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Abstract: We consider the equation due to Richards which models the water flow
in a partially saturated underground porous medium under the surface. We propose a
discretization of this equation by an implicit Euler’s scheme in time and finite elements
in space. We perform the a posteriori analysis of this discretization, in order to improve
its efficiency via time step and mesh adaptivity. Some numerical experiments confirm the
interest of this approach.

Résumé: Nous considérons I’équation dite de Richards qui modélise I’écoulement d’eau
dans un milieu poreux partiellement saturé souterrain, situé juste sous la surface. Nous
écrivons une discrétisation de cette équation par schéma d’Euler implicite en temps et
éléments finis en espace. Nous en effectuons ’analyse a posteriori, le but étant d’améliorer
son efficacité par adaptation du pas de temps et du maillage. Quelques expériences
numériques confirment l'intérét de cette approche.
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1. Introduction.

The following equation
0:0(hw) = V - Kyp(O(hy)) V(e + 2) = 0, (1.1)

models the flow of a wetting fluid, mainly water, in the underground surface, hence in an
unsaturated medium, see L.A. Richards [24] for the introduction of this type of models.
In opposite to Darcy’s or Brinkman’s systems (see [22] for all these models), this equation
is highly nonlinear: This follows from the fact that, due to the presence of air above the
surface, the porous medium is only partially saturated with water. Indeed, this model is
derived by combining Darcy’s generalized equation with the mass conservation law: When
denoting by q,, the flux of water (also called Darcy’s velocity), these equations read

qw = —Ky(0(hy))V(hw +2),  90(hy)+V - gy =0.

The unknown is the pressure head h,,, where the index w means “water”. The coefficients
are the water content © and a perturbation of it denoted by ©, the permeability term K,
here supposed to be scalar, and the height against the gravitational direction, denoted by
z. We refer to [2] for physical values of these coefficients that we use in the numerical
experiments.

The key argument for the analysis of problem (1.1) is to use Kirchoff’s change of
unknowns. Indeed, after this transformation, the new equation fits the general framework
proposed in [1] but is simpler (see also [9] for the analysis of a different model). Thus, the
existence and uniqueness of a solution to this equation when provided with appropriate
initial and boundary conditions are easily derived from standard arguments.

We refer e.g. to [13] and [14] for pioneering papers on the finite element discretizations
of similar problems, and to [8] for the first study of their finite volume discretization. More
recently, several discretizations of Richards equation have been proposed in [11], [21], [26],
[27] and [31], see also [28] for a more general equation. All of them rely on a mixed
formulation of the previous equation, where the flux g, is introduced as a second unknown,
and fully optimal a priori error estimates are derived. We recall this mixed formulation
and its well-posedness. We then propose a discretization that combines the Euler implicit
scheme in time and Raviart—Thomas finite elements in space. We prove the well-posedness
of the discrete problem.

The goal of the present work is to perform the a posteriori error analysis of this
discretization, more precisely to exhibit indicators that uncouple as much as possible the
space and time errors, as first proposed in [3] for time-dependent problems. We prove that
all these indicators satisfy optimal or quasioptimal error estimates. They allow us to adapt
both the time step and the space triangulation in order to optimize the discretization. We
thus derive an efficient strategy for adaptivity, following the approach in [4]. Numerical
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experiments confirm both the efficiency of this strategy and the interest of the discretization
that we propose.

Acknowledgement: This work was partially supported by the GNR MoMaS (PACEN/
CNRS, ANDRA, BRGM, CEA, EdF, IRSN, France).

An outline of the paper is as follows.
e In Section 2, we present the variational formulation of problem (1.1) and investigate its
wellposedness in appropriate Sobolev spaces. We also write its mixed formulation.
e Section 3 is devoted to the description of the time semi-discrete problem and of the fully
discrete problem. We check their well-posedness.
e In Section 4, we propose error indicators. Next, we prove upper and lower bounds of
the error as a function of these indicators.
e Section 5 is devoted to the description of our adaptivity strategy relying on these
indicators and to the presentation of some numerical experiments.



2. The continuous problem and its well-posedness.

Let © be a bounded connected open set in R, d = 2 or 3, with a Lipschitz-continuous
boundary 0f2, and let n denote the unit outward normal vector to 2 on 0{2. We assume
that 02 admits a partition without overlap into two parts I'p and 'z, and that I'p has a
positive measure. Let also T be a positive real number. From now on, we are interested
in the following system

( adyu + Ob(u) — V - <Vu + ko b(u)ez) =0 in Qx]0,T7,
u=1up on I'p x]0, T,
(2.1)
(Vu Y ko b(u)ez> ‘n=f on Tpx]0, T,
( ufi—0 = uo in €,

where —e, stands for the unit vector in the direction of gravity. The unknown is now the
quantity u. The coefficients b and k are supposed to be known, and their properties are
made precise later on, while « is a positive constant. The data are the Dirichlet boundary
condition up on I'p and the initial condition ug on €2, together with the boundary condition
f on the normal component of the flux.

Remark 2.1. The links between equation (1.1) and the first line of system (2.1) follow
from Kirchoff’s change of unknowns. Indeed, since the conductivity coefficient K, is
positive, the mapping:

v Kla) = [ Ku(0(0) de,
0
is one-to-one from R into itself. Thus, by setting

u=K(hy), bu)=00K u), koblu)=K,o00o0K (u),

we easily derive the equivalence of (1.1) and the first line of (2.1), for a specific choice of
the difference © — © which is made for mathematical simplicity (see e.g. [31] for a more
realistic case where the quantity « 0yu is replaced by a d; max{u,0}). We refer to [25] and
[26, §1] for more details. It can be observed that the quantity u has no physical meaning,
so that returning to the unknown h,, is needed at the end of each computation. However
the importance of using Kirchoff’s change of unknowns for degenerate problems has been
brought to light in [31].

In what follows, we use the whole scale of Sobolev spaces W™P (), with m > 0 and
1 < p < 400, equipped with the norm | - ||ym.»(o) and seminorm | - |yym.r(q), with the
usual notation H™(2) when p = 2. For any separable Banach space E equipped with the
norm || - |z, we denote by €°(0,T; E) the space of continuous functions from [0, 7] with
values in E. For each integer m > 0, we also introduce the space H™(0,T; E') as the space
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of measurable functions on ]0, T[ with values in E such that the mappings: v — [|0/v| g,
0 < ¢ < m, are square-integrable on |0,7[. Finally, we need the spaces L*>°(Q2) and
L>(Q2x]0,T) of essentially bounded functions on §2 and Qx]0, T, respectively. We are
led to make the following assumption concerning the coefficients and the data.

Assumption 2.2.

(i) The mapping b is of class ¢!, non-decreasing and globally Lipschitz—continuous on R,
with Lipschitz constant cp;

(ii) The mapping: x +— kob(z) is continuous, bounded on R and satisfies for a constant cy,

Vr; € R, Vg € R, !k ob(z1) — ko b(a:Q)‘Q < g (b(z1) — b(x2)) (21 — T2); (2.2)

(iii) The function ug belongs to H*(2);

(iv) The function up admits a lifting, still denoted by up for simplicity, which belongs to
L2(0,T; HY(2)) N HY(0,T; L*(Q)) and satisfies up(-,0) = uo;

(v) The function f belongs to H'(0,T; L*(T'r)).

In order to take into account the boundary condition on I'p, we now introduce the
space
HLp(Q)={ve H'(Q); v=00nlp}. (2.3)

We denote by HBI(Q) its dual space and by (-, -) the duality pairing between HBl(Q) and
HL(Q). Next, we consider the following variational problem

Find u in L?(0,T; H*(Q)) with O;u in L?(0,T; H;'(2)) such that
u=up onIl'px]0,T][ and ult=p = up in Q, (2.4)
and, for a.e. t in ]0,T],
Vo€ Hbh(Q), a{du(t),v) + (9ib(u)(- 1), v)

n /Q (Vu+kobwe. ) (@.1) - (Vo)(@)dw = [ f(r,t)o(r)dr.

I'r

(2.5)

Indeed, the equivalence of such a problem with system (2.1) (in the distribution sense)
only requires that the partition of 9 into I'p and I'g is sufficiently smooth (in order that
P(QUTF) is dense into H},(12)).

If Assumption 2.2 is satisfied, the mapping b, defined by
bo(x) = b(x) + ax, (2.6)

is one-to-one from R into itself. So, by using the further change of unknown v, = b, (u),
we can prove the existence result in a simple way by applying the Cauchy—Lipschitz the-
orem and using the separability of the space L?(0,T; H'(€2)). The uniqueness is then a
consequence of Gronwall’s lemma. We refer to [18, §2.1] for a detailed proof of these results
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relying on the monotonicity of the function b. Note that part of Assumption 2.2 can be
weakened for this. However, we have no applications for these weaker properties.

Theorem 2.3. If Assumption 2.2 is satisfied, problem (2.4) — (2.5) has a unique solution
u. Moreover, the quantities Oyu and d;b(u) belong to L*(0,T; L*(R)).

