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Abstract
The parabolic-elliptic version of the logistic Keller-Segel system given by

u = Au—xV-(uVv)+ ku — pu?, xeN, t>0,
0 = Av—m(t)+u, m(t) := ﬁ Jo ulz, t)d, reQ, t>0, ()

is considered in the ball Q@ = Br(0) C R™ with n > 1 and R > 0, and with parameters x € R,
x >0 and p > 0.

The focus is on the question how the zero-order dissipative term —pu? herein, forming the appar-
ently most essential difference between (x) and the classical parabolic-elliptic Keller-Segel system,
affects the evolution of supposedly present singular structures. For this purpose, a Neumann-type
initial-boundary value problem for (x) with p > y is studied for radially decreasing nonnegative
initial data ug € C1(Q\ {0}) fulfilling ug(x) < K¢(|z|) for all z € Q\ {0} with some K > 0 and
some function ¢ : (0,00) — [1,00) which, besides some technical assumptions, complies with the
key condition

1
/ " n¢(r)dr < co.
0
It is seen that for this class of data, including any such ug satisfying
up(z) < KeM*l™® for all z € Q\ {0}

with some positive constants K, A and o < n, the problem in question in fact admits a global solu-
tion (u,v) which is smooth and classical in € x (0,00) and attains the initial data in the topology

of CP.(2\ {0}) as t \, 0.

In view of the well-known fact that in the unperturbed Keller-Segel system already some finite-
mass Radon measure-type singularities give rise to persistently singular solutions, and that hence
no significant smoothing action can be expected there when infinite-mass distributions are initially
present, these results reveal that zero-order quadratic degradation indeed may have a substantial
effect on cross-diffusive interaction by enforcing instantaneous smoothing even of initial data ex-
hibiting some exponentially strong singularities.
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1 Introduction

Understanding chemotaxis-driven dynamics of population distributions far from spatial homogeneity
is forming a recurrent theme in several disciplines from biology and especially in corresponding the-
oretical studies ([30]). Stimulated by findings on spontanenous formation of aggregates and, more
generally, on various facets of complex collective behavior in chemotactically migrating populations
when distributed in a strongly heterogeneous manner, substantial efforts in mathematical analysis have
led to considerable insight into numerous qualitative aspects related to the destabilizing potential of
taxis-type cross-diffusion, as constituting the apparently most characteristic common ingredient not
only in the celebrated Keller-Segel model for such processes ([18]), in its simplest form reducing to
the parabolic system

(1.1)
vy = Av — v+ u,

{ u = Au— V- (uVv),

for the population density u = u(x,t) and the chemoattractant concentration v = v(x,t), but beyond
this also in a large class of relatives thereof ([15], [30]). Here the knowledge seems most comprehensive
with regard to the question under which circumstances solutions may develop singularities either in
finite or infinite time. In the context of (1.1), for instance, it is known that such unboundedness
phenomena do occur in spatially two- or higher-dimensional settings ([14], [42]), but that any such
explosion is ruled out in the associated one-dimensional version ([29]); in fact, a large literature has
revealed remarkably detailed information on corresponding dichotomies in several refinements and
derivates of (1.1) ([12], [40], [36], [8], [23], [46]), in its most delicate part, namely arguments concerned
with blow-up detection, typically relying on certain simplifications in which the chemoattractant
evolution is governed by an elliptic equation ([26], [16], [37], [3], [22], [47]).

In comparison to this, much less seems known with regard to the question how chemotactic evolution
copes with locally extreme population concentrations in the sense of singularities which are supposedly
present at some instant. Here adaptation and refinement of straigthforward functional analytical
approaches, e.g. based on transformation to integral equations via Duhamel formulae, and on design
of suitable fixed point frameworks, has made it possible to construct certain generalized local-in-time
solutions, instantaneously becoming smooth and classical, for initial data with quite low integrability
properties. In the prototypical setup of the Neumann problem for (1.1) in bounded domains 2 C R,
n > 2, for instance, immediate regularization in this sense has been shown to occurs for all initial data
(ug,vo) from L1(Q) x WLn(Q), and actually even for slightly larger classes involving either Radon
measure-type distributions in the first component when n = 2, or suitable Morrey spaces in both
components when n > 3 ([5], [4], [33]); requirements of this flavor apparently cannot be substantially
relaxed even when beyond this, more subtle use is made of a priori estimates implied from the well-
known gradient-flow structure of the particular cross-diffusive interaction in (1.1) ([7], [6]). This is
further supported by observations indicating absence of smoothing in presence of initial data close
to the above spaces: In some two-dimensional Keller-Segel systems, namely, some finite-mass but
measure-valued cell distributions are known to evolve into persistent measure-type singularities ([24],
[13]; cf. also [34] and [2]); in the case n > 3, the stationary singularities becoming manifest in the

so-called Chandrasekhar solutions to a simplified parabolic-elliptic variant of (1.1), as determined by
u(z,t) := 2(‘7;”_22)

spaces as regards the possibility of instantaneos regularization.

, x # 0, even provide explicit examples that strongly indicate criticality of spatial Lz



Main results: Detecting additional regularization effects of logistic dampening. The
purpose of the present study is to investigate how far the evolution of singular structures may be
affected by the presence of logistic-type growth restrictions. In fact, a large literature suggests that
accordingly obtained logistic Keller-Segel systems can be viewed as a natural first step to adapt the
prototypical and hence quite simple model (1.1) so as to account for mechanisms of competition-
induced overcrowding prevention which seem virtually ubiquitous in numerous situations of biological
relevance (see e.g [11], [35], [39] or [32] for some examples, or also [15] and [30] for a broader overview).
In fact, several precedents have been indicating that on the way from (1.1) to fully realistic models,
despite their increased complexity and especially their apparent lack of appropriate energy structures,
such logistic chemotaxis sytstems remain accessible to a considerably large variety of mathematical
tools; accordingly, not only quite comprehensive conclusions are available in the fields of global classical
solvability for smooth data ([28], [38], [41], [48]), of constructing attractors ([1], [28], [29]), and of
proving asymptotic homogenization in cases of strong dampening ([9], [43]), but beyond this even some
facets of the rich dynamics of such systems, as reported by numerical findings ([31]), could be captured
by some rigorous results on emergence of extremely large cell densities at possibly intermediate time
scales ([20], [17], [44], [45]).

