl}g(féi(u)) — Vua.

Proof. Re-arranging the terms and using the PDE satisfied by the exact solution in £ USs,
we have Dy (0y) = U1 + ¥y with

Uy = Z{ 3 (Hi(agi(fgz(u)),Gi;,.(@T))Ti+(v-(mvui),vTi)Ti)
TeT, ~ie{1,2}
T 51 (B4 (90), G (52) 11 — (o, var},

Uyi= > > bpi(I(u), ) + b ([IE (W) = g, [or]r) e
TET;, ie{1,2}

Using an integration by parts for V-(x;Vu;), the definitions (7)-(8) of the gradient recon-



13

structions and the fact that > 7. (vary, Vuinr)ery =0, i € {1,2}, we infer that

# = Y { - R(Gh 2h) + s (an) e, or o

TeTh
+ (Hlvul'nr, UT1)TF — (HQVUQ"I’LF, UTz)Tr + ((HQV’U,Q — /<a1Vu1)-np, ’UTz)TF
+ K1 (6T1 (U), VUTI)Tl + K1 (6T1 (u)-nT, U(aT)l — 'UTl)(aT)l)

+ k2 (02 (u), Vupe)p2 + ko (02 (u)-nyp, V(T)2 — ’UTQ)(aT)Q }

= Z { — /@1(5T1 (U)'nl"a [[UT]]F)TF

TeT,

+ Z Ki(0pi(u), Vopi)pi + ki(0pi(u)-np, Vary — UTi)(aT)i}.
1€{1,2}

Moreover, recalling the definition of the stabilization bilinear forms $p:, that of f{,‘i, (u),
and since [u]r = gp, we have

Vp= ) { > kb (Wi (us — L (w), vy — vri) oy

TET, ~ie{1,2}

+ rahg (U5 ) = ol oD -
We conclude the proof by invoking the Cauchy—Schwarz inequality and the definition of
[9nllay,- O
Theorem 8 (Error estimate). Under Assumption 1, we have

SN willV@ —ur)lF S D0 YD kil V(wi — IE ()17

TeT ie{1,2} TeTy ie{1,2}

+ > (llgrlizr + lsrlr). (28)

TeT,

with ||gr|l«7 and ||E7|| 41 defined in (26)-(27), respectively. Moreover, if Assumption 3 is
also fulfilled and if for all i € {1,2}, u; € H*2(€Y,), then we have

Z Z kil V (s _UTZ)”T < 2D Z Hi‘uz’ﬁ{km(gi)- (29)

TeTy ie{1,2} ie{1,2}

Proof. For all T € T}, we define the discrete error é, € U}’f{) such that ép := fé?(u)—&T € Urfi
for all T' € 7. Then we have Dy (éy,) = an(én, é). Lemmas 4 (stability) and 7 (consistency
and boundedness) give

N

lenllan S { D lgrlir + lérlr
T€Th
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Since V(u; —upi) = V(u; —Iéﬂfl(ui)) +Veq:, invoking the triangle inequality leads to (28).
Let us now prove (29). The bounds (21)-(22) and Lemma 6 (approximation for gradient
reconstruction) imply that

Z Z mHV(uz-—uTi)ll%i ShQ(kH) Z Z ’ii‘Ez’(ui)|§{k+2(T’r)'

TET ie{1,2} T€T ie{1,2}

Since TT C A,,,(T) for all T € Ty, owing to Assumption 3, we infer that for all i € {1,2},
> TeT |Ei(ui)]%{k+2(ﬂ) < |ui|12ﬁ1"+2((2¢)' This concludes the proof. O

4 Implementation aspects

The unfitted HHO method is implemented in ProtoN, which is a slim, fast prototyping
library to test major modifications within the DiSk++ library! [12]. For simplicity we
focus on a two-dimensional setting with unfitted meshes composed of quadrangles. We
assume that the boundary of every cell is cut at most twice and that every face is cut at
most once. These assumptions are classical when implementing unfitted methods (see for
instance [23]) and can be fulfilled if the unfitted mesh is fine enough. Moreover we assume
that the interface is specified by means of a level-set function.

