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ON THE DYNAMICS OF SHALLOW ICE SHEETS. MODELLING AND
ANALYSIS.

PAOLO PIERSANTI AND ROGER TEMAM

ABSTRACT. In this paper we formulate a model describing the evolution of thickness of a shallow
ice sheet. The thickness of the ice sheet is constrained to be nonnegative. This renders the problem
under consideration an obstacle problem. A rigorous analysis shows that the model is thus governed
by a set of variational inequalities that involve nonlinearities in the time derivative and in the elliptic
term, and that it admits solutions, whose existence is established by means of a semi-discrete scheme
and the penalty method.
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1. INTRODUCTION

The study of ice sheets melting and its correlation with the global warming problem has been
attracting the interest of experts from all over the branches of science. The mathematical literature
related to ice sheets and glaciers is vast and abundant; in this direction we mention, for instance,
the papers [25, 26, 28, 29, 34, 41, 42], and the celebrated article by W.D. Hibler [23] to which we
refer later on. The existence of solutions to Hibler’s model has recently been established by Titi
and his associates in the pre-print [33] and by Brandt and his associates in the pre-print [5].

In the recent pre-print [18], Figalli, Ros-Oton and Serra studied the phase transition of ice melting
to water as a Stefan problem. The results established in this paper provide a refined understanding
of the Stefan problem’s singularities and answer some long-standing open questions in the field of
free-boundary problems.

In this article we propose and study a mathematical model describing the evolution of the
thickness of a shallow ice sheet. The ice thickness of a shallow ice sheet evolves as a consequence of
many factors like, for instance, the rate at which snow deposits, the rate at which melting occurs,
as well as the velocity at which the glacier slides along the lithosphere. Since the ice thickness level
is constrained to remain on or above the lithosphere at all times, the problem under consideration
can be regarded as a time-dependent obstacle problem.

In 2002 Calvo, Diaz, Durany, Schiavi and Vazquez [9] studied a simplified version of the evolution
of the thickness of a shallow ice sheet. Indeed, in their article, the authors only considered one
spatial direction, they assumed the basal velocity to be smooth, and assumed the lithosphere to be
flat.

Ten years later, in 2012, Jouvet and Bueler [27] studied the steady (i.e., time-independent)
version of the problem considered in [9] where, this time, two spatial directions and a more general
lithosphere topography were taken into account.
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2 PAOLO PIERSANTI AND ROGER TEMAM

It appears that the ice thickness evolution as a time-dependent obstacle problem over a two-
dimensional spatial domain has not been addressed in the literature yet. The purpose of this
article is exactly to address this problem.

This paper is divided into four sections (including this one). In section 2 we present the main
notations we shall be using throughout the manuscript, and we formally derive the governing
equations for our model.

In section 3 we formulate the “penalized” version corresponding to the obstacle problem intro-
duced in section 2, and we establish the existence of solutions to this model by resorting to a series
of new preparatory results as well as the Dubinskii’s compactness theorem.

Finally, in section 4, we pass to the limit in the penalty parameter and we recover the actual
model corresponding to the model we formally derived in section 2. This model, for which we
also define the rigorous concept of solution, will take the form of a set of variational inequalities.
The presence of the constraint, which adds a further nonlinearity to the two already considered
(the first nonlinearity appears in the evolutionary term, while the second nonlinearity is the p-
Laplacian), requires new strategies to be adopted in the limit passage in order to overcome the
arising mathematical difficulties. In particular, we will see that vector-valued measure will play a
critical role in the analysis.

2. ANALYTICAL NOTATION AND FORMAL DERIVATION OF THE MODEL

We denote by (R™, -) the n-dimensional Euclidean space equipped with its standard inner prod-
uct. Given an open subset  of R™ notations such as L*(Q), H™(Q2), or H*(Q2), m > 1, designate
the usual Lebesgue and Sobolev spaces, and the notation D(2) designates the space of all func-
tions that are infinitely differentiable over © and have compact support in Q. The notation || - ||y
designates the norm in a normed vector space X. The dual space of a vector space X is denoted
by X* and the duality pair between X* and X is denoted by (-, -)x= x. Spaces of vector-valued
functions are denoted with boldface letters. Lebesgue spaces defined over a bounded open interval
I (cf. [30]), are denoted LP(I;X), where X is a Banach space and 1 < p < oco. The notation
|l e (r,x) designates the norm of the Lebesgue space LP(I; H). Sobolev spaces defined over a
bounded open interval I (cf. [30]), are denoted W"™P(I; X), where X is a Banach space, m > 1 and
1 < p < oo. The notation [ - [|yym»(s,x) designates the norm of the Sobolev space W™ (I; X).

A domain in R™ is a bounded and connected open subset 2 of R™, whose boundary 02 is
Lipschitz-continuous, the set §2 being locally on a single side of 92, viz. [10].

Let Q be a domain in R? and let z = (21, 72) be a generic point in . Let v denote the outer
unit vector field along the boundary of 2. Let V denote the gradient operator with respect to the

coordinates x1 and z2, namely,
o 0
V=|+— +—
<3IL‘1 ’ a$2) ’

and let the symbol (V -) denote the divergence operator, namely, for any vector field v = (vy,v2) :
Q — R?

L (%1 81)2

T 61:1 8:62.

Let T > 0 be given and let us consider the time interval (0,7"), any time instant in which is denoted
by the letter t.

The lithosphere elevation is described by the function b : Q& — R. Positive values of b are
associated with altitudes above the sea level, whereas negative values of b are associated with
altitudes below the sea level. We assume, without loss of generality, that the lithosphere topography
does not change throughout the observation time.

The elevation of the upper ice surface is described by the function h : [0,7] x Q — R. It is
immediate to observe that

(2.1) h>b in0,7]x Q.

Vv



DYNAMICAL SHALLOW ICE SHEETS 3

The ice thickness H := h—b is thus nonnegative in [0, 7] x . This consideration implies that the
problem of studying the evolution of the sea ice thickness can be regarded as an obstacle problem,
where the obstacle is represented by the lithosphere.

This constraint implies the existence of a free boundary [6, 8, 17]. For all, or possibly almost
every (a.e. in what follows) ¢ € (0,T), we define the set Q; by:

(2.2) QF i={x € Qh(t,x) >bx)} ={rcQ;H(tx) >0}

The set Q; denotes the region of € which is covered with ice at the time instant ¢. The
corresponding free boundary is the set

(2.3) Ly =QnN0o0y.

The variation of the ice thickness H is influenced by two source terms: the surface-mass balance
as, which is associated with ice accumulation and ablation rate, and the basal melting rate ay.
The function ay is equal to zero when the basal temperature is smaller than the ice melting point;
otherwise, it is greater than zero. The functions as; and ap, in general, solely depend on the
horizontal location and the surface elevation. The terms as and a; can thus be regarded as functions

as: [0,T] x A x R — R,
ap: [0,T] x A xR — RS,

We define the function a : [0,7] x @ x R — R by:

a = as — ap,

and we recall that this function is assumed to be continuous in [0, 7] x £, strictly positive in a subset
of Q, strictly negative in ; := Q\ (Q UT #+), and nonnegative in the complementary region of
Qf characterised by ablation [22, 27]. Ice sheets are incompressible, non-Newtonian, gravity driven
flows [19, 22]. Ice flows from areas of 2, characterised by accumulation (i.e., regions where a5 > 0)
to areas of Q; characterised by ablation (i.e., regions where as < 0).

Ice thickness is also influenced by the basal sliding velocity Uy, which can be regarded as a given
vector field in R? solely depending on the horizontal position, i.e.,

Ub:§—>R2.

and we recall that (cf., e.g., [22]), when the ice base is frozen, we have U, = 0.

The vector field U : [0,T] x Q x R — R? denotes the horizontal ice flow velocity; the vector field
Q denotes the volume flux, defined as the integral of the horizontal ice flow velocity U with respect
to the vertical direction (cf., e.g., equation (5.47) of [22]), namely:

(2.4) Q:[0,T] xQ—R? and Q := /thdz.
In the same spirit as Jouvet & Bueler [27], we assume that for each ¢ € (0,7T) there is no volume
ice flow towards €, , i.e.,
(2.5) Q-v=0 only,.
In view of (2.5), we can naturally extend the volume flux @ by zero outside Q;, i.e.,
(2.6) Q=0 inQ.
Besides, once again in the spirit of [27], we have that
(2.7) H=0onTy, and H =0 on 09.

The evolution of the ice thickness is governed by the ice thickness equation (cf., e.g., equa-
tion (5.55) in [22]), that we recall here below:
oOH

(2.8) = =V-Q+ta



4 PAOLO PIERSANTI AND ROGER TEMAM

The free boundary I' ; and the region Q) are correctly described only through a weak formulation
of the problem under consideration. Prior to rigorously stating the weak formulation of the problem
under consideration, we have to formally recover the boundary value problem associated with (2.8).
To this aim we first fix a smooth enough test function v such that v > b in [0,T] x Q and, second,
we multiply (2.8) by (v — h) and integrate over Q. As a result of this manipulation of (2.8), the
following identity holds for all ¢ € (0,T):

H
(2.9) a(v—h)dx+/V-Q(v—h)dx:/a(v—h)da:.
o Ot Q 0
By virtue of the fact that A > b in [0, 7] x Q, we can specialise v = h. The definition of {; in
turn implies that Q = QF UQ, UT #,t» where the symbol L denotes the union of two disjoint sets.
An application of (2.6) and of the Gauss-Green theorem to (2.9) gives

OH OH
" E(v—h)dx—l— o E(v—h)da:
+/ V-Q(v—nh)dz+ V-Q(v—h)dz
Qf 2
- a(v—h)dz — a(v—h)dz
(2.10) /Qt+ /Qt
OH OH
:/Qj' <m+V-Q—a> (v—h)dx + o E(v—h)d:p
+ Q -v(v—h)dl' — Q.V(v—h)dx—/ a(v —h)dx.
Q; a0y Q

=0 by (2.6) and the??act that 9Q; =00,

In order to work out the following step of the boundary value problem recovery, let us recall
that €2, denotes the region in 2 where the lithosphere is not covered with ice, i.e., we have H =0
in ;. Moreover, the ice thickness H in Q, either does not change (0H/0t = 0) or increases
(0H /0t > 0); equivalently, the ice thickness H cannot diminish in Q; .

On the one hand, in the region ;" the ice thickness evolution is governed by (2.8), so that we
have

H
(2.11) / <8+V~Q—a> (v—h)de =0, forallte (0,T).
Q;L ot
On the other hand, specialising v = h+ ¢ in (2.10), where ¢ € D((0,7) xQ), ¢ > 01in [0,T] x Q,

recalling that @ < 0 in €, , and recalling the remark made above about the nonnegativeness of
OH/0t in Q, , we obtain

(2.12) / <8H - a) pdz >0, forallte (0,7).
o \ Ot

Putting together (2.9)-(2.12) gives

(2.13) / <M+V~Q—a>¢dx20, for all o € D((0,T) x Q),¢ >0 in [0,7] x Q.
Q

ot
The latter can be straightforwardly changed into:
0H . At
E+V~Q—a=0, in Q" ={xeQ H(tz) >0} forallt € (0,7),
(2.14)
OH

E+V-Q—a20, in Q =Q\ (Qf Uly,) forall t € (0,7).
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Define Hy := h(0)—b, and observe that Hy > 0 by virtue of the observation made at the beginning
of this section (section 2). Putting together (2.7) and (2.14) gives the sought free boundary value
problem: Find H > 0 satisfying:

( OH

W—FV Q—-a=0, inQf ={xecQH(tx)>0}forallte (0,T),

oH

S TV-Q-az0, inQ =0\ (Qf U@nae)) forallt € (0,7),
(2.15)

H(t,-)=0, ondQforallte(0,T),

H(0, ) = Hy > 0.

