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ABSTRACT. In this note we give existence and uniqueness result for some el-
liptic problems depending on a small parameter and show that their solutions
converge, when this parameter goes to zero, to the solution of a mixed type
equation, elliptic-parabolic, parabolic both forward and backward. The aim
is to give an approximation result via elliptic equations of a changing type
equation.

1. Introduction. In [8] and [7] existence results for mixed type equations, in par-
ticular forward-backward parabolic equations, are given. The simplest examples are
the two following: given T > 0, Q open subset of R", r € L>(Q x (0,7)) consider
(A, denotes the p-Laplacian for p > 2 and v the outside normal to 02)

0 ou

a(r(az,t)u) —Apu=f or r(z,t)a —Apu=f in Qx (0,7)
u=0 1indQ x (0,7) or %:O in 9Q x (0,T)
v

u=¢ in {x € Q|r(z,0) >0} x {0}

u=1 in{zeQrx,T)<0}x{T}

(1)
with f, ¢, suitable data and, at least for r assuming both positive and negative
sign, suitable assumptions on the two sets {x € Qr(z,0) > 0} x {0} and {z €
Qr(xz,T) < 0} x {T'}. Equations of such type arise in the study of some stochastic
differential equation, in the kinetic theory, in some physical models like electron
scattering or neutron transport. For some references one can see [3] or the much
less recent papers [6, 1, 2] (or the references contained therein and in [8] and [7])
where simple equations like

sgn(x)|x|mut —Ugz = [

are considered, being m € N.
The aim of the present note is to give an approximation result for abstract
forward-backward parabolic equations via elliptic problems (see Theorem 4.1). For
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the problems (1) the result may be stated as follows. In accordance with the equa-
tion and with the boundary condition considered in (1) consider one of the two

equations
o (|oulf™ou) @
—{—;a < E at) + &(T(Qﬁ,t)u) — Apu = f
9 (|oul’? du du
_€8t<8t (915) —&—r(az,t)a—APU—f
in 2 x (0,7T) (e is a positive parameter) with the boundary conditions
u=0 indQ x (0,T) or %:O in 90 x (0,T)
u=¢ in {x € Qr(z,0) > 0} x {0}
ou Ou
R ey B <
5 = 9 0 in {z € Q|r(z,0) <0} x {0}
u=1v¢ in{reQr(z,T) <0} x{T}
ou Ou
= = i >
9 = o 0 in{zeQr(zT)>0}x{T}

and show that the solutions converge, when e converge to zero, to the corresponding
solution of (1) in the following sense: if u denotes the solution of one of the problems
(1) and u. the solution of the approximating problem one has

Ue = U in LP(0,T; W'?(Q))-weak,
TUs —> TU in L?(Q x (0,T))-strong,

ou. p—2 du, . 1 /
i 5 0 in WP (@ x (0,T))-strong N L (Q x (0,T))-weak,
0 0 ' ’
T au: — 1"8—1; in LP (0, T; W17 (Q))-weak,

%(rug) — %(ru) in L (0, T; W=7 (Q))-weak.

This result is similar to that contained in [4], even if our purpose is different: the
result of Lions aims to give an existence result for linear parabolic equations with
boundary conditions depending on time, we only want to give an approximation
result, via more standard equations, of a mixed type equation, even if the technique
can be used also in other different environments.

2. Notations, hypotheses and preliminary results. Consider the following
family of evolution triplets

V(t)Cc Ht)cV'(t) tel0,T) (2)

where H(t) is a separable Hilbert space, V(t) a reflexive Banach space which con-
tinuously and densely embeds in H(t) and V’(t) the dual space of V(¢), and we
suppose there is a constant Cy which satisfies

lwllv) < Collwllaw, — and  [ollae < Collvllve (3)

for every w € H(t), v € V(¢t) and every ¢ € [0,T].
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The framework seems to be similar to the one considered in [4], but we have in
mind something different (see the example in the last section). We will suppose the
existence of a Banach space U such that

UcCV(t) and U dense in V() for a.e. t € [0,T] (4)
and define, for some p > 2, the set
U:=WHr(0,T;U).
Moreover we will suppose that the functions
b lu®lve, t Tu@®llme, o i@l e 0.7,
are measurable for every u € U and we define the spaces
1% and H (5)

as the completion of U with respect to the natural norms

T p T
ol = (/ o (®) 8y ) Mol = (/ v(t)Hz(t)dt)

Finally by V' we denote the dual space of V endowed with the norm

1/p’
1l = (/ 1F O, d ) .

Definition 2.1. Given a family of linear operators R(t) such that
R depends on a parameter ¢t € [0,7] and R(t) € L(H(t)), (6)

1/2

being L(H(t)) the set of linear and bounded operators from H(t) in itself, instead
of (6) we sometimes will write improperly

R:[0,T] — L(H(t)), tel0,T]. (7)
Now consider an abstract function R : [0,T] — L(H (t)). We say that R belongs
to the class £(Cq, Cs), C1,Cy > 0, if it satisfies what follows for every u,v € U:
o R(¥) is self-adjoint and [|R(t)||z(m ) < C1 for every t € [0,T],

ot (R(t)u,v) is absolutely continuous on [0, 77,

H(t)
d
|£(R(t)u,v)H(t)‘ < Collullv i llvllve for a.e. t € [0,T7.

