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Abstract

We consider numerical approximations of nonlinear, monotone, and Lipschitz-continuous
elliptic problems, with gradient-dependent or gradient-independent diffusivity. For this pur-
pose, we first employ a symmetric iterative linearization, with examples including respectively
the Kacanov, Newton, Zarantonello and fixed-point (Picard), L, and M-schemes. We design
an iteration-dependent norm, stemming from the concrete linearization and finite element
discretization, which leads to an orthogonal decomposition of the total error into the lin-
earization and discretization components. This norm is of reaction—diffusion type, so that
available results from a posteriori analysis of linear (singularly perturbed) reaction—diffusion
problems enable us to obtain guaranteed and locally efficient error bounds robust with re-
spect to the strength of the nonlinearity. Moreover, the clear distinction and orthogonality
of the error components leads to a design of adaptive stopping criteria for iterative lin-
earizations ensuring a natural balance between discretization and linearization components.
Under appropriate assumptions, we also show that the iteration-dependent norm is, up to
a multiplicative factor tending to one, equivalent to the iteration-independent natural dis-
crete energy norm. In an appendix, we address the Newton (nonsymmetric) linearization for
the gradient-independent diffusivity case. Numerical experiments illustrate the theoretical
developments.
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1 Introduction

For d > 1, let Q C R be an open, bounded, and connected polytope with Lipschitz boundary.
Let u € H}(€2) solve the partial differential equation

(R(u),p) =0 Ve Hy(Q), (1.1)

where (-, ) denotes the duality pairing between H~1(Q) and H}(Q) and R : H} () — H~1(Q) is
a nonlinear elliptic operator which satisfies the monotonicity and Lipschitz-continuity conditions,
i.e., there exist real constants A\yy > Ay > 0 such that for an arbitrary u, € H&(Q),

Am dist(ug, u) < sup (R(ue) — R(u), )
pEHL(Q) Vel

< A dist(ug, u). (1.2)

Above, dist : H}(2) x HE(Q) — [0,00) represents a distance metric that is either equivalent to
the H}(2)-norm, or becomes equivalent to it after a transformation of variables, and ||-|| is the
L?(2) norm. We refer to [17,26,32,46,48,57,68] and the references therein, as well as to what
follows, for details and examples.

1.1  Hj(Q)-error-norm and energy difference a posteriori estimates

Let V; C H}(Q) be a finite element space. Let a corresponding finite element approximation
up € Vp of u from (1.1) be given by

(R(ue), 00) =0 Vi € V. (1.3)

It is well known from the literature [3,4,8,14, 15, 18,19, 23,24, 2733, 35-38, 40-46, 54, 56-59, 63)]
that it is possible to construct (a guaranteed) a posteriori estimator n(uy), fully computable
from wy, that is also efficient in that

Am dist(ug, u) < n(ug) < CAy dist(ug, u), (1.4)

where C' > 0 is a generic constant independent of u, uy, and the global Lipschitz/monotonicity
ratio Avi/Am. Similarly, if an associated energy J of the operator R exists, then one may obtain

J(ue) = J(u) < 7j(ug)® < C*T5(J (ug) — J (u)). (1.5)

(Actually, this has recently been improved to only feature Ayi/ Ay, in [33, Theorem 4.1].) However,
the ratio A\yi/Am that appears in both cases above can be large, and even unbounded in the
degenerate limit. Thus, the above a posteriori error estimates may become imprecise and are in
particular not robust with respect to the strength of the nonlinearity represented by this ratio.



1.2 Dual norm of the residual a posteriori estimates

To circumvent the dependence on A/, observe that

(R(ug) — R(u), ) (R(ug), )
sup = sup R o o, o
PEHL (D) ||V50|| peH () ||V<,0|| ” ( £)||H 1(Q) ( )

since u € H}(S2) solves (1.1). One can then consider [R(ue)||zr-1(qy directly as an error mea-
sure, since it in particular vanishes if and only if uy = u (it is equivalent to dist(u¢,u) by (1.2)).
Moreover, ||R(u¢)||g-1(q), though defined as a global dual norm, is localizable by the orthogo-
nality to the lowest-order shape functions from (1.3); this is explicitly recalled in, e.g., [6,11,16],
see also the references therein. Furthermore, it can be a posteriori estimated robustly by the
computable estimator n(uy), i.e.,

IR(ue)ll-1(0) < n(we) < CIR(ue)l[ -1, (1.7)

where the constant is as in (1.4) independent of the global Lipschitz/monotonicity ratio Ay/Am,
see [14,15,23,24]. Nevertheless, |[R(ug)||f-1(q) might be too weak an error measure since it
does not carry any physical units/scaling/energy information and may not correspond to an
error metric either locally or globally.

1.3 Our goals

In the present contribution, we are interested in deriving a posteriori error estimates for finite
element approximations (1.3) of (1.1) independent of the factor Ayi/Am, i.e., robust with respect
to the strength of the nonlinearity, in contrast to (1.4) or (1.5). In improvement of (1.7), energy
information and local norm correspondence are encoded. Based on iterative linearization, we
also derive an orthogonal decomposition result of the total error into the discretization and
linearization error components. This finally allows us to design an adaptive stopping criterion
for iterative linearizations ensuring a natural balance between these error components.

1.4 Motivation

We start by motivating our approach.

1.4.1 Energy norm estimates in the linear case

To gain insight, let us turn our attention for a while to a linear problem. Consider the linear
diffusion equation

<R(u)’ §0> = (KVU, VQO) + <f7 30> =0 Vo € H(}(Q)’ (18)

where f € H~'(Q) and, for a.e. € Q, K(x) € R?*? is symmetric and satisfies the uniform
ellipticity and boundedness condition, i.e., there exist real constants Ay > Ay > 0 such that
A |yl? < yTK(x)y < My |y|? for all y € R?. In this case, by Céa’s lemma [17], one has for the
finite element approximation uy € V; given by (1.3) the a priori characterization

IV(u —ue)l| < LIV (u— @)l Vor € Vi (1.9)

The estimate above implies that wy is only a quasi-optimal approximation of u from (1.8) in
V; with respect to the intrinsic HE(Q)-norm, not strictly leading to error minimization and
involving the ratio Ayi/Am. Congruently, similar to (1.2) and (1.4), one only obtains the a
posteriori characterizations

M|V (u = wp) | < [R(ue)ll =10 < Al V(=) (1.10a)
Aml[V (u =) || < nue) < Cxal[V(w = )], (1.10b)



which involve the ratio Ayj/ A\ and are in particular not robust with respect to the inhomogeneity
and anisotropy in K.

In contrast to the above, introducing the energy norm ||¢||; g = (I?Vgo,Vgo)%, which is
arguably the natural norm for this system, one has by Céa’s lemma that (compare with (1.9))

e = wellly & = min flu = eell; & (1.11)
PeEVE

This entails that u, € Vp is the optimal approximation of u from (1.8) in V, with respect to

the norm ||-[|; g; this equality crucially does not involve the ratio Axi/Am and is consequently

robust with respect to Ayi/Am. Moreover, (1.11) motivates to introduce the energy dual norm

(s, )
llsll_1 & == sup el =
PEHE(Q) 90H|1,K

for ¢ € H~'(2) and consider ||R(us)||_; g as an error measure alternative to || R(ue)||lg-1(q)-
In fact,

R(ug), ¢ KVu,, Vo) + (f, ¢
IR@ON g = sup ‘2@ _ gy, ) +(f.0)
YEHL(Q) ‘H‘PWLK peHN(Q) ]ng]HLK
(KV(U@ - u)’ VQD)
= sup - = Jlu— el %
PEHI (D) H|<P|||1K

so that (1.10a) is also turned into equality. Just as [|u — ue|; g can be estimated robustly a
priori using (1.11), robust a posteriori error estimates of the form (compare with (1.10b))

e = welly g < (ue) < Cllu—uelly &

become available at least under some conditions on K, see [5,12,65] and the references therein.
The use of the energy norm and the dual energy norm of the residual also lead to robust a
posteriori estimates for singularly perturbed reaction—diffusion problems, see [1,2,42, 43,60, 64]
and the references therein.

1.4.2 A first attempt in the nonlinear case

The above approach cannot immediately be generalized to the nonlinear case. Indeed, let us
consider a nonlinear extension of (1.8)

(R(u), ) == (KD(u)Vu, Vo) + (f.p) =0 Yy € Hy(Q), (1.12)

where D : R — (0,00) is a non-constant function. In this case, the norms |||, gp(, can no

longer be directly computed since the exact solution u € H&(Q) is unknown, and a modification
of the approach from the linear case is necessary.
1.5 The pathway on an example

We now stick to the example (1.12) and describe our approach in this model setting.

1.5.1 Iterative linearization

Iterative linearizations are commonly used to approximate the nonlinear problems (1.1) and (1.3).
One of the most straightforward is the fixed point (Picard) linearization. For the specific
case (1.12), the finite element discretization combined with the Picard linearization reads: let



ue € V, be an approximation of uy at some linearization iteration ¢ > 0. We then look for
’H € V; such that

(KD(up)Vuy™, Vo) + (f,00) =0 Ver € Vi (1.13)

We now observe that u@“ is the finite element approximation of the continuous-level solution

u%l € H(Q) of the linear problem

(KD(up) Vuy!, V) + (f,0) =0 Vo € Hy(). (1.14)

1.5.2 Tteration-dependent energy norm

Since ufg € Vp is known, at each iteration step ¢ > 0, similarly to the linear case of Section 1.4.1,
one can introduce the iteration-dependent energy norm |||, ul and the corresponding dual norm

111,45 by

l\.’)h—'

llelly ;= (KD(up) Ve, V)2, ¢ € Hy(),

S, _
Il s = sup P e i),
T e Tl

1.5.3 Residuals

Let the discretization residual corresponding to the (i + 1) linearization iteration be given by

(R,

disc

(uy™), ) == (KD(up) Vu, "', Vo) + (f,0), ¢ € H)(Q).

Note that from (1.14), <R§ic(uz+1) ) uniformly vanishes if and only if there is no discretization
error in the sense that u,t" = u w0 Using (1.12) and (1.14), one observes that, for all ¢ € H}(Q2),
the total residual writes

(R(uf). ¢) = (RD(u)) Vi, Vo) + (f.0) = (RD(uf)V (s — uf™), Vip) + (Rif (™). o).

1.5.4 Orthogonal error decomposition

Now, using the Galerkin orthogonality from (1.13)—(1.14) reveals the orthogonal decomposition

i 112
IRGHI s = Ik — w0, + R )| (1.15)
1’
ti’t’:zl};fjégllaﬁ’/ error lineziirf;tlon discretlzatlon residual/

i =aii

A detailed proof of this result is given in Section 5.1.3 for the general case. Clearly, the first

term on the right-hand-side is the linearization error measured by the difference of two consec-

utive iterates, whereas the second one represents the discretization error on step (i 4 1) of the

linearization. Consequently, || R (u}) ol H’l ,; Seems as the ideal error metric for
e

||L1,u;; = H’“@ — Uy

the nonlinear problem (1.12), with orthogonal decomposition into the two error components.

1.5.5 A posteriori error estimates

The linearization error in (1.15) is directly computable. In addition, crucially, ‘Rdlsc( ol H‘ )
u

i+1 Z-‘rlm

which equals H|u L and stems from a linear (here diffusion and below possibly sin-
sUp

gularly perturbed reaction—diffusion) problem may be robustly estimated using the energy set-
ting of the linear case of Section 1.4.1. Moreover, the total error [|R(ub)]_, i converges to



“|R(u€)|”—1,l_('D(ue) from Section 1.4.2 if the linearization is converging. This is shown for the
general case in Appendix B.

1.5.6 Balancing of error components and stopping criteria

Finally, the orthogonal decomposition (1.15) allows us to naturally balance the two error com-
ponents and design an adaptive stopping criterion for the linearization iterations. The lineariza-
tion error component arising from our analysis has also been used in [61] to switch between
linearization schemes, L-scheme and the Newton scheme to be more precise, when solving the
time-discretized Richards equation.

1.6 Structure of the present contribution

In this manuscript, we consider two rather broad classes of nonlinear elliptic problems of the
form (1.1); details are elaborated in Section 3 after we fix the setting in Section 2. We then
in Section 4 describe the class of linearization schemes that we consider, including respectively
the Kacanov, Newton, Zarantonello and the fixed-point (Picard), L, and M-schemes. Impor-
tantly, they all give rise to a symmetric linearization just as in (1.13) (of reaction—diffusion type
in general). Our main results are collected in Section 5. First, an orthogonal decomposition
result of the form (1.15) is shown in Section 5.1. Then, in Section 5.2, guaranteed and locally ef-
ficient a posteriori error estimates not featuring the global Lipschitz/monotonicity ratio Ay/Am
are stated. Finally, an adaptive stopping criterion for iterative linearizations ensuring a natural
balance between discretization and linearization components is designed in Section 5.3. In Sec-
tion 6, we then present numerical results for two test problems and five different linearization
schemes. They clearly illustrate the robustness as well as effectiveness of the derived a posteriori
estimates. Next, in Section 7 functional analytic aspects of Section 3 are discussed in detail, and,
subsequently, the details and the proof of the a posteriori estimates are presented in Section 8.
Appendix A summarizes the well-posedness and consistency of the iterative linearizations intro-
duced in Section 4 on an abstract level. The transition of our results from iteration-dependent
norms to fixed norms is then discussed in Appendix B. Finally, Appendix C extends our results
to the Newton linearization for the gradient-independent diffusivity case, which, in contrast to
the above, gives rise to a linear but nonsymmetric (advection—reaction—diffusion) problem on
each linearization step. The framework has to be extended but, under appropriate (smallness)
assumptions, similar structural results as in the main body of the manuscript are obtained, with
convincing numerical illustrations.

2 Basic mathematical tools and notation

Let L1(Q2) be the space of functions that are Lebesgue-integrable with power 1 < g < co. For
v € LY(Q), we denote the corresponding norm by [|v][z«(q) and reduce this notation to [[v]| in
the specific case ¢ = 2; there, the corresponding scalar product is denoted by (v,w). Similar
notation is used for vector-valued functions. On a subdomain w C €2, we use the notation
llv]|lo and (v, w),. We denote by W14(Q) the Sobolev space of L4() functions having a weak
derivative also in L9(Q), with H(Q) := WH2(Q); Wol’q(Q) and H}(Q) are then the trace-free
subspaces.

