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Abstract

We investigate spatial log-concavity and spatial power concavity of solutions to
parabolic systems with log-concave or power concave initial data in convex domains.

2010 AMS Subject Classifications: 35E10, 35K51, 35D40

1 Introduction

In a series of previous papers [18, 19, 20, 21, 22], two of the present authors investigated
concavity properties of solutions to parabolic equations with respect to space and time
variables, introducing also the notion of parabolic concavity. In a recent paper [15], the
authors of this paper treated weakly coupled parabolic systems with vanishing initial data
and investigated again concavity properties with respect to time and space variables. In
this paper we study spatial concavity properties of solutions to parabolic systems with
non vanishing initial data.

Concavity properties of solutions to elliptic and parabolic problems are a classical
subject of research and have been largely investigated. Here we just refer the reader to the
classical monograph by Kawohl [25] and to the papers [1]-[8], [10], [12], [14]-[24], [26]-[37],
some of which are closely related to this paper and the others include recent developments
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in this area. However very little is known concerning concavity properties of solutions
to elliptic and parabolic systems and the only available results to our knowledge are in
[15], which treats power concavity properties with respect to time and space variables for
weakly coupled parabolic systems with vanishing initial data. Unfortunately, in order to
be able to take account of the time variable, the arguments in [15] are not applicable to
the case of non vanishing initial data. To our knowledge, this paper is the first one dealing
with spatial concavity properties of solutions to parabolic systems with non vanishing
initial data.

Let Q be a bounded convex domain in RY (N > 1), D := Q x (0,00) and m €
{1,2,...}. We denote by S the space of real N x N symmetric matrices. Let

u=(uY,.. . u™)yec?(D:R")NCD:R™)
satisfy the parabolic system

P + FH) (2 ¢t v, Vul® v2uk)) =0 in D, k=1,...,m,

u® (z,t) > 0 in D, k=1,...,m, 1)
u(z,t) =0 on 90 x [0,00), '
u(z,0) = up(z) in Q,

where ug = (u(()l), e ,u(()m)) € C(Q:]0,00)™) and

u[()j) >0 in Q, u(()j) =0ond forj=1,...,m.
Throughout this paper we assume the following conditions on F = (F(1 ... F(™):
(A1) F=(FW,... F(™M) e C(D x R™ x RN x 8V : R™);

(A2) Foreachk € {1,...,m}, F®) is a degenerate elliptic operator, that is F'(%) (z,t,u,0,")
is non-increasing in S% for every fixed (z,t,u,0) € D x R™ x RV,

Here we refine the technique developed in [15], [20] and [22] and investigate spatial concav-
ity properties of the solution u under conditions (A1) and (A2). Our approach is based
on the construction of the spatially concave envelope of the solution and the viscosity
comparison principle, and it is different from those of [11], [13], [24] and [28]-[35] treating
spatial concavity properties of the solutions to parabolic equations.

We state our main theorems in Section 4. Here we state a result on the spatial log-
concavity of solutions to parabolic systems which directly descends from them.

Theorem 1.1 Let Q be a bounded convex domain in RN and di, da > 0. Let (u,v) €
C*Y(D :R?) n C(D : R?) satisfy

Ou — diAu+ f(x, t,u,v,Vu) =0 in D,

Ov — doAv + g(x, t,u,v, Vo) =0 in D,

u,v >0 in D, (1.2)
u(z,t) =v(x,t) =0 on 08 x [0,00),

u(z,0) = up(z), v(z,0)=vo(z) in 2,




where f and g are nonnegative continuous functions in D x [0,00)? x RYN. Assume the
following conditions:

(i) The wviscosity comparison principle holds for system (1.2);
(ii) The functions
fro(x,r,s):=e "f(x,t,e",e’,e"0) and gio(x,r, ) :=e *g(z,t e, e’ e’0)
are convex in 0 x (0,4+00)? for every fived t > 0 and € RV.

Then logu(-,t) and logv(-,t) are concave in Q) for every fized t € [0,00), provided that
log ug and logvg are concave in €.

For the viscosity comparison principle for parabolic systems, see Section 4. As a corollary
of Theorem 1.1, we have:

Corollary 1.1 Let Q be a bounded convex domain in RN and di, do > 0. Let (u,v) €
C*Y(D:R?) n C(D : R?) satisfy

Ou — diAu+v|Vu|* + cpu =0 in D,

Oy — doAv + u| V| + cov = 0 in D,

u,v >0 in D, (1.3)
u(z,t) =v(x,t) =0 on 09 x [0, 00),

u(x,0) = up(z), v(x,0)=1vy(x) in ),

where a >0, b >0, ¢; >0 and ca > 0. Then logu(-,t) and logv(-,t) are concave in § for
any fized t € [0,00), provided that logug and logvy are concave in SQ.

Next we state a result on the power concavity for porous medium systems.