Remark 2.4. In the more complex case where a = 0, the existence and uniqueness of a
less regular solution can be derived thanks to the arguments in [1, Thms 2.3 & 2.4] (see
also [12] for a similar proof in the case of a biphasic flow water—air). However, this requires
slightly different assumptions on the coefficients and the data.

To go further, we prove an a priori estimate for the solution u exhibited in Theorem
2.3.

Proposition 2.5. If Assumption 2.2 is satisfied, the following estimate holds for the
solution u of problem (2.4) — (2.5), for all t in |0, T7,

t
allu(-,t 2 +/ ug-, s : 1 ds
[l Dlz2@) + | 1u(s9)lin ) (2.7)

<c(t+ HuDH%Q(O,T;Hl(ﬁ))ﬂHl(O,T;LQ(Q)) + ||f”%2(o,T;L2(rF)))'
Proof: We set:
u(x,t) = up(x,t) + us(x, t), be(w) = b(up + w).
Thus, it is readily checked that u, belongs to L?(0,T; H}(€)) and satisfies
Yo € HH(Q), o {0uy(-,t),v) + (Opby(uy) (-, t),v)
+ /Q<Vu* Y ko b*(u*)ez>(w,t) (Vo) (@) de = L4(v),

where the linear form L;, defined by

Li(v) = —a(Owup(-,t),v) —/Q(VUD)(w,t) - (Vo)(x) dx + g flr, tyv(r)dr,

is obviously continuous on H} (), with norm c(t) satisfying for a.e. ¢ in ]0, T,
c(t) < al|Opup (5 Ol g1 ) + lun G Ol @) + el f (D) 2rr)-

Next, we take v equal to u.(+,t) and integrate the equation with respect to ¢. Since b/, is
nonnegative, this leads to (note that w, vanishes at ¢t = 0)

t t
aHu*(-,t)H%z(Q)—i—/O |u*(~,s)\%[1(m dsgc(t—k/o c(s)*ds).
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We conclude by using the properties of up.

In view of the discretization, we finally introduce a mixed formulation of problem
(2.4) — (2.5). To this aim, we consider the domain H(div,2) of the divergence operator,
namely

H(div,Q) = {p € L*(Q)* V - p € L*(Q)}, (2.8)
equipped with the graph norm. Since the normal trace operator: ¢ +— ¢ - m can be
defined from H (div, ) onto H 2 (99), see e.g. [15, Chap. I, Thm 2.5], and its restriction

1
to I'r maps H (div, (2) into the dual space of Hj)(I'r) (see [19, Chap. 1, Th. 11.7] for the
definition of this last space), we also introduce the space

Hp(div,Q) = {¢ € H(div,Q); ¢ - n=0o0nTx}. (2.9)
The mixed variational problem then reads

Find (u,q) in L*(0,T; L*(Q2)) x L?(0,T; H(div,Q)) with d;u in L?(0,T; L*(Y)) such
that
g -n=—f onlpx|0,T| and Ul—o = up in Q, (2.10)

and, for a.e. t in ]0,T],

2 x,t)w(x) dx b(u)) (x, t)w(x) de
dwe (@), a [ ()@ u@de+ [ (@b00) @ u@)d

+ [ (V- q)(z, t)w(z)de =0,
/9 (2.11)

Vo € Hp(div,Q), /Qq(a:,t) - p(x)dr — /Qu(az,t)(v ) (x) dx

+/(’fob(u))(w,t)ez “p(x) de = —(up(,t),¢ - m)rp,
Q

where (-, -)r, now denotes the duality pairing between H %(F p) and its dual space. We
now check its equivalence with problem (2.4) — (2.5).

Proposition 2.6. If Assumption 2.2 is satisfied, problems (2.4) — (2.5) and (2.10) — (2.11)
are equivalent, in the following sense:

(i) For any solution u of (2.4) — (2.5), there exists a function q in L*(0,T; H(div,Q)) such
that the pair (u, q) is a solution of problem (2.10) — (2.11);

(ii) For any solution (u,q) of (2.10) — (2.11), the function u belongs to L*(0,T; H'(Q))
and is a solution of problem (2.4) — (2.5).

Proof: We check successively the two assertions of the proposition.

1) Let u be a solution of problem (2.4) — (2.5). Letting v run through Z(Q) yields the
first line of system (2.1) and letting v run through 2(Q2 UT'g) yields the third line of
this system. Thus, the function ¢ = —Vu — k o b(u)e. belongs to L?(0,T; L?(Q)%) and,
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since Oyu and 9;b(u) belong to L?(0,T; L?(€)) thanks to Theorem 2.3, the same property
holds for V - q. All this yields that g belongs to L?(0,T; H(div,Q)) and also satisfies
the first part of (2.10). Moreover, multiplying the first line of (2.1) by any function w
in 2(2) and using the density of 2(Q) in L?(Q2), we derive the first equation in (2.11).
The second equation follows by multiplying the equation ¢ = —Vu — k o b(u)e, by any
@ in Hp(div,Q) and integrating by parts thanks to the Stokes formula. Thus, (u,q) is a
solution of (2.10) — (2.11).

2) Conversely, let (u,q) be a solution of problem (2.10) — (2.11). Letting ¢ run through
2(Q)? in the second line of (2.11) yields the equation

qg=—Vu—kob(u)e,, (2.12)

and letting it run through 2(Q U T'p)¢ leads to the boundary condition u = up on I'p.
Thus, since the mapping k is bounded, it follows from the previous equation that u belongs
to L2(0,T; H'()) and satisfies (2.4). On the other hand, equation (2.5) follows from the
first equation in (2.11), by taking w in HL(Q) and using the first part of (2.10) and
equation (2.12). Thus, u is a solution of (2.4) — (2.5).

The following corollary is now a direct consequence of Theorem 2.3 and Proposition
2.6.

Corollary 2.7. If Assumption 2.2 is satisfied, problem (2.10)—(2.11) has a unique solution
(u, q).

Note that, in contrast with u, the flux g has a physical meaning. Indeed, it follows
from Remark 2.1 that g is equal to —K,, (O (hy))V(hy + 2), which is the flux in problem
(1.1).



3. The discrete problem and its well-posedness.

As already explained in Section 1, we propose a discretization of the problem in two
steps: time semi-dicretization, full discretization. The next analysis requires hypotheses
which are slightly stronger than Assumption 2.2 but still not restrictive.

Assumption 3.1.

(i) The mappings b and k and the data ug, up, and f satisfy Assumption 2.2;
(ii) The function k is Lipschitz—continuous on R, with Lipschitz constant cj;
(iii) The function up belongs to €°(0,T; H*(£2)).

3.1. The time semi-discrete problem.

Since we intend to work with non uniform time steps, we introduce a partition of the
interval [0, T'] into subintervals [t,—1,t,], 1 <n < N,suchthat 0 =ty <t; < - - <ty =T.
We denote by 7, the time step t,, — t,—1, by 7 the N-tuple (71,...,7n) and by |7| the
maximum of the 7,, 1 <n < N.

As already hinted in Section 1, the time discretization mainly relies on a backward
Euler’s scheme, where the nonlinear term kob(u) is treated in an explicit way for simplicity.
Thus, the semi-discrete problem reads

Find (u™)o<n<n in L2(Q)NT! and (¢™)1<n<n in H(div, Q)N such that
q" -n=—f(,t,) onTp, 1<n<N, and u’ =wuy in Q, (3.1)
and, for 1 <n < N,

Yw € L*(Q),

Vo € Hp(div, ), /Qq”(a:) - p(x) dr —/ u(x)(V - p)(x) dz

+/(k;ob(u"1))(:v)ez cp(x)de = —(up(-,tn), @ - N)r,-
Q

It can be noted that this problem makes sense since both up and f are continuous in time.
Proving its well-posedness relies on rather different arguments as previously.

Proposition 3.2. Assume the partition {I'p,I'r} of OS2 sufficiently smooth for 2(Q2UT' )
to be dense in H}(Q). If Assumption 3.1 is satisfied, problem (3.1) — (3.2) has a unique
solution (u™,q")y.



Proof: We proceed by induction on n and deduce from the same arguments as for Propo-
sition 2.6 that, at each step n, 1 < n < N, problem (3.1) — (3.2) admits the equivalent
formulation: Find u™ in H'(Q), with u™ equal to up(-,t,) on I'p, such that

Yo e Hh(Q), a(%,w n <b(un) :_f(u"— ),v)
-I-/ (Vu" +kob(u" e, (z) - (Vv)(z)dz (3.3)
Q

= flr ty)v(T)dr.
I'r
We check successively the uniqueness and the existence of the solution.
1) Let (u™,q"), and (@™, q"™), be two solutions of problem (3.1) — (3.2). Due to the
induction hypothesis, the function u™ — 4™ satisfies, for all v in H},(£2),

u — i b(u™) — b(a@™)

;0) +

Tn Tn

, V) + /Q(V(u“ —a"))(x) - (Vv)(z)de = 0.

