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ON THE DIFFUSIVE LIMITS OF RADIATIVE HEAT TRANSFER
SYSTEM I: WELL-PREPARED INITIAL AND BOUNDARY
CONDITIONS*

MOHAMED GHATTASSI, XIAOKAI HUO*, AND NADER MASMOUDI$

Abstract. We study the diffusive limit approximation for a nonlinear radiative heat transfer
system that arises in the modeling of glass cooling and greenhouse effects and in astrophysics. The
model is considered with the reflective radiative boundary conditions for the radiative intensity and
with periodic, Dirichlet and Robin boundary conditions for the temperature. The global existence of
weak solutions for this system is given by using a Galerkin method with a careful treatment of the
boundary conditions. Using the compactness method, averaging lemma and Young measure theory,
we prove our main result that the weak solution converges to a nonlinear diffusion model in the
diffusive limit. Moreover, under more regularity conditions on the limit system, the diffusive limit
is also analyzed by using a relative entropy method. In particular, we get a rate of convergence.
The initial and boundary conditions are assumed to be well-prepared in the sense that no initial or
boundary layer exists.
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1. Introduction. The radiative transfer equation describes the physical phe-
nomenon of energy transport in radiation. It has a variety of applications, such as
cooling glass [50], radiation hydrodynamics [42], astrophysics [45] and greenhouse ef-
fect [7, 31]. In this paper we consider a model of glass cooling with the radiative heat
transfer equation coupled with a heat equation. The model is given by

W cmpmatT:khATf/ //~c(l§'f¢)dﬁdu7 t>0,z€Q,
1 0 Js2
%3t1/)+5-V1/)=/£(B—1/))7 t>0,(z,8,v) €QxS?xR,.

Here Q C R? is a bounded domain, and S? is the unit sphere in R3. The function
T = T'(t, z) denotes the temperature of the medium and ¢ = (¢, z, 8, v) is the specific
radiation intensity at x €  traveling in the direction 3 € S? with frequency v > 0
at time ¢ > 0. The constants ¢,,, pm, kn, K, and c are the specific heat, the density,
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the thermal conductivity, the opacity coefficient, and the speed of light, respectively.
Furthermore, B = B(v,T) denotes the Planck’s function

2hp1/3

hpv
c? <e’“bT — 1)

for black body radiation in glass. Here h, is the Planck’s constant and k; is the
Boltzmann’s constant. We refer the reader to [22], [44] and references therein for
more radiative heat transfer models.

In order to solve the glass cooling model (1), we need to provide initial and
boundary conditions for 7" and 1. The initial conditions are taken to be

B(v,T):=

T(t=0,z) = Tp(x) for any = € Q,
Blt = 0,2,8,0) = o(w, B,v) for any (z, 8,v) € Q2 x S? x R

The boundary condition for the temperature T is the following Robin boundary con-
dition:

(2) kn-VT(t,z) = h. (Ty(t,x) — T(t,z)) for any t > 0, z € 9.

Here T, = Ty(t,z) > 0 is a nonnegative function, n = n(z) is the outward unit
normal vector to the boundary 9f2, h. is the convective heat transfer coefficient, and
k > 0 is a constant. When k = 0, this corresponds to a nonhomogeneous Dirichlet
boundary condition. To give the boundary condition for ¥, we define the boundary
set ¥ = 00 x S? and

(3) S_={(z,8) €00 x S?, B-n(z) <0},

(4) Sy = {(z,B8) €90 x S* B-n(z)>0}.

The boundary condition for the specific radiation intensity is taken to be the following
reflecting absorbing mixed condition:

P (t,x, B,v) =ap(t,z,B,v) + (1 —a)p(t,z, 8 ,v), t>0, (v,8)eX_, veR,.

Here vy, = ¥p(t, x, B, v) is a given function defined in the in-flow direction, which is
on the half surface ¥_, and it describes the radiative intensity transmitted into the
medium from outside. The coordinate 5 € S? is the exiting radius which specularly
reflects into the incident radius 5 as 8/ = § — 2(n(x) - B)n(z), and a € (0,1) is a
constant.

Next, we give the dimensionless form of the system (1). We introduce the nondi-
mensional parameter € = 1/k,x,, where x, and k, are the length scale and reference
absorption, respectively. Physically € represents the ratio of a typical photon mean
free path to a typical length scale of the problem. The rescaled system is given by

528tT:52kAT—/ /K(B—w)dﬂdm t>0, z€Q,
0 S2
62%3t¢+€/3~v¢:&(37¢), £50, (2,8,) € QxS x (0,00).

See [22] for more details on the derivation. We consider the glass cooling in the gray
medium, that is, B does not depend on the frequency v. The specular black body
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intensity B is then given by B = %T4, according to the Stefan-Boltzmann law. For
simplicity, we take all the constants in (1) and (2) to be the same k =k =h, =c=1,
and take o = 7. Since the solutions of the above system depend on €, we introduce
new notations T, = T.(t,z) and ¥, = (¢, z, 5) to represent the temperature and the
radiative intensity, respectively. We introduce the notation (1).) := sz ¥-df, which
is the radiative density; system (1) then can be written as

o) OT. = AT. + (.~ T3,

©) O + 28 Vi = — (e =T

The initial conditions are taken to be

(7) T.(t=0,2) = Teo(z) for any x € Q,

(8) Ye(t =0,2,8) = teo(x,8) forany z € Q,3 €S2

The boundary condition for 1), is taken to be

9) etz B) = aty(t, 2, B) + (1 — &) (L) (t, 2, 8), t > 0, (z,8) € B,
where the reflection operator L is defined by

(10) L(f(x,B)) = f(z,8") = f(z, 8 - 2(n(z) - B)n(x)).

The boundary data for 7T, is taken to be one of the following three conditions:
(A) on the torus,

(11) Q=T3,
(B) Dirichlet boundary condition,
(12) T.(t,x) = Tp(t,x) for any z € 9Q,
(C) Robin boundary condition,
(13) en-VI.(t,x) = —T.(t,x) + Tp(t,z) for any x € O.

Here r > 0 is a nonnegative constant.

The parameter ¢ is usually small in applications and it plays an important role in
the system (5)—(6). It is interesting and physically meaningful to study the behavior
of its solutions as e — 0. We call such a limit the diffusive limit. The objective of
this paper is to study the diffusive limit rigorously. First we derive the limit system
formally.

1.1. Formal derivation of the limit system. By (6),
(14) Ve =T — e Vipe — 200
Therefore, for small e, we have

Ve =T —eB -V (T —eB - Vi — 20pp.) — %0, (T2 — eB - Vip. — £20p1)2) .
Combing the terms with the same order gives

Ve =T¢—eB VTP =2 (0T = B-V (B V) + (B Opte + B+ VOup:) + *0fep.
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We can use (14) again in the fourth term on the right of the above equation and
obtain

Ve = T —ef-VT! = (0T = B- V(8- VT))
+ (=B V(8- V(B V) + B O + B V)
(15) + 54(75 ' V(ﬁ : vatws) + 8?"/}5)
Assuming T € C’f,z and . € C’E’%B are bounded, and assuming
T. T, v.—1Y ase—0,

we can pass to the limit ¢ — 0 in (15) and get

¢=T".
We can also use (15) to find that the radiative density (1)) satisfies

4
(o) = AnT* — 2470, T* + E2§AT§

+&X((=B-V(B-V(B-V.)) + B Opp- + B V)
+eH (=B V(B V.) + 0}e)).

This enables us to pass to the limit on the last term in (5):

E%((z/)e —TY) - —4rd, T + %”AT“.

We can then pass to the limit in (5) and derive the nonlinear limit system
_ _ 4
(16) o (T + 47TT4) = A (T + §T4) ,
(17) T(t=0,2) = To(x) = lim To(x), =€Q,
e—0

associated with suitable boundary conditions which will be given in section 3.

1.2. Main results of the paper. Before introducing our main results in this
work, we start by giving some assumptions on the initial and boundary values.
e Well-prepared initial conditions,

(18) lim (=0 (, 8) — T4) =0, forallz € Q, B €S§?
e—

e Well-prepared boundary conditions in the case of Dirichlet boundary condi-
tion (12), namely

(19) Uy(t,x, ) = T (t, x), for all t > 0, and (z,3) € ¥_.

Notice that for the case of Robin boundary condition (13), the well-prepared
boundary condition assumption is not needed. The case of general boundary
conditions will be discussed in [26, 24, 25].

We now state the main results in the following theorem.

THEOREM 1. Suppose the positive initial data satisfy T.o € L°(2),v%.0 €
L2(Q x §?) and assumption (18), and the positive boundary data satisfy T, €
L} .([0,00); L5(982)) and ¢y € LE .([0,00); L?(S_; |n-B|dBdo,)) and assumption (19).

Then the following statements hold.
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(1) Existence of weak solution: There exists a weak nonnegative solution
(T-, ) € L3 .(0,00; L3(2)) N L{2.(0, 00; L2(2 x S?)) for the system (5)—(6)
with initial conditions (7)—(8) and boundary condition (9) for ¢ with bound-
ary condition (11), (12), or (13) for T..

(2) Diffusive limit: As ¢ — 0, the weak solution (I;,v.) to the system (5)-
(6) converges to (T, T4), where T is the weak solution of the system (16)
with boundary conditions that Q = T2 for the case (A) and T = Ty, on the
boundary O for the case (B) and (C).

(3) Rate of convergence: Assume T is a strong solution to the system (16) which
has a positive lower bound. Then

IT-(t) = T(O) |74y + 19(t) = ()1 720y < ClITe0 — Toll7a(q) + Ce*,

where s > 0 is a positive constant and takes the value s = 2,1, min (1,r) for
the case of boundary conditions (11), (12), (13), respectively.

The main contribution of the present work is to give a more rigorous study of the
radiative heat transfer system and its diffusive limit. We prove the global existence of
weak solutions for the system and the convergence of the weak solutions to a nonlinear
diffusion model under the diffusive limit. Our work extends the analysis made by Klar
and Schmeiser in [35], where the existence and diffusive limit were established for
smooth solutions. In their work, some extra assumptions on the solutions (which are
not known to hold) were needed. Here we do not need these assumptions. The major
difficulties in our work lie in the nonlinearity and lack of compactness of the system
(5)—(6). To overcome the difficulties, we use Young measure theory and averaging
lemmas. The Young measure is applied to deal with the nonlinearity and the averaging
lemma is applied to get the compactness. The diffusive limit can thus be rigorously
justified. Assuming additional regularity on the limit system, the relative entropy
method can be used to give the rate of convergence for the diffusive limit for the
boundary conditions (11), (12), and (13) with » > 0. The case r = 0 can only be
treated using the weak compactness method.

A lot of literature is devoted to the mathematical analysis and numerical com-
putations of the radiative heat transfer system [36, 28, 46, 9, 23, 29]. Besides the
work [35] on the same model considered here, there are some works on similar models
[47, 32, 1, 2, 27]. For example, the existence and uniqueness of strong solutions for
the nongray coupled convection-conduction radiation system were proved in [47] using
accretive operators theory. In [32], the authors discussed the existence of weak solu-
tions for a gray radiative transfer system without diffusion term in the temperature
equation in a bounded domain with nonhomogeneous Dirichlet boundary conditions.
They supposed that the radiative boundary data do not depend on the direction, in
order to avoid the boundary layer. The main tools used to prove the existence of
weak solutions are the compactness argument based on a maximum principle and the
velocity averaging lemma. Furthermore, the existence and uniqueness of a weak solu-
tion for the stationary nonlinear heat equation and the integro-differential radiative
transfer equation for semitransparent bodies were studied in [1], where the authors
took into account the effects of reflection and refraction of radiation according to the
Fresnel laws at the boundaries of bodies. More recently, in [27], the authors proved
the local existence and uniqueness of strong solutions for the radiative heat transfer
system under different types of boundary conditions by using the Banach fixed point
theorem. The time derivative term in the radiative transfer equation (6) was also
neglected therein. Besides analysis, there is a lot of literature on the applications
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on the radiative transfer models. For example, a radiative transfer system without
thermal diffusion was used in [7] to study the greenhouse effect, where the authors
found that the model was not capable of explaining the greenhouse effect due to the
greenhouse gases. Note here our model (5)—(6) includes thermal diffusion. A more
complicated model including thermal diffusion and coupled with fluid equations was
studied in [31] to model greenhouse effects.