In contract to this, the knowledge with regard to the smoothing potential of logistic death terms when
confronted with locally large distributions seems quite thin; after all, the apparently furthest reaching
explicitly formulated results in this respect, addressing cases of L? initial values in two-dimensional
domains ([28]), seem to allow extension, through adaptation of the arguments e.g. in [5], at least to
L7 data in general n-dimensional settings. To our impression, however, covering classes of initial data
substantially larger than those known to be admissible already for (1.1) has nowhere been achieved
so far. Our main results in this direction now identify a genuine supplementary smoothing action of
quadratic degradation, as forming the essential additional ingredient in logistic Keller-Segel systems
when compared to (1.1). Indeed, we shall see that in such systems instantaneous smoothing may in
fact occur for initial data exhibiting singular behavior much more extreme than power-type, even up
to some exponential strength, and thus far below levels of integrability.

To make this more precise, let us resort to a setting as simple as possible but yet potentially capturing
the main characteristics of the problem context under consideration, and hence consider radially
symmetric solutions to the parabolic-elliptic problem

u = Au—xV- (uVv)+ ku — pu?, re, t>0,
0 = Av—m(t)+u, zeN, t>0, (1.2)
%:8—220, x e, t>0, '
u(-,0) = up(z), x € Q,
in the ball Q = Br(0) C R® with n > 1 and R > 0, where x > 0, k € R, > 0 and
1
m(t) = / u(x, t)dz, t>0. (1.3)
12 Jo
Our standing assumption on the initial data will be that
ug € CHQ\ {0}) is nonnegative and radially symmetric (1.4)
and nonincreasing with respect to |z| € (0, R], '



and in most places we will furthermore suppose that
uo(r) < Ko(r) for all r € (0, R), (1.5)
where
¢ € C*((0,00)) is such that ¢ > 1 and ¢' < 0, and that ¢(r) * +o0 as r N\, 0. (1.6)

Here and throughout the sequel, whenever this appears convenient and without any risk to cause
confusion, we shall tacitly switch to the usual notation using radial variables, thus ad lib replacing
e.g. ug(x) with ug(r) for r = |z|.

Now our main results will require that the singular behavior of ¢, and hence of ug, can be controlled
in such a way that besides the technical but otherwise comparatively mild hypotheses that
¢"(r) < K1¢*(r)  for all r € (0,1) (1.7)
and that
d(2r) < Kor"¢(r) for all r € (0,1), (1.8)

the crucial logarithmic integrability condition

/1 " n ¢(r)dr < oo (1.9)
0

is satisfied. In this general framework, we shall obtain the following statement on global existence
of solutions which immediately become smooth and classical, and which attain the prescribed and
possibly singular initial trace locally uniformly outside the spatial origin:

Theorem 1.1 Let Q = Br(0) C R™ with somen > 1 and R > 0, and let kK € R,x > 0 and p > 0 be
such that

> x. (1.10)

Moreover, assume that ug satisfies (1.4) and (1.5) with some K > 0 and some function ¢ : (0,00) — R
for which there exist K1 > 0 and Ko > 0 such that (1.6)-(1.9) hold. Then one can find a pair (u,v)
of momnegative radially symmetric functions

{ u e CO(@N\ {0}) x [0,00)) NC>1(@ x (0,00))  and (1.11)

v e C?*0(Q x (0,00))

which solves the boundary value problem in (1.2) in the classical sense in Q x (0,00), for which the
total mass functional enjoys the integrability property

T
/ / u(z,t)dr < 0o for allT > 0, (1.12)
0 Q

and which is such that furthermore

u(-,t) = ug in C2.(Q\ {0}) as t N\ 0. (1.13)



When specified to the particular choice of functions ¢ representing exponential singularities, this
directly implies the following concrete consequence.

Corollary 1.2 Letn>1,R >0 and Q = Br(0) CR", let k € R,x > 0 and p > x, and suppose that
ug satisfies (1.4) as well as
up(r) < KeM® for allr € (0, R) (1.14)

with some positive constants K, A and o such that
a<n. (1.15)

Then there exists a pair (u,v) of functions for which the conclusion from Theorem 1.1 holds.

Main ideas. As thanks to the comparatively simple parabolic-elliptic structure of (1.2) the as-
sumption (1.10) can be seen to entail a pointwise upper bound for H%lu by means of a comparison
argument (Lemma 2.2), constructing a smooth limit in Q x (0, 00) of solutions to an appropriately
regularized problem can be achieved by quite well-established bootstrap and compactness reasonings
(Lemma 2.6 and Lemma 2.7). The main challenge will thus consist in asserting the claimed behavior
of this solution to the boundary-value problem in (1.2), and it turns out that for this it is not only
sufficient but also essentially necessary (see Proposition 3.1) to control the asymptotic behavior of the
nonlocal ingredient m(t) in (1.2), and hence of the total mass functional [, u(x,t)dz, in the sense of
time integrability near ¢ = 0 as in (1.12). This will be achieved on the basis of a second comparison
argument, which will rely on the fact that thanks to (1.7) large multiples of ¢ become stationary
supersolutions to an equivalent version of the first equation in (1.2) when restricted to radially non-
increasing functions u and v (see Lemma 3.2 and (2.8)), which forms the major motivation for the
initial monotonicity, as assumed in (1.4) and fortunately inherited not only by (-, ¢) but also by v(-,t)
for t > 0 (Lemma 2.4 and Lemma 2.5).

Since (1.8) and (1.9) guarantee that a combination of the above two pointwise inequalities for u entails
an estimate of the mass functional against an integrable function of time (Lemma 3.3 and Lemma 3.4),
through the second equation in (1.2) thus having at hand suitable bounds for Vv, yet L' with respect
to time, we will firstly conclude that the initial trace is attained in the topology of WO2’1(Q \ Bs(0)))*
for each § € (0, R) (Lemma 3.7). Secondly, this L! information on Vv will enable us to derive precom-
pactness in C}) (Q2\ {0}) of (u(:,))e(0,1), and hence imply the desired convergence property (1.13),
through a two-step regularity argument (Lemma 3.8 and Lemma 3.9).