As in DiSk++, polynomial basis functions associated with the mesh cells and faces are
used. The cell polynomials are centered at the barycenter of the cell and are scaled by its
diameter. The face basis functions associated with a subface F, i € {1,2}, are taken to be
Legendre polynomials scaled by |F i|_1/ 2. This eases the computation of the stabilization
term since the face mass matrix that has to be inverted is the identity matrix. Moreover
this improves the conditioning of the stiffness matrix.

Remark 4.1. (3D) Since the fitted polyhedral HHO method is already implemented for
3D problems in DiSk++, developing 3D unfitted HHO methods essentially requires to take
into account the richer cut configurations that can occur.

4.1 Mesh data structure and preprocessing

The mesh data structure hinges on the features developed for fitted HHO methods (see [12,
Section 3]). It is independent from the space dimension and from the shape of the elements.
Compared with DiSk++, some changes in the mesh data structure were introduced so as to
provide additional information concerning the cut cells. This information which is stored
for each cell contains:

e The status of the cell (in 7;}, T,? or 7?);

e A flag indicating whether or not the cell has a small cut and on which side of the
interface the small cut occurs. The criterion for a small cut is (in a slight variation
with respect to the requirement of Assumption 1)

T < alT|, (30)

with user-parameter « € (0, 3) (we set a := 0.3 in Section 5).

'see https://github.com/wareHHOuse
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e The list of neighboring cells to be used in the agglomeration procedure;

e A list of points representing the interface to be used for numerical integration;

e A list of quadrature weights and points if the cell results from agglomeration.
In practice the mesh preprocessing follows the following steps:

e We detect in which subdomain are the nodes, the faces, and the cells of the mesh and
whether or not they are cut. Moreover we compute the intersection points between
the faces and the interface. This initializes the representation of the interface inside
the cut cells.

e We use the criterion (30) to select the cells that have to be agglomerated. We also
store the knowledge of which subcell is small. This is used when we need to find
suitable neighbors to these cells.

e For every small cut cell, we compute the list of its neighbors, that is
A(T) == A (T)\{T}, (31)

i.e., A(T) is the collection of the cells distinct from T that share at least a point
with T'. It is useful to store separately the neighbors sharing a face and the neigh-
bors sharing only a node. Since we consider Cartesian meshes, this routine can be
specialized for optimization.

o We refine the representation of the interface. For every cell, the segment represen-
tation that was defined on the first step above is divided into 2" segments for a
user-specified parameter » > 1. For instance, r = 1 in Fig. 2c and » = 2 in Fig. 2a
and 2b. In practice we want to have r large enough to mitigate the geometric error
induced from the fact that we consider a low-order representation of the interface in
combination with a high-order discretization method (see Fig. 8 for an illustration).
The position of the points on the interface is determined by a bisection method using
the level-set representation of the interface.

o We finally agglomerate the small cut cells as described in Section 4.3.

4.2 Quadratures

During the assembly phase (and to compute errors when reporting convergence rates),
integrals over the subcells 7%, i € {1,2}, and over the interface T' need to be evaluated
for every cut cell T' € 7;;. This operation is done by using the list of points representing the
interface (the red squares in Fig. 2). The quadrature points and weights over the interface
are obtained by gathering all the Gauss—Legendre quadrature points and weights over all
the segments composing this list of points. Furthermore, each subcell is decomposed into
several triangles, and the quadrature points and weights for the subcell are then obtained
by gathering all the Dunavant [19] quadrature points and weights of the subtriangles. In
order to build this subtriangulation, a point is fixed and triangles are formed such that
one vertex is this fixed point and the two other vertices are vertices of the polygonal cut
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subcell T%, i € {1,2}. Hence we use points located on (9T)" and on T', i.e., the black
triangles and the red squares shown in Fig. 2. In practice, since we consider quadrangular
meshes, the fixed point is either the midpoint of a face (if two opposite faces are cut, see
Fig. 2a) or a vertex of the cut cell (if two adjacent faces are cut, see Fig. 2b and 2¢). This
choice of fixed points can reduce the number of negative weights if the mesh is fine enough.

