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GLOBAL EXISTENCE FOR A HYDROGEN STORAGE MODEL
WITH FULL ENERGY BALANCE

ELENA BONETTI, PIERLUIGI COLLI, AND PHILIPPE LAURENCOT

ABSTRACT. A thermo-mechanical model describing hydrogen storage by use of metal hydrides has
been recently proposed in [4] describing the formation of hydrides using the phase transition approach.
By virtue of the laws of continuum thermo-mechanics, the model leads to a phase transition problem in
terms of three state variables: the temperature, the phase parameter representing the fraction of one
solid phase, and the pressure, and is derived within a generalization of the principle of virtual powers
proposed by Frémond [11], accounting for micro-forces, responsible for the phase transition, in the
whole energy balance of the system. Three coupled nonlinear partial differential equations combined
with initial and boundary conditions have to be solved. The main difficulty in investigating the
resulting system of partial differential equations relies on the presence of the squared time derivative
of the order parameter in the energy balance equation, and actually this term was neglected in the
analysis performed in [4]. Here, the global existence of a solution to the full problem is proved
by exploiting known and sharp estimates on parabolic equations with right hand side in L'. Some
complementary results on stability and steady state solutions are also given.

1. INTRODUCTION

Let us consider a bounded smooth open set Q C RV, 1 < N < 3, with boundary I', and some
final time 7" > 0. In the space-time cylindrical domain @ := 2 x (0,7T) we deal with the following
evolution problem

e — A0 = —h(0)0px + 1 (9ix) 2, (1.1)
e =10, x) =0 — x(h(0) — O1'(9)), (1.2)
pox — Ax + & = h(6) —logu, (1.3)
€ € B(x) := 0Ijp,1(x) +1og(1 + x), (1.4)
Ou—Ap =0, (1.5)
p=u(l+y), (1.6)
with the boundary conditions

000 = Opux =0up+1p =0 (y>0), (1.7)

in ¥ =1 x (0,7), and the initial conditions
e(+,0)=-ep, x(-,0)=x0, u(-,0)=wy in . (1.8)

The system (1.1)-(1.8) originates from a thermo-mechanical model introduced in [4] and describing
hydrogen storage by use of metal hydrides. Hydrogen storage, which turns out a challenging subject
in energetic and industrial applications, basically implies a reduction in the enormous volume of
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hydrogen gas: so pressure plays a fundamental role in the evolution of the phenomenon. There are
basically six methods to store hydrogen reversibly with a high volumetric and gravimetric density:
one of them is by metal hydrides. This technique exploits the possibility of many metals to absorb
hydrogen: such metals and alloys are able to react spontaneously with hydrogen and they can store
a large amount of it. These materials, either a defined compound or a solid solution, are designed as
metal hydrides: their use in the hydrogen storage is of interest in terms of safety, global yield, and
long-time storage.

Following a usual approach in thermodynamics, Bonetti, Frémond and Lexcellent [4] derived the
governing equilibrium equations (actually simplifying some physical assumptions, but ensuring ther-
modynamical consistency). The model has next been resumed and extended in [8].

Let us comment about the physical meaning and derivation of equations (1.1)-(1.5). As already
mentioned, metals are able to absorb hydrogen atoms and combine with them to form solid solutions.
The existence of two solid phases is supposed and the occurrence of one phase with respect to the
other depends on the pressure p of the hydrogen. The volume fraction y of one of the phases is taken
as a state quantity. Then, assuming that no voids appear in the mixture, the volume fraction of the
other hydrogen phase is simply given by 1 —y. Hence, x has to satisfy the relation 0 < y < 1, which
is ensured by the inclusion (1.4) due to the presence of the subdifferential of the indicator function
Ijo1) of the interval [0, 1] as a component of the maximal monotone graph /3. Recall that the indicator
function Iy is given by Ijoq(x) = 0 if x € [0,1], and Ijg1)(x) = 400 otherwise. Note that 3 also
contains the contribution of the smooth (when restricted to [0, 1]) increasing function log(1 + x) (in
our notation, logr = s if » = e®). The graph  is actually multivalued and maximal monotone (see,
e.g., [7, 1]), with £ € B(x) if and only if

<0 if x=0
¢ —log(1+x) =0 if O<xy<1
>0 if x=1

Besides the phase parameter y along with its gradient Vx accounting for local interactions between
the different phases, the other state variables of the model are the absolute temperature 6 and the
hydrogen pressure p. Constitutive relations for the state quantities are chosen in such a way that
the principles of thermodynamics are satisfied.

The first equation (1.1) is derived from the first principle of thermodynamics. It is obtained gener-
alizing the principle of virtual powers as proposed by Frémond in [11], i.e. including internal power of
micro-forces (which are responsible for phase transitions) in the energy balance. In particular, note
that in the right hand side, we have the quadratic nonlinearity (9;x)? standing for the internal power
of dissipative micro-forces. The auxiliary variable e is prescribed in terms of # and y by relation
(1.2) via the smooth function . In fact, ¢ satisfies all the good properties we need (in particular,
invertibility with respect to the first variable) since the function A is smooth and small enough (see
[4, 8]): more precisely, we assume that there exists a constant ¢, > 1 such that

he C*(R)NW>®(R), ||hllwesm) +sup |[rh'(r)] < ¢ (1.9)
reR
1
. <1+7h"(r)s <¢, forall reRandse]l0,1]. (1.10)
h

Equation (1.3), describing the evolution of the phase parameter, comes from the already mentioned
generalization of the principle of virtual power in which micro-movements (related to the evolution of
X as they are linked to changes of micro-structure) are included [11]. Equation (1.5) is deduced from
the usual continuity equation, in which the velocity is assumed to be proportional to the gradient



(GLOBAL EXISTENCE FOR A HYDROGEN STORAGE MODEL 3

of the pressure. The structure of equation (1.3) (along with (1.4)) is by now quite standard in the
framework of phase field models: observe however that in the right hand side one has to handle
the singular term logu (or alternatively logp). Then, one has to recover admissibility and enough
regularity for logwu from both (1.5)-(1.6) and the initial datum wug, that has to be strictly positive.
The same can be repeated for eq if we want to guarantee that the absolute temperature # remains
positive during the evolution, as it should be: but concerning (1.1), we can be more flexible and
develop our existence theory also in the general case, without sign restriction.