2 Approximate problems and their limit behavior for ¢t > 0

2.1 A family of approximate problems and a fundamental pointwise estimate

Let us introduce a convenient regularization of (1.2) through approximation of a given and possibly
nonsmooth initial function ug by a family (uoe)ce(o,1) of suitably smooth functions on Q in the sense
that

0 # uge € C*(Q) is radially symmetric for all € € (0,1), (2.1)

that, when expressed in the variable r = |z| € [0, R], their gradients wug., satisfy

woer (1) <0 for all » € [0, R] and € € (0,1) (2.2)



as well as the compatibility condition
uper(R) =0 for all e € (0,1), (2.3)
and that ug. approaches ug in the sense that
upe < up + 1 in Q\ {0} for all ¢ € (0,1) (2.4)

and
upe — ug  in CL_(Q\ {0}) as € \( 0. (2.5)

Then for each ¢ € (0,1), well-established arguments ([25], [47]) assert local solvability of the approxi-
mate version of (1.2) given by

et = Aue — XV - (ueVoe) + Kue — pu? zeN, t>0,

0 = Av.—m(t)+ ue, me(t) = ﬁ fQ ue (-, 1), e, t>0, (2.6)
Gue = Gue — z e, t>0, '
ue(z,0) = upe (), x €,

in the following sense:

Lemma 2.1 Let x > 0,k € R and p > 0, and suppose that uy and ug. satisfy (1.4) and (2.1)-
(2.5). Then for all € € (0,1) there exist Taze € (0,00] and a uniquely determined classical solution
(te,ve) € (COQ x [0,00)) NCHLQ x (0,00)))? such that us(-,t) and ve(-,t) are positive and radially
symmetric in Q for all t > 0, and that

if Trmaz,e < 00, then  limsup [Juc (-, )| oo () = oo (2.7)
¢ AT

For later reference in several places, let us observe on combining the first two equations in (2.6) that
ue actually solves the Neumann problem for the scalar parabolic equation

Uet = Auge — xVue - Voo — xme(t)ue + kue — (1 — X)ug, e, te (0, Thae), (2.8)
with the coefficient function Vo, in fact forming a nonlocal ingredient due to its dependence on wu.
through the second equation in (2.6).

Here with regard to our overall goal of achieving regularization, the rightmost summand appears to
be favorable if x and p comply with the hypotheses from Theorem 1.1. Throughout the sequel we
shall accordingly assume that

1> X,

and then may draw a first but substantial conclusion thereof through parabolic comparison with
spatially flat functions as follows.

Lemma 2.2 Let k € R and 0 < x < p, and suppose that (1.4) holds. Then for each ¢ € (0,1), the
solution (ug,v:) of (2.6) is global in time and satisfies
1 R4

ue(x,t) < +
(1) (=Xt p—x

for allz € Q and t > 0. (2.9)



Proor.  For fixed € € (0,1) we may use the regularity statement in Lemma 2.1 to pick ¢i(g) > 0
such that
ue(z,t) < c1(e) for all z € Q and t € (0,7%), (2.10)

where T, := min{1, %Tm(m’s}. Then given 79 > 0, for any such ¢ we can fix 7 = 7(g,79) > 0 such that

T <719 and 7 < T, as well as
1
T (2.11)
(1 —x)ei(e)

because p > x. Introducing
1 K4

e ) = (1 —x)t T

reQ, t>T, (2.12)

from (2.10) and (2.11) we therefore obtain that

1
> ci(e) > ue(z, 1) for all z € Q,

u(z, ) > m >

and clearly % -0 = 3“37(%’5)

= for all x € 9 and t € (7, Tinae,e). Furthermore, differentiating in
(2.12) we see that

Uy — AT+ XV - Vi + xme ()T — w1 + (u — X))@

= U+ xme () — KT+ (p— )T
> U — kT (p— x)u
1 1 K 1 K 2
- ‘W‘“*'h s }+(M_X)'{(u—x)t+u—+x}
K4
(1= x)t
> 0 for all z € Q and ¢ € (7, Thnaz,e),

whence in view of (2.8) the comparison principle applies so as to assert the inequality @ > u. through-
out Q X [7, Thaze) D Q X [10, Timaz,e). Firstly fixing e.g. 70 := T here, from the extensibility criterion
in Lemma 2.1 we thereby infer that indeed T42. = oo for all € € (0,1), whereupon we secondly
achieve (2.9) upon taking 7 “\, 0. O

2.2 Downward radial monotonicity of both solution components

Besides the mere radial symmetry, a further indispensable prerequisite for the most essential among
our subsequent arguments will be provided by the observation that the initially assumed monotonicity
property expressed in (1.4) and (2.2) is inherited by wu., and hence in fact also carries over to v.. Both
these statements rely on the following elementary fact.

Lemma 2.3 Let k € R and 0 < x < p, and assume (1.4). Then for all € € (0,1), we have

1 s
"o (r,t) = ﬁme(t)r" — / " Luc(p, t)dp for allr € (0,R) and t > 0. (2.13)
0



PROOF.  Since when written in radial variables the second equation in (2.6) becomes
(" L) = " rmg (t) — 7 rug () t) for all » € (0, R) and t > 0,

the claim directly results upon integration over (0,r) for r € (0, R). O

Indeed, this enables us to suitably reduce the differentiated version of (2.8) so as to conclude, again by
comparison and again making use of the assumption p > x, that u. remains radially nonincreasing.

Lemma 2.4 Assume that K € R and 0 < x < p, and that (1.4) holds. Then for each e € (0,1),
Uer (7, 1) <O for allr € (0,R) and t > 0. (2.14)
Proor. We fix e € (0,1) and 7" > 0 and then choose A. > 0 large enough fulfilling
Ae > hip + 3x|luell Lo (ax (0,1)) (2.15)
and for n > 0 we let
Zen (1, t) i= ugp (1, t) — neet, re[0,R], t€]0,T].

Then since due to (2.1) and (2.3) classical parabolic theory ([19]) ensures that u.,. € C°([0, R] x [0, T])N
C%1([0, R] x (0,T]) and that u.(0,t) = ue (R, t) = 0 for all ¢ € [0,7T7, it follows that z., belongs to
the same space and satisfies

2en(0,1) = zep(R,t) = —me*t <0 forall t € (0,7 (2.16)

as well as
Zen(1,0) = Uper (1) = < =1 <0 for all r € [0, R] (2.17)

according to (2.2). Moreover, differentiating the identity (2.8) with respect to r = |z|, we see that
Uert = Ugprr + Qe (7, E)Uepp + b (7, ) Ugy for all € (0, R) and t € (0,7,
with