Now, given two positive constants C; and Cs, consider R € £(Cy,C5). For every
t € [0, T] we consider the spectral decomposition of R(t) (see, e.g., Section 8.4 in [5])
and define R (t), and respectively R_(t), the operator connected to the positive,
respectively negative, part of the spectrum, so that R(t) = Ri(t) — R_(t) and
Ri(t)oR_(t) = R_(t)oRy(t) =0 and R, (t) and R_(t) turn out to be invertible.
Equivalently one can define R, (t) and R_(t) as follows: since R(t) is self-adjoint we
get that R(t)? = R*(t) o R(t) is a positive operator; then we can define the square
root of R(t)? (see, e.g., Chapter 3 in [5]), which is a positive operator,

IR(1)] = (R()?)"*

and then define the two positive operators

Ro(t) = S(RO| + W), R-(t) = RO - Ry (1)
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By this decomposition we can also write H(t) = H.(t) & Ho(t) & H_(t) where
H,(t) = (KerR+(t)~)J- and H_(t) = (KerR_(t))* and Hy(t) is the kernel of R(t).

Finally we denote Hy(t) = Hy(t) = KerR(t) and
H(t),H(t), H_(t) = the completion respectively of H(t), Hy(t), H_(t)  (8)
with respect to the norm
lwll 76y = NRE 2wl arsy-

Clearly the operation ~ depends on R. Moreover we consider P, (t) and P_(t)
the orthogonal projections from H(t) onto H. (t) and H_(t) respectively, Py(t) the
projection defined in H(t) onto Hy(t).

Given an operator R € £(Cy,C5) it is possible to define two other linear op-
erators. First we can define the derivative of R which, unlike R, is valued in
L(V(t),V'(t)), i.e. the set of linear and bounded operators from V(¢) to V'(¢):
since R € £(C1,C3) we can define a family of equibounded operators

R'(t), tel0,T], R(t):V(t)—V'(t) Dby

(R'(t)u, v)v iy xv(e) = %(R(t)U,v)H(t), w,v e U.
By the density of U in V() we can extend R'(¢) to V(t). Then we can also define
R:H—H, (Ru)(t) == R(t)u(t), (9)
Ry H - M, (Ryw)(t) == Ry ()ut), (10)
R_:H—H, (R_u)(t) := R_(t)u(t), (11)

which turn out to be linear and bounded by the constant C; and, by density of U
in V, an operator

T
RGVSY by (Ruu)yxy = / (R (Oult), o)y oxvdt (12)
0

which turns out to be linear, self-adjoint and bounded by Cs.
For a function

u:[0,T) = U

we denote by u’ the distributional derivative, i.e. the function such that

T T
/ up'dt = —/ u'dt
0 0

for every ¢ € CL([0,7]; R). We maintain the same notation for functions belonging
to V.
We now could consider for R € £(C1, Cs) the two operators

ur (Ru)” and Ru’
defined respectively in the two spaces
Wi={ueV|Ru' eV} and Wr:={ueV|(Ru) eV}

Since R admits a derivative one has (see [7]) that (Ru)’ = R'u + Ru' and that
W, = W, even if we will endow the two spaces respectively with the norms

lulbw, = llully +IR& v and  fluflw, = llully + [(Ru)'[lv-
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Because of that, it will not always be necessary to specify which of the two spaces
we are talking about and in those cases we will simply refer to them as

Wr.
As done before we can define, in a way analogous to that done for the spaces (8),
H,H,,H_ = the completion respectively of H, H,H_ (13)
with respect to the norm [|w| 5 = |||R|Y/?w]3, where |R| = R4 + R_.

Analogously, we define H, and H_ and P4 and P_ the orthogonal projections
from H onto ‘H, and H_ respectively. Hp is the kernel of R and Py the projection
defined in H onto Hg.

Now we recall a result which can be found in [7] (see also [8]).

Proposition 2.2. Suppose R € £(Cy,Cs). Then we have that for every u,v € Wg
the following holds:

& (Ru(t),v()men
= (Ru/(t), V() vy v T <va(t),u(f)>V/(t)xV(t) + <R/u(t)vv(t)>V/(t)XV(t)
= ((Ru)'(t),v(t)) vty ve) + (R) (1), u(t)) vty xvey — (Rult), v(t)) vy v o)

Moreover the function t — (R(t)u(t),v(t)) ) is continuous and there exists a
constant ¢, which depends only on T, such that

max |(R(O)u(t), (1) )

< e[IRu ol + IR ol + 1R ol ol + IRl lullellolla] -
and

e [(R(t)u(t), v(t)) )l

< C[”(Ru)/”\i’||”HV+H(R'U)I”V’HUHV‘|‘||R/HC(V,V’)||u||V||v||V+HR”£(7-L)HUHHHU”H}~

Finally we recall a classical result (see, e.g., Section 32.4 in [11], in particular
Corollary 32.26) for which we need some definitions, which we remind.

We say that an operator @ : X — X', X being a reflexive Banach space, is
coercive if

(Q,z)

1
lzfl—+oo |||

— 400,

The same operator Q is hemicontinuous if the map
t <Q(u + tv), w>X/XX is continuous in [0, 1] for every u,v,w € X.

A monotone and hemicontinuous operator Q is of type M if (see, for instance, Basic
Ideas of the Theory of Monotone Operators in volume B of [11] or Lemma 2.1 in
[10]), i.e. it satisfies what follows: for every sequence (u;)jen C X such that

Uj — U in X-weak

QUj — b in X’-weak — Qu =b. (M)

lim sup<QUj, uj>X’><X < <bv u>X’><X
Jj——+o0
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Theorem 2.3. Let M : X — X’ be monotone, bounded, coercive and hemicontin-
wous. Suppose L + X — 2% to be mazimal monotone. Then for every f € X' the
following equation has a solution

Lu+Mu> f
and in particular if L, M are single-valued the equation Lu+Mu = f has a solution.