About boundary conditions (1.7), we explain that 0, denotes the outward normal derivative on
the boundary. Hence, Neumann homogeneous boundary conditions are set for 6 and y, while the
condition for p states that the hydrogen flux through the boundary is somehow proportional to
the value of the interior pressure on I'. Anyhow, in our contribution we treat the case v = 0 too,
corresponding to the case when the system is perfectly isolated.

Now, let us briefly discuss the presence of dissipative quadratic nonlinearities and the coupling
of phase transitions with pressure. Concerning phase changes with microscopic motions, there is a
comprehensive literature on a class of models, some of them originating from the theory developed by
Frémond [11]. In this respect, we first refer the reader to [6]: the resulting system of phase field type
is characterized by the presence of new nonlinearities, like (9;x)? and 9y, which were not present
in the classical formulation of phase field systems (not accounting for microscopic stresses). Several
authors have dealt with this kind of problems and various situations have been analyzed. However,
mainly for analytical difficulties due to the presence of nonlinearities, to our knowledge there is no
global in time well-posedness result for the complete related system in the 3D (or 2D) case. A global
existence result is proved in the 1D setting [13, 15] or for a non-diffusive phase evolution [9]. Other
results have been obtained for some regularized versions of the problem [3]. Weak solutions in terms
of energy conservation (of Feireisl type) have been recently constructed in [10]. In addition, if we
focus on the presence of the pressure, and thus on the continuity equation, note that some recent
papers have dealt with phase transitions allowing different densities of the phases or adding the
possibility of voids (see, for instance, [5, 12], where internal constraints on the pressure are given
through indicator functions).

In our system, the unpleasant nonlinearity in the right hand side of (1.1) includes u (9,x)? with
i being a positive parameter. Note that the same p appears as the coefficient of 0;x in (1.3). Since
our aim is showing the existence of a possibly weak solution to the initial boundary value problem
(1.1)—(1.8), the presence of 11 (9yx)? in (1.1) creates, as we have already pointed out, a difficulty from
the mathematical point of view. For this reason, the authors of [4] suppressed it in the first analysis
they carried out after the derivation of the model. That term is instead maintained in [8], where
equation (1.3) is replaced by

uoyx — vAOx — Ax + & = h(0) — log u, (1.11)

where v stands for a small positive coefficient. The additional term —vAd, x actually contributes for
a better regularity of d;x, and consequently the nonlinearity p (9;x)? to be handled in (1.1) turns
out to be smoother.

In the present contribution we can overcome the mentioned difficulty by exploiting an argument
by Boccardo and Gallouét [2] for the study of second-order nonlinear parabolic equations with right
hand side in L'. We prove the global-in-time existence of a weak solution to (1.1)—(1.8) by taking
(in Section 3) an approximation of the problem based on (1.11), with a small parameter v intended
to go to zero in the limit procedure. Then we derive a priori estimates in Section 4 and finally
perform the passage to the limit: this is the subject of Section 5 which concludes the existence proof.
Section 6 is devoted to the proof of some complementary results stated in Section 2 (along with the
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main existence theorem) and regarding positivity of the variable 0, stability estimates in the case
~v > 0 and stationary solutions for the case v = 0.

2. MAIN RESULT

In this section, we make precise assumptions on the data, specify our notion of solution to problem
(1.1)-(1.8) and state our existence result. For convenience we set

Vi=H'(Q) H:=L*Q), W:={veHQ): d,v=0o0nT}, (2.1)

and endow these spaces with their standard norms, for which we use the self-explanatory notations
|- |z, || - ||y, and || - [|w (the norm in L?(Q; RY) being also denoted by || - ||z). We remark that the
embeddings W C V' C H are compact, because €2 is bounded and smooth. Since V is dense in H,
we can identify H with a subspace of V' in the usual way (i.e., so as to have that (u,v) = (u,v)y for
every u € H and v € V'); the embedding H C V" is also compact. Let 7" > 0 and set Q = 2 x (0,7
and X =T x (0,7).

We next recall that
w>0 ~v>0, h:R—R satisfies (1.9)-(1.10) (2.2)
and introduce the operators A, A: V — V' specified by

(Ayv,w) ZZ/VU'V’LUCZZL’—I—’}//’U’LUCZI VoweV, A=A. (2.3)
Q r

In view of the definition of ¢ : R x [0,1] — R given in (1.2), it is straightforward to check that the
partial derivatives 011, 0o1) (with respect to first and second variable, respectively) satisfy

L a(rs) = 14 H (s < en, 1000, )| < |A()] + [PH(r)] < cn
ch (2.4)

for all 7 € R and s € [0, 1].

In particular, by looking at (1.2) again, we remark that for all e € R and x € [0, 1] there exists a
unique 6 € R fulfilling e = (0, x), and we denote by 1)~! the inverse function of 1) with respect to
the first variable. Clearly, the partial derivatives of ¢ ~! satisfy

L <0 rs) Scn 107 ()] IO (1, ) (0 (1), 8)] < (e
Ch (2.5)

for all r € R and s € [0, 1].

In order to develop our existence theory, due to the presence of the term g (9;x)? in (1.1) we should
give a meaning to (1.1) also when the right hand side is just in L'(Q). To this aim, let us extend
the operator A in (2.3) from W4(Q) to (WH(Q)Y,

(Av,w) = / Vu-Vwdr forall (v,w) € WH(Q) x W*l,q’(Q)7
Q

(2.6)
N +2 1 1
il —+=-=1, ¢>N+2.

where 1 < q < m, q q,

We now introduce the proper convex lower semicontinuous function 3 : R — [0, 4+00) defined by

B(T) _ /o log(14s)ds if 0<r<1 | @7

+o00 elsewhere
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so that 3(r) > (0) = 0 for r € R, and its subdifferential is nothing but 8 (cf. (1.4)). Hence, let us
consider the functionals (cf. [8, formulas (58)—(66)])

Tun(o) = /Qﬁ(v) de if ve H and S(v) € L'(Q) W)= Ju) i veV 28)
+00

if veH but fv) & L'(Q)

It is known that the inclusion w € [B(v) a.e. in Q can be rewritten as w € dyJy(v) provided
(v,w) € H x H or reinterpreted in terms of the subdifferential dyy.J : V — 2" (different from
the previous subdifferential Oy Jy : H — 2) as w € Oy J(v) if (v,w) € V x V'. Thus, this last
inclusion can be seen as an extension of the previous ones whenever v € V. We note in particular
that

OgJu(v) = HN Oy J(v) forall wvelV, (2.9)

and announce that for our convenience we will use dy1+J in the variational formulation of (1.1)—(1.8)
to account for relation (1.4).