-1
ag(r,t) = i . XVer re (0,R), te (0,7),

and

n—1
2 XVerr — Xms(t) +t R 2<lu - X)u67 re (07R>7 te <O7T)7

be(r,t) == — "

and that hence
Zent = Zeqrr + e (1, 1) Zenr +be (7, 1) 26+ (bg(r7 t)—)\g) -metet for all » € (0,R) and ¢t € (0,T). (2.18)
Here from the second equation in (2.6) we know that

n—1

Verr = Me(t) — ue — Ve for all » € (0,R) and ¢ € (0,7,

r



and that, by Lemma 2.3,

1 " 1
Ver (1, 1) = Ema(t)r - rln/o P g (p, t)dp < ;me(t)r for all r € (0,R) and t € (0,7,

whence

n—1)yxy 1 X
—XVerr < _Xma(t) + Xue + (T’) : Emg(t)T = _ﬁms(t) + Xue < XUe

for all 7 € (0, R) and ¢ € (0,7"). Therefore, (2.15) ensures that
be(r,t) < xue — xme(t) + £ —2(p — x)ue < Ky + 3xue < Ao for all 7 € (0,R) and t € (0,7,
and that thus

Zengt < Zeppr + Qe (7, 1) 2enr + b2 (1, 1) 29 for all » € (0,R) and ¢t € (0,7

according to (2.18). As a consequence of (2.16) and (2.17), it thus follows from a standard maximum
principle argument that in none of the domains [0, R] x [0, Tp], Ty € (0,7, ze; can attain its maximal
value 0, and that hence z., actually must remain negative throughout [0, R] x [0, 7], which on taking
n N\ 0 implies (2.14). O

Fortunately, the structure of the equation in (2.6) governing v, actually reducing to (2.13), is simple
enough so as to allow for a similar conclusion concerning the second solution component:

Lemma 2.5 Ifk € R, 0 < x < p and (1.4) holds, then for arbitrary ¢ € (0,1),
Ver(r,t) <0 for allr € (0,R) and t > 0. (2.19)

PrROOF.  We fix t > 0 and then obtain from the downward monotonicity of [0, R] 5 7 + u.(r,t), as
asserted by Lemma 2.4, that for all » € (0, R),

n [T 1

—1
| P ue(p,t)dp = ue(z,t)dx
™ Jo |B-(0)] JB,(0)
1
> = ue(x, t)dx
[Br(0)| JBR(0)
= me(t).
In view of (2.13), this precisely means that v.,.(r,¢) < 0 for all » € (0, R). O

2.3 Constructing a smooth limit in Q x (0, cc)

Returning to the outcome of Lemma 2.2, we can now proceed to the construction of a radially de-
creasing limit couple (u,v) which is smooth for ¢t > 0 and solves the corresponding identities in (1.2)
classically in this region. Indeed, by quite a straightforward reasoning we obtain the following result
on higher regularity away from the temporal origin.



Lemma 2.6 Let k € R and 0 < x < p, and assume (1.4). Then for all T € (0,1) and T > 1 there

exist 0 = 0(1,T) € (0,1) and C(1,T) > 0 such that
Hugﬂcﬁgyug(ﬁxhﬂ) + HU&HCQ+9’%(§X[T,T]) <C(r,T)  foralle €(0,1). (2.20)

PROOF.  On the basis of the uniform bound for u. in L>(2 x (7, 00)) provided by Lemma 2.2 for

each 7 € (0,1), this can be seen by adapting a standard bootstrap procedure to the present setting in
a straightforward manner (cf. e.g. [10, Section 5]). O

The compactness features thereby provided directly entail the announced existence result.

Lemma 2.7 Assume that k € R and 0 < x < p, and that (1.4) holds. Then there exists (€;)jen C
(0,1) such that €; \,0 as j — oo, and such that as € = € \, 0 we have
Us —> U in C*H(Q x (0,00)) (2.21)

loc

and
ve = v in CEA(Q x (0,00)) (2.22)

with some nonnegative functions u and v which form a classical solution of the boundary value problem
in (1.2) in 2 x (0,00). Moreover, u(-,t) and v(-,t) are radially symmetric and nonincreasing with
respect to |x| for all t > 0.

PrOOF.  According to Lemma 2.6, this can readily be derived by using the Arzela-Ascoli theorem
and an appropriate limit passage in (2.6), Lemma 2.4 and Lemma 2.5. O

3 Linking regularity at ¢ = 0 to time integrability of total mass

We next approach the core of our analysis by focusing on the initial behavior of the solution (u,v)
obtained in Lemma 2.7, and it will turn out that a crucial role in this regard is played by the behavior
of the total mass functional fQ u(x,t)dz near t = 0, which through the nonlocal coupling expressed
in (2.13) is closely linked to regularity of the cross-diffusive gradient v.,. Here bearing in mind our
ultimate goal of treating initial data merely fulfilling e.g. (1.14), we may by far not expect boundedness
of this functional, while on the other hand the bound therefor trivially implied by the upper estimate
for u. from Lemma 2.2 appears to be too rough by only yielding a multiple of % for t < 1 as a majorant
not integrable near ¢ = 0. Driven by the observation that, as we shall see by an independent reasoning
in Section 3.1, such an integrability feature seems essential for any nontrivial solution behavior near
t =0, in Section 3.2 we will employ another comparison argument to derive a further pointwise upper
bound for u. which is now singular at the spatial origin but uniform in time. In Section 3.3 this will
be seen to imply an integrable control for the mass functional, which will thereafter entail attainment
of the initial trace firstly with respect to some quite rough topology (Section 3.4), and finally, upon
another spatially local regularity reasoning in Section 3.5, also in the desired locally uniform sense
(Section 3.6).

10



3.1 Necessity of temporal mass integrability for nontrivial initial traces

Our further considerations can be motivated by the following observation indicating a crucial role that
integrability of the total mass functional plays with regard to nontrivial attainment of initial traces.

