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Abstract. We consider a singular parabolic equation t’u; — Au = f, for (z,t) €
2 % (0,T), arising in symmetric boundary layer flows. Here 2 C R” is a bounded
domain with C? boundary 812, 8 < 1, f = f(t,z) is bounded, and T > 0 is some
fixed time. We establish sufficient conditions for the existence and uniqueness of a
weak solution of this singular parabolic equation with Dirichlet boundary conditions,
and we investigate its regularity.

There are two different cases depending on 8. If 8 < 1, for any initial data
uo € L2(Q), there exists a unique weak solution, which in fact is a strong solution.
The singularity is removable when § < 1. While if 8 = 1, there exists a unique
solution of the singular parabolic problem tu; — Au = f. The initial data cannot be
arbitrarily chosen. In fact, if f is continuous and f(t) — fo, as ¢ — 0, then, this
solution converges, as t — 0, to the solution of the elliptic problem —Au = fo, for
x € {2, with Dirichlet boundary conditions. Hence, no initial data can be prescribed
when 8 = 1, and the singularity in that case is strong.

Keywords: singular parabolic equation, degenerate parabolic equations, existence, unique-

ness, symmetric boundary layer, regularity.

AMS Subject Classification: 35K67; 35K20; 35K65; 7T6N10.

1 Introduction

The main goal of this paper is to solve a singular linear heat equation with
a coefficient of the time derivative depending on ¢, and Dirichlet boundary
conditions. Specifically, given f = f(x,t) and some ug(z) to be prescribed
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later, let us consider the following singular parabolic equation

tAuy — Au = f, (x,t) € 2x(0,T),
u(z,t) =0, (x,t) € 002 x (0,T), (1.1)
u(z,0) = uo(z), T € {2,

where 2 ¢ RY is a bounded domain with C? boundary 912, —oo < 8 < 1 and
T > 0 is some fixed time. The parabolic equation (1.1) is singular at ¢ = 0.
Let us fix § < 1. We introduce a new ‘time’ variable s(= s(8,t)),

1 d
5= mtl_ﬁ, then d—j =¢t% and t =[(1— ﬂ)s]l%ﬁ (1.2)
As t moves in (0,7, s ranges between 0 and S, with
S = 5(8,T) = T"8/(1 - ) (13

Let u be a weak solution of the parabolic problem (1.1). The function
v(z, s) == u(z,[(1 - ﬂ)s]ﬁ), is a solution of

vy — Av =g, (x,8) € 2x(0,5),
v(z,s) =0, (z,8) € 092 x (0,5), (1.4)

where

g(w.s) = f (2, 1(1 = B)s]77). (1.5)
Equation (1.4) is a standard parabolic problem, accordingly there exists a
unique weak solution of (1.4) (see, for instance, [5,8,13,22,25]), given by the
formula of variation of constants (see (4.1)). Recovering variable ¢, we obtain
that the problem (1.1) has a unique weak solution given by

A

ut) = D e o, 00) o (1.6)
=1

A

fe%e] t 71f (tl_ﬁi_rl—['}) -8 ld) .
+;</0€ g T P(f(7), pi)ds ) i,

where (-, -) is the usual scalar product in L?(§2) and {)\;}, {¢;} are the eigenval-
ues and eigenfunctions (normalized in the L?—norm) of the Dirichlet eigenvalue
problem —Ap = Ap, x € 2, ¢ =0, x € 92. In Theorems 3 and 4 we analyze
the regularity of the solution, which is not the usual one.

Once known the case § < 1, we analyze what happens when 5 — 1. Ob-
viously, the decomposition (1.6) becomes singular as 3 — 1. Let us fix any
initial time ¢; > 0. Instead of (1.1), given any initial data (¢1,u1), we consider
the following initial value problem

tuy — Au = f(x,t), (z,t) € 2 x (t1,T),
u(z,t) =0, (x,t) € 002 x (t1,T), (1.7)¢,
u(z,t1) = up(x), xz € (.

Math. Model. Anal., 25(1):88-109, 2020.
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We next reconsider the time variable s = s(f5,t) introduced in (1.2). To do

that, set s1 = s(8,¢1) = ﬁti_ﬁ, and introduce a new time variable 6 :=
limg_,1[s(8,t) — s(B,11)], obtaining
t dg 1
f=In(-— — == d t=t e 1.8
n(t1>’ at ¢ M Le (18)

Obviously, as t moves in (¢1,T"), the new variable 6 ranges between
0 (=In(t1/t1)) and

O =0(T) :=n(T/t1). (1.9)
Observe that, for any ¢t > 0 fixed, lim, ,oIn (%) = —00.

Reasoning as above, (when 8 < 1), if u is a weak solution of the parabolic
problem (1.7)¢,, then the function v(x,6) := u(z, t1€’), is a solution of

vg — Av = g, (z,0) € 2 x(0,0),
v(z,0) =0, (z,0) € 9002 x (0,0), (1.10)
v(z,0) = uy (z), x € (2,
where
9(2,0) := f(x, t1e?). (1.11)

Recovering variable t = t1 e?, we obtain that the solution to the equation (1.7);,
u(t) = u(t; t1,u1), through the variation of constants formulae, is given by

52 e S (]

=1 i=1 1

ohit (f(a),gol)do) ;. (1.12)

Assume that ¢ > 0 is fixed. Roughly speaking, letting ¢t; — 0 we obtain that
limy, 0 u(t; t1, u1) = u(t) where

= itAi (/Ot oht <f(0)7<m>d0) @i, (1.13)

or, changing the integration variable,
1
a) = Y- [ (000 ar ) (1.14)
i=1 /0

and the initial data u; can not be arbitrarily chosen as t; — 0. The initial
value problem (1.7);, loses its initial condition as t; — 0, and it is reduced to

tuy — Au = f(x,t), in 2x(0,7), u(x,t)=0, ondf2x(0,T). (1.15)

Moreover, roughly speaking, if f(¢,z) — fo(z) when ¢ — 0, then

Z)\i (fo, i) @i (1.16)

i=1""
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Henceforth, the unprescribed initial data in equation (1.15), coincides with the
solution of the Dirichlet problem

—Au=fy, x€, u=0, x¢€df.

