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Abstract

This paper investigates the Keller-Segel model with quadratic cellular diffusion over a disk in
R? with a focus on the formation of its nontrivial patterns. We obtain explicit formulas of radially
symmetric stationary solutions and such configurations give rise to the ring patterns and concentric
airy patterns. These explicit formulas empower us to study the global bifurcation and asymptotic
behaviors of these solutions, within which the cell population density has d-type spiky structures
when the chemotaxis rate is large. The explicit formulas are also used to study the uniqueness and
quantitative properties of nontrivial stationary radial patterns ruled by several threshold phenom-
ena determined by the chemotaxis rate. We find that all nonconstant radial stationary solutions
must have the cellular density compactly supported unless for a discrete sequence of bifurcation
values at which there exist strictly positive small-amplitude solutions. The hierarchy of free en-
ergy shows that in the radial class the inner ring solution has the least energy while the constant
solution has the largest energy, and all these theoretical results are illustrated through bifurcation
diagrams. A natural extension of our results to R? yields the existence, uniqueness and closed-
form solution of the problem in this whole space. Our results are complemented by numerical
simulations that demonstrate the existence of non-radial stationary solutions in the disk.

Keyworbps: Keller-Segel, Quadratic Diffusion, Ring Solution, Airy Pattern

1 Introduction and Main Results
In this paper, we investigate the following system for functions (u, v) of space-time variable (x, t)

u, = V- wVu - xuVv), xe By(R),t >0,
Vvi=Av—v+u, X € By(R),t > 0,
u(x,0),v(x,0) > 0,20, xe€ ByR),
ou(x,t) =0,v(x,t) =0, xe€dBy(R),t>0,

(1.1

where By(R) C R? is the disk centered at the origin and with a radius R, and v is the unit outer
normal on the boundary dBy(R). We want to study the formation of nontrivial patterns within (1.1)

“Department of Mathematics, Southwestern University of Finance and Economics, 555 Liutai Ave, Wenjiang,
Chengdu, Sichuan 611130, China; Ichen @smail.swufe.edu.cn

"Department of Mathematics, Southwestern University of Finance and Economics, 555 Liutai Ave, Wenjiang,
Chengdu, Sichuan 611130, China; fzkong@smail.swufe.edu.cn

J:Department of Mathematics, Southwestern University of Finance and Economics, 555 Liutai Ave, Wenjiang,
Chengdu, Sichuan 611130, China; qwang @swufe.edu.cn



by looking at its nonconstant steady states. In particular, we restrict our interest to the nonnegative
radially symmetric steady states (u, v) = (u(r), v(r)) with r = |x| such that

0= (ru(u - xv),)r, r € (0,R),
0=v, +1iv,—v+u, r € (0,R),
u € C°([0,R]), v € CX([0, R]), u(r) 2 0,v(r) > 0, re€ (0,R),
Jooiy #)dX = Msu,(r) = v,(r) = O for r = O, R,

(1.2)

Then we will obtain explicit solutions of the stationary system (1.2) and classify all of them in terms
of the value of parameter y. These explicit formulas will be used to analyze the uniqueness and
qualitative behaviors of the steady states presented in various bifurcation diagrams as we shall see
later.

(1.1) arises as a model of chemotaxis that describes the evolution of cellular distribution at popula-
tion level due to random noise and stimulating chemical in environment. This biological phenomenon
was described through PDE systems proposed by Evelyn Keller and Lee Segel in the 1970s [43—45].
A general Keller—Segel model consists of two strongly coupled parabolic equations of (u(x, t), v(X, 1)),
u the cellular population density and v the chemical concentration at space—time location (x, 7)

random (flux)  chemotactic (flux)

— —_——
u,=V-( uVu - o¢(u,v)Vv ), xeQ,t>0,
chemical diffusion ~ chemical creation/consumption ( L. 3)
— —
Vv, = dAv + k(u,v) , xXeQ,t>0,

given non-negative initial data u(x, 0), v(x, 0) >, # 0 over the spatial region €, which is usually taken
to be the whole space RY, N > 1, or its bound domain with additional non-flux boundary conditions
imposed on u and v in an enclosed environment. Here u > 0 is the cellular motility and d > 0 is the
chemical diffusion rate; ¢ is the so-called sensitivity function and it measures intensity of chemotactic
movement due to the variation of cell population density and chemical concentration; k describes
the chemical creation and degradation rate and it can depend on the cellular density and chemical
concentration in general.

1.1 Kaeller-Segel Chemotaxis Models

Though bacteria may behave independently, their distribution exhibits regularities through collective
behaviors at population level. One of the most impressive experimental findings in bacterial chemo-
taxis is the self—organized cellular aggregation that initially evenly distributed cells can sense and
move along chemical distribution, and group with others into one or several spatial aggregates even-
tually. The Keller—Segel type models can capture such aggregation behavior through the blow-up
of cell density in finite or infinite time [27, 34, 36, 53], or the concentrating profiles of stationary
solutions [26, 54, 55, 60, 71, 72], and they have achieved great academic success over the past few
decades.