If, moreover, M is strictly monotone the solution is unique.

3. The approximating problems. In this section we want to give an existence
and uniqueness result for a family of elliptic problems defined below (see (28)).
Before we introduce another functional space, denoted by V. below. To do that
first consider another family of reflexive Banach spaces K (t) such that

V(t) C K(t) C H(t) te|0,T) (14)

where V' (t) continuously embeds in K (¢) and K (t) continuously embeds in H(t) and
there is a positive constant, which for simplicity we suppose to be Cj, such that

lwllze < Collwllke, — and  [vllke) < Collvllv (15)
Then we suppose that the functions

are measurable for every u € U and we define the space K as the completion of U
with respect to the natural norm

T l/P
ol = { [ Toeat) -
0

Notice that if v belongs to the space {u € V|u’ € IC}, which is contained in v €
{ueV|u €V}, then

t= [[u(t) [ e is continuous.

To see that it is sufficient to adapt Proposition 3.4 in [7]. Then we consider the
space (the orthogonal projection operators Py, Py, P_ are defined in Section 2)

V, = {u e V‘u' € K, Py (0)u(0) + (Po(0) + P_(0))u/(0) = 0 in H(0),
(Po(T) + Py (T))/(T) + P_(T)u(T) = 0 in H(T)}

endowed with the norm

lullv. = llully + [lv'[lx-
We will suppose that

ifp=2 then K(t)=H(t) and K=K =H,

ifp>2 then K(t)C H() and K CH.
We now consider, besides the operator R, two operators A and B

AV — V), B:V,— V. (16)

the two following family of problems (¢ > 0 is a parameter which, in the following,
we will let go to zero)

(I) eBu+ Ru' + Au = f, (I) eBu+ (Ru) + Au = f. (17)
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(with suitable boundary conditions we will specify below) where f € V'. These
equalities are to be intended in V. as follows:

5<B“7U>v;xv* + <Ru,’v>v'xv + <A“7U>v'xv = <fvv>v;xv*’
5<B“’v>v;xv* (R, v)y0 oy + (AU ), ), = (f. ”>v;xv*

for every v € V.. Notice that, since f € V', one has that <f,v>v,xv is in fact

<f’U>V’><V (since v € V. C V).
We suppose there are four positive constants ay, as, 81, 82 and a function b such
that:

b:[0,T]xR—=R satisfying
(b(t,€) = b(t,n)) (£ —n) = Bil§ —nl" for every £,m € R,
}b(t,f)’ < Bolé|P™t for every £ € R,

and suppose that the operator B is defined as

T
(Bu,v)y, . :/0 (bt 0 (£): 0" () g1y e 1y 2
in such a way that

(Bu—Bv,u—v) > pull’ ='lIg, IBully, < BellelR (18)

VXV,

and, if we consider problems (17)-(I), we require that

1
(Au—Av = S(R'u=R'v) u=v),, .\, > oflu—vlf},

forp=2 | (19)
[Au = 3R ully < azllully
-1
frpos U Avu v > au— ol Aul < alllf
(R'u,u)yr v <0
for every u,v € V; if we consider problems (17)-(II) we require
1
Au— Av + = (R'u — R'v),u —v),,,_,, > aq|ju— 3,
forp:2 < ] 2 >V xV v (21)
[Au+ SR ully < azflully
-1
for p > 2 <.AU—AU,U—’U>VI><V > 041”71'_0”57 ”Au”V’ < a2l|u”§ (22)

<R/U7 u)V’XV > 0
for every u,v € V. If we denote by
AV, =V, A.u = eBu + Au

for p = 2 we have that by (19) one derives

%(R/u —R'v),u—v)

:€<Bu — Bv,u — v>

(Acu— Acv —

VI XV,

1
vy, T (Au— Av — i(R’u - R'v),u—v)

V' xVy
el (u—v) 17 + onllu =]}

1 .
25 min{eBy, o Hju — o3, @)
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1 1
[ Aeu = 3R v+ v = SRl < 2ol lln + asllully

Vi (24)

v, <e||Bul

<max{efs, as}Hul

while, similarly, by (21) one gets

1 1 .
(Acu— Av + i(R/u - Rv),u— U>v;xv* > B min{efy, a1 }||u — v|

V.o (25)

1
Ao+ SR » (26)

v, < max{efa, az}||ul
For p > 2 by (20) and (22) (¢, being a constant depending only on p) one gets
(Acu — Acv,u — ’U>V; v, = bl =g+ anllu — o[}
> cpmin{efy, o flu — |}, , (27)
[ Acul

Notice that the operators P.u := A.u+ Ru’ and Q.u := A.u+ (Ru) defined in
V, with above assumptions are strictly monotone in V,. Indeed if (19) in the case
p =2 or (20) in the case p > 2 holds then

v < eBollw I + aollull} < max{efs, an}lull} "

(Acu+Ru' — Acv — Rv',u — U>VL><V* > efr|lu’ — V| + o llu— o]}

Similarly if (21) in the case p = 2 or (22) in the case p > 2 holds then for every
U,V € Vy

<A€u + (Ru)’ —A.v— ('Rv)/, U — ’U>vi V. = EfBl”u/ _ U,HP)C + aq|lu — ’UH@

We now want to apply Theorem 2.3. First we state the following result. Consider
the space

V= {ueV|u €K, Py(0)u(0) =0in H(0), P_(T)u(T)=0in H(T)} D V.

and the operators
1
Liu=Ru’ + iR’u, Lou=TRu, Lsu=(Ru), D(L)=V" i=1,2,3.