As a conclusion, problem (1.1) for 5 = 1 and a general initial data wg is il
posed. In Theorems 7 and 8 we provide sufficient conditions on the source term
f for the existence of a unique weak solution of (1.15) and we also analyze its
corresponding regularity, which again is not the usual one.

Singular parabolic problems arise in a lot of fields of technology and natural
sciences. These problems may be divided on different classes accordingly to
their singularity with respect either to spatial variables [9,12,16,26], to time
variable [3,14,17], or to the unknown wu, or its gradient, see [1,2,4,7,10,15,18,
23,24,27,28].

Equation (1.1) arises in symmetric boundary layer flows. Let u be the tem-
perature for steady boundary layer flows around a blunt body. The governing
equation can be written in the form

pepw Uy — A, = f(z,t,u,us), t>0, z¢€(0,1),
u(t,0) = u1(t), wu(t,l) =w(t), for t>0, (1.17)
u(0, 2) = ug(z),

where p denotes the gas density, ¢, the gas heat capacity, w the tangential
velocity component, ¢ a curvilinear coordinate measured along the body surface,
z the coordinate normal to the body surface, A the gas thermal conductivity
and where f contains the lower order derivatives with respect to the normal
coordinate z, see [11, equation (2.13)]. For usual boundary layer flows, the
tangential velocity component w is positive in the interior of the domain, which
guarantees the standard parabolic aspect of (1.17). However, for symmetric
boundary layers, the tangential velocity w depends on ¢, and vanishes at t =0
(w(0) = 0), in such a way that there is a singularity in the initial value problem
with respect to t.

Moreover, similar equations appear in energy resources and energy con-
sumption problems. Nowadays, the society demands a lot of energy consump-
tion. Fossil fuels overuse and effects their applications have caused, make the
study about green, renewable resources a priority. Mathematical models play
an important role on this development, trying to get insight in how the energy
sources work. On one hand, almost all the systems to produce energy use fossil
fuels, biomass or nuclear fuels to heat a fluid. After that, the fluid access a
turbine to work producing electricity subsequently. On the other hand, there is
a very solid technology that uses the solar resource, both directly or indirectly,
to produce electricity: solar power towers, photoelectric panels, wind farms
or other devices based on the water cycle. Related problems to (1.1) appear
modeling the use of salts in thermosolar power towers, and also in molten salt
reactors. In both models, a molten salt is heated by using solar energy or nu-
clear reactions respectively. The temperature rises up between 500 and 1000°C,
depending on the model, although not regularly in the first place. Until the salt
completely heats, there are different zones where the salt is hotter than oth-
ers. That creates density differences that leads to symmetric boundary layers.

Math. Model. Anal., 25(1):88-109, 2020.
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The understanding of this phenomena is directly related with the efficiency of
the salts to collect energy and avoid energy loss. For more information about
the processes involved in molten salt reactors and solar power towers, see [21]
and [6] respectively.

The case 8 = 1 is a limit case appearing in symmetric boundary layers like
(1.17), when the tangential velocity w(0) = 0, it is is such that w/(tz) remains
positive for ¢ > 0, and 0 < z < [, so that the underlying operator is essentially
t(0/0t) — (1/2)(92/92?), or more generally, t(9/0t) + L, where L is a partial
differential operator with respect to the normal coordinate. In this situation,
no initial conditions with respect to ¢ can be prescribed, due to the singularity,
and the temperature on the symmetry axis have to be obtained formally by
letting ¢ = 0 in the PDE contained in (1.17). This singularity also appears with
the velocity governing equations in the case of incompressible boundary layer
flows. An existence result of Oleinik is available, see [20]. The flow equations,
after a suitable change of variable, can be reduced to the equation

v(v)

tUt_ z UZZ:f(thaUaUZ)’ 5207 OSZSL
v(t,0) = v (t), vt 1) =wva(t), for s>0,

where (z,t) are rescaled tangential and normal coordinates to the body surface,
and v is a rescaled normal derivative of the tangential velocity component w, see
[20]. Since the same type of singularity appears for ¢ = 0 as for the temperature
equation in compressible flows, no initial condition is to be prescribed for ¢ = 0,
see [20], and this is the main difference with the non symmetric boundary
layer case where the tangential velocity w remains positive inside the domain,
see [19].

This paper is organized in the following way. Section 2 contains prelimi-
naries, and well known results, in order to reformulate problem (1.1) in a weak
framework. In Section 3 we state our main results. In Section 4 we study a
standard parabolic problem (1.4), (related with problem (1.1) when 5 < 1).
Section 5 considers the case § < 1. Section 6 covers the case 8 =1, t; > 0. In
Section 7 letting t; — 0, we consider the singular problem (1.15) with g = 1.

2 Preliminaries, known results, and weak formulation

This section contains well known concepts, in order to precise a weak formula-
tion of (1.1). Let us consider the Hilbert spaces L?({2) and H}(§2) with their
usual scalar product and norms

1/2
= [pu@)v(@)dz, |vllz2q) = ([ v]*dz) ™",
1/2
(u,v) = fQ Vu(m)-Vv(:E) dz, vl gy () = = ([, |Vv(2)|? dz) /2

Let us consider the dual space of Hg(£2) denoted by H=1(2), f € H=(£2) if
f is a bounded linear functional on H}(£2). We denote the duality product of
H=1(0) in H}(2) by (, )V H-1(02),H1(2)- We define the norm

1fll-soy = sup {4 O mrme olmye) <1}
vEHS(£2)
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A characterization of H~!(f2) and its norm is given by the following theorem,
see [8, Theorem 1 in § 5.9.1].