(a) Cutting opposite faces. (b) Cutting adjacent faces. (c) Interface with corner.

Figure 2: Subtriangulation of a cut cell. The interface is represented by red squares. The
center of subtriangulation of the subcells is indicated by a blue star and a green circle.
The other vertices of the subcells are indicated by black triangles.

Remark 4.2. (Alternative) One can also devise quadratures from an isoparametric rep-
resentation for the interface, as, e.g., in [29].

4.3 The cell-agglomeration procedure

The starting point of the procedure is an initial shape-regular mesh fulfilling Assumption 3,
but not necessarily Assumption 1. We consider the partition 7, = T,) UT,F UT;2 as in (2).
We further partition the set of the cut cells as

1 2
TF — 7;LOK U 7;LKO U 7;LKO , (32)

where 7,°% contains all the cut cells without small cuts and 771K0’i contains all the cut
cells with a small subcell in Q;, i € {1,2}. Recall that the subsets ﬁLKO’l and 771KO’2 are
disjoint owing to [7, Lemma 6.2] if the unfitted mesh is fine enough and the tolerance ¢ in
Assumption 1 is small enough. Here the small-cut criterion is the simpler condition (30).
Nonetheless we observed in all our experiments that the subsets 7711(0’1 and 7711(0’2 were
indeed disjoint.

The cell-agglomeration procedure needs to fulfill two goals. First every agglomerated
cell must be free of small cuts. Second, if two cells T and T are agglomerated, they
must have a common neighbor. Note that this second condition allows for diagonal ag-
glomeration if needed (see for instance Fig. 4). The procedure is outlined in Algorithm
1. In stage 1, for every cell T in 7;LKO’1 (having a small cut in 1), we find a neighbor
M(T) € (THUTPxU 7'hK0’2) NA(T). The existence of N1(T) follows from [7, Lemma 6.3]
(if the mesh is fine enough and the tolerance § small enough), and by construction the

—~ ’2
agglomerated cell TUN7(T') has no small cuts. We denote EKO the subset composed of
the cells in 7;1}(0’2 that have not been chosen as neighbors during stage 1. In stage 2, for

—_— )2 . .
every cell T in ’771KO (having a small cut in Q2 and that has not yet been agglomerated
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after stage 1), we find a neighbor N5(T) € (7,2 U T, U 7;1KO’1) N A(T). The existence of
No(T') again follows from [7, Lemma 6.3] under the same conditions, and by construction
T U N3(T) has no small cuts. However the actual agglomerated cell may be larger than
T UN3(T) (i.e., some chain of agglomerations can occur), and the goal of stage 3 is to
modify Ni(T) for some cells in 7;LKO’1 to avoid this. The idea is that if a cell in 7;;(0,1 is

at the same time pointing (by means of N7 in stage 1) to a cell in 77LKO’2 and is pointed to

pg 72 . . .
by a cell in 7}LKO (by means of N3 in stage 2), then the pointer N7 (T') is changed unless
the cell N1(T) belongs to ’7;LKO’2 and is not pointed to by another cell. After completion

of stage 3, all the agglomerated cells are collected in the subset ﬁbagglo, and the final mesh
produced by the procedure is

T = (T, M (D) | T € TR DT, N(T) | T € T P uTeese. (33)

Algorithm 1 Cell-agglomeration procedure.