Proposition 3.1 Let k € R and 0 < x < u, and suppose that for some T > 0, (u,v) € C*H(Q x
(0, T]) x C%0(Q2x (0,T)) is a classical solution of the boundary value problem in (1.2) in Qx (0, T] which
is such that u(-,t) and v(-,t) are radially symmetric and nonincreasing with respect to |z| € (0, R) for
allt € (0,T), and such that

T
/ / u(z,t)dzdt = oo. (3.1)
0o Ja
If, apart from that,
1i1;n\i(§1fu(:c, t) < oo for some x € €, (3.2)
then for all ro € (|x|, R) we have
lizo inf [l )| Lo (B, (0)) = O (3.3)

In particular, if there exists ug : Q — R such that
u(-,t) = up a.e. in ) as t ™\, 0, (3.4)

then
up =0 a.e. in . (3.5)

Proor.  Fixing x € € such that (3.2) holds, this hypothesis states the existence of ¢; > 0 and
(tx)ken C (0,T) such that t; \, 0 as k — oo, and such that writing r, := |z| € [0, R) and again using
radial variables we have u(r,,t;) < ¢; for all k£ € N. As also by assumption we know that u,(-, ;) <0
in (0, R), this in particular entails that

R
Y1) = / (r = r)u(r, Odr, 1€ (0,T), (3.6)

satisfies

R 5
R—r,
y(te) < cg = 01/ (r —r)tdr = 61(5” for all k € N. (3.7)

Now if (3.3) was false for some 7 € (74, R), then we could find ¢3 > 0 and 7 € (0,7") with the property
that u(rg,t) > c3 for all ¢ € (0,7), again by monotonicity of (0, R) > r — u(r,t) meaning that

T0 o 5
y(t) > ¢y :=c3 - / (r —ry)tdr = C?’(TOST*) for all t € (0,7). (3.8)

To derive a contradiction from this, in full analogy to (2.8) we combine the first two equations in (1.2)
to see that

Ut = Upp + Lur — XUy — xm(t)u + ku — (p — x)u? forr € (0,R) and t € (0,7), (3.9)
r
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anflu(r, t)dr, t € (0,7, fulfilling

/ m(t)dt = (3.10)

as a consequence of (3.1). Moreover, since our assumptions ensure that u, and v, are nonnegative,
(3.9) implies that

with m(t) = & J,

up < Upp — xm(t)u + ku — (p — X)u2 in (0,R) x (0,7),
and that thus the function y from (3.6) satisfies

R
J(t) < / (r — 1)y (1, £)dr — xm()y(t) + ry(t)

_( o /R o 4,2
= X) (r — 1) u(r, t)dr for all t € (0,7). (3.11)

Here two integrations by parts show that since wu,(R,t) = 0 for all t € (0,7),

R R r=R
/ (r — 'r*)4uw(r, tydr = 12/ (r— r*)Qu(r, tydr + | (r — r*)4ur(7“, t) —4(r — r*)Su(r, t)
Ty Ty T=Tx
R
= 12/ (r — 1) ?u(r, t)dr — 4(R — 1.)>u(R, t)
Tx
R
< 12/ (r —r)2u(r, t)dr for all t € (0,7),
Tx
so that using Young’s inequality along with our assumption that p > x we obtain that
R u—vy (B
/ (r — )y (7, t)dr < 5 (r —r)*u?(r, t)dr + 5 for all t € (0,7)
Tx T
2 2 (. . \5
with c5 := 72(MR:XT*) > 0. As, by the same token, writing cg := Q(Zix) ff(r — e )tdr = % we
have
p—x (%
ky(t) < —= (r —r) Y (r t)dr + co for all t € (0,7),

Tx

from (3.11) we infer that
y' () + xm(t)y(t) < s+ c for all t € (0,7),

and that hence, after integration,

T

y(1) +x t m(t)y(t)dt < y(ty) + (5 +c6) - (T —tg)  forall k > ko
k
if we let ky € N be large enough such that t;, < 7 for all k£ > ko. In view of (3.8) and (3.7), however,
this particularly entails that
cax Tm(t)dt <o+ (c5+c6)T for all k& > ko,
tg
which, due to the positivity of x, in the limit & — oo contradicts (3.10) and thereby completes the
proof. ]
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3.2 A spatially singular but temporally uniform pointwise upper bound for wu.

Relying on the fact that (1.7) guarantees a favorable supersolution property enjoyed by large multiples
of ¢ for solutions of (2.8) with nonincreasing derivatives ., and v.,, we can turn our hypothesis (1.5)
into a second pointwise bound for u. of the announced flavor.

Lemma 3.2 Assume that k € R and 0 < x < p, and suppose that beyond (1.4), ug satisfies (1.5)
with some K > 0 and some ¢ fulfilling (1.6) and (1.7) with a certain K; > 0. Then there exists C > 0
such that for each € € (0,1),

ug(r,t) < Co(r) for allr € (0,R) and t > 0. (3.12)
Proor.  Using that p > x and that ¢(R) is positive, we choose a positive constant ¢; large enough

such that
2K,

> 3.13
i (3.13)
and 5
Ky
3.14
@2 G 0E) (314
as well as )

For fixed € € (0,1) and Jp € (0, R) we may then rely on the boundedness of u. in € x (0,00), as
asserted by Lemma 2.1 when combined with Lemma 2.2, to find c2(¢) > 0 such that

ue(r,t) < ca(e) for all » € (0, R) and ¢ > 0, (3.16)

and recall that by (1.6) we have ¢(r) 400 as r \, 0, so that we can pick § = d(e,dp) € (0, R) such
that 6 < ¢y and

o(5) > 22 (3.17)
C1
Here the latter together with (3.16) ensures that
u(r,t) == cag(r),  rel0,R], t=>0,

satisfies

w(0,t) = c10(8) > ca(e) > ue(6,1) for all t > 0. (3.18)
Moreover, by monotonicity of ¢,

U (R,t) = c1¢'(R) <0 = ugr (R, 1) for all t > 0, (3.19)

and at the initial time, our assumption (1.5) along with (2.4) warrants that due to (3.15) we have

u(r,0) = Ko(r)+ (e1 — K)o(r)
> Ko(r) + (a1 — K)¢(R)
> up(r)+1
> upe(r) for all r € (6, R). (3.20)
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Now computing

n—1 n—1

ﬂt - ﬂrr -

¢'(r)
—c1kp(r) + E(p — x) 2 (r), re (4, R), t>0,(3.21)

U — KU+ (p—x)a = a¢’(r)—c -

we see that again due to the monotonicity of ¢, by using (3.14) we may estimate

n—1

—cq - #'(r) >0 for all r € (4, R)

r

and
c1kp(r) _ 2K - 2K
3= x)¢%(r)  alp—x)8(r) = alp—x)o(R)
As finally (1.7) in view of (3.13) implies that also
- c1¢”(r) _ 2¢”(7")2 < 2K <1 for all r € (6, R),
3G =)0 (r) (L= x)ad?(r) ~ (k= x)a
from (3.21) it follows that

<1 for all r € (6, R).