Theorem 1. The function f € H=(2) if and only if there exist functions
fi€ L3(2),i=0,1,...,N such that

N
v
<f7 U>H—1(Q)7Hé(9) = /Q fO'U + ; /Q fi 67;524’ Yo € H&(Q) (21)

Furthermore, given f; € L?>(£2), i =0,1,..., N satisfying (2.1), then

Il = inf{(/nz]v: | fi] 2dw)1/2}_ (2.2)
i=0

Fix g < 1. Let us assume that u(z,t) is a solution of (1.1) regular enough.
Multiplying (1.1) by an arbitrary test function ¢ € H}({2), and integrating
over {2,

¢4 | wte o de+ [ Vuwt) Vot de = [ fle.ota)ds,

for all ¢ € HJ(£2). We associate with u a mapping u : [0,T] — H}(£2) defined
by [u(t)](z) := u(x,t). We consider u not as a function of z, and ¢, but instead
as a mapping u of ¢ into the space H}(£2). Similarly, we define f : [0,T] —
L?(£2). The singular heat equation (1.1) can be rewritten as follows: find a
function u : t € [0,T] — u(t) € H(£2) such that V¢ € HE(£2), Vt € (0,T):

”%Mﬁ@+wwm@=mm@;um=w, (2.3)

where a is a bilinear form defined by a (u,v) := [, Vu(z) - Vo(z)dz, Yu,v €
H'(2), so

a(u(t),¢) = /QVu(m,t) -Vo(x)dx.

Next, observe that

tP iu(t) =f(t) +divVu,  ae. in 2 x[0,7].

dt
The above right hand side lies in H~!(§2), see Theorem 1, with
7 @)l -1y < IEO2(0) + 10|30 - (2.4)

This estimate suggests to look for a weak solution with tB%u(t) € H~1() for
a. e. t € [0,77], in which case, the first term in (2.3) can be re-expressed as the
duality pairing of H~1(£2) in H}(£2) by (t? Lu(t), ) H-1(2),HL (2)-

To define a weak solution, we introduce some Sobolev spaces involving time.
Let Y denote a Banach space with norm | - ||y. The space L?((0,T);Y), for
p € [1,00), consists of all strongly measurable functions u : [0,7] — Y with

T 1/p
faleromn = ([ @)™ <+, (25)

Math. Model. Anal., 25(1):88-109, 2020.
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then the space LOO((O,T); Y) comprises all strongly measurable functions u :
[0,T] =Y with

[ulle((0,1);v) :=ess sup [lu(t)]y < oo, (2.6)
t€[0,T)

and the space C’((O,T); Y) consists of all continuous functions u: [0,7] — Y
with
v = t < .
uleqomymy = s o)l < -+oo

The next theorem concerns what happens when u and wu; lie in different
spaces, see [8, Theorem 3 in § 5.9.2].
Theorem 2. Suppose u € L?((0,T); H}(£2)) with uy € L*((0,T); H(£2)).

Then, (after possibly being redefined on a set of zero measure), function u €
C([0,T); L*(£2)).

DEFINITION 1. Let us fix 8 < 1. Given ug € L*(£2) and f € L>((0,T); L*(£2)),
we say that a function u € LQ((O T); HO ) NC([0,T]; L*(£2)) with tPu, €
L*((0,T); H71(£2)), and u; € L'((0,T); H1(£2)), is a Weak solution of the
parabolic problem (1.1) with 8 < 1, prov1ded (2.3) is satisfied.

Remark 1. The usual definition of a weak solution in a standard parabolic prob-
lem (8 = 0), gives £ € L2((0,T); L*(£2)) and asks for u; € L2((0,T); H(£2)).
If the data f € L2((0,7); L?(£2)), then the solution of (1.1) is not regular
enough. From (2.4),

||Ut(t)||H71(Q) < t_ﬁ Hf(t)HL?(Q) + t_,B Hu(t)HH(%(Q) ’

and by definition of || - ||z2¢0,7);5-1(02)), see (2.5),
T 2
||ut||2L2((o,T);H—1(rz)) < /0 =20 (||f(t)||L2(Q) + ||u(t)||H3(Q)) dt

T
<2 [ 47 (IOl 70 + 0Oy )) - (2.7
0 0

Obviously, if f € L>((0,T); L*(£2)), and 8 < 1/2, then

1-28

T
T
-2 2 2
/0 EO 220 dt < 125 £11 2 (0.1)522(02)) -

This is not a completely satisfactory estimate, due to in one hand we would
like to allow 8 < 1, not to restrict § < 1/2. But moreover, on the other
hand, to be able to bound the second term on the right hand side of (2.7),
we need u € L>((0,7T); Hj(£2)) (which is not a usual requirement for a weak
solution), and again S < 1/2. If instead, we look for un upper bound of
el 10,7y, -1 (2)) we deduce the following

T
el o,y m-1(2) < /0 t=F (||f(t)HL2(Q) + ”u(t)HH[}(Q)) dt, (2.8)
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and if £ € L*((0,T); L*(£2)), and 3 < 1, then

1-8

T T
/0 IO 20y A < 15 Wl momynecoy (2.9)

And again to bound the second term on the right hand side of (2.8), we need
ue L>=((0,T); H}(£2)).

At this moment the hypothesis t®u, € L?((0,7); H=*(£2)) looks like the
natural one, but it is not immediate to deduce that u, € L*((0,T); H'(12))
when 8 < 1. We will need sharper estimates.