Require: Mesh 7j, satisfying Assumption 3.
1. For every T € 77;(0’1, find a suitable neighbor N1(T) € (T} U T,°X U '77;(0’2) NA(T).

g 72 . .
2. For every T € EKO , find a suitable neighbor N5(T) € (T2 U T, U ’7;(0’1) NA(T).
3. For every T € 77;(0’1, if the following conditions are met:

(3.a) there is T" € ﬁKoz such that No(T") = T;;
(3.b) Mi(T) ¢ T, or there is T € T,*>"\{T'} such that N;(T) = Ny (T");

then set N1 (T') := T". Otherwise do not modify N;(T).
4. Generate a new mesh 7, as in (33).

Lemma 9 (Cell agglomeration). Every agglomerated cell is in Ay (T) for some T € Ty,.

~KO0,2
Proof. Assume that a cell T € 775(0’1 is chosen by a cell TV € ThKO’ ,ie, T = No(T),

so that condition (3.a) is fulfilled. By definition of the subset ﬁKOQ, T’ has not been
chosen by any cell in stage 1. Hence there is no propagation of the agglomeration in
the direction of T”. Let us now consider the propagation in the direction of T'. Recall
that according to stage 1, N7(T) is in 7;} U T2 U 7;(0’2. If actually N1 (T) € T, U T,°K,
then condition (3.b) is fulfilled so that we set N1(T") := T". Hence the agglomerated cell

contains T and T”, and potentially any other cell fg € ﬁKO’Q such that Ng(fg) =T. Hence
all these cells are in A1 (7). Otherwise N1 (T) € 7;?0’2. Then, either there is T” € 7;{0’1
such that M(T) = N1(T"). In this case condition (3.b) is again fulfilled, so that we
set N1(T) := T’, and the agglomerated cell is again in A;(7T). Otherwise, there is no
such T” so that condition (3.b) is not fulfilled, which means that the agglomerated cell is

~  ~K0,2
composed of T, T' = Na(T"), N1(T'), and potentially any other cell T € T " such that
No(T,) = T. Again all these cells are in Aq(7'). Finally the reasoning is similar if one

considers a cell T € T,°UT,} UT;? which is pointed to by a cell from 72(0’1 and a cell from
—~KO0,2

Tn . O
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Remark 4.3. (Stage 3) Algorithm 1 without stage 3 has been proposed in [7, Section
6]. In this case one can show that every agglomerated cell is in Ay(T#) for some T# € Ty,
(instead of A1(T#)). Indeed, a cell T in 7;LKO’2 can choose a cell 77 in hKO’l that chooses
a cell T# in 7;LKO’2 U T} UTPC%. And similarly, another cell T in 7;(0,2 can choose a cell T”
in '77;(0’1 that chooses T#. The agglomeration cannot propagate further since if a cell in
77;(0’1 chooses T' as a neighbor, then T does not look for a neighbor and does not choose

—~KO,2 . .
T’ (see the definition of EKO ). Furthermore, another benefit of stage 3 is the reduction
whenever possible of the size of the agglomerated cells by promoting the agglomeration of

paog 72 . . .
pairs of cells, one from 7;50’1 and the other from 7}1KO . See Figure 5 for an illustration
of the three stages.

Remark 4.4. (Choice of neighbor) When looking for a neighbor in stages 1 and 2 in
Algorithm 1, picking a neighbor that shares at least one common face is preferred. If
there are no such neighbors, then diagonal agglomeration by means of a neighbor sharing
only a point is performed (see Fig. 4). Moreover, in the case where several cells sharing
at least one common face (resp., no common faces) with some T" € EKO’Z are available, the
cell having the smallest (positive) area in €; (i.e. the smallest |T7|) is chosen. This way,
the cells in 77;(0’1 tend (whenever possible) to be agglomerated with cells from ’771}(0’2. This
reduces the total number of agglomerations as well as the triggering of stages 2 and 3.

5 Numerical experiments

We present numerical experiments to illustrate the cell-agglomeration procedure and the
convergence rates of Theorem 8. We also study the condition number of the stiffness
matrix (after static condensation).