The studies of stationary solutions with large amplitude were initiated by the seminal works of C.-
S Lin, W.-M. Ni and I. Takagi [49, 54, 55]. They considered the stationary system of (1.3) with loga-
rithmic sensitivity and linear chemical creation and degradation rate over a general multi—-dimensional
bounded domain Q c RY, N > 1 of the following form

V.- uVu—-xuVinv) =0, xeQ,
gAv—-v+u=0, xeQ,
ou=20,v=0, X € 0Q),
Judx = [ vdx = alQ),

(1.4)
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where i is the fixed average population density from the conserved total population fQ u(x, dx =

fQ up(x)dx = u|Q| in the time—dependent system. System (1.4) can be solved in light of the following

Neumann boundary value problem with p := i—j

gAw-w+wP =0, xeQ,
{ o,w =0, X € 09, (1.5)

because if w is a positive solution of (1.5), the pair (&, v) given by

-1 -1
U= (ﬁj{;w(x)pdx) wl, v = (ﬁj{;w(x)d?{) w

is a solution of (1.4). Assuming that p € (1,00) for N = 1,2 and p € (1,(N +2)/(N —2)) for N > 3,
they proved in [49] that (1.5) has only constant solution if ¢ is large, and it admits nontrivial solutions
if £ is small, which are critical points of an energy functional in certain Sobolev space. Moreover, they
proceeded to prove in [54, 55] that if € is sufficiently small, the least energy solution w, must achieve
its unique local (hence global) maximum at a single boundary point x. € 0Q; furthermore, as € — 07,
X, — Xo € 0€), where the mean curvature of the boundary achieves its maximum. Since then (1.5) has
been extensively studied by various authors, and the readers can find its further development in [31—

, 50, 73, 75] and the references therein. It seems necessary to mention that this approach heavily
depends on the smallness of chemical diffusion rate €, hence requires a primitive understanding about
the “ground-state” of the whole space counterpart of (1.5); moreover, this method is not applicable in
general when cellular growth is considered since (1.4) with cellular growth can not be converted into
a single equation any more.

In [71], X. Wang initiated a completely different approach to tackle this model directly without
converting it into a single equation. With the aid of the global bifurcation theories [58, 59, 62], this
technique is further developed and successfully applied to a wide class of Keller—Segel models in
[26, 48, 71, 72]. They take y as a bifurcation parameter and show that the first bifurcation branch
must extend to right infinity without intersecting with the y—axis, which implies the existence of
nonconstant steady states whenever y surpasses a critical threshold value, given explicitly in terms
of system parameters. Moreover, by Helly’s compactness theorem, they obtained the spiky and layer
structures of the steady states when the chemotaxis rate is sufficiently large (compared to the cell

motility rate). The stability and dynamics of these spiky solutions are investigated in [25, 79]. Though
this approach is currently restricted to 1D settings, one of the advantages over the methodology in [49]
is its applicability in problems concerning cellular growth [68-70].

One very important extension of (1.3) is to include density-dependent diffusion, assuming that
cellular dispersal is anti—crowding and recedes as the population thins. For example, K. Painter and
T. Hillen [57] proposed and studied the following volume-filling model

{ u; = V-(Dw)Vu — Sw)Vv), xeQ,t> 0,

vi=Av—v+u, xeQt>0, (1.6)

with D(u) = Q(u) — uQ’(u) and S (u) = uQ(u), where Q(u) denotes the density—dependent probability
that the cell reaches its neighboring sites. Systems with other general nonlinear diffusion and sensitiv-
ity functions D(u) and S (u) have been extensively studied by various authors [37-39, 64, 65, 76, 77].
In simple words, there exists a criticality of the global existence and blow—up which can be for-
mally stated as follows: assume that Q = R¥, N > 2, or a bounded domain with Neumann bound-

ary conditions on # and v. Denote Wy for u large, then the index % is critical to (1.6) in

D(u)
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the sense that its solution exists globally and remains bounded in time if @ < %, while there may
2

exist solutions which blow up in finite time if @ > <, in particular when initial cell population
is large. Other extensions such as to include different sensitivity functions, kinetics and cellular
growth have been studied by many authors. It seems necessary to mention that there are many works
[6, 14, 15,19, 23, 24, 28, 30, 42, 46] on (1.6) in the whole space R”, the parabolic-elliptic of which
becomes a nonlinear aggregation-diffusion equation that serves as a paradigm in studying collective
animal behaviors [4, 52, 66]. There are also some works that study the dynamics of (1.6) in bounded
domain [18, 40, 78]. For a survey of the Keller-Segel models, see [35] and the references therein.
One recognizes (1.1) in the form of (1.6) with D(u) = S (u) = u. According to [37, 65], system (1.1)
has a global weak solution and this global solution is uniformly bounded in time hence blow-up does

not occur.

1.2 Main Results

In this paper, we study the existence, uniqueness and qualitative properties of radially symmetric
stationary solutions of (1.1). We shall achieve these goals by obtaining the explicit formulas of the
radial solutions. Of our concern is the stationary solutions of (1.2) that capture the cell aggregation
phenomenon within porous medium diffusion, and in particular, we will scrutinize the effects of
chemotaxis rate y on the dynamics of (1.1) by setting the rest parameters to one.

An immediate consequence of the zero-flux boundary condition is the conservation of cell popu-
lation

R
M = ux, 1 dx = f u(x,0)dx = Zﬂf u(ryrdr, forall t > 0,
Bo(R) Bo(R) 0
thanks to which both system (1.1) and its stationary system (1.2) admit the following constant solution

M M
R )

(i1, V) := (

In contrast to previous works [49, 54, 55, 72] with non-degenerate diffusion where both u# and v
are strictly positive, the appearance of degenerate diffusion in the u-equation of (1.1) and (1.2) causes
the lack of (strong) maximum principle and u does not have to be strictly positive. Indeed, we shall
see that in most cases u is compactly supported, while only for very special case does one collect
positive solutions (u, v). Here and in the sequel by compactly supported and strictly positive we refer
it for u since v is always strictly positive by maximum principle.