We now concentrate our attention to the case 5 = 1. Fixing ¢; > 0, we
study the standard parabolic equation with arbitrary initial data (¢1,u;), given
by (1.7)¢,, and then let t; — 0. We state the definitions of weak solutions. The
first definition is for ¢; > 0 fixed. Reasoning as in the introduction, the second
definition is obtained letting ¢; — 0 .

DEFINITION 2. Given t; > 0, u; € L?(f2) and f € LOO(( 1,T); L (Q)), we say
that a function u(t) = u(t;t1,u1), u € LQ((tl7 S(92) ) (tl, LQ(Q))
with tuy € L2((t1,T); H(£2)), and u, € Ll((tl, ), -1

tion of (1.7)s, provided

t(w (), ¢) +a(u(t),¢) = (£(t).¢), Vo€ Hy(2), Vte (t,T),

is satisfied, and also u(t1) = u;.

)) is a weak solu-

Remark 2. When 8 = 1, an estimate like (2.9) is unreachable, hence in that
case we can not wait for a solution with time derivative in L' ((0,T); H~*(£2)).
We look instead for a solution such that tu, € L2((0,7); H(£2)).

DEFINITION 3. Given f € L*((0,T); L?(£2)), we say that a function u(t), u €
L2((0,7); H3 (£2)) NC([0,T]; L*(£2)) with tu, € L2((0,T); H(£2)), is a weak
solution of the parabolic problem (1.15) provided

t(ue(t),9) +a(u(t),¢) = (£(t),¢), Vo€ Hy(2), vt € (0,T),

is satisfied.

3 Main results

In this Section 3 we state our main results, Theorems 3, 4 (case 8 < 1),
Theorems 5, 6 (case 8 =1, t; > 0), and Theorems 7, 8 (case = 1).

The following two theorems provide a result on existence of a unique weak
solution of (1.1), when f € L*((0,T); L?(£2)) and 3 < 1.

Theorem 3. Given f € L>((0,T); L*(£2)) and 8 < 1, for each ug € L*(£2),
the problem (1.1) has a unique weak solution given by (1.6). Moreover, there
exists a constant C > 0, depending only on §2, B and T, such that

Jmax [u®lza) + lulzeorymyn + el o= @)

< (JJuoll ey + €L~ 0.mye2cen )

Math. Model. Anal., 25(1):88-109, 2020.
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And, if B < 1/2, then u; € Lz((O,T);H*I(Q)), and there exists a constant
C > 0 depending only on §2, B and T, such that

luellzao.mym -+ < € (Iollzacay + 1€l o.yz2o )-

The regularity of a weak solution of (1.1) can be improved assuming that
the boundary 0f2 is regular enough.

Theorem 4. Given ug € L*(2), £ € L>((0,T); L*(2)) and B < 1, let u be
the unique weak solution of the problem (1.1) given by (1.6). Then, in fact
u e L2((0,T), H3(2)) N L>=((0,T); H}(£2)), with u, € L'((0,T); L*(£2)), and
for some constant C > 0 (depending only on £2, 8 and T ), we have the estimate

ess S[%PT] a0y + lullzzo.rym22) + lwllio.ry:2(2)
te|0,

<C (||u0||L2(m + ||f||L°°((o,T);L2(9)))~
The following two theorems provide a result on the existence of a unique
weak solution of the singular problem (1.7);, (for 8 =1).

Theorem 5. Given t; > 0, and £ € L>((0,T); L*(£2)), for each uy € L*(12),
the problem (1.7):, has a unique weak solution given by (1.12). Moreover, there
exists a constant C > 0, depending only on §2, B and T, such that

teﬂ[ltaXT] u(t )||L2(!2) + |\U||L2((t1,T);Hg(m) + ||ut||L1((t1,T);H*1(9))

T 1/2
<cC (HUOHLz(Q) + [m (tl)} ||f||Lm((0’T);L2(m)). (3.1)

Assuming that the boundary 9f2 is smooth enough, we improve the regu-
larity of a weak solution of (1.7),.

Theorem 6. Given t; > 0, u; € L*(£2), and f € L°°((O7T);L2(Q)), let u be
the unique weak solution of the problem (1.7), given by (1.12). Then, in fact
ue L2((t1,T), H*(2)) N C([t1, T]; H} (12)), with uy € L*((t1,T); L*(£2)), and
there exists some constant C' > 0 depending only on {2 and T, such that

ess S[%PT] ”u(t)HH(}(Q) +lall 20,7y m52(2)) + el 0.1):22(2))
te|0,

<C (||UO||L2((2) + [In (T/tl)]1/2 Hf||L°°((0,T);L2(r2)))' (3.2)

Next we let t; — 0. The following two theorems provide a result on the
existence of a unique weak solution of the singular problem (1.15) (for 8 = 1).
Obviously, estimates (3.1)—(3.2) do not apply when ¢; — 0. We have to restrict
the space for the functions f. Let X (= X[o77) be a Hilbert space defined by:

X:={f e L*([0,T]; L*(2)) : |flx <400}, (3.3)

where its associated norm is defined by:

1/2
1£]|x = V <Z il{lg)ﬂ z>’> dt} : (3.4)
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Theorem 7. Assume that f € XNC([0,T]; L*(£2)). Assume further that there
exists two constant C' > 0, § > 0 such that

oo

sup | (£( <pz>| < C, forallt <. (3.5)
i—1 9€[0,1]

Then, the following holds:

(i) The problem (1.15) has a unique weak solution u € L*((0,T); Hy(£2))
with tuy € L2((0,T); H(£2)), given by the formula of variation of con-
stants (1.13) or equivalently (1.14).