Concerning equation (1.5), we point out that we shall take advantage of a time-integrated version
of it which is obtained with the help of the corresponding initial condition in (1.8), that is,

u—A(1 % p) = uo, (2.10)

where (1% p)(-,t) = /Otp(~,s)ds for t € (0,7).

At this point, we can prescribe the conditions on the initial data. We assume that

eo € L'(Q), xo €V with 8(xo) € L'(Q),

2.11
ug € L(Q) NV’ such that loguy € L'(€). (2.11)

Let us just notice that the requirement on x, exactly says that yo € D(J), i.e. xo lies in the domain
of J, and this obviously entails 0 < yg < 1 a.e. in €. The assumption on ug implies that both ug
and log ug are in L'(Q), whence in particular ug is strictly positive a.e. in Q.

Here is our notion of weak solution to the problem (1.1)—(1.8).

Definition 2.1. We say that the sextuple (e, 0, x, &, u, p) is a weak solution to problem (1.1)—(1.8) if

N +2
e, 0 € LY0, T;WH4(Q))  for some q fulfilling 1< q < N 1 T (2.12)
dre € LMNO,T; (W (Q)Y)  with ¢ = Ll > N +2, (2.13)
q—
x € H'(0,T; H) N L2(0,T; V), (2.14)
e L*0,T; V), (2.15)
uwe L>®0,T;V')NL*0,T; H) and u>0 a.e. inQ, (2.16)
p € L*(0,T; H) with 1xpec L*>®(0,T;V) (2.17)
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and the following equations and conditions are satisfied:
O+ A0 = —h(0)0,x + pdyx? in (WH(Q)), a.e. in (0,T), (2.18)
e=¢0,x) a.e inQ, ( )
uox + Ax + & =h(0) —logu in V', a.e. in (0,7T), (2.20)
£(t) € Oy J(x(t))  forae t e (0,T), (2.21)
u+ A, (1xp)=uy nV', ae in(0,T), (2.22)
p=u(l+x) ae inQ, (2.23)
e(0) =¢q in (WH'(Q)), x(0)=xo in H. (2.24)
As a remark, note that the right hand side of (2.18) is only in L'(Q), and we have L'(Q2) C

(W4(Q))". Indeed, seeing that ¢ > N, then W (Q) is densely and compactly embedded in
L>(€2). We also point out that the inclusion (2.21) yields

0<x<1 ae inQ, (2.25)

as a consequence, since x(¢) has to belong to D(0y.y+J) C D(J) for a.e. t € (0,T). The positivity
requirement on u € L*(Q) (cf. (2.16)) ensures that logu is well defined and measurable as a function:
in addition, by comparing terms in (2.20) we read that logu € L*(0,7;V’) at least. The initial
conditions in (2.24) make sense due to (2.12)—(2.13), which entail the continuity of e from [0, 7] to
(WL4(Q))’, and (2.14).

It is time for us to state our existence result.

Theorem 2.2. Under the assumptions (2.2) and (2.11), there exists a weak solution (e, 0, x, &, u,p)
to problem (1.1)—(1.8) in the sense of Definition 2.1. Moreover, the further reqularity properties

e, 0 € L=(0,T; L'(Q)) N L™(Q) N LU0, T; Wh4(Q))

for all r, q fulfilling 1 <r < N+ 2, 1<qg< %, (2.26)

x € C°[0,T); V)N L*0,T; W), (2.27)

€ € L2(0,T; H), (2.28)

ue L>®(0,T; LY(Q)) and logu € L>(0,T; L' () N L*(0,T;V) (2.29)

hold true for (e, 0, x,&,u,p).

Remark 2.3. In view of (2.9) and (2.21), it turns out that (2.28) ensures the validity of {(t) €
OuJu(x(t)) for a.e. t € (0,7"), which in turn yields (1.4), that is £ € S(x) a.e. in . Thanks to
(2.27) and (2.29), we infer from (2.20) that (1.3) is solved almost everywhere as well, which is not the
case for the other equations (1.1) and (1.5). In fact, for that we would need a additional regularity
for (e,0) and (u, p), respectively. Note however that equation (2.10) is satisfied a.e. in @ if up € H,
since in this case

1xpe L*0,T; H*(Q)); (2.30)
indeed, (2.30) is a consequence of (2.17), A(1xp) € L*(0,T; H) and known elliptic regularity estimates
which exploit the smoothness of the domain and of the boundary condition. Anyway, we would like
to emphasize that (1.5) holds true in the sense of distributions in Q.
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The next statement regards positivity of the variable #, which is consistent with the fact that it
represents the absolute temperature.

Theorem 2.4. Assume that

logfy € L*(Q), where 0y := 1" (eo, Xo0), (2.31)
in addition to (2.2) and (2.11). Then the solution (e, 0, x, &, u,p) specified by Theorem 2.2 satisfies
log# € L>=(0,T; LY(Q))n L*(0,T; V), O c L*(Q) (2.32)

Vo

and in particular @ > 0 a.e. in Q.

We also have two results concerning the large time behaviour in the case v > 0 and the steady
state solutions for the problem with v = 0.

Theorem 2.5. Let v > 0 and the assumptions of Theorem 2.2 hold. Then, we have that

u € L*(0,+00; L*(Q)) and ||u(t)||y: decays to zero exponentially as t — +oo.

In connection with this statement, note that u(t, + ) — 0 strongly in L*(0,T; H) for all T > 0
and for any sequence t,, — +00. In some improper way, this kind of convergence to zero of u would
entail that the right hand side of (2.20) tends somehow to +o0, due to the presence of —logu. Thus,
we expect that x(¢) goes to 1, or becomes 1 from a certain time, which corresponds to one of the
two solid hydrogen phases that becomes dominant at a long range.

Theorem 2.6. Let v = 0. If (e,0,x,&,u,p) is a stationary weak solution to (1.1)—~(1.8), then the
elements of the sextuple are all constant functions satisfying

if h(0) —logp >0 then x =1 and p = 2u,

if h(f) —logp=0 then 0 <x <1 and p= (14 x)u,

if h(0) —logp <0 then x =0 and p=u.