For an open Lipschitz domain w C Q with diameter h, > 0, we will repeatedly use the
Poincaré inequality: for functions u € H'(w) vanishing in a trace sense in a fixed relatively
open subset of w with non-zero measure, or for functions u € H'(w) satisfying fwu =0
(zero-mean-value property), there holds for a constant C,, > 0

ullw < Cohe ||Vl (2.1)



If w is convex, then C,, < 7! in the zero-mean-value case. The discussion of the other cases
can be found in, e.g., [6, Section 2.1] and the references therein. We will further use the Young
inequality which states that for p € R, p > 0, and a, b € R,

1 14
b< —a?+ B2 2.2
ab < 2pa +35 (2.2)

3 Two classes of nonlinear elliptic problems

For our analysis, we divide elliptic problems represented by (1.1) into two different classes.

3.1 Gradient-dependent diffusivity

In this case, the action of the nonlinear operator R applied on a function £ € H& () is prescribed
by

(R(€),¢) = (0, VE), Vi) + (f(-.€), ), w € Hy(Q). (3.1)

We suppose the following to ensure the monotonicity and Lipschitz continuity of the operator
R in the sense of (1.2):

Assumption 3.1 (Gradient-dependent diffusivity).

(A1) The flur function o : Q x R? s R? is bounded with respect to its first argument x € Q for
a fized second argument y € RY. Moreover, it satisfies for real constants oy > 0, >0 the
Lipschitz-continuity condition

lo(z,y) —o(x,2)| <o,ly— 2| forae xcQandaly, zcR?
and the monotonicity condition

(o(z,y) —o(x,2))- (y—2) >0, ly—=z> forae xecQandaly, z<cR

(A2) The reaction/source function f : ) x R — R is bounded with respect to its first argument
x € Q) for a fived second argument £ € R. It is Lipschitz continuous and increasing with
respect to its second argument £ € R, i.e., there exists a constant fyr > 0 such that

0< f(z,&) — flx,&) < fm(§a— &)  forae xeQand all & > &.

Under these conditions, there exists a unique solution u € H}(€2) of problem (1.1) with (3.1).
Moreover, the operator R is monotone and Lipschitz continuous, as stated in (1.2), with the
simple distance metric

dist(ug, u) = ||V (ug — ).

The proof of the statements above is postponed to Proposition 7.1, since it uses some well-known
arguments and it is not the main focus of the paper.

Example 3.2 (Systems modeled by (3.1)). Systems having the flux function o of the form

o(z,y) = Ally|)y, (3.2)

where A : [0,00) — (0,00), satisfy (A1) if and only if 0 < o, < (A(t)t) < 0, < oo for almost
all t > 0, see, e.g., [33, Appendiz A] and the references therein. In this case

[A(lyDy — A(lzDz] < oyly — 2| and  (Alyl)y — A(|z)2) - (y — 2) > 0, |y — 2[*.



A common example of this type of system is the mean-curvature flow where

A(Q) =0, t (O-M - Jm)/ vV1+ 0

for the two constants 0 < o, < 0,, < 0o. Numerical results are presented for this system
in Section 6.1. Examples of other problems close to this category are p-Laplace equations and
compressive and non-Newtonian flow equations. However, these satisfy (A1) only under certain
additional assumptions on boundedness.

3.2 Gradient-independent diffusivity

The second class of problems that we consider foregoes the nonlinear dependence on the gradient.
In this case, we assume the following form of R: for & € H} (1),

We suppose that the auxiliary functions satisfy the following general conditions
Assumption 3.3 (Gradient-independent diffusivity).

(B1) The diffusion coefficient D : Q x R — (0,00) is bounded and Lipschitz-continuous with
respect to all its arquments, i.e., there exists a constant Dy > 0 such that 0 < D < Dy,
and

|D(x1,61) — D(x2,82)| < Dmller — 22| + |61 — &2|) Vi, 22 € Q and &, € R.

(B2) f satisfies (A2). ~
(B3) The permeability tensor K : Q — R js uniformly symmetric positive definite and
bounded, i.e., there exist real constants Ky > Ky, > 0 such that for almost all x € €,

Knly]* <y"K(z)y < Kuly]*  VyeR%

(B4) The advective flur q : © x R — R is bounded by a constant qq > 0, i.e., |q| < qu.
Moreover, it is small with respect the diffusion coefficient D in that for a constant v > 0,
the following inequality is satisfied for all £,¢ € R and almost all x € QQ,

2

! d ¢
‘R'Q(w) ((J(%C) —q(x,§) - Zej/ 9z, D(, 0) dg)
=1 7

¢
<(f(@. Q) f(@.€)) /ﬁ D, o) do.

(B5) T is a positive real parameter.

The existence and uniqueness of a solution u € L°(Q) N HZ () of the model (1.1) with (3.3)
under Assumption 3.3 is shown in Proposition 7.2. These assumptions further ensure that the
operator R is monotone and Lipschitz continuous in the sense of (1.2) with a more complex
distance metric

dist (ug, 1) = HK%(.)V /UWD(-,Q) dQH .

Example 3.4 (Systems modeled by (3.3)). We mention two important classes of equations that
are modeled by (3.3).
Class I: Semilinear equations, corresponding to

D=1, K=1, 7=1, andq(x,§) =0. (3.4)



(These would of course also fit (3.1) with o(x,VE) = VE). They are used in the modelling of
ignition of gases, gravitational influences on stars, in quantum field theory, and in many other
applications (see, e.g., [49] and the references therein).

Class II: elliptic problems arising from implicit time-discretization of nonlinear ad-
vection—reaction—diffusion equations, with 7 > 0 being the corresponding time-step [52].
Ezxamples are the Fischer—-KPP equation, equations used to model flow through porous media
(the porous medium equation, the Richards equation), and biofilms [48].

In all cases, Assumption 3.3 is satisfied either directly (semilinear equations), or under
some conditions on the auziliary functions (time-discretized systems). A specific ezample of the
Richards equation is discussed in more detail in Section 6.2.

Remark 3.5 (Degeneracy). Conditions (B1)-(B5) allow for degeneracy, i.e., they allow that
D(x,€&) \ 0 as & — +oo, leading to the loss of ellipticity of the problem (3.3), see also Proposi-
tion 7.2. This is not covered in the gradient-dependent diffusivity case (3.1).

4 Finite element discretization and iterative linearization

To obtain a numerical approximation of u € Hg () in (1.1), one usually first discretizes the
system in space and then employs an iterative linearization scheme to solve the resulting system
of nonlinear algebraic equations. We now describe this procedure in detail.

4.1 Finite element discretization

Let 7y denote a triangulation of 2 with matching and uniformly shape-regular simplicial meshes.
Let V; be the corresponding set of vertices. For each element K € Ty, let hi := diam{ K} denote
the diameter of K. Let

Vy := Hy(Q) N Pp(To), (4.1)

where P,(7;) denotes the space of piecewise polynomials of degree p > 1 for the triangulation
T;. We note that, for all ¢ > 2,

Ve © Wy™(Q) € L®(Q) N W) € L®(Q) N HL(Q), (4.2)

as Vp is finite dimensional. Then, uy, € V; is the finite element approximation to the nonlinear
problem (1.1) if it satisfies

(R(ue), 00) =0 Vi € V. (4.3)

To solve the system of nonlinear algebraic equations arising from (4.3), iterative linearization
schemes are commonly used, where a sequence {u}};>1 € V; is constructed iteratively from an
initial guess ug € Vp. It yields uy in the limit when the linearization converges. Below, we give
an abstract definition of such a linearization scheme.

4.2 Iteration-dependent scalar product

For a linearization iteration index i > 0, let u% € Vp be given. We define

and assume:

Assumption 4.1 (Coefficients L’ and a*). The function L' : Q — R and the symmetric tensor
al: Q = R? x R? are defined from the data of (3.1) or (3.3) and uly and satisfy for functions
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0< Lfn < Lf\/[ < 00 and 0 < afn < afv[ < 00, piecewise constant with respect to mesh Ty and
sharpest possible, that

Lk < L'(z) < Liy|k, for a.e. x € K, VK € Ty, (4.5a)
ap| x|yl <y'a'(@)y < aylxlyl, Vy €RY, for a.e. w € K, VK € Ty (4.5b)
Consequently,

(¢, C))u; is a scalar product over Hg () equivalent to (£,¢) + (V&, V() and (VE, V().  (4.6)

Remark 4.2 (Iteration-dependent scalar product). The scalar product (€, ¢)),; from (4.4) is
4

of reaction—diffusion type when L' # 0 and of pure diffusion type when L' = 0. The first
setting in general only appears when the function f(x,&) in (3.1) or (3.3) depends (linearly or
nonlinearly) on the second argument &, i.e., when it represents a (linear or nonlinear) reaction
term. When it only depends on the space coordinate x, forming a source term f(x), typically
L' =0, see Tables 1 and 2 below. The scalar product (€, O)u;; is always of pure diffusion type

for the Zarantonello linearization of Table 1, where L' = 0 by definition.

We will now use this scalar product to define the iterative linearization.

4.3 Iterative linearization

Let u) € Vi be given. For i > 0, let u} € V; denote the i iterate. Then, the (i + 1)
iterate uzﬂ € Vp is computed by solving the linear reaction—diffusion or diffusion problem (see
Remark 4.2), with the difference of the iterates (increment) in the scalar product (4.4) on the
left-hand side and the residual (1.1) on the right-hand side,

(uy™ = uj, )y = —(R(up), 0e)  Vepr €V (4.7)

Since, recalling (4.2), uj € H}(S), problem (4.7) is well posed by the Riesz representation
theorem in view of Assumption 4.1 and (4.6). Examples of ((-, ) ; corresponding to the most
14

commonly used linearization schemes are given in Section 4.6, whereas the consistency of the
linearization iterations is discussed in a general functional analytic setting in Appendix A.
When expanded using (4.4), problem (4.7) writes: find ufl € V; such that

(L' ™ ) + (V™ Vo) = = (Rup), o) + (L' g, o0) (45)
+ (a*Vuy, Vo) Vr € Vi
Furthermore, we can always identify a scalar-valued source term S € L?(£2) and a vector-valued
flux term F' € L2(;RY), so that (4.8) further rewrites as: find ut' € V; such that
(L ult™ o) + (@' Vit Viy) = —(S%, 1) — (F', Vi) Vg € V. (4.9)
Indeed, there holds, for all p € H} (),
(R(up), ) — (L' up, ) — (a'Vuy, Vip) = (S',0) + (F', Vep), (4.10)
where, in the gradient-dependent case (3.1),
Sti= f(-,ub) — Liu, (4.11a)
Fli=o(,Vuh) —a'Vuj, (4.11Db)
whereas in the gradient-independent case (3.3),
S'i= f(-,ul) — L' (4.12a)
Fo=1K()q(-,u}) + (tK()D(-,ub) — a")Vul. (4.12b)
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4.4 Continuous-level counterpart of (4.7)

Only the discrete problems (4.7) need to be resolved in practice. For our theoretical developments
below, though, the following continuous-level counterpart of (4.7) will be useful: we define

u%l € H}(Q) to be the solution of

(i~ ufy 0, = ~(R(uh),0) Vo € HY(Q). (4.13)

This problem is again well posed by the Riesz representation theorem. Now uéﬂ from (4.7) is
the finite element approximation of u%l from (4.13). As for (4.9), (4.13) can be equivalently

written as the linear (reaction-)diffusion problem of finding u@gl € H}(Q) such that

(Ll o) + (@ VUil Vo) = ~(8'9) — (FL,Vg) Ve HYQ).  (4.14)

4.5 Iteration-dependent norm

In our developments, we crucially rely on the iteration-dependent norm associated to the scalar
product (4.4) from the iterative linearization (4.7), i.e., given as

1
€l ;= (& )% €€ Hy(9). (4.15)

The Cauchy—Schwarz inequality then reads, for any &, ¢ € H} (),
(& gy = MEllug Sty - (4.16)

and we have, for any & € H{(Q), the duality expression

(& O
el = sup

, (4.17)
wEHL () HWWL%

with the equality occurring when ¢ = £/|||€ “|1u; We will also employ the corresponding dual
norm

S, ¥ _
ol s = sup P e mY@), (4.18)
T ey Tl

Finally, for an open Lipschitz subdomain w C €2, we also introduce the local counterparts of
111 s for € € H(Q) amd ¢ € H(€) as

[NIES

€Il i o = (L7 €, ) + (a°VE, VE))2, (4.19a)

(s, ¢)
|||§“|—17uz,w = sup nmoAm (419b)
pEH} (w) H|90H|l,uz,w

4.6 Examples of common linearization schemes

We now give examples of some common linearization schemes defining the iteration-dependent
scalar product (4.4) and consequently the iterates (4.7).

12



Scheme Li(x) a‘(x)
Kacanov [68, Chapter 25] | O f(x, u}) A(|Vuy))

i i A'(|Vuj i i
Newton [22] O f(x,up) | A(|Vuyl) + ‘%uzfl)vue ® Vi
Zarantonello [66] 0 A (constant) > 0

Table 1: Some common linearizations to solve problem (1.1) with the gradient-dependent ex-
pression (3.1) for R. For the Kacanov and Newton iterations, o (x,y) = A(|y|)y is assumed, as
in Example 3.2.

4.6.1 Gradient-dependent diffusivity

For the gradient-dependent diffusivity case (3.1), the three most standard linearization schemes
are presented in Table 1. The Kacanov (fixed point) iterations are considered in Chapter 25
of [68], and the convergence of the scheme is proven under certain restrictions on o(x,y).
The Newton [22] linearization adds a first-order correction and converges quadratically for a
sufficiently precise initial guess. The Zarantonello [66] scheme converges linearly irrespective of
the initial guess, for a constant A > ¢ /o, , where o, and oy, stem from (A1). We refer to [33,36]
and the references therein for additional properties.

From (4.11) and Table 1, one in particular obtains that the linearizations (4.7) read here
as (4.9) with

S' = f(,up) — Ocf(,up)up and F'=0 [Kacanov],  (4.20a)
S = f(,up) — Ocf(up)up and F' = —A(|Vuy|)|Vuh |Vl [Newton],  (4.20b)
S'=f(-,u}) and F'=eo(-,Vub) — AVu [Zarantonello].  (4.20c)

4.6.2 Gradient-independent diffusivity

For the gradient-independent diffusivity case (3.3), the commonly used linearization schemes
are collected in Table 2. The four schemes presented are all linearly converging under some
restrictions on the parameter 7 > 0.