(#i) Moreover, there exists a constant C > 0, depending only on 2, and T,
such that

[ullz2 0,y 12 (2)) + 1Tl z2(0,7).m-1(2)) < C|If]lx-

Theorem 8. Assume that f € X N C([0,T]; L*(£2)). Let u be the unique weak
solution of the problem (1.15) given by (1.13). Then u € L*((0,T), H?(12)),
with tu, € L?((0,T); L*(£2)), and we have the estimate

llallz2 0,1y 52(2)) + It el 20,722 (2)) < ClIfllx,

for some constant C > 0 depending only on 2 and T. Furthermore, if

oo

Z sup ‘ cpl>’ <C, forallte (0,T]. (3.6)
i—1 9€[0,t]

then, u € C((O,T];LQ(Q)). Moreover, if
Z sup — £(0), @i)‘Q —0 as t—0, (3.7)

i— 10€[Ot

then, there exists the limit limy_ou(t) = u(0) in H*($2), and u(0) € H?(£2) is
the unique solution of the Dirichlet problem

—Au(0) =£(0), z€£2, u=0, =ze€df

4 The standard parabolic problem

This section collects well known results for a standard parabolic problem.
The following theorem is a well known result on existence of a weak solution
v(s)(+) :== v(s,-) of the standard parabolic problem (1.4), for g(s)(-) := g(s, -),
and S defined by (1.3), see for instance [5,8,13,22,25].

Theorem 9. Assume that g € L*((0,5); L*(£2)). Then for every ug € L*(£2),
there is a unique weak solution of problem (1.4),

Math. Model. Anal., 25(1):88-109, 2020.
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v E LQ((O,S);H(}(Q)) ﬂC([O,S];Lz(Q)), with v, € L2((07S);H*1(Q)), given
by the formula of variation of constants, that is

Ze “{uor wz(/ N glo)pihdo ) i (1)

Moreover, there ezists a constant C > 0 depending only on 2 and S, such that
e Iv(s)lIz2(2) + IVIiLz(0,5)m82)) + VsllLzo,)1-1(2)) (4.2)

< C ([luollz2(2) + lgllL2(0.5):22(22))) -

Proof. From [8, Theorems 3 and 4 in § 7.1.2], there exists a unique weak so-
lution of (1.4), v € L*((0,5); H(£2)), with v; € L?((0,5); H~'(£2)). Thanks
to Theorem 2.5, see also [8, Theorem 3 in §5.9.2], the solution is in

C([0,5]; L3(£2)), and so the initial condition makes sense. From [8, Theorem
2 in §7.1.2], we deduce the estimates (4.2). O

The following theorem is a well known result improving the regularity of a
weak solution v of the standard parabolic problem (1.4).

Theorem 10. Assume that g € L*((0,5); L*(£2)). For every ug € L*(£2), let
v be the unique weak solution of (1.4), given by the formula of variation of
constants (4.1). Then, in fact v € L*((0,S), H*(£2)) N L>=((0,5); H}(12)),
with v, € LQ((O7 S); LQ(Q)), and there exists a constant C > 0 depending only
on {2 and S, such that

ess S}(I)I)S] V() 22y + IVIIL2(0.5):m2(2)) + 1Vsll2(0.5):22(2)
sg|0,

< C(||U0||L2(n) + HgHL?((O,S);L2(Q)))- (4.3)
Moreover, if g € L>=((0,5); L*(£2)), then v, € L>((0,5); H~(£2)), and

1Vall oo (0,591 () < Clluollzzce) + llgllzz(o,8):22(2) + I8llL=(o.5):22(2)))-
(4.4)

Proof. See [8, Theorems 5 in § 7.1.2] for proving (4.3). Next, we are going
to prove that if g € L>((0,5); L(£2)), then v, € L>=((0,5); H~*(£2)). From
(1.4) vs = div Vv + g, from characterization of H~1(£2), see (2.2)

Ve ()-12) < Iv() 3 + I18() |12y, therefore

[Vsll Lo (0.9):-1(2)) < [IVIILoo(0.5);:m1(2)) T |18l L= ((0.5):22(2))-

Since (4.3), inequality (4.4) is accomplished, ending the proof. O

5 Proof of Theorems 3 and 4 (case 5 < 1)

This section collects several results concerning the regularity of a weak solution
of (1.1), and further prove Theorems 3 and 4. All throughout this section, we
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assume that § < 1 is fixed. Let v be the unique weak solution of (1.4), see
Theorem 9. Define .
— 1-p
u(t) .—v(l_ﬂt ), (5.1)
then it is easy to see that u is a weak solution of the parabolic problem (1.1).
Which is not so clear at this moment, is the regularity attained by u.

To unveil this question, we proceed with three technical Lemmata. The
first Lemma precises the conditions on f ensuring that g € L2((0,5); L%(£2)),
to be able to apply the standard theory for parabolic problems, Theorems 9
and 10. The second Lemma relates the regularity of u with the regularity of
v, more specifically, states upper bounds of norms of u in terms of norms of v.
The third Lemma goes further in the regularity of u, and as in the standard
parabolic problem, we improve the regularity of a weak solution.