For simplicity of notation we introduce

Jik

Yii= (7)2 +1,keN", (1.7)

where j; x is the k-th positive root of the first kind Bessel function J; with
_]‘]’] ~ 38317, _]’],2 ~ 70156, _]‘]’3 ~ 10.1735,_].]’4 ~ 13.3237,‘].1’5 ~ 164706,

to name the first few explicit values. According to [16], if ¥ < xi, the constant solution (i, V) is
globally asymptotically stable with respect to (1.1) in the radial setting, therefore throughout this
paper we assume y > Y in order to study its nonconstant radial stationary solutions.

Concerning the stationary problem (1.2), the first set of our results can be summarized as follows:



Theorem 1.1. Let R > 0 and M > 0 be arbitrary constants. The following statements hold:

(i) if x < x1, (1.2) has only the constant solution (i1, V), and if ¥ > x1,# Xk, k > 2, any solution of
(1.2) must have u be compactly supported in By(R);

(ii) for each y = x, k € N7, there exists a one-parameter family of solutions given by

_ J1kT u u 2.482u
@), vO ) = @,9) + e(yr, DIo( =), 7 € (O,R);—— < ¢ _ ~
4 0( R ) Xk —Jo(Jl,l))(k( Xk )

IA

;o (1.8)

~

where u® is strictly positive in (0, R) for each k; moreover, any strictly positive solutions of (1.2) must

be of the form (1.8);

(iii) for each x > xi, (1.2) admits a unique pair of nonconstant solutions (u=(r),v_(r)) and
(u*(r), v*(r)) which are explicitly given by (2.8) and (2.16); moreover, if ¥ € (x1, x2), any nonconstant
solution of (1.2) must be given by one of the pair (u*, v*);

(iv) as y — oo, the solution u™(r) converges to the o-function centered at the origin r = 0, and
u*(r) converges to the 6-function centered at r = R, whereas v* converge to corresponding Green'’s
functions.

(i)-(iii) are presented in the bifurcation diagrams in Figure 1, and the asymptotic behaviors in (vi)
are illustrated by Figure 2 and Figure 3. We would like to point out that the novelty of quadratic
diffusion structure is utilized to obtain the explicit formulas for (1.2) as described above; more im-
portantly, besides the above-mentioned priorities, one can state more about each solution such as its
support monotonically shrinks to zero as y goes to infinity, the inner ring = has a smaller energy
than the outer ring u*, while both of them are smaller than that of the constant solution. Now that
our approach is constructive, we can obtain the explicit formula for any radially symmetric solution
of (1.2). We shall provide details in the coming sections.

Theorem 1.1 indicates that if y € (yi,yx»), radially monotone solutions are uniquely given by
the pair (4™, v*) and all nonconstant radial solutions must be one of the pair. Therefore we can find
radially non-monotone solutions only for y > y». Indeed, our next main results state that there are
(infinitely) many radially non-monotone solutions in this case.

Theorem 1.2. Let R > 0 and M > 0 be arbitrary constants. For each y > x», the following statements
hold:
(i) there exist R,(x) and Ro(x) (defined by (3.1)) such that for each R, € [I_?O,RO], there exists
a non-monotone solution (uy(r),v,(r)) explicitly given by (3.2), where u, is compactly supported in
[0, R], and v, is monotone decreasing in (0, Ry) and increasing in (Ry, R), moreover, the support of uy
is of the form [0, r1) U (r4, R] for some ry < Ry and r4 < R — Ry;
(ii) there exists x5 > x» such that (1.2) has another solution (u;, v;) described as follows
(ii-1) for each x € (x2,x5], there exist a unique Ry and non-monotone (u;(r), vi(r)) explicitly
given by (3.5), such that u; is compactly supported in [0, R], and v; is monotone increasing in (0, R)
and decreasing in (Ry, R); moreover, the support of u; is of the form (Ry — r», R] for some r, < Ry;
(ii-2) for each x € (x5, ), there exist a unique Ry and non-monotone (u;(r), vi(r)) explicitly
given by (3.8), such that u; is compactly supported in [0, R], and v; is monotone increasing in (0, R;)
and decreasing in (R, R); moreover, the support of u; is of the form (R — r2, Ry + r3) for some ry < R;,
andr; <R - R;;
(iii) for each x € (x2,x3), all non-monotone solutions of (1.2) must be either (uy,v,) given in (i)
or (u;, v;) given in (ii).

Non-monotone radial solutions obtained in Theorem 1.2 are illustrated in Figure 5 and Figure 6.



It is well known that system (1.1) has the following free energy functional

Eux, 1), v(x, 1)) = 1 f
X

By(R)

udx + f (VY +v* = 2uv)dx (1.9)
Bo(R)
which is non—increasing along the solution trajectory with its dissipation given by

o __2 f ulVu — yVv[*dx — 2f lv[*dx := T <0, forallt>0. (1.10)
dt X JIBy(R) Bo(R)
Moreover, this energy is a Lyapunov functional since steady states (uy, v;) are characterized by the
zero dissipation J (u,,vy) = 0. We would like to remark that to derive (1.10) one starts with an
approximation problem of (1.1) that possesses a unique solution, and then collect this inequality by
passing to this approximation limit. After establishing the explicit solutions of (1.2), we next provide
a hierarchy of free energies of these nontrivial patterns. Our results indicate that in the radial setting
the constant solution is the global minimizer of the free energy, and the inner ring solution (™, v™) has
the least energy; moreover, the constant solution has a larger energy than any compactly supported
solution of (1.2). The significance of our results is that they hold for any y > x; without further
assumptions on other system parameters. Another set of our results are summarized in the following:

Theorem 1.3. Let R > 0 and M > 0 be arbitrary. Then the following statements concerning the
explicit solutions obtained in Theorem 1.1 and Theorem 1.2 hold:

(i) for each y > yy, E(u~,v7),EW*,vY) < E(u, v) = Ew®, v, given by (1.8);

(ii) for each xy > x», let Ry € [1_30,1_30], R be given, and the solutions (uy(r; Ro), va(r; Ry)) and
(ui(r), vi(r)) be obtained in Theorem 1.2. Then we have E(ugy, vy), E(u;, v;) < E(u, v);, moreover, for
x > 1, 8(ug, va)lgy=g, = EW ,v7) = —MZ:THX +0(1) and E(ug, va)lry=r, — EWU*,v*) = _;:12{1[01((1;)) +o(1);

(iii) let (tepr, Vepr) be any solution with u being compactly supported, then E(Ueps, Vepr) < E(it, V).

Theorem 1.3 provides a hierarchy of energies of the explicit solutions obtained in this paper.
These statements are illustrated by the energy diagrams in Figure 10. From the viewpoint of the free
energy, Theorem 1.3 suggests that in the radial class the inner ring solution (x~, v™) is the most stable,
while the constant solution (iz, ) and the bifurcation solutions (1.8) are the most unstable. Moreover,
now that (1.1) admits multiple stationary concentric rings when y is large, the configurations with a
large inner spiky structure (spike at the origin r = 0) tend to be more stable than those with a large
outer spiky structure (spike on the boundary r = R). We would like to comment that for solution
(uq(r; Roy), va(r; Ry)), the variation of R, or y does not necessarily induce monotonicity in the configu-
ration u in general. For instance, one does not expect a larger |luy(r; Ro)ll.~ for a larger y if Ry = R,,.
See the second column of Figure 5 for an illustration.

1.3 Global Stability v.s. Chemotaxis—Driven Instability

A striking difference between (1.1) and its counterpart in the whole space is that the former has the
constant pair (i, V) as a solution. According to [16], this constant solution is globally asymptotically
stable if y < y; and it becomes unstable as y surpasses y;.

First of all, we show that if y > x, # xx, then any solution # must be of compact support in By(R).
To see this, we argue by contradiction and assume that u > 0 in By(R) for some y > xi,# xx. Then
the u-equation implies that u — yv equals some constant in By(R) and the v—equation becomes

Av+(y — D(v=7) =0, r e (0,R),
v e C*(0,R)) N CY(0,R]),v(r) >0, re(0,R),
o0.v(r) =0, r=0,R.



Therefore (v — v, ¥ — 1) is an eigen—pair of —A, in the Neumann radial class, hence we must have
that y = xx, which is a contradiction to our assumption, therefore u# must be compactly supported. In
the next, we will obtain explicit formulas of these solutions with compact support for each y > y;.
However, when y = xi, (1.2) also has solutions which are positive in By(R). Indeed, according to
our discussions above, when y = i, v — v is a multiplier of the Neumann eigen-function JO(%) of
Laplacian. Therefore, we have proved the following results.

Lemma 1.1. Let (u(r), v(r)) € C°([0, R]) x C*((0, R)) be any solution of (1.2). Then for each y > y1,
#* Xt k € N*, we must have that u(x) is compactly supported in By(R); moreover, when y = x, (1.2)
admits a one-parameter family of positive solutions W), vP(r) explicitly given by (1.8).

It is perhaps worthwhile mentioning that one can apply bifurcation theory to establish nonconstant
solutions of (1.2) out of (i1, v). To see this, let us rewrite it into the abstract form 7 (u, v, y) = 0 by
treating y as the bifurcation parameter

(ruCu — xv)r)r
F(u,v,x) =|ver + %vr—V+u L AXXXR > Y XY XR,
B udx - M

with X := {w € H*((0,R))[w'(0) = w'(R) = 0} and Y := L*((0, R)). Then it is not difficult to show
that its Fréchet derivative Dy, ¥ (uo, vo, x) is a Fredholm operator with zero index for any (u, vo) in
a small neighbourhood of (i, V), and D, F (i1, v, x) satisfies the so—called transversality condition.
Therefore by the well-known Crandall-Rabinowtiz theorem on the bifurcation from simple eigen-
value [29, 62], bifurcation occurs at (i, v, y;) for each k € N*, and there exist a constant 6 > 0 and
continuous functions (u(r, s), vi(r, $), xx(5)) : s € (=0,0) = XX X XR" such that any solution of (1.2)
around (i, ¥, ;) must be of the form (u, vi) = (4, ¥) + s(xx, DJo(j147/R) + O(s%), xx(s) = xx + O(s).
Indeed, one can further show by fitting this solution with the equations of (1.2) that both O(s?) and
O(s) are identically zeros, hence this bifurcating expansion is reduced to (1.8), which presents the
unique solution around (i, v, y;). Note that the bifurcation solution has a small amplitude when y
is around Y, therefore to look for large amplitude solutions one needs to study (1.2) with large y,
when the bifurcation branches are far way from (i, v, y;). However, the abstract global bifurcation
does not apply anymore due to the curse of diffusion degeneracy. In this paper, we obtain the explicit
formulas for solutions of (1.2), thanks to which the global bifurcation diagrams naturally emerge;
moreover, among others our results indicate that each branch is neither pitch-fork nor transcritical
locally, and its continuum connects the bifurcation solutions with the stationary solutions that are
compactly supported.