Scheme Li(x) ' _ al(x) .

Picard [13] O¢ f (x, up) 7K (z) D(x, u))
Jager-Kacur [39] maxecr (%W) 7K (x) D(x,u))
L-scheme [50,55] | L (constant) > ssupdef | 7K(x)D(z,u})
M-scheme [52] Oc f(x,u}) + M7 (constant) | 7K (z) D(x,u))

Table 2: Some common linearization techniques to solve the problem (1.1) with the gradient-
independent expression (3.3) for R.

Remark 4.3 (Newton(-Raphson) linearization). For the case (3.3), the Newton(—Raphson)
iterative scheme does not yield a symmetric linearization problem in general. We will discuss it
separately in Appendiz C.

From (4.12) and Table 2, one in particular obtains that the linearizations (4.7) read here
as (4.9) with

St = f(-,ufg) — L u@ and F'= TI_((-)q(-,u@). (4.21)

Observe that, for all the schemes in Table 2, the second term cancels out in (4.12b).
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5 Main results

In this section, we show that there exists an orthogonality relation between the total error in
the finite element solution u@, the linearization error, and the discretization error. The iteration-
dependent norm defined in Section 4.5 is crucial for this. We further state how this result allows
us to estimate the total error using guaranteed (binding above), efficient (binding below, up to
a constant), and fully computable a posteriori estimators robust with respect to the strength of
the nonlinearities in (3.1) or (3.3). Congruently, the distinction of the error components allows
us to balance them and to stop the iterative linearizations timely.

5.1 An orthogonal decomposition of the error

We start by the orthogonal decomposition of the total error in the finite element approximation
Uyp.

5.1.1 Discretization residual and discretization error

Stemming from the linearized problems (4.7) and (4.13), we define the discretization residual

RY (€) € H\(Q), for € € HL(Q), as

disc

(R4 (€).0) = (€ — why ©),, + (R(ub)0), 0 € HY). (5.1)

In particular, using the definition (4.4) and (4.10), with the notations (4.11)—(4.12),

(Rt (w0 = (uft = ufs 9), + (R(w), )

= (L'ul™, @) + (@' Vit + F1 V) + (S p). 2
Note that, from (4.13), there holds
(Rib (it @) =0 Vo e HY(Q), (5.3)
which justifies the name “residual”: when the finite-dimensional space V; approaches H&(Q),
Rg%sc(uzﬂ) vanishes. More precisely, since uzﬂ — u@gl is the difference between the discrete
and the continuous level solutions from (4.7)—(4.13), using the following result, we find that
H’Rzgsc(ufl) H‘—LU}Z represents the discretization error of the linearization step @ + 1:

Lemma 5.1 (Discretization residual-discretization error relation). There holds

[ I s

Proof. From (5.1) and (5.3), we have that

ul i (5.3) ul
<Rdiesc(ué+l)7(p> = <R :

disc

i uh g (GRYR i
(™)~ R i) 2 @i i ), Ve € HY(Q)

Thus, the result follows from (4.17)—(4.18). O
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5.1.2 Total residual and total error

In order to characterize the total error in u} € V;, we need to consider the total residual R (u})
stemming from (1.1); as motivated in Section 1, we consider [|R(u}) ; as the total error

measure. Observe from (4.18) that if u € H3(Q) solves (1.1), then

pemi@ Melliu  pemi lellly s

([

which is, due to (1.2) and (4.6), equivalent to the error metric dist(u}, u). Additionally, using

(R(uh), ) = (=il @), Ve € HY(Q), (5.5)

and employing (4.17)—(4.18), one has:

Lemma 5.2 (Total residual-total error relation). There holds

IR@N-15 = Nl =il

5.1.3 An orthogonal decomposition of the total residual/error

The remaining component of the total residual/error is the linearization error; it comes naturally
out of the following decomposition result:

Theorem 5.3 (Orthogonal decomposition of the total residual/error into linearization and dis-
cretization components). Let the nonlinear elliptic operator R : HE(Q) — H~1(Q) be introduced
n (1.1) and satisfy (1.2). Let the finite element linearization sequence {u}};>0 C Vi be given
by (4.7), for the iteration-dependent scalar product (4.4) stemming from the given linearization
and satisfying Assumption 4.1. Let the affine elliptic operator RZ%SC t HY(Q) — HL(Q) be given
by (5.1), stemming from (4.13). Let finally the norms |||”|i1uz be given in (4.15), (4.18). Then,
for all linearization steps i > 0,

i 2

IR, =l =+ [ Ric |

1)

toﬁﬁj lfjﬂﬁif error linec;:{z]’ﬂz(’)c;tzon discretlzatwnrresidual/

() 1,uj, |”uz+1 z+1”|
Proof. One has

N Lemma 5.2 i 1112 +1 i+1 i1y ][]2
IRy = Motk =y = MG = ™) + (™ =i D

(4.15) ; 2 ; ;
= Mt =M s + HW“ gy I+ 20 — g UE“ iy i
sy 2

(4.7), (413 |” wb —u Z+1H|1uz+mul+l ZHH}Q

L 5.1
2 =+ | R3 |

dlSC
—1 u[

where the penultimate equality follows from the Galerkin orthogonality between uf and u’<+>1

using that ué Z'H lies in the finite element space V. O
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5.2 Guaranteed and locally efficient a posteriori error bounds robust with
respect to the strength of the nonlinearity

i+1 H’

Based on Theorem 5.3, estimating || R (u}) ; amounts to estimating H‘Rdm(

[ 1
“z
where the latter corresponds to the numerical approximation (4.7) of the linear (reaction—
)diffusion problem (4.13). For this purpose, we will follow [1,2,42,43,60,64], the pure diffusion

approaches [10,20, 21, 24], but most precisely [60, Definition 2.3].

For each vertex a in the set of vertices Vy, let the patch 7, be the set of mesh elements
from 7, sharing a. We denote by 14 the corresponding hat function (piecewise affine function
with value 1 in @ and 0 in the other vertices), with the subdomain wq being the interior of the
support of ¥4. Let h, be the diameter of wg.

Asin (4.1), let P,(K) stand for the space of polynomials of total degree at most p on the sim-
plex K € Ty; Pp(K;R?) denotes its componentwise extension to R?. The broken (elementwise)

spaces Pp(Ta) and RT,(7Tq) on the patch T, are then defined by, cf. [7],

Pp(Ta) i= {ve € L*(wa), vl € Pp(K) VK € To},
RT,(Ta) := {ve € L*(wa; RY), vyl € RTH(K) := Pp(K;RY) + 2Py (K) VK € To}.

We remark that Pp(Ta;RY) € RTp(Ta) S Ppi1(Ta; R?). Decompose V, into interior vertices
Vint and boundary vertices VS*. The local mixed finite element spaces are then defined by

Pp(Ta) if a € V& or L., >0,
Qa = { ? B o e (5.6a)
{ve € Pp(Ta), (ve;1)w, =0} if @ € V)™ and Li|w, =0,
V. { {ve € RT,(Ta) N H(div,wg), vem =0 on dwg} if a € V‘nt, (5.6D)
“n {ve € RT,(Ta) N H(div,wq), ven =0 on dwg \ {1 > 0}} if a € VX', '

In order to define our estimators, we solve independent small discrete local linear reaction—
diffusion problems in a dual formulation on the vertex patches 7,. They ultimately yield the
equilibrated flux—potential pair alH, (ﬁ”l and read (details of the notation are postponed
to Section 8.1 below):

Definition 5.4 (Equilibrated flux O'H_l and potential ¢’+1) Let u@“ € Vy be defined by (4.7)
or, equivalently, (4.9). For each vertez a €V, let (o i1 i) € Vi x Qq be defined by the
constrained minimization problem
. . 1 . . .
L (W (afa) 2 (aII_ (6 Vugtt + F7) + )2,
(ot ¢ 1) == arg min " v 6

(ve,9¢)EVaxQa, L’L 1 1I l+l _ 2
Vv, (L qp)= +I(L*)2( gp(i/)a ) qK)Hwa

—Vipa TET_ (@' Vuyt +F)
—Mep(aS")
with, respectively, the coefficients 0 < Li,, 0 < a, defined in (4.5), the scalar- and vector-
valued source terms S* and F* in (4.11) or (4.12), the elementwise constant weight function
w > 0 in (8.3a), and the projection operators g, : L*(2) — Pu(To), H?}; L LA RY) —
RT,-1(T;;RY) in (8.1) below. Then, after extending oitt, ¢iFt by zero from each patch subdo-

main wq to 2, we define
z+1 Z o_z—i—l Z+1 Z ¢z+1 (5 8)
, .
agVy acVy

Remark 5.5 (Flux equilibration). The flux equilibration of Definition 5.4 is in general of
reaction—diffusion type, following [60, Definition 2.3]. If, however, L' = 0, as in Remark 4.2,
Definition 5.4 boils down to the usual pure diffusion equilibration of [10, 20, 21, 24] where the
weight function W equals one and the potentials ¢.' and d)”l are not needed.
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Definition 5.4 in particular implies:

Lemma 5.6 (Properties of 0'3 1 and QSZH). The equilibrated flur and potential from Defini-
tion 5.4 are well defined and satisfy

ot e RT(T) N H(div,Q), ¢ € Py(To). (5.9)
The potential contributions satisfy the mean value property
(L o5 Ve = (L uft ha)w, — Ya € VI (5.10)
and the flux fulfils the mass balance
My (L) + Vgt = —I1,,8". (5.11)

Let a subdomain w C 2 correspond to some mesh elements from 7, and let w correspond to
w and the mesh elements neighboring by vertex. With the equilibrated flux U}H and potential

¢, we can now define our (discretization error) estimators:

Moy, o= Wi (aly) "2 (I (' Vit + F) + o), (5.12a)
7 it/ 7
N = (L) 7 (uy™ = ¢ ), (5.12b)
1
3
{ i i i i 2
Moscs = ( > (Wl =) (S + L)) k) ) , (5.12¢)
KET@,KCw
néuad,F,w = H( ) ((H - HEp 1)(aivu2—|—1 + jﬂ))”uﬂ (512(21)
1
3
i i: i i
Mquad 8w *= ( > IE)2 (M (vary™) — Ty, i (Yau “))Hia) : (5.12¢)
a€Vy,waCw
) h2 %
nzluad,S,osc,w = ( Z ﬁH(I Hép)(qv/}a(sl + LZ Z+1))||3)a> . (512f)
acVy,weCw Wa m

They respectively express the H(div,{2) non-conformity of the direct finite element fluxes
a Vu”'l + F*, a possible weighted discrepancy between u[rl and qb”l important for large values
of L?, the possible oscillations in the source term S? and L%Z)Z'H, and quadrature errors for the
flux and source terms. Note that the quadrature estimator 77,4 g, vanishes if L' is elementwise
constant; similarly, if a’ is elementwise constant and F' € P,(Ty, RY) (often satisfied in the
lowest polynomial degree setting p = 1), then néuad,F,w =0.

Introducing
3
Ndiscw = Z (e k18 Kk + Mose.x + nquad,F,K) ) (discretization estimator)
KeT,
KCw
(5.13a)
nliin w = |||U1Jrl - U}Hh Wi w? (linearization estimator)
’ sUgsy
(5.13b)
. 4 A 1 '
nZJ = ([nfin,w}Q + [néisc,w]2)2v (tOtal estlmator)
(5.13c)

our second main result reads:
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Theorem 5.7 (Guaranteed, locally efficient, and robust a posteriori estimates). Let the as-
sumptions of Theorem 5.3 be satisfied. For a subdomain w C ) corresponding to some mesh
elements from Ty, let W correspond to w and the mesh elements neighboring by vertex. For any
linearization step i > 0, there holds

NI i
IR0 < D], (5.14a)
(guaranteed reliability)

) i i 2
12 S 0% 0| Rt ™|

disc

LD + [nliin,w]z + [ngsc@]z + ﬁ%,@,i[néuad,F,GF + [nguad,S,CzP
sy

+ [n(l;luad,s,osc,&fz]z? (514b)
(local efficiency)

i )12 i 2 2 i 2 i 2 i 2
R(U;)HLLU; + [ngsc,Q] + ﬂﬂ,é,i[néuad,F,Q] + [néuad,s,ﬂ} + [néuad,s,osc,ﬁ] )
(5.14c)
(global efficiency)

[7752]2 N 19?2,@,1'

where the local variability constant ¥, 0; > 1 is defined as 9, 4; = MaXaey,, weCw Va i with

max,, aj . h2 max,, L}
7*912161' = # 2 wa—sz <1, (515&)
- min,, ab, maxy, ah
(diffusion-dominated case)
max,, ai, max,, L} . h? max,, Li
05 ¢ ;only depends on wa M wa M = ———— | (5.15b)

. Z b . LZ 'L
miny, a%, = ming, LY, max, ay;

(reaction-dominated case)

and measures the mazimum local patch-wise variation of coefficients L' and o' of (4.4) in w,
and the constant in < only depends on the space dimension d, the shape-reqularity constant of
Ty, and the polynomial degree p.

The proof of Theorem 5.3 is postponed to Section 8. We conclude this section by three
remarks.

Remark 5.8 (Theorem 5.7). The estimate (5.14a) gives a guaranteed and fully computable
upper bound on the error. The error lower bounds (5.14b)—(5.14c) feature a generic constant
hidden in < (only depending on p, d, and the regularity of Ty), so that their quality (robustness)
solely hinges on Vg4, from (5.15).

Remark 5.9 (Robustness in the Zarantonello case). The Zarantonello linearization of Table 1
gives L' = 0 and a° = A = constant, so that case (5.15a) always applies and the variability
constants Vq¢; = 1. In this case, the estimates of Theorem 5.3 are always robust with respect
to the strength of the nonlinearity.

Remark 5.10 (Cases (5.15a) and (5.15b)). Case (5.15a) corresponds to a situation where the
reaction coefficients L' from the linearization scalar product (4.4) do not dominate over the
diffusion coefficients a® from (4.4); note the presence of the mesh size hy, implying that this case
always prevails under sufficient local mesh refinement. Also recall from Remark 4.2 and Tables 1
and 2 that typically L' = 0 when f(x,&) in (3.1) or (3.3) only depends on the space coordinate
x, i.e., when f(x) is a source term.