The diffusion limit in a radiative heat transfer system can be studied via Rosseland
approximations [5, 6]. In [5], the authors derived the Rosseland approximation on a
different radiative transfer equation where the solution also depends on the frequency
variable v. Using the so-called Hilbert’s expansion method, they proved the strong
convergence of the solution of the radiative transfer equation to the solution of the
Rosseland equation for well-prepared boundary data. Then, in [6], under some weak
hypotheses on the various parameters of the radiative transfer equation, the Rosseland
approximation was justified in a weak sense. More recently, in [13, 14], the authors
studied the diffusive limit of a stochastic kinetic radiative transfer equation, which
is nonlinear and includes a smooth random term. They used a stochastic averaging
lemma to show the convergence in distribution to a stochastic nonlinear fluid model.
Moreover, there exists a wide literature on the diffusion limits for other kinds of kinetic
systems, with various viewpoints and applications [16, 12, 11, 8, 41, 18, 48, 20, 37]. For
example, in [41], the authors studied the diffusive limit of a semiconductor Boltzmann—
Poisson system. The method of moments and a velocity averaging lemma were used
to prove the convergence of its renormalized solution toward a global weak solution
of a drift-diffusion-Poisson model. Similar methods have been used to study the
hydrodynamic limit of the Boltzmann equation [48, 39, 40]. The hydrodynamic limit
of the Boltzmann equation can also be studied using the relative entropy method,
for example, to show the incompressible limit to Euler and Navier-Stokes equations
[48]. The origins of the relative entropy method come from continuum mechanics; see
[11] for more details. The principle of this method is to measure in a certain way
the distance between two solutions in some given space. This method was also used
in the stability and asymptotic limit for different types of PDEs; for instance, see
[19, 15, 37, 51].

The paper is organized as follows. In the next section, the Galerkin approximation
is used to show the existence of a global weak solution of the radiative heat transfer
system. Then we prove the convergence of the weak solutions to the nonlinear para-
bolic equation (16) in the diffusive limit in section 3, by using the averaging lemma
and the theory of Young measures. Moreover, we recover the boundary condition for
the nonlinear parabolic limit equation by using trace theorems. In section 4, we give
the convergence rate of the diffusive limit by using the relative entropy method.

Notations. In this paper, we use || - ||z» to denote the natural norm on LP(),
for p € [1,00], and || - | g= is the norm on the Sobolev space H*(2), s > 0. We use (-)
to denote the integral over 5 € S2. C},» is the space of continuous functions in time
and space. Let B be a Banach space. The space C,([0,00); B) is defined by time
continuous functions in the weak topology, i.e., f € Cy([0,00); B) if and only if (f, ¢)
is time continuous for any ¢ € B* where B* is the dual space of B and (-,-) is the
inner product.

2. Global existence of weak solutions. In this section we prove the global
existence of weak solutions for the radiative heat transfer system (5)-(6) under three
different boundary conditions: torus, nonhomogeneous Dirichlet condition, and Robin
condition. We first consider the case of torus, i.e., Q = T3.
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2.1. The case of torus. We first prove the existence theorem for the case of
torus. The idea of the proof can be modified to deal with bounded domain, which will
be done later in this section. Before stating the existence theorem, we first introduce
the definition of weak solutions.

DEFINITION 2. Let 0 < Tep € LP(T?) and 0 < 90 € L*(T? x S?). We say that
(T:, %) is a nonnegative weak solution of the system (5)—(6) with initial conditions

(1)-(8) if

(20) T € L*(0,00; L*(T?)) N Cy ([0, 00); L (T?)), VT2 ¢ L?(]0,00); L*(T?)),
(21) b € L>°(0,00; L*(T? x §?)) N C, ([0, 00); L*(T? x §2)),

and it solves (5)—(6) in the sense of distributions, i.e., for any test functions ¢ €
C>(]0,00) x T?) and p € C*(]0,00) x T3 x S?), the following equations hold:

(22)
1
- / / (Taatgo Fnapt L / (e — T:)dﬁ) ddt / Toop(0, -)d,
[0,00) x T3 € Js2 T3

- /// <¢68ﬁp BV~ ot - T;‘)) dBdadt
[0,00) XT3 xS2 3 I3

23)
- / /T  veopl0., ).

Next we prove the following existence theorem.

THEOREM 3. Let 0 < T.o € L5(T?) and 0 < v € L*(T? x S?). Then there
exists a global nonnegative weak solution (T.,1.) to the system (5)—(6) with initial
data (7)—~(8). Moreover the following energy inequality holds for all t > 0:

(

1 1 16 ! 5
STt Eors) + 510 (b Moo ooy + 55 / IVT2 (7, ) [72dr

1 t
45 [ ) = T s conydr

1 1
(24) < gHT50| 25(’]1‘3) + 5”"/’50“%2(1‘%@2)’

Proof. To prove Theorem 3, we construct an approximate system using Galerkin
approximations in finite dimensions, and then show the system converges as the di-
mension goes to infinity with the limit satisfying (22)—(23).

Construction of a Galerkin approximate system. We first construct a finite
dimensional approximation to the system (5)—(6) using Fourier series. We take the
Fourier series of an L*® (s > 1) function to be

f@) =3 fk)et

kezd

and define the operator P, : L* — L* (s > 1) as

Pof(z)= Y flk)e™™.

[k|<m.
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Notice that P,, commutes with derivatives and convolutions. For any function g =
g(z,8) defined on T3 x S2,

Pg(z,B) = > a(k, B)e™ ™.

[k|<m

From Lemma 17 in Appendix C, there exists a complete basis {¢()xs(8)}7%=; of

L*(T? x S?). Define Q,, = >, -7, dixs- Note that here for simplicity of notation,
we take m as the superscripts. In the below m — oo means m — oo in P, and my,
mo — 00 in Q,,. We take the mth Galerkin approximate system to be

1
(25) o1y = AT+ 5 [ (o =P (@) a5,
SZ
1 1
(26) O + 2BV = = =5 (V5" = QP (1)) -
The initial data are taken to be

T,y =PmTeo,  W|,_y = Pmteo-

The above system then becomes an ODE in finite dimensional space. Therefore, sys-
tem (25)—(26) has a unique solution (7",1™) on a maximal time interval (0,%.,),
according to the Cauchy—Lipschitz theorem. The maximal existence time t,, is char-

acterized by

lim sup (|72 s 0y + 92" 3 raxee) ) = o0
t—tm

As will be seen next, the norms above are bounded uniformly in time and so the
Galerkin approximate system (25)—(26) is globally well-posed. Note that the solutions
0 (25)—(26) are nonnegative, which is proved in Appendix A.

Uniform estimate of the Galerkin system. Next we derive the energy esti-
mate for the system (25)—(26). Multiplying (25) by (T/")* and (26) by 1™, adding the
results together, integrating over T2 x S2, and using the fact that P,, is a self-adjoint
operator, we obtain

d . 16, _
G (BT e + 0 Wosn ) + 319 s

m m 1 1
+ §\|¢e — P (T2 172 (rs xs2) = 5”PmT€0|li5(T3) + §||Pm¢eo|\2L2(T3xsZ)-

Integrating it over [0,¢] and using the inequality ||Py, f|lzs < [|f|lr, we obtain the
energy inequality

1, 1 s
ST Ol 5oy + 0T O acrs m + 55 / IV (@)% (72 g
/ [ — B (T2 ) (7) 2 g gy 7

1
(27) g“TaOHL5('H‘3) +3 ||¢so||L2(1rsx§2)

for all t > 0.
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It follows from the above energy inequality that, up to a subsequence,

(28)
{T™},1>0 is uniformly bounded in L ([0, 00); L>(T%)),
(29)
{V(T/™)% },ns0 is uniformly bounded in L2([0, 00); L2(T?)),
(30)
{4} >0 is uniformly bounded in L>([0, 00); L?(T? x §?)),
(31)
1 .
{f (v — IP’m((Tg”)4))} is uniformly bounded in L?([0, 00); L2(T? x S?)).
€ m>0

Using (29) and the Sobolev inequality on the periodic domain
(T2 | zocrsy < CIV(TI) 2|2

we have

t t H t 5 6
/\|Tg”||im(m)d7:/ (/ (Tg”)lf’d:c) dT:/ (/ ((Tg”)‘f)fidas) dr
0 0 T3 0 T3
t B t B
- / |2 2o gy dr < © / IV(T™)3 |2 dr,

which is bounded. Moreover, from the embedding L%(T3) C L°(T?) and the bound-
edness of |‘(Tgn)g‘|L2([O,t];L5(’H‘3XS2)), we can deduce using Littlewood’s inequality

3 5
£ lles < UAUZS AT 25

t t
LT mydr < [ 1T W T2 3 o

< HT:LHiw([O,t];L5(T3))HTEmHiS([O 9.0 (19))

= HT?H%oo([o,t];Lsmra))H(Tem)% 122 (0.17.5 (13)-
Therefore,
(32)
{(Tsm)%}mm is uniformly bounded in L2 ([0, 00); L5(T?)),
(33)
{T™},>0 is uniformly bounded in L} ([0, 00); L**(T®)) N L§ ([0, 00); L¥(T?)).

loc

Passing to the limit in the Galerkin system. From the energy estimate
(27), we have

O™ is uniformly bound in L ([0, 00); H%(T?)),
™ is uniformly bound in LZ ([0, 00); H*(T?));

these, together with (28) and (29), by the Aubin—Lions lemma, imply that
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(34) T — T, strongly in LIZOC([O, 00); Lz('ﬂ‘g))7

(35) Y — 1), strongly in Lil, ([0, 00); L*(T? x §?)),
(36) T — 0T, weakly in L2 ([0, 00); H%(T?)),
(37)

loc

oY — O, weakly in L2 ([0,00); H™H(T? x S§?)).

loc

Therefore, the solution to the Galerkin approximate system converges. From the

Sobolev embedding C'/2(R) ¢ H'(R) and the above convergences, we have 9,T; €
CL?([O,OO);H*Q(T?’)) and 99 € Cllo/f([(),oo);]'{*l(’JI‘3 x S?)). This together with

the fact that H—P, p > 1, is dense in L? by using a standard density argument implies
(38) T. € Cy([0,00); LA(T?)), b € Cy([0,00); L*(T? x S?)).

This means that T, and ¢, are weakly continuous with values in L°(T?) and L?(T? x
S?), respectively.

Using (28)—(31) and (32)—(33), there exist subsequences {T:™* } 1~ and {¢)"* } >0
such that

T — T, weakly in

(39) Ly ([0, 00); L3(T?)) N Liye ([0, 00); L' (T?)) N L ([0, 00); L(T?)),
(40) T —* T, weakly star in L>([0,00); L*(T?)),

(41)  (T)3 = (TI™)3, weakly in LY ([0, 00); H'(T%)),

(42) Y — qp, weakly in L2 ([0, 00); L*(T? x §%)),

(43) Y * g weakly star in L°°([0, 00); L*(T? x §?)),

(1) LI~ Bu((T7%)) > A, weakly in I, ([0,00); L(T* x %),

5 5
as k — oo. Here, (T¢"")2 denotes the weak limit of (7/**)2. Note that here
Al Lz (j0,00);2(T3x52)) 13 bounded. Due to the property of the operator P,

loc
(T2 = P ((T2) ) 2029y = 0,

as m — oo due to the property of the Fourier series, so by (44), we can conclude that

1
(45) g( mE  (Tm)) ~ A, weakly in L2 ([0, 00); L*(T? x §?)).

€

The limit satisfies the system (5)—(6). To show the limit satisfies the system
(5)—(6) in the sense of distributions, we apply test functions on (25)—(26). We take
the convergence subsequence obtained in the previous step. Here we will drop the
subscript & for simplicity. Fixing ¢ > 0 and applying smooth function ¢ € C*°([0, ] x
T3) and p € C([0,t] x T3 x §?) to (25) and (26), respectively, we arrive at
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/T’” d;r—/ / " 8tg0dxd7’—/ / T Apdzdr
T3 T3

—/Ot //TSXSQ E%so(w? —Pm((TE"L)‘*))dﬂdxdT:/W P, Tro - 0(0)dz,
//Taw w;n(t)-p(t)dﬁdm_/ot //MS G OypdBddr
) / J[.. 2 s-Sodsanir— | t I, Sotor — (@ ydsasar

47)
- / /T Bt - p(0)dd.