3. APPROXIMATION OF THE PROBLEM

In order to prove Theorem 2.2, we introduce a regularizing term in (2.20), take advantage of the
results shown by Chiodaroli in [8], prove uniform estimates and then pass to the limit with respect
to the approximation parameter.

We also regularize initial data and deal with a sequence of strictly positive values {7, }nen to be
used in the boundary condition for p (cf. (1.7)): more precisely, we assume that

Yo >0, 7, =7, whence A, — A, in L(V;V'), as n — oco. (3.1)
Besides, we require the following conditions for the approximating initial data:
Xon € W N D(ByyJ), and consequently B(xon) € L'(), (3.2)
€ons Oon €V, where 0, := V" eon, Xon), (3.3)
Uon, Pon € V, where po, := o, (1 + Xon), and logug, € L*(), L € H. (3.4)

Pon
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Clearly, €on, Xon, Uon are smoother than the data eq, xo, uo satisfying assumption (2.11). Morever,
we also ask that

eon — €0 in LYQ), Xon = Xxo in V. wup, —uy in V' as n— oo, (3.5)

Ixonllfy < Cmy |Juon — loguon|| i) < C for all n € N. (3.6)

Here and in the sequel, C' denotes a positive constant, possibly depending on data but independent
of n, that may change from line to line and even in the same chain of inequalities. Let us also note
that we do not need to prescribe any boundedness property for {3(xon)} in L*(€2): indeed, this is
ensured by (3.2), which implies 0 < xq, < 1 a.e. in © and consequently (cf. (2.7))

Moreover, the strong convergence of o, to xo stated in (3.5) also entails
J(xon) = J(x0) as n— oo. (3.7)
Let us now briefly sketch how to construct the sequence of approximating initial conditions
(€on, Xon, Uon) satisfying (3.2)—(3.7). First, there is no problem in constructing a sequence {ep,}

that fulfills (3.3) and converges to e in L'(2): it suffices to extend e outside of ) by zero and then
regularize it by taking a convolution product over RV with a sequence of mollifiers.

As for {xon}, we consider the sequence of solutions to

1 .
Xon + EAXOn =Xo In V/ . (38)

Since xo € V, we have xo, € W and 0 < g, < 1 a.e. in ) by the maximum principle. Moreover, we
have that xo, € D(0v,y+J): indeed, log(1 + xon) € Ov.v'J (xon) as

T(xon) = / Blxon) dr < / log (1 + Xon) (Xon — X0 da + / Blxo) da

= <10g(1 + XOn)> Xon — XO> + J(XO)

By the choice (3.8), the first inequality in (3.6) holds true. To check it, it suffices to test (3.8) by
Xon first and then by Axyg,, integrating by parts in the right hand side. Furthermore, in singular
perturbations like (3.8) a standard argument allows to deduce the strong convergence o, — Xo by
proving weak convergence plus convergence of norms.

The same kind of approximation can be assumed for ug. In fact, let us take the solution wug, to
1 1 .
Uogn + —Augy, = ug + — in V', (3.9)
n n

with the additional 1/n in the right hand side. It is straightforward to see that ug, € V and ug, > 1/n
a.e. in €, the latter following from the comparison principle. Then (3.4) follows and 1/p, is even in
V' N L*(R). Further, if we test (3.9) by (1 — 1/ug,) and observe that r +— (1 — 1/r) is the derivative
of the positive and convex function r +— r — logr, we find out that

1
/(uOn — log ugy,) dz — /(uo —log ug) dx < / <1 - —) (won — wo) dx
Q Q Q Uon

1 1 1 1 Q
§/ <1——) (u()n—uo)d:)s—l——/|Vlogu0n|2dx§/—(1——) d:)sgu
Q Uon, nJjo on Uon n

0< /(u(m — log ugy,) do < /(uo — logug) dz + |9,
Q 0

as well as
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and the property ||uo, —loguo,| 11 < C turns out from (2.11).

The following proposition is a consequence of [8, Theorems 2.3 and 2.5] and it holds for all n > 1.
Proposition 3.1. Under the assumptions (2.2) and (3.2)~(3.4), there exists a sextuple
(677/7 977/7 Xn? €n7 un? pn)
fulfilling
€ny O € H'(0, T H) N L*(0,T5V), (3.10)
Xn € WH(0,T5V) N L=(0, T; W) N L>(Q), (3.11)
&, € L*(0,T; V), (3.12)
u, € HY(0,T; HYNL®(0,T;V) and logu, € L=(0,T; L*(QY)) N L*(0,T;V), (3.13)
P € H'Y(0,T; H) N L>(0,T;V) N L*(0,T; H*(2)) (3.14)

and the following equations and conditions are satisfied:

Oren + Al = —h(0,)0xn + 1 (0 xn)? in V', a.e. in (0,T), (3.15)

en =UV(0n, Xn) a.e. in Q, (3.16)

O xn + %A(@txn) + Axn + & = h(0,) —logu,, m V', ae. in(0,7T), (3.17)
En(t) € Oy J(xn(t))  fora.e. t € (0,7), (3.18)

up + A, (Lxp,) =up, V', ae in(0,T), (3.19)
Pn=un(1+ xn) ae in @, (3.20)

en(0) =eo, V', xu(0)=x0n in H. ( )

After the statement, we note that the regularity properties (3.10)—(3.14) entail (2.12)—(2.17) and
(2.26)-(2.27), (2.29). On the other hand, (2.28) is not granted by (3.12): in fact, from (3.17) it just
follows that

n T A(Oixn) + &n € L°(0, T H) + L*(0,T5V)

(cf. (3.11) and (3.13)), but A(J;x,) is only in L>°(0,7;V'). An additional remark concerns equation
(3.19) which can be rewritten for u,, and p, as

O + Ay p, =0 In V' ae in (0,7) (3.22)
along with the initial condition
un(0) = up, in H. (3.23)

Note that (3.22) and (3.13)—(3.14) imply that u,, and p,, solve (1.5) and the related boundary condi-
tion almost everywhere. The same can be established for (3.15) which yields the analog of (1.1) a.e.
in Q: indeed, (3.10)—(3.11) entail A6, € L*(0,T; H) so that 6,, € L*(0,T; W) too. As a last remark,
we point out that (3.10), (3.16) and (1.9) allow us to rewrite (3.15) as

(14 xnbnh"(0,)) 0,0, + Ab,, = —0,1'(0,)0ixn + 1(9xn)* in H, a.e. in (0,7). (3.24)
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4. A PRIORI ESTIMATES

Now, we carry out the uniform estimates, independent of n, and useful to pass to the limit.

