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1. Introduction

The hybridisable discontinuous Galerkin (HDG) method, proposed by Cockburn and co-workers [1-5], has gained popu-
larity in the last decade due to its ability to reduce the global number of coupled degrees of freedom required by other DG
approaches. Applications of HDG methods can be found in many areas, including fluid mechanics [2,6-13], solid mechan-
ics [14-18] and wave propagation [19-23].

As with other implicit methods, the computational cost and memory requirements of the HDG method can become
prohibitive when applied to problems that require a large number of degrees of freedom. This is of major importance for
non-linear and/or transient problems in three dimensions [23,18,13]. In such scenarios, the solution of the large sparse
global system of equations is typically performed using iterative methods. Although efficient preconditioners have been re-
cently devised for certain problems [24,25], there are many situations where the application of HDG to large-scale problems
becomes challenging.

The dual time stepping (DTS) approach was originally proposed, almost three decades ago [26], in the context of com-
pressible fluid flow problems, where implicit time marching algorithms are employed to avoid the severe restrictions of
explicit time marching methods. The main idea of the DTS is to add a dual time, or pseudo time, derivative to the dis-
crete equations and to recover the implicit solution as the steady state solution in dual time [27-30]. The efficiency of
the DTS approach is mainly dictated by its ability to obtain a fast convergence to steady state in each physical time step.
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The DTS approach has been recently applied to high-order methods such as the standard DG method [31,32] and the flux
reconstruction method [33-35], including several improvements to accelerate the convergence of the subiterations.

This paper presents a DTS approach to solve the global system of equations that appears in the HDG formulation. The
proposed approach is presented using a convection-diffusion model problem in one dimension. A proof of the existence and
uniqueness of the steady state solution of the HDG global problem with DTS is presented. In addition, the stability limit of
the DTS approach is derived using a von Neumann analysis, leading to a closed form expression for the critical dual time
step. Finally, an optimal choice for the dual time step is proposed by imposing maximum damping over the whole range of
frequencies.

The performance of the proposed DTS approach is analysed for steady and transient problems, by comparing the min-
imum number of dual time steps required to reach the steady state solution in each case. The study is performed for
different spatial and temporal discretisations as well as for different convection-diffusion regimes, with particular emphasis
on convection dominated problems. Furthermore, two techniques, previously applied in the context of DTS to improve the
convergence of the subiterations, are considered. The first approach involves an extrapolation technique designed to create
a better initial condition for the DTS [36]. The second approach involves the use of local DTS [37], which is equivalent
to a preconditioning, and it is applied to a problem where the solution exhibits a boundary layer and the mesh contains
elements of very different size.

The remainder of the paper is organised as follows. Section 2 summarises the standard HDG formulation of the
convection-diffusion model problem. The spatial discretisation with isoparametric high-order elements and the temporal
discretisation with implicit backward differentiation formulae (BDF) formula is presented in section 3. The proposed DTS
technique for the HDG global problem is presented in section 4, including the proof of existence and uniqueness of the
steady state solution, the von Neumann stability analysis of the DTS approach and the optimal choice of the dual time step.
Numerical examples involving steady and transient convection-diffusion test cases are presented in section 5. This section
also includes a comparison of the performance of the forward Euler method and two multi-stage Runge-Kutta methods for
the dual time marching. The examples include cases where extrapolation and local time stepping are used to accelerate
the convergence of the DTS approach. Finally, section 6 summarises the conclusions of the work that has been presented.
Appendix A presents a brief analysis of the stability and the optimal choice for the dual time step based on the eigenvalues
of the global HDG matrix.

2. Problem statement and HDG formulation
2.1. The model problem

Let us consider the non-dimensional transient convection-diffusion model problem

ou d ou
§— + — —v— )= inQ2x (0, T
8t+8x (au v8x> S inQ x (0,T],

. 1
u=1ug in x {0}, (1)
u=up onad2x(0,T],
in an open bounded domain © C R, where a is a smooth velocity field, v is the positive diffusion coefficient, s is a source
term, ug is the initial condition and T is the final time. To simplify the presentation, Dirichlet boundary conditions are

considered on the boundary of the domain 9€2, but the application of other boundary conditions can be easily considered.
The parameter § can take the value zero for a steady problem or one if a transient problem is of interest.

2.2. Mixed formulation in the broken computational domain

A partition of the domain, 2, in ne; disjoint subdomains €2, is considered and the mesh skeleton, or internal interface, is
defined as

Nel

r.— [Uasze]\asz. )
e=1

By introducing the mixed variable, ¢ = —v%, the transient convection-diffusion model problem can be written as a

first-order system of equations in the broken computational domain
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B a
s L autq=s  inQex (T,
at  dx
au .
qg+v—=0 in Q2. x (0, T],
ox
u=ug in x {0}, (3)
u=up on (02 Na3R) x (0, T],
[ul=0 onI x(0,T],
J[au+q]=0 onI x (0,T],

where [-] denotes the jump operator, defined on I" using the values from the left and right of the interface, e.g. ; and ©;j,
as

[O] =06i—0;j.
2.3. HDG formulation

Following previous work on HDG methods [38,3,39,4,5,40], the strong form given by equation (3) is solved in two stages.
First, the local problems are defined as

au ad .
§—+—(@u+q)=s in Qe x (0, T],
at  dx
au .
q+va—:O in Q2. x (0, T],
X , (4)
u=1ug inSe x {0},
u=up on (02 N3R) x (0, T],
u=1u on (382 \ 92) x (0, T],
for e=1,...,ne1. It is worth noting that the local problems can be solved independently if the Dirichlet boundary data
given by the so-called hybrid variable, i, is known.
Second, the global problem imposes the continuity of the solution and the normal flux across the interface I’
[ul=0 onT x (0, T], 5)
Jau+q]=0 onl x (0,T].

It is worth noting that the first equation can be omitted due to the unique definition of the hybrid variable @i on the
interface and the imposition of the Dirichlet boundary condition in the local problems.