1.4 Paper Organization

The rest part of this paper is organized as follows. In Section 2, for each y > y; we first obtain explicit
solutions of (1.2) such that u is radially monotone decreasing/increasing within its support. This gives
rise to the so-called inner/outer ring solutions. Moreover, we show that as y tends to infinity, both
solutions converge to a Dirac-delta function, the former centered at the origin and the latter centered
on the boundary. In Section 3, we study two types of non—-monotone solutions, i.e., the so-called
Mexican-hat and Volcano solutions. Our results readily imply that there are infinitely many radial
solutions once y > y». Asymptotic behaviors of these solutions are also established in the large limit
of chemotaxis rate. Section 4 is an extension of the previous sections from simple and lower modes
to complex and higher modes for large y. In particular, for an arbitrarily given but fixed y, we classify
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all solutions of (1.2) in terms of the size of this parameter. In simple words, an intense chemotaxis
gives rise to airy patterns that have a bright central region or circle in the middle, surrounded by a
sequence of concentric rings. As an immediate consequence of the explicit solutions, section 6 is
devoted to the analysis of (1.2) over the whole space R?2. We show that the problem in the whole
space has a unique radial solution which is to be explicitly given; moreover, this solution is radially
monotone with u being compactly supported in a disk. Thanks to the radial symmetry result in [19],
our results imply that this solution is actually the only stationary solution to (1.1) over the whole space
R2. In Section 5, we calculate the free energies of the stationary solutions obtained above. Our results
indicate that the inner ring has the least energy among all steady states, while the constant solution
has the largest energy. Moreover, we provide some numerical evidence on the existence of non-radial
stationary solutions of (1.1), whereas the theoretical analysis is restricted to the radial setting. Finally,
we include in Section 7 several important facts needed for the previous analysis.

2 Radially Monotone Solutions

Lemma 1.1 indicates that u is compactly supported in [0, R] whenever y > 1, # xi. In this section, we
will construct explicit radially decreasing and increasing solutions of (1.1), which we call the (single)
inner ring solution and the outer ring solution, respectively. These radially monotone solutions serve
as blocks that we use to construct (all) the non-monotone solutions of (1.2) other than those obtained
in (1.8). We then proceed to study their qualitative and quantitative properties with respect to the size
of chemotaxis rate. Before proceeding, we first illustrate some of our main results in this section in
Figure 1.

25 ; ; 25
[[ee]| 2o

[ 2=

20

3457“00123457”00123457”00123457“
Figure 1: The local bifurcation branches (solutions) at y = y; and their global continuums. For each

X > x1, (1.2) has a unique (pair) of monotone solutions and u must be compactly supported. Left
Column: When y = 1, (1.8) for an interval of ¢ there gives a family of monotone decreasing solutions

for (1.2). This is represented by the vertical (dashed) line over y, and three such positive solutions a, b

and c are plotted. As y surpasses yi, solution u becomes compactly supported and it stays so along

the global branch. Right Column: Similarly, the positive solutions in (1.8) are plotted at a’, b’ and ¢’;
moreover, for each y > y, outer ring u also stays compactly supported along the global branch.



2.1 Inner Ring Solution

We first look for the radially decreasing solution such that u is supported in [0, r;) with r; < R to be
determined. We denote this radial solution as (17, v™) and call it the inner ring solution or inner ring for
brevity, since u~ is configured as an inner ring supported over the disk By(r;) for the original problem
(1.1). We shall see that this extends the first bifurcation branch given by (1.8) at € = it/(=Jo(j1.1)x1)-
Now that u~ > 0 in [0, 1), there exists some constant C to be determined such that u~ — yv~ = C for
r € [0,r)) and u = O for r € [ry, R], hence the v—equation implies

v+ +(y—1v +C =0, reO,n),
Vv, + v, —v=0, r € [r,R], 2.1

v.(r) =0, r=0,R.
Let us denote w := +/y — 1, then solving (2.1) gives in terms of constants C; and C

_(7‘) _ { C]J()(a)r) - X%_l’ S (O, rl),

2.2)
CyTo(r; R), r € (r,R),

where Jj is the Bessel function of the first kind and 7 is the following compound Bessel function
To(r;R) := Ki(R)Io(r) + [, (R)Ko(r), (2.3)

with 7, and K, (o = 0, 1) being modified Bessel functions of the first and second kind.
To determine C;, C, and C in (2.2), we first find r; by enforcing the continuities of v'(r) and v’ (r)
atr =r
—CiwJi(wry) = CT1(r;R),
-Cw (Jo(wl” ) — Jl(ar)r')) CZ(TO(rl JR) — 1 R)),

where T1(r;R) := 0,To(r;R) = Ki(R)I,(r) — I;(R)K;(r). Note that we always have Ty(r; R) > 0 and
T,(r;R) < 0in [0, R]. Therefore these identities hold if and only if r; is a root of the algebraic equation
wJo(wry)  To(ri;R)

SR = oy T TR 24)

Joa Jjui
w’ w’

We now give the following lemma which promises the solvability of (2.4) for some r; € (

/01 ]ll
Seriien

Lemma 2.1. For each y > y the function f(r;w,R) in (2.4) admits a unique root r in
where jo; ~ 2.4048 and j, | ~ 3.8317 are the first positive roots of the Bessel functions J, and J 1.