Theorem 1.2 Let Q be a bounded convex domain in RN and dyi, da > 0. Let (u,v) €
C*Y(D :R?) n C(D : R?) satisfy

Ou — diA(u®) + f(v) =0 in D,
O — daA(WP) + g(u) =0 in D,
u,v >0 in D, (1.4)

u(z,t) =v(x,t) =0 on 08 x [0,00),
u(z,0) = up(z), v(z,0) =vo(z) in 2,

where o, § > 1. Assume the following:
(i) The viscosity comparison principle holds for system (1.4);
(ii) The functions
e =gom1f (n%) and g(&,m) =g (5%)

are convex with respect to (&£,n) € (0, 00)2.



Let p:=(a—1)/2 and q :== (8 —1)/2. Then u(-,t)? and v(-,t)? are concave in Q for any
t > 0, provided that ufy and vl are concave in Q.

For sufficient conditions for the concavity of the functions f = f(&§,n) and g = g(&,n), see
e.g., [18, Lemma A.1].

The paper is organized as follows. In Section 2 we introduce some notation and recall
basic properties of concave functions. In Section 3 we recall some basic viscosity theory
for systems and prove a technical lemma. Furthermore, we give a uniqueness result for
parabolic systems (see Theorem 3.2) which is enough for the purposes of the next section.
In Section 4 we state and prove the main results of this paper, see Theorems 4.1 and 4.2,
which are general results on power concavity and log-concavity of solutions to problem
(1.1). Theorem 1.1 is a corollary of Theorem 4.2. In Section 5 we apply Theorem 4.1 to
the porous medium equation and related systems and prove Theorem 1.2.

Acknowledgements. The first author was partially supported by the Grant-in-Aid for
Scientific Research (A)(No. 156H02058) from Japan Society for the Promotion of Science.
The third author was partially supported by the PRIN 2102 project “Elliptic and parabolic
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INdAM - GNAMPA and by a ”Progetto Strategico di Ateneo 2015 of Universita di
Firenze.

2 Preliminaries

Throughout the paper, let N and n be natural numbers and let SV denote the space of
N x N real symmetric matrices. If A, B € SV, by A > 0 we mean that A is non-negative
definite, while A > B means A — B > 0. For n € {2,3,...}, we set

A, = {)\:(Al,...,)\n) c0<N<1(i=1,...,n), ZAi:1}.
i=1

For any r = (7‘(1), . ,r(")) and s = (3(1), .. .,s(”)) € R", we write
r<s ifr® <s®  for each k = 1,...,n.
For any a = (aq,...,a,) € (0,00)", A € A,, and p € [—o0, +00], we set

[Aal + Aaah + -+ + )\naﬁ]l/p if p#—o00,0, +o0,

max{ai,...,an} if p=+o0,
M, (a; ) == N \ .

ayt---apm if p=20,

min{ai,as,...,a,} if p=-—o0,

which is the (A-weighted) p -mean of a. For a = (a1, ..., a,) € [0,00)", we define M, (a; A)
as above if p > 0 and My(a; ) = 0 if p < 0 and [[;", a; = 0. Notice that M,(a; ) is a
continuous function of the argument a. In the case n = 2, for simplicity, we write

My(a,b; ) :== My((a,b); (1 — p, 1))
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for a, b € [0,00), p € [0,1] and p € [—o0, 0].

Due to the Jensen inequality, we have
M, (a; N) < Mg(a;A) if —oo<p<qg<oo, (2.1)
for any a € [0,00)" and A € A,,. Moreover, it easily follows that

pEToo M, (a; \) = max{a1,...,an}, pgr_noo M, (a; \) = min{ay, ..., an}

and lim;,_,o M, (a; A) = Mo(a; A).
We recall the definition of p-concavity of nonnegative functions in convex sets.

Definition 2.1 Let K be a convex set in RY, Q := K x (0,00) and p € [~o0,00].
A nonnegative function v is said spatially p-concave in Q if, for every fized t > 0,

v((l - Nz + )\azg,t) > Mp(v(xl,t),v(:cgjt); )\)
for all x1,z9 € K and X € (0,1).
Roughly speaking, v is spatially p-concave in @ if
e case p = oo: for every fixed ¢t > 0, v(-,t) is a nonnegative constant function in K;
e case p > 0: for every fixed ¢t > 0, v(-,t)? is concave in K;
e case p = 0: for every fixed t > 0, logv(-,t) is concave in K
e case p < 0: for every fixed ¢t > 0, v(-,¢)P is convex in K;

e case p = —oo: for every fixed ¢t > 0, the level sets {x € K : v(z,t) > d} are convex
for every d > 0.

Then the following hold (see e.g., [28]).