The semi-discrete weak formulation of the local problems, given by equation (4), reads: for e =1,...,ne1, given ot on
ruUaQ, find (up, gn) € V'(Q%e) x V() such that

dup av ~
S\vi—) —|o.aun+aqn) +(v,aup+qnlsq, = V,9q,, (6a)
ot % 0Xx %
1 ow N
(w,v7'qn) g, — rralll B (W, Up)ag.\a9 = —{(W, UD)y.nax, (6b)
Qe

for all (v, w) € V1 (Qe) x V(%) and for all t € (0, T].
In the above expressions, (f, 8)q, = fQ fgdx is the standard £(2) scalar product and < f, g>50,= fg\if“. In addi-
e 1
tion, the finite dimensional space
VI(Q) = (v € L2(2); VI, € PP (Re), YR),

has been introduced. In this definition, PP (£2.) denotes the space of polynomials of degree at most p > 1 in ..
Following [4,41], the numerical normal trace corresponding to the convective component is defined as

07, (Up — tp), on a2 NI,
(@h)::{(auD)Jr Ta (up —up), on o

(altp) +07q (up — i), elsewhere,

and the numerical normal trace corresponding to the diffusive component is defined as
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R {qh+9rd (up —up), ondQNTp, -

Gn + 074 (up — 01p)  elsewhere.

In the above expressions, T, and 4 are stabilisations parameters related to the convective and diffusive component, respec-
tively, and 6 takes value -1 on x§ and value 1 on X;_H. Following previous work on HDG methods [4,41], the stabilisation
parameters are selected as

Ta:|a|s Td:V/E, (9)

where ¢ is a characteristic length.
Introducing the numerical normal traces from equations (7) and (8) in equation (6) leads to the semi-discrete local
problems: for e =1, ..., ne1, given il on C'UJS, find (up, gn) € V(%) x V() such that

8<v 8uh> + (v,0tup) <8v au ) + (v aqh) (v,s)
, , hage — | =, aup y =(v,9)q,
ot ), ox o x Jq, g (10a)

+ (v, (0T —a)up)sq.nae + (V. (0T —a) lin)sg.\s0

ow 1 N
Frak) (W, v7an)g, = (W, up)ag.noe + (W, th)sge o0, (10b)
Qe

for all (v, w) € V1 (Qe) x V(%) and for t € (0, T], where T = 7, + 1.
The discrete formulation of the global problem given by equation (5) becomes: find i, such that

31, @+ @niaon]=0. (1)
e=1

Introducing the numerical normal traces from equations (7) and (8) in equation (11) leads to the following semi-discrete
global problem: find &t € M"(I" U 92) such that

Nel

Z{—(l, OTup) s 00 — (1, Dag\oe + (1, (0T —a) flh)afze\m}z 0. (12)

e=1
3. Spatial and temporal discretisations
3.1. Spatial discretisation

The discretisation of the weak form of the local problem, given by equation (10), leads to a system of equations that
may be expressed as

du, ~

5Med—t"’ +AS, U, + A5 Q. =f + AU, (13a)

Af;uUe +A2qu =i§ —i—AZﬁUe. (13b)

Similarly, the discretisation of the weak form of the global problem, given by equation (11), leads to a system with the
following structure

Nel
Z{Aguue+quQe +Agﬁue}:o‘ (14)

e=1
It is worth noting that Agu = (Af,q)T and qu = (Agﬁ)T. However, the global problem is not symmetric as Agu # (A‘fm)T.
3.2. Temporal discretisation
In this work, if § =1, the time discretisation is performed using either first or second order accurate backward differen-

tiation formulae (BDF) [42]. The application of other implicit time marching algorithms is straightforward.
Introducing this approximation of the first-order time derivative in equation (13), leads to the local problems

BS, UM +AG QU =gt 4 A URTT, (15a)
e yn+1 e nn+1 _ ge,n+1 e qn+1
AU + AL QT =M 4 A U (15b)
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to obtain UZ*! and Qt! for a known value of U'*!. Here

1) 1, 1 1)
Bj, = (EME +Af,u> o= MO, (16)
for the first order accurate BDF (BDF1) and
34 2 1
B¢ = —Mm¢ Ae , e, n+1 fe 41 SME Un S | (L 1 , 17
u <2At * ) B * At 2At ¢ (17)

for the second order accurate BDF (BDF2), where At is the time step and the super-index n denotes the evaluation at time
t".

3.3. Implementation

The local problem of equation (15) is used to express UQ“ and Q’g“ in terms of ﬁ'g“. Introducing these expressions in
the global problem of equation (14) leads to the global system of equations

ﬁﬁn+] :/fn+1’ (18)

where the global matrix is obtained by assembling the elemental contributions given by

-1 e

K :=A°. + [Ag Al ] |:Bflu AZqi| |:Auﬁ:| (19)

M uu uq e .
”” TR I
Similarly, the global right hand side is obtained by assembling the elemental contributions given by

- e.n+1

Fen+l._ _ [Ag AC ] By Aftq 8y . (20)
uu uq ASu qu fs,nJrl

Once the global system is solved, the local problems (15a) and (15b) are used to obtain the approximation of the primal
and mixed variables in each element at time t"+1.

Remark 1. If § = 0 the temporal discretisation using BDF is not required, leading to a global system that can be written as
in equation (18) but without the superindex n + 1.

In one dimension, only the values of the primal and mixed variables at the vertices of the elements are required in the
global problem. They can be written as

”reﬁl it RS (i + RS Hip ], (21a)
1 .
Ug 1 = ;H +R;+1 1“n+ + R o051 (21b)
qe ! =0 4SS aptT s Hapt (21c)
Qo1 =Spi1 + Se+1,1”e + 854120511 (21d)
where
-1 -1 1
R = B, — AL, (As,) T AG, | A, — A, (AS) T AS . (22a)
-1
$*:= (Aq) [AZa —AZuRe]’ (22b)
e+l -1 B +1 —1cen+l
e = (B, A () AL ] [0 - A (ag) T ], (220)
1. —1reentl 41
se ,n+ (Ae ) [ft‘; n+1 _ Agure n+ ] . (22d)

The notation used here for the numbering of the primal, mixed and dual variables is illustrated in Fig. 1 for a uniform mesh
with quadratic elements.
Inserting the expressions of equation (21) into the global problem leads to the equation

I’H—] +,Bl I‘H—] +yl I'”l:l] _QI'I‘H—‘I7 (23)

for a generic vertex i, not on the boundary, where
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Uy a, (7
e —— 90 00— —0 00— —0 00— - - -
Ue_11 Ue—1pt1 Ue,1 Uept1

Qe—1,1 Ge—1,p4+1 Qe1 Qept1

Fig. 1. Illustration of a one dimensional mesh, showing the numbering of the primal, mixed and dual variables.

ai =Sl TR, (24a)
Bi=Splho =S+t (R, + R +2), (24b)
yi=TR,—Si,, (24c)
oMt = 5;11‘"“ UL (r;j:]’”] +r§"”+l) ) (24d)

4. Global problem with dual time stepping

The HDG method is known to more efficient than other DG methods [43,44]. This is due to the reduced number of
degrees of freedom induced by the introduction of the hybrid variable as an independent unknown. However, its implicit
nature leads to a large sparse global system of equations that needs to be solved to obtain the approximation of the trace
of the solution on the element faces.