Multiplying the equation in the boundary value problem (2.15) by (h — b), integrating over
(0,T) x Q, and observing that h(t, -) = b in 2, gives:

(2.16) / /<+v Q—a> (h — b)dzdt = 0.

Let v = v(t, x) be any test function such that v(t, z) > b(z) for a.e. (¢,z) € (0,7)x€Q. Multiplying
the equations in the boundary value problem (2.15) by (v—b), and integrating over (0,7") x £ gives:

(2.17) / /(—i—V Q—a> (v—>)dxdt > 0.

Combining (2.16) and (2.17) gives:

(2.18) / /<+V Q—a) (v—~h)dxdt > 0.

The arbitrariness of the test function v taken as above finally allows us to write down the weak
variational formulation associated with the boundary value problem (2.15): Find H > 0 satisfying
the variational inequalities:

(2.19) // (v—h da:dt—/ /Q V(v—h dxdt>// a(v — h) dz dt,

for all test function v such that v > b for a.e. (t,x) € (0,T) x , and satisfying the following
boundary conditions along OS2

H =0 on 9,

and satisfying the following initial condition
H(0,x) = Hyo(z), fora.e. xze€Q,

where Hy = h(0) — b is given, nonnegative and nonzero (see (2.1)).

Note that, at least for the time being, the rigorous concept of solution has not been defined yet as
we did not specify the regularity of H and of the data. This task will be postponed to forthcoming
sections.

Ice is viscous too; its viscosity is described in terms of the Glen power law (cf., e.g., equation (4.16)
n [22]) with ice softness coefficient A(z, z) and exponent 2.8 < p < 5. The attainable values for p
are suggested by laboratory experiments [21]. Regarding the ice softness as a function is motivated
by the idea of coupling the ice thickness equation with a thermodynamic model [22, 24].

By equation (5.84) in [22], the horizontal ice flow velocity U can be expressed in terms of the
elevation of the upper ice surface h via the following formula:

(2.20) U(-,-,2)=—2(pg)P* (/bz A(s)(h —s)P~! ds> \Vh[P2Vh + U,
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Plugging formula (2.20) into (2.4) gives:

2.21) Q- -,2) = —2(pg)""" (/ / A(s)(h — s)P~ 1dsdz> IVhP~2Vh + (h — b)U,

2(pg)P 1 (/ As —spd3> IVR[P=2Vh + (h — b)Uy,

where the latter equality is obtained by an integration by parts with respect to the variable z.
For sake of clarity, the magnitudes involved in the model are listed in the following table.

Variable | Description

A = A(s) | Ice softness in the Glen power
law

b Lithosphere elevation

g Gravitational acceleration

H Ice thickness

h Upper ice surface elevation

as Accumulation rate function
ap Ablation rate function

a a = as — ap Balance function
U, Basal sliding velocity

U Horizontal ice flow velocity
Q Ice volume flux

p Ice density

p Index in the Glen power law

TABLE 1. Quantities entering the model

As already observed by Jouvet & Bueler [27], the expression of @ in (2.21) exhibits a degenerate
behaviour at the free boundary, in the sense that the gradient norm power blows up as h gets close
to the free boundary of 2. This degeneracy does not manifest in other large-scale models like the
one proposed by Hibler in the seminal paper [23].

By contrast with the model we are considering, the model proposed by Hibler couples the shallow
ice equation with a mechanical (hyperbolic) equation whose unknown is the horizontal ice flow
velocity U. The model we are considering follows the formulation originally proposed by J.W.
Glen [20], according to which ice was regarded as a viscous fluid. The model proposed by Hibler,
itself inspired by the article of M.D. Coon [12], is on the one hand less precise than Glen’s model as
the ice velocity U has a simplified expression. On the other hand, it achieves the goal of describing
in the same instance the behaviours of ice as a solid and as a fluid.

The operation of averaging considerably simplifies the expression of the ice volume flux @, while
the coupling of the shallow ice equation for the averaged ice thickness with the mechanical equation
spares the effort of expressing the ice flow velocity U in terms of the ice thickness.

In order to overcome the difficulty arising as a result of the gradient degeneracy in the vicinity
of the free boundary, we introduce the following transformation, originally suggested in [9]:

(2.22) H = uP~ /2,
Observe that H > 0 in [0, 7] x Q if and only if u > 0 in [0,T] x Q. As a result of the transfor-
mation (2.22), we first obtain, formally,
OH 0 3p—1_

_ Y 5y T2
(2.23) o = gplul ),

secondly, we obtain

(p+1)(p—1

h ) 1 _
(2.24) / A(s)(h — 5P ds = u 3" / A+ 05 ) (1 — §Pd,
b 0
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and, third, we obtain:

2p
For all x €  and all u = u(t,z) € R, we define the vector field ® : Q x R — R? by:

2 Vu + u(pH)/QIDVb’p_2 w2 (Vu + u(p+1)/2pVb) :

—1\?! e e
(2.25) \Vh\p_2Vh:<p > u 5

(2.26) Q= P(z,u) = ——2p1u(p+1)/2pVb.
p J—
Plugging (2.26) into (2.25) gives:
—1\?' rne-2) —p-1

(2.27) IVh|P~2Vh = (%p) w T V- B2y (Vu— ®).

Finally, for all z € Q and all u = u(t, z) € R, we define the vector field ¥ : Q x R — R? by,
(2.28) ¥ = ¥(z,u) = (h—b)Uy,
and the function @ : [0,7] x Q@ x R — R by:
(2.29) alt,z,u) == a(t,z, b+ uP~1/?P),

Inserting (2.24)—(2.29) into (2.21) gives:

_ p—1 1
(230) —Q=2 <pgp21) [ / A(b +uP=D/2rgy (1 — §)P ds’] |Vu — ®P~2(Vu — &) — .
p 0

For sake of brevity, we define the function i : Q x R — R along u = u(z,t) by:

-1 p—1 1
(2.31) w(x,u) =2 <pgp2p> [/ A(b +uP=D/2rg) (1 — §)P ds’} .
0
Observe that plugging (2.31) into (2.30) gives:
(2.32) - Q = p(z,u)|Vu — ®P2(Vu — @) — ¥.

Plugging (2.23)—(2.29) and (2.32) into the boundary value problem (2.15), gives that the new
unknown wu satisfies the following unilateral boundary value problem: Find w > 0 defined on
[0, T] x Q satisfying:

(2.33)

u) = V- (p(z,u)|Vu — @P2(Vu— @) — ¥) =a, in Qf forallt e (0,T),

—(lu| # u)-V- (1(z,w)|Vu — ®P~2(Vu — @) — ) > a, in Q for all ¢t € (0,T),
u(t,-) =0, ondfforallte (0,T),

u(0, - ) = ug := HéQp/(pfl)) > 0.

Similarly to (2.19), the weak formulation associated with the boundary value problem (2.33) is
expected to take the following form: Find u > 0 satisfying the variational inequality:

/OT (;(MSZ”IQ u)> (v — u)dz dt

Q
(2.34) - /OT /Q 1z, 0) |V — BP2(Vi — ®) - V(o — u) de dt

T T
>/ /d(v—u)dxdt+/ /\IJ~V(v—u)dxdt,
0o Ja 0o Jo
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for all test functions v such that v > b for a.e. (t,z) € (0,T) x Q, and satisfying the following
boundary conditions along OS2

=0 on 0,

and satisfying the following initial condition
u(0,x) = up(x) = [Ho(z)]®/®=D)  for ae. z€Q.

Once again, note that, at least for the time being, the rigorous concept of solution has not been
defined yet. This task will be carried out in Section 3, where the function spaces where the solutions
are going to be sought will be defined as well as the requirements a function has to meet in order
to be regarded as a solution.

3. WEAK FORMULATION OF THE UNILATERAL BOUNDARY VALUE PROBLEM

Let © C R? be a domain. Let 2.8 < p < 5 as suggested by the experimental results in [21]. For
the sake of brevity, let
3p—1
(3.1) a:=2 ,
2p
and observe that 1 < a < 2 < p+ 1. By the Rellich-Kondrachov theorem (cf., e.g., Lions &
Magenes [32] and the references therein) the following chain of embeddings hold:

(3.2) W, P () s CO(Q) — L*(Q).
Define the set
(3.3) K :={v e WyP(Q);v >0 in Q.

The weak formulation of the unilateral boundary value problem and the definition of the concept
of solution will be recovered as a result of a constructive proof, based on the penalty method. The
idea of using the penalty method to derive the existence of solutions of time-dependent contact
problems was first used by Bock and Jarusek in [2, 3] and was improved by Bock, Jarusek and
Silhavy in the recent paper [4].

For sake of simplicity, we make the following assumptions on the geometry of the problem:

(H1) b=0in Q, i.e., the lithosphere is flat;

(H2) The ice softness A is assumed to be independent of the ice sheet height and time. As
a result, the function p defined in (2.31) is independent of the ice sheet height as well.
Moreover, there exist two positive constants p1 and po such that p; < p(z) < ug for all
x €

(H3) The basal velocity U, = 0;

(H4) The function a defined in (2.29) is independent of the ice sheet height and is of class
wr(0,T;C°(Q)).

Let us now establish some preparatory results. The first result collects some properties of the

negative part operator.

Lemma 3.1. Let w C R™, with m > 1 an integer, be an open set. The operator —{ -} : L*(w) —
L?(w) defined by
f €L (w) = —{f}” = —min{f,0} € L*(w),
1s monotone, bounded and Lipschitz continuous with Lipschitz constant equal to 1.
Proof. Let f and g be arbitrarily given in L{w). In what follows, sets of the form {f > 0} read
{z € w; f(z) > 0}
Recall that the negative part of a function is also given by

-1
fm==
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We have that
[ =} 6 - g
— “12dx — “2dx — 2 — (= “)dx
> / ) Pde+ / |~ {g}| /{M}mw}( (1) (~{a))

>

_ 2
> [ (7))~ () de >0,
{r<0in{g<o}
and the monotonicity is thus established.
Let us show that the operator under consideration is bounded, in the sense that maps bounded

sets onto bounded sets. Let .# C L%(w) be bounded. By Holder’s inequality, we have that for each

fez,
oA vde
sup 1 L < 1l
veL?(w) ||UHL2(w)
v#0

and the boundedness of .# implies the boundedness of the supremum. The boundedness property
is thus established.
9 1/2
d:z)

Finally, to establish the Lipschitz continuity property, evaluate
1/2 Y _
- - g—19
([1-0) - capar) - (/ e
1 ) /2 4
-2 </ 1(f = 9) = (1] = lg])] dx) < AT = gllzao) + 111 = Lol 2}
1 1 1/2 1 1 1/2
=7 =gl ([ 171 =10l a2) < G5 =gl + 5 ( [ 17 - o a0)
= If = gllL2(w)

where the inequality holds thanks to the Minkowski inequality. In conclusion, we have shown that

I(={37) = (Hgr 2w < If = 9llz2w),

and the arbitrariness of f and g gives the desired Lipschitz continuity property. This completes
the proof. 0

The following lemma, which was originally proved using C*-algebras (cf., e.g., [36]), plays a
crucial role in the forthcoming analysis. We hereby provide an alternative proof, which solely
makes use of convex analysis tools.

Lemma 3.2. Let o > 1. Then
|z —y|* < |lz|* = |y|*], forallz,yeR.
Proof. Assume, without loss of generality, that x > y # 0, and let

=21
y

Therefore, the sought inequality is equivalent to proving that
t—1D*<t*—1, forallt>1.
Consider the function f : [1,00) — R defined by
f)y:=(@t—-1)"—t*+1.