Ut > Uy + nTﬂr + KT — (u — x> for all r € (4, R) and any ¢t > 0,

while thanks to the inequalities u., < 0 and v., < 0 asserted by Lemma 2.4 and Lemma 2.5, respec-
tively, from (2.8) we obtain that

Ugt = Ugrp + Tuar — XUerVUer — Xme(t)ua + Kue — (/~L - X)ue

< Ueppr + nTugr + ke — (p — x)u? for all r € (6, R) and ¢ > 0.
On the basis of (3.18), (3.19) and (3.20), we may therefore conclude by a comparison argument that
u(r,t) > u.(r,t) for all r € (§(e, o), R) and t > 0, which since (e, dp) < dp entails that
ue(r, t) < c19(r) for all € (6, R) and ¢t > 0
and therefore establishes (3.12) in the limit dp N\, 0. O

3.3 Uniform integrability of the mass functional

Now having at hand the upper inequalities for u. both from Lemma 2.2 and from Lemma 3.2, on
combining these and relying on the technical assumption (1.8) we can construct a majorant for the
mass functional in the following sense.

Lemma 3.3 Let k € R and 0 < x < p, and assume that (1.4) and (1.5) hold with some K > 0 and
some ¢ satisfying (1.6) and (1.7) as well as (1.8) with some K1 > 0 and Ky > 0. Then there exist
to € (0,1) and C > 0 such that for any e € (0,1) we have

o' ()"

" for all t € (0,tp). (3.22)

/ ue(z, t)de < C -
Q
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PROOF.  According to Lemma 2.2, we can find ¢; > 0 such that for all ¢ € (0,1),

&)

ug(r,t) < n for all € (0, R) and each t € (0,1), (3.23)

while Lemma 3.2 provides cp > 0 fulfilling
us(r,t) < cagp(r) forall 7 € (0,R) and ¢t >0 (3.24)

whenever ¢ € (0,1). Thus, if we let ¢y € (0,1) be such that ty < ﬁ, then for ¢ € (0,t9) we have
2
2071(3) < 201 (¢(%)) = R, and hence splitting

R 2071(3) R
/ g (r, t)dr :/ "L (r, t)dr +/ "L (r, t)dr, (3.25)
0 0 2¢-1(3)

we can combine (3.23) with (3.24) to estimate

2071(3) 2071
/ " lu(r,t)dr < o rLdr
0

and

[ etn < el Q) [1, e
< 5l

for all ¢ € (0,ty). Now since (1.8) ensures that herein

o(207(5)) = Ke 2o ()] 007 (5)

o ()"

IN

= 2"Ky- for all t € (0,1),

from (3.25) it follows that if we abbreviate c3 1= 21 4 # - 2" Ky, then

R
/ g (r t)dr < e - for all t € (0, 1),
0

which precisely yields (3.22). O

Now our final and most crucial hypothesis (1.9) ensures integrability of the right-hand side in (3.22)
near t = 0:

Lemma 3.4 Suppose that ¢ satisfies (1.6) as well as (1.9). Then

o [H—1(1\|n
/t [(blt(t)]dt < 00 for all to € (0,1). (3.26)
0
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PROOF.  Substituting r = d)_l(%) and integrating by parts, for § € (0,%y) we can rewrite

o [p=1(Lyn o) pn /
/t G ©) S -/ o g
5 t ¢

@ e O e e

Here, clearly,

¢~ (55) 1 ¢~ (55)
/ " ng(rydr < n/ r”_11n¢(r)dr+n/ " Ln¢(1)dr
¢ 0 1

“1(3)
1 1\1n
< o= n/ " n ¢ (r)dr + [gb_l (—)} -In¢(1) for all 6 € (0,%9),(3.28)
0 to
with ¢; being finite and positive by (1.9) and (1.6). Apart from that, (1.9) ensures that there must
exist (75)jen C (0,¢_1(%)) such that r; \, 0 as j — oo and r;‘_llnqﬁ(rj) < % for all j € N, for
otherwise f "n¢(r)dr > fl dr — 0. The numbers §; := ——~, j € N, thus satisfy §; < ¢ as well
o’ r J o(r;5) J

as

{qﬁ*l (;j)}n . lnélj =7ring(r;) <1

for all j € N, whence (3.27) along with (3.28) entails that

to 1/1
/Wf)]ﬁ<q+1 for all j € N,
)

J

because ln— is positive. Since the assumed convergence property of (7;)jen together with (1.6)
warrants that d; \( 0 as j — oo, this establishes (3.26). O

A further and quite immediate consequence of Lemma 3.3 on v, will be of substantial importance
both in Lemma 3.6 and in Lemma 3.8 below.

Lemma 3.5 Let k € R and 0 < x < p, and assume that (1.4), (1.5) and (1.6)-(1.8) hold with some
K >0, K1 >0 and Ky > 0. Then there exist tyg € (0,1) and C > 0 such that for any choice of
e€(0,1),

|vey (1, t)| < Cri7™ - for all r € (0, R) and each t € (0,t). (3.29)
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PROOF.  As on the right-hand side of (2.13) we can estimate

1 T R
S0 = [ oo ndp = [ e t)dp
0 0
o
= ———— [ wug(-t for all r € (0,R), t >0 and € € (0,1),
thanks to Lemma 2.5 this directly results from Lemma 3.3. 0

3.4 Approaching initial traces in (W:"(Q\ B;s(0)))*

Through (2.13), the information gained in Lemma 3.3 and Lemma 3.4 now provides regularity proper-
ties of the gradient Vo, that are sufficient for the derivation of the following statement on compactness
in appropriately large dual spaces.

Lemma 3.6 Let k € R and 0 < x < p, and suppose that (1.4) and (1.5) hold as well as (1.6)-(1.9)
with some positive constants K, K1 and K. Then for each 6 € (0,R) and any T > 1,

(ue)ee(o,1) 18 relatively compact in C’O([O,T]; (WOQ’l(Q \F(;(O)))*). (3.30)

Proor.  For fixed 6 € (0, R), Lemma 3.2 together with (1.6) allows us to fix ¢; = ¢;(d) > 0 such
that
u: <c; in (2\ Bs(0)) x (0,00) for all € € (0, 1), (3.31)

and Lemma 3.5 in conjunction with Lemma 2.6 states that if we let ¢y € (0,1) be as given by Lemma
3.5, and define

o~ (PI"
f(t) . t ’ te (OvtO)v (332)
17 t > to,
then for all 7> 1 we can find ¢ = c2(0,7") > 0 fulfilling
|Vue| < eaf(t) in (Q\ Bs(0)) x (0,7) for all € € (0,1). (3.33)

For arbitrary ¢ € (0,7) and ¢ € C§°(Q2\ Bs(0)), by going back to (2.6) we can thus use (3.31) and

(3.33) to estimate
/uEA¢+x/ uEVvs-Vw—l—/-i/ U — 1 u§¢’
Q Q Q

‘/ust x, t)
1l AY[le) + creaxf OV i) + calsl - 191l @) + Gl

for all € € (0,1), whence by completion we obtain that with some c3 = ¢3(5,7) > 0,

IN

“Ugt(',t)”(Wg,l(Q\E(S(O)))* <ec3-(f(t)+1) for all t € (0,7) and any € € (0,1).

