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A LOWER BOUND FOR FUNDAMENTAL SOLUTIONS
OF THE HEAT CONVECTION EQUATIONS

YASUNORI MAEKAWA'!

1. INTRODUCTION

In this paper we shall consider the diffusion convection equation

(Au) Ow —Aw+ (4, V)w=0, t >0, z € R".
Here, w = w(t,x) is an unknown scalar valued function and u(t,z) =
(u'(t,z),- - ,u™(t,z)) is a given continuous function satisfying

(€) { V-u=0, t>0, in the sense of distributions,

SUP;~q téllﬂ(t, Moo = M < 0,

where |[u(t,")||c 1= Supyern [u(t, )|. As usual, we set dw = & Aw =
S g—w (0, V)w= 3" w22 and V-u=Y" 2

The equation (A,) has many applications to problems arising from
fluid mechanics. Especially, it can be regarded as the linearized equation
of the two dimensional vorticity equation for the incompressible viscous
fluid. In this case, u is the velocity field of the fluid. The condition on the
norm of u in (C) reflects the rescaling invariant property of the equation.
Indeed, let us consider the following rescaling

wi(t,z) = Ek"w(k*, kr),
ug(t,r) = ku(k’, k).

If w satisfies the equation (A,), then wy satisfies (A4,,). Remark that
uy, satisfies the condition (C) with the same constant M. Such rescaling
invariant property is important and often appears when one considers the
time global solutions of the nonlinear equations. However, this condition
sometimes causes difficulties for the uniqueness and long time behaviors
of the solutions, since it gives the critical case whether the convection
term (u, V)w can be regarded as the perturbation term or not at time
zero or at time infinity. To overcome these difficulties, we shall consider
the fundamental solutions of (A,) which are defined as follows.

Definition 1.1. Let s > 0, f € LY(R"). Let u satisfy the condition (C).
We say that the function w € C((s,00); LY(R™)) N L>((s,00); L*(R™)) is
a mild solution of the Cauchy problem:
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(Es)

Ow—Aw+ (u,VIw =0, t >s, x€R"
w(s,x) = f(z), x €R"

if and only if w satisfies the follwing integral equation

(1) w(t)=el=2f — /t V-2 (nw(T)dr, t > s.
Here, e® is the heat semigroup represented as
(2) = | Gl —u)fy)dy.
where X f
Clo) = G exp(——)

Remark 1.1. We do not assume the continuity of mild solutions at
initial time in the sense of L*(R™). Especially, our results in this paper
can be easily extended to the case of finite measures as initial data.

Definition 1.2. Let so > 0 and Hy, := {(t,s,z,y);z,y € R",t > s >
so}. We say that the function I',(t, z;s,y) is a fundamental solution of
(Au) on Hg, if and only if Ty, is a function defined on Hy, and satisfies
that

(@) | |Tult,z;s,y)|dz, ITu(t, 2;8,y)|dy < oo.
Rn Rn

(t))w(t,x) := / Cyu(t,x;8,y) f(y)dy is a mild solution of (Ej).

Remark 1.2. If u =0, then obuviously
Lu(t,z;s,y) = Gros(z — y)
is a fundamental solution of (Ag) on Hy.

The pointwise estimates of fundamental solutions are very useful to
study the behaviors of solutions. We already have the upper bound for
the fundamental solutions of (A,) on Hy, such as

(3) . o P
r—Y

Lyt x;s,y) < L _exp(—C
( y)_(t_s>§ p(=Co——
where C7, Cy are positive constants depending only on n, M. This
estimate was established by E. A. Carlen and M. Loss [3]. S. Matsui and
S. Tokuno [10] also obtained the above estimate when n = 2. Remark
that these constants does not depend on sy > 0. In this paper, we

), t>s>350>0, z,y € R",
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shall establish the lower bound for fundamental soutions of H,, by the
Gaussian-like function. Our main result is as follows.