From the property of the operator Py, ||f — P, fllLz — 0 as m — oo, we get

/ PpTeo - (0 dac%/ <0 - ¢(0)dz,

/ / Boutbeo - p(0)dBd — / / Voo - pl(0)dBdz.
T3 % S2 T3 xS?

For the terms involving (T™)?, we have

/ //H 7)) - T )dBdxdr
///sz ™) = P, T2 + P T2 — T)dBdadr

/ / / P - (TM)* — TdBdxdr + / / / P — @)dfdzdr.
T3 x§2 T3 x§2

Due to (39), T. € L} ([0, 00); L3(T?)), hence

///TS o T2 (P — p)dBdadr < CI|Te|1s (0,15 (ro)) [Pm® — @ll2(0,15:12(13))
X

which goes to zero as m — oco. Moreover, the uniformly boundness of T;" €
L8 ([0,00); LB(T?)) also implies (T'™)* € L2 ([O, 00); L3(T3)) and

loc
(T = (Trm)", weakly in Lii([0,00); L*(T?)).
Because of this and the strong convergence of (T™™) in L2 ([0, 00); L3(T?)),

(T™)T™ — (Tm)AT.  converges weakly in the sense of distributions.

Since T* is an increasing function of T € R, we can thus use the Minty’s trick (see
[43]) and conclude that (T/)4 = T. Hence

()t — T

5}

weakly in L2 ([0, 00); L?(T?)),
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which implies

t
/ // Py - (T — THdBdxdr — 0,  as m — oo.
0 T3 x§2

Therefore,

(48) /Ot //1r3xg2 O(P (T — THdBdzdr — 0,  as m — oo.

We also have from the property of P,,,

t t
/ / / P (TM)YYdBdadr — / / / pT2dBdzdr.
0 T3 xS2? 0 T3 xS2

Last, from (34) and (35), we have
/ T (t)e(t)de — | Te(t)p(t)dr,
Td Td
[ eroniz > [ oopis.
Td Td

Notice that the weak continuity (38) gets rid of the possible bad zero measure set in
time.

Using (34) and (35), we can pass to the limit in the other terms in (46) and (47).
Finally we arrive at (22) and (23). Thus, for any ¢t > 0, (7%, 1) solves the system
(5)—(6) in the sense of distributions and satisfies (20)—(21).

The energy inequality. To show the energy inequality, we consider the in-
equality (27). Note that since we have the strong convergence of T, " according
to (34) and (35), we can take a strong convergence subsequence to recover the energy
estimate. The weak star convergences in (40) and (43) imply that

(49)
ITe ()70 sy < limsup I T ()25 (psy, Ve ()l|72ms xg2y < limsup |97 (672 (s xs2)-
— —

The weak convergence in (45) implies that

VI =P (T = ve = T2 in L2([0,4]; LX(T® x §%)).

£

Therefore,

t ot
60 [ e~ T lscronseydr < timint [ 10 = BT ooy

From (29),

t t
(51) /O HV(TE)i‘liz(TS)dTSl;YILIBC{lOfA ||V(Tsm)j||%2('ﬂ-3)d7'

Taking the limsup,,_, . in the energy inequality (27) and using the above estimates,
we arrive at (24) and finish the proof. O
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2.2. Case of nonhomogeneous Dirichlet boundary condition. We now
consider the case of nonhomogeneous Dirichlet boundary condition (12) under the
assumption of well-prepared initial and boundary conditions. For simplicity, here we
assume the boundary data T} and v, are time independent such that T, = Tj,(x) and
¥y = Yp(x). The case of time dependent boundary can be treated similarily. Before
we give the definition of weak solutions, we introduce the trace operators that extend
the functions in Sobolev spaces to the boundary.

We take v! : HY(Q) — L%(09) to be the trace operator. From the trace theorem
(see [21]) that if © is bounded and 9Q € C, there exists a trace operator v! such
that

'Ylf = f|897 lff € Hl(Q)v
and
17" fllz2a0) < Cllf L)

Here the constant C' only depends on €. For the weak formulation of (5), we can
apply the trace operator on T, to get

T =Ty,

To consider the boundary condition (9), we define the trace operator following
[48, Appendix (B.1)] as

(52) A2 e W3R, x Q x §%) = 9|y € L2(Ry x 9Q x §?, |n - B|?dBdo,dt),

where the space L2(Ry x 0Q x §%, |n - 8|?dBdo,dt) is endowed with the norm

Y5117 (&, x00x82 n-5[2d8domdt) :/ // In - B*¢?dBdo,dt.
R, J Joaxs?

Here W2 is the space

(53)
W2Rx QxS :={y e L?(Ry x A xS?): (0, + 8- V) € L*(Ry x Q x SH)}.

The following lemma was proved in [48, Proposition B.1].
LEMMA 4. The trace operator defined in (52) is continuous.

Proof. For any bounded function p € C*(Q x S?), we use Green’s formula to get
2 [[[ ot 5106e0,+ 5 ydsdsdr+ [[[(6-Vopte 5))?dsdude
60+ [[[ e pwr0nsasdna = [[[ w86 r o0 prisdos

Since 09 is smooth, there exists some vector n = n(z) € WH>°(Q) coinciding with
the exterior normal vector on the boundary. Therefore, we can take p(x, 8) = n(x)- 3
and get

1912l L2 (R, x2x 52, n-BI2dBdo. dt)
< Ol 2y xxs2) + 110 + B+ Vo))l 2 (ry xaxs?) + [1¥(0) |2 (axs?y). O
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DEFINITION 5. Assume 0Q € Ct. Let 0 < T.o € L3(Q) and 0 < 10 € L2(Q2xS?).
Let 0 < Ty, € LY ([0,00); L?(09Q)) and 0 < oy, € L2 ([0,00); L3(%_;|n - BldBdoy)).

loc loc

We say that (T, 1) is a weak solution of the system (5)—(6) with initial conditions
(7)-(8) and boundary conditions (9), (12) if

T. € L2.(0,00; L3(Q)), T2 € L2 (0, 00; H (),
Ve € L2.(0,00; L2(Q x §%)) N W2.([0,00) x Q x §?),

and it solves (5)—(6) in the sense of distributions, i.e., for any test functions ¢ €
C5°([0,00) x Q) and p € C§°(]0,00) x Q x S?), the following equations hold:

1
- // <T€8t<p +T.Ap + —2/ o(e — Tf)dﬂ) dzdt
[0,00) X 2 €% Js2

(55) + // (V' To)n - Vlagdodt = / T.op(0, -)dx,

[0,00) x O Q

1 1
- /// (ﬂ]satp + 71!%6 . Vp — jp(d}& - Ts4)> dﬁdzdt

[0,00) x Q2 xS2 € 3
(56) = / wsOp(O7 %y )dﬁdl‘,

QxS2
where

71T5|8Q = Tb7

Vely = oty + (1 - a)Ly*Yelg -

Next we prove the following existence theorem.

THEOREM 6. Assume Q € C1. Let 0 < T.g € LP(Q) and 0 < b9 € L3(Q x S2).
Let 0 < Ty € L} _([0,00); L2(09)) and 0 < 4, € L2 _([0,00); L2(X_;|n - B]dBdoy)).
Suppose the boundary data is well-prepared such that v, = Tf‘ Then there exists
a global nonnegative weak solution (T.,v.) of the system (5)—(6) with initial condi-
tions (7)—(8) and boundary conditions (9), (12). Furthermore, the following inequality

holds:
t 5
2 5012
IT- ()75 ) + 9= (D172 02xs2) +/0 IV(T2)2 |22 (e dr

1 t
45 [ e = T ey

20— a? [t
% [)”wa_wb|‘%2(2+;|n-ﬁ\dﬁd0z)d7

(57) < C(|ITwoll 750y + 190l Z2(0xs2))

for any t > 0. Here C depends on t and Q but is independent of €. The norm
Il 12 (s 5n-BldBdo,) in the above inequality is defined by

||f||L2(E+;|n-ﬂ\d,8dam) = / / n- Bf2($76)do-wdﬂa
s2n8-n>0 Jon

where o, is the surface integral element.
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Proof. Since the boundary conditions (12) and (9) for 7. and 1. are not homo-
geneous, we need to lift up the boundary data and make the Galerkin approxima-
tions after subtracting the lifted data. For the boundary condition (5), we introduce
T = T(x) as the solution to the problem

(58) AT =0, z€Q,
T(x) = Ty(z), =€ .

Owing to the well-prepared boundary assumption (19), we take '(Z = T*. After we
introduce these variables, we can see that on the boundary,

T. — T =0 on 99,
b — b = (1 - a)(L(e —))(t,x,8) on €X_.

In order to find the Galerkin approximations of (5)—(6), we also need to define
some truncation operators. We can take the complete set of the eigenvectors {wy =
wy,(2) 152, of H () which is also an orthonormal basis in L?(£2). We take the operator

P,, : L3(Q) — L%(Q) as

k<m

where (-, ) is the inner product in L2(Q2). Note that P, f = 0 on the boundary 5.
In order to deal with the boundary conditions, we take P, f := P, (f —T) + T so
that P, f(z) = Tp(x) for x € 9.

By Lemma 17 in Appendix C, we can also find an orthonormal basis

{o1(@)x;(B)}io=1 in {p € L2 x $?) : ¢y = (1 —a)pls,}. We define the op-
erator Q,, as

mi ma

(59) Qutp(x, 8) = D> > (%, dix)))dix;-

1=1 j=1

Here ((+,-)) denotes the inner product in the space L%(Q x S?). After these prepara-
tions, now we proceed to prove Theorem 6.
As in the proof of Theorem 3, we take the Galerkin approximations to be

mo__ m i mo_ m\4
(60) o = azr+ 5 ( [ ur - pa(amyas).

1 1
6) VUl = = 5 (U~ QuPu((T)Y),
with initial conditions

Tt =0,z) = P,To(x),
1/12”(75 = vavﬁ) = QmeO(ﬁaw)v

and boundary conditions

(62) T (t,z) = T, for x € 09,
(63) Y'lsl = ahy + LYs, .

In the above we take P, ((T/™)*) := P((T/)* — T*) 4+ T*.
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‘We can take

—T = dy(t)wi()
k=1
— =" i (ai()x;(8),

=1 j=1

into (60) and (61), and get a system of ordinary differential equations for dy and ;.
From the Cauchy—Lipschitz theorem, the ODE system has a global unique solution
if T/™ and ¥ are bounded uniformly in time, which will be shown below. It follows
that the system (60)—(61) has a global unique solutions. Note that the solutions
T ™ > 0, which is shown in Appendix A.
Next we derive the energy estimate for system (60)-(61). We multiply (60) by

(T™)* —T* and (61) by ™ — ), integrate over [0, ] x Q and [0, ] x 2 x S?, respectively,
and add the results together. We obtain considering Q,, (¥ ¢) Yt — P,

/Q (Q B T4T5n> (0o + //M2 (e — D)2(t)dpda
/ O e //QS dﬂd"”‘*/ //QS " — §)2dBdedr
i / //QS B- V(2 — §)dpdwdr + / /Q (1) — T AT dedr

1/t ~ B
= /O //Q G P ((TI)") (W0 = = P ((T)") + T*)dBddr
(64) =I + Iy + Iy + Iy + I + ;.

The first term on the left-hand side of the above equation can be estimated by

m m\5 m\5 T4\ 3
/ <(T ) T4T’m) dx 2 / de — / 1@(11- _ 2/ (T5)4 dr
Q 5 Q 9 a2 5 Q 3

(65) HTmHLE'(Sl ||T||‘25(sz>~

_10

The second term on the left can be estimated by

//QXS2 ¥ — §)%dBde > //QXS () dﬂdm_i//szxy 2dda
(%) =3 //Mz(zﬂ;"fdﬁdx—%/ﬂ TSda.