’

Proof. To prove this, we first see that f(r; w, R) > O for all r € [0, o, I] hence (2.4) admits no root in
_ To(%LiR)

this interval. On the other hand, one can find that f(J(” w, R) . (/01 > 0 and f((“ ‘) |, R) =
1

—oo, therefore there exists at least one root r; € (%“, “7“) since f(r; w, R) € C“((%, “7‘)). To show
the uniqueness of r, we calculate

Jo.i Ji
)

wJo(wr)  To(r;R) N 1)
Ji(wr) T\(r;R)

>0 for any re(=;-

f(r;w,R) = —w” =1+ f(r;w,R) (— (2.5)
Now we argue by contradiction and assume that 7, and 7, are two ordered adjacent roots of f(r; w, R)
in (%", %"), 1.e., f(r; w, R) is of one sign in (7, 7). This implies f,(7; w, R) f,(%; w, R) < 0 thanks to
the continuity of f,; however, f,(7; w, R)f.(F3; w,R) = (w* + 1)2 > 1 according to (2.5), which is a

contradiction. Therefore f(r; w, R) admits a unique root r| € (’0l I, =) as claimed. |
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Remark 2.1. For x € (x1,x2), Lemma 2.1 states that there exists a unique ry such that f(ri; w,R) =
and this root r| € (’01 j“) however, for x € [xa,), the function f(r;w,R) admits multiple roots

besides ry. For instance, one can always find 7, € (J02 . =2) such that f(7y; w,R) = 0; indeed in each

interval (JOk . =) one can find a unique ¥, such that f(7; w, R) = 0. However, all these roots are ruled

out since we look for non—negative solutions. If not, say we choose the root r, as the size of support,
then u(7,) = 0 and the solution takes the form u™(r) = A, (Jo(wr)—Jo(wra)) for r € (0, ), then one can
find from the monotonicity of Jy that u(r) < 0 forr € (’0—'2 7»), and this is not biologically realistic.
Similarly, one can show that the other roots of f(r; w, R) = 0 other than r are not applicable, if they
exist at all. Therefore r| € (’0l 1, =%) is always the unique root that we look for in (2.2).

We would like to point out that for y < y1, f(r; w, R) is strictly positive in (0, R) hence admits no
root. Indeed, (1.2) has only constant solution (i, ¥) in this case according to our discussions above.

With r; obtained through (2.4) in Lemma 2.1, we readily have from the fact u = yv + C that
u (r) = A(Jo(wr) = Jo(wry)) in (0, ry), where A; is a positive constant determined through the
conservation of total cell population 27 for' u (rrdr = 2ﬂﬂ1(£J1(wr) - %Jo(wrl))u)1 = M and is
explicitly given by

A = Mw (_ M ) 2.6)
: 7r(2r1J1(wr1)—wr%Jo(wr1)) mridy(wry)) '

Since wry € (o1, ji1.1), one has that A; > 0 is well-defined.
To find v™(r), we combine (2.2) with the fact that u= = yv~+C for r € [0, r;] to see that A; (Jo(wr)—

Jo(wr)) = xCily(wr) - . Therefore C; = 2 and € = Ay(y — DJo(wr), ie., C = Yhon

ﬂrsz(wrl)
Moreover, by the continuity of v7(r) at r = r;, we equate ?{1()1( — DJo(wry) with B,Ty(r1; R) and
obtain

~Mw?J,
- Moder) @.7)
xnriJo(wr)To(ri; R)
To conclude, we find the solution of (1.2) described above is explicitly given by
u(r) = {Fo@n) = Jo@r)r €10, fACEE = Jo@r)r € [0, o
10, re€[r,R], B,To(r:R), r€[r,R], '

where A; and B, are given by (2.6) and (2.7), and Ty(r; R) is (2.3). We would like to point out
that both u and v achieve the unique maximum at the origin, and are radially decreasing within their
support. We refer to (2.8) as the inner ring solutions. One sees that they extend the first (local)
bifurcation branch at y = yi, the global continuum of which extends to infinity and gives rise to a
unique inner ring solution for each y > y;. This is illustrated in Figure 1.

2.1.1 Asymptotic behavior of inner ring in the limit of y — oo

We now study the effect of large chemotaxis rate y on the qualitative behaviors of the steady state
(u™,v7) given by (2.8). First of all, we know from above that the size r; of support of u~ depends on
x continuously, then the fact | € (]‘” I, =) readily implies that r; — 0 as y — co; moreover, one
infers from the conservation of total populatlon that u=(r) — Mdy(r), where dy(r) is the Dirac delta
function centered at the origin, and v™(r) — 57 (R) s— = 1o(r; R) accordingly. These asymptotic behaviors
suggest that intense chemotactic movement contributes the formation of spiky structures of u and v;
moreover, it gives the global extension of the first bifurcation branch(es) as we shall see in Figure 1.
We can provide some refined asymptotic properties of the profile due to, again, the explicit formula
(2.8). First of all, we show that the support of u~ shrinks as the chemotaxis intensifies. With that being

10



said, we will show that r; is strictly decreasing in y as % < 0 for w > 0. To this end, one calculates
to find

% _ Jolri; w, R) _ Jo(ri; w, R)
dw  f(r;w,R) W +1
_ Jolwry) N y1(r1; w)
(@ + DJy(wr)  (* + DI wr)

where y,(r; w) := —wrJi(wr) — wrJ}(wr) + Jo(wr)J,(wr); by further computations we have y’ (r; w) =
M > 0in (’01 ’”) therefore y,(r); w) < yl(”—1 w) < 0 and ‘9” < 0 as expected.