Remark 5.11 (The variability constants ¥4; from (5.15)). The constants Vg ; from (5.15)
describe a local variation of the linearization coefficient o' via the piecewise constants afn,afvl
from Assumption 4.1 in (5.15a), and additionally on the local variation of L wia Lfn,L%v[
in (5.15b). This is expected to be (much) smaller than the global variation of a* and L' over
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the whole computational domain Q due to the interior regularity of solutions of elliptic equa-
tions [26, Section 6.3], and definitely much smaller than the ratio Ani/Am from (1.4) or (1.5);
Vi can be small and/or tend to one with local mesh refinement even for strong nonlinearities.
Moreover, even in the worst case, at least for the gradient-dependent diffusivity (3.1) in the case
of Example 3.2 and with f only depending on the space coordinate x, Vg0; < (0, /0.)'/? for
the Kacanov and Newton linearization schemes of Table 1 as discussed in [33, Sections 2.3.2
and 3.7], which still outperforms (1.4) and (1.5) by the factor (o, /o, )"/?.

Remark 5.12 (A posteriori assessment of robustness). Whenever ¥q ¢ is of order of unity, the
estimates of Theorem 5.7 are robust with respect to the strength of the nonlinearity. Crucially,
Yo, can be easily computed at any mesh Ty and linearization iteration i in any setting (problem,
linearization scheme) in (5.15a), so that robustness is assessed a posteriori.

5.3 Balancing of the linearization and discretization components and stop-
ping criteria for iterative linearizations

The orthogonal error decomposition of Theorem 5.3 together with the computable estimators
of Theorem 5.7 yield the following adaptive stopping criterion for iterative linearizations that
ensures a natural balance between discretization and linearization components, in that it requests
that the linearization component only forms a user-given p-fraction of the total error.

Algorithm 5.13 (Adaptive linearization). Let u € (0,1) and ul € V; be fizred. Pursue the
iterative linearization (4.7) until, for some i > 0,

nfin,Q < M’I’]:), (516)
where nﬁn q and 77?2 are computed following (5.13).

Moreover, the linearization estimator nfinQ can also be used to switch between linearization
schemes in an efficient way, see [61] for an example. However, this is not pursued in this work.

6 Numerical experiments

In this section, we test the numerical performance of the estimators of Theorem 5.7 and the
stopping criteria of Algorithm 5.13. In what follows, a fixed parameter p = 0.05 from (5.16)
has been used. Three levels of discretization are considered with an initial mesh 77 fixed and its
uniform refinements 7;, where we choose ¢ € {2,4}. Following Section 4.1, the corresponding
finite element spaces V; are given as Py (7;) N H' (), i.e., p = 1. For linearization step i > 0 and
0 €{1,2,4}, let u't! € Vip (i.e. £ = 10) be a fine-mesh approximation to u%l from (4.13) that
we use for approximate evaluation of the error; indeed, by Lemma 5.2, one has that

IR -y g = ([l — iy’ H}W ~ g — gl - (6.1)

With these definitions, we express the quality of the estimates by introducing the global and
local effectivity indices:

Eff. Ind. := 0% /||ub — u'l!

ref H|17u2’

(B Tnd ) o= nic/llu — il s e K €T (6.2b)

where ni, and 7% are defined in (5.13c). The numerical solutions are computed using the
FreeFem++ software [34] and the codes are available online in a Git repository. We consider
the following two test cases:
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e Section 6.1. Gradient-dependent diffusivity case (3.1): mean curvature flow of Exam-
ple 3.2, a singular reaction—source term, inhomogeneous Dirichlet boundary conditions,
and known exact solution.

e Section 6.2. Gradient-independent diffusivity case (3.3): one time step of a backward
Fuler time discretization of the Richards equation with nonlinear degenerate advection—
reaction—diffusion terms, anisotropic permeability tensor, and mixed boundary conditions.

6.1 Gradient-dependent diffusivity

IsoValue

Figure 1: [Section 6.1] The computational do-
main and the exact solution for the gradient-
dependent diffusivity test case.

EEEEEEEEEN
~O00000000
00NN
ORI HNOW

|
!u =Uexact

The computational domain € is the square (—1,1)? with a triangular section removed,
see Figure 1. In Q, we consider, for (3.1),

o(xz, V&) := A(|VE])VE with A(o) := 274+ 1/ 1+ 02, (6.3a)

following Example 3.2, where 7 is a parameter. Thus 0, = 27, 0,, —0,, = 1, and Assumption (A1)
is satisfied. We define

f(mag) =vé— g(m)7 (63b)

where v = 1072 is a fixed parameter. The function ¢ follows from our choice of the exact
solution: Let « € §2 be represented in polar coordinates by the radius-azimuth pair (r, ) and
let A :=4/7 be a fixed parameter. Then,

(= )Ar?
(14 (Ar—1)2)2

Uexact () = 77 cos(\F), yielding g(x) := |r + vr?| cos(\G). (6.4)

Observe that g € H~(Q) but g & L?(Q) due to the singularity at 7 = 0. Thus, Assumption (A2)
is not satisfied, but our numerical results seem to carry over even to this case. We set the Dirichlet
condition u = Uexact on OL).

We consider two linearization schemes from Table 1, the Kacanov and the Zarantonello ones.
In the Zarantonello case, we choose A = 1; this does not satisfy the theoretical requirement
A > 01\24 /o, from the a priori analysis [66] but numerically leads to a fast convergence (no
requirement on A appears in our a posteriori theory). In fact, for the theoretical choice of
A= 013[ /o, the Zarantonello scheme barely converges for 7 < 1071, The initial guess is taken
to be ug = %uexa@.

For 7 = 0.01, Figure 2 (left) plots the global effectivity indices for these schemes against
the linearization iteration index i. The indices are between 1-2 in all cases. Figure 2 (center)
shows the distribution of the local errors. As expected, the error is concentrated around the
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Figure 2: [Section 6.1, 7 = 0.01] Comparison between errors and estimators. The Kacanov
linearization (top) and the Zarantonello linearization (bottom). Global effectivity indices (6.2a)
as functions of the refinement level ¢ and the linearization iteration ¢ (left). Elementwise errors

|l — Ui:fl”‘l i i (center) and estimators 7}, (right) for £ = 2 and at the linearization iteration
sUp,

i = i satisfying the stopping criterion (5.16) (both in logarithmic scale).

singular re-entrant corner at the origin. It decreases radially, and its minima are situated at
the other corners. The distribution of the estimators nﬁ(, shown in Figure 2 (right), reproduces
the same pattern. Figure 3 shows the corresponding local effectivity indices (6.2b). In almost
every mesh element, these indices are between 0.75-1.5, and in all the cases they are in the
order of unity. The effectivity indices around the singularity at the origin are about 1.5-2.0 in
all the simulations, which we find to be particularly impressive. Note that an effectivity index
less than 1 does not contradict the local efficiency estimate of Theorem 5.7 since, instead of the
neighborhood K, the estimates are computed over the individual mesh elements K € 7.

The robustness of the estimates is next exhibited in Figure 4. For a fixed mesh, it plots the
global effectivity indices (6.2a) of the linearization schemes against 1/7, where we consider 7 €
[1073,1]. Though the Lipschitz continuity /monotonicity ratio o, /o, = (1 + 27)/27, expressing
the strength of the nonlinearity, varies over three orders of magnitude, the effectivity indices stay
essentially intact. This illustrates our robustness result from Theorem 5.7. More precisely, for the
Zarantonello linearization, we know from Remark 5.9 that the variability constant ¥q ; equals
one, so that our estimates are robust. For the Kacanov scheme, as explained in Remark 5.12,
we can first compute the variability constants ¥q ; to a posteriori assess the robustness also in
this case, see Figure 4 (left) for the values of ¥ ¢,. We recall that Jq ¢, is from (5.15) computed
easily and locally, and without the knowledge of ugfl O Uexact Needed to compute the (global)
effectivity indices (6.2a).

Figure 5 further illustrates how the errors, the linearization estimator nfin’Q, and the total
estimator n}z vary with the linearization iterations. Linearization error dominates the total
error at the start of the iterations but becomes negligible as the iterations converge, where the
discretization component becomes dominant. The appropriateness of (5.16) is evident from the
plots, since the adaptive criterion is met only after 3 iterations for the Kacanov scheme, and
after 7-9 iterations for the Zarantonello scheme, and there is no significant change in the total
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Figure 3: [Section 6.1, 7 = 0.01] Local effectivity indices (6.2b) for the Kac¢anov (top) and the
Zarantonello (bottom) linearizations at different discretization levels £ and for i = i from (5.16).

errors beyond this point. Furthermore, from the simulations, the Kac¢anov scheme is found to be
much faster than the Zarantonello scheme. The Zarantonello scheme, though, leads to slightly
better effectivity indices, probably due to the local variability constants ¥4 ¢; from (5.15) being
1 for this scheme (see Remark 5.9).

Finally, Figure 6 shows the relative magnitude of the components of the discretization es-
timator 7. o defined in (5.13a). The flux estimator nj,  is the largest contributor to 7. o
followed by the data-oscillation estimator néSC,Q. Since, in Table 1, L' = v for the Kacanov
scheme and L' = 0 for the Zarantonello scheme, we have that néuad,S,Q = 0 in both cases,
whereas néuad’F’Q < 1075. With L? = 0, the Zarantonello scheme is a pure diffusion lineariza-
tion, see Remarks 4.2 and 5.5, so that 77%79 =0.

6.2 Gradient-independent diffusivity: the Richards equation

We choose here 2 as the unit square, 2 = (0,1) x (0,1). The backward Euler time-discretized
Richards equation is characterized here by the following choices of the functions in (3.3):

f(@,§) = 5(&) — S(u(x)), D(=,§) =~r(5)), q(=&) =—r(S(£))g,

ol 8] o) v

Here g is the gravity vector, and the functions S : R — (0,1] and « : [0,1] — [0, 1], known
as the saturation and relative permeability functions, respectively, are modeled using the van
Genuchten [62] parametrization, expressed in a nondimensional setting for A € (0,1) as

2

S(€) = (1 r(2- g)ﬁ)_k, K(s) = /3 (1 (- s%)*> . (6.6)

22



) Kacanov 5 Zarantonello
=
1.8, —a-f =
.................. . ol = 4

10° 10t 102 10° 10° 10t 10° 10°

Figure 4: [Section 6.1, 7 varies] Global effectivity indices (6.2a) vs. 1/7 for the Kacanov (left)
and Zarantonello (right) linearizations at different discretization levels ¢ for ¢ = i from (5.16).
For the Kacanov scheme, the variability constant ¢ ¢ ; from (5.15) is also plotted for £ = 2. For
Zarantonello linearization, this constant is always 1.
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Figure 5: [Section 6.1, 7 = 0.01] Total error [|R(u)|_, ,; approximated using (6.1), linearization
[y

error 7% ¢, and the total estimator né against iteration index ¢ in a log;g-scale: the Kacanov
scheme (top), the Zarantonello scheme (bottom). The vertical black dashed line on each plot
indicates the stopping criterion i = 7 from (5.16).
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Figure 6: [Section 6.1, 7 = 0.01] The components (5.12) of the discretization estimator nQiSC,Q
vs. iteration ¢ for 7 = 0.01. For both schemes, néluad,S,Q =0, r]éuad’F,Q < 1075, and for the
Zarantonello scheme, ng o = 0.
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Figure 7: [Section 6.2] The domain 2 = (0,1)? with the boundary conditions and reference
solutions of (1.1) for 7 =1 (left) and 7 = 0.01 (right).

More details on the Richards equation can be found in [53] and the references therein. For the
rest of this paper, we will use A = 0.5. The mixed (Dirichlet and no-flux) boundary condition
used for the problem is shown in Figure 7 with uy, = 1 and uey = —3. Finally, in the context
of the time-dependent Richards equation, the quantity @ represents the solution of the previous
time step. Here, it is arbitrarily taken to be the solution of the Darcy problem V-[K (Vi—g)] = 0
in ), completed with the mixed boundary condition mentioned above. It is straightforward to
verify that the Richards equation satisfies the conditions stated in (B1)—(B3). Furthermore, it
satisfies (B4) since in order for the constant v > 0 to exist, one requires by Cauchy’s mean value
theorem that (x/(S5(€))25(€)/k(S(€)) is bounded for all ¢ € R, a requirement that is satisfied
for A = 0.5 (v = 1.2 in this case).
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< |—f=1 < |—{=1 -d ——{ =1
S et =2 S|l =2 5 |t =2
e ool =4 4 el =4 s ool =4
= 20 £3) y, © ?j ?.9

20 7/ 30
Picard 7 = 0.01

20 Z 30

M-Scheme 7 = 0.01

20 7 30

L-Scheme 7 = 0.01

2. 2. .
= Y NP SR G S . = "8 00000006000000
o
; = .
= = : o
. . oo
e IS gl oY m
£a) ca)
1.5 -0 =1 1.5
ol =2
ol =4
1 1 -
0 2 4 6 8 10 5 12 0 0 10 20 7 30

Figure 8: [Section 6.2, 7 = 1 and 7 = 0.01] Global effectivity indices (6.2) for different lineariza-
tion schemes, 7, ¢, and ¢ values. Results for 7 = 1 (top) and 7 = 0.01 (bottom). The Picard
scheme (left), the M-scheme (center), and the L-scheme (right).

We take the initial guess for the iterations as ug = 0 and show results for numerical schemes

mentioned in Table 2. We fix the parameters for L- and M-schemes as L = 1/6 and M = 0.1
respectively. The M-scheme is chosen to depict the base numerical results since it is a hybrid
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between the L-scheme and the Picard (fixed point) iterations [52]. Global effectivity indices,
computed using (6.2a), are plotted in Figure 8 for the different schemes, at all discretization
levels, different time-step lengths 7, and iterations. It is seen that the effectivity indices stay
above 1 in all cases, thus validating the guaranteed upper bound (5.14a). As the linearization
iterations converge, these indices reach a stable value as expected.