Next we estimate the right terms of (64). First, for I; and I, we can use the property
of the operators P,,, and Q,,, to get

(67)
(Tmys 1 . . 1
I+ 1o :/Q ETOdl? +t5 QX§2(¢50)2d5d$ < 5|\Teo|\Ls(Q) + §|We0\|%2(9xs2)-
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Using the boundary condition (63), I3 can be calculated as

_;E/Ot//myﬁ.v 1/))dﬁd:z:d7———///ﬁ (Y — P)2dpdo,dr
t
-5 /0 / [ 8ol —v)Pdsdods

- % /0 / /E B-n(l—a)* (@ (8') — ¢y) dBdodr

200 — a?

t
- / / B n(r —py)?dpdodr.
2e 0 oy
The term I can be estimated by using the fact that 1 is independent of 3 as
t ~ ~
n= [ [[B-vitwr - ddsdudr
0 QxS2?
t ~
= [ J[ 5 vitwr - paarysdsar
0 QxS?
t ~ t
<o [ [ 1a-vifassar+ o [ f[ @ —paarytyasas
QxS? QxS2

<8me? / //m VT Pdadr + 5 2/ //st P, (T™)4))2d3dzdr.

We estimate the term I5 by

t
I = / / (Tt — T4 AT dudr
0 JQ

_/t/ V(T — THVT.dadr

/ / —|V(T")> |dmd7—/ /T7'LAT4d$dT+/ / Tyn - VT*do,dr
Q

(Tm™) AT4 Z
// |VTm|dxd+// dd+//
Q o 3
—|—/ / 4Tg1n~VdexdT.
0 Joo

Multiplying (58) by T* and integrating over [0,¢] x Q leads to

/755 +f//\v:r |d:cd7—// Tin - VTdo,dr =0,
o0

(68)

(69

© 2022 Nader Masmoudi



Downloaded 08/29/23 to 91.230.41.206 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

5352 MOHAMED GHATTASSI, XIAOKAI HUO, AND NADER MASMOUDI

dxd+// L
4

thus

Is < — // —|V(T[")> |d:cd7+//
2 Poge+ 2 T3 *dzdr.
(70) + 5/9 dx + 25/0 /Q\V |“dxdr

The term Ig can be treated by

1/t . . . 4
—g/o//ﬂxgz(we — P (T7)Y) (W = — P (T + T dBdadr

) =5[] wr-raay) s

Here we use 1) = T* in the above equality. Taking the estimates (65)—(71) into (64)
leads to the estimate

1 1
TO”TE O350y + v M7 2@xs2) + 25/ IV(T. ||2L2(Q)d7

w5 [y asiss

20— a? [t
L // B (™ — 1y)2dBdodr
25 0 po

1 1 8 ~ ~
< *HT50H5L5 + *||¢so||2L2(szx§2 + *HTﬂsLsm) + 27| T35 0

+ 8me? // VT4 2dedT + = / (Q)+ /HAT4 Ei dr
4

+ 31V + 53 [ VT

Since T is the solution of the Laplace’s equation (58), it is smooth and thus the terms
including T of the above inequality are bounded. We can apply Gronwall’s inequality
to obtain

t
5
1T ()50 + T (O e + / IV @) 32 g
/ [0 = B (T 25y 7

+

/0 107 = ol 222, n-plapdo.) 4T
(72) < CeH(||Twoll7s + lvoeollZ2 (xs2)):

where C' depends on T.
From this estimate, we can get the same bounds on 77" and ¢7" inside the domain,
i.e., (28)-(31) still hold. We can follow the same proof of Theorem 3 to get

(73) T — T, almost everywhere,
(74) Y2t = g weakly in Lio([0,00); L*(2 x §%)),
and that (T.,.) satisfies (55)—(56).
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Next we consider the boundary conditions. According to (72), we have
(Tsm)% is uniformly bounded in L% ([0, 00); H*(Q)]),
so by the Rellich-Kondrachov emdedding theorem, as m — oo,
(Tsm)% — ng strongly in L2 ([0, 00); H'~%(Q)])
for 6 > 0 small. We can thus use the continuity of the trace operator to get
(75)  ANI™)E =T} — 4 T2 = T} strongly in L2,([0,00); HE~5(Q)]).
Therefore, we get
YT =Ty,

To pass to the limit on the boundary of ", we learn from Lemma 4 that

1V 51| 2 (R x2xS2,|n-B12dBdow dt)

is bounded.
Therefore, there exists a subsequence {1 }1~¢ such that

YR 2T wweakly in L2 ([0,00); L2(X; |n - B|?dBdo,dr)).
We can thus take the weak limit in (63) to obtain
(76) VI |s . = ahy + LYY s,

To show 29" = v21)., we use the fact that (T.,.) solves

Oube + B Ve = = (e ~ T

We apply test function p € C([0,00) x € x S?) on the above equation and deduce

/QX§2¢s(t)P(t)dﬂdx—// weop(O)d,de—/t //st b0y pdBdrdr
_,/ /Mz e - Vpdfdadr + - / // B0 pdfidrdr

- / / (0 = Bu((T))pddedr

We can also apply the same test function on (61) and get

//zxszwm dﬁdxf// Pop(0 dﬁdx—/ //stz ™8, pdBdadr
! / /| V0BV pdddedr + / J[[ 0 ez pdsazar
= = / /Q - — T4 pdBdadr.
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Passing m — oo in the above equation and comparing with the previous one lead to
VY = 7.
This combined with (76) implies that . satisfies

(77) Vels = agp + Ly s,

on the boundary. The energy inequality can be shown as in the proof of Theorem 3,
except that here we need to use

t t
/ Ve — VollL2 (. s5in-8ldBde,) AT < liminf/ 10 = Yol L2 (2 5n-BldBdo,) AT

which is due to the weak convergence of ¢7* on the boundary. ]

Remark 1. In the above proof we assume the boundary condition to be well-
prepared v, = Tgl‘ When the boundary condition is not well-prepared, a similar
estimate on the term (68) gives

=—o /0 //QS B (I~ §)dpdndr = 5 /0 //Eﬁ (Y — §)2dBdodr
—— o /O t / [ oo = 9P dpdosir - - /O t / /Z Ben(u — 0P dsdo.dr

_ 215/(; / 5 B n(™ — TH2dBdoydr

o [ 5 mtaton -+ 0 - ) - 1) asdonds
<- @ /0 t / [ 8l = T} dsdo.dr

N ;Lz /Ot / [ 8- ntvn T3 dposdn

¢ 2029 /0 t / [l = )~ T ddowir

2a —a?) [* 1-— ?
:_(0‘27:)/0 //E+B.n<¢;n_T;1_2_Z(¢b—Tf)) dBdodr

t
> . e
+ 2(2fa)/0 /E+ﬂ n(yy — Ty ) *dfdogdr.

So the estimate (57) holds with the constant C' depending on e. We then get the
existence of the weak solutions for fixed €. However, the well-prepared assumption on
the boundary conditions is still required to study the diffusive limit in section 3.

2.3. Case of Robin boundary condition. We now proceed to consider the
case of Robin boundary condition (13). We first give the definition of the weak
solution.

DEFINITION 7. Assume dQ € Ct. Let 0 < Teg € L5(Q) and 0 < vp9 € L2(QxS?).
Let 0 < Ty, € LY ([0,00); L2(09)) and 0 < 4, € L2 _([0,00); L2(X_;|n - B|dBdoy)).

loc loc
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We say that (T, 1) is a weak solution of the system (5)—(6) with initial conditions
(7)—~(8) and boundary conditions (9), (13) if

TS € Li)ooc(07oo;L5(Q))7 TE% € L120C(07OO;H1(Q))7

Ve € L2.(0,00; L2(Q x §%)) N W2.([0,00) x Q x §?),

and it solves (5)—(6) in the sense of distributions, i.e., for any test functions ¢ €
C>(]0,00),82) and p € C*(]0,00); Q x S?), the following equations hold:

- / / (Tgatw +T8p+ 5 [ ol - Té)dﬂ) dudt
[0,00) X €2 €% Js2

T, — (4T,
- // L2 %Md%dt + // (YT )n - Vdo,dt
[0,00) x O € [0,00) x O

(78) - /Q Toop(0, ),

- /// <¢53tp+ 11/155 . VP - %p(wa - TE4)> dﬁdl’dt
[0,00) x 2 xS2 € €
. . 2gddzd: € 7'7'dd7
I T | R B
where
(80) Vel =t + (1 — )y’ Lie|y

with the reflection operator L defined in (10).

Next, we prove the following existence theorem.

THEOREM 8. Assume 0Q € C'. Let 0 < T.o € L?(Q) and 0 < b9 € L2(Q x $?).
Let 0 < Ty, € L3 ([0,00); L5(0)) and 0 < 4y, € LE ([0,00); L2(Z_;|n - B|dBdoy)).

loc loc
Then there exists a global nonnegative weak solution (T.,v.) of the system (5) and

(6) with initial conditions (7)—(8) and boundary conditions (9), (13). Moreover, the
following energy inequality holds for all t > 0:

t 5
V() + 1 () B + / IVTE 2.0y dr

I I
+ 5 [ W= T+ & [ 10T~ il onydr

200 —a? [!
T /O||721/)5—¢b\|%2(z+;|n-5\dﬁdaz)d7

(81) < CITeollzs + 1WeollZz @us2))-

Here C is a positive constant independent on €.

Proof. The positivity of the solution is given in Appendix A. To deal with the
case of Robin boundary condition (13), for s > —%7 we define the Robin map R :

H3(0Q) — Hets (Q) (for example, see [33]) with f = Rg as the weak solution for the
equation

(82) Af=0inQ,

(83) en-Vf+f=gondQ.
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We define the operator A, in L?(Q) by

A, :D(A,) C L?(Q) = L*(Q),
Ay =4, D(A) = {f€H'(Q): Af € LXQ), &'n- V[ + f =00 90},

The space D(A,) is equipped with the norm

1 1
Ifllpean = (IVFIZ20) + g”%f”%z(asz))Q

for all f,h € H'(£2). With the above definitions, we can see that T. — RT, € D(A,)
satisfies the following condition on the boundary:

e'n-V(T. —RTy) +T. — RT, =0 on 09.

We take {w,,(z)}2°_; to be an orthogonal basis in D(A,); for example, we can
take the complete set of the eigenvectors of —A,. as the basis. It is also orthonormal
in L2(2). We take the operator P, to be

Pof =3 (f wp)wi(x).
k=1

Here we take Q,, as the same with (59).
We consider the Galerkin approximate system

(34) 0T = A (T2 = RT) + 5 [ (Bt —Bu((T2))d8,
85)  OWI'+ 18 VI = (I~ QuPu(TI)Y).
We take T as defined in (58) but with boundary data

T= 1/)5 on 9N

and take {/; =T*. We take

I = RT, =Y | di(t)wi(z),
k=1

Y= =" bn(t)pk(x, B)
k=1

into the above system to get an ODE system of di(t) and ¢ (t) with k = 1,...,m.
The existence of the ODE system is guaranteed by the Cauchy-Lipschitz theorem.
Note the solutions 77", 9" > 0, which are proved in Appendix A.
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We next derive the energy estimate. We multiply (84) by (T™)* — T and (85)
by ¢ — 1) and integrate over time and space to get (same as (64))

/Q <@ - T4Tsm> (1o + 5 //st (" — )2(t)dpdx
[ s [ s [ [ 8vwr- drasivar
+/0 //Mﬁ'WW?‘ — ¥)dBdedr + /0 /Q (T = TY AT dedr

L i N
52/0//st2(¢€ P, ((T)%)) (12 — =P, (T™)*) + T dBdxd

(86) =L+ L+ I3+ 14+ Is+ Ig.