Observe that
flt)=at—1)*"t —at* = a((t— 1> =t b,
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Since &« —1 > 0 and since 0 < ¢t — 1 < t, the monotonicity of the power operator gives that
(t—1)2"t <t21 5o that f/(t) < 0forall t > 1. Since f(1) = 0, we infer that f(¢) <0 for all t > 1
and the proof is complete. O

Thanks to Lemma 3.2, we can establish the following result, thanks to which we will be able to
define a sound initial condition for the variational formulation we will be considering.

Lemma 3.3. Let Q be a domain in R%, let T > 0 be given, let 1 < a < 2, and let u €
L*>(0,T; L*(S2)) be such that

% (lul** ) € L2(0, 75 12(2)).

Then, we have that \u|a772u is of class C°([0,T]; L?(2)) and u is of class C°([0, T]; LY(2)).

Proof. Observe that
T o 12 T
/ /’|u|2u‘ dxdt:/ /|u|°‘dxdt.
o Jo 0 JO

Since it was assumed that u € L*(0,7; L%(2)), then the latter integral is finite. Hence, com-
bining the latter with the assumption on the distributional derivative in time gives

(lul*s* ) € H'(0, 75 L2(2)) = €*((0, T]; L*(2)).
To show that u € C°([0, T]; L¥(R2)), we have to show that for each ¢y € [0, 77,

lim / |u(t) — u(to)|* dz = 0.

t—to 0

By Lemma 3.2, we have that the Cauchy-Schwarz inequality and the triangle inequality give

/\u — u(to ]adx</|]u — Ju(to)|*| dx
dx:/
Q

)| = [|lutto) Futeo) [
= [ (o1 ue)] = Jutto)®F ute)]) - (Jla®1%* u(e)| + [futto))*F utt] ) az

u(t)] "% u(t)
< [l ] = e o

[0}

= w0 = luta)) = ute) | a

oy | 1O T )|+ [Jutio) o), o

< |l ue) ~ uteo) = uteo)|,

|12 utt)| + [utto) gt |, o,

Observe that the continuity in [0, 7] of <|u|a772u> implies the uniform boundedness of the second
factor, as well as that the first factor tends to zero as t — ty. This completes the proof. O

The next lemma establishes that the supremum can be interchanged with a monotonically in-
creasing continuous extended-real-valued function.

Lemma 3.4. Let f : R — R be a monotonically increasing and continuous function. Then, given
any S C R,

sup f(x) = f(sup ).

zeS
Proof. By the definition of supremum, we can find a maximizing sequence {s;}7°, C S for which
s —supS, as k — oo.

By the assumed continuity of f, we have that

Jim f(sk) = f(sup S).
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Since f(sx) < sup,cg f(x) then the inequality f(supS) < sup,cg f(z) is obviously true, on the
one hand. On the other hand, since f is monotone, we have that
f(z) < f(supS), forallzeS.

Therefore, passing to the supremum on the left-hand side, we obtain that

sup f(z) < sup f(sup ) = f(sup S),
z€eS zeS

and the proof is complete. ]

The next lemma establishes a convergence property for sequences of functions enjoying the
regularities announced in Lemma 3.3.

Lemma 3.5. Let Q be a domain in R?, let T > 0 be given, let 1 < a < 2, and let {up}ee, C
L>(0,T; Wol’p(Q)) be such that

{|uk]aT_2uk}Zo ) strongly converges in C°([0, T]; L*(Q)).
Then {ux}32, strongly converges in C°([0,T]; L*(Q2)).

Proof. Since the space C°([0,T]; L%(2)) is complete, it suffices to show that the sequence {u}3°,
is a Cauchy sequence in C°([0,T]; L%(Q)), i.e., we have to show that

(3.4) lim  sup ( /Q (1) —W(t)|adx) R

k,0—o0 t€[0,T)

Using Lemma 3.2, Holder’s inequality and Lemma 3.4, we have that
1/ 1/a
swp ([ ) wtoac) < swn ([ a0 - Ju)] ao)
te0, 7] \JQ tef0, 7] \JQ

1/a
= sup (/ dw)
tefo,1] \JQ

1/a
ésm>{(Kﬂmamﬂfwaw—wamﬂfwaAQmﬁ”2(@Mwﬁﬂ%%%@»+mamffwuﬂ3m)mq

te[0,7)
1/a
L%nj } '

The assumed strong convergence implies that the second factor is uniformly bounded with respect
to t € [0,T]. Hence, the latter term is less or equal than

Since the second factor is uniformly bounded with respect to ¢ € [0, 7] and since the first factor
tends to zero as k,f — oo, by the assumed strong convergence, we finally obtain the sought
convergence (3.4). This completes the proof. O

1" )| =[] walt)|

=L$%Mwww?wm—wmwﬁw@mmJWww7w@+wmw?wm1

a—2 a—2
sup. |[lup (0] "% k() — fue (1) e (1)
te[0,T7]

}1/0{

L2(Q)] ' [ Sup} H‘“k(m%uk(t) + Iue(t)|%u4(t)‘

te[0,T

_

12(9)

The next lemma establishes an immersion that will be used in the proof of the existence of the
solution.

Lemma 3.6. Let T > 0 be given and let X be a normed vector space with the Radon-Nikodym
property (cf., e.g., [40]). Let ({ -, -)) denote the duality between (CO([O,T];X))* and C°([0,T); X),
and let (-, -) denote the duality between X* and X .
The mapping
T:LN0,7;: X*) — (C°([0,T); X))
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defined by
T
((Yu,v)) := / (u,v)dt, where u € L'(0,T;X*) and v € C°([0,T]; X),
0
is linear, continuous and injective. Besides, if {ux}3%, is bounded in L'(0,T; X*) then {Tur}2,
is bounded in (C°([0,T7; X))".
Proof. Let us check that Y is linear. For each uy,us € L*(0,7T; X*) we have that

T T T
<(T(u1+uQ),v)>—/O <u1+uQ,U>dt—/0 (ul,v)dH—/o (g, v dt = ((Tur, v))+((Yuz, v)) = (Tur+Tus, v)),

for all v € C°([0,T7; X).
Similarly, for each a # 0 (for a = 0 the conclusion is immediate) and each v € L'(0,T; X*), we
have that

T
(Y (au),v)) = /0 a(u,v) dt = ((TYu, av)) = ((aTu,v)),

for all v € C°([0,T]; X), and the sought linearity property is thus proved.
To show the continuity of the mapping Y, let {uy};>; be such that u — u in LY(0,T; X*). By
Holder’s inequality in Lebesgue-Bochner spaces (cf., e.g., [45]), we have that

T
0= T o) < [ e = 0] < e = sz ol o) — 0 s k= .

To prove that Y is injective, assume that Tu; = Tuo in (CO([O,T];X)Yk then, for each v €
C°([0,T]; X), we have that

T
/ (u; — ug,v)dt = 0.
0

In particular, if we consider functions of the form v(t) := ¢(t)w, with ¢ € D(0,T) and w € X.
Fix ¢ € D(0,T) and let w € X vary arbitrarily. Since X has the Radon-Nikodym property, we
have that (cf., e.g., Theorem 8.13 of [30]) the latter becomes

0= /0T<u1 g, v) dt = </OT(u1(t) — us(t))(t) dt,w>  forallwe X.

This in turn implies that

T
/0 (ug(t) —u2(t))p(t)dt =0 in X*.

Since this conclusion is independent of the choice of ¢ € D(0,T'), an application of the Funda-
mental Lemma of the Calculus of Variations (cf., e.g., [45]) gives that u; = up in L'(0,T; X*) and
the injectivity is thus proved.

Let {u}?, be bounded in L'(0,7; X*). For each v € C°([0,T); X), the Holder inequality
in Lebesgue-Bochner spaces (cf. Theorem of [45]) and the assumed uniform boundedness of the
sequence {uy}7°  give:

T T
(ru )l = | [ <uk<t>,v<t>>dt\s | 00010t < s o= o) < Clolum o

for some C' > 0 independent of k. This shows that each operator T : CO([0,T]; X) — R defined by
T := Yuy for all integers k£ > 1 is linear, continuous, and such that, for each v € CO([O, T]; X*)

sup ]Tk(v)\ < Cy,
E>1

for some constant C,, > 0 that solely depends on v. An application of the Banach-Steinhaus theorem
(cf., e.g., Theorem 2.2 of [7]) gives that there exists a constant C' > 0 for which

sup ||T s < C
kZII)H kllcoqo,m;x))+ <
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thus proving that the sequence {Yug}?, is uniformly bounded in (C°([0,T]; X))*. The proof is
complete. O

The conclusion of Lemma 3.6 is that the space L'(0,7; X*) can be identified with a subspace of
(€°([0,T); X))*.

The proof of existence of solutions hinges on a compactness result proved by Dubinskii [15] (see
also [1] for some improvements and corrections), as well as other results proved by Raviart in the
paper [38] that we recall here below.

Lemma 3.7 (Lemma 1.1 of [38]). Let 1 < r < co and let r' denote the Holder conjugate exponent
of r. The following inequalities hold

1
(g2 = Inl"*n)& = = (Iel" = nl"),
(1672 — ") (€ —n) = € (€27 — 9]~/ for some € = C(r) > 0,
for all &,m e R. O

The first inequality in this lemma is a direct consequence of Young’s inequality (cf., e.g., [46]),
while the second inequality was proved by Simon in the paper [43].

The next preliminary result we recall, is a generalized integration-by-parts formula, whose proof
hinges on the Lebesgue theorem (cf., e.g., Theorem 2.11-3 of [11]).

Lemma 3.8 (Lemma 1.2 of [38]). Let Q be a domain in R?, and let T > 0. Let o and p be two
real numbers greater than 1, and let v be a function such that
v € LP(0, T Wy P () N C°(0, T); L* (),
d

(P10 7%0) € L7 (0,1, W 17(),

Therefore, the following formula holds

r v T Oéa ) 0 aa
/ < d (|U|a20),v> dt = I (D)Ze (0 _ [0(0)]|Za )
0

dt o o ’

where (-, -) denotes the duality product between W1 (Q) and Wol’p(Q). O

Finally, we recall Dubinskii’s compactness theorem.

Theorem 3.9. Let Ag and A1 be normed linear spaces such that Ag < Ay. Let S C Ag be such
that AS C S, for all A € R.
Assume that the set S is endowed with the semi-norm M : S — R, having the following properties:
(1) M(v) >0, forallv e S,
(2) M(Mv) = |\M(v), for allv € S and all X € R.
Assume that the set M = {v € S; M (v) < 1} is relatively compact in Ag. Consider the semi-
normed set
T T
Y = {u € Li.(0,T; Al);/ [M (u(t))]% dt < oo and /
0 0

q1

dt < o0 p,
Ay

with 1 < qp < 00 and 1 < ¢ < 00, and the pairs (qo,q1) = (1,00) and (qo,q1) = (00, 1) cannot be
attained.
Then Y is relatively compact in L%(0,T; Ap). O

du
dt

A discrete version of this compactness result has been established by Raviart in the paper [37].

Theorem 3.10 (Lemma 1.4 of [38]). Let Ay and Ay be normed linear spaces such that Ay — Aj.
Let S C Ag be such that AS C S, for all A € R.

Assume that the set S is endowed with the semi-norm M : S — R, having the following properties:
(1) M(v) >0, for allve S,
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(2) M(Mv) = |\M(v), for allv € S and all X € R.

Assume that the set A = {v € S; M(v) < 1} is relatively compact in Ag.

For each € > 0, consider the vector vy 1= (U?)gzo of elements of S such that

N
EZ[M(U?)]QO < ¢y, for some constants ¢y > 0,
n=0

and
N-1 oL q1
12 Z it S < ¢, for some constants c; > 0,
n=0 k Ay

where 1 < gg < 00 and 1 < q1 < 00, and the pairs (qo,q1) = (1,00) and (qo,q1) = (00, 1) cannot be
attained.