To inspect the robustness of our estimators with respect to the strength of the nonlinearities,
we in Figure 9 plot the effectivity indices against the Lipschitz/monotonicity constant of the
operator R, represented in this case by 1/7. Despite the parameter 7 varying between 1 and 1073,
thus approaching the singularly perturbed regime, the effectivity indices stay bounded between
1.5 and 2.6. From Table 2 and (5.15), the variability constant ¥q ¢, essentially depends on the
patchwise variations of D(z,u}) = £(S(u})). Scaled by half, we plot ¥ ¢ for all the schemes on
the second mesh level £ = 2. We observe uniformly moderate values, which immediately ensure
the observed robustness, see Remark 5.12 (recall that ¥q g, is easily and locally computable,
whereas we can only compute the (global) effectivity indices (6.2a) knowing/approximating the
exact solution).

s Picard N M-Scheme S L-Scheme
——{=1 ——{=1
el =2
2 .U'Q.s“°'£ —4
F o |x 300l
==}
=

Eff. Ind.

1 1
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Figure 9: [Section 6.2, 7 varies] Global effectivity indices (6.2a) vs. 1/7 for the Picard (left),
M- (center), and L-schemes (right) at different discretization levels £ for i =i from (5.16). The
variability constant Jq ¢, from (5.15) is also plotted (scaled by half and for ¢ = 2).
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Figure 10: [Section 6.2, 7 = 1 and 7 = 0.01] The elementwise error approximated by
luj — ugflmlul 5 Vs. the elementwise estimators 7} for £ = 2 for the M-scheme at i = i

from (5.16); 7 = 1 (left) and 7 = 0.01 (right) (all in logarithmic scale).

Figure 10 presents the distribution of the error for the M-scheme at ¢ = 2 compared to the
distribution of n%.. Using the maximum principle, we obtain from (6.6) that ming x(S(u)) =
(S (Uout)) = 5 x 1074, whereas maxq x(S(u)) = k(S(uin)) = 1. As a result, the elementwise
errors and estimators are seen to vary 2—4 orders of magnitude. Nevertheless, the plots suggest
that the estimator 77}{ captures both the magnitude and the distribution of the error accurately.
This is quantified by the local effectivity indices (6.2b) plotted in Figure 11. In most of the
domain, the effectivity index is between 1 and 2.5, and in all cases it is in the order of unity. For
the other linearization schemes, the local effectivity indices also stay within this range, despite
the estimator 7]?2 varying by about 2 to 4 orders of magnitude, 7 varying 3 orders of magnitude,
and the diffusion coefficient ko S in (6.5)—(6.6) varying by 3 to 4 orders of magnitude. Hence,
we consider the match to be excellent.
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Figure 11: [Section 6.2, 7 = 1 and 7 = 0.01] Local effectivity indices (6.2b) for the M-scheme
at discretization levels £ = 1,2,4 for i =i from (5.16); 7 = 1 (top) and 7 = 0.01 (bottom).
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Figure 12: [Section 6.2, 7 = 1 and 7 = 0.01] Total error [|R(up)||_, .,

linearization error nfin’Q, and total estimator 77?1 against iteration index ¢ in a log;,-scale. Fixed
¢ = 2. The vertical black dashed line indicates the stopping criterion i = i from (5.16). Results
are for 7 = 1 (top) and 7 = 0.01 (bottom). The Picard scheme (left), the M-scheme (center),
and the L-scheme (right).

i approximated using (6.1),

Next, we investigate how the error, the linearization estimator nfin’ﬂ, and the total estimator

?7§2 vary with the iteration ¢ for different linearization schemes. This is shown in Figure 12. At
the beginning, the dominant error component is the linearization error, which is roughly equal
to the total error. However, as the iterations advance, the total error is first dominated by the

26



discretization error, and then dictated by it. The results also clearly portray the known trends
of the linearization schemes [50,52], i.e., the L-scheme converges more slowly as 7 is decreased,
whereas the Picard and the M-schemes speed up, and the M-scheme is faster than the Picard
scheme particularly for larger values of 7. Figure 12 further illustrates the efficiency of (5.16),
since the iterations are stopped after they cease to have any significant effect on the quality of
the solutions.

o M-Scheme 7 =1, £ =2 . M-Scheme 7 = 0.01, £ =2
& z
g g
-4 =g
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-1 -1
0 10 20 Z 30 0

Figure 13: [Section 6.2, 7 = 1 and 7 = 0.01] The relative magnitudes of components of the
discretization estimator néisc?ﬂ from Section 5.2 plotted against iteration ¢ for the M-scheme at
discretization level £ = 2; 7 =1 (left) and 7 = 0.01 (right).

Finally, Figure 13 shows the relative magnitude of the components of the discretization
estimator néisc’Q, see (5.13a). The flux estimator 77%,9 is the dominant component in all cases,
followed in order by the potential estimator 77%79, the data-oscillation estimator néso’Q, and the

quadrature estimator néuad’F,Q (we also plot néuad’S’Q).

7 Well-posedness of the models (3.1) and (3.3)

In this section, we collect the existence and uniqueness proofs for the models (3.1) and (3.3).

7.1 Well-posedness of the gradient-dependent diffusivity model (3.1)

Proposition 7.1 (Monotonicity and Lipschitz continuity of R when defined by (3.1), existence
and uniqueness of the weak solution of (1.1)). Assume the expression (3.1) for R : H}(Q) —
H=YQ) and (A1)-(A2). Then, for all &, ¢ € H(Q),

o Ve -l < sup FOZROD) (L cone)hg IVE-Ol  (T1)
PeHL(Q) Vel

and there ezists a unique solution u € H}(Q) of (1.1).
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Proof. The operator R from (3.1) is monotone and continuous since

(R(€) —R(Q), €~ )2 (0(,VE) — o (-, VC), V(€ — <>> <f(- &) — £, 6= C)

(A2)

2 (0, V6) ~ 0 (Y0, V(e ) 2 0 IV(E - O,
RO-RO.D @ 69— FC0lle
I N WVl e vl

2.1

< olIVE =l + Cahallf(-,6) = (-, Ol

A2
o [V(§ = Ol + Ca ha full€ = <]

(2.1) )
< (oy + (Caha)" )V = .

The existence of u € H}(2) solving (1.1) then follows from the nonlinear Lax—Milgram theo-
rem [67, Chapter 2] due to the monotonicity and Lipschitz continuity of R. O

7.2 Well-posedness of the gradient-independent diffusivity model (3.3)

Proposition 7.2 (Monotonicity and Lipschitz continuity of R when defined by (3.3), existence
and uniqueness of the weak solution of (1.1)). Assume the expression (3.3) for R : H}(Q) —
H=YQ) and (B1)-(B5) with 0 < 7 < (4/7). Moreover, let the Kirchhoff transform function
K:Q xR — R, defined as

(2,) : / D(, o) do, (7.2)
satisfy lime_, o0 K(2, &) = £oo for all x € Q. Then, for all &, ¢ € HE (),
VK6 - KON S sup O ZROLO) <y ge o -k, (73)
PeH () Vel

where the hidden constants depend only on  and the constants T, v, Dwvm, fum, Km, Kv, and
qm. Moreover, there exists a unique solution u € L>(Q) N HY(Q) of (1.1).

Proof. To prove monotonicity of R, we introduce v(x,§) := q(x,§) — Z?:1 e;j fos 0z, D(x, 0) do
to rewrite (3.3) using (7.2) and VK(z,§) = D(x,£)VE + Z;lzl €; fog 0z, D(x, 0) do as
(R(€), ) = T(K()(VK(- &) +v(-,€)), Vo) + (f(-,), ). (7.4)

Dropping the z-dependence from the functions f, K, K, and v for simplicity, we have for any
¢, ¢ € Hy (),

(R(&) = R(C) ) = (£(§) = £(O), ) + (K (V(K() = K(O) +v(§) —v(C), Vo). (75)
For obtaining the monotonicity bound, we test (7.5) with ¢ = IC(§) — K(¢) = ng (lél) HE(Q)
and use the Young inequality (2.2) with p = 2/(77y), where v > 0 is defined in (B4):

(R(&) - R(C), K(&) = K(0)

21 - 10, gw + [ REV(KE) — KO + (R (0(€) - v(¢)), V() - K(0)))

e SN _1 (7.6)
= e - 1), Cf1>> + (1= ) TIREV(KE) = KON = 77K (w() = v(0))]?
(T AR - KIS (1 T rEal D0 - K
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Hence, if 7 < 4/, then we have the lower bound by using ¢ = KC(§) — K(¢) in (7.3).
For obtaining the Lipschitz-continuity result, we first define for some ¢ € (0,Dy) (with
Dy > 0 from (B1)) and € € R,

3
D.(€) = max(e, D(€)) and K. (&) = /0 D.(0)de. (7.7)
Since, for ( € R,

k@ -k =| [ 2] <| [ 2] = It - K0l < Il -cl

we have the following properties of the regularized function A.:

max(el¢ — ¢, [K(€) = K(Q)]) < [Ke(£) — K ()] (Bil) D€ — ¢l (7.7¢)

Then, substituting K by K; in (7.5), the operator R still remains monotone following the steps
of (7.6). Moreover, repeatedly using the Poincaré inequality (2.1), we obtain

sup (R(&) = R(C), )
pEHY(Q), [Vl =1

(B3)

< sup 1£§) = FOlllell + TEM[V(K:(E) — K()l
pEHL(Q), [Vl =1

+7EwE K2 (v(E) —v(Q)]|
(2.1),(B4)
< Cohallf(&) = FOI + TEM|V(K(€) — KA(O)]

+ ()2 (| F(€) — FONZIKE) - K(QII2

(B1),(B2),(7.7b),(2.2)

< € = ¢ll + RV (KL €) — Ke(O))]
" 11ku(e) - KO + TRV UCL(E) — Ko(O)]
(2.1

)
<" (22 4 7 Ry) ||V (K (6) = K(O)I-

Then, the existence of u. with Kc(u:) € H}(Q) solving (1.1) follows from the monotonicity
and continuity of R using the nonlinear Lax—Milgram theorem [67, Chapter 2| (see also [68,
Chapter 25]). Moreover, K.(u.) € L*°(), which is evident from Theorem 13.1 of [47, Chapter
3], since gq, Oz; D, f are all bounded in (7.4). In particular, since the L> bounds on these
functions do not depend on ¢, the bound on [|KCc(ue)| f(q) is also independent of . Then,
from [Kc(€)] > [K(§)| (as evident from putting ¢ = 0 in (7.7c)), we have that ||IC(ue)| )
is bounded irrespective of €. The assumption () — +oo as { — +oo further implies that
there exists a constant R € (0,00) independent of € > 0 such that [[uc|pe(q) < R. Define
miny,<g D(v) =: g9 > 0, the positivity following due to (B1) since {|v| < R} is compact. Then,
for any 0 < e < g, we have that u. also solves the unregularized problem as D(u.) > g9 > ¢, and
thus, K(u:) = Ke(u.) from (7.7a). Moreover, u = u. € H}(Q2) (as (K.) ™! is Lipschitz from (7.7¢c))
and it is the unique solution due to the monotonicity of the operator R, see (7.6). ]

8 A posteriori error estimates of Theorem 5.7

We show in this section how Theorem 5.3 together with the results on a posteriori error analysis
of linear reaction—diffusion problems lead to the a posteriori error estimates of the nonlinear
problem (1.1) given in Theorem 5.7.
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8.1 Equilibrated flux and potential of Definition 5.4, proof of Lemma 5.6

Let us first give all the details for the construction of Definition 5.4.

8.1.1 Orthogonal projections
Let the standard L?-orthogonal projections Iy, : L2(Q2) — P,(7;) and HE};_l : L2(Q;RY) —
RT,-1(Te; RY) be defined as
for ¢ € L*(92), (MepGsve) = (Cve) Ve € Pp(To), (8.1a)
for ¢ € L*(;RY), (TIF) 1 ¢,vp) = (C,vp) Vo € RTp-1 (T RY). (8.1b)

Note that (8.1) can be equivalently rewritten elementwise. We will also need the Li-weighted
projection Iy, i = Ppy1(Te) — Pp(Te)

for G € Pp1(Te)s  (L'Mp 1iGesve) = (L'Geve) Vg € Py(To), (8.1c)
defined again elementwise and meaning, for all K € Ty,
Hz,p,LiCAK = (K when L' is zero on K,
(LiH&p,Linv VK = (Lng, Vo) K Vuy € Pp(K) otherwise.

This last projection only serves to describe data oscillations. When L' is elementwise constant,
then II,, 1 = Iz,

8.1.2 Trace and inverse inequalities

For all K € 7T, there exists a constant C, > 0 depending only on the space dimension d > 1
and shape-regularity of the mesh 7, such that the there holds

1 1
Trace inequality: |vl|ox < C||VolZ vz Vo € H'(K) with / v=0. (8.2a)
K
Similarly, for any v € RT,(K), there exist constants Cinyp, Cinyps > 0 which depend only on
d, the shape-regularity of the mesh, and the polynomial degree p such that

hilV-vlk < Cuypllvll,
1

Inverse inequalities: { (8.2b)

hidlvnllox < Civpollvllx.

Possible expressions of the constants in (8.2) are provided in Section 2.2 of [60], along with the
proofs of these statements.

8.1.3 Weights

As shown in [60,64], in order to obtain robust reliability and efficiency estimates for singu-
larly perturbed linear reaction—diffusion problems (for large values of L"), weights need to be
introduced. Recalling (4.5), we define a piecewise constant function w?’

. 1
, i\ T
w'|k = min <1,Cl* <am’K> ) , KeTy, (8.3a)

h?{ Lfn|K

where, with reference to constants introduced in (8.2),

Cy = \}i (\}Ecinv,p +Cmy Cinv,p,a) .

To treat data oscillation terms, the usual cut-off factor [64] for K € Ty is

g 1 h
W := min < . - K : > . (8.3b)
(Linlx)2 7(ahlx)?
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8.1.4 Shorhand notations

It will be useful to use below the shortened notation
il = CtiVuéJrl + Ft. (8.4)

We will also employ, for K € Ty, as in (4.19a),

N|=
—
0
ot
~

lelll; e = (L', 9)x + (a'Vep, Vo) i)

Finally, for a mesh element K € 7,, we denote its set of vertices by Vi C V.

