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Abstract

This work analyzes a high order unfitted hybridizable discontinuous Galerkin (HDG) method for the
Helmholtz equation in a non-polyhedral domain ) with first order absorbing boundary condition.
The HDG method is posed in a polyhedral subdomain §2;, whose boundary is at a distance § from
the boundary of 2. The absorbing boundary data is properly transferred from 99 to 92, in such
a way that the method achieves high order accuracy. We first derive a stability analysis and then
obtain the corresponding a priori error estimates, with the explicit dependence on the wavenumber
K, the meshsize h, the distance between the boundaries  and the stabilization parameter of the
method. Finally, the theoretical rates of convergence are supported by numerical experiments.

1 Introduction.

For a given source term f € L?*(Q) and a prescribed boundary data g € H'/2(I'), we consider the
problem of seeking (u, q) which satisfies the following Helmholtz equation in mixed form, defined in a
non-polyhedral domain Q € R? (d = 2,3) with compact Lipschitz boundary T':

g+Vu=0 1in Q, (1a)
V-gq—r*u=f in Q (1b)
—qg-nr+iku=g on I :=09Q, (1c)

where nr, ¢ = v/—1 and k£ > 0 denote the unit outward normal vector, the imaginary unit and
the wavenumber, respectively. Since we are interested in analyzing the case of a large wavenumber,
without loss of generality, we consider x > 1.

There is a vast literature on the characterization and approximation of the solutions of the Helmholtz
problem in two or three dimensions and it is widely known that the problems with large wavenumbers
have highly oscillatory solutions [1] and therefore the system of equations could be ill-conditioned
or difficult to solve numerically. In particular, one of the most attractive numerical scheme is the
discontinuous Galerkin (DG) method, due to its flexibility of choosing different polynomial degrees



on each local approximation space and also meshes with hanging nodes. However, DG methods
yield to a very large linear system to solve, which in the case of Helmholtz equations is the main
drawback for high wavenumbers. With the aim to circumvent this difficulty, hybridization of DG
method were proposed by [4]. Since then, a wide variety of equations have been solved numerically
by using hybridizable discontinuous Galerkin (HDG) schemes. The HDG method does not present
the disadvantage of nodal duplication along the inter-element boundaries since its globally coupled
unknowns are single-valued numerical traces defined on the element boundaries. Moreover, it can be
efficiently implemented by employing static condensation and parallelization.

The first h-version analysis of an HDG method for the Helmholtz equation was provided in [16]
for a Dirichlet boundary value problem posed on a polyhedral Lipschitz domain where, considering
the projection-based error analysis of HDG methods [5] and a duality argument, the authors proved
optimal convergence rates for all the variables under the constraint xh sufficiently small, and con-
stants which depend implicitly on the wavenumber. On the other hand, also considering a first order
absorbing boundary condition and a star-shaped domain respect to a point, the authors in [3] proved
that the HDG scheme is stable without any mesh constraint. Recently, for the linear case, [32] showed
optimal error estimates under the condition x3h? small enough. In all these HDG methods, the choice
of a complex-valued stabilization parameter plays a key role in controlling the pollution error, as can
be seen in the dispersion analysis performed in [15].

All the aforementioned methods are for polyhedral domains and, for that reason, the focus of our
work is to deal with a high order approximation on domains having a curved boundary. In general,
it is possible to distinguish in the literature two different approaches to deal with non-polygonal
domains: fitted and unfitted methods. In both cases, since the boundary condition is prescribed
in I', the challenge is determining how to impose a proper boundary data on I';, and preserve high
order accuracy. For a complete discussion about both families of methods, we refer the reader to
[9, 11, 21, 23, 22] and the references therein. Briefly speaking, in the first approach the computational
boundary I', somehow "fits" or resolves the original boundary I' with certain degree of accuracy. For
instance, when the solution is approximated by piecewise linear functions, I';, can be constructed
by means of piecewise linear interpolation of I'. For high order polynomial degree approximation,
isoparametric finite element methods [20] or isogeometric analysis [18] can be used. In the second
approach, the computational boundary I' does not necessarily fit I', as in the immerse boundary
method [24]. Tt is usually based on background meshes that facilitates its implementation in complex
geometries. However, the main drawback of these types of methods is their low order approximation,
due to the fact that I'j, is "far" from I'. During the last decade, several contributions have been made
with the aim to combine the flexibility in the mesh construction of unfitted methods with a high order
approximation. For instance, the authors in [7, 9, 11] proposed and analyzed a novel technique, which
consists of transferring the boundary data from I' to I', by integrating a local extrapolation of the
gradient approximation. Even though this idea does not depend on the Galerkin method employed, as
long as the gradient of the solution is one of the unknowns, it has been applied mainly in the context
of HDG methods [21, 25, 27, 28, 29, 30, 31] and also in mixed finite element methods [22, 23].

The main purpose of this work is to propose an HDG method for (1) posed in a curved domain
Q) that is approximated by a polyhedral computational domain. The boundary condition (1c) is
properly transferred to the computational boundary in such a way that the method acquires high
order precision. To that end, we generalize the transferring technique in [10, 11], originally developed
for Dirichlet boundary data, for the boundary condition (1c). Although the purpose of this work
consists of quantifying the effect of the wavenumber on the accuracy of the approximation on the
curved domain, a side consequence is that the study that we will present here also allow us to deal
with a Neumann boundary data. We would like to point out that the authors in [25] proposed a way



to handle Neumann boundary conditions by using a method that requires the distance between I'y,
and I to be of order of the square of the meshsize, but they did not include any error analysis. In this
way, one of the side contribution of our work is to provide an improvement of the technique in [25]
and the corresponding theoretical framework.

We provide the stability and error analysis of our scheme by considering an energy argument to
deduce a Garding type identity and a duality argument to bound the L?-norm of the approximation of
the scalar unknown. We will show that the stability of the scheme holds for a meshsize h such that hx
is sufficiently small. The deduced error estimates allow us to affirm that the method achieves optimal
convergence rates for both unknowns. In other words, we carry out a study that extends the known
a priori error analysis for the Helmholtz equation, to the case where the domain is non-polyhedral
and the boundary data is transferred through local extrapolations. We also establish, explicitly, the
influence of the wavenumber and meshsize on the closeness conditions between the computational
boundary I'y, and the true boundary I' that must be satisfied in order to ensure the stability and
convergence of the method.

The remainder of the paper is organized as follows. In Section 2 we introduce notation and the
concept of admissible subdomains and triangulations. Then, we present in Section 3 the unfitted HDG
scheme and its stability analysis is shown in Section 4. In Section 5 we carry out the corresponding
error analysis. In the last section the performance of the method is illustrated by means of numerical
simulations. Finally, we end with conclusion and a discussion.

2 Notation and computational domain.

This section is devoted to recall standard notation regarding HDG methods and introduce the ter-
minology related to the unfitted method. Even though most of the notation and definitions are
nowadays somehow standard in this type of methods and they have been introduced in several works
[9, 21, 26, 27], we state them here in order to make this manuscript self-contained.

Families of admissible subdomains and admissible triangulations. We say {Q;} >0 is a
family of admissible subdomains if it satisfies the following five conditions. For each J > 0, (1)
Qy C Q is simply connected, (2) Iy := 0€ is a polygon with unit normal n; pointing outwards €2;
and (3) there exists a bijection ¢y : I'y — I'. Moreover, for every 6 > 0 there are infinite many indices
J satisfying that (4) dist(T';,T) < 6 and (5) ||[nr — ny o ¢ leor < Crd®, for some non-negative
constants Cr and a. We observe that the first four conditions ensure that the family of admissible
subdomains will exhaust 2, whereas the last one establishes that the normal vectors of the subdomains
uniformly aligns with the normal of 2 when § aproaches zero. On the other hand, let us note that if
the first condition is removed, the subdomains will still exhaust €2, but we will keep it for the sake of
clarity of the explanations.

Let {Q;}=0 be a family of admissible subdomains and § > 0. We say that {7;°}s~0 is a family of
stmplicial 0-admissible triangulations if, for each h > 0, T}, satisfies the following conditions: (1) it is
a triangulation for at least one admissible subdomain €27, (2) it is a shape-regular tetrahedrization of
Q) i.e., there exists v > 0 such that for all elements K € Ty, hx/px <y, where hg is the diameter of

K and pg is the diameter of the largest ball contained in K, (3) the meshsize h := max hx satisfies
€/h

0 < Ch for some non-negative constant C; and (4) for each facet e, |e| is proportional to |¢p(e)|, where
| - | denotes the Lebesgue measure. For the aforementioned admissible subdomain €27 in condition (1),
we set (1, ; as the union of elements K ¢ 77{5, which will be referred as computational domain. For
the sake of simplicity of notation we write €2, I'y, and nr, instead of €, 7, I'; and mn;, respectively.