The terms can be treated as in the proof of Theorem 6 except I5, which can be
estimated by

t
I :/ /((T;“)kT‘*)ATg“dxdr
0 Ja
16 [ 202 ! 4 4
=— — V(T2 |*dxdT + (Tm™)* = T%)n - VI'doydr
25 Jo Ja 0 Joa
T _ t _
7/ /Tg“ATddeJr/ / Ton - VT*dodr
o Ja o Joaq
16 ‘ 52 ! 4 a4y 1
== 5 IV(TQ"PI dzdr + (T2)" = 1)) 7 (- T2" + Th)dogdr
69
4
/ / d;rd +/ / AT dde
+g/ / /|VT2‘ dxdr
//|VTm |dacd7'+//

47
+// BT e +4/T" d+—//\VT2|dxd7-
o Jo 7

1 t
s /0 /aQ((T;”)2 + T2)(T™ + Tp)(T™ — Ty)2do,dr.

dwdT

The last term appears additional to the estimate (70) of I5 for the Dirichlet case.
Using the positivity of T and T3, we get

(T7)? + TE)TT + T) (I = Ty)? — (T — T,)°
= (T — Ty) 22T (2(T™)? — T Ty + T2) > 0

and

(T)? + TH(TE + Ty) (T2 = Ty)? + (17" = T)°
= (1" = Th)*21" ((T1")? =TT, + 21) = 0,
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so that
(87) (T2 + T)(T + T) (T = Ty)? > [T = T
Consequently, we obtain

16 [ 5 1 [t
<—— / / V(T3 Pdadr — — / VT2 = Tu135 oy -
25 Jo Ja & Jo

The energy inequality (72) then becomes

t
1T (0125 0y + 192 O 172 52 +/0 IV (T2 (|72 gy dr

Lot ym m L
+;2/0 2" — P (T2 )4)||2L2(st2)d7+57/0 V' T = Toll 7550y 47

20 —a? [! 2 5
+T/o V02 = Yolli2(s, iin-lasdo.) 4T
(83) < Ce (ITollls + lbeolaanes)) -

We can pass to the limit m — oo and use the trace theorem like in the proof of
Theorem 6 to get

YT — AL, strongly in Li,.([0,00); L°(852)),
Y2 — 424, weakly in LE ([0, 00); L2(Z; |n - B|dBdo,dT)).

loc

With this we can apply test functions on the Galerkin system (84)—(85) and pass to
the limit m — oo to show (78)—(79) holds.

To show the energy inequality (81), we can pass to the limit m — oo in the above
energy estimate and follow the proof of Theorems 3 and 6, except here we additionally
need

t t
| I T = Tl aydr < timint [ 19T = T

which comes from the convergence of y'T.. ]
2.4. Uniform boundness of the solutions. We finish this section by showing
the nonnegative weak solutions are uniformly bounded. We have the following lemma.

LEMMA 9. Assume the intial and boundary data satisfy 0 < Tro < 7,0 < 1heg < ¥4
and 0 < Ty, < 7,0 < ¢y < 'y4 for some constant v > 0. Then the weak solutions
(T:, %) to system (5)—(6) subject to boundary condition (11), (12), or (13) are uni-
formly bounded, i.e., 0 < T. <,0 <. <AL

The proof of the above lemma is given in Appendix A.

3. Passage to the limit with weak compactness method. Now we state
the main theorem of this paper.

THEOREM 10. Consider a family of nonnegative weak solution (Te,v:) of (5)-
(6) with initial conditions (7)—~(8) and boundary condition (9) for ¥ and boundary
condition (11) or (12) or (13) for T, defined in Definitions 2, 5, and 7, respectively.
Assume the nonnegative initial data satisfy

_ —4
|Teo = Tollso) = 0 and  [[tpeo — TyllL2axs2) = 0 ase =0,
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where Ty € L3(Q). We also suppose that the well-prepared data condition (19) is
satisfied and the boundary data satisfy Ty, v, > 0. Then, when ¢ — 0, we can extract
a subsequence of (Tz, ) such that fort >0,

(89) T. —T almost everywhere,

(90) e — T strongly in L2([0,t] x Q x §?).
Moreover, T =T(t,z) is the weak solution of the limit equation
(91) a (T + 4@4) —A (T + 4%?‘*)
with initial condition

(92) T(0,2) = To(x),r € Q,

and boundary condition

(93) T(t,x) = Ty(t,z), t > 0 and x € O9.

Proof. The proof can be divided into two steps. First we show the convergence
of the solutions of the system (5)—(6), i.e., (89) and (90) hold. Then we show that the
limit T satisfies (91) as well as the initial and boundary conditions.

Convergence of the solutions for system (5)—(6). From Theorem 3, or
Theorem 6 or Theorem 8, we get, under any of the three types of boundary conditions
considered in the above theorems,

¢ 5
T35 () + 10 (D117 2(xs2) +/0 VT2 |Z2dr

(94) + /0 t

Here C does not depend on ¢.
Therefore, it follows that up to a subsequence,

2

L ir < C,

£

L2(2xS2)

(95) e — 1, weakly in L2([0,¢]; L*(92 x S%)),
(96) T. — T, weakly in L([0,t]; L>(R2)),
(97) T3 T2, weakly in L2([0,¢]; H(2)),
(98) Y. — T4 — 0, strongly in L2([0,t]; L*( x %)),
1
(99) g(% —T.) = A, weakly in L*([0,t]; L*(Q x §?)).

Here and below, f. denotes the weak limit of {f.}.~o while ¢ — 0.
Since

A | T2 o) = I T z2axs?) < e — Tl z2axs?) + el p2@xs?).
we have

T. is uniformly bounded in L3([0, t]; L3(2)).
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It follows that
(100) TP — TZ, weakly in L% ([0,t]; L9(Q)),

for any 1 <p <8and g < 5,¢0 < 3.
Taking the integral of (6) over 5 € S? and adding (5), we get

(101) 00 (T2 + () + 1V - (9o) = AT.
Since for all t > 0,

Tl o,50 () < CllTellLs 0,525 2))

is uniform bounded in ¢, we get that AT is bounded in L([0,¢]; W=21(Q2)). More-
over, using (94), we have

/O t /Q A éq/zsﬁdﬁd:rdT

_ /0 | [ 2w~ msapdear

s(é /0 /| /Sz(ngg)mdxde( /0 L[ /3|2cwd:cdr)é
<c /Ut

Therefore, 1V - (1).3) is bounded in L'([0,¢]; W~11(Q)). Consequently, we have

<C.

1
= (e — T)2dBdxdr
€ L2(2xS2)

(102) O(T- + (e)) € L' ([0,¢]; W=1(2)).

In addition, from (94), we can get

(103) T. + () € L*([0,8] x Q).

From (95) and (96), we deduce

(104) T- + (i) =T + (), weakly in L*([0,] x ).
On the other hand, from (97), we have

(105) T3 T2, weakly in L2([0,]; H'(Q)).

By the embedding LS(Q) ¢ HY(Q), ||[(1.)3 | L2(j0,4:L5 () is uniformly bounded with

respect to €. Thus by the continuity of translation on L space, H(TE)%(-7 ) =
5

(To)2 (- +& )2 o,:06(0)) — 0 as |§] = 0. Then Lemma 15, with its assumptions
verified by (102)—(105), implies that

(106) (T: + (¥e)) T; = (T+ (¥)) TE% in the sense of distributions.

Moreover, due to (98), we have ) — T4 = 0. Taking this into (106), we conclude that

5 — — 5
(107) (T. + (We)) T2 — (T + 47TT64)T§ in the sense of distributions.
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On the other hand, using the weak convergence (100) with p = %, 12—3 and the strong
convergence (98), we get

Ta% N TE%7 weakly in L*([0, ] x ),

5

(¥e) T2

Therefore,

= (o — THTE + 4nT® — 4nT¥, weakly in LI ([0,1] x Q).

5 T 13
<Ts + / ¢g> T2 — T2 +47T.? in the sense of distributions.
SZ

Comparing (107) and using the uniqueness of weak limits, we arrive at

TT + 47rT4T2

13
2

(108) TE 1 4nTy
Next we use the family of Young measures {v; }zcq (see [10, Theorems 2.2, 2.3]

and [49, 3, 4]) associated with the {7%, : n € N} to prove that (108) implies the strong
convergence of T, to T'. Indeed, we have

(109) (T )P — /R Ndv, ()

for any p > 1. Hence,

TF 4 47T = /)\ v (A +47r//\ vy (A
TTE2 —|—47TT4T% //,u)\Zdl/y Vv (1 +47r//)\4u2d1/y Vv ().

From (108), the above two equations equal, that is,

/R/R (,\%(A — ) + ATAR AR — ,ﬁ)) dvy(N)dvy (1) = 0.

Using the symmetric property of the above formula leads to

5

0<// (OF = i) — )+ 4x (0 — )Y AF — ) dva (N (1) = 0.

Since the function inside the integral is strictly positive unless A = u, we can conclude
that v, (\) reduces almost all points of z to a family of Dirac masses concentrated at
Vy = 5?(1)' With this and the uniform boundness of T;, 1. according to Lemma 9,
we can apply [10, Theorem 2.3] and conclude that

(110) T. — T almost everywhere and strongly in LP([0,#] x ©),1 < p < co.

From this, we get TE4 — T4 almost everywhere. This combined with (98) implies that
(111) e — T4, strongly in L2([0,#] x Q x S?).

Therefore, we have proved (89) and (90).
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The limiting system. To show the limit function T satisfies (91), we define

. 1
po= [ veds, jo= = [ vopas
§2 € Js2
We have

1
(112) dipe +V - jo = f;z/ (¢ — T2)dp-
S2

Comparing (5) and (112), we get

oI, — AT, = —(515,05 +V .]6)

Using (110)—(111) and p. — AnT" we can pass to the limit in the above equation to
get

(113) T — AT = —470,T +V - j.

in the sense of distributions. Here we use j. to denote the weak limit of j..
Next we find the weak limit of j.. Using (6), we can get

. 1 1
o=t [ wpas =2 [ we-18pd5 = e, [ wepap -V [ wpws)as.

£

From the convergence of 1., we can see that for test function ¢ € C1([0,] x Q),

/0°° //QX§2 Ostpe BpdBdadt
- —/OOO //ngﬂ e SOy pdxdt — //st2 VeoBep(0, )dBdzdt,

which is bounded. Hence
€0, / Y-BdB — 0, weakly in L*([0,]; L*(Q))
SQ

as € — 0, and

44

/ %6@6%%74/ B®Bdf = —T'I,
SZ S‘Z 3

where I is the identity matrix in R3. Therefore, we get
V- j. — —A(4nT?) in the sense of distributions.

It follows from this and (113) that
o . Ar
OT — AT = ~4xdT' + S AT
holds in the sense of distributions, i.e., (91) holds.

The initial condition. Next we show the initial condition (92) of the limit
system (91) holds in a weak sense. We consider
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[ fosas) asar= [ (2 o m305) i

t
gAi;/ // (. — T dBdzdr,
& Jo JaJs?

which is uniformly bounded due to (94). This leads to
(T + (¥e)) € L2((0,8]; H()),
which combined with (110)—(111) implies that
T +47T" € Cyu ([0, 1]; L2(Q)).
Consequently, we get
T(t = 0) + 47T (t = 0) = lim (Teo + (Y0)) = To + 47T,

Hence, from (18) it follows that

T(t=0) =To = lim Tep,

in a weak sense.

Now let us deal with the boundary conditions.

Dirichlet boundary condition. For the boundary condition of T, due to (97)
and (110), there exists a subsequence {7, }7°, satisfying

5
2

Tg%k — T?, strongly in L2([0, ﬂ;Hlf‘;(Q)),

for 0 < d < % small. Then we can use the continuity of the trace operator to get

5

(114) flefk_ — y1T2, strongly in L2([0,t]; L?(9%2)).
For the Dirichlet boundary condition (12), we have v'T. = T, hence
’le = Tb.

This verifies (93) in the Dirichlet case.
Robin boundary condition with » > 0. We can use the inequality from the
energy inequality (81),

t
5%/0 IV Tz = Toll75 oy dr < C,
to deduce that
YT, — Ty, strongly in L5([0, t]; L°(0%)).
This combined with(114) leads to
T =T,.

The case of Robin boundary condition (13) with » = 0 will be shown later.
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Boundary condition for 1. We show the boundary condition for ©. From
(94), we get that

Y. € L*([0,1]; L*(Q x §?)),

(€0r + B V) = é(ws — T2 € L*([0,t]; L*(22 x §?)),
and we can use the definition of the trace operator v2 to get

V2. — 424, weakly in L2([0,#]; L2(Z; |n - BldBdoy)).

To show 21, = 7274, we multiply (6) by ep with p € C*([0,¢] x Q) and integrate
over time and space; we get

//QXS2 dﬁdde—s//QXS Peop( )dﬁda:dr—g/ /stz V.0, pdBda
//Mzwaﬁ Vpdﬂdxd7+/ // W20, - pdBdodr
- /0 /Q XSZ(wE—Tf)pdﬁdxdT.