8.1.5 Definition 5.4

The existence and uniqueness of ol and ¢%! from Definition 5.4 are standard following [7],
see also the discussion after [60, Definition 2.3]. Problem (5.7) is of reaction-diffusion type when
Li|i > 0 for at least one K C wq. When LY, = 0, it reduces to a pure diffusion equilibration,

see Remarks 4.2 and 5.5. Note that, recalling the notation (8.4), the source term in (5.7) satisfies

_(Hé,p(wasi) + V%-H?ﬁﬁ”l, Dwe b2 _(8i7¢a)wa - (7.2'—&-1’ Via)wa = (Li uz+lv¢a>wa~
(8.6)
Let L'|,, = 0. Then, when a € V" is an interior vertex, (5.6b) leads to
(Voo D, = (0470, 1)g0, =0, (8.7)

and we have the necessary Neumann compatibility condition, the zero mean value of the source
term in (5.7), from (8.6). Here, actually, #-F! becomes undefined, and we tacitly replace it by
Iy (Ya u}“), so that qﬁ?l = ufl. Anyhow, shall L* be zero everywhere, this is consistent since
Ué,w of (5.12b) features (L")%(ué+1 — ¢t =0.

Practically, 5! and ¢%! are computed by solving the following Euler-Lagrange equations:

a

find (oif! ¢itl) € V,, x Qq such that for all (v, q) € Vi X Qa,

(5, () 100, — (G, Tt = — (TIRL 7, (02 o)
- (¢au2+1) V-’vg)wa,
(V’Ufjla QZ)oJa + (LZQSZHa QE)wa = - (¢a$z + V?/Ja'ﬂfg_ﬂzﬂ, (IE)wa~

8.1.6 Proof of Lemma 5.6

We have discussed the existence and uniqueness of o™t and ¢! in Section 8.1.5 above. The in-
clusions (5.9) then follow immediately from (5.8) together with the no-flow boundary conditions
imposed in (5.6b).

For any vertex a € V, the minimization constraint in (5.7) and property (8.6) yield

60 (3.6)

(V-oa"t Dug + (L' 05 D, Mep(aS") + Vo T 7 Dy = (L0, Ya)uw,-
(8.8)
Thus, using (8.7) for an interior vertex a € V;™, we conclude the mean value property (5.10).

Finally, the minimization constraint in (5.7) together with the partition of unity

Y Ya=1 (8.9)

acVy

int

and (5.8) imply (5.11).
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8.2 Proof of global reliability estimate in Theorem 5.7

Recalling Theorem 5.3, we need to show that

< e + 15 5 F Mo i + Monad p i) (8.10)

‘Hfl,u"
f4 KEITE

Recall the definition of RZ%SC from (5.1) and the norms |]|H|j:1u2 from (4.15), (4.18), and let
¢ € H} () be fixed. Using (5.2), as well as (5.9), the Green theorem, and (5.11), we have

(5:2)

<Rdlsc( Hl)’ ) (' ufl L ¢l+1, @)+ (T + 0é+17 Vo) + (8" + L' ¢Z+1 + V- o-”l, ©)

(5.11) z 7 7 i 7
= (L (ugtt = ot ) + (I 7+ ot V)

+ (ST V) 4 (ST - TS ) + (LY gy — T (L7 ™), )

= > Lt = o™, o)k + (O Tt o Vo)
KeT,

+ (=T )7 V)i + (1 =Tl ) (ST + L'yt o) k]
(8.11)

We now follow the proof of [60, Theorem 3.1]. Let K € T, be fixed. For the third term
of (8.11), one directly obtains, using the Cauchy—Schwarz inequality,

I—1IIR )i+l v (51<2d) ; IV (8<5) ¢ 8.12
(( lp—1)T YK Neuad 7. 102Vl K < nnaar sl k- (8.12)

Denote ¢ := (I —II;,)(S* + L'¢,™"). To estimate the fourth term of (8.11), there are two
possibilities. First, using the Cauchy—Schwarz inequality, (4.5a), and (8.5),

(8.13a)

. . 1 - . 1 . 1 .
(" 0)re < (Lol i) 728 k[ (Lan| 1) 2Pl e < (L |1c) ™2 12

Second, since the definition of IIy, from (8.1a) allows to subtract a constant on each K € Ty,
using again the Cauchy—Schwarz inequality, (4.5b), and (8.5)

i i 2D n i
(o) = (o =g Lo = IVl

- 1 (8.13b)
< 71||tl||1(”( ap|x)2 Vol i < o[t
m(aj|K)? m(a m!K)2
Overall, using the notation W4 from (8.3b),
. s . (5.12¢)
(' o) e < Wi [l lellli e ™= Mose, il el i (8.14)

The first term of (8.11) is simply estimated as (note that if L’ is zero, this term vanishes)

Z i+1 7+1 < LZ 1 i+1 7+1 LZ Iy (5'122’ (8.5) 7 8 15
(L'(uy™ =y ), o) < (L2 (wy — ¢ (L) 2ol < mgkllell g (815)

For the second term of (8.11), one can estimate as above
@57 4oy Ve)k < l(ah) "2 (S 7 + o kll(ah) Vel (8.16a)

However, this is not an optimal bound if reaction is the dominant effect (in a singularly perturbed
regime which occurs, e.g., when 7 < 1 in Table 2). Nevertheless, since (Hép 17'”“1 + a’fl)] K
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is a polynomial lying in RT,(K) for all mesh elements K, it is possible to get using the trace
and inverse inequalities (8.2) the bound

(Mmoot Vo )k < ni gl - (8.16D)

The proof of this estimate is given in [60, proof of Theorem 3.1], with (aﬁn)% replaced by ¢ and
(L;n)% by k, yielding the cut-off w!|; given by (8.3a).
Combining (8.12)—(8.16) in (8.11) yields

<Rdiesc(u2+ ), ) < Z (M0, M8,k T Nose,k + Maquad,7,x) lell; 5 (8.17)
KeTp

Upon using the Cauchy—Schwarz inequality one obtains (8.10) after noting that H|‘P|||1u; =
2 1
O rer el ) O

8.3 Local efficiency bounds
The efficiency proofs follow the methodology of [60]. We first prove the following lemma:
Lemma 8.1 (Local efficiency bounds). Under the assumptions of Theorem 5.7, one has
i . 2
: (Rafsc (™), )
[néisc,w]Q S Z I:ﬁi,f,i< sup disc

acVy, @EH&(wa) H|¢H|1,uz,wa
waCw

; 2 2 i 2 ; 2 ; 2
+ [nésc,wa] + ﬁa,f,i[nauad,F,wa] + [nauad,S,wa] + [néuad,s,osc,wa] )
where the constant in < depends only on the space dimension d, the shape-regularity constant of
Te, and the polynomial degree p.

Proof. Let Vz C Vy be the collection of vertices of a € V; such that w, C @w. Then, one has

(5.132)

il S D (hsokl® + Winaarac + 3 (k] + bl
KeTy, KCw KeTy, KCw
Y e + Whnara )+ 3 (IR =gty (15
acVy KeTy, KCw

+ [Iw(ak) TR IR T o]

Then, calling the last summation above 77, using the linearity of IIy,, from (8.1a), we have

5.8),(8.9
7, Dy [

wi(al) "2 Y (IR 7 4 ol

‘ K

KeTy), KCw ac€Vik
2
+H(Ll)2 > [Wep(au™) = Wl)‘ ] (8.18D)
acVg K )
. . 1 . .
S D [Iwiag) H(aTIE T+ ol 2,

acVy

(L) (T (aif™) — 6512, ]

The terms inside the summation now correspond to the minimization (5.7) and can be estimated
as in the proof of [60, Theorem 4.4] by considering two cases. Let a € V; be fixed. We henceforth
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suppose that L # 0 on wg, so that Li|,, > 0 and Q4 = P,(Ta) from (5.6a); the pure diffusion
case L' = 0 on wg is standard (easier) and treated as in [24,25] and the references therein.

Diffusion-dominated case (hZ_ max,, L}/ max,, ai; < 1). We adjust the methodology
from [60] proof of Lemma 4.2, Case 2. Let (vq,¢a) € Va X Qq be given by

(Hép Li (d}auwrl)) |wa ’

Vg = arg min ||7/1a1_[gp 1Tz+1 + w[w, -
szVa,

Vawe=—Tlgp(1a (S + L uft)) — Vipo I 7F!

=9a

The above minimization corresponds to a pure diffusion problem and has piecewise polynomial
data ¢aH 7 e RT,(Ta) and gq € Pp(Ta). Moreover, for any interior vertex a € Vi, w

see from the second and third equalities in (8.8) that the mean value of the above divergence
constraint is zero, (ga,1)w, = 0 so that the Neumann compatibility condition for the above
va € Vg is satisfied (recall the zero normal trace constraint from (5.6b)). Using

H&P(LiQa) Hﬁ,p(LlT/’aUHl)a (8.19)
the pair (vq,qq) crucially satisfies the constraint in (5.7) in that
Vg + Myp(Liga) = —Tgp(1aS') — Vibo TIG 7 (8.20)

To see (8.19), note that from (8.1c), gq € Qq can be equivalently defined by
(Liqad CIZ)wa = (Li'ébauerl,QZ)wa Vg € Qa-

In particular
da = Hﬂ,p(¢auz+1)
when L is elementwise constant, cf. the discussion below (8.1c).
Define the quadrature contribution

Nowads.a = [1(L)2 (Mep(Yatis™) = Ty 1o (Yatis™)) L
and note that it vanishes when L’ is elementwise constant. Let
Hl( ) { {U € Hl(wa)a ('U, l)wa == 0} if a c Vint,
* w = .
¢ {v € HY(wg), v =0 on dwg N {¢pg > 0}} if a € V.
Bounding from above the patchwise contribution of Ty in (8.18b), since (o5, ¢i1) from (5.7)

are the minimizers, we have, also relying on w’ < 1 from (8.3a) (W’ = 1 when diffusion domi-
nates),

. . 1 . 1 ;
W' (a3) ™2 (VaIL5_y 7 + ag G, + (L) ey (Yary™) — ¢6)I2,

< wi(ai) "2 (GaITg T+ va) |3, + (a5,

< e T vl + D sl

< — ! _[ sup (9a: Pl = W'IHM 1T Vel 2+[77i 480

™ ming, a}, Lpent(wa) IVellwa auacsa

B R I PR L (L
ming, ay, Loeli(w,) IVollws ameea

SO S ((S“rL’ U YaP)ue + (T, V($a) |||¢G‘P|”Lusza>
ming,, o, LoeHl (w,e) i wa IVollwa
s ((Mgp — I)(¢a(S* + LF Hl))asﬁ) + (M = DT V(Ya$))wa } T

PEH (wa) iiV<P”wa e

(8.21a)
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The third (crucial) inequality follows from [60, Lemma 4.1], itself evoking [9, Theorem 7] and [25,
Corollaries 3.3 and 3.6]. In the last expression in (8.21a), recalling (5.2) and (8.4), the first term,
say Th, features the residual (R dfs (Ul e p); note also that ey € HE () from the definition
of the space H}(wq). The second term T3 is then related to quadrature and oscillation errors.

We now bound them separately.
We first bound T%. For this purpose, note that, cf., e.g., [9, estimate below (11)],

IV@a)llwa S IVelwa Vo € Hi(wa)-

Moreover, the Poincaré inequality (2.1) and (4.5) give

2

i 2 iy L
Iabl? . = I Wap) P, + 13V (ap) P,
S (h, max Ly + maxay) [V (Yap)lZ,

Now, straightforwardly, under the assumption haa max,,, L};/ max,, ai; <1 of (5.15a),

1 . . Lz i
m(hia max L’IL\/I + max a%\/I) S (hia maxy,, 7%\/[ + 1) m%Xwa a;v[ S 2m'<:ina a(}v[

Wa, a/m Wa Wa maxwa aM mlnwa (Zm mlnwa am

Consequently,
+1
T, = ;1 sup <<Rdfsc( uy ) 1/’a90> wa)
ming, (a/)? peHl(wa) * |l e HV(p”wa o)
i+1 ’
< gqei sup <Rdfsc( uy )><P>.
semten) el e

As for T3, note that, using the above bound ||V(¢a¥)|lwe S IVP||lwas

o T DT V),

(5-15a) iy—1 i+1 (5.12d) i
< v L ( ) 2(Hf,p 1 T HwaHV(wa@)Hwa IS ﬁa,f,inquad,F,waHV()DHwa'

SIS

Let h
nczluad,s,osc,a = 71”( I)(wa(sz + L' uerl)) Hwa'
min,,, (a?,)?

Since ((Tlgp — 1)¢, @)wa = ((Mop —1)C, 0 — g pp)wy for ¢ € L?(wg), the Poincaré inequality (2.1)
gives

1 % 7 z+1 2.1) %
((He,p )(wa(s +L ))?(p)wa 5 nquad,S,osc,a,HV(pra'

N|=

min,,, (a?))
Thus, overall,
13 S ﬁﬂyfyinéuad,F,wa + n(lluad,s,osc,a' (821C)

The claim of Lemma 8.1 in this case follows by combining the inequalities in (8.18) and (8.21).
Reaction-dominated case (hf}a max,, Li;/ max,, ai; > 1). We adjust the methodology
from [60], proof of Lemma 4.2, Case 1. Hence, one chooses (vq,ga) € Vo X Qq as

(LiQGv 40)wq = (_HZp(d)a Z) + %V-ZH%_FHI — Par Qt)wq Vg € Qa, (8.22a)
Ve 1= arg min | (YaTTE_ 7741 + wg)l,, (5.22b)

wyEVa,

V-wi=ga
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where V- is the elementwise divergence and

1
Pa =101 S' = Lhug™ + V- ILS 7 W),
a

ga == —V- e(¢anep 1TH—1) + Pa-

Observe that, (ga,1)w, = 0 using (4.9); we also need (8.1b) and Vi), € RTo(Ts;R?Y). As
n (8.20), we also have

Vva +p(Lige) = —Tp(¢aS?) — Voo T2 77

Hence, an upper bound of the patch-wise terms in (8.18b) can be obtained from Definition 5.4
with this particular choice of (vq, ¢q). The proof follows [60, proof of Lemma 4.2, Case 1], itself
relying on [64]. O

8.4 Proof of efficiency estimates in Theorem 5.7

We can now accomplish the proof of the efficiency bounds in Theorem 5.7. Observe that 193 i <
192

w0, 0,0

by definition and

] 2 2 L 2 ] 2 ; 2
E ([nésc,wa] +79a,€,7j[77(11uad,F,wa] +[77(Z]uad,S,wa] +[néuad,s,osc,wa] )
a€Vy,
wa Cw

S, [n(i)sc,f'u}Q + ﬁ%,é,i[néuad,F@F + [néuad,s,ﬁ]z + [néuad,S,osc,QP'

Hence, the proof of (5.14b) is completed from Lemma 8.1 by showing that

2
+
P |||so|||1,u;,wa S |Raet™ Nz

wa Cw

followed by adding [n% 1% to both sides of the inequality (see the definition of 1, in (5.13c)).