To avoid this requirement, the DTS approach is applied to the global problem of equation (18). The proof of existence
and uniqueness of the solution of the modified problem is presented and the stability limit for the dual time step is derived.
In addition, an optimal choice for the dual time step is presented.

4.1. Formulation

A first-order dual time derivative is added to the HDG global problem, creating the system of ordinary differential
equations

dontt R
N Ko™ =fn+1, (25)

where £ is the so-called dual (non physical) time.

It is clear that, if a steady-state solution of the problem (25) exists, the steady state solution coincides with the solution
of the HDG global problem of equation (18).

The objective of the DTS approach is to advance the solution in the dual time until a steady-state is reached. Therefore,
in principle, a high order accurate scheme in the dual time is not needed. In this work, the system of ordinary differential
equations (25) is discretised in the dual time, £, using the first-order explicit forward Euler method, leading to the scheme

’ﬁn+1,m+1 =ﬁn+1’m + Af(fn-i-] _ﬁ[’jn+1,m), (26)

to advance the solution in the dual time, where the superscript m denotes the evaluation at the dual time ™.

Remark 2. There are several alternatives to accelerate the convergence to the steady state. First, it is possible to perform
the widely used local DTS approach where, in an HDG context, the nodal values of each face are advanced at a different
dual time step. Second, an extrapolation based on previous physical time steps can be devised to obtain an initial condition
for the DTS that reduces the overall number of dual time steps. In addition, the dual time discretisation can be performed
with other explicit time marching algorithms. Despite time accuracy is not required, it is worth noting that other time
integrators, such as multi-stage Runge-Kutta methods, could offer a faster convergence to the steady state. Finally, it is
possible to include a preconditioning matrix in the formulation of the global problem with dual time, namely

d’ﬁn+1 o N
P = + KU =, (27)

The first three strategies are studied numerically in section 5. The use of preconditioning matrices is beyond of the scope of
the current work.

4.2. Stability analysis

The stability of the DTS scheme is studied first. Then, some of the expressions derived to obtain the stability limit are
used in section 4.3 to develop the proof of existence of the steady state solution and the optimal choice for the dual time
step.
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Lemma 1. Assuming a uniform spatial discretisation with characteristic element size h and degree of approximation p, a constant
velocity a € R and a positive constant diffusion coefficient v € R, then « := aj = e, B := Bj = Bj and y := y; = yj, Vi, j. The DTS
scheme of equation (26) can be written as

An+1,m+1 2an+1,m 2 onan+1,m 2an+1,m 2 An+1

u; =—aAtu; " + (1 = AtB)u; — VAt 7T+ AT, (28)
for a generic vertex x; that is not on the boundary.

Proof. Assuming that all elements have the same characteristic size h and degree of approximation p, the matrices M€, A‘f,q,

Agu and Agﬁ are the same for all the elements. A constant velocity implies that the matrices qu are the same for all the

elements. A constant diffusion coefficient implies that the matrices A7, and A7, are the same for all the elements.
As the stabilisation parameter T depends upon a and v, this implies that the matrices R® and S° are the same for all the
elements. This completes the proof. O

Lemma 2. Under the assumptions of Lemma 1,if§ =0thena + 8+ y =0.

Proof. Combining equations (22a) and (22b) leads to
B}, R® + A S° =A%, (29)

Taking the sum over all the rows and using the definition of the matrices Bf,, A}, and A?., the two equations

p+1
89 wjRj1+TRi1+TRpy11 — S11+Spria=—a—T, (30a)
j=1
p+2
89 WiRjs+TR12+TRpy12—S12+Spr12=0a—T1, (30b)
j=1
are obtained, where ¢ = 1/At for BDF1 and ¢ = 3/(2At) for BDF2. The positive weights w; for j=1,..., p+1 correspond
to the quadrature weights associated to the nodal distribution x; in an element and are obtained using the partition of
unity property of the shape functions, namely

p+1 p+1
Z/Ni(x)Nj(x)dx=/Nj(x)dx=ZNj(xk)wkzwj. (31)
i=1Qe Qe k=1

Equation (30) was derived using the two properties

p+1
dN;
> [ “INjdx=0. (32)
1:199
and
Z/adex: 1 ifk=p+1, (33)
J=1g, 0  otherwise,

resulting from the definition Lagrange polynomials and their first derivative.
Adding equations (30a) and (30b) leads to

p+1

a+p+y=—80) wi(Rj1+Rj2), (34)
j=1

which concludes the proof. O

Theorem 3. Under the assumptions of Lemma 1 and assuming that 8 = 1, the scheme of equation (36) is stable if At < At*, where

2

AtF=—" >0
B+la+yl

(35)
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Proof. To perform the classical von Neumann stability analysis of the DTS scheme, the homogeneous version of equa-
tion (28) is considered. As usual in this context, constant coefficients and a uniform spatial discretisation are considered,
leading to the discrete equation
At = g AR 4 (1 - AR — y AR (36)
for a generic vertex, x;, not on the boundary.
Assuming that the initial condition can be written as a convergent Fourier series and using the linearity of the problem,
only the evolution of a single Fourier mode, namely

a?+1,m+l =I:{‘n+],m+1elkx,-’ (37)

needs to be considered, where I =+/—1 and k is the wave number.
Inserting equation (37) into the discrete scheme of equation (36) and, leads to the relation

@1 = e, ADITT, (38)
where the numerical amplification factor is given by

G(&, Af) = —(a + y)Afcos(&) + 1 — AB + I(a — y)Alsin(é) (39)

and & =kh is the dimensionless wave number.
For a given dual time step, the extreme values of the square of the modulus of the numerical amplification factor are
obtained when 8|G(&, Af)|?>/9& =0, leading to possible solutions

(@ +y)(1 — BAD) — 4y cos(§)At =0, (40a)

£=0, (40Db)
and

%— =7, (40C)

The solution of equation (40a) gives

G1 =19 AD2 = (@ + 1)’ AP + (1= AEB)? — dary AP [1+ cos’(®) | (41a)
Similarly, the solutions of equations (40b) and (40c) give

G2 =16, AD)? = (@ + )* AP + (1 — AIB)? — 2(a + y)(1 — ATP)AL (41b)
and

Gz :=1G(€, ADP? = (@ + ¥)* AP + (1 — AEB)* +2(a + y) (1 — AFB)AL, (410)
respectively.