Thus, taking v equal to u™ — @™ (which belongs to H,(£2)) and recalling that the product
(b(u™) — b(a™)) (u™ — @™) is nonnegative, we obtain that u™ and @™ are equal. Then, by
using the second equation in problem (3.2), we deduce that ¢ and g™ coincide, whence
the uniqueness result.

2) Due to the induction hypothesis and by setting: " = u? +up(-,t,), we must prove the
existence of a solution for the problem: Find u? in H} () such that

Yo e HL(Q), a /Quzz(a;)v(x) dw+/Qb(u:(m)+ul)(x,tn))v<x) da

o [(50)  ee— ),

where £" is a linear form continuous on H}, (). We perform the proof in several steps.
e We define the mapping ® from H} (1) into its dual space by duality:

Yo e HH(Q), (®(w),v) =« /

w(x)v(x) da:+/ b(w(x) +up(x,t,))v(x) de
Q

Q

+ Tn /Q(Vw)(a:) - (Vou)(x) dx — L™ (v).

The mapping ® is clearly continuous on H7(£2). Moreover, by noting that the quantity
b(w + up(+,t,))w is greater than b(up(-,t,))w and that b is Lipschitz—continuous, we
observe that

(P(w),w) > a |wl|Fzq) + T [wlin ) — en w220,
where the constant c,, only depends on the norm of £", the Lipschitz constant ¢, and the
norm of up(+,t,). Thus, the quantity (®(w),w) is nonnegative on the “ellipse”

C

2
“n
2ae

(0]
5 ||w||%2(9) + T |w|%11(9) =
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e It follows from the density assumption that there exists an increasing sequence (H,, ),
of finite-dimensional subspaces of H}(Q) such that U,,enH,, is dense in HL(Q). The
restriction of the mapping ® to each H,,, obviously satisfies the same properties as previ-
ously, so that applying Brouwer’s fixed point theorem (see [15, Chap. IV, Corollary 1.1]
for instance) yields the existence of a function u,, in H,, such that

c
200

2
(e}
Vo € Hyy,  (@(um),vm) =0  and ) HUmH2L2(Q) +7n |um’%{1(ﬂ) <2

e Since the sequence (uy, ), is bounded in H'(Q), there exists a subsequence, still denoted
by (U )m for simplicity, which converges to a limit weakly in H*(2) and strongly in L?(£2).
We denote this limit by u?. On the other hand, the subsequence satisfies for m > k

Vo, € Hg, « /Qum(a:)vk(az) dx + /Q b(um () + up(x,t,))vk(x) de ",

+ T /(Vum)(m) - (Vo) (x) de = L (vg).
Q

Passing to the limit in the linear terms is easy. We also derive from the Lipschitz property
of b that

[6(tm +up(tn)) = b(ul + up(tn))lr2) < cllum —uillL2(0),
whence the convergence of the nonlinear term. Thus, the function u} still satisfies equation
(3.4) for all vy, in Hj, whence, owing to the density of UgenHy in H,(£2), for all v in H} ().

Thus, the pair (u",¢"), with «” = u? + up(-,t,) and ¢" = —Vu" — ko b(u" e, is a
solution of problem (3.1) — (3.2), which concludes the proof.

In analogy with Proposition 2.5, we prove a stability property of the solution (u™, q™)
which is needed later on.

Lemma 3.3. If Assumption 3.1 is satisfied, the following estimate holds for the solutions
(u",q"™) of problems (3.1) — (3.2), 1 <n < N,

m—1

n m
u — U
(03 rl 2
m=1 Tm

=

||L2(Q)) + [u" 1 (0)
S C (\/ﬁ-i- |UO|H1(Q)
. (3.5)

L (ZTm HuD(-,tm)_TUD(-,tml)Hiz(Q)> (Z up (-, ’Hl(Q)>§
m=1 m

(Z I tmlen) )

[N

10



Proof: Setting as previously u" = ul + up(-,t,), we observe that problem (3.2) can
equivalent be written as

Yo € H5(Q), O4<“>T*<L_—“7*1_17v>Jr<b(u +up(tn)) = b(ul " +up(-,tn))

n T’I’L ’ U>

+ / (Vuf + ko b(u”_l)ez)(w) - (Vo)(x) dxe = (¢",v),
Q

where the quantity g is defined by

UD(-,tn) — uD(-,tn_l)

(g, ) = —a (1200 ®
B <b(u§j_1 + uD(-,tn)) — b(uj}_l + uD(-,tn_l)) )
_ /Q (Vup)(@.t,) - (Vo)(@)da+ [ f(r.t)olr)dr.

Thus, taking v equal to u’ — ul~", noting that the quantity

*

(b(u +up (- tn)) = b(ul ™" +up (- tn)), ul —ul™h)

is nonnegative and using the formula

Vul - V(= i) = S (19l - w4 T - VR,

l\DIH

together with the boundedness of the mapping k lead to, with ¢" = g7 + g5,

ul —ul™t Lon n . n—12
Ty H—Tn 122(0) + 5’% () + §|U* —ul
1 ur 12 n n n—1 n uzkl B uzil
< §| |H1(Q) + (c+ g7 HHB:L(Q)NU* — Uy |H1(Q) + 7o || 95 ||L2D(Q)||—7_ ||L2(Q)-
n

By using the inequality ab < %(a2 + b?) and summing on the n, we obtain

5 Z Tm || ||L2(Q) +5 |U |H1(Q)
n n
1
<ent D00 g+ e O T 19812
m=1 m=1

We conclude thanks to an appropriate choice of g7 and g5 and by using a triangle inequality.

11



Remark 3.4. From now on, we denote by co(7) the maximum of the quantities that
appear in the right-hand side of estimate (3.5), namely

Co(T) =c <\/N—|— |u0]H1(Q)

N
up (-5 tm) —up(y tm—1
+ (Z Tm || L, tm) - ( )H%Q(Q)>
m=1 m

1
2

+ (i ’uD(',tm)ﬁ{l(Q))% (3'6)

N 1
+ (3 1t )

There is no reason for the last terms in this quantity to be bounded independently of 7.
Assumption 3.1 only implies that

co(t) < e¢VN. (3.7)

3.2. The fully discrete problem.

From now on, we assume that €2 is a polygon (d = 2) or a polyhedron (d = 3). For
each n, 0 <n < N, let (7,")p, be a regular family of triangulations of Q (by triangles or
tetrahedra), in the sense that, for each h,,:

e () is the union of all elements of 7;";

e The intersection of two different elements of 7,", if not empty, is a vertex or a whole
edge or a whole face of both of them:;

e The ratio of the diameter hx of any element K of 7," to the diameter of its inscribed
circle or sphere is smaller than a constant o independent of h and n.

As usual, h,, stands for the maximum of the diameters hx, K € 7,". We make the further
and non restrictive assumption that both I'p and T'r are the union of whole edges (d = 2)
or whole faces (d = 3) of elements of 7,".

We now introduce two finite element spaces, first the space X}
Xy = {on € L*(Q); VK € T, valx € Po(K)}, (3.8)

where Py(K) is the space of constant functions on K, next the space Y} associated with
Raviart—Thomas finite elements [23]:

v = {in € H(div,Q); YK € T, wulic € RT(K)}, (3.9)

where RT (K) stands for the space of restrictions to K of polynomials of the form e+ 5 x,
a € RY 8 € R. In order to take into account the boundary conditions, we also need its
subspace

e =Yy N Hp(div, Q). (3.10)
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Recalling that normal traces of elements of Y} on 0f2 are piecewise constant, we define
for each n, 1 <n < N, an approximation f' of f(-,t,) by

1

VK €T, filkary = meas(K NT'p)

/ flr t,)dr. (3.11)
KNTp

Similarly, we define ug, as the image of ug by the orthogonal projection operator from
L2(Q) onto X?. As standard for the discretization of parabolic equations with different
triangulations, we also introduce the orthogonal projection operator I from L?(£2) onto
the space Xj..

We are thus in a position to write the discrete problem, constructed from problem
(3.1) — (3.2) by the Galerkin method,

Find (u})o<n<n In HTJLO X7 and (g}})1<n<n in ngl Y7 such that
g, -n=—f onlp, 1<n<N, and u) = upp, in Q, (3.12)

and, for1 <n < N,

th S XZ,
o [ @@+ [ (I @) @) e
Q n Q n
+/(V . qﬁ)(w)wh(a:) dx =0,
o (3.13)
Ve € YZF?

/ g (@) - pn(x) da — / u(@)(V - ) () dac
Q Q

+/QHZ(kob(uZ_1))(a:)ez - pp(x)de = —/F up(T,tn)(pn - n)(T)dT.

D

Remark 3.5. Owing to the definition of II}, the quantities u} ' and b(u?~') can be re-
placed by 7w} ~" and Ib(un~!) in (3.13) without modifying the discrete problem. More-
over, since uz_l is piecewise constant, computing HZg(uZ_l) for any continuous function
g is not expensive at all. Indeed, we have the formula, for all K in 7",

1

( Zg(UZ_l))IK = m

> meas(K' N K)g(up )|k (3.14)
K'eT, !