First a priori estimate. Test (3.17) by x, and (3.22) by (1 — 1/u,): this is formal but it can be
made rigorous by using a truncation of the function r +— (1 — 1/r) in a neighborhood of zero. Then,

we add the two equalities by easily inferring

1 t t
Sl + 5@+ [ IV ds + [ (@ls)oxalo) s
n — logu,)(t)d t )|V log u,|* dad nt n) (U, — 1) dad
+/Q(u 0g uy,)(t) x+/0/9(1+x)\ 0g Uy |* drds + /O/F(l—l—x)(u 1) dzds

1
< Exonlly + —nHvXOnHz + [ (= 10g00,)

t
// — log u, ) xn drds — // UnVXn - V?én dxds.
0JQ Uy,

Owing to (3.18) and the monotonicity of dy,+J, we have (§,, x,) > 0 a.e. in (0,7): indeed, note
that the value 0 corresponds to the minimum of J (cf. (2.8)) whence 0 € dy,,+J(0). Moreover, since

0<xn<1 aswellas u, >0 ae. in @ (andin X), (4.1)

and .
r—logrzg(r+|logr|), r>0, (4.2)

it follows from (1.9) and (4.1) that

// —logun)xndxds<ch+//|logun|d1’d8<ch—l—3 // n — logu,) drds,

while we remark that

t V t
// unVXn~ " drds = — // Vxn - Vlogu, dxds
< 2// \Vxn\2dxds—|— // |V log u,|? dzds.

We also recall (3.5)—(3.6) and finally apply the Gronwall lemma to deduce that

Ixtn |l oo 0,71y L2 0,1v) + —=1Xnll oo (0,73v) + [t Lo 07012
( JNL2( ) \/ﬁ ( ) ( () (4.3)
+ || log un || Lo (0,721 (2))nL2 (0,13v) + Vulltn L1 (z) < C.

Second a priori estimate. Test (3.17) by OJ;x,: as the right hand side h(6,,) — logu, of (3.17) is
bounded in L*(Q) thanks to (1.9) and (4.3), by a standard computation we deduce that

1 .
| Xl #1015y Lo (0,75v) + %HatXnHL?(O,T;V) + |B(xn) || Lo 0,31 () < C. (4.4)

Third a priori estimate. Rewrite (3.17) as
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with f, := h(6,) —logu, — pd;x, already bounded in L?(0,T; H). Then we can formally test (4.5)
by Ax, (such estimate is performed rigorously in [8, formulas (173)—-(175)]) and recover, with the
help of well-known elliptic regularity results,

1
n : — || Axnll 0.1 < C 4.6
IXnll 220,75 + \/ﬁH Xnll Lo (o,1:m) (4.6)
provided (3.6) is used to control n™"2|| Axon | -
Now, thanks to (4.4) and (4.6), it turns out that &, = f, — A(0;xn)/n — Ax, fulfills

1€nll 20,7 < C. (4.7)

Fourth a priori estimate. We test (3.19) by p, and arrive at

t | 2
pn‘ 1 2

dxds + = ||V (1 % p,)(t / 1% p,)(t)]° dz
/0/91+xn 2H ( Wi + ( )

< luonllv [ (1 +pa) )y < IIU()nIIv'/0 [ ()] ds + [won|[v/[[V (1% pn) (8)]]

whence, as (1+ x,)"! > 1/2 a.e. in Q, using (3.5), Holder’s and Young’s inequalities we obtain

1/t 1 Yn
1 [Ialds + 5190 m)@i + 2 [1aepopar <c
0 r
thus without exploiting the boundary contribution on the left hand side.
Then, recalling also (3.20) we deduce that

HunHL2(0,T;H) + Hl * pn||H1(0,T;H)mLoo(o,T;V) + VU ||1 * pn||Loo(o,T;L2(F)) <C. (4-8)

Fifth a priori estimate. We test (3.22) by v(1 + u,)~" where v is an arbitrary function in
WENTLH(Q) € L>(2) and integrate only over €. Note that, owing to (3.13) and the positivity of u,,,
the function v(1 + u,)~! actually belongs to V.

Before proceeding, we also remind (4.3) and immediately deduce that
[ log(1 4 wn) || oo 0,21 (@))nL20,73v) < C (4.9)
from the analogous estimate on logu,,.

Then, with the help of (3.22) and (4.1) we obtain

/ O log(1l + uy,) vdx
0

v Uy,
V(un(1+xn))-v <1+un) dx—i-%/F 1+un(1+xn)vd:c

1
( (1 4+ xn)Vu, + u, V) - ( Vo — Y Vun) dx
|V, |?

29, d
T 15w + ’Y/FM T
/(< .
Vu,
190] 4 o] [V 1o

u
d C )
/Q ( +un 1+un) T+ ||“||L1(F)
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Consequently
[(0:log(1 + un), v)|
< 2||Vlog(1 + ua) | Vol + 2/ V log(1 + ) [5]v]| L= (0
HIVXalla Vol g + VXl e |V 1og(1 + w,) || #][v]| Lo @) + CHUHLl(F)
< O (14 [V log(1+ u) s + V) [0l
a.e. in (0,7). Therefore, in view of (4.9) and (4.4) we infer that
||8t log(l + Un) HLl(O,T;(W1'N+1(Q))’) S C. (410)

Sixth a priori estimate. We follow the argument devised by Boccardo and Gallouét in [2] and
introduce the functions 7, : R — R, k € N, defined by

(-1 if r<—(k+1)
r4+k if —(k+1)<r<—k

7(0) =0, 7(r)=4¢ 0 if —k<r<k
r—k if k<r<k+1
1 if k+1<r

\

Note that 7, > 0, |7.(r)| < 1,and 0 < 77/ <1 a.e. in R. In view of (3.16) and (1.2), we have that
Ve, = (14 xnbnh"(0,))V0, — (h(0,) — 0,1/ (6,))V x»

whence
Ve, + (h(0,) — 0,10 (0,))V Xn
(1 + xnb,h"(6,)) ’
the denominator being uniformly positive (in fact, bounded from below by 1/¢;) due to (1.10).