Theorem 1.1. Let sg > 0. Assume that u satisfies (C). Let I, be the
fundamental solution of (A,) on Hg,. Then, there exist positive constants
Cs, Cy depending only on n and M (not depending on so > 0) such that
for all x,y € R%, t > s > s,

12
& o GXP(—C4‘x v )

(4) Lu(t,x;5,y) > =93 P

holds.

The upper and lower pointwise estimates for fundamental solutions by
the Gaussian-like functions are called the Aronson estimates. Since the
above constants C;, 1 < ¢ < 4 are independent of time variables, these
estimates are called the global Aronson estimates. The (global) Aronson
estimates were firstly obtained by D. G. Aronson [1] (see also [2]) for the
second order parabolic equations of the divergence form:

(5) (9tw — Z (%aij(t, x)ﬁjw =0.

1<i,j<n
E. B. Fabes and D. W. Stroock [4] also obtained the global Aronson
estimates for fundamental solutions of (5) with different approach using
the idea of J. Nash [11]. H. Osada [12] delt with more general type of
the divergence form:

(6) Ow — Y Oay(t,x)0w + Y bilt, x)dw =0,

1<i,j<n i=1
where b(t,z) = (by(t,x),- - ,bu(t, z)) satisfies

V-b=0, t >0, in the sense of distributions,
bi(t, ) = > i, 9jcij(t, x), for some c¢;; € L®((0,00) x R™).

In [12], H. Osada showed the existence, the Holder continuity, and the
Aronson estimates of fundamental solutions of (6) with the same methods
as in [1] and [2]. These results play important roles in the study of the
two dimensional vorticity equations (see [9], [5], and [6]).

As a corollary of our main result, we can prove the well-posedness of
mild solutions of (Ey), which seems to be new under the condition (C)
on u. To see this, note that, as proved in [4] and [11], we can derive
the Holder continuity of fundamental solutions from the upper and lower
bounds such as (3) and (4).

Corollary 1.1. Let sg, d > 0. Assume that u satisfies (C). Let I', be a
fundamental solution of (A,) on H,. Then, there exists positive constant
Cs = Cs(n, M,d) and a« = a(n, M) € (0,1) such that

(7)

IDut,z55,y)=Tu(t',2s 8",y )| < Cs(lo—a'|*+ly—y/ |+t =% +[s—5']2),
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forallz, 2’ y,y € R" andt > s > sg, t' > s > s with |t —s|, [’ — §'| >
d > 0. Especially, the constants Cs and o do not depend on sq.

The proof of this corollary will be omitted in this paper, since it is
obtianed by the same argument of [11]; see section 3.

Under the condition (C) on u, the existence and uniqueness of mild
solutions of (Fs) are easily obtained by the iteration argument if s > 0.
Similarly, the existence and uniqueness of fundamental solutions also
hold if sp > 0. Indeed, the existence of a fundamental solution follows
by solving the integral equation

(8)
Cy(t,x;s,y) = Gt_s(m—y)—/ . VoG (x—=&u(r, &)W (7,&; 8, y)dEdT,

and the uniqueness follows from the uniqueness of the mild solution of
(Es). But when s = 0 (or so = 0), it seems to be hard to obtain the well-
posedness of mild solutions of (Ey) (or funmamental solutions of (A,) on
H,, respectively) by the perturbation argument except for the case M is
sufficiently small. However, combining the well-posedness for s > 0 with
the above regularity results for fundamental solutions, we can show the
well-posedness for s = 0. That is, we shall prove

Theorem 1.2. Assume that u satisfies (C). Then, there exists a unique
fundamental solution of (A,) on Hy. Moreover, for any initial data f €
LY(R™), the mild solution of (Ey) uniquely exists.

Now let us state the outline of the proof for Theorem 1.1. By using
the integral equation (8) and the upper estimate (3), we first prove the
estimate (4) for ¢ > s > kt with the constant x € (0,1) depending
only on n and M. Then, from the semiproup property and the mass
conservation law [o, I',(t,2;s,y)de = 1 for fundamental solutions, we
obtain the estimate (4) for any ¢ > s > sg; see section 2. In section 3, we
give the proof of Theorem 1.2 with some comments for Corollary 1.1. The
ingredients of the proof of Theorem 1.2 are the well-posedness of (Ej)
for s > 0, the Holder continuity and the upper bound of fundamental
solutions, and the fact that any mild solution of (Ej) converges to initial
data in the sense of measure.