(a) Let K be a convex set in RV, Q := K x (0,00) and —oc0 < p < oo. Due to
Definition 2.1 and (2.1), if v is spatially p-concave in @, then v is spatially ¢-concave
in @ for any —oco < ¢ <p;

(b) Let {v;}jen be nonnegative functions in @ such that, for every j € N, v; is spatially
pj-concave in @ for some p; € [—00, 00]. Let v be the pointwise limit of the sequence
vj in Q and limj_,o p; = p € [—00,00]. If v is continuos with respect to the time
variable, then v is spatially p-concave in Q;

(c) Let p, q € [0,00]. If v and w are spatially p-concave and ¢ -concave in @, respectively,
then vw is spatially r-concave in @), where



3 Viscosity solutions of parabolic systems

In this section we recall the definition of viscosity solutions of elliptic and parabolic systems
and some basic related notions and properties. Furthermore, we establish a comparison
principle for viscosity solutions of (1.1).

Let Q be a bounded convex domain in R (N > 1) and T > 0. For any function w in
Dr :=Q x (0,T), we denote the semi-jets P>*w(z,t) of w at (z,t) € Dr by

732’+w(:n,t) ::{(a, 0,X)eRx RN x sV . w(y,s) <w(x,t)+als—t)+ (0, (y —x))

+ (X(y—2),y—x)+o(|lz —y*+|t—s|) as DTB(y,S)—>($,t)},

N

PEw(z,t) ::{(Q,Q,X) e R xRN x SV 1 w(y,s) >w(x,t)+a(s —t)+ (6, (y — z))

N | =

+ (X(y—z),y—x)+o(|lz—y>+|t—s|) as DTa(y,s)%(x,t)}.

Furthermore, we define the closures of semi-jets by

fz’iw@,t) ::{(a,H,X) € R x RY x S : there exists a sequence {(z;,;,a;,0;, X;)}
in Dy x R x RY x SV such that (aj,0;, X;) € P*Fw(x;,t;)

and (l’j,tj,aj,aj,Xj) — ($,t,a,(9,X) as j — o0 }

Then it follows that

P+ w)(z, ) = (@, 1), Vi (x, ), V2(, 1) + P w(a, t)
for all ¢ € C*1(Dr).
Definition 3.1 Let m € {1,2,...}. Assume (Al) and (A2).

(i) Let u= (uM, ..., ul™) be a vector of upper semi-continuous functions in Dy. We say
that u is a viscosity subsolution of (1.1) if

a+ F®(z t,u(z,t),0,X) <0

for (x,t) € Dp, k€ {1,...,m} and (a,0,X) € fz’Jru(k)(;r,t).

(ii) Let u = (uM, ..., ul™) be a vector of lower semi-continuous functions in Dy. We say
that u is a viscosity supersolution of (1.1) if

a+ F(k)(a:,t,u(x,t),H,X) >0

for (z,t) € Dp, k€ {1,...,m} and (a,0,X) € fz’_u(k)(a?,t).

(ili) We say that u is a viscosity solution of (1.1) if u is both a viscosity subsolution and
supersolution of (1.1).



The following trivial lemma and its corollary are crucial to the proof of our main results
(see Section 4).

Lemma 3.1 Let k € {1,...,m} and (x,t) € Dr. Assume that there exists (a, 0,X) €
P2=u®) (z,t) such that a + F® (z,t,u(z,t),0,X) <0. Thena=4a, § =0 and X > X
for every (a,0, X) € P>Hu®) (z,1).

Proof. If (a,0,X) € P u®) (x,t), then

w(z,t) +a(s —t) + <§, (y —x)) + %(X(y —x),y —x)+o(|z —y|2 + |t —s|) <w(y,s)
< w( ) +a(s — 1) + (0, (v — 2)) + (X (y — 2),5 — 2) + ol — 9l + |t — s])

2
for all (y, s) in a neighborhood of (z,t). This implies Lemma 3.1. O

Corollary 3.1 Assume (Al) and (A2). If, for every (z,t) € Drp, there exists ¢ =
(¢WM, ..., 0™) of class C? touching u by above at (x,t) (i.e. P(z,t) = u(z,t) while
oy, s) > ul(y,s) for (y,s) in neighborhood of (z,t)), such that

oM (2, 8) + F ) (2, t,u(a,1), Vol (a,1), V26 E (1)) <O fork=1,....m,

then u is a viscosity subsolution of (1.1).

Proof. Set
a=0W(x,1), 0=VeH(z,t), X=v¢"(z,1),

and apply the previous lemma for every (z,t) € Dy and k = 1,...,m. Then Corollary 3.1
follows from Definition 3.1 (i), (A1) and (A2). O

Following [23], we introduce the following two conditions on F = (F1,..., Fy,).