Lemma 3.1.
i) The operator L1 : V2 — (V0) is mazimal monotone;

ii) the operator L : VO — (V2 is mazimal monotone if (R'u,u) < 0 for every

V<V
u € V,; iit) the operator L3 : VO — (V9 is mazimal monotone if (R'u, U>V’><V >0

for every u € V.
REMARK 3.2. - Clearly the lemma is true even if the domain of £; is V.

Proof. We prove the lemma for L£;, being the other proofs similar and, indeed,
simpler.
From Proposition 2.2 we have that

(L) = 5 [(Re D)D) 0Ty + (R (0)u(0),u(0)) ] > 0

for every u € V2, and then £; is monotone. To see that it is maximal monotone fix
w e (V2) and v € V2 and suppose

>0

<w — Liu,v — u>v;xv* >
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for every u € V2. We want to show that v € V2 and w = L;v. Choose u = ¢z with
0 € C([0,T]) and z € U and get

<w,v> > <£1u,v — u> + <w,u>

that is, since <£1u,u> = 0, R and R’ are linear and self adjoint, the following
equivalent inequalities:

(w,0) > ('R + o Rz, 0) + (w,02)
(w,v) > (Rz,o'v) + %<T\’,’z7 v) + (pw, 2)
(w,0) > (', 2) + 5 (Rw, 2) + o, 2).
Since this holds for each z € U we can consider Az with A € R and get
(w,0) 2 A[(Rev, 2) + 2 (Rlgw, 2) + (w, )]
Since this holds both for A > 0 and A < 0 we derive that
(Refv,2) + 3 (Rigu,2) + (pw,2) = 0
and since this holds for every z € U we get that
(R¢'v,p) + L (Rlgv.p) + (w.p) = 0

where p is a polynomial with coefficients in U, i.e.

N
p(t) = Z 2pt" for some N € N and z, € U.
k=0

Since the space of such polynomials is dense in ¢/ and then in V, we finally get that
1
@’Rv—i—g&?]@'v—i—gpzv =0 in V.,
that is
1 1
(Rv) = ?R/U +w = w=TRv + 572’1} = Lqv.
O

REMARK 3.3. - Notice that in Theorem 3.6 we consider f € V', even if, a priori, in
(28) one could consider a datum F € V.. If one consider F' € V, there are f € V'
and g € K’ such that

<F’U>VL><V* = (£ 000 (90 ) e

If one confines to consider F € V. such that g = 0 (or, more generally, ¢’ € V')
F does not act directly on v’. In the following theorem we will confine to consider
F = f eV sothat

<F’U>v;xv* = <f’”>wxv'

This is needed to have the estimates in Theorem 3.6 with a constant ¢ independent
of e.
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We now consider the two following problems: find v € VY such that

eBu+Ru +Au=f inV, eBu+ (Ru) + Au=f inV,
M4 PLOu0) = () Py 0)u(0) = ¢
P (T)u(T) = ¢, P (T)u(T) = 4,
(28)
where f € V', p € H,(0), ¢ € H.(T) and
VN = {ue V| € K, (Po(0) + P-(0))b(0,u/(0)) = 0 in H(0),
(Po(T) + Py (T))b(T,u/(T)) = 0 in H(T)}
A { u' € K, (Py(0) + P-(0))u'(0) = 0 in H(0),
(Po(T) + P (1)) (T) = 0 in H(T)}.

Before stating the result we will suppose an additional assumption. Consider the
following spaces:

U+ ={weU| P (0)weU}=Un(H.(0)& Ho(0)),
U(T)={weU| P (TYweU}=Un(H-(T) & Ho(T)).
(see (8) for the definition of H_, Hy, H, ). The first assumption is to suppose that
U, (0) dense in H,(0),  U_(T) dense in H_(T). (29)

REMARK 3.4. - Assumption (29) is in fact an assumption about R(0) and R(T),
which in fact results in an assumption about the sets Q4 (0) and Q_ (7). Indeed,
for example, in the simple situation where
R(t) =R for every t and Ru :=r(x)u
with
r=1inQy, r=0inQy, r=-1inQ_,
H(t) = H(t) = L*(Q) for every t, U = V(t) = H}(Q) for every t, then requiring
that
U+ (0) = {u € Hy(Q)]ula, € Hy(24)}
is dense in L?(£2,) means requiring some regularity on the set {2,. For example,

this were surely true if Q is an open subset of  with Lipschitz boundary (the
analogous clearly holds for Q_). For other details we refer to [8] and [7].

REMARK 3.5. - Assumption (29) is in fact an assumption about R(0) and R(T),
which results in an assumption about the sets Q4 (0) and Q_(T). Indeed, for ex-
ample, in the simple situation where

R(t) =R for every t and Ru :=r(x)u
with
r=1inQy, r=0inQy, r=-1inQ_,
H(t) = H(t) = L*(Q) for every t, U = V(t) = Hj(Q) for every t and € is an open
subset of 2 with Lipschitz boundary then
U4 (0) = {u e HE(Q)[ula, € HY©Q1))
is dense in L?(Q). For other details we refer to [8] and [7].