Lemma 1. Assume that £ € L>((0,T); L*(£2)). Let g be defined by

g(s) := £([(1 = B)s]77), (5.2)

(see (1.5)), and S defined by (1.3). Then, g € L*((0,5); L*(£2)) N L>=((0,5);
L%(2)), moreover

gl Lo (0,5):22(2)) = [EllLoe ((0,7);22(52)) (5.3)

1-8 1/2
gllL2((0,5):L2(2)) < (1 - 5) €] Lo ((0,7);£2(2))-

. 12
Proof. By definition of g, see (5.2), ||g(s)||%2(m = ||f([(1 — ﬁ)s]l—B)HL2(Q).
By definition of || - ||z ((0,5);22(2)), see (2.6), equality (5.3) is achieved.
By definition of || - ||£2((0,5);L2(2)), see (2.5), and of s, see (1.2),

el O] gy < T e
gllizosyzz) = | Ollz20) 4t = 775 Il 0.)iz2)

ending the proof. 0O

Lemma 2. Assume that £ € L>((0,T); L*(£2)), and uo € L*(£2). Let g be
defined by (5.2), and S defined by (1.3). Let v be the unique weak solution of
(1.4) provided by Theorem 9. Let u be given by (5.1). Then,

(i) ue L2((07T);H§(Q)) and ||UHL2((0,T);H3(Q)) < TP/ ||VHL2((0,S);H3(Q))-

4 C([0,T]; L%(£2 d t = .
(i) we C(0.THLA2)) and max. [ut) |12e) = mas [v()]ze(o

(iii) tPu; € Lz((O,T);H’l(.Q)), w € L1 ((O,T);Hﬁl((})), and
el Lro,m)im-2(2)) = 1VsllLr o801 (2))-
(iv) If B < 1/2, then u, € L?((0,T); H(£2)), and

1—283 /2
allLz 0,7y m-1(2)) < (Tﬁg) Vsl (0,):1-1(2))-

Math. Model. Anal., 25(1):88-109, 2020.
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Proof. (i) By definition of u, see (5 1), their norm in H{({2) satisfy the fol-
lowing equality ||u(t) H1( 2) H tl #) H By definition of the norm
II - ||L2((07T);H3(Q)), see (2.5), and of s, see (1. 2)

S
B
Il myngian = [ 10 =Bl IVl o

e
< (1= B)SI™F IVIZ20.8:m1 0 = T IVI72(0,5.m2(2))

ending part (i) of the proof.
. . 2
(if) Obviously [[u(t)IZ20) = V(25 ) 120
[0,T], then s € [0, 5], and so part (ii) is achleved
(iii) From definition of u, see (5.1)

w(t) =t P v, (1—1ﬁ t15> , (5.4)

therefore t"u, € L2((0,T); H~'(£2)). Moreover

Moreover, when t €

T
_ 1 -
el Lr o,y —1(02)) =/ =" H"s(il,ﬂt M1t
0
S
- / 1va()ll - ds = [Vallzs (o.syiti-1c))-

(iv) From definition, and (5.4), if 8 < 1/2,

T 1 _ 8 =B
||“t||%2<<o,T>;H*1<m):/0 =27 H"s(mtl Mooy dt = /0 (1= B)s]

2 2 1 1-28
X NVs()zr-1(y ds < IVsllLoe(0,9):m-1(2)) 125 (1= pB)S] =7,

which ends the proof. O

Lemma 3. Assume that £ € L>((0,T); L*(£2)), and ug € L?(£2) are given.
Let g be defined by (5.2), and S defined by (1.3). Let v be the unique weak
solution of (1.4) provided by Theorem 9. Let u be given by (5.1). Then,

(i) uwe L2((0,7); H*(£2)) and |[ul r2(0.1):m2(2)) < TP |1V|12((0,5):12(2))-

(i) we C((0.71: HY(82)) and mas [u(0)llyia) = masc V(s)] o

(m) u; € Ll ((O,T),LQ(Q)) and |\ut||L1((07T);L2(Q)) = ||Vs||L1((O,S);L2(Q))-

Proof. (i) By definition of u, see (5.1), ||u(t)] HQ(Q) = Hv(
By definition of || - ||z2((0,7);m2(2)), see (2.5), and of s, see (1. )

el

S
_B
T / (1= B)S) ™2 [v(5) |22 ds

B
<[(1 = B)SI™F V32 (0.9 m202)) = T IV I172((0,8): 12 (2
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ending part (i) of the proof.

. . _ 2

(ii) Obviously ”u(t)”%lé(ﬂ) Hv( tt )HHé(Q)' Moreover, when t €
[0,T1], then s € [0, S], and so part (ii) of the proof is achieved.

(iii) From (5.4) ||u(t)|r2(2) =t~ B HVS( 13 t1-6 )||L2(Q), and

T
1
el o,z () :/0 L A Gy Ol PPSL

S
- / 1Va() 220y d5 = IVl o0.50505(0-
ending the proof. 0O

Proof. [Proof of Theorem 3] It is a consequence of Theorem 9, Lemma 1 and
Lemma 2. O

Proof.  [Proof of Theorem 4] It is a consequence of Theorem 10, Lemma 1 and
Lemma 3. O

6 Proof of Theorems 5 and 6 (case =1, t; > 0)

This section collects several results concerning the regularity of a weak solution
of (1.7)4,, and further prove Theorems 5 and 6. All throughout this section,
we assume that § =1 and t; > 0 is fixed.

Given f, let us define

g(0) := f(tie?), (6.1)
see (1.11). Let v be the unique weak solution of (1.10), given by the formula
of variation of constants,

Ze furgi ot Z ([ g1 do)

(see [5,8,13,22,25], see also Theorem 9 and equation (4.1)).

Define
u(t) := v(In (t/t1)), (6.2)

then it is easy to see that u is a weak solution of the parabolic problem (1.7),,.
To study their regularity, we proceed with three technical Lemmata. The
first Lemma precise the conditions on f ensuring that g € Lz((O, 0); LQ(Q)),
to be able to apply the standard theory for parabolic problems, Theorems 9
and 10. The second and third Lemmata relates the regularity of u with the
regularity of v, stating upper bounds of norms of u in terms of norms of v.