(C1) There exists A > 0 such that, if v = (v®,...,0™) w = (w®,... wM™) e R™,
maxke{l’“_,m}(v(k) —w®) > 0 and (z,t,6) € Dy x RY, then there exists ¢ €
{1,...,m} such that

o —w® = max (W® —w®) >0
ke{l,...m}

and
FO (x,t,v,0,X) — F® (x,t,w,0,X) > )\(v(ﬁ) — w(g))

for all X € SVV;

(C2) There is a nonnegative continuous function w on [0, c0) with w(0) = 0 such that, if
X, YeSY o>1and

I O\_(x O -1
(o 9)=(o ¥) = (4 7).

F(k)(y737r70'(1,‘—y)7—Y) —F(k)(l‘,t,r,g(l‘—y),X) < W(O'(’I‘—y’ + |t_5|)2+1/0)

then

forall k€ {1,...,m}, t,s €[0,00) , z,y € Q and r € R™.



Remark 3.1 (C2) implies (A2). See [9, Remark 3.4].

Similarly to [23, Theorem 4.7], we can prove the following comparison principle.

Theorem 3.1 Let Q be a bounded domain in RN, T > 0 and Dy := Q x (0,T). As-
sume (A1), (C1) and (C2). Let u = (uM,...,u™) and v = (vM,... v(™) be upper
semi-continuous and lower semi-continuous on § x [0,T), respectively. If u is a viscos-
ity subsolution of (1.1) and v is a viscosity supersolution of (1.1) such that u <v on
00 x [0,T) and Q x {0}, then u < v in Dp.

Proof. See the proof of Theorem 3.1 in [15]. O

However, to apply our main results, contained in the next Section 4, only the following
weak comparison principle is needed.

(WCP) Ifu is a viscosity subsolution of (1.1) and v is a viscosity supersolution of (1.1)
such thatu > v in Qx[0,T), whileuw=v on 92 x[0,T) and Q2 x {0}, thenu = v
m Dp.

Sufficient conditions for (WCP) to hold are given in the following theorem.

Theorem 3.2 Let Q be a bounded domain in RN, T > 0 and Dy := Q x (0,T). Assume
(A1), (C2) and the following:

(C3) There exists X > 0 such that, if (z,t,0) € Dr x RN and v = (v, ... 0™),
W = (w(l), .. .,w(m)) € R™ with v > w and v # w, then there exists £ € {1,...,m}
such that

o —w® = max  (v® —w®) >0
ke{l,...m}

and
FO@z t,v,0,X)— FO(z,t,w,0,X) > Mo —w®)

for all X € SV,
Then (WCP) holds.

Proof. The proof is again the same of Theorem 3.1 in [15], just using (C3) in place of
(C2). O

Remark 3.2 We pick the occasion to point out that Theorem 3.1 in [15] was wrongly
stated. Indeed condition (A1) in [15] coincides with condition (C3) here, which gives
Theorem 3.2, but it is not sufficient for Theorem 3.1 (which instead requires the stronger
assumption (C1)). On the other hand, this does not affect the results of [15], since (WCP)
is enough for [15, Theorem 4.1].



4 Spatial concavity

Let Q be a bounded convex smooth domain in RY, D := Q x (0,00) and m € {1,2,...}.

Let u= (uM, ..., u™) e C>(D:R™)NC(D : R™) satisfy
ou®) + F®) (z t.u, Vu®) V2u*)) =0 in D, k=1,...,m,
u® (z,t) >0 in D, k=1,...,m, (4.1)
u(z,t) =0 on 9 x [0,00).

Let A € Any1, k€ {1,...,m} and p € [—o0, 00]. Define

k
Uy (1)

o n+1 (4.2)
= sup{Mp (u(k)(yl,t), ... ,u(k)(yn+1,t); )\) : {yl}?jll cQ, z= Z \ili }

=1

for (z,t) € D. Then we easily see that

(
v ecd), UN>u®(zt)>0 in D, UK =0 on 92x[0,00). (4.3)

p p,

We denote by U,S’“) the spatially p-concave envelope of u¥) defined by
Uk x,t) ;= sup u® x,t),
P = s U3

which is the smallest spatially p-concave function greater than or equal to u(*). Clearly,
u®) is spatially p-concave in D if and only if u® = Uzgk) in D; since U,S’“) > ulk) by
construction, to have equality we just need to get the opposite inequality Ulgk) < uk),
which can be obtained via Comparison Principle if U*) turns to be a subsolution of the

problem at hands. Thus in this section we give a sufficient condition for

Uy = (U(l)

Uy

to be a viscosity subsolution of (4.1) in the case of 0 < p < 1 and study spatial concavity
properties of the solutions of (4.1).
4.1 Caseof 0<p<1

In this subsection we focus on the case of 0 < p < 1 and prove the following theorem.