If y =0, the first solution corresponds to an inflection point, so either G, or G3 corresponds to a maximum. If «y > 0,
the first solution is a minimum because 82|G(&, Af)|2/962 = 8ay sin®(§) At2 > 0. If ¢y < 0, the first solution is a maximum,
provided that

(@ +y)(1 = BAD)

= <1. (42)
4oy At

Imposing that G; < 1 leads to the stability condition

A 28
At < 3 3 3 .
(@+y)?+ B2 —4ay [1+cos?(§)]
The most restrictive condition given by equation (43) is obtained for £ =0 or & = 7, meaning that either G; = G, or
G1=0s.
This means that, from a stability point of view, only the solutions corresponding to £ =0 or £ = 7 are of interest.
Particularising the value of the numerical amplification factor for £ =0 and & = 7, gives

(43)

GO, A =1— (B+a+y)AL, (44a)
G, A =1— (B —a —y)AL. (44b)

Imposing the requirements that G(0, Af) > —1 and G(ir, Af) > 1, the critical time step of equation (35) is obtained.
Finally, imposing that G(0, Af) <1 and G(r, Af) < 1 and noting that the dual time step, Af, is positive by definition, it
is clear that (8 +a +y) >0 and (8 — o — y) > 0, which means that the critical dual time step is strictly positive. O

8
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Fig. 2. Value of the critical dual time step, Af*, given by equation (35), as a function of Pe and C. (For interpretation of the colours in the figure(s), the
reader is referred to the web version of this article.)

Corollary 1. Under the assumptions of Lemma 1 and assuming that § = 0, the scheme of equation (36) is stable if AT < At*, where
N 1

Atr=—. 45
r= (45)

Proof. Following the proof of Theorem 3 it is clear that |G(0, Af)|> =1 so it is only necessary to impose that |G(r, Af)| <1,
leading to the stability limit

. 2
At = ———.
B—a—y

The proof is concluded by using Lemma 2. O

(46)

The value of the critical dual time step depends upon several physical and numerical parameters, so that Af* =
Af*(a, v, p, h, At). To illustrate the influence of these parameters, Fig. 2 shows the value of At*, with the BDF1 method
used for the physical time marching, as a function of the Péclet number Pe = ah/(2v) and the Courant number C = aAt/h.
Different values of the velocity a, the diffusion coefficient v and the degree of approximation are considered. The white
dashed line denotes the curve where o + y = 0 that produces a change in definition of the critical time step given by
equation (35). Numerical experiments indicate that for an even value of the degree of approximation, p, the value of o + y
changes sign. For an odd value of p the value of o + y is always negative. It is worth noting that the range of values used
in Fig. 2 is [10~2, 10°] for both the Péclet and the Courant numbers, so both diffusion dominated and convection dominated
regimes are included.

The results in Fig. 2 clearly show that the critical dual time step is highly dependent on the Péclet number and that a
larger stable dual time step can be employed for problems where convection dominates. For instance, when p =1, v =0.1
and a =1, as shown in Fig. 2(a), the critical dual time step is Af* ~0.0937 for Pe =0.1 and C = 0.1, whereas Af* ~ 1.4814
for Pe =10 and C = 0.46.

In all cases, there is a region, for C <1 and Pe > 102, where the critical dual time step is maximum. However, this
region is not of great interest when implicit time integrators are employed.

For a fixed Pe and C, the results show that the critical dual time step is almost independent on the diffusion coefficient
v, whereas it depends on the value of the velocity a. In fact, the results indicate that the critical time step depends on the
inverse of the velocity.

To illustrate the difference induced by the degree of approximation, Fig. 3 shows the critical dual time step as a function
of Pe and C in the range [1,10°], fora=1, v=0.1 and for p=1, ..., 6. The results clearly indicate a different pattern for
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Fig. 3. Value of the critical dual time step, Af*, given by equation (35), as a function of Pe and C fora=1 and v =0.1.

odd and even values of p and show that the critical dual time step is lower for an even value of p compared to an odd
value of p. The region where the critical dual time step is maximum is also slightly bigger when the value of p is odd.

Further numerical studies reveal that the qualitative behaviour is similar when the BDF2 method is used for the physical
time marching, with a slightly higher value of the critical time step for the BDF2 method compared to BDF1.

4.3. Existence of the steady state solution in dual time
The proof of the existence of the steady state solution of equation (25) will use the following results.

Lemma 4. Under the assumptions of Lemma 1, the eigenvalues of the global matrix Kare

rm
ney +2

Ar:ﬂ—Za/aycos< >, forr=1,...,ne1+1. (47)

Proof. The resulting matrix of the HDG global problem can be written as

By 0
k=@ . (48)

o,

0 a B

The proof is completed by noticing that Kisa Toeplitz matrix, whose eigenvalues are obtained using the Chebyshev
recurrence formula [45] and are given by

T
M=B—-2/Jaycos| —— ), forr=1,...,N, 49
r=8 14 (N+1> (49)
where N =ng; + 1 is the size of the HDG global matrix. O

Lemma 5. Under the assumptions of Lemma 1, 8 > 0.

10
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Proof. Particularising the square of the modulus of the numerical amplification factor at & = /2 gives

G /2)1> = B2 AT + (a0 — y)> A2 —2BAE + 1. (50)

Theorem 3 shows that the maximum of |G(£)|? is achieved at & =0 or £ = m. Then, it is clear that |G(7r /2)|? <1 if the
dual time step is selected below the stability limit derived in the previous section, that is if Af < Af*.
Therefore, if Af < Af*, then B2AF% + (o — y)?At> — 2B8Af < 0. As Af > 0 by definition, this leads to the bound

1 A
B> 5 (B +@—y)?)at (51)
for the diagonal term of the global matrix, which shows that 8 >0. O

Lemma 6. Under the assumptions of Lemma 1, 8% — 4ay > 0.

Proof. In the proof of Theorem 3, the two inequalities

B+a+y=>0, (52a)
B—a—y >0, (52b)

were obtained, where the equality in equation (52a) corresponds to the steady case, with § = 0. Multiplying (8 +« + y) by
(8 —a —y) leads to g% — (o + y)? > 0. After some simple algebraic manipulations, the inequality

B* —day = (@ —y)?, (53)

is obtained, which completes the proof. O

Theorem 7. Under the assumptions of Lemma 1, the steady state solution of the global HDG problem with DTS given by equation (25)
exists and is unique.