Similarly, the bijection ¢; will be just denoted by ¢. From now on, we will drop the upper index ¢ and
consider always a family of §-admissible triangulation {75, }1~0. We also set 97, := {0K : K € T;,} and
En = Er U &, where &5 and &r denote the interior and boundary facets, respectively. Furthermore,
he will represent the diameter of a given face e € &, and for every element K, we will denote by nx
the outward unit normal vector to K, writing n instead of nx when there is no confusion.

Remark 1. If Q is convex, we can construct a polyhedral domain Qp, such that its boundary 'y, is
the piecewise linear interpolation of T'. In this case, Q, is an admissible subdomain with § = O(h?)
and o = 1/2. Moreover, any simplicial triangulation of Qy, is 0-admissible. On the other hand, this
property also holds for a non-convex domain since the condition  C ) is not essential, see Remark

3.2 in [22].

Spaces and norms. Given an element K and a non-negative integer k, Px(K) and Px(e) denote
the spaces of polynomials of total degree at most k on K and on e, respectively. We also define
P.(K) := [Px(K)]?. On the other hand, given a region D C R%, we denote by (-,-)p and (-,-)ap
the L2(D) and L2(0D) complex inner products, respectively. The L?-norms over D and 9D will be
denoted by || - ||p and || - ||gp. We use the standard notation for Sobolev spaces and their associated
norms and seminorms, where vector-valued functions and their corresponding spaces are denoted in

bold face.

In addition, given a triangulation 73, we introduce the following finite dimensional spaces of piece-
wise polynomials
V) = {v e L}(T) : v|x € Pr(K), V K € Tp},
Wy, == {w € L*(Tp) : w|g € Pp(K), ¥V K € Tp.},
My, = {pu € L2(&,) : ple € Pr(e), Ve €&},

and the inner products (-, ‘)7% = Z () (odom, == Z (-, Yor with their corresponding norms
KeTy KeTy,

1/2 1/2 1/2
[l = | D2 1 : [ llom = D2 1+ 130 and |[-llp, = DO 0-12) -
TETh T€Th e€ér

Transferring paths and extension patch. Let us consider the mapping ¢ : ', — I' and, for each
point « € I'y, we write T = ¢(x) € I'. We denote by o(x) the segment starting at  and ending
at @, with unit tangent vector ¢(x) and length [(x) := |o(x)|. The segment o(x) is referred as the
transferring paths associated to  and it is assumed to satisfy two conditions: it does not intersect the
interior of another segment and its length |o(x)| is of order at most ¢.

For e € &r, we define the extension patch as
K, ={z+st(x):0<s<l(z),x € e}

Since the HDG solution will be computed in the computational domain €2, this extension patch will
be used to “extend” the solution to the entire domain 2.

Now, for a smooth enough p, let us introduce the norm |||-|| .,

I(z) 1/2
llplle == (/6/0 Ip(x + st(x))|* ds dSw) ; (2)

4



&p¢)-norm. For instance, in two dimensions,
let u and v be the vertices of the edge e, and for w € {u, v}, we set m* := t(w)/|t(w)] if t(w) # 0 and
m" := n., otherwise. Therefore, a point & on e can be represented as x(0) = u+6(v—u) for 6 € [0, 1]
and the tangent vector of the path associated to @ can be written as m(0) := m" + 6(m¥ — m*).
Moreover, the normalized tangent vector can be written as m(6) := m(6)/|m(0)| if m(0) # 0; and
m(0) = n., otherwise. We recall Lemma 3.4 in [22]:

which, under certain conditions, is equivalent to the L?(K¢

Lemma 2. Let p € L2(K¢

ct)- In addition, let us consider the following conditions:

(i) m*-p¥” >0,

(ii) there exists constant B, independent of h, such that m(0) - ne > B, > 0 for all € [0,1] ; and
(i) m* - (m¥)*+ > 0.
If (i) holds, then there exists C§ > 0 such that

Ipllxe,, < Csllipll- (3)

ext —

Moreover, if (ii) and (iii) hold, then there exists C§ > 0 such that

Cilipllle < [plxe,,- (4)
We point out that, if m* is parallel to m?, then |[p[|, = ||p|lxe,, and conditions (7)-(i4i) are not
required. In three dimensions a similar result holds, according to Lemma A.1 in [23].

Extrapolation operator. The region enclosed by 2 and 2 will be denoted by €2f. Since Qf is
not meshed, the HDG approximation of the flux q will be locally extrapolated, on each extension
patch, from the computational domain € to €f. More precisely, let e € & and the element K.
where e belongs. Let p|k, : Pr(K.) — R be a vector-valued polynomial function. We will define its

e

extrapolation to K¢, as

En(p)(y)|ke

ext

=plk.(y) VyeKS,. (5)

Note that the extended function Ep,(p)(y)|xke,, is a vector-valued polynomial function whose support
includes €2f. Each element K will have its own extended function. If there is no confusion, we just
write vy, instead of Ep(vp,).

On the other hand, we will denote by hZ (resp. &) the largest distance between a point of K, (resp.

K¢,,) and the plane determined by the facet e. We define
= (007202 sp el 0
vnePy(Ke) |1Vnllo,x
’Uh750

e

where, the constant Cf¢,, is independent of the meshsize h, but depends on the shape-regularity

constant v and on the polynomial degree; see Appendix in [22]. Finally, we note that § > max de.
ecér



3 The numerical method.

3.1 The equations in €,.

We consider a computational domain €, and a d-admissible triangulation 7. Then, by restricting (1)
to Qy,, we write

gq+Vu=0 in Qp, (7a)
V-q—rKu=f in Q, (7b)
—q-np, +iku=¢ on Iy :=0Q, (7c)

where ¢ is a boundary data that we need to specify and nr, is the unit outward normal vector of the
domain €. In the context of pure diffusion problems, a way to determine ¢ was proposed for one
dimension in [7] and then extended to higher dimensions by [11]. The method consists of transferring
the data from I" to I'j, along the transferring paths. Let @ € 'y, and T := ¢(x) € I'. After integrating
(1a) along the segment connecting « and Z, we have

(@)
(@) = u(®) + /0 ) @+ t@)s) - tw) ds,

which, according with (1c), is equivalent to

I(x)
i ku(@) = q - ne(@) + () +m/0 a(z + t(z)s) - t(z) ds. (8)

Finally, arranging terms based on ¢ given in (7¢), we obtain

I(x)
p(x) =q-nr(T) —q-np,(x) +g(T) +i H/O q(x +t(x)s) - t(x)ds. 9)

In other words, we have obtained an identity that relates the Robin boundary data ¢ on I'y, with
the gradient of the solution g and the data g on I'.

3.2 The HDG method.

The HDG scheme associated to (7) seeks (qy,, up, Up) € Vi, x Wj, x M}, an approximation of (g, u, ulg, )
in Qp, such that
(@n,v)5, — (up, V-v)75, + (Up, v -n)or, =0,
~(an, Vw)r, + (@, - 7, w)om, — &% (un, wn)7, = (f,0)7;,
(@ -, a1, =0,
(=@, - mry, + ik, )1, = (Phs )T,
for all (v, w, ) € Vi, x Wy, x My, Here,
g, -n:=qp, n+ir(uy—1up) on 7T, (10e)
for T being a positive stabilization function such that 7,,;, := min 7. and 7,4, := max 7.. Furthermore,

ecéy e€&p
the approximate boundary condition motivated by (9), is given by

I(x)
en(e) = qp, - no(T) — g, - np, (¢) + 9(T) +i 'f/o ap(x + t(z)s) - t(z) ds, (10f)

where we point out that g, is being evaluated outside of the computational domain €2;, and is under-
stood as the extrapolation defined in (5).



3.3 Reconstruction on (2.

The HDG scheme (10) provides an approximation of the solution in the computational domain €.
With the aim to complete the approximation of g and u in €2, in this section we will explain how an
approximation in 2 can be calculated.

First of all, for the approximation of g outside €2, we use the extrapolation operator defined in (5).
On the other hand, based on (8) we propose the following approximation of u in €2f. For any point

y € K&, there is a transferring paths o(x) starting at € I';, and ending at T = ¢(x) € I, so that

extr

we can write y = x + (n/l(x))(Z — x) for some 7 € [0,l(x)]. Then, we set

-yl
unly) o= =i~ (@ ne@) +9@) + [ anly+ ) Uy ds, (1)

with 7 := and t(y) := (¥ —y)/[y — y|.