To show (8.23), we’proceed as in [16, Theorem 3.3] and the references therein. For each
a €V, such that we C @, let us consider the Riesz representer 74 € Hi (wq) C Hi (@) satisfying
for all ¢ € H}(wa),

<Rul; (uH—l), 90>
(ra, gp)) (Rdlésc( z+1)7¢>’ so that  sup msc”‘ ¢ = H|7"a|||1,u;;,wa- (8.24)
pEH} (wa) 1,u},wa

Then, defining r := 3,y . cz7a € HE (@), one has

u u?
Z “|r‘1”|1 ul Wa = Z dfsc Z+1 r‘1> = <Rdiesc(uz+1)’r>

acV, acVy
wa Cw wa Cw
2
1 ui 2
<|[Riei ™| Wllhss < @+ DF[REED| S Wrall? i, |
uzw luz,w acy, 1
wa Cw

Finally, the global efﬁciency estimate (5.14c) follows from choosing w =  in (5.14b) to-
gether with H‘R ujtt H) + [ Q] = |HR(u@+1)H] L from Theorem 5.3 and Yq; > 1
from (5.15).

dlSC

36



Appendices

Appendix A Iterative linearizations in abstract spaces: well-
posedness and consistency

Here, we generalize the iterative linearization defined in Sections 4.3 and 4.4 to an abstract
setting, and show well-posedness and consistency of the iterations. With reference to the classes
of problems discussed in Section 3, let us introduce the space

VVO1 Q) for gradient-dependent diffusivity case (3.1),

Wy = { 1 S e (A1)
L) NnWy9(Q2)  for gradient-independent diffusivity case (3.3),

for ¢ € [2,00]. Observe that the finite element space Vy C W, due to (4.2). We equip W, with

the norm [[v]w, = [V a(@) for (3.1), and [[v]w, = V2] s + vl o=@ for (3.8).
In extension of (4.4), for a given parameter function v € Wh, let
(& Q) = (L(0) €O + (a(-,v)VE VC), & ¢ € Hy(9). (A.2)
Similarly, extending (4.15) and (4.18), let
el = (& )2 &€ H@), (A-32)
lly, = swp SEL cemia) (A.3b)

pemi(@) el
Generalizing Assumption 4.1, here we assume

Assumption A.1 (Coefficients L and a). The function L : QxR — R and the symmetric tensor
a: QxR = RYxR? are measurable and satisfy for continuous functions Ly, Ly : [0,00) —
[0,00) and ay, ay : [0,00) — (0,00), for almost every x € Q, and for all v € W,

0 < Lu([[vllw,) < Lz, v(@)) < Lu([|vllws,), (A.da)
0 < am(l[vlwy)lyl* < yta(@,v(@)) y < amlllvlw,)lyl? vy € RT\ {0}. (A.4D)

The functions Ly, \ and ap/\ can be completely independent of the argument, for instance for
the Zarantonello scheme of Table 1. Here, we adhere to a more broad setting of (A.4).

We show that the linearization scheme (4.7) is a special case of a more general iterative
linearization strategy involving the inner product ((-, -)) from (A.2), and we also show that it
is a well-posed and consistent strategy. For this purpose, let us introduce

Definition A.2 (Linearization operator Z). Let (-, -)) be defined in (A.2), with the coefficients
L and a satisfying Assumption A.1. Let ¢ > 2 be fixed. Then, we define the linearization
operator L : Wy — W, as: for a given v € Wy, Tv € Wy solves

(Tv—v, 9), = —(R(v),9) Vo€ Hy(9). (A.5)

Here Zv—v is the increment in v towards the weak solution u € H}(2) of (1.1), and (R(v), i)
defines the residual relation with respect to v. With reference to (4.7) and (4.13), u%l = Tu.
The operator Z extends the linear iteration in a continuous level for some initial guess ug € W,
i.e. u' = (T)'ug for i > 1. We need to additionally assume here that the space dimension is

limited to 1 < d < 3 to ensure its well-posedness:
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Proposition A.3 (Well-posedness of the operator ). Assume (A1)-(A2) if R : H(Q) —
H=1(Q) is defined by (3.1), and (B1)-(B5) if R is defined by (3.3). For spatial dimension
d € {1,2,3}, let a finite ¢ > 2 satisfy d < ¢ < 2max(2,d)/(max(2,d) — 2). Let the space W,
be defined in (A.1), and let (-, -)), be defined in (A.2), with the coefficients L and a satisfying
Assumption A.1. Then, the linearization operator I : Wy — W, of Definition A.2 is well-defined.

Proof. Let v € W, be fixed. Observe that this implies v € W5 since W, C W» as ¢ > 2, and
in particular v € Hg(Q). Consequently, in view of Assumption A.1, (-, -)), is a Hg(Q)-inner
product. Then, existence and uniqueness of Zv € Hg () follow from the Riesz representation
theorem, and we are left to show that Zv € W,.

First, let ¢ = 2. By the assumption d < ¢, this only arises when d = 1. In this case, cf.,
e.g., [26, Chapter 5.6], H}(2) C C(Q) C L>(2), so that indeed Zv € W,,.

Second, let ¢ > max{2,d} be finite and consider the expression (3.1) of R. Since Zv €
H(Q) and ¢ < 2max(2,d)/(max(2,d) — 2), Sobolev’s embedding theorem [26, Chapter 5.6]
further gives Zv € L4(2). Using (A.4a), we then have L(x,v)Zv € L4(2). Moreover, one has
from Assumption 3.1 that

(A1) (A1)
lo(z, V)| < |o(x, Vo) —o(x,0)| + |o(x,0)] < oy|Vv|+[o(z,0)] €

< L),
(

(A2) A2)
(@, 0)] < [f(z,0) = f(2,0)] + [ f(2,0)] < fulo[+|f(2,0)] € LI(Q).

Thus, rearranging (A.5) gives
(a(-,v)VZv, V) = (8%, ¢0) + (F*,Vy) VYo € H}(Q), with S* € LI(Q) and F* € LI(Q;RY).

Now, as a(x,v) satisfies the ellipticity condition due to (A.4b), applying Meyers’ theorem [51,
Theorem 1], we see that Zv € Wol’q(Q) =W,.

Third, let ¢ > max{2,d} be finite and consider the expression (3.3) of R. Using Assump-
tion 3.3, this yields

f(-,v) € LYQ) and K ()(D(-,v)Vv +q(-,v)) € LI(Q;RY).

The last inclusion holds since Kq € L>®(;R%), and DKVv € LY(Q;R?) as v € Wol’q(Q).
Then the conclusion Zv € Wol’q(Q) follows as above. Finally Zv € W14(Q) and ¢ > d implies

Iv € C(Q2) C L*>(Q) from the Morrey’s inequality [26, Chapter 5.6], so that indeed Zv € W,. O

Proposition A.4 (Consistency of the operator Z). Under the assumptions of Proposition A.3,
let u € W be the unique weak solution of (1.1) for a continuous operator R : H} () — H ().
Then, v = v if and only if v = u. Moreover, for a given uy € Wy, if the sequence {(I)"ug € W,}
is bounded uniformly in Wy with respect to i > 0 and Cauchy in H}(S2), then dist((Z)*ug,u) — 0
as i — oo with the metric dist : H}(2) x H} () — [0,00) introduced in (1.2).

Proof. If uw € Wy is the weak solution of (1.1), then (Zu — u, ¢)), = —(R(u),¢) = 0 for all
¢ € H}(Q), yielding Zu — u = 0. On the other hand, if Zv = v then also (R(v), ) = 0 for all
¢ € HE(Q) which gives v = u due to the uniqueness of u.

If (Z)'ug is bounded in W, then there exists a constant C' > 0 such that for all ¢ € H} (),

[(R((T)"u0) = R(u), )| = (R(ZT)"u0), ¢}| = [((T) 1o — (T)'wo, #) 7:1,,.|
< CIVIT) " ug = (T) uo) [ Vel-
The right-hand side goes to 0 as i — oo as the sequence {(Z)%ug};>o is Cauchy. Consequently

dist ((Z")ug,u) — 0 due to (1.2).
O
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Appendix B Error estimates in a fixed norm

The norm ]H-HLLUE, introduced in (4.18), is not a fixed norm since its definition changes with
the iteration index i. In this section, we show how the bounds for [[R(u})|_, i, presented
Uy

in Section 5, can be converted to give estimates of R(u}) in the fixed norm Nl —y,,,, where
up € Vp is the finite element solution of the nonlinear problem introduced in (4.3). For this
purpose, we adopt the setting of Appendix A, in particular (A.2), (recall V; C W, C Ws
from (4.2) and since ¢ > 2), and assume that:

Assumption B.1 (Dependence of ((, -)), onv € V). Forv,w € V; and § € H(Q), there exists
a positive function F € C(Q2 x R), Lipschitz with respect to the second argument £ € R, i.e.,

|F(x,&1) — F(2,8)| < Fvr & — & VeeQand §,6 € R, (B.1)

such that

€l o < mox (sup (Fz} 1) Nl (B.2)

Remark B.2 (Applicability of Assumption B.1). Assumption B.1 is satisfied for most of the
schemes presented in Tables 1 and 2 with the corresponding F-functions given in Table 3. For
example, in the case of the L-scheme, one may choose F' =D since

1 1 =1 1
e, =IL2Elf + |72 K2 ()D(-, w) 2 VE|*
T, w 1 2 1 -1 1 2
< max (;gg{%im:v}},l) L) + 72 R ()D(- )3 ve) ]
— s (sup (B} 1) IR

However, the Newton scheme and the Kacanov scheme do not satisfy Assumption B.1 di-
rectly. In these cases, the function F' also needs to depend on derivatives, i.e., F' = F(x,v,Vv).
We have not considered this option here for simplicity.

Scheme F(x,§)
Zarantonello A

Picard O¢f(x, &) or D(x, &)
Jager-Kacur | maxcep (%) or D(x,§)
L-scheme D(x,¢)

M-scheme Oc¢f(x, &) + Mt or D(x,§)

Table 3: The choices of F' in Assumption B.1 for different linearization schemes given
in Tables 1 and 2. For Picard, Jager-Kacur, and M-scheme, the choice yielding higher
supgeco{F(x, w)/F(x,v)} value needs to be selected.

If stable iterative schemes converge with a linear rate in H{ (), and more importantly in
L?(€2), they are also expected to converge linearly in L>°(Q). This is proven for the L- and the
M-schemes in Proposition 3.2 of [52] for the continuous solutions. Here we assume it for the
finite element solutions:

Assumption B.3 (Contraction in L> of the linear iterations). There ezists o € (0,1) such that

g™ = ugll oo () < ollup = wp ™ () Vi>1. (B.3)
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Remark B.4 (Estimating o € (0,1)). Note that the theoretical estimates for the contraction
rates always depend on the Lipschitz/monotonicity ratio A\i/Am from (1.2), and thus give a
pessimistic theoretical value of a = 1 whenever this ratio is large. However, in Assumption B.3,
the parameter o can be directly estimated from the numerical solutions as
™ . . .-
a > ag = [luy™ =gl oo /lluf =y |z ()-

Thus, for the guaranteed linearly converging schemes, like the Zarantonello, Jiger—Kacur, L-
and M -schemes, one expects to get a tight practical bound on o € (0,1) away from 1 with only
a couple of iterations.

Theorem B.5 (Error estimates in the fixed norm |||, ,,). Letu € H} () solve (1.1) and uy €

Ve solve (4.3). Let the sequence {ub}i>o C Vg be defined by (4.7), using the scalar product (4.4)
and the norms (4.15) and (4.18). Let Assumptions B.1 and B.3 hold. Then, for any @ € Hg(Q),

IRC@I 1,3

- - 3 1
(14 & llup™ = whll oo (o))

~ i, i i ~
<HR@ 1,0, < 1+ Glleg™ = wllzoe@)? IR@ -1, (B-4)

where the constants €, Q:fv[ > 0, given by

; 1 1 F — F(z, u}
¢ = sup {Z sup (@,v) i(m,ué) } , (B.5a)
1 —agen F(xv ué) vell(x) )
1 1
A , o, g
= T, Sup F(x,up) sup (@) — Fi(w vi) , (B.5b)
LIS velj(x) U Uy

are uniformly bounded with respect to iteration i, where the interval Iz(w) is defined for all x €
as

. . i1 . il
Ij(x) = [u@(az) B e H T () 1%!”%9),%(:13) + g™ —ll oo o 172!”0(9)} .