APPROXIMATION OF FORWARD-BACKWARD EQUATIONS 1027

Theorem 3.6. Consider R € £(C1,C5) and the operator R defined via R as in (9)
and B satisfying (18). Consider f € V', ¢ € H,(0) and 1 € H_(T) and suppose
that (29) holds.

I) Consider A and suppose A and R satisfy (19) for p = 2 and (20) for p > 2.
Moreover suppose that A and B are hemicontinuous. Then there exists a unique
u € VN satisfying (28)-(1) and there is ¢ > 0, depending only on a1, By, a2, Ba,p,
such that (for € € (0,1])

P
el + llullyy + IRu' v < e {I1fllv + IfII5 +

2 2 op—1 op—1
HIRVA@WNE oy + IRY2 2N, o) + IRY D0 7 + IRY2O)l 7oy |-

II) Consider A and suppose A and R satisfy (21) for p = 2 and (22) for p > 2.
Moreover suppose that A and B are hemicontinuous. Then for every f € V' and
¢ e{uc V‘u’ € K} there ezists a unique u € VN satisfying (28)-(I1) and there is
¢ > 0, depending only on ay, 81, as, B2, p, such that (for e € (0,1])

_p_
el + [lullyy + [(Ru)' [l < e Iy + 115"+

1/2 2 1/2 2 1/2 a2=t 1/2 PR
HIRYAT)N7, oy + IR0l 7y, o) + IR D0l 7y + IR Ol oy |-

Proof. FEstimates - Consider point I) in the case p > 2, being the proof in the other
cases very similar. Then, as observe in Remark 3.3, we stress that the estimate we
are going to show would not be true uniformly in ¢ for a general f € V.. Precisely,
consider u € VI and suppose that

Pou:=eBu+Ru + AueV'. (30)
By Proposition 2.2 and since R’ satisfies (20) we have that
2R u),, o, = 2R’ u),,
= —(R'u,u),, ., + (R(T)u(T), u(T))H(T) — (R(O)u(O),u(O))H(O)
> — (R (T)u(T), ulD)) y py — (B4 (0)u(0),u(0)) ) (31)
Then by (27), (30) and (31) we get that
5””/”1)1( + ||u||$ < 01<A5u, u>v;xv* =a [<’P€u, “>v;xv* - <Rul’u>V;><V*}

1

<c {(Psu, w)yrxy + §(R_(T)u(T),u(T))H(T) + %(RJF(O)u(O), u(O))H(O)]

1 1 Q/ZD
<o [q (pé) [Pl + olully + (R_(T)ulT), u(T)) oy +

+ (R4 (0)u(0), U(O))Hw)]

with ¢; = ¢1(aq,81) and ¢ = p/(p — 1). By that, choosing 0 in such a way that
c10 = 1/2; we get
el -+l < [Pl 4+ (R (YD) (D)) gy + (B (0)u(0), (0)) .
(32)
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with ¢o = ca(aq, f1,p). Now, since Ru' = P.u — A.u and Bu € V', ||Rv/||y can be
estimated (see (27)) as follows:

IR [l < |[Peullvr + [[Acullr < [[Peullyr + eallu’ [ + asllulf
1 p=1 p=1
<NPeullyr +e7 Ba (el lIk) * + a(llully) 7

p—1

1 o1y 2 o1y Bt
< ||7)5'LL||V’ +5pﬁ2(c2”7?5u”§/1) P +a2(02|\’P€uH{},1) P

es I[Pl + (R-(T)a(T),0(T) s,y + (R (0)u(0), w(0)) 7

N

where ¢z = 03(]),041,51,042,62,5%) or simply ¢3 = c3(p, a1, 51, e, B2) if we confine
to consider ¢ € (0,1]. Summing this last inequality to (32) we get the thesis.

Existence and uniqueness - Consider first ¢ = 0 and ¥ = 0. By assumptions we
have that, both in case I) and in case II), and for every p > 2, the operator A,
is strictly monotone, coercive, bounded and hemicontinuous. By Lemma 3.1 the
operator u — Ru’ in case (I) and the operator u — (Ru)’ in case (II) are maximal
monotone in V2, and then in {v € VN|P,(0)v(0) = 0, P_(T)v(T) = 0}.

Vo = fue vy

P, (0)u(0) = 0 in H(0), P_(T)u(T) = 0 in H(T)} = VN o,

Applying Theorem 2.3 we conclude. Now consider p,% € U, any ¢ € (0,7/2) and
¢ defined as

v t€[0,d]
) (=25 - (t-6) t—6
¢ = T 5% WFT—%‘Z’ t €0, T — 0 (33)
te[lT—o,T].

In this way ¢ € VV. Then a function u satisfies (28)-(I) if and only if the function
v = u — ¢ satisfies

{ eB(v+¢) + Rv' + A(v+ ¢) = f — R¢'

ve V.

If we define

Bv := B(v + ¢) and Av = A(v + ¢) (34)
we have the following problem

{ eBv+ RV + Av = f — R¢/

35
ve VOV (35)

It is not difficult to verify that B and A are bounded, coercive, strongly mono-
tone and hemicontinuous, so arguing as before we get a unique solution v € Yo
satisfying (35), and then a unique u € V¥ satisfying (28)-(I).

Now we use the a priori estimates previously obtained to get the thesis for every
admissible datum. Consider now ¢ € ﬁJr(O) and ¢ € H_ (T) and two sequences
(¢n)ns (Yn)n C U such that (this is possible thanks to assumption (29))

Pn — P inﬁ+(0)a @Z)n‘)w inH_(T).