Thus, where the mesh is only refined, i.e., for the K in 7," which are contained in one
element of 7, ", (I7g(uj~"))|k coincides with g(u} ")|x. It must also be noted that,
in practice, the operator II}} is often replaced by the Lagrange interpolation operator. We
avoid to present this modification for simplicity.
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Fortunately, proving the well-posedness of this problem is easier than for the previous
ones.

Proposition 3.6. If Assumption 3.1 is satisfied, each problem (3.12) —(3.13), 1 <n < N,
has a unique solution (uj, qy).

Proof: There also, we proceed by induction on n and check successively the uniqueness
and the existence of the solution.

1) Let (u},qp) and (ay,q;') be two solutions of problem (3.12) — (3.13). Their difference
satisfies

Ywy, € X7, a/Q(M)(m,)wh(m)dm—k/g(M)(m)wh(m)dm

Tn Tn

+ [V - @ - ) @un@ydo =0, 315)
Q

Veon € Yyp, /Q(qf’f - qy)(®) - pn(x) dw—/Q(UZ —ap)(x)(V - n)(z) de = 0.

When taking wj, equal to uj — @y and ¢j equal to g;' — g}, summing the two equations
and noting that (b(u}’) — b(a}))(ul — @}) is nonnegative, we obtain

« ~ ~
- |uf — UZH%Q(Q) + llgn, — QhHQLQI(Q)d <0.
So, (u},qp) and (uy,qy) are equal.

2) We introduce a lifting x} of f;* in the following way: If £}' denotes the set of all edges

(d = 2) or faces (d = 3) of elements of 7," and £ its subset made of all edges or faces
contained in I'p, there exists a unique function xj in Y} such that

no . s oneeg,’;‘F,
Xp * T {0 onecEr\EF,

(indeed, these degrees of freedom are R7T (K )-unisolvent on each K, see [23]). Next, we
define the mapping ¥ on X} x Y} by

V(wn, 1) € X5 x Vi,
(U un,@n).(wnon) = [ (22) (@)un(a) do + /Q () @) () d

Q Tn

= [V @)@ ou) i+ [ @) - o) do

_/Quh(,,;)(v o) (@) da — M™ (wh, o),
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where the linear form M™(-,-) is defined by

nun—l
M (wp, pn) = « / (Hh—h ) (@) w, () de

Q Tn

np (!
)(w)wh(w)der/ (M

Q Tn

- [ )@@ de— [ xi@) - o) da
Q Q
—/(HZkob(uZl))(m)ez - pp(x) da:—/ up(T,tn)(pn - n)(T)dT.
Q

I'p

When the space X} x Y7, is equipped with the norm of L?(Q) x H(div,{2), the mapping
W is continuous and satisfies

|-

Q Q
(W(un,qn), (un, qn)) = 7__Huh||%2(9) + ||Qh||2L2(Q)d —Cn (T_HuhHQLQ(Q) + thH%I(div,Q)) ,
n n
where C,, only depends on the norm of M™ in an appropriate dual space. So, using the

fact that on the finite-dimensional space X} x Y} all norms are equivalent and applying
once more Brouwer’s fixed point theorem yield the existence of a pair (uy, g}, ) such that

V(wn, n) € Xiy x Yip, (¥(up,qp.), (wh, n)) = 0.
Then, the pair (u}, q; = g}, + xJ) is a solution of problem (3.12) — (3.13).
Since our aim is adaptivity of the time steps and the triangulations, we do not prove

a priori error estimates for the semi-discrete and discrete problems. We refer to [13], [14],
[21], and [26] for these estimates in the case of very similar problems or discretizations.
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4. A posteriori analysis of the discretization.

We first recall some notation which is standard in the a posteriori analysis of finite
element discretization. Next, we give the definition of two families of indicators linked
respectively to the time semi-discretization and to the finite element discretization. We
then prove successively upper and lower bounds for the error. All these estimates are
summed up in a conclusion.

We also make precise the new assumptions that are needed in this section.

Assumption 4.1.

(i) The mappings b and k and the data ug, up, and f satisfy Assumption 3.1;

(ii) The mapping b is of class 42 on R with bounded and Lipschitz-continuous derivatives;
(iii) The mapping k is of class ¥! on R with bounded and Lipschitz-continuous derivative;
(iv) The function ug belongs to L>(£2);

(v) The function up is continuous on [0,7] x I'p.

4.1. Some notation.

Foe each n, 1 <n < N, and with each K in 7;", we associate
(i) the set £ of all edges (d = 2) or faces (d = 3) of K which are not contained in 9;
(ii) the sets E2 and EF of all edges (d = 2) or faces (d = 3) of K which are contained in
Tp and I'g, respectively;
(iii) the domain wg equal to the union of all elements of 7,* that share at least an edge
(d=2) or a face (d = 3) with K.
For each e in £%, we denote by [-]. the jump through e (the introduction of a vector normal
to e is necessary to make precise the sign of this jump, however we do not need it in what
follows).

With each family of values (v™), 0 < n < N, we associate the function v, which is
affine on each interval [t,—1,t,], 1 < n < N, and equal to v" in t,,, 0 < n < N. For each
function v continuous on [0, 7], we also introduce the functions 7}v and 7~ v which are
constant, equal to v(t,) and v(t,,_1), respectively, on each interval |¢,,_1,%,], 1 <n < N.
For brevity, we use the notation v = 7t v,.

Finally, we introduce an approximation u%, of up(-,t,) on I'p: For each K in 7"

and each edge (d = 2) or face (d = 3) e in EL, the restriction of u’y, to e is equal to the
Lagrange interpolate in P;(e) of up(-,t,).

4.2. The error indicators.

For the reasons explained above, we consider two families of error indicators. All of
them are defined for each n, 1 <n < N, and for each K in 7,".
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(i) Error indicators linked to the time discretization

i b u — L
i = b(up) — bluy, )—B,’;h—h (41)

= i uf = e + it |
n n

b (I~ )+ (up)
. :

where the function B} is defined on each K as

(ii) Error indicators linked to the space discretization

— Hnu”—l b(u™) — TI"b un—l
n(h n
nK()_TnHa h hih 4 (ur) nb(uy, )+V'Qh”L2(K)
Tn Tn
7 iy + Ik o b(uy e 2 ke (4.2)
11 11 n
T Z 7t he * [|[uplellL2(e) + Z 7 he * [[uly — ubplL2(e)-
6652{ 6€5D

It can be noted that all these indicators only depend on the discrete solution (u}, g;')»
and are very easy to compute (only polynomials of degree at most 1 appear in the norms).
However the terms involving u’,;‘_l are reinterpolated on the new mesh 7," thanks to the
operator IIj .

4.3. Upper bounds for the error.

As now standard for multi-step discretizations (see [3] for the introduction of this
approach), we proceed in two steps, in order to uncouple the two sources of error. Due
to the nonlinearity of all problems, we use the theorem due to Pousin and Rappaz [20] at
each step.

With the notation presented in Section 4.1, we first estimate the norm of the term
(u —ur,q — 7 q). We introduce the subspace

X = H'(0,T; L*(2)). (4.3)

Indeed, it is clear that the mapping F = (Fi, F2) defined with the notation U = (u, q)
and for a.e. ¢ in [0,7] by

Vw € L3(Q), (FL(U)(t),w) =« /Q

(Owu) (x, t)w(x) d:I:-l—/Q(é?tb(u))(m,t)w(m) dx
—1—/9(V - q)(z, t)w(z) de,
Vi € Heldiv. ), (2U)0.¢) = [ ale.t) - pl@)de [ ul@ (Vo)) da

+/(kob(u))(w,t)ez - p(x)dx + (up,p - N)r,,
Q
(4.4)
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is continuous from X x L?(0,T; Hr(div,)) into L?(0,T; L?(Q2)) x L?(0,T; Hr(div,Q)").
Unfortunately, it is only differentiable on a smaller domain, as stated in the next lemma.
We now introduce the space .Z of linear mappings from X x L2(0,T; Hr(div,)) into
L?(0,T; L3(Q)) x L*(0,T; Hp(div, Q)").

Lemma 4.2. If Assumption 4.1 is satisfied, the mapping F is continuously differentiable
on the space Y x L2(0,T; H(div,Q)) with values in £, where the space Y is given by

Y = HY(0,T; L>(2)). (4.5)
Moreover, the mapping: V +— DJF (V') is locally Lipschitz-continuous on this same space.

Proof: We have, for any Z = (z,) in X x L*(0,T; H(div,Q)),

(DFL(U)(t) - Z,w) = /Q(a +b'(u)) (x, 1) (0:2) (®, t)w(x) do

—I—/Qb"(u)(w,t)z(w,t)(@tu)(zc,t)w(:c) dw—i—/ﬂ(v - ) (, t)w(x) de,
(DF2(U)(t) - Z, ) = /Qib(wﬂf) - () de — /Qz(fl»‘at)(v - ) () dee

+/Q(k:ob)’(u)(m,t)z(w,t)ez - p(x) dz.