Proof. If ay <0, the real part of the eigenvalues of the HDG global matrix is R(A;) =8 for r=1,...,ne1 + 1, according to
Lemma 4, which is positive according to Lemma 5.

If ¢y > 0, the eigenvalues are real and bounded as A, > g —2,/ay for r=1,...,ne1 + 1. Using the result of Lemma 6,
it can be concluded that A, >0 forr=1,...,ne; + 1.

By using the spectral decomposition of K= VAV, the global HDG system with DTS can be written as

dwn+1 . R
— + AW =73, (54)
dt
where W:=V~1U, A is a diagonal matrix containing the eigenvalues of K and g:= V-Tf. The solution of the HDG global
problem with DTS given by equation (54) can be written as

W (x, Af) = M (W (x,0) — A1) + A7'E, (55)

which, for Af — 400, converges because all the eigenvalues are positive [46]. This completes the proof of existence.

A steady state solution of the HDG global problem with DTS given by equation (25) is, by definition, a solution of the
original HDG global problem of equation (18). The uniqueness of the steady state solution with DTS is then a consequence
of the unique solution of the standard HDG method. O

4.4. Optimal choice of the dual time step

Section 4.2 provides an expression for the critical time step Af. However, this does not imply that Af = Af* is the best
choice, in the sense of being the dual time step that provides convergence to the steady state with the lowest number of
dual time steps. The following result provides a better choice for the value of the dual time step.

Theorem 8. Under the assumptions of Lemma 1, the optimal dual time step, At°, defined as

AL° = argmin [[[G (&, AD P £ ((0,27) - (56)
At

i.e. the value that provides the maximum damping of all the frequencies, is given by

AP = — ﬁ >0
B4 —4min(ay,0)

11
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Fig. 4. Numerical amplification factor for a =1, v =0.01, ne; = 160, p =2 and At =9.375 x 10~ for three different values of Af.

Proof. The proof of Theorem 3 shows that the extrema of |G(£)|* correspond to the three solutions in equation (40).

If ay >0, the solution given by equation (40a) does not correspond to a maximum. The solutions given by & =0
and & = lead to the expressions of the square of the numerical amplification factor given by equations (41b) and (41c)
respectively. Comparing the expressions for G, and G it is clear that the dual time step that provides a minimum value of
both G, and Gs is Af =1/8.

If oy <0, the solution given by equation (40a) is a maximum, provided that equation (42) holds. Then, the solutions
given by £ =0 and & = ;v lead to a minimum, so they are not of interest from the point of view of the optimal dual time
step. After some algebraic operations, if equation (41a) holds, then G; can be written as

_(@—y)? 2\ A72 2
61 = o [ (day = 57) A 4280 1], (58)
Imposing the requirement that dG; /d(Af) =0 leads to
Af = L (59)
p* —4ay

Finally, it is worth noting that Lemmas 5 and 6 imply that Af° > 0. O

To illustrate the result of Theorem 8, Fig. 4 shows the numerical amplification factor for a =1, v = 0.01, ne; = 160,
p=2 and At =9.375 x 10~ for four different values of Af. The amplification factor with Af = Af° corresponds to the
optimal value given by Theorem 8. The amplification factors with Af =1/(¢ + 8 +y) and Af =1/(a — f — y) correspond
to the values that provide maximum damping for § =0 & = w respectively. Finally, the amplification factor given by the
critical time step is also included. It can be observed that the optimal choice of Af = Af° provides an amplification factor
with a minimum value of |||G(§, Af)|2||£oo([0.2n-). In addition, this figure also suggests that a non-uniform dual time step
can provide a faster convergence to the steady state. For frequencies corresponding to kh near zero, Af =1/(8 + a + y)
provides the maximum damping. For frequencies corresponding to kh near 7, Af =1/(8 — o — y) provides the maximum
damping. In fact, it is possible to select a dual time step that provides maximum damping for a given frequency &. This
value for the dual time step can be shown to be

B+ (a+y)cos)
B2+a?+y?+2ay [cosz(é‘) - Sinz(é‘)] +2(a +y)cos(é)

AbE) = (60)

5. Numerical examples
5.1. Steady convection-diffusion

The first test case, taken from [46], considers the solution of the steady convection-diffusion equation in © = [0, 1] with
a = 1. The Dirichlet boundary conditions and the source term are selected such that the analytical solution is given by
u(x) =sin(10mrx) + 1.

First, a mesh convergence study is performed to numerically validate the implementation of the proposed approach.
Fig. 5 shows the evolution of the relative error, in the £,(2) norm, of the primal and mixed variables, u and q respectively,
as a function of the characteristic element size, h, for three values of the diffusion coefficient and for different orders of
approximation, p. The results show the optimal rate of convergence, p + 1, for both the primal and dual variable for a
diffusion coefficient v =0.1 and v = 0.01. For the convection dominated case, with v =0.001, it can be observed that the
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Fig. 5. Evolution of the relative error, in the £,(2) norm, of the primal and mixed variables, u and q respectively, as a function of the characteristic element
size h for three values of the diffusion coefficient and for different orders of approximation, p.

0.3
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Fig. 6. Number of dual time steps required to reach the steady state solution of the HDG global problem as a function of the dual time step, Af, for a degree
of approximation p and for v = 0.1. The discontinuous line denotes the critical dual time step given by equation (35) and the dotted line the optimal value
given by equation (57).

rate of convergence of the primal variable is above the optimal rate p 4+ 1, whereas the rate of the mixed variable is slightly
below. The dual time step has been selected as Af = 0.99Af* to ensure stability of the DTS and the tolerance for the steady
state residual has been selected as € = 10712,

Next, the influence of the spatial discretisation, namely the element size and the degree of approximation, in the number
of dual time steps required to reach the steady state solution of the HDG global problem is studied. Fig. 6 shows the
number of dual time steps required to reach the steady state as a function of the dual time step size, Af, for different mesh
refinements and orders of approximation, when v = 0.1. The results show that, for a given dual time step, the number of
steps required to reach the steady state solution of the HDG global problem increases as the mesh is refined. It is interesting
to observe that the number of dual time steps seems to be independent of the degree of approximation p. The discontinuous
line in Fig. 6 corresponds to the critical dual time step given by equation (35), which for this example coincides with the
optimal dual time step of equation (57), represented with a dashed line. The results show that the theoretical DTS limit
derived in this work is accurate.