4 Stability analysis.

In this section we provide a stability analysis by employing an energy argument to deduce first a
Géarding type identity and then we derive a bound for the L?-norm of the scalar approximation,
based on a duality argument. We begin by introducing preliminary results that will be used through
the analysis. With these tools at our disposal, we will move forward to the main results of this
work, namely, the aforementioned stability analysis and the a priori error analysis. To that end,
and in order to employ the stability estimates to prove well-posedness and also to deduce the error
bounds, we generalize the right hand sides in (10a) and (10d), by adding the sources G' € L%(;,) and
Gy € L2(I'y,), as follows:

(@n,v)7, — (up, V-v)7, + (Up, v - n)o7, = (G,v)7;,, (12a)
and
(=@ - n+ixtp, p)r, = (on, 1)1, +(Go, 1)1y, (12b)
Since G is equal to zero in the original equation (10a) and will be equal to the error of the projection
in Section 5, we consider G to be orthogonal to piecewise polynomials of degree k — 1.
4.1 Preliminaries.

Projectors. First, let us characterize a projector commonly used in the analysis of HDG methods
for elliptic problems (cf. [6, 8]),

I, : H(div,Ty) x HY(T;) = V), x W},
(v,u) — (v, u) := (Ilyv, [yu),

which, for a given K € Tj, and a non-negative stabilization parameter 7, uniquely solves

(va,z)K = (’U,Z)K, Vz € Pk_l(K)
(M u, w) g = (u, w) K, Vw € Prp_1(K) (13)
(Ilyv - nr, + it wu, p)e = (v -nr, +itu, p)e,Yu € Pr(e) Ve C 0K.



Moreover, since we are working with complex-valued functions, it is convenient to define the following
projection operator,

IT; : H(div,Ty) x HY(T,) = V), x W),
(v,u) = 1T}, (v, u) := (Il v, [yu),

which, for a given K € Tj, and a non-negative stabilization parameter 7, uniquely solves

(Iyv, 2)k = (v, 2)k, Vz € Py i (K)
(IGyu, w)k = (u,w)k, Vw € Prp_1(K) (14)
(IIyv - np, —itIpu, p)e = (V- np, —iTu, W)e, Vi € Pi(e) Ve C OK.

This additional projector will be useful during the developing of the duality argument that will lead
us to obtain a stability estimate for the scalar unknown, as it will be seen in Section 4.3.

Furthermore, if (v,u) € H+1(K) x H»t1(K), with 1,1, € [0, k], it holds

Iy — vllx < A ol + At rluli, e, (15a)

IMhwu — ull ke S B uli s, + BT TV -0, g (15b)

We highlight that the approximation properties (15) are also satisfied by (IIj,v, IIju). In addition,
we will use the L%-projection Py, : L%(&,) — M), and recall its approximation property:

Prr,p = plle S hé"ﬂ/z lpl1, 41,5,

for all p € H'»*(K) with I, € [0, k].
Here, we have made use of the notation A < B to indicate that there exists a constant C' > 0,

independent of the meshsize and wavenumber, such that A < C'B. From now on, C' will denote a
positive constant independent of h and k, which might take different values along the manuscript.

On the other hand, in order to obtain the error estimates on ¢, we also need the approximation
properties of the extrapolation of the HDG projectors in the following lemma.

Lemma 3. Let v € H™(Q). There holds,
o — Iyolla; S(1+82h Y20 o] g g + 62072 o — Tywllo,  (16a)
and
IV (v = Iy o)log S+ 6Y2R 20" 0] gmss ) + 8202 |lo — Ty ollg, - (16b)

Proof. To deduce the estimates we follow the same steps as in the proof of Lemma 3.8 of [9], but
adapted to our context. Specifically, in our case we employ the norm |||, and keep track the depen-
dence on 4.

Let us first introduce the extension operator E : H™(Q) — H™(RY), for all m € Z7, such
that E(p)|q = p, for all p € H™(Q) and

IEP) et gay S ol zrmer (o) (17)

Then, for a given e € &, we define B, as the ball with center ¢ in the middle point of e, such that
K&, UK, C B.. We denote by T7'(E(p)) the Taylor polynomial of degree m of the function E(p)

xT



around zB¢. Let v € H™(Q) and denote I’ := v — IIyv. Then, by using the triangule inequality,
(3) and (6), we have
17| xce

ext —

<llv = TT(E())llxe,, + C5Cende > (he) ™| T (E(w)) — My vl k..,

ext

from which, after adding and subtracting v in the second term and making use of the approximation
properties of the Taylor polynomial ([2], Section 4.1), we obtain

17 e

IA

(L+(CH) 71 O5CE0: (he) ) lo = TT(E ()| ke, + C5Ce0e ()™ 2|17 .,

ext f ext ext ext
<(1+(CF) ' C5CE0L () )| E(v) — TT(E())|| B, + C5Ce6* (he) ™ 2| 1|,
S+ (CH) T C5C8 0 (he) TR E (v) | gpmen ) + C5Ce 8¢ (he) ™21V k..

The result follows by (17), recalling that he < h}: and summing over all e € Er.

On the other hand, by similar arguments and employing the inverse inequality, we conclude that
IV(v = Ty o) | ke, SIVY = VI(E ()| ke, + C5Ce:02 (he) ™ PR IT (B (v)) - Ty ol -
Even more, by the approximation properties of the Taylor polynomial and (17),

V(v = yo)lxe,, SKE @) gmsi(p,) + C5C80 2 (he )™ 2| T (E(v)) — vl

)
+ C5CE0: " (h) P17k,

ext

SH™E(v)| g,y + C5Ce0: > (hy )| T (E(v) — E(v) ||,

ext

+ C5CE0: " (he) P17

ext

which implies (16b). O

Discrete trace inequality on an extension patch. In the following result, we establish a relation
between the norms || - [, and || - [|xe ,, for functions defined in the extension patch associated to e.

Lemma 4. If K¢, is the corresponding extension patch of e and I'. = ¢(e), then there exist positive

constants C’ffe and Cr,, independent of the meshsize, such that

6 lIpllr. < CE. lIpllxce Vp € Pr(Ky) (18)

ext

and
1/2
52 vllr, < Cr, (Ivllke, + 0l Volke,,) Yo € H'(KS,). (19)

Proof. Let us assume 6§, > 0. If not, both inequalities trivially hold true. Proceeding by a scaling
argument, we define K¢, == {y : ¥y = y/de,y € Ky}, DY) = p(y/de) and I'c the part of the
boundary of K¢, that has been mapped from I'.. By the trace inequality in the reference patch K¢

exr ext
we have, for all p € P(KE,,;), that

ext
IpIE, S Il IPIE, S el 1B1% < Il 1Kl ™ Pl

¢.t|. The second inequality is
obtained by a similar argument, but using the continuous trace inequality on the reference element. [

The result in (18) follows by noticing that |I'¢|d. is proportional to | K¢



Estimates on extrapolated functions. The following estimates will be helpful when we employ
a duality argument in the forthcoming analysis (cf. Section 4.3).

Lemma 5. If ¢ € H*>(Q) and ¢ := —V, it holds
172 = o @) + 12 (@0 d) - nlln, S 6 19120,
172 = o @)lr, 62 1]l (o)-
If o € HY(Q), then
11720 — @0 @) - mllr, S loolm o
Let e € &, T'e = ¢p(e) and K. the element where e belongs. If p € Pr(K.), then
lp = poBlle S Cent e he* |Ipllx.

Proof. The result follows by adapting the arguments in the proof of Lemma 1 of [21] to our context. [

4.2 Energy estimate.
We begin by showing the following Garding-type identity.
Lemma 6. The solution of (10), (g}, up,Un) € Vi, x Wy, x My, satisfies

lanllF, — w2 llunlF, = illT"> (un = @) 137, —iwlanl?,

_ (20)
= <uh7 wn + G@>Fh + (G7 qh)Th + (Uh, f)Th

Proof. After defining v := q;, in (12a), w := uy, in the conjugate of (10b), integrating by parts and
adding the resulting expressions, we obtain

lanll%, = K2llunlF, + (un = @n, @n -1 — @y - Yo, + (@n, @y - Mo, = (G, an)7, + (un, 7. (21)
Taking into account (12b), we deduce that
<aha ah : n>6771 = <ahv ah ) n>Fh = _<ahv Ph+ G3>Fh - "”v||17h||12“h
Then, by substituting the above expression in (21) and using (10e), (20) follows. O

In the right hand side of (20) we observe not only the presence of the unknowns gqy,, uj and 4y, but
also on the transferred boundary data ¢p. The former can be treated by using the Cauchy-Schwarz
inequality and the information on the left hand side(20), whereas for the latter we need the following
result.