In all the experiments we consider the unit square domain Q := (0,1)? with ho-
mogeneous Cartesian meshes of step size h = 27V with N € {3,4,5,6,7}. The inter-
face is represented by a level-set function ® so that T' := {(z,y) € Q| ®(x,y) = 0},
Q= {(z,y) € Q| P(x,y) < 0}, and Q := {(z,y) € Q| ®(x,y) > 0}. We consider a
circular interface and a flower-like interface for which the level-set functions are, respec-
tively,

do(z,y) = (x — a)®> + (y — b)* — R?, (34)
Op(x,y) = (x —a)® + (y — b)? — R? + ccos(nd), (35)

with 6 := arctan(¥=2) if > a, 6 := 7 + arctan(i{—:Z) if x < a, where a,b,c € (0,1).

r—a

5.1 Agglomeration procedure

We test the agglomeration procedure detailed in Section 4.3. The circular interface is
first considered with R := 1/3 and a = b := 0.5 in (34). We plot the interface and
the mesh obtained after the cell-agglomeration procedure in Fig. 3. As expected each
agglomerated cell is in the neighborhood of one of the cells of the original mesh, i.e., there
is no propagation of the agglomeration. We also remark that all the agglomerations have
been done by using cells sharing one face. (see Remark 4.4).
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(a) The full mesh. (b) A zoom.

Figure 3: Circular interface (h = 1/16). The interface is represented by red squares.
Agglomerated cells are highlighted in blue. The arrows indicate how the agglomerations
have been performed.

We give more details on the cell-agglomeration procedure in Table 1. We note that
for meshes that are fine enough, there are almost as many cells in 771KO’1 as in 7:@,2, each

subset being composed of about 35% of the cells in 7;?. However, since the cells in 7;LKO’1

—~—KO,2 .
look in priority for neighbors in 7;1}(0’2, there are much fewer cells in 7Tj, than in 7:(0’2.
—~KO,1
We also notice that stage 3 of Algorithm 1 is never active here, i.e., #(7, ) = 0, where

7;;(0’1 is the collection of the cells T' € ﬁLKo’l such that N1(T') is modified during stage 3.

T OK KO,1 KO,2 KO,2 KO,1
h To |\ Te [T\ T | T " | e 7 | T

1/8 64 20 8 8 4 0
1/16 256 44 8 24 12 0
0
8

1/32 1024 | 84 | 44 24 16
1/64 || 4096 | 172 | 56 68 48
1/128 || 16384 | 340 | 120 | 108 112 24
1/256 || 65536 | 684 | 184 | 260 240 48

[en) ool Hen) Nen)l Han) Nan)

Table 1: Circular interface. Details on the cell-agglomeration process for the various
unfitted meshes: number of mesh cells, cut cells, and cells in the subsets 7,°, 7;LKO’1,

KO,2 ~FKO,2 7KO,1
T, T, " and T,

We now test a flower-like interface with the parameters R :=1/3, a := 0.47, b := 0.46,
n = 12 and ¢ := 0.015 in (35). We present in Fig. 4 the mesh after the agglomeration
process. As expected the agglomerated cells are contained in the neighborhood of one cell
of the original mesh. Interestingly, we observe that one agglomeration has been done with
a diagonal neighbor, i.e., a neighbor that shares a node and no faces. Indeed, considering
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the right panel of Fig. 4, the cell in the bottom left corner is in 7;LKO’2 and all its neighbors

sharing at least one face are either in ’7711(0’2 or in 7;11. A diagonal agglomeration is then
considered.

Figure 4: Flower-like interface (h = 1/16). The interface is represented by red squares.
Agglomerated cells are highlighted in blue. The arrows indicate how the agglomerations
have been performed. Left: global view. Right: zoom near the cell where a diagonal
agglomeration has occurred.