Theorem 4.1 Let Q be a bounded convex smooth domain in RN, D = Q x (0, 00),
me {1,2,...} and 0 < p < 1. Assume (Al), (A2) and the following condition:

F3) Letk e {1....,m}. For any fired 8 € RN and t, >0
( ? ) y )

}'0(2 (z, v, ... 0™ A)

EO (m (60)7 o, (o), (o9) g, () A)

is convex with respect to (z,vM), ... v™ A) € Q x [0,00)™ x SV,



Let u= (uV,.. . u™) e C>(D:R™) NC(D:R™) satisfy (4.1) and

hr&p Upy®) (2 +v(x)p,t) =00 for (x,t) €9 x (0,00), k=1,....m, (4.4)
p—

where v = v(x) is the inner unit normal vector to 0Q at x. Then U\ is a viscosity
subsolution of (4.1).

Proof. Let (z.,t.) € D, A = (A,...,  \y1) € Apy1 and k € {1,...,m}. Since u®) =0
on 09 x (0,00) and 0 < p <1, by (4.2) and (4.4) we can find {:zgk)}?jll C D such that

n+1
k k k
S, Ut = 3, (O, ) O 2000)
—

Furthermore, the Lagrange multiplier theorem assures that
0 :=u® (@™ )P 1vu® (@ ) = = u®@®) o tvu® R ) (4s)

n+1> n+1’

n+1
Let {agk)}?jll C [0,00) be such that Z )\iagk) = 1. Set

i=1
v =Rty = a®6P ), @) = e ),
U* = (UHE )> ) Uim)) ’ u; := (uz(l)7 augm))
It follows that
k k k S
Ul ):Mp (ug),...,ui_gl;)o, :L‘:Z)\iyf )(x) (4.6)
For k=1,...,m, we define
k
o™ (@,1) = My(u® (7 (@), 1), ..., uP (G (2),050) | (4.7)

which is a C%!-function in a neighborhood of (z,,t.) € D and satisfies
k k k k
P () = My, ul) ) =0 = U (1), (4.8)
Moreover, it follows from the definition of U, y and (4.6) that
k
UR (1) > ¢®)(a, 1)

in a neighborhood of (z,t).
We prove

0™ (s 1) + FO (@, 12, Uy, Vo (2, 1), VoW (24, 1)) < 0 (4.9)

10



for k=1,...,m. Let V' := (9/0x1,...,0/0x,,0/0t). By (4.5) and (4.7) we have

n+1

-1
Vo® (2,1) = o® (2, )7 3" X u® (P (@), ) Vu® (5 (@), 1)
=1

and
W (k) Pl *)

V2eW (2, t) = " (@, )7 Ni(ag )P u® (1 (), 1) V2P (g (2), 1)
=1

p—1

n+1
+ (1= p)e® (2, ) PVeP (2, 1) © Y Nl u® (5 (2),0)" Tu® (4P (2), 1)
=1
n+1

— (1= )™ (2, )7 3" Ni(a?)2u® (4P (), 1)
=1

—2
Tvu® (" (@), 1) @ Vu® (5N (), 1)

in a neighborhood of (x,,t.). Since yz(k) (x4) = xgk) and A\ € A4, by (4.5) and (4.8) we
obtain

1- -1
o @) = (U)o A @ o)
o (4.10)
1 n+1 1 n .
VoM (z,,t.) = (Uik)> pz M u® @® 0" v (@) gy — (Uik)) Py
=1
and
n+1
Vet = (U)o (o) ()T 90 0
=1
-1
+(1—p) (Uik)) Vo (2., t,) ® Ve® (,,t,) (4.11)
n+1
k)\? k k)\ 7P
X (1 — <U>.E )> Z)\i(al(- ))2 (ug )) ) .
=1
Taking

agk):(ugk)/Uik))pa izl?"'7n+17

we deduce from (4.8) that

R ) ()
i=1 Z Z
_ (Uik’)>pril )\z(ugk))p — <U>£k)>_p Mp (ugk), ey Ug:)_ﬁ A)p =1.
=1

11



This together with (4.11) implies that

V20" (2, £,) = (U(k) ZA ( ) (u )p Y2, ® (2P 1)

n+1

(TS () 9 (@ ) (1.12)

i=1

n+1

() S

where
KA

3p—1
Ai:(ugk))p V2P ), i=1,. . n+ L

Then, by (4.10) and (4.12) we obtain

8t90(k) (s ts) + F) (x*, t., Uy, ch(k)(:c*, ty), V2<p(k) (T, t*)>

)

i=1 (uz(k)) r
h Z AiAi) (4.13)

On the other hand, it follows from (F3) that

= () (o) (o (o) (o))
i=1 ’ ! i
n+1
= (v -’ Ny (20,0, z(m),Ai
( ; 0.t <:c v v )
(k) 1-p (k) 1 (k;) n+1 (1) n (m) n+1
> (U* ) Foi Z)\z i >Z)\ivi , ,Z)\,vl ’Z)”Al ’
i=1 i=1 i—1 =1