Lemma 7. Let e € Er. There holds,

1
lenl2 < < (Csmnllanl, + lgllR, ) (22)
where
3(1 1 _
o = mae (e 20202 (5 + w2902 ) + 5 (CHCH CEolCPy 152 (23
T
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Proof. Let us note that, from (10f),

(@) 1/2
len(@)| < lgy, - nr(®) — g, - nr, ()] + [g(@)| + Kl(2)'/? </0 an(x + t(w)8)|2d8> :
and, given e € & and « € e, we have

(24)

1 1 1 2
[len@Pd < 3 [lan-ne@ — g nr, @iz + 5 [ lo@) e+ 50?172,
e 3 e 3 e 3
by the definition in (2).
Since ¢ is bijective, from (24) and (6), we obtain
2 1 o 1 o 1 26, 2
lenlle < 5ll(an - nr) o d —qp-nr,lle + Sllg o @l + gr70cllanlle
1 . ~
< 3l(@n-nr)od — gy mr,llE + *Hg o |2 + ff 2(Ceu) 02 () lanll.

from which, after adding and subtracting q;, - nr,, it follows that

1
+ EH((Ih ‘np)od — (q;-nr,) 0 @2

*HgO¢HQ+ 2K (Ceu) 02 (he) " Hanllk,

1
”SOhHg < 6”(% : th) © ¢ —d4qp - th”i

and by Lemma 5,

_ 1
lonll? < (Ceext)252h 3||qh||%<e +5llan-nr)od —(gqy-nr,)o ¢|? 25)

*Hgocher 22 (Cea) 02 (he ) lanll. -

Since I'e = ¢(e), (25) can be rewritten as

_ 1 _
lnll2 *(Cixt)25§he3thH?(e + gllan - (nr —nn)lE, + HgHre K205, (h) Hanll%,

3

_ 1 1
§6( eext)QéghegHQhH%(e+6th”%eHnF th”oore §|’9”Fe+§/‘52( )?0e(h)™ 1||qhHKe

v—l@

and by considering that 7 is an admissible triangulation, we have that

1 (0% e -
SRRl + 5ol + 3R (CE) )

Now, by the discrete trace inequality (18), (3), (5) and (6), we obtain

lonll? _6(C§m) hellanll, +

1y —
lanlir. < CE6 P lapllke,, < CSCES. P layll, < CLuCSCE (W)™ lay k.-
Finally, the last two inequalities and the fact that h. < yhZ, imply (22). O

From the Garding-type identity (20) and the bound for ¢y, in (7), we can observe that a smallness
assumption on Cs ., will be required:

3
Al ,Q Lo =
(A1) Cspnk™ 500"

11



Remark 8. This assumption provides a condition that relates the distance § between 'y, and I' with
the meshsize h and wavenumber k. For instance, in virtue of Remark 1, if « = 1/2 and ¢ is of order
h?, by performing some calculations we observe that (A.1) holds true if hx~'(1 + k2h?) is sufficiently
small. In particular, this is true when hxk < 1. On the other hand, in the case of Q2 being polyhedral,
we mean ) = Qp,, 6 would be zero and therefore Cs . p, too.

We now employ the Garding identity in order to obtain estimates for qy,, 7'/2(uj, — 4y,) and @, in
terms of the source terms and scalar unknown wy. The latter ones will be controlled afterwards by a
duality argument.

It is convenient to define the following quantity related to the sources of the problem:
S(f,9:G,Ga,r) == &7°| fIIF, + &gt + |GIIF, +~Gall?,. (26)

Since we are interested in analyzing the case of large wavenumbers, for x > 1 we notice that
S(fvganGav’%) < S(fvva7G871)'

Lemma 9. Let us assume (A.1) holds. There exist positive constants C and Ca, independent of h,
Kk and § such that the solution (qy,,up,un) € Vi, x Wy, x My, of (10) satisfies

6
lanll7, < g/vaHUhHQTh +C15(f,9,G,Go, k) (27a)

and
1/2 ~ )12 Kis 12 K2 2
177 Cun = an)llor, + S lanlit, < 55llunll, + C25(f, 9, G, Go, k). (27b)
Proof. Taking real part in (20) and using Young’s inequality, we deduce that

199 1 K1 Ky -
solanlB < 62 (1 55 ) lunlB + 55 on + Goll, + 51l + 501G, + 321115,

and combining this inequality with the estimate in (22), it follows

199 1 1 2 213 2 -1 2 2
(sop — 3™ ) laully < alunll, + 51l + 50115

oz LK 2 L R e
+ 3K HfHTh+?H9HF;L+§HU}LHF;L’
Then, by Assumption (A.1), Cg,mvhm_l < 3/200; and definition (26), we have

99 13K2 K, .
ﬁ”%”% < ﬁ”uhH% + §HuhH12“h +505(f,9,G, Gy, k). (28)

On the other hand, considering the imaginary part in (20) and Young’s inequality with parameters
eo > 0 and €4 > 0 at our disposal; and the estimate (22), we obtain

-1
~ K~ €9 K 1 €4 1
1712 (un — @n)I37, + §HuhH12“h §§”“h”2ﬁ + 5 llen + Gollf, + 2T4HGH2T,L + 5”%”% + ZHJCH%L

-1
€2 _ €4 K
<—llunllz, + = IGallf, + (2 +— Ca,n,h> gl
-1
K 2 1 2 1 2
— —||G — , 29
+ S lglR + 5 IGI5, + 511, (29)

12



from which, by taking eo = x2/6, ¢4 = 4/225 and noticing that 057,.€,h/£_1 < 3/200 < 6/225, by
Assumption (A.1), we deduce that there exists C' > 0, independent of h and &, such that

2
~ Ko~ K 4
172 (un — @) 137, + 5 1@nlI2, < SllunlF; + 55z l9all7 + CS(f 9, G, G, 5).
2 12 225
Then, by using this expression to bound the second term in (28), we conclude (27a).
Now, if we choose g = k2/25, ¢4 = 1/25 in (29), we have

R_l

2
o~ K o~ K - —1 —_—
I/ = @), + S, <55 lunlly, + w7 IGolR, + <50 +5 ca,n,h> lanl;

k1 25 25 _
+ THQH% + ?HGH%L + o ZHngrh,

which implies (27b), according with the bounds given in (27a) and Assumption (A.1). O

4.3 Duality argument.

In this section we will employ a duality argument in order to bound ||up||7;,. We consider that, given
O € L%(Q), the solution to the auxiliary problem

®+Vy=0 inQ, (30a)
V- ®—k*=0 inQ, (30b)
—® -np—iky =0 onl, (30¢)
satisfies the regularity estimate
KWHB(Q) + [ g ) + K71’¢’H2(Q) < Cregll®]l 0, (31)

where C.¢4 is independent of k. This estimate holds true, for example, in the case of smooth star-

shaped domains [14, 17]. In addition, since the auxiliary problem is posed in © and the HDG sheme

is defined in §2j,, we consider the following smallness assumptions that relates the regularity constant

Creg With the meshsize h, distance ¢ and wavenumber x:

(D.1) Dy Cregh®(h+7,,1,) < 3, where Dy > 0 is a constant, independent of h and &, that appears in
the proof of Corollary 11.1.

(D.2) DoC2yk? (h2(1+ h272

reg max

)+ Csen + (5min{1’2a}) < 1/2, where Dy > 0 is a constant, independent
of h and k, that will appear in the proof of Theorem 13.

We observe that Assumption (D.1) is satisfied for h small enough, whereas (D.2) is fulfilled, for
instance, when o = 1/2 and § is of order h?, as it was mentioned in Remark 8.

Now, an important observation regarding the auxiliary problem, is the fact that the equation (30c)
is posed in the boundary I'. However, as it will be seen in Lemma 11, we will need to deal with terms
in I'j,. Hence, we present the following result that provides a bound of —® - nr, —iky on I', in terms
of the local closeness parameter J. and ©.

Proposition 10. Let g := —® - nr, —iky on I'y. It holds,

Iellt, < 3C7,max ((1+4%)5. + CR3) [O]}3. (32)
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Proof. Let e € & and x € e with its corresponding © € I'. The same argument employed to obtain
(9) yields, after adding and subtracting ®(x) - np(¥),

I(x)
vo(x) =® nr(®) — ®(x) nr(@) + ®(x) nr(®) — @ -nr,(z)+1 H/o ®(x +t(x)s) - t(x)ds.
Then,

leellt, <31®o0¢— @I, +3(®[F, Inr —nr, |2 r, + 35

ecér

Now, by (31) and considering the fact that 7, is an admissible triangulation, we obtain

2 2 2 2 2 2 2 2 2
HSO@HFh <3 ”(I) o ¢ - (I)Hl"h + 3Creg ||9||Q re%%'i{ Cl" 5ea + 3Creg K gélas,i{&e ||®||Q7

where we have used the fact that for « € e, l[(x) < de.
Finally, by Lemma 1 in [21], we have that ||® o ¢ — @[]} < dc ]<I'|H1(Q and the result follows. O

Lemma 11. Let (®,v) € H(div,Q) x H(Q) and (q,,,un,Up) € Vi x Wy, x My, be the solutions of
(30) and (10), respectively. If k > 1, for any Vi1 € Pr—1(Tx) and any ®r_1 € Pr_1(Ty), there holds
(un, ©)7;, = (qn, Ty ® — ®)7;, + (up, *(Wytp — )75, — (G, 1@ — @4 1)7,