Then, it is possible to extract a subsequence of the sequence (Ilyvy) that strongly converges in
L®(0,T; Ap), where

Myug : (0,7) — Ag with (TTewe) (t) == vy, for a.a. nl <t < (n+ 1)L
g

Let us also recall a result on vector-valued measures proved by Zinger in the paper [47] and later
improved by Dinculeanu (see also, e.g., page 182 of [13], and page 380 of [14]).

Theorem 3.11 (Dinculeanu-Zinger theorem). Let w be a compact Hausdorff space and let X be a
Banach space satisfying the Radon-Nikodym property. Let F be the collection of Borel sets of w.

There exists an isomorphism between (C°(w; X))* and the space of the regular Borel measures
with finite variation taking values in X*. In particular, for each F € (C%(w; X))*, there exists a
unique regqular Borel measure p : F — X* in M(w; X™) with finite variation such that

<<a7F>>X=/ (@) x,

for all o € CO(w; X). O

We now state the penalized problem, which is suggested by the formal model (2.33). Note that
the initial condition makes sense thanks to Lemma 3.3.

Problem P,. Find a function u, that satisfies

s € L0, T; WeP(Q)),

d a—
= (el 7o) € 220,75 L2(@),
d /
i (Juk|* 2ug) € L0, T; W1 (Q)),
satisfying the following variational equations:
d 1
(3.5) / — (Ju|*2u)v dz +/ p(z,w) | VulP~2Vu - Vo de — / {up} vde = / a(t,z)vdez,
o dt Q K Ja Q

for all v € VVO1 P(Q) in the sense of distributions on (0,T), as well as the following initial condition
u(0) = uo,

for some nonzero prescribed uy € K. |
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4. EXISTENCE OF WEAK SOLUTIONS AND VARIATIONAL FORMULATION FOR PROBLEM (2.33)

The recovery of the variational formulation for Problem (2.33) and the existence of solutions for
this problem are broken into three parts. We first establish the existence of solutions for Problem P,
by means of a semi-discrete scheme. For each 0 <n < N — 1, consider the semi-discrete problem:

Problem P!, Given u”, € Wy P(Q), find a function u™ ' € W, ?(Q) that satisfies the following
variational equations:

_ {upi'}™
7{‘un+1 a—2 n+1 ‘unf a—2 ng} \v@ (M‘vu:}—l’p QVUZ;El) -
(4.) e |
=7 a(t)dt in W= (Q),
where ugj :=wug € K, and ug is the prescribed element appearing in Problem P,. [ |

The following existence-and-uniqueness result can be established.

Theorem 4.1. Let T >0, Q C R? and p be as in section 3 and let o be as in (3.1). Let k> 0 be
given, let N > 1 be an integer, and define ¢ :=T/N. Assume that (H1)—(H4) hold.
For each 0 < n < N — 1, Problem P*' admits a unique solution u!';' € Wol’p(Q).

Proof. For sake of brevity, define

(4.2) ay = / a(t) dt.
CJn

Consider the operator A, : Wol’p(Q) — W=7 (Q) defined by

(4.3) Ag(v) = |* 20 = V- (u|VoP2V0) — @, for all v € Wol’p(Q).
K

Consider the operator By : Wol’p(Q) — W12 (Q) defined by

(4.4) Bi(v) := -V (,u|VU|p_2VU) - @, for all v € Wol’p(Q).
K

The operators A, and B, are hemi-continuous, as each of their terms is hemi-continuous. By

Lemma 3.2 and Lemma 3.7, the operators A, and B, are strictly monotone. Finally, an appli-

cation of the Poincaré-Friedrichs inequality and the monotonicity of the negative part operator
(Lemma 3.2) give:

(A, v>w—1,p’(Q)7W01’p(Q) HUH%Q(Q) +m HVUHZEP(Q

> MlCOH ||W1 P(Q)

HUHWOLP(Q) ||U||W01vP(Q)

and the term on the right diverges as ||v||W1,p(Q) — 00. This means that the operator A, is coercive.
0

With the same reasoning, it can be proved that the operator B, is coercive too. An application of
the Minty-Browder theorem (cf., e.g., Theorem 9.14-1 of [10]) ensures that the numerical scheme
in (4.1) admits a unique solution u" ' € I/VO1 P(Q). The proof is complete. O

Define the mapping Tlyu,, : (0,T) — W, () by
(4.5) Hpue(t) :=utt,  ifnl <t<(n+1)L

Next, we discuss the convergence of the sequence {Ilyu,}s~o as £ — 07 or, equivalently, as
N — oo. To this aim, we need to establish some a priori estimates.
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Theorem 4.2. Let T > 0, Q C R? and p be as in section 3 and let o be as in (3.1). Let k> 0 be
given, let N > 1 be an integer, and define ¢ :=T/N. Assume that (H1)—(H4) hold.

Assume that the following stability condition holds: There exists a constant C; > 0 independent
of k and N for which

(4.6) - Z /{u”+1 "+1 —uy o) dr < O,

for all integers N > 1.
Then, the following a priori estimates hold:

(4.7) o 1AX, g oll Loy < O,
N
n ||p

(4.8) 5;:0 HW,@HWOLp(Q) <C,

N— n+1 a=2 nit1 n 1222 p 2

U 2 u u 2 U

(49) / Z | K, ; | I'C,Z| K, S C,

n=0 L2(2)
41 ) <
(4.10) o ax, o2 L@ = C,
(4.11) UL i ellywr ) = C

un+1 a— 2un+1 u a— 2 1
(4.12) o || A T gc(1+),
0<n<N-1 14 , K
W—12'(Q)
a—2 n
(4.13) omax [l el k| gy < ©

for some C > 0 independent of k and N.

Proof. Multiply (4.1) by u"Jrl in the sense of the duality between W% (Q) and Wol’p(Q). We
obtain

1 1ja—2, n+l —2 1 1p—2 1 1
T B e L R Rl LGOI R R
L . 1 (n+1)¢ )
—/{u”+ *u”Jg dz = / / a(t)dt | ut! de.
" CJa \Jne "

+

Using the first estimate in Lemma 3.7 with r = «, £ = u" Landn = uy, o the Poincaré-Friedrichs

inequality, Bochner’s theorem (Theorem 8.9 of [30]) and Young s 1nequahty (cf., e.g., [46]) we get:

n+1||p 7”{ n+1

,g(ll U 2oy = i ell o () + comnnfu 120

Wy (Q)

(n+1)¢ )
L IO oy @) + S
Ep nt (Q)

<
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Multiplying by (¢a’) both sides and summing over 1 < n < s — 1, where 1 < s < N, we have

that
s—1

> {1z e + (cotn = 5 ) @1 I gy + o MY o
n=0

o 1 (n+1)¢ s—1
< O (1] gy at) + 3 Il

P iso nt n—0

and we finally obtain

/81

s lf e (cwl - ) ! Z o Z s a0
s—1
o (n+1)¢
< — .
_Ep,§<LZ O

Therefore, there exists C' = C(ug, o, €,p, ) > 0 such that:

a <
OgliXN g ell o) < C,

n P <
(414) g’nz:oHuK’EHWOI’p(Q) — Ca

) N
D [ el
n=1

so that the estimates (4.7) and (4.8) are proved.
By (4.7), for each 0 < n < N, we have that

a—2 2
I llFoqey = [ T ot

Since the left-hand side of the previous equation is uniformly bounded with respect to IV and &,
we immediately infer that

a—2
dae = H u | 2w .
’ ﬁ,€| K, 12(Q)

=C,

L2()

a—2
max [l %
0<n<N ’ g

for some C' > 0 independent of N and x, thus establishing the estimate (4.10).
In order to recover the estimates (4.9) and (4.11), let us multiply (4.1) by (u5' — ") in the

sense of the duality between W~1# (Q) and I/VO1 P(Q). We get

1
n+lja—2, n+1 a—2, n n+1 n
Z< Kl R (VY] AV A _umé>wflvp’(g),w(}m(9)

+/ w(x )|Vun+1\p QVu”'H V(uz’;l—uz,z)dx

(n+1)¢
[y —wgae =g | ( / >dt) (it = ) da.

For each 1 < s < N, we have that the following identity holds:

Z/ n+1 n Z/ n+1_&z n+1d$—|—/ sls d$—/C~L2U0d$
Q Q

(n+1)¢ P —a
/ /<<t+€><t>> aritardrr [ a i de - [ duods.
nl Q ¢ Q .

(4.15)

(4.16)
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An application of Lebesgue’s inequality, the triangle inequality and Young’s inequality [46] gives

B ()

a(t+1¢) —
/ + Z at )uz’}‘ldx’ dt

n+1 ~n n+1
Uy g dz| =

/ n+1
/ n+l
/ (n+1)¢

Since @ € WP(0,T;C°(€Q)) (see assumption (H4)), an application of the finite difference quo-
tients theory (cf., e.g., Chapter 5 in [16]), we have that the latter term can be estimated as follows:

t+€)—a()H
¢ W17 (9)

a(t +¢) — a(t)
14

2 oy

p/

Z

dt+ — u”+1 p
o Y S

s—2 ~ ~ /
1 (DN G+ 0) — a(t) ||
§ : . / ( ) ( ) dt—i— 7”un+1Hp 1p
oLV Jne w12 (@) @
s—2 ~
C (n+1)¢ da P
4.18 <= —(t dt + 0= Sl
( ) — p/57§/n£ dt( ) W—lp/(Q) ZH || 1P(Q
C (s—1)¢ da
= — —(t dt +C= § ivalle
plE dt( ) W—Lp/(ﬂ) + ’ ” 1P(Q

Putting together (4.16)—(4.18) thus gives

~n n+1 é) dz

-1—’/@‘215 dx| +
/sl)é

fH 14

<

5—=2  ,(nt1)¢ ~ =
Z/ / <a(t +7) a(t)> uZ'Zl de di
— Jne Q ¢ ’

n

/ aJug dz
Q

P d Cfg n+1p
t+ ZH H

W—1,p’(Q) Q)

‘ p

€
o0 (0,T;W =12 (Q)) pH P(Q)

4.1 —1al” 4 S|P
( 9) + H || e} OTW 1,p/ (Q)) p”uOHWOLP(Q)
C da
— t dt + ——|ja|”’
p’E/o dt . Wi D ” Il 2w (0
el (&2 €
C* n ||p p e p
p (; HUH,KHWL}W(Q)) H f” 1P(Q) + p”uoHWOl’p(Q)
bounded by (4.8)
< O+ elli My )
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Summing (4.15) over 0 < n < s—1, with 1 < s < N, applying Lemma 3.7, exploiting (4.19), the
assumed stability condition (4.6) and the Poincaré-Friedrichs inequality gives
2

5 gt — |,

H1Co p
+ | 2” wlp
Q
7 ) Wyt ()
2
_ n+1‘ 5 un—f—l ‘u ‘ 2 u” s—1
<ez n Il S, ) — IV e
y4 L2(Q) p n=0 , v

s P
S C(]‘ + EHUK,EHWOLP(Q))7

so that, in the end, we obtain the following estimate

Tl-‘rl Tun+1 ‘U’HKI 2 up K,

14

H1Co _ s 1P
T (p ) el < C
L2(Q)

and the estimates (4.9) and (4.11) straightforwardly follow.
In order to establish the estimate (4.12), we exploit the boundedness of the p-Laplace operator
(cf., e.g., Chapter 9 in [10]) and (4.11) so as to be in a position to evaluate

’u”"‘la 2“‘:-‘21 ‘uﬁgla 2 Iié
14
W= (Q)
< |V (v P | + Y s + Bl

1
<C (1 + ) ,  for some C' > 0 independent of N,
K

for all 0 <n < N — 1, thus establishing the estimate (4.12).
By (4.7), for each 0 < n < N, we have that

1/a ) o 1/« ) o/ (a—1)
il = ([ Jatelae) = ([ a2 as) " = ([ e, o)

_ n |a—2 n o /04
= [[ue mll e @)
Since the first term is uniformly bounded with respect to N and x, we immediately infer that

(4‘20) oglna<XNH|u €|a 2 NZHLa )SC’

for some C' > 0 independent of N and &, thus establishing (4.13), and completing the proof. ]
Remark 4.3. Observe that the following stability condition is sufficient to (4.6):
(4.21) {upt'y” > {up,}”, foral0<n< N -1

Indeed, by Lemma 3.2, we have that for all 0 <n < N —1

[yt =) e - /{um} ()™ — () ™) (g — ) da
+ / (a1} @t + {ul ) ) da
{ur ,<0}
(4.22)
< / {ur T (= {ur ) + () ) da
{uy ,<0}

— / (T (— {1+ ) ) da <0,
{uZ’ZSO}
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where the last inequality holds thanks to (4.21). Thanks to (4.22) and the positiveness of k, we
have that :

1 s—1 -
03 [t ) de <o,
n=0

for all 1 < s < N, which is a special case of the stability condition (4.6) appearing in the statement
of Theorem 4.2.