Note that, usually, more dual time steps are required as the mesh is refined or the order of approximation is increased.
This behaviour is attributed to the hybridisation process as the size of the HDG global system in one dimension does not
depend upon the degree of approximation.
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Fig. 7. Number of dual time steps required to reach the steady state solution of the HDG global problem as a function of the dual time step, Af, for a mesh
with ne; =20 elements of degree p and for v =0.1. The discontinuous red line denotes the critical DTS given by equation (35). The discontinuous black
line denotes the exact critical DTS computed from the eigenvalues of the global HDG matrix.
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Fig. 8. Number of dual time steps required to reach the steady state solution of the HDG global problem as a function of the dual time step, Af, for a
degree of approximation p and for v =0.01. The discontinuous line denotes the critical dual time step given by equation (35) and the dotted line the
optimal value given by equation (57).

The results in Fig. 6 show a sudden increase of the number of dual time steps for the coarsest mesh and for a value of
the DTS slightly over the critical DTS given by equation (35). This is only observed in the coarsest mesh, where the influence
of the boundary conditions and the fact that a finite domain is used, implies that the critical DTS derived using the von
Neumann analysis is below the exact critical DTS. To illustrate this phenomenon, the exact critical DTS, At?, is defined as
the DTS that leads to a maximum eigenvalue of the amplification matrix, G(Af) := (I — Afﬁ), with norm equal to one. The
derivation of the exact value of the critical DTS is presented in Appendix A.1.

Fig. 7 shows a detailed view of the results of Fig. 6, for the coarsest mesh, in the region containing the critical DTS. In
addition to the critical DTS obtained from the von Neumann analysis, the exact value of the critical DTS is also depicted.
It can be observed that the critical DTS from the von Neumann analysis is slightly below the exact critical DTS. It is worth
noting that, as the mesh is refined, this effect is no longer observed as the influence of the boundary conditions, and the
fact that a finite domain is used, is less important.

To study the influence of the convection dominated character of the problem on the proposed dual time approach, Figs. 8
and 9 show the same study for v =0.01 and v = 0.001. Again, the results show that the number of dual time steps is
not influenced by the degree of the approximation. More importantly, when comparing Figs. 6, 8 and 9, it can be clearly
observed that the number of dual time steps required to achieve the steady state solution of the HDG global problem
significantly reduces as convection dominates. In addition, it can be observed that the critical dual time step increases for
convection dominated cases and that this limit is only weakly dependent on the number of elements.

These observations indicate that the proposed approach is particularly well suited for convection dominated problems.
For instance, using a mesh of 320 elements, the case with v = 0.001 requires less than 1,000 dual time steps to reach
the steady state, whereas the case with v = 0.1 requires nearly 100,000 dual time steps. This observation coincides with
the behaviour observed when other spatial discretisation schemes are used with DTS. For instance, using a second order
finite difference discretisation of the convection-diffusion equation, the critical DTS is proportional to h when convection
dominates, whereas the critical DTS is proportional to h?> when diffusion dominates.
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degree of approximation p and for v = 0.001. The discontinuous line denotes the critical dual time step given by equation (35) and the dotted line the
optimal value given by equation (57).
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Fig. 10. Number of dual time steps required to reach the steady state solution of the HDG global problem as a function of the tolerance €. The dual time
step corresponds to the critical dual time step given by equation (35) and quadratic approximation is used.

In all the previous examples, the tolerance of the dual time marching algorithm was set to € = 10~%. Fig. 10 shows
the number of dual time steps required to reach the steady state as a function of the tolerance ¢ for different spatial
discretisations and for different values of the diffusion coefficient. In all cases, the dual time step has been selected according
to the critical dual time step given by equation (35) and a quadratic degree of approximation has been selected. The results
clearly show that for v =0.1 the number of dual time steps required to reach the steady state substantially increases as the
tolerance is decreased. In addition, the number of dual time steps increases as the mesh is refined. In contrast for lower
values of the diffusion coefficient, the number of dual time steps shows a very weak dependence on the tolerance as well as
on the number of elements. Again, this demonstrates that the proposed approach is particularly well suited for convection
dominated cases.

Finally, the relation between the element size and the number of dual time steps required to reach the steady state
solution of the global HDG problem is studied. Fig. 11 shows the number of dual time steps required to reach the steady
state as a function of the number of elements, in logarithmic scale. The results indicate a quadratic dependence when
v =0.1 and v =0.01 whereas a two regions can be differentiated when convection dominates. For relatively coarse meshes,
there seems to be a linear dependence between the number of elements and the number of dual time steps required
whereas for finer meshes the quadratic dependence is again observed.

5.2. Performance comparison of different time marching methods in dual time

As mentioned in Remark 2, high order multi-stage Runge-Kutta methods have shown a superior performance for the
integration in the dual time in using different spatial discretisations [34]. This sections compares the performance of the
DTS approach using the forward Euler method and two popular Runge-Kutta methods of order two and four in the context
of HDG. The second-order Runge-Kutta (RK2) selected is described by the two stages

15



R. Sevilla Journal of Computational Physics 434 (2021) 110201

—e—v =0.1

—8—v =0.01
v =0.001

—A— v = 0.0001

1 2 3 4 5
logo(ne1)

Fig. 11. Optimal number of dual time steps, m*, as a function of the number of elements, n.1, for a mesh with p =2 and with convection velocity a =1.

14 1.4
N1‘2 N1.2
o =
S 1 e re e re E 1 < B
~ ~
50.8 50.8
-51 —e—ng1=20 -;‘
oB1().6 | |[—8—ng1 =40 ol11().6
g nep=80 S
0.4 | |—a—ng1 =160 0.4
—p—ng1=320
0.2 0.2
1 2 3 4 5 6 1 2
p
(a) v=0.1 (b) v =10.01 (¢) v =10.001

Fig. 12. Ratio between the optimal number of DTS using the forward Euler method, mg ;... and the second-order Runge-Kutta method, mgy,, as a function
of the degree of approximation p.

an At ~ e
U(]) — Uﬂ+1,m + 7(1:”-’—1 _ KUn-H,m),

(61)
ﬁn+1,m+1 :ﬁnJrl,m + Af(’f\nJrl _ﬁ’[j(l))'
The fourth-order Runge-Kutta (RK4) method chosen is described by the four stages
'ﬁ(]) :’En-t,-] _ Rﬁn+1,m
0@ 1 _g (gt o fﬁ(l)
2 9
03) _Fn+1 1 [ryn+1m Af’*(2)
00 =1 —R(0™ " 4 Z°0 (62)

00 =1 R (071 4 A1),
grHlmt _gntlm g %(ﬁ(l) +20@ 4209 +09).