We give more details on the cell-agglomeration procedure in Table 2. The results are
very similar to those reported in Table 1. The main difference is that stage 3 of Algorithm 1
is active in some cases. A zoom on the cells where this stage is used is provided in Fig. 5
(for h = 1/8). The light blue cells are the ones in 72(0’1, the dark blue cells are the ones
in 7;LKO’2. A black arrow pointing from T to 7" means that T" chooses T” as a neighbor for
the agglomeration. The interface is indicated by red points. We can see on the left of the
picture that a cell in 7;LK0’1 is chosen as a neighbor in stage 2. This cell had already chosen
another neighbor during stage 1. Since this other neighbor is also chosen by another cell
in hKO’l (the one at the top of the picture), stage 3 is active and the cell at the left
does not agglomerate any more with the cell in the center. This reduces the size of the
agglomerated cells.

5.2 Convergence rates

We now study the convergence of the method with respect to h. A static condensation pro-
cedure is used to decrease the total number of degrees of freedom. For the circular interface,
we report in Table 3 the total number of degrees of freedom (after static condensation)
and the ratio of the system size before and after static condensation. This highlights the
benefits of performing static condensation. In the results presented hereafter, the linear
systems are solved by a conjugate gradient method. The tolerance is fixed to 1074, and
we consider a diagonal preconditioner. Moreover the gradients are reconstructed in the
full vector-valued polynomial space G*(T%; R?) = P*(T%; R) for k € {0,1,2,3}.
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T OK KO,1 KO,2 KO,2 7KO,1
h Tn |\ To [T T | T " | T 7 | Ty

1/8 64 22 4 11 7 2
1/16 256 46 13 19 14 3
1/32 1024 | 100 | 24 40 36 14
1/64 | 4096 | 194 | 42 79 73 27
1/128 || 16384 | 388 | 119 | 139 130 48
1/256 || 65536 | 784 | 221 | 286 277 95

Ol W W o

Table 2: Flower-like interface. Details on the cell-agglomeration process for the various
unfitted meshes: number of mesh cells, cut cells and cells in the subsets 7,°%, 7;LKO’1, 77LK0’2,

2 T 1
7;LKO, and 7;LKO7 )

i s Ll

I ST R

s s B

(a) Stage 1. (b) Stage 2. (c) Stage 3.

Figure 5: Flower-like interface (h = 1/8). Illustration of the first three stages of the
cell-agglomeration procedure.

We first consider the circular interface with the exact solution:
6 6
r r 1 1
up = —,  ugi=—+ RO ( - > : (36)

with @ = b := 0.5, 72 := (x — 0.5)2 + (y — 0.5)? and R := 1/3. Note that there are no
jumps across the interface (gp = 0 and gy = 0), but the diffusion coefficient can be highly
contrasted (i.e., k1 < K2). A similar test case is proposed in [11].

We first test the convergence of the error with respect to the mesh size h with x; =1
and ko = 10%. The numerical results are reported in Fig. 6. We recover the expected
convergence rates for the cell error H'-seminorm. Moreover the error measured in the
L2-norm also fulfills optimal convergence rates (not shown for brevity).

We then evaluate the robustness of the method with respect to the contrast of the
coefficients x; and ko. We consider k1 = 1 and ko = 10¢ with ¢ € {0,2,4,6}. The results
are reported in Fig. 6. We observe that the method is robust with respect to the contrast
between k; and ks since the cell error H!'-seminorm remains bounded when the contrast
increases.

Let us now consider the flower-like interface with parameters R := 0.31, a = b := 0.5,
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k=20 k=1 k=2 k=3
h dof | ratio dof | ratio dof | ratio dof ratio
1/8 116 2.76 232 2.76 348 2.95 464 3.20
1/16 484 2.61 968 2.61 1452 | 2.79 1936 3.01
1/32 2020 | 2.57 || 4040 | 2.57 || 6060 | 2.74 8080 2.97
1/64 8092 | 2.53 || 16184 | 2.53 || 24276 | 2.70 || 32368 | 2.91
1/128 || 32588 | 2.52 || 65176 | 2.52 || 97764 | 2.68 || 130352 | 2.89