The condition (4.21) is physically more realistic than the “abstract” stability condition (4.6). The
stability condition (4.21) describes a regime of pure melting, which is a common regime glaciers
undergo during Spring and Summer. |

Given v, ¢ = {U:,z}gzm the function Dy(Ilpv. ) : (0,7) — Wol’p(Q) is defined by

n+1 n
— U
(4.23) Dy(Tywy, 0)(t) := % forallnf <t<(n+1)¢, 0<n<N-—1.

As a result of the estimates (4.7)-(4.13), we have that
{ILjuy ¢ }e>0 is bounded in L*(0,T; Wol’p(Q)),
{B,(ILyuy ¢) }r>0 is bounded in L>°(0, T’ WP (Q)),
(Mgt g| “T Moty s }o=g is bounded in L(0,T; L2()),
{Do(| et e “7 Tyt ) beso is bounded in L(0, T; L*(2)),
{|Tpu ¢|“ Mgt ¢} 50 is bounded in L=(0,T; L (),
{Dg(\ngH,g|°‘*2ng,£7@)}13>0 is bounded in L*°(0, T} Wﬁl’pl(Q)).

(4.24)

Thanks to (4.24), we can establish the existence of solutions for Problem (Pj).

Theorem 4.4. Let T >0, Q C R? and p be as in section 3 and let o be as in (3.1). Let k> 0 be
given, let N > 1 be an integer, and define ¢ := T/N. Assume that (H1)—(H4) hold. The a priori
estimates (4.24) imply that the following convergence process takes place (recall that By has been
defined in (4.4)):

My, = u, in L0, T; Wy P (),
B.(Ilpuy ) = g, in L°(0,T; W52 (Q)),
Mgty o] M, o = v, in L°(0, T L2(R2)),

dv,

T Mpu ) =~ in L0, T3 L*(Q),

(4.25) Dy(Mpws e
Tt o] Mgty ¢ = w,e in L(0,T; LY (2)),

a— * du)ﬁ . 0o _ /
Dy(| gy o] My ) — T in L0, T; W~17(Q)),

Y |72, =y in L¥(Q).

Besides, the weak-star limit wu,, recovered in the first convergence of (4.25) is a solution for
Problem Py, and the weak-star limits v, and w, satisfy
a—2
Vg = |UR|TUM
Wy = |ug|* 2.
Proof. The convergence process (4.25) holds by virtue of an application of the Banach-Alaoglu-
Bourbaki theorem (cf., e.g., Theorem 3.6 of [7]) to the estimates (4.24) and (4.20). The nontivial

part of the proof amounts to identifying the weak-star limits v, and w, and to showing that the
weak-star limit u, solves Problem P;.
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To begin with, we show that w, = |u.|* 2u,. Given any u € W,?(Q2), we look for a number
8 € R for which
9 1B-2, a
Hu|°‘ 2u’6 lu|*?u = u.
Simple algebraic manipulations transform the latter into

and we observe that a sufficient condition insuring this is that § satisfies
(a=1)(f-2)+(a-2)=0,

which is equivalent to writing
2—a 20—-2+4+2-« o— ,

p Jr04—1 a—1 a—1 @

Let v := |u|* 2u and observe that if 8 = o/ then |[v|?~2v € WyP(Q) so that the set
S o= {v; (Jo]* ) € WyP(Q)}
is non-empty. define the semi-norm

1
¥t forallvesS,

M(v) = quma’—%) o

and define the set
M = {veS; M) <1}
An application of the Poincaré-Friedrichs inequality gives that there exists a constant ¢y =
co(£2) > 0 such that

a’—1

Lr(Q)

_1 1
al—1 a’—1

= C,
Wol’p(ﬂ) 0

1 . oD Vp@=1)  _1_ ) Yp'=1)) 1
Q Q

Let {vr}32, be a sequence in .#. Since, by the Rellich-Kondrasov theorem, we have that

1 )
1> M) > g |||v]* 20 |20

VVO1 P(Q) << LP(Q) we obtain that, up to passing to a subsequence, there exists an element
w € LP(Q) such that

(4.26) (Jog|® %v) = w, in LP(Q), as k — oo.

Since 1 < @ < 2 and 2.8 < p <5, then o > 2 and it thus results that 1 < p’ < p < (¢/—1)p < ©
and that {v;}3°, is bounded in LP'(Q2). The reflexivity of L” (Q) puts us in a position to apply
the Banach-Eberlein-Smulian theorem (cf., e.g., Theorem 5.14-4 of [10]) and extract a subsequence,
still denoted {v;}72, that weakly converges to an element v € Lp/(Q). Consider the mapping

v e LV (Q) = (jv]|¥ 2v) € LP(Q),

and observe that this mapping is hemi-continuous and monotone, being the mapping £ € R —
(|€]—2¢) € R, with o/ > 2 thanks to (3.1), continuous and monotone. Therefore, an application of
Theorem 9.13-2 of [10] gives that w = |v|* 20 € LP(Q). Therefore, the convergence (4.26) reads:

(4.27) (log]® 20p) = w = (Jv|*2v), in LP(Q), as k — .

In order to show that .#Z is relatively compact in L(alfl)p(Q), we have to show that every
sequence {v;}2 | C . admits a convergent subsequence in L(*'~1P(Q). We will see that any of
the subsequences satisfying (4.27) will serve for this purpose. In this direction, let {v}3, denote
one of the subsequences satisfying (4.27) and let v € L ~DP(Q) be the weak limit. Since 1 < a < 2
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by (3.1), then o/ > 2 and, therefore, an application of Lemma 3.2, the triangle inequality and (4.27)
gives:

</ |Uk—U|a*1 pdx)l/ (a'=1)p </ ‘|Uk|a L |U|a ‘ > /((/=1)p)
(/ et o] = g2 d“””)l/((a_l)p)é (/ [1oxl' =205, — o] 20" dx>1/((a/_1)p)
Q

’ ’ 1/(a/~1)
= H\vk\a o — |v]® _QUH — 0 as k — oo.
Lr(Q)
The latter shows that
v = v, in L@TUP(Q) as k — oo,

in turn implying that the set .# is relatively compact in L(alfl)p(Q), as it was to be proved.
The established relative compactness of the set .# in L(*~DP(Q) and the sixth convergence in
the process (4.25) (which in turn implies that the time-derivatives in the sense of distributions
are uniformly bounded) allow us apply Dubinskii’s compactness theorem (Theorem 3.10) with

Ag = L@=Dp(Q), Ay = WL (Q), qo = q1 = 2, so that
(4.28) Mgt | Mgy e — w,,  in L0, T; L& =YP(Q)) as £ — 0,

where, once again, the monotonicity of & € R + |£|*~2¢, the first convergence in the process (4.25)
and Theorem 9.13-2 of [10] imply that

|a—2

Wy = |ug o

Second, we show that v, = |u,£|aT_2uH. Given any u € Wol’p(Q), we look for a number 8 € R for

which
a—2 % a—2
’|u| 2 u‘ lu| 2 u = u.

We observe that a sufficient condition insuring this is that 3 satisfies

9 2 a2
(a +>B +E ",

2 2 2

which is equivalent to writing

(07

2—a?2 4
(0%

5:2+2<

Let v := \u|aTi2u and observe that if 5 =4/« then |v|¥v € W&’p(Q) so that the set

= {v; (Jo] T v) € WEP(Q))

is non-empty. define the semi-norm

&
2

v) Lr(Q)

(4/04) 2 -
forallve S,

M(v) = HV [v - HV(MQTT%) LgP(Q)’

and define the set
M= {veS; M) <1},

An application of the Poincaré-Friedrichs inequality gives that there exists a constant ¢y =

co(€2) > 0 such that
o o a/(2p)
: = coE (/ ? dx)
Lr(Q) Q

2—a

5 a
: > cf lv| & v

Wyt (Q) —

% 2p a/(2p) %
=c vl dx =cg ||[v]| . 20
([ a) " =il

2—a
|’U‘T’U

12]\2(7})200%
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Let {vr}32, be a sequence in M. Since, by the Rellich-Kondrasov theorem, we have that

VVO1 P(Q) << LP(Q2) we obtain that, up to passing to a subsequence, there exists an element
w € LP(Q) such that

(4.29) (lvel 2 vp) = w, in LP(Q), as k — oco.

Sincel<a<2and2.8§p§5,itthusresultsthat1Sp’<2<p<%p<2p<ooand

that {v;}72, is bounded in L%(Q) The reflexivity of L%(Q) puts us in a position to apply the
Banach-Eberlein-Smulian theorem (cf., e.g., Theorem 5.14-4 of [10]) and extract a subsequence,
still denoted {vy}72,, that weakly converges to an element v € Lp/(Q). Consider the mapping

v e LP(Q) — (jv]*2v) € LP(Q),

and observe that this mapping is hemi-continuous and monotone, being the mapping £ € R —
2—«
(I€] 72 €) € R continuous and monotone. Therefore, an application of Theorem 9.13-2 of [10] gives
2—a
that w = |v| = v € LP(Q)). Therefore, the convergence (4.26) reads:

(4.30) (lvel 5% vp) = w = (v "="v), in LP(Q), as k — oc.

~ 2
In order to show that .# is relatively compact in LEP(Q), we have to show that every sequence

{ue}ie, C A admits a convergent subsequence in LQEP(Q) We will see that any of the subse-
quences satisfying (4.27) will serve for this purpose. In this direction, let {v;}7°, denote one of the

subsequences satisfying (4.27) and let v € L= (©) be the weak limit. An application of Lemma 3.2,
the triangle inequality and (4.27) gives:

- a/(2p) B 2P a/(2p)
|vg —v| e dz < ’\vk\a — v]a| dx
Q Q
2 sa ||P a/(2p) 2n 2a |P a/(2p)
= H\vk\ a Uk-‘—‘w o UH dz < ‘|vk| a v — || e v‘ dz
Q Q

/2
— 0 as k — oo.
Lr(9)

2—a 2—a
vk e vk — [v| e

The latter shows that

. 2p
v = v, in La(Q)ask — oo,

in turn implying that the set .# is relatively compact in L® (Q), as it was to be proved. The estab-

lished relative compactness of the set ./ in L% (©2) and the fourth convergence in the process (4.25)
(which in turn implies that the time-derivatives in the sense of distributions are uniformly bounded)

allow us apply Dubinskii’s compactness theorem (Theorem 3.10) with Ay = L%(Q), Ay = L3(Q),
qo = q1 = 2, so that

(4.31) Mgt o) “T Mty — v, in L0, T; L () as £ — 0,

where, once again, the monotonicity of £ € R +— [£ ]aT_Qé , the first convergence in the process (4.25)
and Theorem 9.13-2 of [10] imply that

a—2
U = Ukl 2 k.
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We are left to show that the weak-star limit u, is a solution for Problem P,. Let v € D(Q2) and
let 1 € C1([0,T]). For each 0 < n < N — 1, multiply (4.1) by {vi)(nf)}, getting

n+1|a 2 n+1 ’uﬁea 2 ng}UdiL‘

{n-i—l—

(1.32) Fb(nd) / I PRV Vods — (nt) [ s
1 (n+1)¢
= / E/ a(t)dt | vip(nl) dz
Q nt
Multiplying (4.32) by ¢ and summing over 0 <n < N — 1, we obtain

n+lja—2 n+1 a—2,n

/ ’u ; |un€ un,ﬁv¢(n£)dx
(4.33) + Ze / UV P2V ((nl)o) da
N-1 (n+1)2
i Zﬁ/{unﬂ “vp(nl) dx nz;)ﬁ/ﬂ (2 /M " a(t) dt) vp(nl) dz.