The continuity and Lipschitz property of DF is then easily derived from these formulas
and the choice of Y, see Assumption 4.1.

It can be checked that equation (2.11) can be written in the abridged form, with
obvious notation,

F(U) =0. (4.6)

On the other hand, the residual equation satisfied by U, = (u,, 7 q), where the (u", q")
are the solutions of problem (3.1) — (3.2), reads, for all ¢ in [t,,_1,t,],

Vw € L2(Q), (Fi(U,)(t), w) :/Q(at(b(uT)—bT(uT)))(m,t)w(m) da,
Vo € Hp(div,Q), (F(U-)(1t),p) = — /Q(UT —u")(z,t)(V - p)(x) dx (4.7)

+ / (k: ob(u,) — ko b(u"il))(m,t)ez - p(x) de,
Q

where b, (u,) stands for the function which is affine on each interval [t,_1,t,], 1 <n < N,
and equal to b(u™) in t,, 0 < n < N. We are thus in a position to apply the theorem of
Pousin and Rappaz [20] in its more precise form given in [29, Prop. 2.1].
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We need the lifting operator £ which associates with any function g in the dual space

1
of H3,(I'r) the function grad y, where y is the solution of the problem

—Ax =0 in Q,
{X:O on I'p, (4.8)
OnX =9 on ['p.

1
It is readily checked that £ is continuous from H(I'r)" into H(div,2). In what follows,
we denote by [-] the norm of a continuous linear mapping from a Banach space into another
one (without making precise the spaces for simplicity). We finally define the quantities
, ul —ul !
e = (b (unr) — Bﬁ)hT—hHL%tnil,tn;m(my (4.9)

n

Proposition 4.3. If Assumption 4.1 is satisfied, for any solution U = (u,q) of problem
(2.10) — (2.11) in Y x L*(0,T; H(div,Q)) such that DF(U) is an isomorphism in £, there
exists a bounded neighbourhood of U in' Y x L?(0,T; H(div,)) such that the following

a posteriori estimate holds for any solution U, = (u,,71q) associated with problems
(3.1) — (3.2) in this neighbourhood

1
Oililp |(u —ur ) )| 2) + @210 (u — ur)||p200,7;22()) + llg — 7T:r|—q||L2(O,T;H(div,Q))

1
((Z > ( (D)2 + (£57)? )) " Hllur — unell L2 0Lz @)

n= 1KGT”

+ max, lu™ — up | 2@y + @2 10 (ur — unr)ll 20,7220

.
=7 Wt )

(4.10)
where the constant ¢ only depends on a and the norm [DF(U)™!].

Proof: As previously, we set:

U = (U — Uo,q — Lf('vt))a U‘r = (UT - anﬂ—;’-_(q - 'Cf(7t)))
Due to the continuity of £ and with obvious notation, we have

_ T . g — 7+ i S
lg — 77allzz0.1:miv.) < 1@ — 77 qllL20,7;H5(@iv.0) +cllf 7TTfHL2(OTH b ey’

Owing to Lemma 4.2, applying a slight extension of [29, Prop. 2.1] to the mapping F
defined by F(U) = F(U) yields

1 ~
sup ||(u — ur) (- 1) L2 () + @2 10:(u — ur)l L2 (0,ms02(02)) + 1@ — 7 @l L2(0,75 1 (aiv,02))
0<t<T
<c (Hat(b(uT) — by (ur)) I 2(0,m502(9))
+ lur — 7l ull 20,020 + [k 0 bur) — ko b(WT_U)Hm(o,T;m(Q)))-
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We now evaluate successively the three terms in the right-hand side of this inequality,
beginning by the last two ones which are easier to handle.
1) We start from the triangle inequality

lur — mhullp20,m:02(0)) < lur — unr |2 0,m502(9)
+ {17 (w = un)ll 20,7522 ) + Nunr — 7 unll 20,1522 )5

and observe by the same arguments as in [3, Lemma 2.1] that

1
2
17 (w = un)ll L2052 (0)) = (E :Tn”un - UZH%Q(Q)> < cllur = unrllz0,7;02(9)) -
n=1

On the other hand, it follows from the formula, valid on each interval |t,,_1,t,],

tn —1

Uy = u" — (u™ —u™ .
Tn
that
N oo
|unr — Wj—_uh“%Q(O,T;LQ(Q)) = Z gnHU?ﬁ - uzilHQLQ(Q)'
n=1
All this yields
Jur — 7TT+UHL2(0,T;L2(Q))
N
1 . . i (4.11)
< c|lur — uns|lL2(0,1502(02)) + V3 (Z o |lup — ujy 1”3?(9))
n=1

2) Since both functions k and b are Lipschitz-continuous, we have

[k o b(ur) =k ob(m-u)llL20,m522(0)) < ¢llur — 77 ullL20,1:02(0))-

By using the same arguments as previously (in particular a modified version of [3, Lemma
2.1]) and the formula

t—t,_ _
ur = u 4 S (u™ —u™ 1),
Tn
we derive
|k ob(ur) —kob(m;u)llL2(0,7;L2 ()
N
. o 1 (4.12)
<c (HUT - UhTHL2(O,T;L2(Q)) + (Z Tn [lup — ujy 1H2L2(Q)) 2>~
n=1

3) Here, we use the triangle inequality

Hat (b(uT) - bT(uT)) HLZ(O,T;LQ(Q)) < Hat (b(uT) - b(uhT)) HLQ(O,T;LZ(Q))
+ Hat (bT(u’T) - bT(uhT)) HLQ(O,T;LQ(Q)) + Hat (b(uhT) - b’T(uhT)) HL2(0,T;L2(Q))-
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To bound the first term, we observe that
Oy (b(uT) — b(uhT)) =0 (ur) Opur — b (ups) Opunr
= (V' (ur) = V' (uns)) Opuur + b (unr) Oy (ur — upr).

We thus combine the boundedness of b’ and its Lipschitz property, see Assumption 4.1,
with the boundedness of d;u, in L>°(2) (indeed, u, belongs to a bounded neighbourhoood
of w in Y). This leads to

||8t(b(u7) - b(uhr)) ||L2(o T;L2(Q))

<c (&nagNllu —up |l z2) + 10 (ur —uhr)||L2(0,T;L2(ﬂ))>~

To bound the second term, we note that b,(u.) is the Lagrange interpolate of b(u.) in
piecewise affine functions. Thus, using the stability of the corresponding interpolation
operator in H*(0,T), we obtain

Hat (bT ('LL»,—) — b, (uhT)) HLZ(O,T;LQ(Q)) <c Hat (b(u’]’) - b(uhT)) ||L2(O,T;L2(Q))7

and we use the previous estimate. Finally, to bound the third term, we use the expansion
on the interval [t,,_1,%,]

upp —up - b(up) = blup )

n Tn

at (b(uh‘r) —br (uhr)) = b/(uhr)
Thus, it follows from the definition (4.9) and a triangle inequality that

||at (b(uh‘r) - bT (Uh,r)) ||L2(tn—17tn;L2(K))

1 b(u?) — b(ult up — u"il

<72 || ( h) ( h ) _BZ h ||L2(K) _|_€ n(r )

Tn Tn
Combining all this gives
106 (b(ur) = br (ur)) | 20,712 ()
<e <Oglax o — )+ 104 — wn Lo a0
(4.13)
n—1 1
LUR —u b(up) — b(up ™) n(r 2
+(Zz(muBh Lt R T, + ) ).

n=1 KETh"

Owing to the definition (4.1) of the 'r)n(T) the desired estimate is now a direct consequence
of (4.11), (4.12), and (4.13).

Remark 4.4. Due to Assumption 4.1, we have

n . un—l

E%T) <7? <SUP |b"(1‘)|> |y — uy l||L°°(K)||7_—h||L2(K)a (4.14)

zel]
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where Ij' stands for a small interval only depending on the minimal and maximal values
of uzfl and u}. So, at least when the quantity ||u) — uZ“*l | o () tends to zero, which is
rather likely, the quantity 5?((7) can be considered as negligible. Moreover, it is zero when
b" is constant on I}’

We now bound the error betweeen U, = (u,,7tq) and Uy, = (up,, 7S qp) by very
similar but simpler arguments. Indeed, let us introduce the mapping F, = (Fi,, Far)
defined with the notation U = (u, q) and for a.e. ¢ in [0,T] by

vw e L2(Q),  (Fi(U)(t),w) = a /

(Oru)(z, t)w(x) de + / (0¢b-(u)) (, t)w(x) do
Q Q

—|—/Q(V . q)(w,t)w(w) dx,
Ve € Hp(div,Q), (For(U)(t), @) = /Q a(@,1) - p(w) dz - /Q Hu(@, 1)V - @) () da

+/(kzob(7r;u))(az,t)ez ' QO(ZB) dm—’_ <uD’Q0 ' n>FD'
Q

(4.15)
The solution U, = (u,, 7 q) associated with problems (3.1) — (3.2) satisfies F,(U,) = 0,
while the solution Uy, = (up,, 71 qp) associated with problems (3.12) — (3.13) satisfies, for
all tin [ty_1,t,]

n—1

FrWirt)w) = o [ () (@)u(e) da
Jr/Q(b(uﬁ) —T:(uz_ ))(aj)w(m) dw+/(v - @) (z)w(z) d,

e (4.16)
(Far(Unn)(8), ) = /Q g (@) - plx)da - /Q (@) (Y - @) (x) de

+/(l€ob(u2_1))(m)ez - (x)dx + (up, - N)r,.
Q
We omit the proof of the next lemma, since it results from the definition of DJF;.