In this way the function ¢, defined in a way analogous to (33) belong to V.
Similarly as done above to get the a priori estimate one gets (for instance, in case
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1)

ellun = upllic + lun = wm |55 + IR (g, = )l

<e [IRY2 (@)W = vl 2y + 1R (0)(0n = m)llfs, o)+

p—1

gp—1 op—1
+IRY2(T) (n — o)l "y + IRYZ(0) (0n = @)t 10

for every n,m € N, and then there is a function v € V¥ such that
U, —u in V),
u, —u  in K,
Ru,, — Ru'  inV'.
We also get that
[Bun|
for some positive constant ¢. Up to select a subsequence we get that Au, weakly
converge to some b € V' and then (Au,,un)y xy — (b,u)yrxy. Since A is type
M we conclude that b = Au. In the same way one has that Bu,, — Bu. Since for
every subsequence (uy,)jeN We can extract a further subsequence (un].k)keN such

that Aunjk — Au and Bunjk — Bu we conclude that all the sequence satisfies
Au,, — Au and Bu,, — Bu and u is the solution looked for. O

v < Aun (v < c

4. Taking the limit for ¢ — 0. In this section we want to prove the result
which is the goal of the paper: to show that the solutions of problems (28)-(I)
(respectively of problems (28)-(IT)) converge, in a suitable way, to the solution of
(36)-(T) (respectively of (36)-(II)). We recall that the existence of a solution of the
following problems has already been proved in [8] and [7]:

Ru'+Au=f in) (Rv) + Av=f in)
M PoOu0) =¢ wmH0) ()] PO =¢ inH(0) (30
P(T)u(T) =4 in f_(T), P(T)W(T) =y in H_(T),

In the following three steps we will consider the problem (28)-(I) for p > 2. The

proofs in other cases, problem (28)-(I) for p = 2 and problem (28)-(II) both for
p > 2 and p = 2, are very similar.
Limit in the equation - Consider some f € V', ¢ € Hy(0) and ¢ € H_(T) and
denote by u. € Vi the solution of (28)-(I), p > 2. By Theorem 3.6 and boundedness
of A we get that (up to select a sequence €; — 0 which we will still denote by ¢ for
sake of simplicity) letting € go to 0

Us —> U in V-weak,
et/Pul — w in K-weak, (37)
Au. — g in V'-weak,
Ru. — z in V'-weak.

Notice that, by (18) and since e'/Pu’ is bounded in K, we also get that
leBucllv; < eBellullli = /PRl /Pul |}t - 0. (38)
Moreover for every n € CL([0,T];U)
<Rulga n>v’><V = 7(Ru67n,)ﬂ - <Rlu65 77>V’><V
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and taking the limit for € — 0 one gets

<Za 77>V'><V = (Ru7 77/)’}-[ - <Rln’ u>V’XV
by which we derive
z=TRu.

With these informations we consider the limit in the equation of problem (28)-(I)
and get

Ru' +g=f.
The goal now is to show that
g = Au. (39)

Now we consider problems (28) and multiply by u. the equations of problem (28).
First observe that Au. — g and then

Au, —e09=f —Ru in V'-weak.
We get

<Ru;)u5>v/><v + <AUE’UE>V’XV
S 5<B“€7“€>v;xv* + (RUL, e )y, F (Al Ue )y, = (Frtie )iy

by which

lim sup [<Ru’e’u8>v'xv + <Au5,u5>v,xv} < <f’u>v'><V' (40)

e—0

Observe that, since u — Ru’ is monotone in VY and u. —u € V2,

(Aue, tie),,, = (Ate, ), + (Aue e —u), )
< <Au€,u>v,xv + (Aue, ue — u>v'xv + (Rul = R/ yue — )y, o,
= <AUE’U>V'xv + (Aue + Ru/67u€>v'xv —(Ru',ue )y,

— (Auc,u),, ., — (Rul, u>v/xv + <Ru',u>v,xv

= (Au. + Ru’s,u5>v,xv - <Ru',u5>v,xv - <Ru’6,u>v,xv + <Ru’7u>v,xv

and taking the limit and using (40) and since g = f — Ru’ we get

lim sup<.,4uE , u5>

7
e—0 Vixy

Wy = (R u)y s, = (RS, + (R0,
= (f = Ru' )y = (0 W)y
Since we suppose A to be hemicontinuous and, as already observed, A is of type M
we get that
Au = f — R/
that is
Ru' + Au = f.
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Limit in the boundary conditions - By Lemma 3.19 in [7] given u € Wx we have
that
R(o)u(o) € ﬂ H(t) for every o € [0,7] and
t€[0,T]

/S (Ru) (r)dr

In particular for the family of solutions w. of problems (28)-(I) since (u.). are
bounded in V and Ru. are bounded in V' we have (Cy is defined in (3))

to to
/ R'uc(s)ds + / Rul(s)ds
¢ t

1 1

¢
</ ||(RU)I(T)||V,(T)dT for every o € [0,T] and [s,t] C [0,T].
H(o) s

| R(t2)ue (t2) — R(tl)u€(t1)”H(O) = ‘ )
H(0

2
<[ [ Iruto) o]
t1

9 1/2 to
V,(S)ds} + {/ [ Rul(s)|

t1

to
vrsds + /t1 | Rul(s)|

to
<Coltz — ta/? H/t [R'ue(s)]