Acknowledgments. The author is grateful to Professor Yoshikazu
Giga and Professor Shin’ya Matsui for critical and useful advices.

2. A LOWER BOUND OF FUNDAMENTAL SOLUTIONS

Let so > 0. We consider a fundamental solution of (A,) on Hy,. In
this case, by solving the integral equation (8), we have the existence
and uniqueness of fundamental solutions. Moreover, we see the following
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translation and rescaling properties.

(9) Lu(t, 25 8,y) = Duor, (t, 2 — 3 5,0),
(10) k" (K%, kxy ks, ky) = Ty, (t,2;8,9), k >0,
where

uoTy(t,z) =u(t,z—y),
up(t, 2) == ku(k*t, kx).

Remark that if u satisfies (C), then u o 7, and w;, also satisfy (C) with
the same constant M. Now let t > s > sq > 0. Taking k as k? = s, we
have

1 t
(11) To(t,235,y) = Tult, 2342, y) = =Ty (o5, =

y
1
’ )

Weset 2 =146, 0 >0, 2/ := %, y := £ Then it is sufficient to
show that there exist positive constants C'5, Cy depending only on n and
M such that for all 2/, 9y’ € R™ and 6 > 0,

C 212
(12) Dy (140,25 1,y) 2 e @0

2

Since the rescaled function w satisfies the same condition as u, we write
u instead of uy. The following proposition is essential in this paper.

Proposition 2.1. There exists k € (0,1) depending only on n and M
such that for any k0 < s <t < 0 and z,y € R™ with |z —y| < (t — 5)2,
the estimate

Co
(t—s)%

_1
€ 4.

(13) L1+t z;1+s,y) >

holds. Here we can take Cy as Cy =

2(4m) 2

Proof: We consider the integral equation which ', (1 + ¢, 2;1 + s,¥)
satisfies.

Cu(1+tz;1+s,y)

= Gis(z—y)
1+t
(14> - / v:c . Gl-’-t—T(x - 6)“(7—7 5)1—‘“(7—, 6; 1 + S, y)dde
1+s R™
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We estimate the second term of (14). From the estimate (3), we have
1+t

Vz : Gl-i-t—T(x - S)U(Ta g)Fu(Tv 67 1 _I_ S, y)d5d7—|

1+t e
< e AT |y (7, |0 (7, &1+ s, y)dEdT
_/ / IEa=e u(r T, €51+ 5,y)dg
1+t 1 __la—g)? \y
S CCIM p— — / e 8(1+t—7’)6 27= 1 sdé_d']’
1+s (1+t—71)2 (1—1—9)272 Jrn
Cf 1+t 1
< ﬂ/ 1 1d7—
(t—s)2 Jigs (1+t—7)272
C
<

n—1>7

(L+s)b(t—s)™

where C' is a positive constant depending only on n and M.
Hence, if |z — y| < (t — s)2, then we have

Lu(l+¢2:1+5,y)

e_“f(t_—y‘ﬁ C~'
{dr(t—s)}2  (14s)2(t—s)"7
e~ i C

(dn(t =512 (L+s)i(t—s)"7
Set K := 4(4W)"C~'Qe% and Kk = HLK By elementary calculation, if
kO < s <t <4, then we have

e
20— )T~ (1))
Thus, for |z — y| < (t — s)2, the estimate
e
(15) F(l—i—txl—i—sy)_m,

holds, which is the desired estimate.