Lemma 4.5. If Assumption 4.1 is satisfied, the mapping F, is continuously differentiable
on the space Y x L?(0,T; H(div,Q)) with values in . and, moreover, the operator DJF;
is locally Lipschitz-continuous on this same space.

We can now prove the second error estimate. This requires the quantities

n—1 n—1
n(h oy U — U nyblup) — blup™")
TR = 0 = T (P ey + 10 = T (S = ey

111 = Tk o by ™) e

As already hinted in Remark 3.5, they are not 0 only for the K where the triangulation
™ is coarsened with respect to 7," .
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Proposition 4.6. If Assumption 4.1 is satisfied, for any solution U, = (u,,7}q) as-
sociated with problems (3.1) — (3.2) in Y x L?(0,T; H(div,2)) such that DF,(U,) is an
isomorphism in .#, there exists a neighbourhood of U, in Y x L*(0,T; H(div, Q)) such that
the following a posteriori estimate holds for any solution Uy, = (up,, 7 qp) associated with
problems (3.12) — (3.13) in this neighbourhood

1
sup || (ur — uns)(, t)||L2(Q) + (|0 (ur — Uhr)||L2(O,T;L2(Q))
0<t<T

+ 7 (@ = an)ll L2 0,7 (div.2))

ol 1
((Z Z n(h) n(h))2)> 2 —|—Hu0 _ UOhHLZ(Q) (418)
=1KeT”

: :

Nl

N
n |2 2
g + Stn
< Pt ||f — I “HO%O(FF)’ [up(-stn) — Dh||H2(F )>

where c(7) only depends on the norm [DF,(U,)™1].
Proof: Here, we set:

U, =U; — (ug, 7 0),  with 0" =Lf(-,t,),
Upr = Unr — (uon, 7w 0),  with 07 = Lf],

where the operator £ is defined from (4.8). To bound the error, we observe that

1Ur = Unrllsix 20750 (div.0)) < 10r = Unrllsix 02 (0.7 (dtiv.0)

N
o — wonllzzcey + (D0 T IE(Ctn) = i) iy )
n=1

N[

and bounding the last term follows from the continuity of £. To estimate the first one, we
apply [29, Prop. 2.1] to the function F, defined by F,(U,) = F.(U,). This gives

||U7' - ﬁhTHXXLQ(O,T;H(diV,Q))
< ¢(7) <||~7:17'(Uh7')||L2(O,T;L2(Q)) + ||]:2T(Uhr)||L2(0,T;HF(div,Q)/))-
Owing to (4.16), evaluating the right-hand side relies on an integration by parts on each

K for the second component Fo,(Uy,) and also on the inverse inequality, valid for each
on in Pi(e), e € EX- UEE, (note that this requires the introduction of ul,)

_1
HSOhHH%(e) < che? |lenllz2e)-

We conclude with triangle inequalities which involve the srfl((h).
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Remark 4.7. The following equality holds for each piecewise affine function v,

1
sup v (-, t)||L2Q) + a2 [|0wvr| 20,7 22(0))
0<t<T

(4.19)

N|=

N vn_vn—l 5
. n
= Og}%XN [v"™ |2 () + (Q;Tn HTHB(Q)) :

So the norm which appears in the left-hand side of (4.18) is in fact semi-discrete in time.

To make the statement of Proposition 4.6 more complete, we now prove that, in most
cases, the quantity [DF,(U,)"!] is bounded independently of 7.

Lemma 4.8. Assume that the solution U, associated with problems (3.1) — (3.2) satisfies

1. n_ n—l oo - . 4.2
|71|51012%XN”“ u" | pee () =0 (4.20)

Let U = (u,q) be any pair in Y x L?(0,T; H(div,Q)) such that DF(U) is an isomor-
phism in . Thus, there exists a constant 7o > 0 and a neighbourhood of U in Y X
L?(0,T; H(div,)) such that, for any 7, |r| < 79, and for any pair U, in this neighbour-
hood,

(i) DF.(U,) is an isomorphism in this same space,

(ii) the norm of its inverse is bounded independently of T.

Proof: We use the expansion
DF.(U;)=DFU) — (D]:(U) — D]—"(UT)) — (D]-"(UT) — D]:T(UT)).

So, there exists a constant ¢ only depending on [DF(U)~!] such that the desired result
holds when
[DF(U)—- DF(U,)] <c, [IDF(U,)— DF.(U,)] <ec.

For an appropriate choice of the neighbourhood of U, the first inequality is a direct con-
sequence of the Lipschitz property of DF, see Lemma 4.2. On the other hand, we have,
for each ¢ in [t,,—1,t,],

)(a:, t)(@tz) (z,t)w(x) dx

(DF: - DR U0 - Zw) = [ (¥(ar) - LTI
/ u™) — / un—l
+ / (" (ur) — G Tb( ))(w,t)z(zc,t) (Opu) (, t)w(x) de,
Q n

(DF2 = DU 20) = [ (= w22V )@ d
+/((kob)'(uT) (ko b) (rrw)(z, )=(@, the. - o(x) dz,
Q
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so that the second inequality follows from assumption (4.20) combined with the properties
of b and k.

Note that assumption (4.20) is not restrictive and should follow from the convergence
of the Euler scheme.

4.4. Upper bounds for the indicators.

We bound successively all the indicators introduced in Section 4.2. Note that evalu-
ating the indicators 77?((7) requires a preliminary lemma that we now state and prove. We
need the following notation: For each zy in R, % and I'7) denotes the intersection of €

and I'p, respectively, with the line or plane z = zj.

Lemma 4.9. Assume that, for each z in R, and for each connected component €2} of (0%,
the measure of I'3, N 00 is positive. For any function g in L*(§2), there exists a function
@ = (Yz,y,0) in Hp(div, Q) such that

V.op=g inQ and |@lluuiv.0 <cllgllzo)- (4.21)

Proof: Assuming that the domain €2 lies between the lines or planes z = z; and z = z».
For a.e. zin |21, 22, and for each connected component Q7 , we solve the (d—1)-dimensional
problem, in dimension d = 3 for instance: Find ¢ in H},(QZ) (with obvious notation for
this space) such that

Vx € HH(Q7), / ((0e0) (2, 9) (D) (2, y) + (9y) (2, y) (Dyx) (x,y)) dudy

k

= —/Q g(z,y, 2)x(z,y) dzdy.

z
k

Thus, the vector field ¢ = (0,9, 0y1,0) satisfies the first part of (4.21). On the other
hand, the second part of (4.21) follows from the Poincaré-Friedrichs inequality

Vx € Hp(Q0),  IIxllzzco;) < e (10oxllz20z) + 10yxllz20z))-
To conclude, we note that that each (27 is, up to an homothety, an interval or a polygon

in a finite family of polygons (where “finite” means only depending on ) with possible
small diameter. Thus, it is readily checked that c, is bounded independently of z.

Note that assumptions of Lemma 4.9 are not restrictive and can be avoided by using
more sophisticated arguments.
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Proposition 4.10. If the assumptions of Lemma 4.9 hold, the following estimate holds
for the indicators nK (") defined in (4.1),1<n<N:

(3 mp)

KeT?

<c (a ||at(u - uT)||L2(tn_17tn§L2(Q)) + ||6t (b(u) - b(u"')) HLQ(tn—l:tn;Lz(Q)) (4 22)

+ g = 7 qll L2t 1 s @iv,0)) + 106 (0(ur) = b(uns)) L2ty tn:02(0))

(X @) )

KeT

Proof: We bound successively the two terms in the 77?((7).

1) Using the first lines in (4.4) and in the residual equation (4.7), we obtain, for all ¢ in
[tn—17 tn]a

194 (bletr) — b (1) | 200y < o 194 — ) [ 2geny + 194 (bu) — b)) 2o
+ g — - || 5 (aiv,0)-
We also have the triangle inequality

104 (bunr) — br (une) | 2@ < 194 (b(atr) — by (1)) L2202
1100 (bCar) — bunr) 2@ + 1100 (b (r) — by (1)) | 20y

Integrating the square of these inequalities on [t,_1,t,], noting that b, is the Lagrange
intepolate of b in the space of piecewise affine functions and using the stability of the
corresponding interpolation operator in H1(0,T) finally give

10 (b(unr) = br(uns)) L2 (4 tsL2(2))
(a 10 (w — wr)ll L2ty o tmsz2() + 10 (b(w) — b(wr)) |2t 1 0 12(02))

+ lg = @rll2tn 1t m(div.0)) T 10 (B(ur) — buns)) ||L2(tn_1,tn;L2(Q))>-

Then, the desired bound for the last term in (4.1) follows from the definition (4.9) of the
57;((7) and a triangle inequality.