Vo, =

Then, taking 7/(e,) as test function in (3.15), and integrating in time, we have that

/Tk en(t dsc—l—// ' (e,)Ve, - VO, drds

/Tk eon d:c—l—// 71(en) (1(0ixn)? — (Gn)ﬁtxn) dxds. (4.11)

With the help of Young’s inequality and (1.9)—(1.10), we infer that

// T (en)Ve, - VO, drds
Ve |2 —0,h'(0,))
> 7 ( [Ven d d // n n - Vo, dod
_// 1+Xn9h” xds + Tke 1+Xn h”(e))Ve Vxn dxds
// |V6n‘2 // 9 h, ))2 2
>

> // T (en |Ven\2dxds—C/||VXn||§{ds.
2Ch 0

On the other hand, we observe that

// 71 (en) (1t (Oexn)? — h(6, )8txn) drds < C'/ 1+ ||atXTLHH)
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Hence, since 7 (ep,) < |eg,| and (3.5) holds, it follows from (4.11) and (4.4) that

/Tk en(t dz+// 7 (en)|Ven|* dzds < C. (4.12)

Since |r| < 1+ 79(r) for r € R, it follows in particular from (4.12) with k£ = 0 that

lenllzoe i) < sup /(1 + To(en(t))) dz < C. (4.13)
te(0,T) JQ

Now, if we define Dy := {(x,t) € Q: k < |e,(z,t)| < k+ 1}, (4.12) yields
// Ven|?drds < C forall keN.
Dy,

Taking 1 < ¢ < 2, we infer from the Holder inequality that

// \Ven|?deds = Z// Ve,|? dzds
Q@ k=0 Dk

0 q/2 oo
< Z (// \Ven|2dxds) |Dy|2-9/2 < C’Z D[22
E—0 Dy, k=0

Moreover, let ¢ < (N +1)/(N +2) and r = (N + 1)g/N. As k < |e,| a.e. in Dy, we have

|Dy| < // len|" dzds  for k>1
Dy,

and, using (4.13) to control the integral on Dy, we obtain

~ ) (2-0)/2
2—q)/2
<c|1+ <Z proRmy ) <Z//D leal” dxds)

q/2
r(2
=C|1+ He”HL(’(Qq <Z Lr(2—q)/ )
r(2—q)
q

Let us point out that the series above converges if > 1, which follows from our choices of r

and q. Therefore, it results that

// Ven|? dads < C(1+ leall; e ”2). (4.14)

Now, by Holder’s inequality we deduce that

- a *(1—«
||6n(t)||LT(Q) < ||€n(t)||L1(Q)||€n(t)||qu(*(Q))

with ¢* = Nq¢/(N —q), a+ (1 —a)¢* =r,ie, 1 —a=(N—q)/N =q/q" if N =2,3 and ¢* = o0,
a=1,¢(1—a)=r—1if N =1. We use the bound (4.13) to derive

len(®)zr @) < Cllen®)17q g



14 ELENA BONETTI — PIERLUIGI COLLI — PHILIPPE LAURENGOT

and, by Sobolev’s embeddings, (4.13), and (4.14), we have
T T
lenlioiar < € [ ea®l eyt < € (15 [ leatt) = () 1)yt

T
r(2—q)/2
<o (1t [ ITeOlt) <€ (14 i)
from which a bound on ||e, ||z~ g) follows since 2 — ¢ < 2. Recalling (4.14) and the fact that ¢ varies
in [1,(N +2)/(N + 1)) and consequently r in [1, (N + 2)/N), we have thus established that

N +2
forall 1<r< +

2
,1<g< there holds ||e,||zr@)nzeo,rwra)) < C, (4.15)

+
N +1
where the constant C' depends on r and ¢ as well.

In view of (1.9), (1.10), (3.16), and (4.3), it is clear that 6, satisfies the same estimates:

N +2 N +2
forall 1<r< * , 1<qg< Niil there holds |0, zr@)nzamwraq)y < C. (4.16)
Thus, by comparison in (3.15) and owing to the embedding of L'(€2) in (W19 (Q)), it turns out that

: q N +2
||8tenHL1(07T;(W1,Q'(Q)),) < (C with q/ = q——l >N+2 forall 1< q < N+l

(4.17)

This concludes the derivation of uniform estimates for our problem.

5. PASSAGE TO THE LIMIT AS n — 00

Taking advantage of the bounds in (4.1)—(4.4), (4.6)—(4.8) and (4.15)—(4.17), we are in a position
to pass to the limit as n — oo by weak and weak star compactness arguments. Hence, possibly
taking a subsequence (still labelled by n), it turns out that there are functions e, 6, x, £, u, p such
that

e, — e and 6, — 6 weakly in L"(Q) N L0, T; WhH(Q)),

forall 1 <r< and 1<q<%, (5.1)

Xn — X weakly star in HY(0,T; H) N L>(0,T;V) N L0, T; W) N L>(Q), (5.2)
%@Xn — 0 strongly in L*(0,T;V), (5.3)

& — & weakly in L*(0,T; V"), (5.4)

u, — u weakly in L*(Q), (5.5)

1*p, — 1xp weakly star in H*(0,7; H)N L*(0,T;V). (5.6)

We aim to prove that (e, 0, x, &, u, p) is a weak solution to problem (1.1)—(1.8) fulfilling the conditions
stated in Theorem 2.2.

Thanks to (5.1) and to the boundedness (4.17) of (dse,,) in L*(0,T; (W4 (Q))), it follows from
the compactness result in [16, Sect. 8, Cor. 4] that
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N +2

N+1’
and this convergence actually takes place in L4(Q) for all ¢ € [1, (N + 2)/N) by interpolation with

(5.1). In addition, by the Ascoli theorem and the Aubin-Lions lemma [14, p. 58] we also have
Xn — X strongly in C°([0,T]; H) N L*(0,T;V), (5.8)
1*p, — 1*p strongly in C°([0,T]; H). (5.9)
Now, (5.7)—(5.8) and the Lipschitz continuity of ¢)~! with respect to both variables (cf. (2.5)) imply

the strong convergence of 6,, = ¢~ (e,, xn) to ¥ (e, x) in LY(Q) for g € [1, (N +2)/N); hence, (5.1)
and the uniqueness of the (weak) limit entail that

e, — e strongly in LY(Q) forall 1<g<

(5.7)

0 = en, xn) — O=1""(e,x) strongly in L(Q) for 1<g< N; 2, (5.10)

and (2.19) follows. By virtue of (5.5)—(5.6), (3.1), and (3.5), passing to the limit in (3.19) we recover
(2.22) for u and 1% p. We point out that equality (2.23) is a consequence of (3.20) since (u,(1+ x»))
weakly converges to u(1 + x) in L'(Q) by (5.5) and (5.8).