In particular, this entails that whenever ¢ € [0, 7] and s € [0, ],

t
o) = o)z = | [ vatooldo

(W' (2\B5(0))*

< ¢ /t(f(a) + 1)do for all e € (0,1), (3.34)
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where we note that since f + 1 belongs to L'((0,7)) due to (3.32) and Lemma 3.4, the uniform
continuity of [0,7] 3 ¢ fg (f(o) + 1)do thereby implied ensures that

t
sup / (f(e)+1)do — 0 as n N\ 0.
0<s<t<T Js
[s—t|<n

Accordingly, (3.34) entails that (ue).c(o,1) is equi-continuous on [0, 77 as a family of (Wg’l(Q\Eg(O)))*—
valued functions, so that since furthermore, for each fixed t € [0,T], (ue(:,t))zc(0,1) is bounded in
L>®(Q\ Bs(0)) = (W02’1(Q \ B;s(0)))* by (3.31), the claimed compactness property (3.30) becomes
a consequence of the Arzela-Ascoli theorem. O

A natural consequence of the latter completes the following key step in our reasoning.

Lemma 3.7 Assume that k € R and 0 < x < u, and suppose that (1.4) and (1.5) hold as well as
(1.6)-(1.9) with some positive constants K, K; and K. Then the limit function u obtained in Lemma
2.7 has the property that for all 6 € (0, R),

w(t) = ug in (ngl(g\ﬁé(())))* as £\, 0. (3.35)

Proor.  This is immediately implied by Lemma 3.6 when combined with Lemma 2.6 and the fact
that u.(-,0) — ug in L>®(Q\ B;(0))) as € \, 0 according to (2.5). O
3.5 Additional consequences of uniform mass integrability on regularity near ¢t = 0

Let us now make sure that outside the spatial origin the upper bound for u. from Lemma 3.2, together
with the mass control implied by Lemma 3.3 and Lemma 3.4, actually implies further compactness
properties of (ug(-, t))te(o,l)- By means of a standard testing procedure involving appropriate localiza-
tion, Lemma 3.5 together with Lemma 3.2 indeed entails the following.

Lemma 3.8 Assume that K € R and 0 < x < p, and suppose that (1.4) and (1.5) are valid with
K > 0 and ¢ fulfilling (1.6) and (1.7) with some K1 > 0. Then for each 6 € (0,R) and any T > 0
one can find C(6,T) > 0 such that

T
/ / Ve (z,t)|?dz < C(6,T) for alle € (0,1). (3.36)
o Jo\ss(0)

ProOOF.  Given 6 € (0,R) and T > 0, we once more invoke Lemma 3.2, (1.6), Lemma 3.5, Lemma
2.6 and Lemma 3.4 to find ¢; = ¢1(8) > 0, c2 = c2(6,7) > 0 and f € L'((0,7)) such that

ue <cp in (2 B% (0)) x (0,00) for all e € (0,1) (3.37)

and

Ve < eaf(t) in (Q)\ B% (0)) x (0,7) for all € € (0,1). (3.38)
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We then pick a cut-off function ¢ € C°°(Q) such that 0 < ¢ < 1in Q, ( =1in Q\ Bs(0) and ( =0
in B5(0), and test the first equation in (2.6) against (u. in a standard manner to see that for each
2
€ (0,1),

e . —_— . _— 2
th/C = /QCug {Aug XV - (ueVue) + Kkue ,uue}

= —/(]V%Q—/ugVus-VC
Q Q

X/ CusVue - Vo + X/ u?VUE - V(¢
Q Q
+m/ Cu? — u/ Cu?  forallt>0. (3.39)
Q Q
Here upon another integration by parts we can use (3.37) to estimate

1 2
_/ R 2/ 2AC< A forall >0, (3.40)
Q Q

and similarly we may treat the third summand on the right of (3.39) to find that due to the second
equation from (2.6) and our assumption that u > x > %,

X/ Cu:Vue - Ve + Xugvvs V(- :u/ Cug
Q Q

_ —X/ngAva—i-X/Ugvva'vﬁ_ﬂ/gug

2 QO 2 Q Q
= Xy e (0= [+ X [ w2v.
= 2m€(t) /qus (u 2>/QCUE+ Q/ngva V¢

< X/ unge -V(¢
2 Ja
< gcf@nvgnwm Cf()  forallte (0,7). (3.41)
As clearly, also by (3.37),
/ Cu? <c3Q|  forallt >0, (3.42)

from (3.39)-(3.41) we infer the existence of c¢3 = ¢3(9,7") > 0 such that for arbitrary ¢ € (0, 1),
/Cu +2/C|Vu5] <ecs-(f(t)+1) for all ¢ € (0,7),
which on integration yields
T T
/ Cu(-,T) + 2/ / (Vu]? < / Cul. + C3/ () + )it forallec (0,1).  (3.43)
Q 0 Q Q 0

Since (2.4) and (1.5) along with the fact that supp( C Q\ Bs(0) enforce that SUD.c(0,1) Jo Cud, is
2 bl

finite, and since f + 1 belongs to L'((0,T)), recalling that ¢ is nonnegative and satisfies ¢ = 1 in
'\ Bs(0) we obtain (3.36) as a consequence of (3.43). O
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One final regularity argument, now using a localization slightly more subtle and thereby favorably
cooperating with our knowledge on radial symmetry and monotonicity, yields even certain temporally
uniform bounds for Vu, in annular regions.