12



where Ui(k) = (ugk)>p and vil/p = <<v£1)>1/p ey <v§m))1/p>. Since

n+1 n+1 ) » NP
Z )\ngk) = T, Z )\Z',Uz(]) = MP (ugk)7 try u'ELk-‘y)-h )\) = (Uﬂg])) )
i=1 i=1

where j = 1,...,m, we deduce that

WY S () £ (M) m\" S )
() "= (o) TR (m(U ) e (Ut ,;:1 NiA
= F® (x t,, U (U(’“))l_pe (U(’“))l_?’pngl:x,al-).
*xy Uxy * * ’ * P 147

This together with (4.13) implies (4.9). Since (z«, t.) is arbitrary, by (4.3) and Corollary 3.1
we see that Uy , is a viscosity subsolution of (4.1). Thus Theorem 4.1 follows. O

Combing Theorem 4.1 with Theorem 3.2, we obtain the following.

Corollary 4.1 Assume the same conditions as in Theorem 4.1. Furthermore, assume
(C2) and (C3). Let 0 < p < 1 and u = (uM, ... u™) satisfy (4.1) and (4.4). If the
wnatial datum uok is p-concave in Q for k = 1,...,m, then u'® is spatially p-concave in

D for ke {1,...,m}.
Proof. Let k € {1,...,m}. Due to the p-concavity of uék)’ we have
U;zg,’? (7,0) = U,gk) (2,0) = u[()k) (r), 7€Q,

for every A € A, 1. Then, by Theorem 4.1 we see that U,  is a viscosity subsolution of
(1.1) for every A € A,41. Applying Theorem 3.2, by (4.3) we see that U,y < u in D,
which implies that U, < u in D. On the other hand, it follows from the definition of
U, that U, > u in D. Therefore we deduce that U, = u in D. Then u®) is spatially
p-concave in D for every k € {1,...,m}. O

4.2 Caseof p=0

In the next theorem we give a sufficient condition for Uy, = (Uélg, e Uén;)) to be a
viscosity subsolution of (4.1).

Theorem 4.2 Let Q be a bounded convexr smooth domain in RN, D := Q x (0,00) and
m € {1,2,...}. Assume (A1), (A2) and the following condition:

(F4) Let k € {1,...,m}. For any fized 6 € RY and t, > 0,
]_-ék;) (mjv(l)j_”v(m)?A) — o™ k) <x,t*,e”<1)7...,e”(m),ev<k)9,e”(k>A>

is convex with respect to (z, v, ... 0™ A) e D x R™ x SV,
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Then Uy = (Ué};, ce Uég\l)) is a viscosity subsolution of (4.1).

Proof. Let (z4,t) € D and A = (A1,...,A\nq1) € Apt1. Thanks to the boundary
conditions and to the regularity of v and of the geometric mean, we can find {:cgk };‘jll cD
such that

n+1
k
Ty = Z)\zxg ),
=1
n+1

k k )
U wert) = Mo (u® @ 1), @l £ 0) = [T @, )™

’ i=1
Notice that the Lagrange multiplier theorem assures that

Cvu®E® ) vu® el )

e ) umE® )

It follows that
n+1

=Y ay(x). (4.14)
=1

For k=1,...,m, we define

n+1
oM (@,1) = Moy (u® (o (), 1), ..., uP (g (2),8)0) = Hu(’“ ), 1),

which is a C%!-function in a neighborhood of (z.,t.) € D and satisfies

n+1
k k k
oz, t) = [] P = U = U (@, 1),

=1

Moreover, it follows from the definition of Uy and (4.14) that
k
U (z,1) > oW (x,1)

in a neighborhood of (z.,t).
We apply the same argument in the proof of Theorem 4.1 with p = 0, and prove

01 (@0, 1) + FO (e, 12, U, VoW (0, 1), VoW (@) <0 (415)
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for k =1,...,m. Similarly to (4.10) and (4.12), we have

nl (k) ! B ()
O™ (x dyuF)( ty)
k) —_ (k t— t Z 9 Uk
A ts) = ¢ Ote) SN ZA k) !
i=1
Vu(k)(:c(k) ts)
Vol (@, t,) = UP SN0 = o0 (e 1) 6,
i=1 U(k)( (*) t*)
() ®) (2" e Al
2 (k _
V2o ¥ (5, t,) = UL Z})\l B ZAA

Then we deduce that

atga(k) (ayts) + F) (x*,t*,U*, Vgo(k) (s ts), VQLp(k) (x*,t*)>

n+1 (k) (,.(k) n+l
_ (k) O™ (27, L) k (k) 77(k) A
=U"Y N 1 PO (1,1, UL, U0, UXY Y 7 NA,
] i =1
2 s U, U u'F )9 o'k )Az) (4.16)

