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Abstract. We present new Strichartz estimates in Lorentz spaces for the solutions to the heat equation with inhomogeneous nonlin-
earity in the mass subcritical framework and space dimension d > 1. As an application we prove local and global well-posedness
in the Strichartz-Lorentz space LI((0, T); L"2(R%)), both in the focusing and the defocusing case, assuming the initial data are in
the L?>(RY) space.

INTRODUCTION

We consider the following Cauchy problem associated to the inhomogeneous nonlinear heat equation (INLH) for

d>1,
{a,u — Au+ kx| uu = 0, (1, x) € R, x RY, 0

u(0,x) = f(x) € L*(RY),

where k € R, u is a real-valued function and A is the d-dimensional Laplace operator. Moreover 0 < b < min{2, d}
and « satisfies: Y
O<a<a'(d), o= _T' (1.2)

The solution u to (1.1) can be expressed with the following integral equation:

!
u(t, x) = e f(x) - kf O X P lu(o)| u(t)d. (1.3)
0
It satisfies two conservation laws (see for instance [31]),
!
()1 g + fo E@(®)dt < |fg . k20, (1.4)
d 2
ZE(0) = = 10O} (15)

with the energy defined as

k
a+?2

E(u() = % fR ) [Vu(z, x)]* dx + fR ) x| P u(t, x)|*2dx. (1.6)
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Because of these conservation laws, we can distinguish the defocusing case (k > 0), in which we can control the
norm of the solution through the size of initial data, and the focusing case (k < 0), where we lack such control.
In view of that, it is natural to investigate local (and global) existence of the solution to (1.1) in the L*(R%)-based
Strichartz-Lorentz spaces, a refined version of the classical Strichartz spaces.

In order to state our results we will need the following basic definition.
Definition 1. We say that the pair (q, r) is admissible, in short (q,r) € S, if

2 d d
2<gq,r <o, —+—=§, (q,r,d) # (2,00,2). (1.7)
q r

The subject of our main outstanding are the Strichartz estimates in Lorentz spaces, namely:

Theorem 1. Let be d > 1. Then the following homogeneous estimate holds

”emf ”L‘I((O,T);Lf~2(R‘/)) < Clifllage) » (1.8)

when (q,r) € S,. Moreover, for any (q,r),(4,7) € S», the following inhomogeneous estimate holds

!
f TAF (1, xdr < CllFll w2y » (1.9)
0 La((0,7);L72(R%))
under the condition that
1 1 df1 1
—+:=—(7_—)~ (1.10)
q q 2\¥ r

The Lorentz spaces and their properties will be displayed in a detailed way in the next section. By a straightforward
application of the previous theorem, we get:

Theorem 2. Assume d > 1, 0 < a < a*(d). Then the problem (1.1) has a unique solution
u(t, x) € LI([0, T); L"*(RY)) (1.11)

for any (q,r) € S, and initial data f € L>(RY), with T = T(lf1l;2@waey) > 0. The solution can be extended globally if
« = a*(d) and the initial data f € L*(RY) is so that Ifll,2 < & for & > 0 small enough or if k > 0 and f € H'(RY).

Remark 1. We underline that the previous Theorems 1 and 2 remain valid once one replaces the free heat propagator
e by e @A \with a and b real parameters. This fact can open a discussion devoted to more general nonlinear
equations based on the heat and Schrodinger equations. We mention here the work [23 ] for more details. We emphasize
also that our theory is general and could be extended to other possible scenarios, such as general operators e+
with H = —A + V, for suitable potential functions V = V(x) and H = (—A)g, with 8 > 0. We postpone such analysis
for forthcoming works for the aim of simplicity.