For the sake of brevity, define ¢,(t) := ¢(nf), nl <t < (n+ 1)l and 0 < n < N — 1. Equa-
tion (4.33) can be thus re-arranged as follows:

T
/ /Q Dy(|[Tpwy p|* 2wy, ) v dasby(t) dt
0

T
(4.34) - /0 /Q V- (Y (Tt )P~ 29 (Tt o)) v daie(t)

- % /OT/Q{HWH,Z}_U dapy(t) dt = /OT </Q a(t)v dx) Wi(t) dt

Letting ¢ — 0 and exploiting the convergence process (4.25) and the Riemann integrability of 1,
we obtain:

T/a 9 T
- Ha— <) s d ; d d
/0 <dt (Jw| ) U>W—1,p’(9)7W&’p(Q)w(t) t+/0 /Qg (t)vdzep(t) dt
T ~
:/0 /Qa(t)vdsvw(t) dt

(4.35)
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Let us rearrange the first term on the left-hand side of equation (4.33) as follows:

gz A = R o (ne) da

:/Q{ [ o* 2wk p — Juol* ug] v (0)
+[|Uiea 2 ie—!uiﬂ %u,, ro) v (0)
+ ...
DUN 1a2HN£1 |uN2a2N2]v¢(( 1)0)

[\U,@ea 2uN ‘uN Lja—2 N 1] v (T )}

= / —[uo|*2uguip(0) do
Q

+/Q{[ [t |1y 0 (V) = D (0))] + [l |20 g0 (1 (20) — w(6))]

+ ...
| P T (V= 1)) = $(N = 2)0)]

|l () — (Y = 1)0))] }dx

+ /Q ]ui\fdo‘*zugevw(T) dx

B —J:z_::K/Q a2 o [w(nﬂ) - wg((n — 1)5)] dz

+/ ]ug’gla_zugev@b(T) dx—/ ]ug\a_Quovw(O)dx
Q Q

Therefore, equation (4.33) can be thoroughly re-arranged as follows:

/Q |22 o (T) dr — /Q o] 2uguh(0) da
N—-1
Sl / o VW) ST 1>e>] .

4 Ze / U P2V (b)) da

(4.36)

- Z 6/{u”+1 “up(nb) de = Z e/ ( /(”“)5 )dt> vip(nl) dz

Letting £ — 0 in (4.36) thus gives:

4 o dy T
/0 /QM QUHvdx(itdt+/0 (90 (8): V) 1. () iy ¥ ()

v ' [ 1) = ol o 0o = /O [t deote at

(4.37)

25
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Observe that an application of the Sobolev embedding theorem (cf., e.g., Theorem 6.6-1 of [10])
and an integration by parts in (4.35) give:

N e T L R A

(438) = [ 1@ 2 0p0)0do + /O (9100 0) 1y g (8)

= /0 /Q a(tyv daw(t) dt

Comparing equations (4.37) and (4.38) gives

(s (D)2 T) TN 0) -1y iy — [, [ O (0 (0) e

T
- / / DT — o™ 2ugp(0)]v da
0 Q

Since ¢ € C1([0, T) is arbitrarily chosen, let us specialize 9 in (4.39) in a way such that 1(0) =
We obtain

(4.40) (Jun(T)* 2w (T) = Xy (T)0) 1,00 @wiry =0, forallveD(Q).

Since the duality in (4.40) is continuous with respect to v, and since D(Q?) is, by definition, dense
in VVO1 P(Q), we immediately infer that:

(4.39)

(4.41) |t (T)|*2un(T) = xx € L ().
Thanks to Lemma 3.3, it is immediate to observe that

el 20 = [l (T 20 ()| X = 1w (T) 2 [t (7)1 20 (T)] = i (T) € L ().

Let us now specialize ¢ in (4.39) in a way such that ¢(7") = 0. We obtain
(4.42) / (Juk (0)]* 2wk (0) — uo|* 2up) ¥(0)vdx =0, for all v € D(Q).
Q

Since the integration in (4.42) is continuous with respect to v, and since D(2) is, by definition,
dense in W, ?(2), we immediately infer that:

[ (0)|* e (0) = [uo|* o,

so that the injectivity of the monotone and hemi-continuous operator & + |¢|*2¢ in turn implies
that:

(4.43) uk(0) = up € K.

The last thing to check is that g, = By(ux). For each 0 < n < N — 1, multiply (4.1) by u”+1
and apply Lemma 3.7, thus getting

2 3 (it et
n+1 Tl
+ Z€< ) e >wf1»P’<Q),W3*”(Q>

N-— (n+1)L
Z / / a(tdt u:jgl dz,
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which in turn implies:

1
J H|un
T
(4.44) +/ (Bre(Metn, o), et )y -1 ) wie(

/ / wadxdt* o] QUOHLQ

We now exploit a trick developed by Minty [35] which is, by now, classical. Passing to the
liminf as ¢ — 0 in (4.44) and keeping in mind the convergence process (4.25) as well as the
identities (4.41)—(4.43) gives, on the one hand:

(@)

1 T
a“un( )HLa + lim mf/ <BH(H€U~<,Z)7 HEUR,Z>W—LP’(Q),W01»P(Q) de
0

1 o T
(4.45) - H‘u,i )% 2u HLO‘ @ +hm1nf/ (B (Igwg 0), Mgt g) 1,00 (Q),Wh?(Q) d

// uﬁdxdt+f\\|uoya*uoumm // Fo dad(t) dt + — HUOHLa

On the other hand, the specializations v = w, and ¥ = 1 in (4.35), and an application of
Lemma 3.8 give:

T
Doty + [ (00000 gy O

// tvdzp(t) dt + — ”UOHLa

Combining (4.45) and (4.46) gives:

(4.46)

T

T
(@47 timint | (Bt ). Mot )iy i < /O (900 0) 111y sty )

Let w € LP(0,T; I/VO1 ?(€Q))). An application of the strict monotonicity of the operator B defined
n (4.4) and (4.47) gives:

T
/0 <gn — Brw, uy, — w>W—1,p/(Q)7W017P(Q) dt

T
> hﬁg%lf/o <BH(ng,{75) — Bow, Iyu, o — w)Wilyp/(Q),Wol,p(Q) dt > 0.

(4.48)

Let A > 0 and specialize w = u,, — Av in (4.48), where v is arbitrarily chosen in LP(0, T} Wol’p(Q)).
We obtain that:

T
(4.49) /0 (g — Br(ug — Av)), /\U>W,1,p/(m7wo1,p(m dt > 0.
Dividing (4.49) by A > 0 and letting A — 0" gives:
T
(4.50) /0 (g — B,{uﬁ),v)W_l,p/(Q)7WO1,p(Q) dt > 0.

By the arbitrariness of v € LP(0, T; W, ?(€2)), we obtain that:
(4.51) 9s = Bruy, € L0, T; W 17(Q)),
which thus implies that u, is a solution of Problem P,. This completes the proof. O
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The next step, which constitutes the main novelty of this paper, is the passage to the limit as
k — 07 as well as the recovery of the actual model governing the variation of shallow ice sheets in

time.
The estimates (4.7), (4.10), (4.12) and (4.13) in turn imply that there exists a constant C' > 0
independent of k such that

HURHLOO(O,T;WOLP(Q)) < C’
H\UH\QTM <C,
L (0,T;L%(2))
d
H g7 (el 7100 =
L2(0,T;L2(52))
a—2
e “nHLoo(o,T;La’(Q)) <G
1
H (w20 SC(”)'
Loo(0,T;W =12 () 8

By the Banach-Alaoglu-Bourbaki theorem (cf., e.g., Theorem 3.6 of [7]) we infer that, up to
passing to a subsequence still denoted by {uy }.>0, the following convergences hold:

U = u, in L0, T, W(}’p(ﬂ)),
lue| “Z T v, in L>=(0,T; L*(Q)),
d a2 dv .
% (]u,.i] : uﬁ) — o in L(0, T3 LX()),
[ (0.7; L (92)).

(4.52)

|ty Xw, in L™

Using the same argument as in Theorem 4.4, an application of Dubinskii’s theorem (Theorem 3.9)
2
with Ag := Lo (), Ay := L2(Q), qo = oo and ¢; = 2 gives that:

{|u,{|a772u,$}5>0 strongly converges in L*°(0, T’ L%(Q))
Moreover, by Lemma 2 of [1], it can be established that:
{|u,€| u'{}foo strongly converges in C°([0, T]; L*(Q)).

Therefore, an application of Lemma 3.5 gives that:
(4.53) ux — u, in C([0,T]; L¥(Q)).

The monotonicity argument in Theorem 4.4 and the third convergence in (4.52) in turn imply
that:
v =|u|"T u e HY0,T; L3(Q)).
Define the linear and continuous operator L : C°([0,T]; LY(2)) — L%(9) by:
Lo(v) :=v(0), for all v € C°([0, T]; L¥(2)).

By (4.53) and the continuity of Ly, we have that u,(0) — w(0) in L*(Q2). However, since
uk(0) = up for all kK > 0, we immediately deduce that u(0) = up € K and so that the weak-star
limit u satisfies the expected initial condition.