Lemma 4. Assume that £ € L*((0,T); L?(12)). Let g be defined by (6.1),
and © be defined by (1.9). Let us fix an arbitrary t; € (0,T). Then, g €
L?((0,0); L*(2)) N L>((0,T); L*(£2)), moreover

gl 2o (0,0):2(2)) < Il Lo (0,1):L2(2))5

1/2
lgll 20,0922y < M (T/t0)] 1€l o 0,7y 22(2))-

Math. Model. Anal., 25(1):88-109, 2020.
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Furthermore,if there exists a constant C' > 0 (depending on T'), such that

1 2
() | Iy e <.
0

T 1/2
2
Igllzz(0,0):L2(2)) < (/0 n !f(t)’m(rz) dt) )

Proof. By definition of g, see (6.1), [|g(0)[|22q) = ||£(t1¢?)||}. (- By defini-

then

tion of || - [| L ((0,0);22(2)), se€ (2.6), ||gll L ((0,0):22(2)) = £l oo (1 )22 (2)) <
||f||Loo((07T);L2(Q)). By definition of || . HLZ((O)@);[;(Q)), see (25), and of 9, see
(1.8),

T
1 2 T
I8l oonzian = | 3 IEO G dt < () I @y
1

T 2 T 2
Moreover, ||g|‘%2((0,@);L2(Q)) = ftl % Hf(t)HL2(Q) dt < fo % Hf(t)Hm((z)dt’ end-
ing the proof. O

Lemma 5. Assume that f € L*((0,T); L?(12)), assume also that uy € L*(£2).
Let g be defined by (6.1). Let v be the unique weak solution of (1.10) provided
by Theorem 9. Let u be given by (6.2). Then,

(i) we L?((tr, T); Hy(2)), [lull 2 (e s 2y < T2 VI 20,0y 12 (2))-

(ii) we C([t1,T]; L*(2)), and oo [fut)llzze) = max [V(O)llz2a)-

(iii) uy € Ll((tl,T);H_l(Q)), ||ut||L1((t1,T);H—1(Q)) = ||VsHL1((0,@);H—1(9))'

Proof. (i) By definition of u, see (6.2), their H}(§2)-norm satisfy the following

||u(t)\|%13(m = |[v(In (t/tl))
see (2.5), and of 6, see (1.8),

T e
t 2
||u||i2((t1,T);H3(n)) :/t HV (ln (151)) HH[}(Q) dt :/0 ty e’ ”V(G)Hifé(ﬁ) do
1

e
<te HV||2L2((0,@);H3(Q)) =T HV||2L"‘((07@);H&(0))’

By definition of || - || L2 (¢, ,7);m (2))-norm,

0(£2)

ending part (i) of the proof.

(ii) Obviously [[u()[172 (o) = [[v(In (£) ||L2 . Moreover, when t € [t1,T],
then 6 € [0,0)], and so part (ii) of the proof is achleved.

(iii) From definition of u, see (6.2)

w(t) = 5 vo (in (t/n)) (6.3)
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therefore ||Ut(t)HH—1(Q) = % HV@(IH (t/tl))HH_l(Q), and

e
HutHLl((tl,T);H—l(Q)) = /0 ||V9(9)||H—1(Q) ds = ”VSHLl((O,@);H—l(Q))a
which ends the proof. O

Lemma 6. Assume that £ € L>((0,T); L*(£2)), and uy € L*(2). Let g be
defined by (6.1). Let v be the unique weak solution of (1.10) provided by The-
orem 9. Let u be given by (6.2). Then,

(i) we L2((t1,T); H*(2)), |ullz2 (e mym22)) < T2 VL2 (0,002 (2)) -

(i) we O([tr,T); Hy(£2)), and e a(®)ll gy o) = puax, V(O 2 (02)-

(’LZZ) u; € Ll((tl,T);LQ(.Q)), and ||ut||L1((t17T);L2(_Q)) = ||VSHL1((O,@);L2(Q))~

Proof. (i) By definition of u, see (6.2), ||u(t)\|%[2(9) = [|v(In (t/t1))
By definition of || - ||z2((t,,1):H2(02)), see (2.5), and of 6, see (1.8),

2
)

&)
T / 1 |1V (0) [0
<t1€? V132 0.0):m2 ) = T IVIIZ2(0.0):12(2))>

ending part (i) of the proof.
.. . 2
(ii) Obviously ||u(t)||§{é(m:Hv(ln (£)) HH&(Q)' Moreover, when t € [t1,T],
then 6 € [0,0)], and so part (ii) of the proof is achieved.

(iii) From (6.3) [[us(t)[|r2(2) = + ||ve(In (t/tl))HH(Q)’ and
e
T / Vo)1= 49 = [¥l2 (00020

ending the proof. 0O

Proof. [Proof of Theorems 5 and 6.] We merge both proofs due to their
similarity. Fixing an arbitrary t; > 0, and u; € L?(§2), the existence of a unique
solution of (1.7), for t € (t1,T) is a consequence of Theorem 9, Lemma 4 and
Lemma 5. Moreover, its regularity is a consequence of Theorem 10, Lemma 4
and Lemma 6. O

7 Proof of Theorems 7 and 8 (case =1, t; — 0)
This section collects several results concerning the regularity of a weak solution
of (1.15), and further prove Theorems 7 and 8. All throughout this section, we

assume that § = 1.

Math. Model. Anal., 25(1):88-109, 2020.



104 D. Lopez-Garcia and R. Pardo

Proof. [Proof of Theorems 7 and 8.] We also merge both proofs thanks to
their similarity. Let us denote by w(¢;t1,u1) the unique solution of (1.7), for
t € (t1,T) provided by Theorems 5 and 6, and defined by (1.12).

In part I), fixing any ¢ > 0, we analyze the asymptotic behavior of u(t; 1, u1)
as t; — 0, and see that, for any u; € L2(£2), it is independent of u;. Let us
denote it by u(t). In part II) we analyze the regularity of u(¢), and prove
that u € L((0,T), H?(12)) and that tu, € L2((0,T), L*(£2)). In part III) we
prove that u € C’((O7 T], LQ(Q)). Finally in part IV), we study the asymptotic
behavior of u(t) as t — 0.