1/2
2
V,(S)ds} ]
<Colts — 1|2 (R uc|lvr + [[Ruullvr).-
Notice that, since R’ is linear and continuous and (u. ). converge to u in V, we have
that
Ru. = Ru.
Since we also have that Ru. — Ru’ we derive that the quantity ||R uc |y + || RuL ||y
is bounded with respect to € and then we got that the family
(R(t)ug(t))€>0 is equibounded and equicontinuous in [0, 7T
with respect to the topology of H(0)

and then (R(t)ug(t))5>0
Precisely, since Ru. — Ru in H we get that for every n € H(0)

(R(t)ug(t),n)H(O) — (R(t)u(t), n)H(O) uniformly in [0, 7.
The same argument can be used to get that for every n € H(T)
(R(t)us(t)m)H(T) — (R(t)u(t), n)H(T) uniformly in [0, T7.
In particular we get that
R (0)u(0) = R+ (0)¢ in H(0),  R_(T)u(T)=R_(T)¢ inH(T) (41)
and also
R_(0)u:(0) = R_(0)u(0) in H(0), R (Tu(T) = Ry (T)uw(T) in H(T),

but for these we loose the propery to belong to VV.

Summing up, we have that there exists a sequence of the family of the solutions
(ue)e > 0 of problems (28)-(I) with p > 2 which converge to a function u which
satisfies (36)-(1).

The proofs of the other cases are completely similar.

Convergence of the whole family - Since for every subfamily of (u.)e>o satisfying
(28)-(I) one can repeat the same argument as above and get a limit function u
satisfying (36)-(I) by the uniqueness of the solution just of (36)-(I) we get that
from every subfamily one can select a sequence converging to the same u. Then we

is weakly relatively compact in H(0) uniformly in time.
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conclude that we do not need to select a sequence, but all the family of solutions is
converging.
Summing up, we have proved the following result.

Theorem 4.1. Consider an operator R : Wr — V' defined via R € £(Cy,Cs), B:
V. — V. operator satisfying (18) and hemicontinuous, A:V — V' hemicontinuous.
Suppose (29) holds and, given f € V', ¢ € fLr(O), Y e H_ (T'), denote by u. the
solution of problem (28)-(1) with A and R’ satisfying (19) or (20), denote by v. the
solution of problem (28)—(II) with A and R’ satisfying (21) or (22). Then we have
that

lim eBu, = hm eBv. =0 in V. -strong,
e—=0
limu. =u, limv.=wv in V-weak
e—0 e—=0
lim Ru. = Ru/,  lim(Rv.)" = (Rv)’ in V' -weak,
e—0 e—0

where u and v are the unique solutions respectively of the problems (36)-(I) and
(36)-(IT) and satisfy

2 1/2 2
ully + 1Rt o < C[IF I+ 1F15 + IR ey + 1RY20)0(0) 1o

IR TV oy + B2 000y |

Il + I(RoY v < C[Ilw+HIFIET + IR @D ) + 1B ©p(0) o

1/2 1/2 =1
FIRYAT)T) ey + IR 0000 s |
with C = C(p, a1, aa).
As an immediate consequence we have the following corollaries.

Corollary 4.2. As a consequence of the previous result, u., u, ve, v as above, we
also get that

hm Rue. = Ru, lim Rv. = Rv in H-strong.

e—=0 e—0

Proof. The proof follows immediately from Theorem 3.6 and Proposition 3.4 in [7]
(see also Theorem 2.14 and Proposition 2.6 in [8]). O

Corollary 4.3. As a consequence of Theorem 4.1 we also get that

lim (eBue, uc)yr xy, = lim (eBv, ve)yr xp, = 0.
e—0 * e—0 *

Proof. Consider u., the solution of (28)-(I), and u its limit in Wy satisfying (36)-
(I). Since u. weakly converge in V and eBu, strongly converge to zero (see (38)) we
immediatly conclude. Similarly one proves the convergence for (€Bv.,ve)yr xy,. O

Corollary 4.4. As a consequence of the previous corollary, u. and v. as above, we
also get that

limu, =u, limv, =v in V-strong
e—0 e—0
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and, if A is continuous,
. r / . ’ / . ’_
Eh_r}% Ru, = Ru', gl_r}(l)(Rvs) = (Rv) in V'-strong,
lim Au, = Au, lim Av. = Av in V' -strong.
e—0 e—0
Proof. As usual we prove the result for u., being the proof for v. similar.
Subtracting dBus + Ruls + Aus = f to eBus + Rul + Au. = f we get
eBue — 6Bus + Rul. — Ruls + Au. — Aus = 0.
Multiplying by u. — us we get
0 <E<Bu5, ug>v, w. T 6<BU5, u5>
+ <72u/E — Ruls, ue — u5>V'xv

= 0(Bus, u5>vL . T e(Bu,, u5>vi .

VXV,
+ <AU5 — Aug, ue — u5>V’><V

and since u. — us € V° one gets

arl|ue — sy < (5<Bu5,u€> + €<Bu5,u§>

VXV, ViV,

By Theorem 4.1 one derives that

lim e{(Bu.,u = lim e{Bu.,u =0
Rt (Bue, 5>V;><V* R (Bue, 5>V;><V*

5§ —ot 5§ —ot
and then (u¢).>o is a Cauchy family in V and then

lim u. =u strongly in V.
e—0+

Since eBu. + Ru. + Au. = f and eBu, strongly converge to zero (see (38)) in V.
(and in V') we also get that
Rul + Au. — f strongly in V'
By the continuity of A we get that Au. — Au and consequently
lim Rul = Ru’ strongly in V',

e—0+

O

5. Examples. In this section we present just two examples, since many examples
of forward-backward parabolic equations are already given in the two papers [8] and
[7].