Note that the variational equations in Problem P, take the following equivalent form:

(154) < (" us(8)) = V- (VP> Vue() — ()™ =a(e), i W (),
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Integrating (4.54) in (0,7) gives:
1 /7 T T T 4
[y a= [T [V @RnOP V) d- [0S GO ) a
K Jo 0 0 o dt
T T
= / a(t)dt +/ V- (u|Vun(t)|p_2Vu,€(t)) dt — [|u,€(T)|°‘_2u,€(T) — ]u0|°‘_2u0]
0 0
T T /
= / a(t)dt +/ \E (M\Vun(t)]p_2Vu,€(t)) dt — Uu,.g(T)]“_zu,{(T) — ug‘_l] . in WMP(Q),
0 0

where the last equality holds since ug > 0 in €, being ug € K by assumption.
Let v € Wol’p(Q) be arbitrarily chosen in a way such that ”’UHWLp(Q) = 1. By Stampacchia’s
0

theorem (cf. the seminal paper [44]) we have that |v| € VVO1 P(Q) as well. We have that:

T T
</ {un(t)}—dt,v> </ Ez(t)dt,v>
0 WL (Q),Wy P (Q) 0 WL (Q),W, P (Q)

T
+ </ V- (| Vue (0[P 2Vu(t)) dt,v>
0 WP (), Wy P (Q)

1

K

<

+ /]uH(T)|°‘2uH(T)vda: +/u8‘_1|v\dx
Q Q

g

€L’ (Q) by (4.41)

T
a -2
< [ 10 sy gy 2+ T 9 (V02900 e P
et ()20 (T) | o ) 10l ) + 1286 1 e 10l o
< allwrroreo@y + TV (1Vsl” Vi) | oo -1 ) + Ts (D () + 10l17 (-

Thanks to Lemma 3.5 and the boundedness of the p-Laplacian, the latter term is uniformly
bounded with respect to k. By the arbitrariness of v € W(} P(Q) with |Jv we deduce that:

T
< / {uﬂ<t>}dt,v>
0 W1/ (@), Wl ()

lwir

1
sup — <C, forall k>0,
vewlr@) F

v 1, =1
ol 0

for some C' > 0 independent of k or, equivalently,

T
(4.55) ! / {un(t)} dt” <C, forall k>0,
K Jo

w-1r'(Q)

for some C' > 0 independent of k. By Bochner’s theorem (cf., e.g., Theorem 8.9 of [30]), we have
that the following inequality is always true:

2 e < [ 0 i

kK W17 (Q)

We now show that the inverse inequality holds true too. ObsErve that, by Stampacchia’s theorem,
we have that {u.(t)}~ € Wol’p(Q), so that {ux(t)}~ > 0 in Q, for a.a. ¢ € (0,7). Therefore, we
have:

(s} 0D gy = [ (e} 0o < [ (a0} Joldz,  for all v e W3 (@),
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for a.a. t € (0,T). Therefore, for a.a. t € (0,T), the supremum

H t 7’ 1 s
Uev?/?g(sz) {us(O} s V)1 ()i r (o)

loll 1m0y =1
WP (Q)

is attained for functions v € VVO1 P(Q) with unitary norm that are either greater or equal than zero

in Q, or less or equal than zero in Q. In view of this remark, we have that:

T - T -
U (T U (T
sup / <{H()},’U> dt = sup / <w,v>
vewdr() Jo K WL (Q),WEP(Q) veWyP(Q) VO v WL (), Wy P (9)
ol 2.9 =1 ol 1op ) =1
v>01in Q
T - T -
Uk (T Uk (T
=[O0 s s | [ (IO )
vew P () Jo K WL (Q),WEP(Q) veW,P(Q) |70 K WP (Q), W P(Q)
Ioly1.0 ) =1 1ol 1.0 () =1
v>01in Q
T —
U (T
< sup / <{’“()}’U> dt,
vewyP() 70 : WL (), W, P ()
”U”Wévp(ﬂ):l

so that the last two inequalities are, actually, equalities.
Let us now show that

(4.56) /T sup <W,v> dt < sup /T w’ dt.
0 | wewlr@) K W12 (), W, P (9) vewy P (@) 70 w
1ol 2.0 =1 ol 1.0 ) =1

Let {vi}22, C Wol’p(Q), Hvkﬂwol,p(m = 1 be such that the following convergence in R holds

(4.57) lim <{u,{} ,vk> = sup ’<uﬁ,v> , ) ,
hmeo a WL (@QWEP@Q)|  wewdri) |V R TWTET) W Q)
ol 1. ) =1

for a.a. t € (0,7). Observe that, for each k > 1, we always have that

asy ws o [T

o )
a W12 (Q), W, P ()
1

<1f: >W1,p/(Q)7W017P(Q) dt.

v =
ol 0

Since the convergence in (4.57) holds for a.a. ¢t € (0,7, we are in a position to apply Fatou’s

lemma (cf., e.g., [39]). A subsequent application of (4.58) gives:

T - T _

/ sup <W,U> dtgliminf/ <W,vk>

0 veW,”(Q) . WLP(Q), W P (2) koo Jo K WL ()W P (9)
ol 10 () =1

< sup /T <W v> dt

B veW, P(Q) YO k WL (), WP (Q)

v 1, =1
ol 0

dt

dt
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and this proves (4.56). A a result of (4.56) and the properties of the Bochner integral (cf., e.g.,
Theorem 8.13 of [30]), we have that:

T - T _
[ H = [ <{uﬁ<t>} >
0 oo llwe 0 wewdP () K W12 (), WP (@)
e
T _
veWlP(Q) JO k W=Lr (Q),WaP ()

||U||W017P(Q):1

= sup
veEW, P (Q)

ol 0y =1

T _
< / {us(t)} dm>
0 K WL (Q),Wy P (Q)

In conclusion, we have shown that:

% /OT{un(t)}— dtH ! /OT {os (£} 1,07 .

w12 (Q) K
Combining (4.55) and (4.59), we obtain that

T
1/0 et} sty A < €, for all >0,

K

0 k WL (Q)

(4.59)

for some C' > 0 independent of k or, equivalently, that

(4.60) { {uz} } is uniformly bounded in L'(0, T; W~ (12)).
k>0

Therefore, we can derive the following estimate plugging (4.60) into (4.54):

d _
sup <dt (|u,{|a 2u,{) (t),v>
UEWOL;D(Q) Wfl,p/(Q),W&vP(Q)
HvHWOI’p(Q):l
(4.61) < sup ’<M\Vun(t)|p*2wn(t)7v>w—1,pf<m,w&"°(sz>‘
veWy P ()

ol gy =1

1 _ ~
+ w10 () + 18O -1 ), for aa. t € (0,T).

Applying the boundedness of p assumed in (H2), the boundedness of {u}.~o established
in (4.52), the boundedness of @ assumed in (H4), the boundedness of the p-Laplacian, (4.60)
and the monotonicity of the integral to (4.61) gives:

T
d
(462) / sup < (|u/{|a_2u,{) (t),’l}> dt < 07
0 wewir) |\ WL (Q), WP ()
9]l 1.0 ) =1
for some C' > 0 independent of k. This means that
d /
{ (\u,{]a_Qu,{)} is bounded in L(0,T; W17 (Q)).
dt k>0

Therefore, there exists a vector-valued measure @, € M([0,T]; W1 (Q)) such that
d

(4.63) 5

(| i) = a0y, in M([0,T); WP (Q)) as k — 0.
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The latter together with the fourth convergence in (4.52) allow us to apply Dubinskii’s theorem
(Theorem 3.9) with Ay = L@ ~DP(Q), A] = W 2(Q), ¢o = (¢/ —1)p > 1 and ¢ = 1. The
monotonicity of the mapping & + [£]*~2¢ finally gives us:

(4.64) | e — w = |u|®2u,  in LU0, T; L -DP(Q)),

and w = |u|*2u € L>®(0,T; L% (2)) by the fourth convergence in (4.52).
Thanks to Lemma 3.5 and the Dinculeanu-Zinger theorem (Theorem 3.11), we have that the
following chain of embeddings holds:

L0, 75 W () < (V0,71 WP (@))) = MU0, T W1 ().

Thanks to Lemma 3.5 and Lemma 3.8, we have that:

T/ d _ ”uﬂ(T)H%a(Q) HUOH%Q(Q)
| (5 Gt Qun<t>),uﬁ<t>> dr = e T
(3

WL (9), Wy P (9) @ @

(4.65)
(o ol
/

; , ask—0T.
« «

Observe that the first convergence of (4.52), namely u, — u in L>(0,T; Wol’p(Q)), implies that
ue —u, in L*(0,T;L*(Q)) ~ L*((0,T) x Q) as & — 0.
The continuity of the negative part established in Lemma 3.2 and the third estimate in (4.14)
give:
[{u} " 20,102 (0)) < 11?_}61f [{us} " 12 0,m522(0)) = 0,

which means that u(t) > 0 a.e. in Q, for a.a. ¢t € (0,7).
Specializing v = u, — w in (4.1), we obtain:
(4.66)

/0T<jt (|u“|a_2”“)’”“_”>w e dt*/ / )|Vt (8)[P > V(1) - V (ug () — u(t)) da dt

_/ /{un ~(un(t) — u(t)) de dt = // () de dt.

Since u,, € C°([0,T); L¥(R2)), we define the extension i, : [-T,2T] — L*(£2) by:

e (—1), if —T<t<0,
G (t) = { un(t), ifo<t<T,

ue(2T —t), i T <t<2T.

Since u € C°([0,T]; L*(£2)), we define the extension @ : [T, 2T — L*(2) by:
u(—t), if —T<t<0,

a(t) == { u(t), if0<t<T,

w@T —t), T <t<2T.

For each — T < 7 < T and all k > 0, define

1

T
. / e+ T2t 4 7) — [0 ()]0 ) gy 1.0y e U
T Jo o

By Lemma 3.7 with £ = a,(t), n = tx(t + 7) and r = a and (4.53), we have that:
K 1T ~ a—2~ ~ a—2~ ~
Yi — T/o (Ja(t+ )] 2u(t +7) — |a(t)] 2“(’5)7U(t»wfl,p’(g),wgvp(g) dt

1 T41 ~ o 1 T «
g_l/ ||u(t)HLa(Q)dt+2Ta,/ [z () dt,

2T T—1 —T
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as k — 0T. Letting 7 — 0 in the latter term, we obtain that:

1T Lo 0T ey ol
g L e B e

2ral Jop_ o

In the special case where |u|*~2u is differentiable a.e. in (0, 7)) (this constitutes another stability
assumption) then it results:

(4.67)
T [} a
d [w(T)Fa [[wol[Fa
lim < (]u,.g|°‘*2u,€) ,u> dt = lim lim Y < — /L () + L/ )
o0t Jo \ d wotr@wg ) T0Re0T « @

Combining (4.65) and (4.67) and the convergence (4.53), we obtain that (4.66) gives:
(4.68) limsup/ / )|V (8) P2V (t) - V(s (t) — u(t)) de dt < 0.
Kk—07T

Since the p-Laplacian in divergence form is pseudo-monotone (cf., e.g., Proposition 2.5 of [31]),
as it is hemi-continuous, strictly monotone and bounded, an application of (4.68) gives:

/ / 2)|Vu()P>Vu(t) - V(u(t) - v(t)) dz di
(4.69)

Sliminf/ / )| Ve (8) P2V (t) - V(g (t) — v(t)) de dt,

k—0t

for all v € L%*0,T; WO1 P(Q)). Observe that the latter space is suitable for treating pseudo-
monotonicity, as it is reflexive.

Let us now consider arbitrary functions v € C°([0, T; WO1 P(Q)) such that v(t) > 0 in Q for all
t € [0,T]. Evaluate the variational equations (4.1) at w, := v — u,, obtaining:

/OT < i (Jur ()] * 2w (t)) s v(t) — uﬁ(t)> dt

WL (2),Wy P (Q)

000 - it

_K/O /Q{uﬁ(t)}—(v(t)—un(t))dmdt
_/OT/Qa(t)(v(t)_uﬁ(t))dxdt.

Let x — 07 and exploit the convergence process (4.52), (4.69) and the fact that the integral
associated with the negative part is < 0, being u(t) > 0 a.e. in Q for a.a. t € (0,7, gives:

(e, 00) s o, m1 -1 (@), 00 (0,17 () / / )| Vu(t) P72 Vu(t) - V(o(t) —u(t)) dzdt

U o up ||,
/ / (v — u) dz dt + [|lu(T )HL (Q)_H OHL (Q)'

o o

We are thus in a position to write down the model governing the evolution of the thickness of a
shallow ice sheet, and to assert that this model admits at least one solution.
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Theorem 4.5. Let Q be a domain in R?. Assume that (H1)—(H4) hold. Let {u,}x>0 be a family
of solutions of Problem P,.. Then, the following convergences hold:

we 2w, in L0, T; Wo P (),
| % e 2 Jul T, in L0, T5 LH(Q)),
d a—2 d a2 . oo

= (el =) = = (") , in L(0, 73 L2(@)),
|u,.€|°‘_2 N |u|*™ 2y, in L°°(0,T; LY (Q)),

d . * . ) P
(el ) 2 5 [ul® )i M0, T W ().
Moreover, if the following stability condition holds
(4.70) |u|*~2u is differentiable a.e. in (0,T),

then u is a solution of the following variational problem:
Problem P. Find u € K := {v € L*>(0,T}; Wo’p(Q)) v(t) € K a.e. in (0,7)} such that
u e L0, T; Wy P(9Q)),

dt (|uy : u) e L2(0,T; L*()),
() € M([0,T) W (),

satisfying the following variational inequalities:

<< d(u\“-2u>,v>> / [ 1@ S e
de M[0,T;W =17 (2)),C0([0,T];W,

« u «
/ / (v — u) da dt + [|lu(T )H/L @ | OHL, (Q))
Qo Qo

for all v € C°([0, TY; WO P(Q)) such that v(t) > 0 in Q for all ¢t € [0,7], as well as the following
initial condition

u(0) = uy,
for some prescribed ug € K. [ |

0

We conclude the paper with a remark where we propose an alternative stability condition, which
is more physically realistic than the abstract stability condition (4.70).