We next show that the maximum of u~(r) is strictly i 1ncreasmg in y with 8””&!1”” > (. Rewrite

M _*(1-Jo(@)

™Il = 55527 With z = wry, then we find

7Ol |l __20(1 = Jo(2)) N 2J1(Z)(2J1(Z)_Z) 0z
M Ow 2:01(z) — 24o(2)  2201(2) — 2Jo()?  dw

which, in light of the identity & o=n+ w— implies

7Ol _ 2001 = Jo(@))241@) — 2Jo@) + w2 /1(D)2)1(2) —2) | W i(2)Q2N(2) —2) I
M dw 2(2J1(2) = 2Jo(2))? 2201(2) - (@) dw
2w(1 — Jo(2))(2J1(2) — 2J0(2) + wzJ1(2)(2J1(2) — z)
2(2J1(2) = 2Jo(2))?

where we have applied the facts g% < 0and 2J,(z) < zfor z € (joi,ji.1) for the inequality. Let us
denote
y2(2) := 2(1 = Jo(2))(2J1(2) — 2J0(2)) + 2J1(2)(2J1(2) — 2).

P
Now, in order to prove ”g”L

ward calculations we find

22J7(2) + (22 — DJ1(2) + 4J0(2)J1(2) — 22J3(2) — 2(2* = 2)Jo(2)
- :

422(2) - (2 + 42— 62201(2) + 8/1()) Jo(2) (2 — 227 + 8 = 82J1(2) + 222J4(2)) J1(2)

17
¥, (2) = +
2 2 2

> 0, it suffices to show that y,(z) > 0 for z € (jo1, j1.1)- By straightfor-

V5(2) =

Thanks to the facts that |Jy(z)| < 1 and |/;(2)| < % for z € (jo.1» j1.1), @ lengthy but straightforward
calculation gives 7> + 4z —6z2J,(2) + 8J1(z) > 0 and z* — 272 + 8 — 82J,(2) + 2z2°Jo(2) > 0, which lead to
y5(z) > 0. This conclusion in conjunction with the results that y,(jo,1) = (4 + 2jo,; — j%’l)Jl( Jo1) >0

2jo1 5 Go)+Ug =M Go.r)
Jo.1

and y;(jo,1) = > 0 imply y,(z) > 0 and y,(z) > O for all z € (jio, j1,1) as expected.
This finishes the proof.

Before proceeding further, we establish the asymptotic ||u”|l;~ = O(w?) by first showing that
z:=wry = (jo1)* as y — oo. If not, say wr; — some 6 € (Jo1» ji.1] as y — oo, then f(r; w; R) given
by (2.4) becomes negative for y sufficiently large since r; € (%‘, "7"). This is a contradiction hence

Z = Jjoa as y — oo. Therefore we have that

M W (1-Jo(@) My
n 2zJ1(z) = 2200 2mjo1J1(jor)

e[| = + O(1) as y — oo.
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Figure 2: Top: the inner ring solution (u~,v™) given by (2.8) with M = 257 and R = 5 for y = 10, 20,
50 and 100. It is observed that u~(r) — 2576¢(r) and v~ (r) — 0.5136T((r;5) as y — oo; moreover, the
size r| of support of u~(r) shrinks as O(i) or 0(%) and the magnitude of u~(r) expands as O(w?) or
O(y). Bottom: the development of interior spikes in configuration u as y expands. Evidently, a large
chemotaxis rate promotes the formation of an interior spike that describes the cellular aggregation.

M6(r) pointwisely in [0, R]. On the other hand, v™(r) — v (r) = B To(r; R) pointwisely in [0, R],
where B, = % thanks to the conservation of mass.
Summarizing the facts above, we have proved the following results

Finally, since r; — 0* and wr; — (jo1)* as y — oo, we have that A; — oo hence u™(r) = U =

Proposition 2.1. For each y > x1, (1.2) has a solution (u™(r), v_(r)) explicitly given by (2.8) in which

u (r) is supported over a disk By(r);, moreover, we have the following asymptotics of the solutions in
the large limit of x:

(i) ry, the size of support of u™, is monotone decreasing in y and ry — 0% as y — oo;
(ii) maxg, g, u”(r) is monotone increasing in y and maxg g, u (r) = % + O(1) for y > 1;
(iti) u=(r) > Moo(r) and v=(r) — %To(r; R) pointwisely in [0, R] as y — oo.

Figure 2 presents an illustration on the statements in Proposition 2.1.

2.2 Outer Ring Solution

Now we look for the other radially monotone solution of (1.2) such that the support of u(r) is an
interval [R — r,, R] for some r, to be determined. This gives rise to a solution supported in an outer
ring and we call it the outer ring solution and denote it by (", v*). Note that (u"(R — r),v (R —r)),
the reflection of (u=(r),v(r)) about §, is no longer a solution of the original problem. This is a
strong contrast to the 1D problem [5, 16] and makes the problem intricate as we shall see later. The
idea and procedure of constructing such a solution are the same above, hence we perform necessary
calculations for future reference.