The nonlinear heat equation (NLH), that is (1.1) with b = 0, has been deeply investigated in the past decades by
several authors. For example, in [16] [32], [33] and [3] were studied local well-posedness in the Lebesgue spaces
LY(RY) and in the energy space H'(R?). In this framework, we want to recall [14] (see also references therein),
where existence of global C(I; H'(R*))-solutions in the focusing, energy-critical setting is treated by exploiting the
concentration compactness method established in [18] and [19]. On the other hand, there is a wide literature on
the nonlinear Schrodinger equation (NLS) with inhomogeneous nonlinearities. We mention here [15], [9], [6] for
the well-posedness and blow up phenomena, [7] for scattering in the defocusing case, [4], [8], [5] (and references
therein) in the focusing one. One of the main tools utilized to shed light on the properties of the nonlinear evolution
equations and often used in the context of both NLH and NLS are the Strichartz estimates. We cite [17] [12],[13]
for the general theory and [21] and [34] for Strichartz-type estimates for the fractional nonlinear heat equation (see
also references therein). In [22] and [24] we introduced for the first time in the literature the extended version of the
Strichartz estimates for the NLH as well as illustrated its application for proving local and global well-posedness in
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HY (R?) for the pure-power NLH (both in focusing and defocusing case). This technique was applied also in [23] in
order to treat the Ginzburg-Landau equation with complex pure-power nonlinearity in H”(R¢) and in [26] for the heat
equation, perturbed with a time dependent potential. Motivated by the previous papers and [26], we exhibited in [25]
these extended Strichartz estimates for the solution to (1.1), assuming the initial data are in H7(RY). The main target
of the current paper is to manage the existence and uniqueness in L?(R?) for the solution to the INLH (1.1) by new
Strichartz estimates settled in Lorentz spaces. In such way we not only improve the linear theory contained in [34], but
also simplify significantly the fixed point step of the already cited work [25]: the Lorentz spaces are perfectly fitted to
deal with singular function and then to control the nonlinear term |x|~’|u|*u avoiding any perturbation argument.

NOTATIONS AND PRELIMINARIES

We indicate by f € L*(RY) = L, for 1 < r < oo, if

A1z = f [f(I" dx < eo,
R4

with obvious modification for r = oo and introduce
H'®RY) =H = (-0 L2

Given any Banach space X we define, for any 1 < g < oo, the mixed space-time norms

1/q
= [ wroongar)

with obvious modification for ¢ = co. We embrace the notation L;]X , when one restricts ¢ € I, with I being a general
time interval. Conjugate indices will be denoted with a prime throughout this work. For any two positive real numbers
a,b, we write a < b to express a < Cbh, with C > 0 and we unfold the constant only when it is essential.

Lorentz Spaces

In this section we recall some properties of the Lorentz spaces. For any measurable function ¢ in R, we denote by
He = Hg(A) the distribution function of ¢, that is,

pa() =[x = B0l > A,
for A > 0. We define the decreasing rearrangement ¢* of ¢ by
¢" () =inf{d > 0 : py(d) <1},
for t > 0. Then, for any 1 < r < o0 and 1 < o < oo, we introduce the Lorentz space L™ (R?) by
L (RY) = LY = {¢ : ¢ is measurable on R, [|¢]]pre < oo},

where

ww{WWW@%W,MQK%

SUP,0 7o (@), if o = 0.
The Lorentz spaces have the following properties:
LY=L, ifl<r<oo, (2.1)
L cLi™, ifl<r<owandl <o <0y < oo, 2.2)

LY =L, ifl<ro<oo.
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Here (L}7) is the associated dual space of L7 (see for example [1], Chapter 4). We have also that for 0 < m < oo,
the space weak L™(RY), in short LI™)(R?), is defined as the set of all measurable functions ¢ on R4 such that

m

C
1Al zonesr ey = inf {C >0:pg() < > forall A> 0}

is finite. The space weak L*(R?) is by definition L*(R?). Moreover L"*)(RY) = L"*(R?) for 1 < m < co. Operators
that map L"(R%) to L"(R%), with d;,d, > 1, are called of strong type (m,n) and operators that map L"(R%) to
L (R%) are called of weak type (m, n).

Let us state also a fundamental Marcinkiewicz type interpolation result in the Lorentz spaces (see [1], Theo-
rem 1.12, Chapter 5, [2], Theorem 5.3.1 and also [20]). We set

(mn,o0)eA:={ 1<m<n<oo, 0,0€[l,00] |.