33
+ (f, 10y — k1) 75 + (f, ¥%—1)7, — (U, o)1, + (0n + Ga, Pu, ), (33)

Proof. First let us test (30b) with wuj, and after using integration by parts, the orthogonality of II}
and (12a) with v = IIj,®, we obtain
(Um@)Th = (un, V- @)7;, — (un, K°9P)7;
~(Vup, ®)7, + (un, ® - mr, ) o7, — (un, K°9) 7,
—(Vuh,HVQ)T + (up, ® - nr, o, — (un, k%) T, (34)
= (up, V- Iy ®)7;, — (up, (IIy @ — @) - mor, ) o7, — (un, 697,
= (g5, Iy ®)7;, — (G, Iy, ®@)7;, + (U, Iy @ - nr, ) o7, — (un, (@ — @) - np o7,
— (un, k)7,

Now, by using (10b), (30a) and integration by parts, we have

—(un, K2P) 7, = —(up, KLy Y) 7, — (up, 67 (¢ — )7,
= (gn, VIGy )7, — (@ - ey, Wy )ar, + (F )7, — (un, £°(¢ — Tpe)) 7,
—(Vqp, Iy Y) 7, — (@ — q1) - oy, Wiy )ar, + (F, M) 7,
= (un, £ (% = Iy)) 7,
—(V-aqp, )7 — (@, — i) - e, Ty or, + (F Iy )7, — (un, 67 (¢ — Ip)) 7,
= (qp, V)7, =@y, - vy V)om, — ((@n — qn) - nory, Wiy )er, + (f, )7,
— (un, (¢ — Iy )7,
(a1 ®)7, — (@n - vy, V)or, + (@ — qn) - 1y, ¥ — Wypb)om, + (f, )7,
— (up, & (¢ — )7,
—(qn, )7, <Qh nr,, Y)r, + (@7 (un — Up), v — Wyd)ar, + (f, Iy Y) 7,
— (un, (¢ — Iy )75, -
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Moreover, since (up, Iy, ® - nr, Yo7, = (Un, (I3, — @) - nr, ) o7, + (Un, Y - 11, )1, , SUbstituting both
equalities in (34) and using (13), we obtain
(un, ©)7;, =(qp, Iy ® — )75, — (up — Up, Iy ® — @) - np, —i7(Ij Y — ¥))or,
— (un, K (¢ = )75, — (G 1y, ®) 75, + (f, )75, + (Un, @ - mry )1y, — (@, - M, )1,

By using the definition of g given in Proposition 10, we rewrite the last two terms as follows

(Up, ® -nr,)r, — (@, - nr,, V)1, = — (Un, po)1r, + (—qy - nr, + iKUK, Y)1,,

which implies (33), according with the orthogonality properties of Py, , (12b) and the fact that G is
orthogonal to functions in Py_1 (7). O

Finally, for the identity in Lemma 11, the boubd in (10) and the approximation properties of the
HDG projection, we conclude the following estimate for the L? norm of wp,:

Corollary 11.1. Let (®,v) € H(div,Q) x H(Q) and (q,,, up,dp) € Vi, x Wy, X My, the solutions of
(30) and (10), respectively. For k > 1, under the Assumption (D.1) and the regularity estimate (31),
it holds

1/2 i ~
Sllunl i S Creg s (A4 D27maw + C3L2) Nanl, + (14 m)6™n0/20 |y,

+8h(1L+ PTnae) |Gl + (ch(h+ b)) + o+ 57| f 7 + g, + 1 Gallr, ) -

Remark 12. In the particular case that f is orthogonal to piecewise polynomials of degree k — 1, the
term multiplying || f||7, becomes kh(h + 71+ h, as we will see in the proof.

min

Proof. We bound each term of the right hand side of (33) by applying Cauchy-Schwarz inequality,
(31) and (22) as follows. For the first term we employ approximation property (15a) in the context of
the projector 1I3,:

(gp, Ty @ — @) 7, | S Cregh(1 + hTinaz) ||l 7, O]l -

Similarly for the second term, but considering (15b) for IIj;, and recalling that k > 1,

|(un, £ (Y = ) 73] S Creght® (h+ 700) un 73,11 ©ll -
Then, for the third term we write

(G Ty @ — @) 1)7,| < (G, 1y @ — )7, [+ [(G, @ — Pp1)7; |
S Creghh(1 4+ hTimaz) | G|l7,[©lle + Cregrh||Gll7, [©]lo
S Creghh(1 4 ez ) |G 72, [1© ]2,
where we have taken ®;_1 to be the L?-projection of ® into the space Py_1(7;,) and used its approx-

imation properties. For the fourth and fifth term, we consider ¥_; as the L?-projection of ¢ into the
space Px_1(7r) and use its approximation properties to deduce that

|(f, Wiy — 1)1, + (fs Ye—1) 7| <IF Wy — D)7, |+ 1(F, 0 — Y1) 73| + (s Y1) 7,
S(Creghti(h+ 13 f 1175, + Creghll £117:,) 1Ol
+ 1 7 1¥ok—1ll75,
<Creg(h(h + i) + h 4+ £~ D f 17 18]l0-
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In addition, we observe that the term ( f, ¥x_1)7, would vanish if f is orthogonal to piecewise polyno-
mials of degree k—1. Since this is not the case in general, we bound |(f, ¥x—1)7.| < Cregi I £l 7,110l
For the sixth term, we use (22) and the fact that ¢» € H'(£2), in order to obtain

[(en + Go, Pr, )1, | < llon + Gollr, | P, ¥ llo,
S 1@y len + Gallr,
S Creg (Cil2llanllm + llgllr, + IGalr, ) 1©]lo.
Finally, for the last term (32) implies that
|(@ins o)1, | S Creg(1+ )8™ ™2 [y |11, (0]
up, in

0, in Q\Q
exists Dy > 0, independent of h and k, such that

Then, if we take © := { in (33) and use the above bounds, it follows that there

lunll 7, < D1Creq (R (b + Tb ) lunllzs, + KB(L+ hinaa) |G 7, + (1 + £)6™ 2020 iy o,
1/2 — _
+Gollr, + (1 + Wimas) + C502) lanll7, + llgliv, + (5h(h + 7k + B+ ) fl17) -

which implies (35), according to Assumption (D.1). O

4.4 Stability estimate.

The results presented in the preceding subsection allows us to derive one of the main results of this
work, namely, the stability estimate of the unfitted HDG scheme:

Theorem 13. Let (®,1) € H(div,2) x HY(Q) the solution of (30) and (qy,un, Up) € Vi x Wy X My,
the solution of (10). If we suppose Assumptions (A.1), (D.1) and (D.2) hold true, then

lanll7, + &llunlls, < Cest S(f, 9, G, Ga, 1)1/? (36)

where Cest == Cregﬁ(ﬁ(h + hZTmaﬂl + h2 + th_uln

)+h+r71)+1.
Remark 14. According with the observation in Remark 12, if f is orthogonal to piecewise polynomials

of degree k — 1, we have that Cegt = Creg/@2 (h + W2Tmaz + W2+ 71 h) + 1. Moreover, if Cregkh S1,

min
then the stability constant reduces to Cest = K(1 4+ ATimas + Tn_n-ln).

Proof. First, we square (35) and, by (27a) and (27b), it is deduced that there exists Dy > 0, indepen-
dent of h and k, such that

w|unllF, < Do cfegﬁ{ (P24 127200) + Con + 670293) (2|l |3, + S(f, 9, G, G, )

26214 D) 2|GIIZ + (sh(h+ 7o) + b+ /il)z‘ng—h}.

min
Then, according to Assumption (D.2) it follows that

K2 lunlF. SS(f,9. G, Go, k) + C2, 6 B> (1 + hmaa)? | G T,

reg

+ Cl kP (Kh(h+ 70) + h+ 5712 fII5 -

Therefore, combining this expression with (27a) and (26) we obtain (36). O
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5 Error analysis.

In the first part of the error analysis, we define the error of the projection I? := q—Ily q, I" := u—Ilyu
and the projection of the errors by

o~ ~

el .=lyq—gqy, e :=yu—uy, e} :=Pyu—1, €l -n:=DPy(qg-n)—q, n, (37)
which satisfy a system of equations, whose structure is justified in the proof of the following lemma.