We pass to the limit € — 0 in the above equation and use (111) and (99) to get

//MQW Vpd,dedT+/ // V0 pdBde.dr

(115) = —/ / A - pdBdxdr.
0 JOxS?

On the other hand, taking the weak limit in

Outpe + - Vibe = (¢ — T2),
we get
3.V = A

Applying the test function p on this equation leads to

/ //QXSZ PB - Vpdﬁd:chJr/ // nY2 - pdBdogdr
- /O /Q A pdidrdr

Comparing the above equation with (115) leads to
VY =72

On the other hand, we can use the boundary term in the energy inequality (57) or
(81),

2«

a2 t
5 /o e = ¥ollz2(, g slasan,) 47 < €,
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to deduce that
V24 — 1y, strongly in L* (X5 |n - B|dBdos).
It follows that
VYls, = .
In addition, we can pass to the limit € — 0 in the boundary condition (9) to get
Yls. = agy + (1= Q) LyY* ez, = .
Therefore,
(116) V= =Ty
Robin boundary condition with » = 0. We can use the above formula to get

VT =T},
from which we can deduce that

VT =T,

i.e., (93) also holds in the case of the Robin boundary condition with » = 0. Hence
we finish the proof. 0

Remark 2. Here in the proof we use the continuity of TE% and Lemma 15 to show
the strong convergence of T;. If we drop the Laplacian term in (5), we can no longer
show this by the above proof. However, thanks to the averaging lemma, i.e., Lemma
16, we have that for any n € C*°(S?),

— 0,
L2([0,t];L*(T?))

| [t = vl e

as y — 0 uniformly in . Thus we can take h to be

(W) = [ beds

instead of (7.)% in Lemma 15 and (106) becomes
(118) (T + (¥e)) (Ye) = (T + (&) ().
Due to the strong convergence in (98),
(e = T2) = 0,
which leads to

Ts<¢s> = Ts<1/)£ - T€4> + 4’/TT55 — <A>T+ 4’}TT7§7
<¢'€><ws> = (1/15 - T54> ((% — T54> + 47TT;1) + 47TT§<'I/)5 - T54> + 167T2T58
— (A)((A) + 4nT2) + 4xTA(A) 4 167°TE,
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weakly in L2 ([0,00); L2(T?)) as € — 0. Thus we can also pass to the limit € — 0 in
(118) and get the same limit with

(AT + 4nT5 + (A)((A) + 47T3) + 4rTA(A) 4 167°T8
=(T + ((A) + 4nTH))((A) + 47 T2),

which implies that
AnTS 4 167°T8 = T4n T2 + 167°T2 - T4

We can also apply the Young measure theory to get

dn / Aoduy(A) + 167 / ABdu,(N)

—47r//)\,u4dl/z Ydvg () + 1672 //)\4 vy (N dvg (p).

It implies that

- / / A = 18 duy (N (1) + 1672 / / MO = 1) du (Vs (1)

—47r//)\ WA — 1M dvy (N dvg (1) + 1672 // N2dv, (N dvy (1)

Therefore, v, is concentrated at o, (). We can thus conclude that (110) holds. There-
fore, the above theorem also holds for the system

OT. = —5({e) - 4T,
O+ 26V = — (e —TD)

4. The relative entropy method. The compactness method gives a clear jus-
tification of the diffusive limit of system (5)—(6). In this section, we give the rate
of convergence of the diffusive limit under some regularity assumption of the limit
system (16).

We will introduce a relative entropy functional to compare the solutions between
(5)—(6) and (16). The difference of their solutions are estimated using this relative
entropy functional.

To compare solutions of (5)—(6) and (16), we note that the limit system (16) does
not include the equation for 1/.. To use the relative entropy method, we define v as

V=T —eB-VT' =20, +&B-V(3-VT),
so that T and v satisfy
_ _ 1 _
(119) OT = AT+ / (@ —T")dp,
SZ

— 1 — 1 — = —
(120) b+ B-Vi= — 5@-T)+R
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where

R =04 + B V¢+ (1/) T)
—8,T" +25.VT 7[3’~V(6'VT4)7éﬂ«VT478tT4+B-V([J’~VT4)
—eB-VOT e V(=0T +8-V(B-VT) - 22T  +28-V(3-VT")
=eB-V(=20,T" +B-V(3-VOT)) — 20T —B-V(3-VOT)).

We define the energy functional

5 2
H(T.,.) ::/T—Sder// %dﬂdac.
Q9 axs? 2

The relative energy functional is defined to be

H(T€7 1/}6 |Tv a)
0E 0E

~B(1. b.) - BT - (SET DL —T>> - <@<m>,w€ -9)

5_7 _
:/TE T 5T (T. — Td +// d,@d:v
Q S2

We will apply the relative entropy method to compare the solutions (7%, .) and
(T, %) under three different boundary conditions: in the torus (11), Dirichlet boundary
condition (12), and Robin boundary condition (13). The main result of this section
is the following theorem.

THEOREM 11. Assume (T:,c) is a weak solution of the system (5)—(6) and T
is a strong solution of (5) with T € C'([0,t];C*(Q)) for any t > 0. Assume the
well-prepared boundary condition (19) holds. Suppose T > ¢ > 0. Then the following

inequality holds:
dm + / /
QxS?

(121) < /Q(ng — To) + (Tgo — To) dz + //Q o (w60 — EO)Qdﬁdﬁj 4 Cée°®.

/ (T. = T)* + (T. - T)* 2| dBda

t

Here s = 2 for the case of torus, s = min{l,r} for the case of Robin boundary con-
dition (13) with r > 0 and s = 1 for the case of nonhomogeneous Dirichlet condition
(12).

Furthermore, if the initial data is well-prepared so that (18) holds, and To.o—To —
0ase—0, thenT. — T and 1. — 1 strongly in L?(Q) and L?(Q x S?), respectively,
for any t > 0.

4.1. The case of torus. We next derive the relative entropy inequality for the
case of torus Q = T3.

LEMMA 12. Assume T, is a weak solution of the system (5)—(6), and T is a
smooth solution of (16). The following inequality holds:
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/ / 72 - VT*)2dudr

H(T., 0.|T // T3 7% _ 27 (T, — T)AT? dadr

5
2
Z/t//w T P D) (5T
L e L[] @ s

Proof. First, we recall that from (24), the energy functional for (5)—(6) satisfies

16 [ 5
— T.)2| dxd d drdr <
25/0/0‘V( )2 mT+€2///S2 Bdxdr < 0.
The function (T, ) also satisfies a similar equality:
16 [ — 5|2 I — a
> ’V(T)2 dadr + = (@ — T"2dBdxdr
5 Jo Ja e? Jo JaJs

t
(124) = / / / o - Rdpdzdr.

0 QxS?

Next we consider the equations of the difference (T, — T, . — 1) using the definition
of weak solutions (22)—(23):

/ /M — T)dedt - / AT -T)|
(125) :/ /A@T — T)dwdt + — / //M — P — T + T")pdBdxdt,
[ ptwg—@)dﬁdxdtf/g/szpw -

— 7/ //st2 )B - VpdBdrdt

(126) :_?2/0 //QXSZ(%—E—T§+T4)pd5dxdt—/ooo //st pRAfdzdt.

We introduce the following test function:

H(T:, 4T

(122)

(123)
H(T.,v:)| +
0

)

dx

dBdz

t=0

(127) =0T, p=0(1),
where
1 for 0 <7 <t
6(r):=¢ S5 +1 fort<7<t+9,
0 for 7 > t+9.

Taking these test functions into (125)—(126) and letting 6 — 0, we obtain
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/T“(T T) d:cf/ /a )T — T)dadr

//ATtT T)dwdr + — ///S . — O — T4+ T")dBdwdr.
/Q [ G- Odﬁdwf / / /S 0-0) (Y- — P)dBdudr

. / / /S B - VidBdzdr

_;2/0 /Q 82¢(¢5—¢—T;+T4)dﬁdxdr—/ot/9 | 0 Ragzar

Using (119) and (120)7 the above equation becomes
[ria-n
//4TATT Td;vd7'+/ /AT (T. — T)dxdr

= / / /QXSZ T)(T. - T)dBdzdr
/ / /S e~ — T2 +T")dpdzdr,
[ [

: dBdx
2 7:0
:/O /9/52<_g5.v@)( D)dpdadr + 1 ///S )8 - Vidfdrdr

_612/(:/Q SZE(¢E—E—T§+T)dBdde—/O /Q/Szaﬁdﬁdxdr.

Adding them together gives
t
/T“(TE ~T) dz—l—// D —
Q =0 O xS2
t
_ / / ST AT(T. — T) + AT (T, — T)dadr
0 JQ
1 [t S 4 —
-5 / // @ —T YT ~T" — 4T (T. — T))dBdxdr
e Jo Qxs?
2 ¢ — =4 — 4 =4
- = (=T ) (e = =T + 1" )dpdxdr
SZ

/ / SzR P)dpdzdr — / / SQ@p RdBdadr.

We substract the above equation from the difference between (123) and (124) and
arrive at the following inequality:

dac

t
dBdz

7=0
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H(T., ¢:|T, E)

H(T-,9:|T, %)

S TVALE

t
- / / AT’ AT(T. - T) + AT (T. — T)dadr

/ / /Q (e D) Rdgir
_ ;2/0 //stz(wg ~ T (- TY)?dBdedr

(128) n E% /Ot //st (Tf T 4T - T)) (J - T“) dadzdr.

e

> dxdr

To simplify the inequality, we rewrite the third term on the right-hand side as

t
- / / AT AT(T. —T) + AT (T2 — T)dedr

/ / (T4 —T" — AT (T. — T))ATdadr
/ /Q (T4 —TYAT + AT (T — T)dwdr
/ / iy T, G T))ATda:dr——/ / ‘VTQ dzdr
(129) —/O /QT;*AT—I—TEAT dadr.

Here we use the fact that

4 _ 1 __52
(130) /T4Ade:/TAT4d:c:——6/ ’vw de.
Q Q 25 Jq

We calculate the last term in (129) as
t — —4 t = =3 = =2
7/ /(TfATJrTEAT Ydzdr = f/ /T;‘AT+4T€T AT +12T.7T" |VT |*dxdr.
Q Q

Using
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we obtain

t
- / / (TAAT + T.AT ) dzdr
0 JQ

t _ _3 _ _3 4 _5 _3 __
—/ /T;*AT+4T€T3AT+12T€T2 S (AT? - gw AT)dzdr
Q
1 _5 _3 _
/ / TT + AT.T AT + 56T T2AT? — 8.7 ATdwdr

- / / TAT — AT.T AT + gij AT dzdr
0 JQ
t pr . o o t o o
- / / (T4 —T" — 4T (T, — T))ATdzdr + 3 / / T ATdxdr
JO JQ 0 JQ
16 (1 _3 _s
(131) — 7/ / T.T? AT? dadr.
5 0o JQ

The last term in the above equation can be calculated as

16 [* 5 _35 H_3
73/ /TTZAT dudr _7/ / R A I
0

_7/ /TjAT?d:pd —Eﬁ/ /TZAT dzdr.
25 Jo Ja

Taking this equation into (131) and using (130), we obtain

t
- / / (TAAT + T.AT)dxdr
0o JQ

—4

_/Ot/Q(Tng — 4T (T. — T))ATdwdr

t _ 5 s
+¥/ /(TE—T§ gT“’(T T))ATddr——//T AT dzdr.

Taking it into (129) and using

5716 [ \optf
/)v —3/0 ‘VT
2 / / (VT2 — VT?)?dwdr,

5 0 Q

inequality (128) becomes (122) and finishes the proof. 0

Ll

5
2

dxdt + —/ VT

We now prove Theorem 11.

Proof of Theorem 11. From Lemma 12, we have
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- / t / (VTE — VT?)2dzdr
S
+€1z/t//ﬂxsz T -T' - 4T(T, )( 4)dﬁdxd7-
/ //stz ¥)Rdfdedr — o //Qx§2 Ta4 - (J—TZL))zdﬂdsz
(132)

=L+ L+Is+ 1+ I5.