I) Let u(t) be the solution of (1.7)¢, on (t1,T) given by (1.12). Fixing any
t > 0, let us define u by (1.13). We next see that u(t) := limy, o u(;t1,u1).
Let us first look at the first term on the right hand side in the equation (1.12).
From Parseval’s identity and since A\; < Ay < --- < \; < ---, fixing any ¢ > 0,

for any t; < t we can write
/g \ N PN [ /1) 20 1/2
Z (t) (u1, @i) @i = (t) [Z (t) |<u1,<pi>|2]
L2() i=1
(tl/t) "ullz2e) = 0 as t; — 0.

i=1

Now we substract the limit of u as t; — 0 given by (1.13) minus the second
term in the right hand side of (1.12) to obtain

it"\i (/t N E(0), ;) do — /t ghit <f(a),%->dg> ©i

i=1 0 2!

=S ([N o o o)

Assuming that £ € X N C([0, T]; L*(£2)) (see (3.3)~(3.4)),
t1 2 [e’e]
([T an) el =Y

H2(0) i=1

X (/Otl N HE (o), @) d(f>2 Z)\Qt 2 sup ’<f(0)7@i>|2

o€(0,t1]

2

t1 - t g 9
X </0 oM ldo) = Z (;) 65[1(131] |<f(0),90i>|
i=1 g
2)\; oo 2(Ai—A1)
tl t1 2
_ (t) >y (t) sup |(£(0), 91)]

i=1 o€[0,t1]
tl 2\1 ©© )
< (t) Z sup [(£(0), pi)|"-
=1 o€0,t1]

Since hypothesis (3.5) on f,

Hu(t)_u(t;tlvul)Hiz(Q)S(%) <|U1||L2(Q)+Z SElp <f(0'>790i>’2> =0

i=1 9€l0 t1]
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as t; — 0, and limy, o u(t;t1,u1) = u(t) in L2(£2).
IT) At least formally

- Auft ZA o (/a <f<o—>7goi>do) o

and reasoning as above, for any t > 0

t
1) 30 = ZA% 2 ([t dcr) ZW 2
2 %)

t
i Ai_ld) == i 2~
< o el ([ o) =30 s (i)

Since f € X (see (3.3)-(3.4)), then ([ [[u(®)|%2q) dt)"”

L?((0,T),H?(£2)). Also, for any ¢ > 0,
=Y ([P o) it S 6000
—¢1 2 [—Ait—*i (/Ot o (£(a), i) dff) + <f(t)7<Pi>] Pi
=t i)\it)\i (/Ot oM (£(t) — £(0), ;) da> 0.

Moreover,

({020 th o ( [ 0 1) 0o

< |Ifl%, and u €

2

+ 2
<Z)\2t 2\ sup |(£( f(a),goi>|2 (/ o‘>‘i_1d0'>
i1 o€[0,t] 0
=" sup [{£(t) — £(0), pi)|".
i—1 o€0,t]
Since
S sup [{6)— £ < S (|<f<t>,soz->1+ sup [{£(0),0)])
i=1 o€[0,¢] i=1 o€[0,t]
(a+b)? <2(a® +b?), Z} = [I£(¢ )H%Z(Q)?
then

T 2
| (noince)dt < 208005 oo + 200 < 4161,

Math. Model. Anal., 25(1):88-109, 2020.
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and tu, € L2((0,T), L*(£2)).
IIT) Fix any t > 0. From (1.13) we deduce

0o t+h
alt+h) —u(t) = S (t+ )N ( / (£(0), pi)o™ ! do) o

i=1

- it—*i (/Ot (£(0), i)™ do) @i,

therefore, for h > 0 we can write
> t t+h\ N
e+ 1) = u( iy = 3 | ([ (#0) o) ao) ((t) - 1)
=1
t+h 2 o) 9
+(t4+h)"N (/ <f(0), <p,»>a)‘i71 do’) } = Z [Ai(t, h) + B;(t, h)]
t i=1
Observe that (£52)™ — 1= [1y(0)ds, with
5() = L | (LR e N A AN
Tdf t - t t

Then

_Aj
|(t+h> <
t

|As(t, )] < Bt (/ |(£(0), pi)]o™

On the other side
(t+ h)ri — i >

|Bi(t,h)| < (t+h)™*  sup
o€[t,t+h]

1 t Ai h
Y £ : 1= <7 f IRL VAR
b el 0= () ) <7 e, o2

Consequently
2 oo

h 2
e+ ) = w0l <4 (5) 3 sw [(F(a) el
i—1 0€[0,t+h]

Since (3.6), |lu(t + h) — u(t)||%2(m < C’(%)2 — 0as h — 0, and u €

C((0,T]; L*(£2)).
IV) Finally, we analyze the asymptotic behavior of u(t) as ¢ — 0, assuming

that (3.7) holds. From (3.7), for any € > 0 there exists a § > 0 such that for
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any 0 <t <6, Y272, SuPepy [(£(0) — £(0), <pi>|2 < e. Subtracting u(t) minus
ug defined by (1.16), for any 0 < ¢t < 0, we deduce

Jua(t) — wolleq) = iA? > (f A (o), 1) i) = 3 (6020

2

0

_ Z ¥ {t—ki (/Ot 1) — £(0), 1) da)] 2

X2

00 t 2
< Z)\?tfz)‘i sup |(£(0) — f(()),cpi)|2 (/ O’Aildd)
i—1 o€[0,t] 0
= 2
= sup [(f(o) —£(0),¢:)| <&,
i—1 9€[0,t]

which concludes the proof. O
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