Remark 2.1. In the above proof, we essentially use the upper bound for
fundamental solutions (3), which was obtained by E. A. Carlen and M.
Loss [3], and S. Matsui and S. Tokuno [10]. In fact, [10] studies the
two dimensional case under the further regularity condition on u(t,-) €
CYHR™) for each t € (0,00). But there seems to be a small flaw in the
argument in [10]. They consider the operator F,(t, s) : L*(R?) — L>(R?)
defined as

Fu.(t,s)f :== e_a'x/ L, (t, ot — s,9)e*Vdy, a € R
R2
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In their proof, the fundamental solution which defines the adjoint operator
(Fu(t,s))* : LY(R?) — L*(R?) is set as T'_,(s,y;0,z) [10, p.537]. How-
ever, in fact, this fundamental solution must be T'yor, (S,y;0,2), where
uomT(s,x) = u(t —s,z). One of the keys in their argument is that
(Fu(t,s))* has the same estimates as those of F,(t). But, one cannot ap-
ply the estimate for F,(t) directly to get the estimate for (F,(t, s))* since
the condition for v(s,x) := uory(s,x) is sup0<s<t(t—s)%||v(s, Mo < 00
instead of (C). Fortunately, by arguing the same way as for F,(t,s), one
can check that (F,(t, s))* has the same type estimate of the operator norm
as F,(t,s) has, so their estimate for T', is correct.

In (3], E. A. Carlen and M. Loss deal with more general type of the
convection term. FEspecially, they consider the equation of the type

(16) Ow(t,z) — Aw(t,x) + V- (f(z,w)w(t,x)) =0,

where [ satisfies V- f(-,w(-,1)) =0 and || f(-,w(-, 1)) ||c < B(t) for some
B(t) € LY(0,T), VT > 0. They obtained the estimate such as

lz —y|?

1 ¢ )
- [ Bl

where G(t,x;0,y) is a fundamental solution of (16) (if it exists), and
()4 = max(-,0);see [3, Theorem 3].

(17)  G(t,x;0,y) < (4wt) ™3 exp[—

Once we obtain the estimate (13), we can prove the lower Aronson
estimate of 'y, (1 4+ ¢, 2;1 + s,y) at least for kf < s < ¢t < 6 by using the
argument in [1] (see also [4]).

Proposition 2.2. For any k0 < s <t <0 and x, y € R", we have

C _ o lz—yl?
o—C

(18) Fu(l —|—t,:lj, 1 + S,y) Z S E—e t—s T, c Rn7
(t—s)2

where C,; C" are numerical constants (not depending even on M ).

Proof: The following argument for the above proposition is by D.
G. Aronson [1]. From (9), we may assume that y = 0 without loss of

generality. Let || > (t—s)2 and let m be the smallest integer dominating
% and set S = Hl":llB(%x; 1/ E2), where B(y;r) = {¢ € R |{ —

y| < r}. Then we can easily check that for (&1,...,&,-1) € S, we have

t—s t—s t—s
& <\/—— max |[§ =& S/ ——, [z =&l <y .
m 1<l<m m m
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Then we have from (13) and the semigroup property of the fundamental
solution,

W1+t 214 5,0)

t—s

..Fu(1+t—¥,£l;l+t—W,&H)m
..Fu(1+t—W,gm_l;ﬂrs,o)d%_l...d&

> /.../Sru( t;s,gl)
..Fu(l—i-t—l(tn_ls),gl;l t—%,&ﬂ)...
..Fu(1+t—(m_Z(t_S),gm_l;l+s,0)d§m_1...d§1
Com m

= ((t_s>g) S|

B Com m, t—8Sym-1

N <(t—s)%) <7T16m)

N C()m (%)m—l

 (t—s)z ' 16

> Co  —yim-1) > Co e—%fﬁ'j

T (t—s)2 T (t—s)2

where 1 > S2% —: ¢ So (18) holds.

Finally, we extend the estimate (18) to s = 0. To see this, note that
the mass conservation law

(19) / Lot z;s,y)de =1

holds. This is directly established from the integral equation (8), since
we have

/Rn /: / Vi Ger(z = Ou(T, §))lu(7, & 5, y)dédrdz

= /t /n 5 Vi Gir(z = &u(r,§))u(1,&; s, y)dadédr
= 0,
and

Gis(x — y)dz = 1.