The example considered in the previous section is used to compare the different three time integrators. For each case,
the optimal value of the DTS is numerically found by approximating the maximum eigenvalue of the amplification matrix.
The simulation is performed with the optimal DTS and the number of dual time steps required to reach the steady state is
recorded.

Fig. 12 shows the ratio between the optimal number of DTS using the forward Euler method, mg, ..., and the second-
order Runge-Kutta method, mgy,, as a function of the degree of approximation p. Different values of the diffusion are
considered and five levels of mesh refinement are used. The results show that, when the diffusion dominates, the number
of dual times steps required by the forward Euler method is almost the same as the number of dual times steps required
by the RK2 method, for all the spatial discretisations considered. When convection dominates, i.e. for v = 0.001, the RK2
method requires more dual time steps to reach the steady state for the majority of cases. Only for linear elements and for
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two of the five meshes employed the RK2 requires less dual time steps than the forward Euler method. However, it is worth
noting that the extra cost induced by the two-stage RK2 method means that the forward Euler method is a more efficient
alternative.

Fig. 13 shows the ratio between the optimal number of DTS using the forward Euler method, mg,,, ..., and the fourth-
order Runge-Kutta method, mgy,, as a function of the degree of approximation p. When the diffusion dominates the ratio
of dual time steps is, again, independent on the spatial discretisation considered. The RK4 is able to converge to the steady
state using approximately a third of the number of dual time steps required by the forward Euler method. In contrast, when
convection dominates the forward Euler method shows a better performance in general. It is worth noting that, for higher
order elements, the Euler method results in a more efficient alternative. This is particularly relevant in the context of HDG
as this method is more competitive when high-order elements are employed.

5.3. Transient convection-diffusion

The next example, taken from [47], considers the transient convection-diffusion problem of equation (1) in = [0, 1]
with a=1, T =0.6, and with Dirichlet boundary conditions and a source term such that the analytical solution is given by

_ (x—Xxg —a[)2

e” o (63)

ux,t)y= 700

where xg =2/15, £ =7+/2/300 and o (t) = /1 + 4vt/¢2.

First, a convergence study is performed to numerically validate the implementation of the physical time marching BDF1
and BDF2 approaches. Fig. 14 shows the evolution of the relative error, in the £,(2) norm, of the primal and mixed
variables, u and q respectively, as a function of the characteristic element size, h, for three values of the diffusion coefficient
and for different orders of approximation, p. The results show the optimal rate of convergence in all cases. The dual time
step has been selected as Af = 0.99A¢* to ensure stability of the DTS and the tolerance for the steady state residual has
been selected as € = 1012, For the spatial discretisation a fine mesh with 1,000 elements and p = 8 is being used to ensure
that the error due to the spatial discretisation is negligible, compared to the error induced by the temporal discretisation.

Next, the influence of both the spatial and temporal discretisations in the number of dual time steps required to reach
the steady state, in each physical time step, is studied. Fig. 15 shows the mean value of the number of dual time steps
required to reach the steady state as a function of the dual time step size, At, for different mesh refinements and orders
of approximation, when v = 0.1. The mean value is computed over the total number of physical time steps nr. The study
is restricted to a spatial approximation with quadratic elements as previous numerical experiments have shown that the
degree of approximation has little influence on the results. For large values of the physical time step, i.e. ny = 40, the
qualitative behaviour in the transient problem, shown in Fig. 15, is similar to that obtained in the previous steady state
example. The number of dual time steps required to achieve the steady state solution of the global problem decreases and
it is a minimum when the dual time step is close to the critical dual time step. However, it can be observed that the
number of required iterations is approximately one order of magnitude lower than in the steady state problem. When the
physical time step is reduced, i.e. for ny = 160 and nt = 640, the number of dual time steps required decreases. In addition,
it can be observed that the dual time step required to achieve the minimum number of iterations differs from the critical
dual time step, especially when coarse meshes are considered. It can be observed that the value of Af that provides the
minimum number of iterations is close to the optimal value, derived in section 4.4, that provides the maximum damping
for all the frequencies. As discussed in section 4.4 the value that provides maximum damping for all the frequencies is not
necessarily the one that provides the fastest convergence to steady state as it is not possible to know a priori the frequency
content of the analytical solution.
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At for three values of the diffusion coefficient.
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Fig. 15. Mean value of the number of dual time steps required to reach the steady state solution of the HDG global problem as a function of the dual time
step, Af, for a degree of approximation p =2 and for v = 0.1. The discontinuous line denotes the critical dual time step given by equation (35) and the
dotted line the optimal value given by equation (57).

Next, the same study is repeated for lower values of the diffusion parameter v. Figs. 16 and 17 show the same study for
v =0.01 and v = 0.001 respectively. As before, the number of dual time steps required to reach the steady state solution
significantly decreases as the value of the diffusion parameter decreases, illustrating again the suitability of the proposed
method for convection dominated cases.

It is worth noting that, for v = 0.01 and v = 0.001, the difference between the dual time step that provides the minimum
number of iterations and the critical dual time step is clearly observed when coarse meshes are used and a large number
of physical time steps is considered. However, the difference decreases when the Courant number is higher than one. In
addition, it is worth noticing that for the convection dominated case, with v = 0.001, the steady state solution of the global
HDG problem in each time step can be reached with less than 10 iterations, clearly indicating the potential of the proposed
methodology. This example clearly shows the benefit of choosing a dual time step Af = Af°, rather than Af = Af*. The
number of dual time steps required by the former is up to two orders of magnitude lower.

The possibility to accelerating the convergence to steady state by devising a better initial condition for the dual time
marching is now considered. The first approach is simply to take the initial condition as the hybrid variable at the previous
time step, namely U"+1.0 —Un. A second approach consists of performing a first order extrapolation of the hybrid variable
from the previous two physical time steps, that is Unt1.0 = 20" — U1, A third approach considers a second order extrap-
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Fig. 16. Mean value of the number of dual time steps required to reach the steady state solution of the HDG global problem as a function of the dual time
step, Af, for a degree of approximation p =2 and for v = 0.01. The discontinuous line denotes the critical dual time step given by equation (35) and the
dotted line the optimal value given by equation (57).
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Fig. 17. Mean value of the number of dual time steps required to reach the steady state solution of the HDG global problem as a function of the dual time
step, Af, for a degree of approximation p =2 and for v = 0.001. The discontinuous line denotes the critical dual time step given by equation (35) and the
dotted line the optimal value given by equation (57).