Lemma 3.9 Let k € R and 0 < x < p, and let (1.4), (1.5), (1.6) and (1.7) be satisfied with some
K >0 and K; > 0. Then for any § € (0,R) and T > 0 there exists C(6,T) > 0 such that whenever
e€(0,1),

/ \Vue(x,t)|?de < C(6,T)  for allt € (0,T). (3.44)
Q\Bs(0)

Proor.  For fixed § € (0,R), we choose a cut-off function ¢ € C*°(Q2) such that again ¢ = 0 in
B;(0) and ( =1 in Q\ Bs(0), but such that now, in contrast to the requirements from the proof of
2

Lemma 3.8, ¢ additionally is radially symmetric and nondecreasing with respect to r = |z| € [0, R].
Then upon several integrations by parts we obtain from (2.8) that for all € € (0, 1),

1d
Sdi /Q ()| Vue (2, t)Pde = /Qg2Vu6 . V{AuE — xVue - Voe — xme(t)ue + kus — (1 — X)ug}
= —/ C2|AU5|2—2/C(VME-VC)AUE
Q Q
_X/ *Vu, - V(Vue - Vo) — Xma(t)/ 2|V |?
& Q
"’W/ | Vuel* = 2(p — X)/ Cue|Vue*  forallt >0, (3.45)
Q Q

where by Young’s inequality,

—2/C(Vu5-VC)Au6 S/C2Aug\2+/ V¢ Vu: > forall t > 0. (3.46)
Q Q Q

In the crucial third summand on the right of (3.45), we resort to the radial notation again to see
upon further integration by parts that thanks to the boundary condition u.,(R,-) = 0 and the second
equation in (2.6),

R
_/ Tn_lCQ(T)uer : (usrvar)rdr
0
R R
= _/ Tn_lCQ (T)uerusrrvsrdr - / rn—ng (T)ugrvsrrdr
0 0

1B ) n—1 R )
— 2/ ¢ (r)ugr <v€m« + TU”)CZT +/ r"_lg(r)g}(r)uarvwdr
0 0

R
— / e (r)ugTvarrdr

0

1

B o2 2 n—1 o 2
= —5 / r C (T)Uer (Usr‘r + 7ver>d7’ + / r C(T)CT(T)UET’UgrdT
0 " 0

R
+(n — 1)/ r"_QCQ(r)ugrvsrdr
0
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R R
1
= —2m5(t)/ r”lg‘2(7’)ugrdr+2/ " (r)ueu, dr
0 0

R R
4 [0 v+ =) [ vdr forall > 0
0 0

Since usr < 0 and v, < 0 by Lemma 2.4 and Lemma 2.5, our requirement on upward radial mono-
tonicity of ¢ thus ensures that, besides the fourth last and the last, also the second last summand
herein is nonpositive for all € € (0,1) and ¢ > 0. Therefore,

—x/ *Vue - V(Vue - Vo) < >2</ Cue|Vue > for all t > 0,
Q Q

whence (3.45) and (3.46) along with our assumption that p > y imply that

1d

/g%wﬁg/ |VC’2|VU5|2+/€+/CQVUg‘2+X/CQU5|VU5|2 for all ¢ > 0.

Again relying on Lemma 3.2 and (1.6), we thus conclude that for any such ¢ and each T' > 0 we can
find ¢; = ¢1(6,T) > 0 fulfilling

d/ ClVu]? < 01/ |V |? for all t € (0,7") and any ¢ € (0,1)
dt Jo Q\B, (0)
and that accordingly, for each € € (0, 1),

T
/C2(:U)|Vu€(:r,t)]2dx§/C2($)|Vu05(fn)|2dx+cl/ / Va2 forall £ € (0,7).
Q Q 0 Q\B%(O)

In view of (2.5), the outcome of Lemma 3.8 therefore warrants validity of (3.44) with some suitably
large C'(4,T) > 0. U
3.6 Locally uniform initial trace attainment. Proof of the main results

One last time making use of radial symmetry, from Lemma 3.9 and the compactness of the embedding
W2((5, R)) — C°([8, R]) for § € (0, R) we can finally infer the following.

Lemma 3.10 Assume that k € R and 0 < x < u, and suppose that (1.4) and (1.5) as well as (1.6)-
(1.9) hold with some positive constants K, K; and Ky. Then the function u given by Lemma 2.7
belongs to CO((Q\ {0}) x [0,00)) and satisfies

u(-,t) = ug in CL.(Q\ {0}) as t N\, 0. (3.47)

PrROOF. As ug is continuous in Q \ {0}, in view of the regularity properties asserted by Lemma
2.7 it is sufficient to verify (3.47). In fact, if this was false then there would exist § € (0, R) and
(tx)ken C (0,1) such that t; \, 0 as k — oo and
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On the other hand, combining Lemma 3.9 with the convergence statement from Lemma 2.7 provides
c1 > 0 such that, again in radial coordinates, we have

R
/6 T,n—lu%(r7 t)dT’ <c for all t € (0, 1)

and hence, by the Cauchy-Schwarz inequality,

T2
u(rg,t)—u(rl,t)‘ = ’/ uy(r,t)dr
1
T2

< {/ﬁ r”—lui(r,t)dr}

1

o i
{/ rl_”dr}
T1
= 1—n

< iz (ro— 7“1)% for all ry € [d, R], r2 € [r1, R] and t € (0, 1).

[SIE

Together with Lemma 3.2 and (1.6), by the Arzela-Ascoli theorem this equi-continuity property war-
rants that (u(-,;))ken is relatively compact in C°(Q2\ Bs(0)), so that for some subsequence (ty,)jen
of (tp)ren we can find z € C°(Q\ Bs(0)) such that u(-,t,) — z in C°(Q\ Bs(0)) as j — oo. But since
from Lemma 3.7 we already know that wu(-,t) — up in (W02’1(Q \ Bs(0)))* as t \, 0, this necessarily
implies that z = up and thereby contradicts (3.48). O
Proving our main results thereby essentially reduces to collecting tesserae:

PROOF of Theorem 1.1.  We only need to combine the results from Lemma 2.7, Lemma 3.3 and
Lemma 3.4 with the convergence statement asserted by Lemma 3.10. O

PrOOF of Corollary 1.2.  Setting ¢(r) := e ", r > 0, we immediately see that (1.5) and (1.6)
hold, and computing

G (r) = —axr e and  ¢(r) = 2PN 22T Lga+ DA 2NN p >0,

we see that
¢"(r)
¢*(r)

which implies (1.7) for some suitably large K7 > 0. Likewise, (1.8) can be achieved upon observing
that

= a®\2r 22 L (e DA 2T 50 as r \,0,

2 —Q -
¢ (2r) = e 1227 g as r \,0,

ro(r)
whereas (1.9) is a direct consequence of the hypothesis (1.15). O
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