2) With the function g = u, — u™, we associate the function ¢ exhibited in Lemma 4.9.
By inserting this ¢ in (4.11) and noting that F5(U) is zero, we obtain the bound for the
first term in (4.1).

Bounding the indicators n K( ) defined in (4.2) relies on more standard arguments, see
[29, Chap. 3].

26



Proposition 4.11. The following estimate holds for the indicators n?((h) defined in (4.2),
1<n<N, KeT

n(h
0 < (a 10 (ttr — wne) |20 s L)

+ ||6t (b(uT) - b(uhT)) ||L2(tn717tn§L2(wK)) + ||7Tj(u7' - uhT)HLQ(tnfl,tn;Lz(WK))

h
I (@ = @) st tivn)) + < >)-

(4.23)

Proof: There also, we bound successively the different terms in the n?{(h).

1) For each K in 7, we set

n__ nunfl w®)—TI" unfl
Wi = (o =2 HT:h + dui) HTZb(h )+V-QZ)¢K on K,
on 2\ K,

where 1 stands for the bubble function on K (equal to the product of the barycentric
coordinates associated with the vertices of K). Taking w equal to wg in the first lines of
(4.15) and (4.16) and using triangle inequalities thus yield

up — g b(up) — jb(u; )
Tn Tn

< (a 10: (wr — wnr)l|z2(a0) + 1101 (b(ur ) = bluns)) [l z2x)

1
+V @)Vl

(e

n(h
+ |7 (@ — an) | mr(aiv, i) + € )) lwic|| 2 ()

By noting that wy is a constant times 1) on K, using the inverse inequalities (see [29,
Lemma 1.3] for instance)

1 1
Yo € Po(K), |vllezx) <cllvvil|lizxy and  ||vdk|rex) < lvegkllre k),

and integrating the square of the previous estimate between ¢, 1 and t,, we obtain the
1 n_ymn,n—1 ny_ n n—1

desired bound for 7,7 || 22 HThuh + bea) HT’*”b(uh L1V . an 2 (k-

2) Similarly, we set

P = (qﬁ + ko b(uz_l)ez) ()% on K,
0 on O\ K.

By taking ¢ equal to ¢ in the second lines of (4.15) and (4.16) and using a further
integration by parts together wih the same inverse inequality as above, we derive the

desired bound for 7,7 ||g}" + I}k o b(u2_1)€z||L2(K)d.
3) For each e in €Y%, denoting by K and K’ the two elements of T;, that share e, we set

Pe = {Ee,m([ume ¢e) on K € {K, K’},
0 on ) \ (K U K/)
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Here 1), is now the bubble function on e and L. , is a lifting operator of the normal trace;
it is defined from L?(e) into the space of functions in H(div, ) with zero normal traces
on OK \ e and is constructed from the harmonic lifting operator on a reference element K.
The following inequality is thus readily checked, for any g. in Py(e)

1
”Ee,n(Qe)HH(div,n) <ché HQeHLQ(e)'

Taking ¢ equal to ¢, in the second lines of (4.15) and (4.16), using this inequality and

the previous results lead to the bound for 7,7 he 2 [|[uf]e L2(e)-
4) Finally, for each e in £, we set

Lok (up —uhy) on K,
e~ 0 on Q\ K.

Exactly the same arguments as previously, combined With a separate treatment of the

terms u) — u’, and uf, — u, yields the bound for Tn 2 he 3 lup — uppllL2(e)-
This concludes the proof.

4.5. Conclusions.

Let us introduce the full error

1
E= sup |(u—ur)(,t)|r2) +a?[0:(u — ur)l 2 (0,m:22(2))

0<t<T
+ llg — 7 qll 20,71 (aiv.0))
1
+ sup |[(ur —unr) (5 )|l 2 () + @2 [10c(ur — uns)l|L2(0,7522(02)) (4.24)
0<t<T

+ 7wt (@ — an) || 20,7; 1 (aiv.0))

and also the terms depending on the data

@) = flyg — -
£ luo — wonl[L2) + |If 7rTf”fﬂ(oTH 2(Tr))

N ) ) % (425)
(T (Gt = Ry untetn) =ubaly o))

and finally the terms due to the time or space interpolation of the coefficients

) — (Z > (ER?P + ) (4.26)

n= 1K6T”

NI
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Next, we make the following hypotheses:
(i) Assumption 4.1 holds;
(ii) The solution (u, q) of problem (2.10) — (2.11) belongs to Y x L?(0,T; H(div,{)) and
DF(U) is an isomorphism in .%;
(iii) The solution (u,, 7+ q) associated with (3.1) —(3.2) belongs to Y x L?(0, T’; H(div, ));
(iv) The quantity |7| is smaller than 7y (see Lemma 4.8);
(v) The assumptions of Lemmas 4.8 and 4.9 hold.

Thus, the following equivalence property is satisfied

N 1
¢ ((Z ST 7+ n?h)f) e — 6(C)> <E
n=1 KG’T}:L
N
< <(Z ST )2)

n=1 KGTh”

1
2

—|—6(d) + 5(@) .

This result is fully optimal. Note also that a simple appropriate choice of the time steps
and the meshes makes the quantity () negligible in comparison with the Hilbertian sum
of the indicators. Finally, for reasons explained above, £(¢) is most often negligible.

Remark 4.12. The assumption that v and u, belong to Y is rather strong and could be
weakened by using more technical arguments that we prefer to avoid here. Moreover it is
not unlikely in all cases: For instance, if the domain (2 is two-dimensional and convex, for
smooth enough data, the solution u belongs to L?(0,7; H*(€)) and to H*(0,T; L*(2)),
hence to €9(0,T; LP(2)) for any p, 1 < p < +o0; similar results can be obtained for d;u
by differentiating equation (2.1) with respect to ¢ and also for u, by simpler arguments.

Finally, estimate (4.22) is local in time and estimate (4.23) is local in space and time.
Thus, the indicators 77?<(T) and n;;(h) seem to be the right tools for an efficient adaptation

strategy.
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5. An adaptivity strategy and numerical experiments.

We first describe an adaptivity strategy which relies on the error indicators introduced
in Section 4.2. Next, we check the efficiency of this strategy by presenting some numerical

experiments. All of them have been performed on the finite element code FreeFem++, see
[17].

5.1. An adaptivity strategy.

The strategy that we now propose is very similar to that in [4, §6], even if the problem
that we consider is rather different. Let n* be a fixed tolerance.

Initialization: We first choose an initial time step 7y such that

If = £ L < (5.1)

L2(t07tl;H020 (FF)/)

Indeed this term appears in the definition (4.25) of £(¥). Next, we choose the triangulation
TP = 7711 such that all other terms which appear in (¥ and only depend on the data on
the interval [to, ¢1] are small enough, which means:

l k
luo — won ||z (o) + 72 (If (1) — fh|| 3 (rpy HUD(',tl)_U})hHH%(FD))Sn. (5.2)

We then compute the solution (u},qi) of problem (3.12) — (3.13).

Time adaptivity: Assuming that the time step 7,,, the mesh 7, and the discrete solution
up are known, we first choose 7,41 equal to 7, and 771”“ equal to 7,'. We compute a
first solution ( 71 gt of problem (3.12) — (3.13), the corresponding error indicators

n?jl(ﬂ defined in (4.1) and their Hilbertian sum

nZH(T):( > (77?1(”)2)5. (5.3)

K€7—h'n+1

Next,

. 1f77n+()

is smaller than n*, we proceed to the spatial adaptivity step;

e if not, we divide 7,41 by two (or by a constant times nnH( )/ n*) and perform a new
computation.
Of course, this step can be iterated a number of times. This leads to the final value of

Tn+1.

Space adaptivity: Assuming that the time step 7,41 is known and that a first solution

(u "+1, qZH) has been computed on the mesh T”H, we compute the indicators nn+1(h),
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K e 771”“, and their mean value 7" 1. Then, we perform mesh adaptivity in the usual way:
The diameter of any element in the new triangulation which contains or is contained in an
element K of 7'"Jr is proportional to the diameter of K times the ratio n"*!/ nn+1(h) We
refer to [10, Chap 21] for the way of constructing such a mesh. This step can be iterated

three or four times, and the final mesh is called 7;1”“.

Remark 5.1. At each step of time or space adaptivity, we must verify that the new terms
which appear in ¢(®, namely

1f ==Ll

1
L2(tn7tn+l; QO(FF)/)

n+1
+Tn—|—1(||f( tr) = fu s 3 0y + [[up (s tnt1) — upy, ||H2(F ))

remain smaller than n*. If it is not the case, a further adaptation is needed to handle these
terms.