2000 240
—e—Zero order
—a—First order 200
oo |—0—Second order

1600

160
1200

£ 120

m

800

80
400

40 10
0 0 0
0 10 80 120 160 0 10 80 20 160 0 10 80 20 160
n n n
(a) v=0.1 (b) v=0.01 (¢) v =10.001

Fig. 18. Number of dual time iterations required to reach the steady state, m, as a function of the physical time step n, for three different values of the
diffusion coefficient and three different extrapolation techniques to devise the initial condition of the DTS. In all cases a degree of approximation p =2 is
considered with ne; =320 and ny = 160.

olation using the hybrid variable from the previous three physical time steps, namely U"*1:0 = 3G" — 3U0"~1 + U2, Fig, 18
represents the number of dual time steps required to reach the steady state, m, as a function of the physical time step n, for
three different values of the diffusion coefficient. The three different extrapolation techniques to devise the initial condition
of the DTS are compared. A mesh with 320 quadratic elements is considered and 160 physical time steps are performed in
all cases to reach the desired physical time T = 0.6. The optimal dual time step is selected according to equation (57) and
the tolerance for reaching the steady state in the dual time is set to € =107,

It can be observed that for v = 0.1, where the DTS requires more iterations to reach the steady state, the first and second
order extrapolation approaches are able to significantly reduce the number of dual time steps required. When convection
dominates, namely when v =0.01 and v = 0.001 the extrapolation always reduces the required number of dual time steps
but the computational savings are less significant as the DTS already reaches the steady state with very few dual time steps.

It is worth noting that other second order extrapolation approaches were also proposed in [36] for the solution of the
Navier-Stokes equations. However, additional experiments, not reported here for brevity, did not show any advantage over
the second order extrapolation reported here.
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Fig. 19. Convergence of the residual of the global HDG problem for the DTS approaches using local and global dual time steps, as a function of the number
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5.4. Boundary layer problem

The last example, taken from [47], considers the solution of the steady convection-diffusion equation in = [0, 1] with
a =1, homogeneous Dirichlet boundary conditions and with a constant source term s = 1, such that the analytical solution
is given by

1 1 — ek
u(x):a (x——), (64)

1—eH
where u =a/v.

In the convection dominated regime, the solution develops a boundary layer near the right end of the domain, at x = 1.
In such scenarios, the use of a non-uniform spatial discretisation is clearly advantageous. The example is used to show the
possibility of using the local time stepping approach within the proposed dual time marching algorithm.

Fig. 19 shows the convergence of the residual of the global HDG problem as a function of the number of dual time
steps for a mesh with n.; =40 and p = 6 such that the elements are clustered at x = 1. The high interpolation order is
chosen to ensure that the boundary layer is resolved even with a coarse mesh with only 40 elements. The ratio between
the maximum element size, at x =0, and the minimum element size, at x = 1, is approximately 35. The results show that
using the local time step it is possible to reduce the number of dual time steps required. The saving is less significant when
convection dominates.

Fig. 20 shows the value of the critical time step in each face of the mesh for the three values of v. It can be observed
that when v = 0.1 the critical time step of the first and last face differs by more than one order of magnitude, whereas for
lower values of v this difference decreases.

6. Concluding remarks

This work proposes a DTS approach to solve the global system of equations that appear in the HDG method for a
convection-diffusion model problem. The proposed approach has been rigorously studied, including a proof of the existence
and uniqueness of the steady state solution of the DTS method and the derivation of the magnitude of the stability limit for
the dual time step size. An optimal choice for the dual time step is also provided and it is shown that this value provides
the maximum damping for all the frequencies.

Numerical experiments were used to illustrate the dependence of the critical dual time step with respect to the physical
(i.e. velocity and diffusion) and the numerical parameters (i.e. element size, degree of approximation and physical time step).

20



R. Sevilla Journal of Computational Physics 434 (2021) 110201

The results showed that the critical dual time step is higher for convection dominated problems and a different behaviour
was observed for odd and even values of the degree of approximation.

Three numerical examples were used to test the performance of the proposed DTS technique to solve the global system
of equations encountered in the HDG formulation of convection-diffusion problems. The first two examples considered a
steady and transient convection-diffusion problem respectively and showed the potential of the proposed approach. For
transient convection dominated problems, it was observed that the number of dual time steps required to reach the steady
state was frequently below 10. The last example demonstrated the potential benefits of two strategies to further decrease
the number of dual time steps required.
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Appendix A. Analysis based on the eigenvalues of the HDG global matrix
A.1. Stability analysis

By using the result of Lemma 4, the eigenvalues of the amplification matrix G(Af) := (I — Afﬁ) can be written as

Mr:l—Afﬂ—l—ZAf‘/aycos(Nr—Z]), forr=1,...,N, (A1)

where N is the size of the global HDG matrix.
If ay >0, the maximum eigenvalue of G is such that

Nrm A N7 2
|Umax)? =1—2 [,3 —2/ay cos (N—-l-l)] At + |:;3 —2,/ay cos <N—+l>] NS (A.2)
Similarly, if oy > 0, the maximum eigenvalue of G is such that
A A N
|max]? = (1 — AEB)? — 4AF2ay cos? <m> ) (A.3)

Imposing that |fmax|? < 1, leads to Af < A, with the exact critical dual time step given by

2

" ifay =0
R B — 2. /oy cos
Aff = 25 (”“) (A4)
ifay <0.

B% — 4ay cos? (I\Ilv—f])
It is worth noting that, as the mesh is refined the exact critical dual time step is approximated as
—— ifay >0
ARy~ ) POV (A5)
—  ifay <0.
B* — 4oy
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A.2. Optimal choice of the dual time step

Using the expression of the eigenvalues given by equation (A.1) it is also possible to derive the exact value of the
optimal dual time step, by imposing that the maximum eigenvalue of the amplification matrix is a minimum. This leads to
the expression

AES = b : (A6)
B2 — 4 cos? (,GV—L) min(ay, 0)

It is worth noting that, as the mesh is refined the exact optimal dual time step is approximated as

B
B2 — 4min(ay,0)’

AL &~ (A7)

which coincides with the optimal value derived from the von Neumann analysis in Theorem 8.
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