Table 3: Circular interface. Number of degrees of freedom (dofs) of the condensed stiffness
matrix and ratio of dofs between non-condensed and condensed matrices after agglomer-
ation of the mesh (using r = 4 for the interface discretization).
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Figure 6: Circular interface. Left: Convergence for r = 10, k1 = 1 and ko = 10%. Right:
Robustness w.r.t. contrast (k1 =1, h =1/64, r = 10).

n:=4, ¢:= 0.04 and the following discontinuous solution:
uy = sin(7x) sin(7y), ug = sin(rx) sin(ry) + 2 + 2%y (37)

For this test case, we set k1 = kg := 1. The shape of the interface, the agglomerated mesh
(for h = 1/16), and the cell component of the numerical solution at the quadrature nodes
are presented in Fig. 7.

We test the convergence of the cell error in the H'-seminorm for the polynomial orders
k € {0,1,2,3}. Owing to to lack of mesh resolution, we do not consider the case with
h = 1/8. The results are reported in the left panel of Fig. 8 for » = 10. We observe that we
recover the expected optimal convergence rates. The value of r is an important parameter
when using high-order polynomials since a low order representation of the interface can
slow the convergence of the method when jumps are considered [25]. To illustrate this
point, we compare different values of r in the right panel of Fig. 8 for k£ = 3. We see
that for r small, we do not have optimal convergence of the error. Indeed some geometric
error is introduced by the linear piecewise representation of the interface. This error is
lowered when choosing r larger. A more efficient technique could be the use of a higher
order representation of the immersed interface like in [29].
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Figure 7: Flower-like interface. Left: shape of the interface (h = 1/16). Right: Cell
component of the discrete solution at the quadrature nodes (h = 1/16, k = 0).

5.3 Square interface problem: condition number

As a final numerical experiment, we evaluate the condition number cond(K) := % of
the stiffness matrix K, where Apax and Ay, are respectively the maximum and minimum
eigenvalues of K which are computed with the use of the Spectra library?. The stiffness
matrix considered is the one that we use to solve the linear system, i.e. we use static
condensation. We consider k1 = kg = 1.

We consider the square interface defined by the level-set function ®g(x,y) := max(z —
0.5,y — 0.5) — (0.25 + a) with parameter a € (0,0.1), see Fig. 9. When a — 0, this
configuration maximizes the number of badly cut cells (and the number of small subfaces).
We consider a fixed unfitted 64 x 64 square mesh. Even if we agglomerate some mesh cells,
there are small cut faces since there is no agglomerations of faces (the faces are unchanged
during the agglomeration procedure, except for the ones that are withdrawn). For instance,
the large square around the corner is an octogone (and not a square) since it has eight
faces (see Fig. 9). In a similar way, the agglomerated cells along the interface are hexagons,
not rectangles. In this configuration, for a small enough, a corresponds to the length of
the smallest subface, and our goal is to explore the behavior of the condition number of
the stiffness matrix when a — 0.

The results are reported in Fig. 10. The right panel shows that the condition number
does not diverge when a — 0, even if some faces are cut with very tiny subsets. We think
that the scaling of the face basis functions associated with a subcell F*, i € {1,2}, by
|F*|~1/2 tames the potential ill-conditioning of the matrix due to the small-cut faces. The
left panel in Fig. 10 presents the evolution of the condition number as a function of h.
When h — 0, the condition number grows like O(h~2) which is the usual rate for second-
order elliptic differential operators. Moreover, the condition number remains reasonable
when k increases. This result is different from the one reported for catFEM in [33], where

%see https://spectralib.org/
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Figure 8: Flower-like interface. Left: Convergence for different values of k (r = 10). Right:
Convergence for different values of r (k = 3).

Figure 9: Square interface (h = 1/16). Left: full mesh. Right: zoom around the left top
corner.

strong growth of the condition number with increasing polynomial degree was observed.
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