Lemma 15. Let (q,u) € H(div;Q) x H'(Q) and (q;,un,Up) € Vi, x Wy, x My, solutions of (1)
and (7), respectively. Then, the projection of the errors e}, el and €} satisfy the following system of
equations

(el 0)7, = (e}, V- 0)75 + (e v - mhor, = —(I%,0);. (382)
(e, Vu)g, + {ef - mwor, +ilr (el — ch). whor, — w(cf, w)r, = K21, w) (38b)
(efl - nwhomar, =0, (350)
(el -n+iKel,r, = (o= pnpdr,  (38d)
for all (v,w, u) € Vi x Wy x My,. Moreover,
eg n=el n+ir(ej — eg), on 07Ty, (38e)
and, for x € Ty, p(x) — on(x) = pe(x) + Go(x), where
ve(x) = €l -n(x) — e}l - np, (x) +i/€/ol(w) ell(x + t(x)s) - t(x) ds
and
Go(z) =17 -n(x) — I? - np, () —l—i/-ﬁ/ol(w) I(x 4 t(x)s) - t(x) ds. (39)

Proof. Due to the deduction of each equation of (38) is similar, we only show the procedure of (38b).
Initially, we use the definitions given in (37) in (10b); and organize the expression

—(el,Vw)7, + (el - n,w)ar, +i(7(e} — ef), w)ar, — £ (e}, w)7,
= —(f,w)7, — vq, Vw)7, + (Ilyq - n,w)ar, + i(t(Uwu — P u), w)ar, — KQ(HWu,w)Th.

Then, from (13), integration by parts and (1b), we have

o~

—(ef}, V)7, + (el - n,w)ar, +i{7(eh — ei), w)or, — (el w)T,
= ((Tlyq — q) - n, w)o7, + i{T(Mwu — u), w)ar, — i{t(Pa,u — u), w)ar, — r>(Myu — u, w)T,,
from which (38b) is deduced, as a consequence of (13) and the orthogonality of Py, . O

Theorem 16. Let us assume (q,u) € H'aTY(T,) x HWtY(T,) for 14,1, € [0,k]. Under the same
assumptions of Theorem 13, we have

ez, + sllekllT, SCest<HIqHTh + K| 1|7, + 6V T g ) + 3 IVI g

+ (50171/2 + 551/2)”-[‘1HQ§,)
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Proof. We highlight that the structure of (38) is similar to (10). Then, (36) can be tailored in order
to deduce (40). In fact, if we take g = 0, G := —I9 and f := k?I* in (36), it follows that

lanll7s + wllunlz < Ceat (51T 17 + X7 + 521Gl )

Now, in order to bound the last term, we take into account the arguments used in the proof of Lemma
7 to deduce that

1Gal?, <3 (1T 06— 1) - nr| +[|(19 - nr) 0 6 — (17 -nr,) 0 6|2 + w2[IM219)2) .

eclr

Then, by Lemma 5, the fact that |[nr — nr, ||co,r. < Crd“, the norm equivalence given in Lemma 2
and recalling that I(x) < ¢, for all € T'j,, we have

IGall?, <OT )+ 30 (2192, + w201 1))

ecér

SO g gy + Do (B2 IV I e, + (627" + £25) | 1ce )
e€€r

where we have made use of the trace inequality (19). The result follows by recalling that k > 1. [

Corollary 16.1. Suppose that (q,u) € H*(T,) x H*1(T;), a > 1/2. Under the same assumptions
of Theorem 13 and Creghk S 1. There holds

lg = apll7;, + #llu = unlls, S wh* (5% +572), (41)

for T of order one or k. Moreover, if (q,u) € H*(Q) x HF1(Q), then ||q — apllos + kllu — unllag
is of the same order as ||q — qy|la, + &llu — unllq, -

Proof. We have that (41) follows from (40), by noticing that Cest < & if 7 is of order one or &,
according with Remark 14. Moreover, the last assertion is a straightforward consequence of Theorem
17, (41) and the approximation properties of the HDG projection (15). O

Finally, we also obtain the following estimates of the approximation error outside p:

Theorem 17. Let (q;,,up) the approzimation of (q,u) in Q5. If g € H™(Q) with m € [0, k], then
lg = anlla; S 110 + ekl (42)
and
wllu = unllag ORI q, + (1 + r0)| T ag + (1 +5h~2 + ko) €] |,
+ 0120 (1 + 6120 72) gl e ).

Proof. The first estimate was proved in [9], Lemma 3.7. For the second one, we employ a similar
argument as in the proof of Lemma 3.5 in [22].

For the second one, let e € £, with its corresponding extension patch K¢, and let us note that by
inequality (3), [[u — up| ke, < ||lu — upl|,. Now, let y = x + st(x) with € e and s € [0,1(x)]. Then,

ext "

from (8), (11) and using the fact that y = &, we have

[g—y]
ik(u —up)(y) = (@ — q;) -nr(T) + i%/o (@ —aqi)(y +t(y)s) - t(y)ds,
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which implies that
2 2 12 2 vyl 2
wlu—un*(y) <2l(a =) ne@) P+ 22—l [ la-auf( + tw)s)ds

=)
<2((q—a) ne@)P 267 [ g - au (y -+ Hy)s)ds.

Then, integrating over e and [0,[(x)], we obtain
l(z)
¥l = un? <2 | / (0= ap) - nr (@) dsdSs +26%. [ 1@) [ la— any + tlw)s) ds ds

< [ @)@ = a0 ne@) dS. + r02lla —

2
< 0cllg — anllt, + w62 llg — anlll;
and from (4),

K2 lu — unl|? < Sellg — anllf, + K202l — qnllke -

ext

Then, by using (19), inverse inequality and (6), we obtain
Scllg — @, < Cr. (la - anllke,, + 61V (a - ap)lke,)
<cr, (la - anlke, +de (VT +h2(h5) ol ef %)) -

Finally, by summing over e € &r, using (42) and (16b), the result follows. O

6 Numerical results.

In this section we present two-dimensional numerical experiments to validate the theoretical orders
of convergence of the approximations provided by the HDG method. We calculate the errors in the
whole domain €, i.e., ! := ||u — up|q and ef; :=||qg — gy||lo; and also in the computational domain
Qp, that is, e$lr = Hu — upllq, and e := ||q — q4lo,. Even more, we compute the projection error
of the numerical trace, given by

1/2
ey = ( Z hK||PMhu—ﬂh||3K) .

KeQy,
For each variable, we compute the experimental order of convergence
log (e7:/€7)
log(N7; /N73)’
where e7; and e, are the errors associated to the corresponding variable considering two consecutive

meshes with N7; and N7; elements, respectively. In all the following numerical experiments we take
the stabilization parameter 7 = k.

e.o.c. = —2

6.1 Distance between ', and I' of order h?.

We consider the domain €2 as the circle of radius 0.75 centered at the origin. By Remark 1 it is
possible to construct a d-admissible domain €2;, whose boundary I'}, is a piecewise linear interpolation
of I with § = O(h?) and o = 1/2. Moreover, on each edge e of this J—admissible discretization of Q,
the vector ¢ in (10f) is set to be the unit normal vector to e, see Remark 3.2 in [22].
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Example 1. The source term and boundary condition are obtained through the exact solution
u(z,y) = sin(x) sin(y) and the stabilization parameter is taken as 7 = k.

We display the history of convergence by considering k = 1 and x = 100 in Tables 1 and 2,
respectively. When x = 1, the errors in ¢ and u converge to zero with order k + 1 as predicted by
Corollary 16.1, since § is of order h?. Moreover, the numerical trace converge to the trace of u with
order k + 2 as we should expect. On the other hand, when x« = 100, the errors reported in Table
2 shows a slightly better behavior than the one predicted by Corollary 16.1. We also infer that the
errors in () are negligible compared to those of (2.