Proof. Observe that Assumption B.3 implies that ué — up as 1 — oo and
i+1

lug ™ = u () < o llug™ = upll Loy

for n > 4. This gives

oo oo
lue = wfll ooy < Y lup™ =l pooq) < lup™ — wgllpe@) Y o™
n=0

=i (B.6a)
lug™ = upll (@) a' oy
= —a < 11— Oé||“e — g || oo ()5
which also yields for all € §2 that
i gt =gl 0 < <o [y ™! —ud || oo (0 i B.6b
up() — ——=5— < w(®) < up(x) + o o u(x) € L), (B.6b)

Hence, if ¢ = arg maxweHé(Q)(KR(ﬂ), o)/ lell1,.,); then Assumption B.1 yields

) < IR 500 1. (3.1

Q)¢ D)\ (180
IR@_y,, = L8 2 <I<R< )vs0>|> < Bl

(121 o Il Ml g

Here, we have dropped the x-dependence of F' for simplifying the notation and we have assumed
that supq F'(up)/F(ug) > 1, since the supg F(u))/F(u¢) < 1 case is trivial in that it gives
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IR@N 1., < |||R(ﬂ)|”_1u; directly. Then, we get the upper estimate of [|[R(a)[[_,,, by
observing

Flup) F(up)—F(up) i 11

1 1
(B.6b) i | Flug) T Fu) i
< 1l+4sup {F(W) — | ¢ llue = upll oo @)
Q Up — Uy
(B.5b),(B.6a) o
< 1+ Eylluy™ — gl (o) (B.8)

The proof of the lower estimate is similar and uses that
- i ; 1 -
IR@N_ 0 < 1+ Cullug™ = ufll oo @) 2 IIR(D 1 4, -

Finally, to see that the constants €7 are uniformly bounded, note that [l oo () are bounded
uniformly due to (B.6a), and consequently, I;(x) are subsets of a compact set I, C R which
does not depend on the iteration index . The positivity and continuity of F' then implies that
inf,cy, F(v) =: Fiy > 0. Hence, we get

¢ B2 1 sup{ sup ‘%,v)—F,(wvué) , . }(B<'1) M (B.9a)
— X 2eQ lveri(z) o mfvefz(””)F(m’U) - -k

The same argument shows that also
(B.9b)

O]

The following result shows that if the iterations {ué}izo are converging, then the iteration-

dependent dual norm [|R(u})]|_, ui converges to the error of the finite element solution measured

in the iteration-independent natural discrete dual norm [[R(ue)||_; ,,-

-1 to IRy ,)- Let R = Hg(Q) — H™H(Q)

from (1.1) be a continuous operator, and let the assumptions of Theorem B.5 hold. Then

Corollary B.6 (Convergence of [|R(u})

IR 1,5 — IR (ue)ll_ 1, asi— oo

Proof. Using the triangle inequality,

’HIR(U@)IH_M; — IR Cuoll -1, | < ‘IHR(W)HI_LU; — IR uo)ll -1,

The first term vanishes due to Theorem B.5, in particular the uniform bounds on € and
¢} from (B.9). The second term on the right-hand-side vanishes due to the continuity of the
operator R. More precisely, as uz — Uy,

+‘IHR(U2)HI_LU; —NIRCuo) -y i |-

i (R(uf) — R(ug), ¢)
< IR (up) — R(W)”’—Lu; = S;IIRQ) é|||<p|||1 ,
pEH "

‘HIR(UE)IH_LU; — IR Cuolll -y s

(B.2) ( F(ug) 1) (R(u}) = R(ue), )

< max | sup sup

= < O||R(up) = R(ue)lll 1, — O-
o \ Fup) ) peni@) ] ¢ Lue

|1,Ug

Here, the uniform boundedness of F(uy)/F(u}) in € with respect to the iteration index i has
been used which can be proven following the arguments from Theorem B.5, see (B.8)—(B.9). O

Remark B.7 (Convergence in the iteration-dependent norm ||||H1u; ). Following Lemma 5.2,
the statement of Corollary B.6 can be rewritten as

mufg — u@;lml% — ||Jue — U<g>”|17u£ as i — 0o.
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Appendix C Error estimates for the Newton linearization for
the gradient-independent diffusivity

In this section, we consider the Newton scheme for the gradient-independent diffusivity case (3.3).
This leads to a nonsymmetric linearization problem which does not fit the symmetric framework
of Sections 4 and 5.

C.1 Newton iterations

The Newton(-Raphson) scheme for iterative linearization of (4.3) in the gradient-independent
diffusivity case (3.3), see [22], is defined in the spirit of (4.4), see also (A.2), but with an
advection-reaction-diffusion linearization bilinear form £y: for uj) € V; and &, ¢ € H}(Q),

En(ug€,¢) = (LN & Q) + (ax VE + wié, V), (C.1)

where Lf\l and af\I satisfy Assumption 4.1 taken for L’ and a’. In particular, with reference
0 (3.3) and Table 2,

Li(@) = 0cf (@, ), ai(@) = 7 K (@) D(a.u)) ..

wi(x) = 7K (x) [0¢D(=x, uh) Vul + Oeq(zx, uh)] .

Starting from an initial guess ug € Vy, the Newton iterates {u@}izl C V, are then obtained by

solving, similar to (4.7), the problems

S (upsugtt —up, o) = —(R(up),p0)  Vipr € Vi (C.3)

Although £y is bilinear, it is not symmetric, and thus it does not correspond to an inner

product, in contrast to (4.4). Consequently, the orthogonality relation obtained in Theorem 5.3

does not hold in this case. However, using the techniques of Sections 5 and 8, it is still possible

to provide an upper and a lower bound on an iteration-dependent dual norm of R(u@) which

converge to an orthogonal relation when the asymmetry (advection) vanishes. The following
restrictions on wf\I are assumed for this purpose.

Assumption C.1 (Properties of the advection vector w). For {u’};>9 C V; stemming from
the iterative Newton linearization (C.3), we assume that wi € L>*(Q;R?Y) and there exists a
constant Cn € [0,2) such that

wh(z) (a(z) ' wh(z) < C% L (x) for a.e. ¢ € Q, Vi > 0. (C.4)

Remark C.2 (Validity of Assumption C.1). For problems having linear diffusion coefficients,
i.e. 9¢D =0 in (3.3), Assumption C.1 holds if LY, > 0 and T (which corresponds to the time-step
size for time-discretized unsteady problems, cf. Class II in Ezample 3./) is small enough. For
problems having nonlinear diffusion coefficients, such as the Richards equation (see Section 6.2),
the condition is still satisfied if u}, is bounded in W1H>°(Q) uniformly with respect to i and the
time-step size T > 0 is small. The time-step and non-degeneracy restrictions are well-known
constraints in proving the convergence of the Newton scheme in applications, see [52] and the
references therein.

Similarly to (4.15) and (4.18) we define, for any ¢ > 0, the energy norms

€]

i vLe2 i1 2% 1)
g = (LK) 2ENT + Har) 2 VEIT) 2, sl Zy s -= sup

. (C.5)
PEHI (D) H|(10“|1,uz

Contrary to (4.15), however, we do not have H|£H|§u; = Cn(ub; &, €) for € € HI(Q). Instead, by
the Assumption C.1, there holds
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Lemma C.3 (Inequalities for £y and the ||||Hi1u} norms). For all &, ¢ € HL(R),

[Ex (g € O < (14 CNEN i NS (C.6a)
(1= GNEN s < Enlus & €) < (1+ GE) NIEN] - (C.6b)

Proof. Observe from (C.1) and (C.5) that
[ (s & O < Mgy g NSy g + (wkiE, VO
For (C.6a), we estimate the last term using the Cauchy—Schwarz inequality:
i i \—2%, i iyi
[(wn€, VO < [ (an) 2w || (an) > V(]|

(C.4) o ()
<" ONIER) €l aR) 2 VI < On el gl - (C.7)

For proving (C.6b), we note that

Q

. (C.4) .1 .1 (2.2 .1 L C
(whe, O < ONIER) AR Vel < “XNER) R + Iak)FVel) = SV llel

O]

C.2 Bounds on the dual norm of the residual by linearization and discretiza-
tion components

Extending the definition of R : HY(Q) — H71(Q) from (5.1) to the Newton case, one has

disc *
(RU(€),0) == Sx(ubi€ —ubp) + (R(u), @), @ € HYQ), (C.8)

so that using (C.3), (Rzi}“’sc( 1), p0) = 0 for all ¢, € V4. Then, in extension of Theorem 5.3, we
have:

Theorem C.4 (Upper and lower bounds on error for non-symmetric £x (Newton)). In the
context of the gradient-independent diffusivity case (3.3), let the bilinear form SN be defined

by (C.1), the sequence {ub}i>0 C V; by (C.3), the norms ||||”i1u; by (C.5), and Rdlsc H} Q) —
H=YQ) by (C.8). Let Assumption C.1 hold for some Cx € [0,2). Then, one has

(-5 [t R, + = 7

- i Rii || k= i
<RI 1 < 1+ O? |t [Reeti D, + = i
+ [ Rt |k = w g

Remark C.5 (Relation to Theorem 5.3). If the asymmetry (the advection term w) in £x
disappears, then the constant Cx in (C.4) can be taken as 0. In this case, both the upper
and the lower estimates of |||R(u@)|||_1uz in Theorem C.j change to the orthogonal relation
of Theorem 5.5.
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Proof. Similarly to (4.13), let u’ér)l € H} () solve

Sn(ugupp! —up, o) = —(R(up), ) Y € Hy (). (C.9)

Then, following (C.3)—(C.9) and Lemma C.3, we have that

(C.6a) . .
| ex(ujulft —ug ) | < U+ O0|luig! = willl,
(C.9) NAUg; Upy 0 (9 1,ul
IRuplll—y =" sup , b e (C.10)
e PEHL(Q) |H90”|1u; ( 26 ) (1- ) |Huz+1 — |
Expanding H|u’+1 — “Z‘H , one has
Il =117, @muiﬂ — 2 e =

+2[<L@<z+>1—uz“> W )+ (R V(i — ), Vgt - ).

(C.11a)
Observe that since uzﬂ — uj) € V, we have by the definition of finite element solutions (C.3)
that
n (ub; u’ér)l — ™ ultt — ) = 0. (C.11b)
Hence, we have following the proof of Lemma C.3,
(Tt — ™)™ — o) + (Y (ulf! — ™), V(i — )]
(C.1) A o , ,
O’ — ) — (o (!~ ), V() (C11¢)
(C.11b) oo . (e . .
2 ok (uff — ), VG )] < Ot =, =
Finally, noting that
i, 01 i+1 , i+1 i+1
muzﬂ _uz+1m (©h) 2 QN(%’UZ(@ — ’% —u)
e 2-Cn ey’ =™l
(i — it | (C.11d)
2 NUygs Upy “z a‘P) (C.8),(Cc.9) 2 u; z+1
5o, - il
2= On portiy Mol 2 Cn L’

we have the upper bound. The proof of the lower bound is similar, but requires the estimation

uith) m (1+ Cx) HWH _WH”‘

1u

which follows from the last equality in (C.11d) together with (C.6a). O

C.3 A posteriori error bounds

With the above developments, the a posteriori analysis of Sections 5 and 8 carries over to the
Newton scheme. In particular, the counterpart of Theorem 5.7 for the Newton scheme becomes:

Theorem C.6 (Guaranteed, efficient, and robust a posteriori estimates for non-symmetric £y
(Newton)). Let the assumptions of Theorem C.j be satisfied. Rearranging (C.3), write it in
the form (4.9) with ' given by (4.12a) and F' := 7K (-) q(-,u}) + (1K (-)D(-,u}) — aly)Vul +
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) . (C2) - ) L .
wiy (uy™ —up) (€2 TK () q(-,ub) +why (u) ™ —ub), which only has the reaction—diffusion operator

gien by L and aé\, on the left-hand side and the computed ué“ on the right-hand side. Define
a posteriori estimators as in (5.12), following the steps of Section 5.2 with in particular the
equilibration given by Definition 5.4. Let ¥gp; > 1 be as in Theorem 5.7. Finally, let the
constants On m and Oni, which converge to 1 as Cn — 0, be defined as

tQ—CN(2—CN)t++ 24 408y 4

. (1+Cn)? 2-Cn (2—Cn)?

9 m -— f — s 0 = 0’ 3

N = T @y 0% NS s T e ) € (009)
(C.12)

Then, there holds

H|R(UZ)|H2_1M; < Onm [776]2, (guaranteed reliability)

and, assuming On m > 0,

Onmna)” S 0,0 lIRWOI s + Onm [(hse. ) + 9. 0ilMnd,p.0) + Miad,s.0)° + [huad s.0se2]’]

(global efficiency)

where the hidden constant in < has the same dependence as in Theorem 5.7.

Remark C.7 (The asymmetry factors from (C.12) Oy, and Oxm). The asymmetry factors
On.m and Oy are introduced to simplify in Theorem C.6 the bounds introduced in Theorem C./
and to make them similar to those of Theorem 5.7. Observe that On m and Oy are computable
by calculating the extremas of the functions in (C.12). Thus, similarly to the variability constant
Y4, they can be estimated a posteriori.

Proof. As in Section 8, the dual norm of the discretization residual RZ%SC(UEH) is estimated
above and below by (8.10) and (5.14b) respectively, since the steps to obtain the estimates
remain exactly the same after redefining F?. Then the estimates are proven by using (C.12)
in Theorem C.4. We omit the details for the sake of conciseness. O

C.4 Numerical experiments

We repeat here the numerical experiments of Section 6.2 for the Newton linearization (C.3).
The effectivity indices are defined as in (6.2), where ui:fl € V1o now solves the problem

(L%\I(ui—e’—fl - u%)v (Pref) + (ai\lv(ui:fl - u%)? V(pref> = —<R(u2), (Pref> V(Pref c VlOa (C'l?’)
et s = IRy -
tivity indices defined in (6.2) can go below 1 in this case, since the factor 6y is not included.
This is observed for 7 = 1 at iteration ¢ = 3. However, the global effectivity indices stay be-
tween 1 and 2.5 in all other cases. Local effectivity indices also remain close to 1 in most of the
domain. We find the agreement to be excellent. However, it is to be noted that the estimators
only indicate the actual error if Assumption C.1 holds, which cannot always be guaranteed a
priori. The quadratic convergence property of the Newton scheme is exhibited in the right plot
of Figure 14.

thus, yielding [[u} — u Figure 14 shows the results. The global effec-
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Figure 14: [Appendix C, setting of Section 6.2, T varies] Numerical results for the Newton scheme,
7 =1 (top) and 7 = 0.01 (bottom). Global effectivity indices (left); local effectivity indices for
¢ = 2 at the iteration i = i from (5.16) (center); the total error ||]R(u})]||_1uz, the linearization
estimator nf‘invﬂ, and the total estimator ng against the iteration index ¢ (right, logarithmic
scale). The vertical black-dotted lines indicate the stopping criterion i = i from (5.16) with
@ = 0.05. The quadratic convergence property of the Newton scheme can clearly be observed
from the ever-steepening slope of nfin’Q.

Newton

Eff. Ind.

Figure 15: [Appendix C, setting of Section 6.2, 7 varies] Global effectivity indices (6.2a) vs.
1/7 for the Newton linearization at different discretization levels ¢ for i = i from (5.16). The
variability constant Jq ¢, from (5.15) is also plotted (scaled by half and for ¢ = 2).

Figure 15 plots the global effectivity indices (6.2a) against the strength of the nonlinearity
represented by 1/7. These indices remain between 1.5 and 2.6, numerically confirming the
robustness of our a posteriori estimators. In fact, the obtained effectivity indices for the Newton
scheme are almost identical to those of the Picard scheme shown in Figure 9. This results from
the fact that the advection term (wi (uj™ — u}), Vi) in (C.3) is negligible at i = i compared
to the symmetric part of £y, which makes the two schemes almost coincide.
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