Before exposing these examples we stress that, obviously, the two simple cases

R=0 and R=1Id

are admitted. In the first case we approximate an elliptic problem in dimension n
with an analogous elliptic problem in dimension n + 1, while in the second case the
limit problem is a parabolic equation (completely forward).

In both the two following examples we consider

T
R:H—H, (Ru,v) = / / u(z, t)v(x, t)r(z, t)dzdt,
0Jo
but

in the first r is bounded,
in the second r may be unbounded.
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First example: we consider the following situation: 7" > 0, & C R™ an open set
with Lipschitz boundary, \,, A, positive constants and, for p < 2, we consider the
spaces

U=V(t)=W,P(Q), K(t)=LP(Q), H(t)=L*Q) for every t € [0, T],
H=L*Qx(0,T), V=L0,T;WyPQ), V.=W,2(Qx(0,T))
and the operators
A(t) s WoP(Q) — W)
(A(t)u) (z) := —diva(w,t,u(z), Du(z)),
with a: Q x (0,7) x R* - R" verifying
Mol€lP < alz, t,u, &) - € < AlE)P for every £ € R",

T
AV =V, <.Au,v>y/XV://(a(ac,hu(x,t),Du(x,t)%Dv(x,t))dde
0JQ
T
Biv. Vi (Buhviy. = [ [ [ul e tule. o, tdodt,
0JQ

T
R:H—=>H, (Ru,v)= / / u(z, t)v(z, t)r(z, t)dedt
0Jo
where
r:Qx(0,7T) =R, re L*(Q x (0,T))
is such that

t— / u(z)v(z)r(z, t)de is absolutely continuous and
Q
d

%/Qu(x)v(x)r(x,t)dx < Oy (/Q |Du|p(x)d:v/QDv|p(x)dx> 1/1"

The operator R’ is defined as follows: R'(t) : Wy *(€2) — W~ (Q) and
d
R (€0, by 1 = %/Qu(x)v(a:)r(x,t)dm (42)

which has to satisfy assumptions (19)-(20). Notice that assumption (29) is in fact
an assumption about R, in particular an assumption regarding the regularity of the
two sets

{z € Q|r(x,0) 20} and {ze€Qr(z,T)<0}.
About that we refer to example (3) in the last section in [8]. About the sets
24(0) :={z € Qr(x,0) >0} and Q_(T):={zeQr(z,T) <0}
we supposte that they are measurable sets. Define the spaces

H(0) := the completion of C}(€2, (0)) w.r.t. the topology induced by

( /Q W2 (@) (z, O)dat) v

H_(T) := the completion of C}(Q_(T)) w.r.t. the topology induced by

< /Q WA (z)r_(z, T)dx) v
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Then, the solutions u. of

d (loul’?a 9
<5 ( 8—1: 8?) +ra—?—diva(x,t,u(m),Du(x)) =f in Qx (0,T)
u=0 in 90 x (0,7)
u(z,0) = p(x) in 2, (0) x {0}
(?)t (z,0) =0 in (Q0(0) UQ_(0)) x {0}
u(z,T) = $(z) in O_(T) x {T}
Zt (x,T) = in (Qo(T) U Q4 (T)) x {0}
under the assumtpions (19)-(20) converge to the solution of

T% —diva(z,t,u(z), Du(z)) = f inQx(0,7T)

uw=0 in 99 x (0,7)

U= in 994 (0)

u=n1 in 0Q_(T).

Similarly, mutatis mutandis, i.e. under the assumtpions (21) (22), one has the same
result substituting in the two previous problems 2% i u hy 0 5 (ru).

Second example: to consider an example where the spaces are depending on t one
can consider )\, and A, depending on time. In this way one must introduce some
weighted spaces. First suppose that

Ao = A(z,t) and A, = LA(z,t)

for some L > 1 and for A > 0 almost everywhere (and possibly unbounded). We
will denote by A(¢) the function  — A(z,t) and by 7(¢) the function x — r(z,t)
(also r could be unbounded). One can suitably define the spaces (see [9])

H(t) = L*(Q,u(t),  K(t):= LP(Qu(t), V() = Wy (2 r(8)], A1)
which may be defined as the completion of C}(2) with respect to the topologies
induce by the norms

(/Q Iu(x,t)lqu(x,t)>1/q, g=2org=p and (/Q |DU(x,t)|P)\(x7t)>l/p7

provided that a suitable Poincaré inequality holds

(/ |umt|uwt>1/p (/ | Du(, £)PA(x, t))l/p for u € C1(Q)

and where p is a suitable extension of |r|, i.e.
w(x,t) = |r(x,t)] where |r| >0 and i > 0 almost everywhere.

Under suitable assumptions about r and A there is s € R such that VVO1 #(Q) is a
dense subset of Wy(Q, |r(t)|, A(t)) for every ¢ € [0,T] and then one can consider

U :=Wy*(Q) for such s.
If r is unbounded we consider

Ry (t) = Py(t)
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i.e

. R4 (t) is the orthogonal projection from H(t) onto L*(24(t),7.(t)) (analogous

is the definition of R_(t)). With the other simple and obvious adaptations one can
conclude as in the previous example.

In

1
2

3

4
5
6
7
8
9

[10

[11

this case the operator B could be Bu := (|ut|p*2utu)t, ie.

(Bu,v) = //|ut|p_2utvtu(x7t)dxdt.
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