In view of (4.9)-(4.10), we use once more [16, Sect. 8, Cor. 4] to deduce that, possibly taking a
subsequence,

log(1+u,) — ¢ weakly in L*(0,T;V), strongly in L*(Q) and a.e. in Q (5.11)
for some ¢ € L?*(0,T;V). Hence, it turns out that
u, = exp(log(1+u,)) —1 — ¢ -1 ae. inQ,
which, combined with (5.5), yields u = ¢¢ — 1 and
up, — u a.e. in @ and strongly in L(Q) forall 1<s<2 (5.12)

(see, e.g., [14, p. 12]). Observe next that logu is well defined a.e. and integrable: indeed, by the
Fatou lemma one sees that

// |log u| dxds = // lim inf | log u, | dxds < lim inf// |loguy,|dxds < C.
Then, (5.12) and (4.3) entail

logu, — logu weakly in L33(Q) N L*(0,T;V)
and strongly in L*(Q) for all 1 <s <8/3,
where 8/3 is chosen in a way that L>(0,7; L'(Q)) N L*(0,T;V) c L¥3(Q) for N € {1,2,3}. We
also recall (5.10) and the Lipschitz continuity and boundedness of h, which imply
h(6,) — h(0) strongly in L°(Q) for all 1 <s < oc. (5.14)

Then, using (5.2)—(5.4) we can pass to the limit in (3.17) and obtain (2.20). From (3.18) and the
inequality

(5.13)

limsup / (Ealt), xul0))dE < / (E(8), x(D)dt,

n—oo

which is a consequence of (5.4) and (5.8), the inclusion (2.21) results from [1, Lemma 1.3, p. 42] for
Ovv+J induces a maximal monotone operator also from L2(0,7; V) to L*(0,T;V’). Note in particular
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that y satisfies (2.27) (look at (5.2) and use interpolation for the continuity from [0,77] to V) and ¢
is in L*(0,7T; H), that is (2.28), due to a comparison of terms in (2.20) (cf. also Remark 2.3).

Now, it is our intention to show that
Opxn — Orx  strongly in L*(Q), (5.15)
in order to be able to pass to the limit in (3.15). Test (3.17) by J;x, and observe that

o lim sup // 0 xn|? dxds
n—oo Q

— limsup (—1 / IV (@) dads — 2V} — T (0 (T))

n—oo

# 5 IVonl  Twn) + [ 06,) ~ og oo, das)
< ~timint (319 (D) + T (1)
L1 xonl = ) // — log un)Brxn da:ds)
- (GIVXDIE: + I = 19l = T / | 40 = oo dsas ) (ss)

by the weak lower semicontinuity of the semi-norm in V" and the convex function J, as x,,(T) — x(7')
weakly in V due to (5.2) and (5.8), and (3.5), (3.7), (5.13) and (5.14) as well. Now, we can exploit
(2.20) and conclude that the last line of (5.16) is nothing but ||0tx||2Lg(Q), as one can see by testing
(2.20) by O;x and taking advantage of (2.21) and [7, Lemma 3.3, p.73]. Hence, we have that

lim sup ||atXn||%2(Q) < ||atX||%2(Q)

n—o0

which, along with the weak convergence (5.2) of (9yx,) to dyx in L*(Q), ensures (5.15).

At this point, we can take the limit in (3.15). Thanks to (3.5), (5.1), (5.10), (5.14)—(5.15) it
turns out that

en(t) = eon — /Ot (AHn + h(0,) 0 xn — ,u(atxn)z) (s)ds

converges in a suitable way to

()= o= [ (40 + 10X~ 1 (000%) ().

whence the initial condition (2.24) for e and (2.18). Note in particular that e is continuous from
[0, 7] to (WH(Q)) and satisfies (2.13) and (2.26) for all r, ¢ fulfilling 1 < r < (N 4+ 2)/N, 1 <

< (N +2)/(N+1). In fact, the latter comes as a consequence of the bounds (4.15) coupled
with the convergences (5.1). About the L>(0,T; L*(2))-regularity of e, (5.7) implies that e, — e in
LY0,T; L*(9)), whence

len®) L@ — lle() | forae te(0,T), atleast for a subsequence.

Then, recalling (4.13) we infer that

le@)lli@) < sup llenllzeoriLi) < C,

n—oo
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and consequently e € L°°(0,T; L'(Q)). The same property can be deduced for u and logu (cf. (5.12)
and (5.13)) so that (2.29) holds as well. The proof of Theorem 2.2 is then complete.

6. COMPLEMENTARY RESULTS

This section is devoted to the proofs of the other results stated in Section 2. We start with
Theorem 2.4 ensuring the positivity of the variable 6.

Proof of Theorem 2.4. Let us go back to our approximating problem (3.15)—(3.21), recalling in
particular Proposition 3.1. By [8, Theorem 2.6] we have

atXn
V0,

whenever log 6, € L'(€2), besides the other requirements (3.2)(3.4) on the initial data. Then, here
we have not only to guarantee that logfy, € L'(Q) for all n € N, but we also need the uniform

log#, € L>=(0,T; L*(Q)) N L*(0,T;V), € L*(Q) (6.1)

boundedness property
11og Oon || 10y < C (6.2)
along with (3.5)—(3.6) to prove (2.32) for the limiting functions.

By (2.4), (2.11), and (2.31) we know that both 6, and log 6, are in L'(Q2). Then we could, for
1
instance, introduce 1y := 1/, observe that ny € H and logng = 5 log By € L'(2), and consequently
approximate 7y by taking the solution 7, to (cf. (3.9))

1 1
TNon + _A770n =T +— in H> (63)
n n

then setting 6y, := né,. By this choice, it turns out that 1y, € W (whence 6y, € V) and no, > 1/n
a.e. in €. Moreover, noy, — 1o in H so that 6y, — 6y in L*(2) as n — oo. Then the related

sequence egy, := ¥(6on, Xon) satisfies (3.5),, L.e., converges to e in L'(2) thanks to the properties of
¥ (see (2.4)—(2.5)). Furthermore, if we test (6.3) by (1 — 1/no,), use (4.2), and proceed as in the
computation following (3.9), we arrive at

1 1
/ log | d < —/<|non|+|1ognon\>d:c
6 Jo 3 Jo

S/(%n—log%n)dﬂfﬁ /(770—10g770)d55+|9|,
Q Q

whence (6.2) is satisfied.