Remark 4.6. Observe that the following condition is sufficient to (4.70): There exists a constant
C > 0 independent of k such that

W) e} s
K

This stability condition, which is more physically realistic than (4.70), strengthens the conver-
gence of the derivative of the nonlinear term and saves us the effort of resorting to vector-valued
measures. |

CONCLUSIONS

In this paper we formulated a time-dependent model governing the evolution of the thickness
of a shallow ice sheet undergoing regimes of melting and ablation. The shallow ice sheet varying
height, that is the unknown the model is described in terms of, is subjected to obey the constraint
of being nonnegative. For this reason, the problem under consideration can be regarded as an
obstacle problem.
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First, we recovered the formal model, based on Glen’s power law.

Second, we incorporated the constraint, in the form of a monotone term, in the model. By so
doing it was possible to write down variational formulation of the model under consideration in
terms of a set of variational equations posed over a vector space. The existence of solutions for
the penalized model was established thanks to the Dubinskii’s compactness theorem and a series
of preliminary results, that we stated in the form of Lemmas.

Third, we let the penalty parameter approach zero and we recovered the actual model, which
takes the form of a set of variational inequalities tested over a nonempty, closed, and convex subset
of the space CO([0, T]; Wy P (Q)).

It is worth noticing that the proofs hinge on two stability conditions, i.e., (4.6) and (4.70) that,
in the same spirit as [37], we were able to replace by the corresponding more realistic ones (4.21)
and (4.71).

At a first glance, the time-dependent model we studied appears to be very challenging and it
is not clear whether it is possible to establish the existence of solutions to it without resorting to
the stability conditions (4.6) and (4.70) (or the more physically realistic stability conditions (4.21)
and (4.71)).

ACKNOWLEDGEMENTS

The first author is greatly indebted to Professor Philippe G. Ciarlet for his encouragement and
guidance.

REFERENCES

[1] J. Barrett and E. Siili. Reflections on Dubinskii’s nonlinear compact embedding theorem.
Publications de | Institut Mathematique, 91, 01 2011. doi: 10.2298/PIM1205095B.
[2] 1. Bock and J. Jarusek. On hyperbolic contact problems. Tatra Mt. Math. Publ., 43:25-40,
20009.
[3] I. Bock and J. Jarusek. Dynamic contact problem for viscoelastic von Karman—Donnell shells.
ZAMM Z. Angew. Math. Mech., 93:733-744, 2013.
[4] 1. Bock, J. Jarusek, and M. Silhavy. On the solutions of a dynamic contact problem for a
thermoelastic von Karméan plate. Nonlinear Anal. Real World Appl., 32:111-135, 2016.
[5] F. Brandt, K. Disser, R. Haller-Dintelmann, and M. Hieber. Rigorous analysis and dynamics
of hibler’s sea ice model. URL https://arxiv.org/abs/2104.01336.
[6] H. Brézis. Problemes unilatéraux. J. Math. Pures Appl. (9), 51:1-168, 1972.
[7] H. Brezis. Functional Analysis, Sobolev Spaces and Partial Differential Equations. Springer,
New York, 2011.
[8] L. Caffarelli and S. Salsa. A geometric approach to free boundary problems, volume 68 of
Graduate Studies in Mathematics. American Mathematical Society, Providence, RI, 2005.
[9] N. Calvo, J. I. Diaz, J. Durany, E. Schiavi, and C. Vézquez. On a doubly nonlinear parabolic
obstacle problem modelling ice sheet dynamics. SIAM J. Appl. Math., 63(2):683-707, 2002.
[10] P. G. Ciarlet. Linear and Nonlinear Functional Analysis with Applications. Society for Indus-
trial and Applied Mathematics, Philadelphia, 2013.
[11] P. G. Ciarlet. Locally Convex Spaces and Harmonic Analysis. An Introduction. Society for
Industrial and Applied Mathematics (SIAM), Philadelphia, PA, 2021.
[12] M. D. Coon, G. A. Maykut, R. S. Pritchard, D. A. Rothrock, and T. A. S. Modeling the pack
ice as an elastic-plastic material. AIDJEX Bull., 24:1-105, 1974.
[13] J. Diestel and J. J. Uhl. Vector measures. American Mathematical Society, Providence, R.I.,
1977.
[14] N. Dinculeanu. Vector measures. Pergamon Press, Oxford-New York-Toronto, Ont.; VEB
Deutscher Verlag der Wissenschaften, Berlin, 1967.
[15] J. A. Dubinskii. Weak convergence for nonlinear elliptic and parabolic equations. Mat. Sb.
(N.S.), 67 (109):609-642, 1965.


https://arxiv.org/abs/2104.01336

36 PAOLO PIERSANTI AND ROGER TEMAM

[16] L. C. Evans. Partial Differential Equations. American Mathematical Society, Providence,
Second edition, 2010.

[17] G. Fichera. Problemi unilaterali nella statica dei sistemi continui. Atti Accad. Sci. Torino CI.
Sci. Fis. Mat. Natur., 111:169-178, 1977.

[18] A. Figalli, X. Ros-Oton, and J. Serra. The singular set in the stefan problem. URL https:
//arxiv.org/abs/2103.13379.

[19] A. C. Fowler. Mathematical Models in the Applied Sciences. Cambridge University Press,
Cambridge, UK, 2005.

[20] J. W. Glen. Thoughts on a vicous model for sea ice. AIDJEX Bull., 2:18-27, 1970.

[21] D. L. Goldsby and D. L. Kohlstedt. Superplastic deformation of ice: Experimental observa-
tions. J. Geophys. Res., 106:11017-11030, 2001.

[22] R. Greve and H. Blatter. Dynamics of Ice Sheets and Glaciers. Springer-Verlag, Berlin Hei-
delberg, 2009.

[23] W. D. Hibler. A dynamic theormodynamic ice sheet model. .J. Phys. Oceanogr., 9:815-846,
1979.

[24] R. L. Hooke. Principles of Glacier Mechanics. Cambridge University Press, Cambridge, UK,
2005.

[25] G. Jouvet. Multilayer shallow shelf approximation: Minimisation formulation, finite element
solvers and applications. J. Comput. Phys., 287:60-76, 2015.

[26] G. Jouvet. A multilayer ice-flow model generalising the shallow shelf approximation. J. Fluid
Mech., 764:26-51, 2015.

[27] G. Jouvet and E. Bueler. Steady, shallow ice sheets as obstacle problems: well-posedness and
finite element approximation. SIAM J. Appl. Math., 72(4):1292-1314, 2012.

[28] G. Jouvet and J. Rappaz. Numerical analysis and simulation of the dynamics of mountain
glaciers. In Modeling, simulation and optimization for science and technology, volume 34 of
Comput. Methods Appl. Sci., pages 83-92. Springer, Dordrecht, 2014.

[29] G. Jouvet, E. Bueler, C. Griser, and R. Kornhuber. A nonsmooth Newton multigrid method
for a hybrid, shallow model of marine ice sheets. In Recent advances in scientific computing and
applications, volume 586 of Contemp. Math., pages 197-205. Amer. Math. Soc., Providence,
RI, 2013.

[30] G. Leoni. A First Course in Sobolev Spaces, volume 181 of Graduate Studies in Mathematics.
American Mathematical Society, Providence, Second edition, 2017.

[31] J.-L. Lions. Quelques méthodes de résolution des problémes aux limites non linéaires. Dunod;
Gauthier-Villars, Paris, 1969.

[32] J.-L. Lions and E. Magenes. Non-homogeneous boundary value problems and applications. Vol.
1. Springer-Verlag, New York-Heidelberg, 1972.

[33] X. Liu, M. Thomas, and E. S. Titi. Well-posedness of hibler’s dynamical sea-ice model. URL
https://arxiv.org/abs/2104.09264.

[34] L. Michel, M. Picasso, D. Farinotti, A. Bauder, M. Funk, and H. Blatter. Estimating the ice
thickness of mountain glaciers with a shape optimization algorithm using surface topography
and mass-balance. J. Inverse Ill-Posed Probl., 22(6):787-818, 2014.

[35] G. Minty. Monotone (non linear) operators in hilbert spaces. Duke Math. J., 29:341-346, 1962.

[36] G. K. Pedersen. C*-algebras and their automorphism groups. Pure and Applied Mathematics
(Amsterdam). Academic Press, London, 2018.

[37] P. A. Raviart. Sur la résolution et I’approximation de certaines équations paraboliques non
linéaires dégénérées. Arch. Rational Mech. Anal., 25:64-80, 1967.

[38] P. A. Raviart. Sur la résolution de certaines équations paraboliques non linéaires. J. Functional
Analysis, 5:299-328, 1970.

[39] H. L. Royden. Real analysis. Macmillan Publishing Company, New York, third edition, 1988.

[40] R. A. Ryan. Introduction to tensor products of Banach spaces. Springer Monographs in
Mathematics. Springer-Verlag London, Ltd., London, 2002.

[41] C. Schoof. A variational approach to ice stream flow. J. Fluid Mech., 556:227-251, 2006.


https://arxiv.org/abs/2103.13379
https://arxiv.org/abs/2103.13379
https://arxiv.org/abs/2104.09264

DYNAMICAL SHALLOW ICE SHEETS 37

[42] C. Schoof. Variational methods for glacier flow over plastic till. J. Fluid Mech., 555:299-320,
2006.

[43] J. Simon. Régularité de la solution d’une équation non linéaire dans RY. In Journées d’Analyse
Non Linéaire (Proc. Conf., Besangon, 1977), volume 665 of Lecture Notes in Math., pages
205—-227. Springer, Berlin, 1978.

[44] G. Stampacchia. équations elliptiques du second ordre & coefficients discontinus. Séminaire
Jean Leray, (3):1-77, 1963-1964.

[45] K. Yosida. Functional analysis. Classics in Mathematics. Springer-Verlag, Berlin, 1995. Reprint
of the sixth (1980) edition.

[46] W. H. Young. On Classes of Summable Functions and their Fourier Series. Proc. R. Soc.
Lond. Ser. A Math. Phys. Eng. Sci., 87:225-229, 1912.

[47] 1. Zinger. Linear functionals on the space of continuous mappings of a compact Hausdorff
space into a Banach space. Rev. Math. Pures Appl., 2:301-315, 1957.

DEPARTMENT OF MATHEMATICS, INDIANA UNIVERSITY BLOOMINGTON, 831 EAST THIRD STREET, BLOOMING-
TON, INDIANA, USA
Email address: ppiersan@iu.edu

DEPARTMENT OF MATHEMATICS AND INSTITUTE FOR SCIENTIFIC COMPUTING AND APPLIED MATHEMATICS, IN-
DIANA UNIVERSITY BLOOMINGTON, 729 EAST THIRD STREET, BLOOMINGTON, INDIANA, USA
Email address: temam@indiana.edu



	1. Introduction
	2. Analytical notation and formal derivation of the model
	3. Weak formulation of the unilateral boundary value problem
	4. Existence of weak solutions and variational formulation for Problem (2.33)
	Conclusions
	Acknowledgements
	References