~

N e e.o.c. es? e.o.c. egh e.o.c. ef} e.o.c. ey e.o.c.
1| 234 ||2.45e—04 — |[2.48e—04 — |6.31le—04 — |6.32e—04 — |1.99e—-05 —
485 |/1.29e—04 1.77 [1.29e—04 1.78 [3.10e—04 1.95 [3.10e—04 1.96 |7.31e—06 2.75
918 |6.46e—05 2.16 [6.48¢—05 2.17 |1.56e—04 2.15 [1.56e—04 2.15|2.54e—06 3.32
1764 |3.28e—05 2.07 [3.29¢—05 2.08 |7.95e—05 2.07 [7.95e—05 2.07|8.97e—07 3.19
3546 {|1.68e—05 1.91 [1.68e—05 1.92 |4.05e—05 1.93 [4.05e—05 1.93 |3.23e—07 2.92
7089 ||8.51e—06 1.97 |8.51e—06 1.97 [2.03e—05 2.00 |2.03e—05 2.00 |1.16e—07 2.96
14291(/4.24e—06 1.99 |4.24e—06 1.99 |1.01e—05 1.98 [1.01e—05 1.98 |4.07e—08 2.98
28457|2.13e—06 2.00 |2.13e—06 2.00 |5.05e—06 2.02 |5.05e—06 2.02 |1.45e—08 3.00
2| 234 ||5.64e—06 — [5.71le—06 — |1.31le—05 — [1.31le—05 — |[1.90e—07 —
485 ||1.92e—06 2.95 [1.93e—06 2.97 |4.70e—06 2.80 |4.70e—06 2.81 |4.48e—08 3.96
918 ||7.10e—07 3.12 |7.12e—07 3.13 |1.66e—06 3.26 |1.66e—06 3.26 |1.23e—08 4.04
1764 |2.70e—07 2.97 (2.70e—07 2.97 |6.03e—07 3.10 [6.03e—07 3.10 |3.07e—09 4.26
3546 |19.73e—08 2.929.74e—08 2.92|2.19e—07 2.90 {2.19e—07 2.90 |7.84e—10 3.91
7089 ||3.44e—08 3.00 |3.45e—08 3.00 |7.82e—08 2.97 |7.82e—08 2.97 |1.92e—10 4.06
14291(/1.22e—08 2.95 |1.22e—08 2.95 |2.78e—08 2.95 |2.78¢—08 2.95 |4.42e—11 4.19
28457|14.34e—09 3.01 |4.34e—09 3.01 |9.81e—09 3.02 [9.81e—09 3.02 |1.15e—11 3.91
3| 234 |[1.30e—07 — |1.30e—07 — |1.52e—07 — |1.52e—07 — [4.13e—09 —
485 |13.45e—08 3.64 |3.45e—08 3.64 |3.81e—08 3.80 |3.82e—08 3.80 |6.77e—10 4.96
918 ||8.51e—09 4.39 [8.51e—09 4.39 |9.63e—09 4.32 (9.63e—09 4.32|1.33e—10 5.10
1764 ||2.11e—09 4.27 |2.11e—09 4.27 |2.50e—09 4.13 |2.50e—09 4.13 |2.31e—11 5.36
3546 {|5.60e—10 3.80 [5.60e—10 3.81 |6.63e—10 3.80 6.63e—10 3.80 |4.17e—12 4.90
7089 ||1.43e—10 3.94 |1.43e—10 3.94 [1.67e—10 3.98 |1.67e—10 3.98 |7.24e—13 5.06
1429113.59e—11 3.94 |3.59e—11 3.94 |4.25e—11 3.90 |[4.25e—11 3.90 |1.13e—13 5.29
28457|8.97e—12 4.03 |8.97e—12 4.03 |1.06e—11 4.03 |1.06e—11 4.03 |3.42e—14 3.48

Table 1: History of convergence of Example 1. Here, 7 =, K = 1 and 6 = O(h?).

6.2 Distance between [';, and I' of order h.

In practice, it is convenient to avoid the interpolation of the boundary I'. Instead, it is preferable
to consider a background where the domain 2 is immersed. Therefore, €2, is set as the union of the
elements of the background mesh that are completely contained in 2. In this case, the transferring
paths can be constructed as in Section 2.4 in [11]. Unfortunately in this setting, Assumption (A.1) is
not satisfied, since 0 is of order h and we can not guarantee « to be equal to 1/2. However, we will see
in the following two numerical experiments that the method still provides optimal approximations.
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k| N egh €.0.C. 62 €.0.C. ef}h €.0.C. ef} e.o.c. eg e.o.c.
1] 234 ||2.67e—04 — |2.67e—04 — |2.35e—02 — |2.35e—02 — [5.53e—04 —
485 ||1.73e—04 1.19 |1.73e—04 1.19 |1.71e—02 0.88 |1.71e—02 0.88 |2.90e—04 1.77
918 |1.01le—04 1.70 |1.01e—04 1.70 |1.12e—02 1.33 |1.12e—02 1.33 |1.42e—04 2.25
1764 ||5.53e—05 1.83 |5.53e—05 1.84 |6.72e—03 1.55 |6.72e—03 1.55 |6.69e—05 2.30
3546 ||3.25e—05 1.52|3.25e—05 1.52 (3.93e—03 1.54 |3.93e—03 1.54 |3.42e—05 1.92
7089 || 1.72e—05 1.83 |1.72e—05 1.83 |2.17e—03 1.72|2.17e—03 1.72 |1.70e—05 2.02
14291||8.58e—06 1.99 |8.58¢—06 1.99 |1.11e—03 1.90 |1.11e—03 1.90 |8.05e—06 2.13
28457(/3.40e—06 2.69 |3.40e—06 2.69 [5.08e—04 2.28 [5.08e—04 2.28 |3.02e—06 2.85
2| 234 ||5.81e-06 — |5.82e—06 — |2.59e—04 — |2.6le—04 — [6.76e—06 —
485 ||2.78e—06 2.02 |2.78e—06 2.02 [1.58e—04 1.35 |[1.59e—04 1.37 |2.75e—06 2.46
918 |1.25e—06 2.51 |1.25e—06 2.51 |8.58e—05 1.91 |8.60e—05 1.92 |1.06e—06 2.98
1764 ||4.95e—07 2.83 |4.95e—07 2.84 |4.04e—05 2.31|4.04e—05 2.31 |4.22e—07 2.83
3546 ||1.76e—07 2.96 |1.76e—07 2.96 [1.59e—05 2.68 |1.59e—05 2.68 |1.49e—07 2.99
7089 ||4.86e—08 3.72 |4.86e—08 3.72 |4.52e—06 3.63 [4.52e—06 3.63 |3.74e—08 3.98
14291|/1.28e—08 3.81 |1.28e—08 3.81 |1.20e—06 3.77 |1.20e—06 3.77 |7.45e—09 4.60
28457|3.70e—09 3.60 |3.70e—09 3.60 |3.51e—07 3.58 |3.51e—07 3.58 |1.14e—09 5.46
3| 234 {1.90e—07 — [1.90e—-07 — [9.15e—06 — [9.18e—06 — |1.82e—07 -
485 |15.96e—08 3.18 |5.96e—08 3.18 |4.30e—06 2.07 |4.30e—06 2.08 |6.18e—08 2.97
918 |2.62e—08 2.58 [2.62e—08 2.58 |2.38¢—06 1.86 [2.38¢—06 1.86 |2.63e—08 2.68
1764 |5.89¢—09 4.57 [5.89e—09 4.57 |5.71e—07 4.37 |5.71e—07 4.37 |5.36e—09 4.87
3546 {|1.05e—09 4.94 |1.05e—09 4.94 [1.02e—07 4.92 |1.02e—07 4.92 |8.61le—10 5.24
7089 || 1.63e—10 5.39 |1.63e—10 5.39 |1.55e—08 5.45 |1.55e—08 5.45 |7.74e—11 6.95
14291|(3.61e—11 4.29 |3.61le—11 4.29 |3.35e—09 4.37 |3.35e—09 4.37 |8.22e—12 6.40

Table 2: History of convergence of Example 1. Here, 7 = x, k = 100 and § = O(h?).

Example 2. We consider the same domain and exact solution as in Example 1. In Table 3 are
displayed the results for kK = 1 and can be observed that the error in all the variables is of order k + 1.
We emphasize that the last column for k£ = 3 is affected by round-off errors. On the other hand, for
k = 100, we also observe in Table 4 order of convergence of k + 1 for all the variables when k& > 1.
When the polynomial degree of the approximation spaces is k = 1, the rate of convergence observed
is less than 2, but it seems that will be approached by 2 for a sufficiently fine mesh.

Example 3. This example is motivated by the solution of a problem coming from modeling the
scattering of an acoustic wave from a sound-soft impenetrable obstacle in a circular scatterer. We
consider the annular domain  := {(z,y) € R? : 0.5 < /22 +y2 < 1} and the truncated exact
solution in polar coordinates with M = 20 and k = T

M
u(r,0) = —wﬂgm(rm) 2} imWfIﬁ) (ri) cos(mé),
Hy7(0.5K) m=1 Hmn (0.5K)

where {Jp, }m and {Hfr? )}m denote the family of Bessel and Hankel functions, respectively. As usual,
the source term and boundary condition are obtained from the solution. For a more wide explanation
of the scattering problem see for example [12, 19]. The results in Table 5 show that the experimental
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N

Qp,
ey e.o.c.

Q

e, e.o.c.

Qp,
eq €.0.C.

Q
q

e €.0.C.

o~

u
€ €.0.C.