Rn
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Proof of the estimate (12):
Again we may assume that y = 0. From the estimate (18), we have

Cu(140,2;1,0)

_ / Tu(l 460, 2: 1+ 50, E)Tu(l + 56, & 1,0)de
C _cr =€l
> [ YOS (1 4 k0, €1, 0)dE,
o (0= 00} ol )
and since |z — £]? < 2(|x]* + [£]?), we have

C _ocr _lal? / _ocy, L€
> ———€ (1-r)0 e =0 (14 k0,&;1,0)dE
{(1 = r)}2 "

r_le|? , 2
> W@_QC (1‘_,1)6 /§<R\f 6_20 %Fu(l + &875; 17 O)d§

C _20'R? _gcr o |2 /
> 7 =m0 Lu(1+k6,&;1,0)dE,
{(1 - H)@}Q l¢|<RVEO

where R is an any positive number. So from (19) and the upper estimate

(3),

Fu(l +97$;170)

C _20/R2 oo _lel? /
> (1 - Pu(1+ 16, €1, 0)d¢)
{(1—x)0}> €|>RVE
> C e o / C1_ -5 ey
{(1—r)0}2 e1>rva (K0)2
= —C -2 20T e (1-— / g}e—@%dz)
{(1 - H)@}Q 2>k K2

> —C QC R2 6_20/(1‘ L)e
- 2{(1- /<;)9}2

if R is sufficiently large. Remark that the choice of R does not depend on
0 and x. This proves the estimate (12). Hence, by rescaling, we obtain
the estimate (4), which proves the main thorem.

3. WELL-POSEDNESS OF THE CAUCHY PROBLEM (Ej)

In this section, we consider the existence and uniqueness of mild so-
lutions of (Ey). Before giving the proof for Theorem 1.2, we note that
Corollary 1.1 follows by arguing the same way as in J. Nash [11]. Al-
though the equations studied in [11] are of divergence form (5) (so there
is no lower order term), the tools used there in order to obtain the Holder
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continuity of the fundamental solution are just as follows.

(7)semigroup property of the fundamental solution,
(ii)/ S(t,x;s,y)de = / S(t,z; s, y)dy =1,

(@@)C(t —5)2 < [ |o—y|S(Et,z;s,y)de < C'(t — s)3,
]Rn
(iv)for some K > 0,

min{S(t, 75 5, 30)), S(t, 23 5,y bl > (L2 i o= 2ol e
R (t—s)2 (t—s)2

where S is the fundamental solution of (5), C, C’ are positive constants
independent of ¢, s, x, y, and ¢ is a positive and decreasing function.
Once we obtain the above properties for the fundamental solution I',,
we can apply the argument of [11, p.943-948], from which we obtain the
Holder continuity of I',. It is not difficult to see the properties (i) — (i)
hold if ¢ > s > sg > 0. The property (iv) is also obtained by the same
argument as in [11, p.943-944]. However, we give the proof here for
convenience to reader. First, from the lower bound (4), we have

(20) Gi_s(x —y) log{(t — s)2 T (t, 2;8,9) ydx > —C,
Rn
where C' is a positive constant depending only on n, M. This implies

the estimate

[ (G — )] max(log{ (¢ — )3T (85,0 e

+ min[G;_s(z — y;)] min[log{(t — s)%Fu(t, x; s, y;) Hdx
Rn ? v
> 90, y;, €R™, i=1,2.

Using the inequality logx < x — 1 and (ii), we have

maX[Gt—s(x - yz)] mzax[log{(t - S)%Fu(ta s, yl)}]diﬁ

R 1
< | max[Ge(w — )] max{{(t — 5) 2T (t, 235, y;) Y d
R *? t

< /Fu(t,w;s,yl)+Fu(t,x;s,yz)d$
— 2,
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and
min|[G_s(x — y;)] min[log{(t — s)%Fu(t, x; 8, yi) Hdx
R ¢ )
< min[G,_(z — ;)] min[log{(t — s)2 (Tu(t, z; 5, )} + 6]dx
Rn 2 7