[ 2

RO

=1 i

n+1
i=1

On the other hand, it follows from (F4) that
%)\ k)( (k) RARTRT Ek)g u(k)A) n 1)\ F(k)(xl(k),t*, Vi vl 0 : fk)Ai)

MO ¢ <k>
i =1 6 A

n+1
= Z )\i]:e(i)* (xgk), vgl), o™, A;)

1 ()

n+1
> Fy (Zm Z v, me) ZAA)
=1 =1

=1

k k ) (1) (M) .
where v( ) =1lo u( ) and evi := (e% ,...,e% ). Since
(2 g (3 bl
n+1 n+1 n+1

Z )\ixl(k) = I, Z )\ivl(j) = log H(ug‘j))ki = log U,Sj),
i=1 i=1 i=1

we deduce that

n+1 (k) k) g , (k) &
F®E (Y ¢, w; 0,u; " A; E
S e b 7 <x*’10g U0, Jog U™, 3 A)

U,

n+1
= P (x t,, uMg,u® 3" )\iAi> .
U* i=1



This together with (4.16) implies (4.15). Since (x4, t«) is arbitrary, by (4.3) and Corol-
lary 3.1 we see that U, is a viscosity subsolution of (4.1). Thus Theorem 4.2 follows.
O

By Theorem 4.2 we apply a similar argument as in the proof of Corollary 4.1 to obtain
the following result.

Corollary 4.2 Assume the same conditions as in Theorem 4.2. Furthermore, assume (C2)
and (C3). Let u = (u), ... u(™) satisfy (4.1) with initial value ug = (u(()l), e ,u(()m)). If
the initial datum u(()k) is log-concave in Q fork =1,...,m, then u® is spatially log-concave
in D for ke {l,...,m}.

Theorem 1.1 easily follows from Corollary 4.2. Corollary 1.1 follows from Theorems 1.1
and 3.2. Furthermore, we have the following well known result (see [7], [13] and [31]).

Corollary 4.3 Let Q be a bounded convexr domain in RN. Let u € C?(D)NC(D) satisfy

O —Au=20 in D,
u(z,t) =0 on 09 x [0, 00), (4.17)
u(x,0) =up(x) in €,

where ug is a nonnegative continuous function on . Then u is spatially log-concave in D
provided that ug is log-concave in €.

Proof. Let u be a solution of (4.17) and A > 0. Then the function U := e~*u satisfies
U —AU+ XU =0 in Qx(0,00).

Applying Corollary 4.2 to the case where m = 1 and F(z,t,U, VU, V?U) = —AU + \U,
we obtain the spatial log-concavity of U in Q x (0,00). Thus Corollary 4.3 follows. O

Similarly, we obtain Corollary 1.1.

5 Applications to porous medium equations

We apply our results in the previous section and study concavity properties of porous
medium equations and related systems. Concavity properties of solutions to the porous
medium equation have been studied in several papers, see e.g., [11], [17], [30], [34], [35]
and references therein (see also a survey book [38] for porous medium equations).

5.1 Porous medium equation

Let 2 be a bounded smooth convex domain in RY, D := Q x (0,00) and a > 1. Consider
the Cauchy-Dirichlet problem for the porous medium equation
Ou—A(u*)=0 in D,
u=0 on 98 x (0,00), (5.1)
u(z,0) =up(r) in €,
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where up € X = {weC(Q) :w>0 in Q w=0 on 9Q}. Problem (5.1) has a
unique classical solution in D (see e.g., [38, Theorem 5.5 and Proposition 7.21]). In this
subsection, as an application of Theorem 4.1, we prove the following theorem, already
given in [35].

Theorem 5.1 Let Q be a bounded smooth convex domain in RN and a > 1. Let u be a
classical solution of (5.1) with ug € X. Then u is spatially (o« —1)/2 concave in D provided
that ug is (« — 1)/2 concave in SQ.

Notice that our approach is completely different from that of [35] and enables us to obtain
concavity properties of solutions to general parabolic problems including parabolic systems
(see also Subsection 5.2).

For the proof of Theorem 5.1, we prepare the following lemma.
Lemma 5.1 Let n be a solution of
—Anp=n" in Q, n>0 in €, n=0 1in 0.
Let 0 < B <1 be such that 28 < a(a —1). For any concave function 1) € C(2), such that
¥ >0 1in Q and Y =0 on 022, and for every € > 0, set

2

ug(z) = uo(av)a%1 + e@b(x)ﬁ] o
Then uf is (o — 1)/2 concave in Q and
ug(x) > on(x)* in Q (5.2)

for some 6 > 0.