Notice that the structure of the set A is strongly connected with the Lorentz Spaces formerly introduced. This forces
to some extra constraints on the quadruples (m,n, o, 6), thatis: o = 1,if m = 1; 0 = oo, if m = 00; 0 = 1,ifn = 1;
0 = o0, if n = c0. Moreover o < 0, if m = n. Then we have:

Proposition 1. Let (mqg, ngy, 0o, 6y) , (my,ny,01,61) € A. For0 <n <1, set

I 1-n n 1 _1-n 17

m my m; n no n
. 0 0
Let T be a bounded linear operator from LY to L' and from Ly""" to L}, and define

T £l 700 T £l 1
My= sup ——m—, M= sup ————.
rezoroyoy I llzoeo sermmioy Il

Then the following holds:

i)  Ifmy # my and ny # ny, then
1_
T fllpne < My "M]|Ifllpne,  for every 1 < o < oo, (2.3)
ii)  Ifmy # my,ng =ny, and 6y = 0; = 6, then
IT fllo < My "M]||fllpze,  for every 1 < o < oo,
iii)  Ifmg=my,ng =ny, and 6y = 6; = 6, then

) 11—
T fllyeo < MYTMI| fllpnr,  for — = —— 4 2L,
v o (o) (on]

One can see that the function |x|™ belongs to L5 and |||x|’b“L%m = |Bl(0)|§ where |B(0)| is the volume of the unit

ball in R?, but it does not belong to any Lebesgue space. Furthermore, we have the following Holder’s inequality in
Lorentz spaces (see [27]).

Proposition 2 (Holder’s inequality). Let 1 < r,r|,r, < oo and 1 < o,0,0, < oo be such that

1
r r r (o8] () ;‘
Then for any f € L"7" and g € L'>?2, it holds that

1 8ller S N e liglliraen. 2.4
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PROOF OF THEOREM 1

We start this section by proving an ancillary result associated to the heat semigroup ¢™. That is:

Lemma 1. Let (m,n,o0,0) € A. Then, for any T > 0,

e fll, e < 3G N1l e 3.1)
forallt € (0,T). Furthermore,
_d(i_1
“emg”w"‘" <G n)||g||Lz,_r, (3.2)

forall t > 0, where m’,n’ and o’ are the Holder conjugate numbers of m, n, and o, respectively.

Proof. The operator ™ obeys general decay estimates, since the heat kernel e~/ r given here via Fourier transform
in terms of its symbol, has a strong smoothing property for ¢ > 0. More precisely, one has the following

el S 7PN 1 <r<p < oo (3.3)
This inequality implies then, for # > 0,
e 1l < W1l (3.4)
with » > 1, and a decay estimate,
_d
[l All,o < 7% 11l - (3.5)
By the property (2.1), the above estimates become
lle e < M0 (3.6)
and )
[l fll o S 5NN - 3.7

We observe at this point that (1, oo, 1, o) and (r, r, r, r) are both in A. Then we can use the Marcinkiewicz interpolation
Proposition 1 with

1
_=1_n+g,
m

— N3

[S1Ew ~

X si-
I

My=1t

obtaining readily the bound (3.1). Finally, we get also

(¢"f.8),: = fR e g dx = fR @ [etg@dx.

with # > 0, forall f € L™ and g € L . This fact, in combination with (3.1), implies (3.2) and the proof of the
lemma is finished. O

Proof of Theorem 1. We will focus first on showing (1.8). We apply the classical Marcinkiewicz interpolation
theorem (see [28], Appendix). The idea of the proof is essentially the same as in [11] and [33]. Consider the map U
defined by Uf = “e’A f H L from L"? to functions on [0, 7). The inequality (3.1) in Lemma 1, with o = 2, m = 2 and
n = r, shows that U is of weak type (r, q), where 2/q = (1/2 — 1/r)d and with 1 < g. Moreover U is sub-additive
and of weak type (r, ). If 2 < ¢, the interpolation theorem can be applied. So U is of strong type (2,¢1),2 < ¢
with 2/q; = (1/2 — 1/r)d, which then gives the desired result. Notice that our proof does not include the endpoint
(2,2d/(d - 2)), ford > 3.