< wlogd + min|[G;_s(z — y;)] min[log(1 + 5_1{(t — s)%Fu(t, x; s, y;) })]dx
R ? v

< wlogd+6* [ min[ly (¢, z; s, y:)]dx,
Rn *
for any 0 > 0. Here, w := fRn min;[Gy_s(z — y;)]dx, which is a function
of lzwel Thus, we have

(t—s)2

min[l, (¢, z; s, y;)]dx

R *
> 5(=2— 20 — wlogd) = o422l
(t—s)2
Remark that the function w is positive and bounded away from zero if

lmzv2l 5¢ ot large. So the above ¢ is positive and decreasing if we choose

t—s)2

(g su)fﬁciently small. This shows (iv) holds and we have Corollary 1.1.
Let t > s > 0 and let ', (¢, ; s,y) be a (unique) fundamental solution.

For each fixed ¢, x, y, from the Holder coninuity with respect to s, we

can uniquely extend I', up to s = 0. That is, we define the function

Ly(t,2;0,y) by

(21) Lu(t,z;0,y) == lin% Lu(t, z;s,9).
It is easy to see that I', (¢, z;0,y) satisfies the integral equation (8) with

s = 0 and this shows that I', (¢, z;0,y) is a unique fundamental solution
of (A,) on Hy. Remark that I',(¢,z;0,y) satisfies that

(22) Cy(t,x;0,9) :/ Cu(t,x;8,8)T0(s,&0,y)dE, s> 0,
C z—y|2 C z—y|2

(23) SO <D 0,y) < e
2 2

The existence of the fundamental solution on H implies the existence
of a mild solution of (Fy). Thus it suffices to prove the uniqueness of
mild solutions of (Ey). First, we claim the following assertion.

Proposition 3.1. Let w be any mild solution of (Eq) with initial data
f € LY(R™). Then, w(t,-) converges to f ast goes to zero in the sense
of measure.

The above proposition easily follows from the integral equation (1).
We omit the details.
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Proof of the uniqueness of the mild solution of (Ej).
Let w be any mild solution of (Ey) with intial data f € L'(R") and let
@ be the function defined as

altx) = [ Tult.:0.9)Fw)dy

It suffices to prove that w(t,z) = @(t,x). Since the uniqueness of the
mild solution of (Es) holds for any s > 0, w(t,-) can be regarded as the
unique mild solution of (Fs) with initial data w(s,-) for any ¢ > s > 0.
In other words, w(t,x) can be represented as

w(t,x) = /n Co(t, x5 s, y)w(s, y)dy.

Fix t and z. Let @g(r) be a smooth function on [0, 00) such that 0 <
wr(r) <1 and
(r) 1, if r < R,
T) =
oR 0, it r > 2R.

We set alr™ (y) := og (lz= 4y and B (y) = 1—a't™ (y). From the Hélder
continuity of the fundamental solutlon we have

lw(t, z) — w(t, z)]
= | Fu(t,x;&y)w(s,y)dy—/ Lyu(t, 2;0,9) f(y)dy|
R™ n

IA

R

< CSQSUPHM( ||L1+\/ (6 ()T, 230, ) (w(s, ) — F(y))dy]

[T ()Tt 230, y) (w(s, y) — £(y))dy]

R'n

< Cs%sup flw(t, llu +| / aly " ()Tt 730, 9) (5. 9) — () dy]
# e B0 (00| + )y

By the upper estimate (3), if @ > R, then

C
To(t,2;0,y) < —ze C2F,

tz

Since w(s, -) converges to f as s goes to zero in the sense of measure, we
have

. Ci
w(t, z) —o(t,z)| < t—gle CQR(S;;EWI@U(L')IIU+Hf||L1)

— 0Oas R — oc.

‘ (Fu(t,l’; S, y) - Fu(tv €, 07 y))w(57y)dy| + | Fu(twr; O7y>(w(57 y) -

f(y))dyl
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This completes the proof of Theorem 1.2.

Remark 3.1. From the proof above, we see that the uniqueness of the
mild solution also follows for finite measures as initial data.
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