Now, we can deal with the approximating problem as in Proposition 3.1 and, in particular, consider
equation (3.24) which is an alternative formulation of (3.15). We formally test (3.24) by —1/6,, and
integrate by parts: we easily infer that

t 2 ¢ 2
/(—logﬁn)(t) dx—i—/ |V92n| d:cds+,u// 19n| dxds
Q oJao 07 oJa  On

< /Q(—logGOn) d:c—l—/ﬂ(h'(@n)xn)(t) dx—/h’(HOn)XOndx.

Q
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Then we add the term / 0,,(t) dx to both sides of the above inequality and recall (1.9), (4.1), (4.2),
Q
and (4.16) to deduce that

1 ! 2 ¢ |atXn|2
—/(|9n(t)|+|log9n(t)|)d:)s+//|Vlog6’n| da:ds+u// dxds
3 Q 0JQ 0JQ en
S/W%%HMWMMﬁ®+/@#”%MMWMSQ
Q Q

whence we find out the estimate

atXn

V0,

Next, we can pass to the limit as n — co. In view of (5.10) and (5.15), we have that 6, — 6 and

<c. (6.4)
L*(Q)

| 10g 0y, | oo (0,751 @))nL2(0,75v) + '

Oyxn — Opx a.e. in Q, at least for a subsequence. Thus, similarly as in (5.13) we infer that 0 > 0 a.e.
in @ and

log, — log6 weakly in L¥3(Q) N L*(0,T;V)
and strongly in L*(Q) for all 1 <s < 8/3,

O Xn 05 . .
- —= weakly in L and strongly in L° forall 1 <s< 2.
o yin Q) gly in L*(Q) <

At this point, it is a standard matter to recover (2.32) and Theorem 2.4 is completely proven. 0
The next step is showing the stability and decay estimate in the case v > 0.
Proof of Theorem 2.5. We first note that for a fixed yx fulfilling (2.14), (2.25) and (2.27) (as it

is for our solution), there exists a unique pair (u, p) solving (2.22)—(2.23) and such that
ue C°%0,T; V') N L0, T; H), (6.5)
pe L*0,T; H) with 1xpe C%[0,T];V) (6.6)
for all 7" > 0. Now, we proceed formally by letting v and p be smooth enough in order to perform
our computations: for instance, a rigorous proof can be obtained by suitably regularizing ug and the
fixed x and then passing to the limit. Hence, we consider the solution ¢ € C°([0, +00); V) to
AL)=wu(t) nV’, forallt>0 (6.7)
and perform a formal estimate by testing (6.7) by 0,((¢). Thus, with the help of the time differentiated
version of (2.22),
Owu(t) + Ap(t) =0, te(0,T),
we easily obtain

%% AC(1),C()) = (A,G(1), (1)) = (Bru(t), C(£)) = —(A,p(t), C(t))
= —(A,((t),p(t)) = —(u(?), p(t))- (6.8)

Owing to (2.23) and setting

(1) = IVC) I + /m (O dr, Bt //1+Xudma
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from (6.8) it turns out that the continuous and nonnegative function ®; + ®, is constant, or equiva-

lently,
dd,

dt
Now, since (6.7) implies

(t) —I—/ (1 +x)u?) (t)dz =0 forae. t€ (0,+00). (6.9)

1/2
IV -+ / ()2 dx < ul®)|v B v < C lu®) v (||vc<t>r|z s / \<<t>\2dx)
and, recalling that

lu@®)} < Cllu®)f < C/ (L +x)u?) () de

Q
for a.e. t € (0,+00), it is not difficult to see that (6.9) entails
d

Z01(t) + a®i(t) < 0 (6.10)

for some positive constant a. Then the Gronwall lemma yields ®(t) < ®(0)e
exponential decay for both ||((¢)||y and ||u(t)||y+ since (cf. (6.7))

lu@ v = 1A, @)l < ClIC@ v

Moreover, a comparison in (2.22) shows that (1% p)(t) converges to A7 (ug) in V' (still at exponential

ot which means

rate) as t — 4+00. Now, by integrating (6.9) with respect to time and using the nonnegativity of y,
we have

t
HUHL2(0¢;L2(Q)) = // u2 dxds < (I)Q(t) < (I)l(O) < C for all t e (0, —|—OO),
0JQ
which completes the proof of Theorem 2.5. 0

Finally, we prove the result on steady state solutions for the case v = 0.

Proof of Theorem 2.6. Here, we are looking for steady state solutions of problem (1.1)—(1.8)
with v = 0: let us remind Definition 2.1 and look for sextuples of functions (e, 0, x, £, u, p) which
do not depend on time.

In view of (2.18), we observe that A0 = 0 implies that 0 is a constant function; the same can be
concluded for p from (2.22). We now look for stationary x solving (2.20), which can be conveniently
rewritten as

Ax 4+ w = h(0) —logp (6.11)
where (cf. (1.4)) w := & — log(1 + x) satisfies
w e 0lp1(x) ae in (6.12)

Since the right hand side of (6.11) is constant, two solutions yi, x2 of (6.11) may differ just by a
constant: in fact, if we test the difference of equations by x; — x2, due to the monotonicity of 91y
we have that |V (x1 — x2)| = 0 a.e. in Q. Therefore, we can observe that (recall that p = u(1 + x))

(i) if h(d) — logp > 0 then x = 1 and w = h(#) — logp solve (6.11)—(6.12). According to the
above discussion, any other solution x should be a constant, but no constant different from 1
is allowed by (6.12). Therefore, x = 1 and w = h(#)—log p is the only solution to (6.11)—(6.12)
in that case.
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(ii) if h(f) —logp < 0 then x = 0 and w = h(A) — logp solve (6.11)—(6.12). Any other solution
X should be a constant, but no constant different from 0 is allowed by (6.12), so that y =0
and w = h(#) — logp is the only solution to (6.11)—(6.12) in that case.

(iii) if ~(A) — logp = 0 then any constant y € [0, 1] solves (6.11)—(6.12) with w = 0.

Then y turns out to be a constant in all cases and consequently also e = (6, x) given by (2.19) is a
constant. This concludes the proof of Theorem 2.6. 0
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