Remark 5.2. The a priori estimates (see [21, Section 4.2] for instance) indicate that, for
a smooth solution (u, q), the global error behaves like ¢ (dt + h). So no convergence can
be hoped when performing only time adaptivity or only space adaptivity. On the other
hand, when the 7,,41 resulting from time adaptivity is much smaller than 7,, it could be

reasonable to also replace the initial triangulation 7;"“ by a new one which is uniformly
refined from 7,".

5.2. Validation of the discretization.

We work on the model domain
Q=]0,1%, T'p={1}x]0,1[, Tp=0Q\Tp, T =5, (5.4)

with the simple coefficients

a = 0.01, b(x) = — k=0. (5.5)

The data are given by

exp(t)y?(% —y)? if 0<y<3
uo(z,y) =0, UD(O,y):{Op()y (=) fl_<?z_<21 (5.6)
5 <y < .
up(z,0) =up(z,1) =0, f(Ly) =1

We first compute a reference solution, denoted by (uyef, @ref) for a very small time step
7 = 1073 and on a uniform very fine mesh made of 5932 triangles. Figure 1 presents the
isovalues of the part u.es of this solution at the final time T
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Figure 1. The isovalues of the reference solution u,.s at the final time

In a first step we do not perform adaptivity, i.e., we work with a fixed time step 7 and
all triangulations 7, equal to 7}, which is uniform. In the following tables, we present the
errors at the final time T' = ¢y (indeed, it is too expensive to keep in memory the values
of (Uref, rer) On the whole time interval), namely

Ehzzlhhd(th)_‘ugHL%Qy
Eppu =7 2| (tret (- tn) = up) = (res (o tv—1) = up) 2y, (5.7)

1
Eq =72 qet (-, tN) — Q}]L\]HH(div,Q))a

and the Hilbertian sum of the indicators

=l = ul |2,
) (N — b(uN-1 N _,N-1
O =t M) = ) gt 20,

LV uN T ) - N 5.8
g = 73 |jq i ——h () T(h )+V'qf7llm(m7 o

1

N(h 1 N(h 3 - >

B =g e =7 (3 R el )

e€é&))

first for 7 fixed and h decreasing (Table 1), second for h fixed and 7 decreasing (Table 2),
third for 7 et h decreasing simultaneously (Table 3).
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N(T N(T N(h N(h N(h
h T E, Ep,u E, 771() ?72() 771() 772() 773()

0.108 [0.03125|0.02187 |0.00427 | 0.28761 [ 0.00197 | 0.08108 [ 0.04686 | 0.55912 | 0.27086
0.05050 | 0.03125 | 0.01966 | 0.00450 | 0.15664 [ 0.00206 | 0.05462 | 0.04801 | 0.59864 | 0.44028
0.03285 | 0.03125|0.01919 { 0.00456 | 0.11553 | 0.00207 | 0.04386 | 0.04039 | 0.60589 | 0.57340
0.02533 | 0.03125 [ 0.01893 | 0.00458 | 0.09180 | 0.00208 | 0.03282 | 0.02777 | 0.61066 | 0.65367

Table 1. The errors and indicators for uniformly refined meshes

N(T N(T N(h N(h N(h
h T E, Ea, Eq 771() 772() 771() 772() 773()

0.03713| 0.125 [0.05053 [0.01286 | 0.30305 |0.01738 | 0.11002 | 0.09546 | 1.32405 | 2.18646
0.03713| 0.0625 [0.02700 [0.00804 | 0.18353 | 0.00595 | 0.07048 [ 0.06119 | 0.87980 | 1.02748
0.03713| 0.03125 [0.01790 [0.00454 | 0.12406 | 0.00207 | 0.04750 | 0.04124 | 0.60308 | 0.49806
0.03713]0.015625 [0.01516 {0.00170 | 0.08666 | 0.00072 | 0.03280 | 0.02848 | 0.41989 | 0.24520

Table 2. The errors and indicators for decreasing time steps

N(T N(T N(h N(h N(h
h T E, Eo,u Eq 771() 772() 771() 772() 773()

0.108 0.125 [0.04196 [0.01223 | 0.5887310.01656 | 0.18834 | 0.10855 | 1.2274 |1.18867
0.05050 | 0.0625 |0.02723 | 0.00800 |0.22919 | 0.00592 | 0.08103 | 0.07125 | 0.87333 | 0.90828
0.03285| 0.03125 [0.01919 [0.00456 | 0.11553 | 0.00207 | 0.04386 | 0.04039 | 0.60589 | 0.57340
0.02533 | 0.015625 [ 0.01540 [0.00173 | 0.06347 | 0.00073 | 0.02266 | 0.01917 | 0.42514 | 0.32181

Table 3. The errors and indicators for uniformly refined meshes and decreasing time steps

From these tables, the convergence of the discretization in this situation is undeniable.
It is rather slow, which seems correct for a low order discretization of a nonlinear problem.

Remark 5.3. Since k is equal to zero, the only nonlinear term involves the time derivative.
It also follows from the previous calculation that the time error is now the leading term
in the error. As a consequence, refining the mesh does not improve the convergence. On
the other hand, since k is equal to zero and the discrete solution u} is piecewise constant,
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the indicator név (M) involves the norm of g}, so that it decreases only when 7 diminishes.
A remedy to this consists in reinterpolating u} in an enriched space, as first proposed for
the Laplace equation in [30]. But, for simplicity, we prefer here to follow the approach in
[5]: In this paper, it is proved that, still in the simplest case of the Laplace equation, this
term can be omitted without destroying the optimality of the a posteriori estimates. So,

from now on, we do not compute the indicator név (") when the function k is zero.

5.3. Validation of the adaptivity strategy.

To check the efficiency of our adaptivity strategy, we work with the domain and final
time given by

Q =)0, 1[%, I'r = {1}x]0,1], I'p =0Q\TF, T=1, (5.9)
and the coefficients given in (5.5), but now for the exact solution
Uex (2, y) = sin(mzx) sin(my) sin(107xt). (5.10)

Indeed, ueyx now satisfies problem (2.1) with a non-zero datum g in the right-hand side
of the first equation. Of course, this induces a slight modification in the definition of
the n?f(h), but the estimates established in Section 4 remain valid in this case (with some

further terms involving the function g and its approximation).

In the following Table 4, we present for some iterations n the time t,,, the final adapted
time step 7,, and the number of vertices N}' of the final adapted mesh 7,". It can be
observed that, even if in our adaptivity strategy we have decided not to increase 7,, the
final result is reasonable.

129 0.1 0.7 0.825 0.9 1
Tn 0.1 10.0125(0.00625 |0.00625 | 0.00625
N 49 236 554 1177 1923

Table 4. The parameters issued from adaptivity

Figures 2 and 3 present the adapted meshes at time 7/2 = 0.5 and at time T = 1,
respectively. They fit very well the increasing oscillations of the solution.
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Figure 2. The final adapted mesh at time 7'/2

Figure 3. The final adapted mesh at time T

5.4. A more realistic experiment.
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We now work in the framework proposed in [6] (see also [16] for a very similar model),
where a sand ground is modelized. Numerical simulations of the flow have been performed
in [7] and [8], relying on finite element and finite volume discretizations, respectively.

The domain €2 here is a rectangle:

Q =]0,100[x]0,40[,  T'p =]0,100[x{0,40},  T'p = {0,100}x]0,40[, T =1.
(5.11)

The coefficients of system (1.1) are defined by

B(Bs_ﬁr) .
@(h):{m—’_ﬁr if h <0,

Bs it h >0, ) - (5.12)
K, (O(h)) = Ks armioonss ?fh <0,
K, if h >0,
with constants given by
= 0.075, s = 0.287, - = 0.075, 0 = 3.96,
P P 2 (5.13)

K, =0.00944, A=1.175 x 10°, £ =4.74.

From these equations, the coefficients b and k o b of system (2.1) are easily recovered from
the Kirchoft’s change of unknowns, see Remark 2.1. The parameter « is arbitrarily chosen
equal to 0.01.

The boundary and initial data are specified on the unknown h,,. They read

ha(z,0;8) = —61.5,  hy(z,40;t) = —20.7,

(K (O0h) T2 (0,2:1) = (Ko (O(hs)

hy(z,2;0) = —61.5.

Ohw

- )(100, z;¢) =0, (5.14)

There also, the data up, f and ug can easily be recovered from that. Moreover, it can be
noted that the solution u, hence h,,, are independent of x, so that the problem is in fact
one-dimensional.

Figure 4 (left part) presents the curves of the values of the solution u as a function
of z, z €]0,40] at different times ¢t = 0.05, t = 0.1, t = 0.3, ¢ = 0.67. The values of the
physical unknown h,, at the same times are given in Figure 4 (right part).
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Figure 4. The solutions u and h,,

These figures are very coherent with the curves in [6]. Moreover, we
adaptation process improves the efficiency of the computation.
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