Let us consider now (1.8). It follows from Lemma 1 that

||e(’_T)AF (1, %)

L
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for 1 <7 <r < ocoand any 7 < t. Then the Hardy-Littlewood-Sobolev inequality enhances to

! !
f T F(dr|| < H f e 2 F(z, x)||, dr (3.8)
0 L 0 ©o
d n( 1 1
S| =GN 0l e dr (3.9)
0 * L!
SIF@ Ol 7 72
with (g, r), (g, 7) € S, satisfying identity (1.10). This completes the proof of the theorem . O
We can summarize, then, the results achieved so far as follows.
Proposition 3. Let d > 1. Then one has fulfilled the following estimate
!
nwﬂmm+~fw“%va S llz + 1FIL e ras (3.10)
o 0 Ly ’ t

assuming that (g, r) and (g, 7) are S, pairs. Moreover, by exploiting the properties (2.1) and (2.2) we get the classical
Strichartz estimates for the free heat propagator

3
f AR (T)dr
0

A
lle™ fllpor; + S Il +1F N - (3.11)

LI

PROOF OF THEOREM 2

We begin this section with a key lemma, which is compulsory for the proof of Theorem 2. Inspired by [30] (see also
[29]), we prove the existence of quadruples (¢,7,3,7) € S, X S», fulfilling all conditions stated in Theorem 1. This
result is contained in:

Lemma 2. Foranyd > 1,k € R, 0 < b < min{2,d} and « satisfying the assumption (1.2), there exist S, pairs (q,r)
and (g, 7), such that

1 +1 b 1 +1
=22 St @.1)
7 r d q q
Proof. Case d > 3: The conditions on (g, 7, g, 7) € S, X S, can be summarized as follows:
1111 1
0<—,—,—, =< —, (4.2a-d)
rvqq 2
2 2
2, d_d 2,d_d (@.2e.0)
q r 2 g 7 2
1 1 b 1 1
=Ty ot (42gh)
7 r d g q
We start by rewriting them with help of the identities
1 1 a+1 b
Fo r d’
1 d d
g 4 2r
1 d d_d(a+1)+b d
g 4 2F 2 2 4
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We can see that the inequality 1/§" > (a + 1)/q is always satisfied, since it simplifies as:

_de+l) b d_d+D) dae+l) o 4-2

! 2r 2 4 4 2r d (4.3h)
Expressing the remaining inequalities in terms of 1/r yields

I 1

0<-<=, (4.4a)
ro 2
a+l b 1 d-2b 1 d->b

0<1- —— < ——— < - < — 4.4b

r d 2 2d(a+1) r da+1) ( )
d d 1 d-2 1 1

———< - —<-<= 4.4

0<3727"27 7 <7 (+42)
1 1 -2 1 2 -2

g et b 4 1 d=2b td=2b (4.4d)

2r 2 4 2

2a+1) r S 2da+l)

which in turn leads to the following chain of bounds

d-2» d-2) 1 1 d-b 2+d-2b

(1) . (2)

=max{0, ——— — =\ < = <min{ -, , =p® 4.5
L ax{ 2d(@+1) 2d }<r< m{z d@+1) 2d(a+1)} Pida) (4.5)

Since we are assuming d > 3, we have 0 < b < 2, so that the following,

d-2

O A

< 24

d-b _2+d-2b
da+l) 2da+1)’

are trivial. We further simplify (4.5) and it is equivalent to

0 d=2b d-2) 1 _ . (1 2+d=2b|_ o
=max{———,—— ¢ < — <min{ =, ———— p = .
Pdsah) 2d(a+1)" 2d r 27 2d(a+1) Pidsacn)

The last condition will be fulfilled once the following relations are satisfied

d-2b 1
4= 2 4
2da+1) 2 (4.6)

d-2b  2+d-2b

, 47
2@+ 1)~ 2d@+ 1) S
d-2 1
24 <7 (48)
d=2 2+d-2b
td (4.9)

< .
2d 2d(a + 1)
The second and the third relations are self-evident. The first inequality simplifies to

2b
—7<0<Cy,

which is always true, according to the choice of a. Lastly, inequality (4.9) can be rewritten like
d-2)a+d-2<2-2b+d,

or equivalently
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which is again always fulfilled.
Case d = 2: It is important to remind that for d = 2 we have the following restriction 0 < b < 2 and therefore (4.5)
can be narrowed down to:

O _maxdo = L LI 226 L e
Poswn = "2a+Df S r 2 2@+ D) Paen

Then we note that all four inequalities can be easily verified as above.
Case d = 1: We underline that for d = 1 alongside with the condition 0 < b < 1, we get as a consequence of Definition
I,that0 < 1/r < 1/2 and 0 < 1/¢q < 1/4. Therefore (4.5) turns into:

(D = max{0 1-2 <1<min 1 2=201_ o
Pltsasn) = e+ D 7 2 2@+ 1)) Plen

Proceeding as before, one can check again that the previous set is non-empty for any @ > 0. This completes the proof
of Lemma 2. O

Consequently, we present the proof of the main Theorem 2.

Proof of Theorem 2. We set I = (0, T) and introduce the spaces

wlly, = sup {IIwllo,2) (4.10)
(g.r)€S > e
and
Il = inf il . @11

We will perform now a contraction argument. Namely, let be defined the integral operator associated to (1.1), i.e. to
(1.3),

f
Tou) = e f — k f DN Pl )7, %) i
0

One needs to show that for any (g, r) as in Lemma 2 and any ¢ € I, if f € L2, there exista T = T( Ifll;z) > 0and a
(unique) u(t, x) € X;, satisfying the property
T () = u(?). (4.12)

For simplicity, we split the proof in three different steps.

Step One: For any f € L2, there exist T = T( Ifll2) > 0 and R = R(||fll;2) > O, such that T y(Bx,(0,R)) C By,(0,R),
forany T < T.

By (3.10) in Proposition 3, combined with (4.10) and (4.11) we have

Tl WUz + [fll el (4.13)

Thus, by Holder’s inequality (2.4) and picking up (g, 7), (¢, 7) as in Lemma 2 so that (4.1) is satisfied with the strict
inequality, the nonlinear term on the r.h.s. of (4.13) can be bounded like,

—by, | —by,,|@ -b a+1 k(@) a+1 k(@) a+1
(LB P B T Ry [ ||L§,w Il = T Ml < T Ml (4.14)
for some k(@) > 0. By (4.13) and (4.14) we attain then
1
[Tl S AUz + T Nl (4.15)

Step Two: Let T,R > 0 be as in the previous step, then, there exists T = T( 11l 2 ) < T, such that T r is a contraction
on BXT(O, R), equipped with the norm ||-||X7.

030029-8



Given any vy, v, € By, (0, R) we achieve, by an use of (3.10), the following:
17501 = Tivally, < 1™ Galval® = valval)f 2

Then, proceeding as above, one gets finally

—x(@)

17501 = Tpvally, ST (vl + 02l ) v = vally,

with k(@) as above.

Step Three: The solution exists and is unique in X7, where 1 is as in the previous step.

We are in position to show existence and uniqueness of the solution by applying the contraction principle to the map
Ty defined on the complete metric space By, (0, R), endowed with the topology induced by ||[ly, .

L2-critical case. The previous lemma remains valid also in the L2—critical case, that is if we select
a = a*(d) = (4 - 2b)/d. In fact, arguing as in the previous steps we infer that the chain of inequalities (4.14)
can be replaced by

a+1

1 1
[ | S [ S 17 (4.16)

g ~ qyr2
Ll (L

—b y -b -b
It by, < ™ el S ™ g
‘X

with (g, r), (g, 7) given as in Lemma 2, so that (4.1) is provided now with the equality. The remaining part of the proof
can be deduced similarly to the one we carried out above. Thus, the details will be omitted.

Global well-posedness. One can pick I = [0, co) in the following frames:

i)  If @ = @*(d). In this critical case, by (4.13) and (4.16), one needs to take || f]| 2 <& with & > 0 suitable small.

ii)  If we impose the extra conditions k > 0 and f € H!. In fact we have that the conservation laws (1.4) and (1.5),
which read as

E(u(n) + f f |0,ul? dxdt = E(f),
0 R4

are both satisfied with E(u(r)) > 0 for all # > 0. This fact allows to extend the solution globally w.r.t. the time
variable.

The proof of the theorem is now accomplished. 0
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