H(Tav walTv @) +
t

__3
T?

H(T., 4. |T, ¥) T*(T. — T))AT® dzdr

To control the relative entropy, we need the following lemma.

LEMMA 13. Let ¢ > 0. Suppose A > c, A+ g > 0; then
(A+9)° — A% = 5A%g > (*|g* + clg|).
Proof. We can prove this lemma by direct calculations:

(A+g)° — A5 —5A%
=A%+ 5A% +104%g> + 10423 + 5A¢* + ¢° — A° —5A%yg
=104%¢% + 104%¢° + 5Ag* + ¢°
>1043g2 + 10A42¢3 + 5Ag* — Ag?
=1043¢% + 104%¢° + 4A4*

: : , 25 11
=43¢ + <9A392 +104%¢° + 51494) + §Ag4

5 g2 11
>A3 2 A5 I ~A 4
>A%g" + A -|— 312 -I— g 49
c?’g2 + cg4. ]
By applying Lemma 13 with g :=7. — T and A =T > ¢, we have
(133)

H(T:, T, ) /—f—fT(T Tx>C/T T)* 4 (T. — T)*dx.

Now we estimate the right-hand side of inequality (132).
We first consider I5. Using the mean value theorem, we obtain

§ 8 Smbn o 15[ 7 L ) 72
T2 T - T (T. - ):7 (s(TE—T)+T) dsdr - (T. —T)

/ / ST, =T} +T)dsdr - (T. — T)°
<C|IT. - T+ C|T. - T|*
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Therefore, we have

5

2 [t 5 _s5 _3 _ . _s
737/ /(T2 T gTZ(TE—T))ATQdde
(134) <C/ / (T. = T)* + (T. — T)*dxdr.
Next we consider I3. From the property that

T4 T — 4T (T, — T) =6T (T — T)? + 4T(T. — T)3 + (T. — T)*
<C(T. —-T)* +C(T. - T)*,

we have

// T 4T (T, T))AszdT<C/ / (T. = T)? + (T. — T)*dxdr.

So I3 can be estimated as

:E%/t//s T;‘—T4—4TB(T€—T)) (- T") ddedr
//52/52 — —4T (Tg—T)

(T' — B - VT —20,T" +&28-V(3-VT') - T")dBdudr
/ / T4 T 4T (T, — T)) (—4rd,T" + gﬂAT4)dxdT
— — t 4 =4 —3 —
<C(|0T| = + |AT| =) (72 ~T" — aT*(T. - 7)) dadr
0 JQ
t
gc/ /(6?2(:@ ~T)? +4T(T. = T)* + (T. — T)*)dzdr

(135)  <C / / (T, —T)? T)dadr.

For I, we have

Iy —/ / /§2 Rdﬁdsz
/ / /S (0 — D)dBdudr + / / S2R dBdrdr
(136) / / /S (e B dBdudr + O,

© 2022 Nader Masmoudi



Downloaded 08/29/23 to 91.230.41.206 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

5374 MOHAMED GHATTASSI, XIAOKATI HUO, AND NADER MASMOUDI

Taking the above estimate and (134)—(136) into (132), we get the estimate
2| dBdx

e T
e / //QXSZWE ~ T}~ (- T"))*dBdadr
// V(T)gfdxdf
<C//T TV 4 (T. - T) dmd¢+///m§2 0)2dBdxdr + C<2.

Applying Gronwall’s lemma to the above inequality leads to (121) and finishes the
proof. 0

4.2. Dirichlet boundary conditions. In this case, we can do similar calcula-
tions as before and use the boundary condition

T.=T =T, forzec o
to get the relative entropy inequality.

LEMMA 14. Assume T is the weak solution of the system (5)~(6) with boundary
conditions (9) and (12), and T is a smooth solution of (16) with boundary condition

T(t,z) =Ty, for x € 0. We have the following inequality:

(137)
H(Te,y:|T, ) t+ o / t Q(VTE% — VT dedr
//Q i T 2T - T) AT dwdr
(72 -T" —aT’(1. - T) T") dBdxdr
) //w ) (E-7)
///Qs Rdﬁd‘”d“*/ //M2 —T! — (§ = T"))%dBdadr
i [ J[ e~ ao.ass

/ // n)(aTy + (1 — a)yl — §)*do,dadr.

Here, the above inequality does not include boundary terms of 7. since 7. — T
vanishes on the boundary.

H(T:,9e|T

Proof. We can slightly modify the proof of Theorem 6 to show that the following

energy inequality holds:
dde + = / / / d,@dﬂcdr
SZ

H(T.00)| / / V()
/ / Tbn VT.do,dr + —/ // wEdUzdxdT
a0 bl

(138) / // n)(aTy + (1 — a)yl)doydrdr < 0.
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Similarily (119) and (120) also satisfy

//]v )% dxdr+—// Szw T*2dBdzdr
/ /men VTdaxdT—&-—/ // NG dogdodr
(139) = /O / /Q XSZE-RdBdde.

We recall that from the definition of weak solutions (55)—(56), the difference
T. — T, — 1 satisfy
dx

- [ [ e~ Tyasar— [ o -7)
t=0
/ /A(p (T. - T) dxdt-i—/ / n - VI.pdozdt
a0
/ / wn - VTdaTdt—/ / (T. — T)n - Vipdxdt
9 GI)

n ;2/0 //stz Ve - — T4 + T pdBdudt,
L e rasama— [ [ ot
_,/ //MZ ) - VpdBdadt + - / //)E+ n)ie pdoydudt
/ // n)(aTy + (1 — a).)pdoydrdt — = / // Yhpdo ,dxdt

= / / / e — 0 — T4+ T pdBdudt — / / / pRdBdxdt.
6 QxS2 0 JQxSs?

We choose the test function the same as (127) and let § — 0. We will get
t
—4 J—
/T (T. - T)
Q 7=0
t . o t . -
:/ /4T AT(T. —T)d:ch—l—/ /AT (T. — T)dzdr
/ // )(T T)dBdzdr
Qx§?
+5 / / / T' (e — 9§ — T4+ T")dBdadr
e Jo JaJs2
t . t -
+/ / n-VT.T do,dr — / / Tin - VTdo.dr
0 Joo 0 Joo
t
- / / (T. —T)n - VT dwdr,
0 Joo

TE

(140)

dﬂdx

(141)
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/szxs2w 7) o
- 7/ //; n)epdodadr
- */ // n)(aTy + (1 - ). )ddo,dedr
/ / / n)e - pdogdudr — = / / (- )6, — T)dBdadr
/ /“ /S Vet = 5 / / [ e = = T2+ T')dBdudr
- /0 /Q Sjﬁdﬁdmr.

We substract the summation of the above two equations from the difference of (138)
and (139) to get

dBdx

(142)
H(T:, ¢ |T, 7)

H(T:, ¢ |T, ¥)

2L (-

2
) dxdr
¢ =3 = = —4 =
- / / AT AT(T. — T) + AT (T, — T)dudr
Q

/ //st V) Rdpdadr - */ //QXSQ — T} — (@ — T"))*dpdudr
+ 5—2/0 //st T;l T 4T (T, —T)) @—T“) dBdadr
+ /0 t /8 [(T=Dn- VT do,dr

-5/ t I/ (B~ s

(143)
/ // n)(aTy + (1 — a)yl — ¥)*do,dzdr.

By considering the boundary conditions, equation (129) becomes

v(T)?

t
- / / AT’ AT(T, - T) + AT (T. — T)dadr
t t
= / / (T4 —T" — AT (T. — T))ATdxdr + / / (T'AT + TAT Ydadr
Q

t
- / / (TAAT + T.AT")dzdr.
0 JQ
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The last term is
¢ - A
7/ /(TE‘*ATJrTEAT Ydxdr
0 Ja
t
—_— / / (T4 —T" — 4T (T. — T))ATdzdr
0o Jo
32 [t 5 -3 53 - 32 [t 5 5
+ —/ /(Tg2 -T2 —=-T*(T. - T))AT?dxdr — —/ /T;ATZd{EdT
25 o Jo 2 25 0 JQ
br 48 [t [ _s _s
+3/ /T ATda:de—/ /TQATZd.I'dT.
0o Ja 25 Jo Ja
Adding the above two equations and using the integration-by-parts formulas
— — __5
/T”‘Am _ E/ V7
Q 25 Ja
R __5
/TAT4:—E/ V7
Q 25 Jo
_5 _5 __52 5 4 _
/T?ATde:—/ )VTQ dm—&—f/ T'n . VTde,
Q Q 2 Joa
5
2

5 _5 5 __5
/TﬁAwa:f/VTé -VTQd.r+§/ T
Q Q 2 Jaq

2
dach/ T'n. VTdo,,
a0

2 JE— —
dr + / Tn - VT doy,
o0

_3 _
T?n-VTdz,
we obtain

t
- / / AT’ AT(T. — T) + AT (T, — T)dwdr
0 JQ

32 ¢ 5 _5 5_3 _ _5
(144) :—/ /(TE2 —T? —-T*(T. —T))AT?dxdr
25 Jy Jo 2
2 32 [t 5 __s
dﬂchJr—/ /Vng -VT?dxdr
o Ja

t
,g//’vf
25 Jo Ja 25

16 [t [ — _ 16 [1 5__3 _
+—/ / T4n~VTdawdT——/ / T2T?n . VTdo,dr
2 Jo Jan 2 Jo Jan

o

32 [t 5 _5 hH_3 _ _s 32 [t 52
_22 TE _T7 _ 2T (T, —T)AT?dedr — 2 ( 7| dad
5 ), L S WA K
32 [t 5 _s5
+ — VT2  -VT?dxdr
25 Jo Ja
16 [ [ =25 5 532 — _
——/ / T*(T2 —T? — 2T*(T. — T))n - VTdo,dr
5 Jo Joa 2
t
72/ / (Teff)n-VTZLdUZdT
0 Joa
32 [t 5 _5 5_3 s 32 t 52
:7/ /(T: _7 —7T2(TE—T))AT2dxdT——/ / VT | drdr
25 0 JQ 2 25 0o JQ

5
2

2 rt _s
(145) 42 / VT2 - VT? dudr.
25 )y Ja
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Taking the above equation into (128) leads to the inequality and finishes the
proof. 0

We now proceed to prove Theorem 11.

Proof of Theorem 11. Note that the relative entropy formula (137) only differs
from (122) of the torus case by the last two boundary terms on the right-hand side of
(137). To control these two terms, we recall

Dlog =Tf —eB- VT — 20T +e28-V(3-VT ) =T+ Ry

with Ry, = —f3 - VT — EatT4 +eB-V(5- VT4) bounded. So we have

[l ()0 = Do
-1/l (v~ T T e
g [ ] @t mparasis [ [ 6o - TR o
- /O t / 5 Rido,dudr.

From the coordinate transform 8’ = f—2n(n-f), we get n- = —n-f’. We can also get
B =pB"+2n(n-B") and Ry can be also expressed using 3. We denote E;[ﬂ’] = R[]
We have

aT 1 — o). — ) ?doydudr
/ L 6mats + 0=yt =,
YTt + (1 — )Yl — T — eRy)?do,dxdr
/ / / § 4 (1— o)l — T — <Ry)
///Z+ J(1— @) (@, — T}) — eRy)?dSp dr
_{-of /0 /I (B o). T o dadr
_/Ot //Z+(ﬂ.n)(1/)a—Tf)R;daxdxdT—&-;/()t/2+(R;)2doxd:rdT.

Adding the above two equations together, we have
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[/l (). = Do
/ JIL 8- meTd + 0 -yt = 5 do,dadr
< - 2“%/0 //E+ (8- n)(e — T))*doydadr
- t I/ (B m) e = TRy~ R dosdadr + e
< (o) / t /I (B~ TP
el | R
T /0 t / [ o~ T dodadr + e

(146) < - (QQT_EO‘Z) /Ot //E+ (B 1) (e — TH2doydrdr + Ce.