—_

400
1680
7000

28504
115000
461656

4.24e—04
1.81e—04 1.19
4.24e—05 2.03
9.73e—06 2.10
2.10e—-06 2.20
5.07e—07 2.04

5.54e—04
2.18e—04 1.30
4.66e—05 2.17
1.02e—05 2.17
2.14e—06 2.23
5.12e—07 2.06

2.10e—03
8.77e—04 1.22
1.99¢e—04 2.08
4.48e—05 2.12
9.55e—06 2.22
2.30e—06 2.05

3.0le—-03 —
1.07e—03 1.44
2.42e—04 2.09
5.93e—05 2.10
1.24e—05 2.14
3.02e—06 2.03

3.98e—04
1.75e—04 1.15
4.06e—05 2.05
9.23e—-06 2.11
1.97e—06 2.22
4.73e—07 2.05

400
1680
7000

28504
115000
461656

1.47¢e-05 —
3.22e—06 2.12
3.43e—07 3.14
3.68e—08 3.18
3.74e—09 3.28
4.51e—10 3.05

2.10e—05 —
4.00e—06 2.31
3.83¢e—07 3.29
3.88¢—08 3.26
3.84e—09 3.32
4.56e—10 3.06

8.64e—05 —
1.64e—05 2.31
1.73e—06 3.15
1.87e—07 3.17
1.97e—-08 3.23
2.39e—09 3.04

1.19e—-04 —
2.03e—05 2.47
2.15e—06 3.15
2.40e—07 3.13
2.69¢—08 3.14
3.30e—09 3.02

1.47e—-05 —
3.21e—06 2.12
3.42e—07 3.14
3.66e—08 3.18
3.72e—09 3.28
4.48¢—10 3.05

400
1680
7000

28504
115000
461656

Table

N

4.75e—07
8.35e—08
4.47e—09
2.30e—10
1.09e—11
4.60e—12

2.42
4.10
4.23
4.38
1.23

6.21e—07
1.01e—07
4.92e—09
2.40e—10 4.30
1.11e—11 4.41
4.62e—12 1.26

2.53
4.24

2.48e—-06 —
4.12e—07 2.50
2.15e—08 4.14
1.09e—09 4.25
4.95e—11 4.43
5.11le—12 3.27

3: History of convergence of Example 2. Here,

Qp
e, €.0.C.

Q
€y e.o.c.

Qh
eq €.0.C.

3.70e-06 —
4.92e—07 2.81
2.49e—08 4.18
1.26e—09 4.25
6.07e—11 4.35
5.75e—12 3.39

Q
q

(& €.0.C.

4.77e—-07 —
8.36e—08 2.43
4.47e—09 4.10
2.29e—10 4.23
1.08e—11 4.38
4.60e—12 1.23

T=k, k=1and §d = O(h).

~

ey e.o.C.

=

400
1680
7000

28504
115000
461656

1.17e—-04
2.43e—05
5.33e—06
1.93e—06
7.83e—07
2.51e—07

2.19
2.12
1.45
1.29
1.63

1.73e—04
3.57e—05
6.35¢—06
2.01e—06
7.89e—07
2.52e—07

2.20
2.42
1.64
1.34
1.64

1.57e—02
5.18e—03 1.55
1.36e—03 1.87
3.71le—04 1.85
1.12e—04 1.72
3.21e—05 1.79

1.69e—02 —
5.50e—03 1.56
1.40e—03 1.91
3.78e—04 1.87
1.13e—04 1.73
3.23e—05 1.80

2.73e—04
4.54e—05
6.62e—06 2.70
1.84e—06 1.82
7.54e—07 1.28
2.45e—07 1.62

2.50

400
1680
7000

28504
115000
461656

3.12e—06
5.16e—07
2.12e—-07
4.39e—08
4.35e—09
4.59e—10

2.51
1.25
2.24
3.31
3.24

6.48e—06
9.11e—07
2.23e—07
4.41e—08
4.36e—09
4.60e—10

2.73
1.98
2.31
3.32
3.24

1.71e-04 —
4.68e—05 1.80
2.11e—05 1.12
4.37e—06 2.24
4.35e—07 3.31
4.60e—08 3.23

2.7le—04 -
6.20e—05 2.05
2.16e—05 1.48
4.41e—06 2.27
4.38¢—07 3.31
4.62e—08 3.23

3.43e—06
4.87e—07 2.72
2.12e—07 1.17
4.38e—08 2.24
4.33e—09 3.32
4.57e—10 3.24

400
1680
7000

28504
115000
461656

2.90e—08
1.48e—08
2.10e—09
1.02e—10
4.36e—12
2.66e—13

0.94
2.73
4.30
4.53
4.02

1.72e—-07
2.00e—08
2.17¢e—09
1.03e—10
4.37e—12
2.67e—13

3.00
3.11
4.34
4.53
4.03

2.31le—06 —
1.46e—06 0.63
2.10e—07 2.72
1.02e—08 4.30
4.37e—10 4.52
2.67e—11 4.02

7.82e—06 —
1.93e—06 1.95
2.17e—07 3.06
1.04e—08 4.33
4.42e—10 4.53
2.69e—11 4.03

3.73e—08 —
1.49e—08 1.27
2.10e—09 2.75
1.02e—10 4.30
4.35e—12 4.53
2.66e—13 4.02

Table 4: History of convergence of Example 2. Here, 7 = k, kK = 100 and § = O(h).
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order of convergence is slightly less than k£ + 1. Finally, in Figure 1 can be appreciated the magnitude

of the approximation of the scalar variable obtained by the method.

k| N

Qp
eu

€.0.C.

Q
€y

€.0.cC.

Qp,
eq €.0.C.

Q
eq €.0.C.

€L €.0.C.

1| 520
2224
9280
37856

152784

2.88e-01
1.00e-01
2.51e-02
6.34e-03
1.70e-03

1.45
1.94
1.96
1.89

3.35e-01
1.11e-01
2.64e-02
6.52e-03
1.72e-03

1.52
2.00
1.99
1.91

6.40e+-00
2.25e+00 1.44
5.70e-01 1.92
1.44e-01 1.95
3.84e-02 1.90

7.53e+00
2.54e+00 1.50
6.10e-01 1.99
1.51e-01 1.98
3.93e-02 1.93

2.75e-01
9.50e-02
2.37e-02
5.98e-03
1.61e-03

1.46
1.94
1.96
1.88

2| 520
2224
9280
37856

152784

1.52e-01
3.36e-02
3.98e-03
5.11e-04
7.04e-05

2.07
2.99
2.92
2.84

1.92¢-01
3.90e-02
4.27e-03
5.30e-04
7.16e-05

2.19
3.10
2.97
2.87

3.37e+00
7.48e-01 2.07
8.82e-02 2.99
1.14e-02 2.91
1.55e-03 2.85

3.94e+00
8.47e-01 2.12
9.51e-02 3.06
1.21e-02 2.94
1.60e-03 2.90

1.50e-01 —
3.35e-02 2.06
3.96e-03 2.99
5.09e-04 2.92
7.02¢-05 2.84

3| 520
2224
9280
37856

152784

9.97e-02
9.87¢-03
5.34e-04
3.48e-05
2.34e-06

1.23e-01
1.14e-02
5.72e-04
3.61e-05
2.38e-06

2.23e+00
2.23e-01
1.22¢-02
8.03e-04
5.37e-05

2.62¢+00
2.59¢-01

1.36e-02

8.75e-04

5.61e-05

9.97e-02 —
9.87e-03 3.18
5.34e-04 4.08
3.47e-05 3.89
2.34e-06 3.87

3.18
4.08
3.89
3.87

3.16
4.07
3.87
3.88

3.19
4.12
3.91
3.94

3.28
4.18
3.93
3.90

Table 5: History of convergence of Example 3. Here, 7 = k, k = 7w and 6 = O(h).

7 Concluding remarks and discussion.

We carried out a stability analysis based on a duality argument of the proposed unfitted HDG method
for the mixed form of the Helmholtz equation defined in a non-polyhedral domain with first order
boundary conditions. One of the novelties of our work is the introduction of a way to transfer a
given Robin boundary data to the computational boundary of the unfitted domain. Moreover, the
framework presented in this paper provides the tools to analyze the transference of Neumann data.

We performed an stability analysis making explicit the dependence on the wavenumber x, the
meshsize h and the gap d between 2 and §2j, under certain closeness assumptions between I'j, and I'.
This resutl was achieved by combining the known analyses of HDG schemes developed for problems
posed in polyhedral domains with the boundary data transferring technique. In addition, the stability
estimate was employed to deduce optimal convergence rates of the scheme. Numerical experiments
were included to show the optimal performance of the numerical scheme, even in cases that are not
completely covered by the theory, indicating the capability of the method to deal with problems defined
in domains with complex geometries. In this direction, we plan to analyze the possibility of relaxing
Assumption (A.1) in order to allow ¢ to be only of order h, according to what we have observed in
the numerical simulations.

Another interesting approach to show stability without any constraint on the mesh can be obtained
by employing a Rellich identity, in which the domain 2 is assumed to be star-shaped as it was
considered by [13] in the polyhedral case. In the context of our unfitted HDG method, it is also
possible to make use of a Rellich identity to avoid a meshsize restriction in most of the estimates.
However, Assumption (A.1) still imposes a restriction on h and ¢ that depends on the wavenumber.
In this sense, it is natural to expect that ¢ should be small enough for a high wavenumber since the
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Figure 1: Example 3 with £ = 3 and a mesh (top-left) with N = 2224. Approximation |uy| in the
computational domain €, (top-right), in the extrapolatlon region §f (bottom-left) and in the physical
domain 2 (bottom-right).

identity to transfer the boundary data depends linearly on  (cf. (10f)). Once again, we believe this
assumption could be relaxed at least on the dependence on h and this will be subject of future work.
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