Proof. Since u(()a_l)/2 and 1 are concave in  and 0 < 8 < 1, we see that uf is (o —1)/2

concave in €. So it suffices to prove (5.2). B
It follows from [3, Proposition 1] that n € C?T1/%(Q). Then

n(z) < Cidist (z,00) in Q (5.3)

for some constant C; > 0. On the other hand, since 1 is concave, we see that
2

u(x) > e Tip(x)act > Coenatdist (¢, 0)aT in 0 (5.4)

for some constant Cy. Since 28 < a(a — 1), by (5.3) and (5.4) we have (5.2). Thus
Lemma 5.1 follows. O

Proof of Theorem 5.1. For any ¢ > 0, there exists a unique classical solution u. of (5.1)
with the initial data uf (see e.g., [38, Theorem 5.5 and Proposition 7.21]). By Lemma 5.1
we can find 7 > 0 such that
T_ﬁn(x)o‘ <wg(xr) in Q. (5.5)
Set )
2(a,t) = [(a = Dt + 7] 5T n(2) e,
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which satisfies
22— A(z%)=0 in D, z=0 on 0N x (0,00).
By (5.5) we apply the comparison principle to obtain
ue(z,t) > z(x,t) in D. (5.6)
On the other hand, it follows from the Hopf lemma that

lim inf 777@ + pr(z)
p—0+ 1%

>0

for any x € 0. This together with (5.6) and the definition of z implies that

liminf p~auc(z + pr(z),t) > 0 (5.7)
p——+0

for all (z,t) € 92 x (0, 00).
Let ve := au2~!. Then we have

1
Oie — VAV, — 7|V1)E]2 =0 in D,
a—1
ve =0 on 09 x (0,00), (5.8)
v(x,0) = afu§(z)]* ! in Q.

Set .
F(z,t,w,0,A) .= —wtr(A) — 71]6’|2
o —

for (z,t,w,0,A) € D x (0,00) x R x SV,
We apply Corollary 4.1 with p = 1/2 to v.. Then the function

1
Fou(z,w, A) = w  F(z,t, 0 wh,w tA) = —tr(A) — 7110|0|2
a —_—

is convex with respect to (z,w, A) € Q x [0,00) x SV for any fixed § € R and t > 0.
This means that F satisfies condition (F3) with p = 1/2. Furthermore, we deduce from
(5.7) that

lim p~%v(z + pr(z),t) = 00
p—40

for all (z,t) € 9Q x (0,00). Therefore, by Corollary 4.1 we see that v is spatially 1/2
concave in D, which means that u. is spatially (v — 1)/2 concave in D.
On the other hand, if 0 < €1 < €3, the comparison principle implies that

0 <u(x,t) <ue(z,t) <ue(x,t) in D.
Then, by [38, Proposition 3.6] we see that
ll_r)r(l) ue(x,t) = u(z,t) in D.

Therefore we deduce from the spatially (a — 1)/2 concavity of u. in D that w is spatially
(o —1)/2 concave in D. Thus Theorem 5.1 follows. O
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5.2 Porous medium systems

We discuss spatial concavity properties of the solution of the following nonlinear porous

medium system

( Oyu — diA(u®) + f(x,t,u,v,Vu) =0 in D,
O — do A(VP) + g(z,t,u,v,Vv) =0 in D,

u>0, v>0 in D, (5.9)
u=v=0 on 09 x (0,00),
\ U({E,O) = U()(-%'), ’U(iL',O) - UO('%') in €,
where «, > 1, di, do > 0 and ug, vg € X. Assume the following conditions:
(F3’) For any fixed § € RY and ¢ > 0, the functions
a—3 2 2 33—«
ft,@(z’ U) = Uﬁf(x, t, uﬁavﬂ_l uﬁe)a
B=3 2 _2 3=
Gt,e(m7 U) = ’Uﬁ_Qg(l" tyvf=t ue-t, vh-t 9)
are convex with respect to (x,u,v) € Q x (0, 00)2.
Then, setting U = au®~! and V = Sv#~1, we have
~ 1
U —UAU + f(z,t,U,V,VU) — ——|VU|?*=0 in D,
a—1
1 (5.10)
oV — VAV + g(z,t,U, V,VV) — ﬁ\VV\Q =0 in D,
where
f(as t,U,V,VU)
U\ ot U\=T (VNPT 1 =
a—1 a—1 -1 a—1
-1 = t, | — — _— U
e (0) 7 (e () () dmn () ).
g(x7 t? U’ V? VU)

B—2

=B(8—1) <;>619<“’ (Z)(gym(

Q
—

2-8

)’“vv).

By a similar argument as in the proof of Theorem 5.1 with the aid of (F3’), we can apply
Theorem 4.1 with p = 1/2 to problem (5.10). Indeed, if the viscosity comparison principle
and regularity theorems hold for problem (5.9), then U and V are spatially 1/2 concave
in D, which means that v and v are spatially (aw — 1)/2 concave and (8 — 1)/2 concave in
D, respectively. (We leave the details to the reader.) Theorem 1.2 is a direct consequence

of the consideration above.
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