Combining the above estimates with the estimates of other terms in proof of the
torus case and applying Gronwall’s inequality lead to (121) with s = 1 and finishes
the proof. 0

4.3. Robin boundary condition with r» > 0. For the case of Robin boundary
condition (13), a similar relative entropy inequality can also be derived like for the
Dirichlet case. The result is

// T3 — VT*)2dedr
/ / T3 T - gT%(T ~T)AT* dadr
% t Tf—T4—4T3(TE—T) 0 —T") dfdxdr
J //W ) (7-7)
/ //st2 W)Rdfdzdr ~ 7/ //stz -T2 - (@—TAL))Qdﬁdncdr
//m o TbE £ do de//mT Tyn - VT do,dr
- /0 / /E (- n) 0. = oo

(147)
/ // n)(aTy + (1 — a)yl —4)*do,dxdr.

With the above relative entropy inequality we now proceed to prove Theorem 11.

H(T:,y.|T

( 87w6

3
2

gT (T. —=T))n-VTdo.dr

(NS
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Proof of Theorem 11. Compare the relative entropy inequality (147) with (137)

of the Dirichlet case; there are two additional terms with the boundary of T. that we
need to control. First, by (87) we have

¢ . Ty —1T.
// (T;*—T“)%d%m
o0
/ / -
a0 e”

—/ / (T. — Ty)*(T- + Tp) (T2 + T?)dodr
o0

(148) <7f// T, — Ty5do,dr.

The second bounary term is

t
/ / (T. — T)n - VT do,dr
0 JoQ
t
:/ / (T. = Ty)n - VT4dazd7'
0 o0

1 t t -

< / / |T€—Tb|5dade+Cer/ / In- VT [2do,dr
2e" Jo Joo o Joo
. .

<

|T. — Tb|5damd7 + Ce".
aQ

(149)

Combining (148), (149), and the result of the Dirichlet case, we can conclude that the
following inequality holds:

/(T T) + (T — T das—i—// 2| dBdx
QxS2 t

T ;2/0 =Tt = @ =T Pasdear
+/0t/9 (V(TE)% fv(T)%) dxdTJr—/ /89 T — Ty’ dodr
_,_M/t//z (B-n) (e — Ty *doydadr

<c/ / (T. - T)* + (T. — T4dxd7+/ //stz ¥)*dpdxdr

+ Ce+ Ce".

Applying Gronwall’s inequality leads to (121) and finishes the proof. 0

For the case of the Robin boundary condition with » = 0, a boundary layer exists
for T.; thus we cannot apply the above relative entropy method directly to show the
convergence of T, although with the compactness method this is done in Theorem
10. This boundary layer problem will be investigated in our future work.

Appendix A. Positivity of the solution of system (5)—(6). This section
is devoted to the proof of Lemma 9 such that the nonnegativity of the solution for
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(5)—(6), associated to the radiative boundary condition (9) and for a general boundary
condition

(150) ag"n - VT.(t,z) = —bT.(t,x) + b1} (t, z) for any x € 99,

where a and b are real numbers satisfying the condition of |a| + |b| > 0. We add the
reals number a and b to (13) in order to cover different boundary conditions.

The nonnegativity of the solutions to the approximate Galerkin approximate sys-
tems constructed in section 2 can be proved in the same way.

Proof of Lemma 9. For nonnegative initial and boundary radiative data .9 >
0,y > 0, and due to T2 > 0, following from the maximum principle for linear trans-
port equations, the solution 1. of the radiative transfer radiative (6) is nonnegative.

Next we show 7. > 0. We define F' on Ry x Q x R by

(151) F(t,2,9) = % Welt,2, ) ~ (1, 2))

The system (5), (150) can be rewritten as

(152) 0T, = AT, + F(t,z,T;) forany t > 0 z € Q,
(153) ag"n - VT (t,z) = —bT.(t,x) + bT}(t, ) for any x € 99,
(154) T.(t =0,2) = T.o(z) for any z € Q.

Now, we define ' in Ry x Q x R by

n _ g%<w€(t7x75)_y4(t7x)> if y207
(155) F(tay) = { L (. (t,z, B)) i y<0.

Let us consider 7. the solution of the following system:

0T, = AT, + F(t,z,T.) forany t >0 z € Q,
(156) ag™n - VT.(t,r) = —bI.(t,x) + bTy(t, ) for any = € O,

T.(t=0,2) = T, o(z) for any z € Q.

The objective is to show that the solution T. of this equation remains nonnegative
over time. Indeed, in this case F and F coincide; therefore we have by the uniqueness
of the solution 7. = T. which is nonnegative.

We set T = max(7.,0) and 7. = max(—T.,0) such that 7. = T — 1.

Multiplying (156) by (=7, ) and integrating over €2, we obtain

€
—/ 8tTE(t7x)TE_(t,x)dw+/ ATE(t,x)TE_(t,x)dx:—/ F(t,z, T,)T (t,z)dx.
Q Q Q
Now, we have

(157) _ /Q T (t, )T (¢, ) da = %at /Q (T (¢, 2))2da,

—/ F(t,z, T)T, (t,z)dx = —/ F(t,z, T.)T; (t,z)dx
Q {T-<0}

(158) .

= — AT <0} ?(w&(t7$a5)>fa_(t7 x)d1 S 07
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and
/ ATL(t, 2)T= (¢, 2)da = / (VT (t,2))2dz + / n - VT (t, )T (1, 2)dos.
Q Q o0

If a # 0 (Robin or Neumann boundary conditions), then

/ n-VI.(t, )T (t,x)do, = — b / T.(t, )T (t,2)do,
o9 ag” Joo

ag”

/ Ty(t, )T (t, 0)do,
o
b

- / (T (t,2))° do
o0

ae”

(159)

Ty(t, )T (¢, z)doy > 0.
= [ D)7z (o

Now, if we have a # 0 (thus b > 0), since T = 0 on 9 then

(160) / n-VT.(t,z)T- (t,x)do, = 0.
le}

In both cases, we have

(161) AT (t,2)T7 (t,x)dz > 0.

Q

Consequently, (157), (158), and (161) imply

(162) %at /Q(T; (t,2))2dz < 0.

As T.o is nonnegative, we deduce from (162) that TE_ = 0. It follows that 7. and
consequently T, are nonnegative in Ry x Q.

Finally, we show if T.o, T, < 7 and e, %, < 7%, then the solution (T.,1.) to
system (5)—(6) satisfies Tr < 7,1, <yin Q for any t > 0. Let v —T. = g,v* —¢. = ¢;
then (g, ¢) satisfies

1
(163) Og=Ag+ 5(0-7"+(1-9)"),
(164) 06+ 28V =—(6—7"+(g+2),

subject to the initial condition g(t = 0) = v — Teg > 0,%(t = 0) = v* — 1.0 > 0 and
boundary condition

ag"n-Vg=—=blg — (T — 7))
We can take define G (155) to be

ol =e-0'-(r—yh) it y=0,
- E%qf) if y<0,

|~

and due to v — (y — y)* > 0 for y > 0, the same argument as before leads to the
nonnegativity of the solutions to
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Org = Ag +(G(9)),

1 _
Od+ - Vo= —G(g).
Due to g > 0,G(g) = (¢ — (v* — (v — 9)*)) and so the solutions to (163)—(164) are
nonnegative g =y — T, > 0,¢ = v* — 1. > 0 and hence T. < 7,9, < ~* holds. ]
Appendix B. Lemmas used in the compactness method. We recall now
the compactness method to prove the weak convergence.
LEMMA 15 ([38, Lemma 5.1]). Let g",h"™ converge weakly to g, h, respectively,
in LP2(0,7; LP2(Q))), L9 (0,7; L%2(R2)), where 1 < p1,p2 < +00,
1 1 1 1
—4+—=—+4+—=1
Pt @1 P2 Q2
We assume in addition that
8@% is bounded in L*(0,7; W~"™(Q)) for some m > 0 independent of n,
A" () = B (- 4+ & Ol pas (0,75 1.02 (2)) = 0 @8 [§] = O uniformly in n.
Then g"™h™ converges to gh in the sense of distributions on Q x (0,7).
Let us recall the averaging lemma (see [30, 17, 41]).
LEMMA 16. Let T > 0. Assume that 1. is bounded in L*((0,7) x Q x S?), that g.
is bounded in L%((0,7) x Q x S?), and that

€0ithe + B+ Vathe = ge.
Then, for all p € C§°(S?),

(165) ‘

[, etz 9. = hit.o.0) (333

— 0, asy — 0 uniformly in e,
LZ

where 1. has been prolonged by 0 for x ¢ Q.

We consider only an average on the sphere and for the L? regularity of the solution.
However, Lemma 16 can be obtained from the proof of [17, Theorems 3 and 6]. In
our proof we follow [17, Theorem 3 | with ¢ = p =2, m =1, and 7 = 0 and we prove
that [os Ve (t, @, 8)p(B)dB € L™>(0,7; BS" ) where r = 2 and s = , which implies

00,00

the compactness result given in (165).

Proof. We start by rewriting the problem in the whole domain. Let us introduce
the following cut-off functions y; and x2 such that x;1(¢t) = 1 on (6,7 — ) for §
small enough, and x2(z) = 1 on {z € Q | dist (x,0Q) > ¢}. Denoting by x(t,z) =
Xl(t)Xl (.73) and d)e(ta I) = wa(t’ I)X(tv .13), then

(166) €0 + B+ Vabe = xge + (€8; + B - V) x(t, 2)e(t, z, B).

From the uniform bound of . and g. in L? space

when § — 0 uniformly in e.

— 0,
L2((0,7)xQ)

/S2 (¢s(t7$75) - 1/35(15,9@5)) p(B)dp
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Now, we have g. in L? and it is enough to prove the lemma for R; x R2 instead
of (0,7) x Q. As the proof of [41, Lemma 4.2] is enough to prove

/Rg ws(ta z, 5)p(ﬁ)dﬂ € Lr,oo (07 75 ng,OO)’

where r = 2 and s = i; for more details about the definition of Besov space built on

the Lorentz space L™ see [34]. As we said in the beginning we follow the proof of
[41, Lemma 4.2]. So, we add At in both sides of (166), and we obtain

Ape + €0ytbe + B+ Ve = ge + Atpe.
Then
[ vl 313105 = T 0.+ ).

where -
Tg) = [ [ ot sz = s5.0)p(6)dsds.
o Js
Consequently, from [34, Proposition 3.1] it follows that
||T/\(9)HL3H;/2 < A7V2| gl L2 xraxre)
and
1Tx(9) H/\—3/2L%H;1/2+/\—1/2L%H;/2 < CHg||L2(L2(R><R3;HJI(RS))'
Moreover, we have

[ vetta 81038 = n =t 2,

where
H771 HL?H}C/Z < C/\l/ZH"/}EHLZa

and

H772H)\—s/szHgl/?_,'_)\—l/szH;/? < CH96HL2~

Then by rewriting 7% = n? + 13 as

102072 < CA2 g2,

173222 < O g 2.

we deduce that 7 € (L,?Hll.ﬂ7 Lwa_l/Z) for the real interpolation of order (1, 00); see
[34, Proposition 3.1]. Then, for all ¢ € R, we have

K(t) = (11Jirr;£:77 ”alHLEHi/? -+ t”a/2||L?Hz—1/2.

Thus from [34], we need to show that K(t) < Ct'/4. We choose X such that ¢t = \?
for t > 0.
e If 0 < t < 1, we have ||13] .12 < CA73/2. Then 73 and a; = 7! and

as = 1? we conclude that K(t) < Ct'/%,
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e For t > 1, we can rewrite 7% as n? = 2 + 13 such that 72 € )\_3/szch_1/2
and 17 € /\1/2L3H§/2; then we define
K (t) = alir(%f:n ||a1 HL?H;”—&-L?Hg/Q + tHCLQHLfH;l/Q
and we obtain K1 (t) < Ct*/* for a; = 1 +n3 and az = n? +73, which implies
that
ne (LEHY2 4 122 21, 2). 0

Finally, we deduce the compactness result. This finishes the proof.

Appendix C. Basis in LZ(Q x §2).
LEMMA 17. There exists an orthonormal basis {¢k 32, of L2(Q x S?) with ¢y, €

HY(Q) ® L2(S?).

Proof. We take {¢;}3°; to be an orthogonal basis in H'(Q2) which is also an

orthonormal basis in L*(2) and {x; }22, to be a orthonormal basis in L?(S?). Then

Pij = GiXj
is an orthonormal basis in L2(2 x §?). O
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