Similar as above, in this setting we find that u™ = 0 for r € [0, R — ;) and u™ — yv* is a constant

for r € [R — r, R], where r, measures the size of support of # and is to be determined. Solving the
v-equation in the fashion of (2.1) gives

+ { Cily(r), rel0,R—r),
vi(r) =

CiSoR - riw.R) — £, re[R-ryR], 29)
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where S is the following compound Bessel function
So(r; w, R) = Yi(wWR)Jo(w(R — 1)) = Ji(wR)Yo(w(R - 1)), (2.10)

with ¥, (@ = 0, 1) being Bessel function of the second kind. We match the continuities of v'(r) and
VvV'(ryatr = R—r,in (2.9)

—Ca0(So(rz; w, R) = SR = C3(I4(R - ry) — 1),

{ —CawS (230, R) = C31i(R = ),
and find that r, must satisfy the following algebraic equation

wSo(r;w,R)  Iy(R—r)
Si(rpw,R)  L(R—ry) 7

fo(rsw,R) = (2.11)
where S (r; w,R) := Y (wWR)J1{(w(R — r)) — J1(wR)Y(w(R — r)). Note that both Sy and S| are the
so—called cylinder functions proposed by Nielsen in [56], and both have infinitely many roots that are
cross-oscillating with ... < sg‘) < sgk) < sg‘“) < s(lk“) < ... = oo. We first give the following result

which establishes the existence and uniqueness of r, for (2.11).

N2
Lemma 2.2. Let x| = (J‘—‘) + 1 be the same as in (1.7). Then for each y > x1, the function f,(r; w, R)

R
in (2.11) has a unique root r, that lies in (sgl), s(ll)), where sg‘) and s(lk) are the k-th positive root of

So(r;w,R) and S |(r; w, R), respectively.

Proof. It suffices to show that S (r; w, R) admits one root in (0, R) if and only if y > ;. To prove the
if part, we recall the following identity from Lommel [51] (page 106)

2
Y1 (5)Jo(s) = J1()Yo(s) = o (2.12)

which readily implies that Y;(s) and J,(s) have distinct roots. Our discussion is divided into the
following two cases. Case I: if Y (wR) = 0, then we have that wR > y; , since wR > j;; > y;1, where
V14 1s the k-th positive root of Y;(s) with

i1 = 21971,y = 5.4296,y, 3 = 8.5960,y,4 = 11.7491,y, 5 ~ 14.8974, ...

to name the first few explicit values. Write 7, := R — ”7‘ € (0, R), then one has that 7, is the root
of S1(r; w,R) since S (11;w,R) = —J1(WR)Y1(y11) = 0; Case 2: if Y1(wR) # 0, then we rewrite
Si1(r;w,R) as

JiwR=-r))  Ji(wR)

Si(r;w,R) = Y{(wWR)Y(w(R - 1)) Yi(wR~-r) Yi(wR))]

L) __2
MG mrYi(r)
1s monotone decreasing in Ugen(V1x, Yik+1) With y1o := 0. Moreover, since y3(0) = y3(j;x) = 0 and

y3(y1i’k) = +o0, we have that whenever wR > j;; there exists at least one 7, € (0, R) such that

Denote y3(r) := A direct computation using (2.12) gives that y;(r) =

< 0 hence ys3(r)

J(@R-17) _ Ji(@R)
V(@R =-1)  Yi(wR)

and Y (w(R — 1)) # 0, therefore S |(72; w, R) = 0 as expected. This verifies the claim in both cases.
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Now we prove the only if part. Suppose that there exists s(ll) € (0, R), then the “only if” naturally
holds when Y;(wR) = 0 since in this case S (s!"; w, R) = —J1(WR)Y (w(R - 5\")) = 0, which readily
implies Y;(w(R - 5\")) = 0 and wR > y;» > ji;. When Y (wR) # 0, with ¥,(s) and J;(s) having
distinctive roots due to (2.12), we must have Y;(w(R — sﬁ”)) # 0 hence s(ll) satisfies y3(w(R — s(ll))) =
v3(wR), which gives rise to wR > j; | by the same arguments as above.

It remains to show that the existence of sﬁl) and r, in (0, R) are equivalent. Since 0,5 o(r; w, R) =
wS 1(r;w,R) and S¢(0; w,R) < §1(0;w,R) = 0, it is straightforward to see that sf)k) < s(lk). If s(ll) €
(0, R), we claim that (2.11) admits no positive root in (0, sgl)). Recall that

wSo(r;w,R) IL(R-7r)

PR = R hR=r)

then f2(r; w, R) < 0in (0, s(l)). Forr € (s(l), s(ll)), straightforward calculations yield

0 0
>0
wSo(r;w,R) Iy(R—-r) 1
0, H(r;w,R) = w* + 1+ h(r;w,R + - , 2.13
AlroR) = Jalriw )( Sir;w,R)  L(R-r) R-r 1)
_D
where “> 07 holds since sly(s) > I;(s) for any s > 0. Note that fz(sgl);a),R) = —% <0
1UK=8,

and fz((s(ll))‘; w,R) = +o0o, therefore one finds that f>(r; w, R) admits at least one root in (sél), s(ll) ,

whereas the uniqueness can be verified by the same argument for Lemma 2.1. We further note that
(2.11) admits no root if S(11> ¢ (0O,R). Forr € (sf)l),R), we can readily see that fz(sgl);w, R) < 0 and
H(R™;w,R) = —o0, and since (2.13) implies that a critical point & exists only if f>(&;w,R) < 0,

therefore f>(r; w,R) < 0 in (sél), R) as a consequence. The proof completes. O

With the support size r, obtained in (2.11), we have that u*(r) = 0 for r € [0,R — r,) and u*(r) =
.?lz(S oR—r,w,R) — So(r;w, R)) for r € [R — ry, R], where A,, determined by the conservation of

total cell population 27 fRR_rz u*(r)rdr = M, is explicitly given by

Mw

A, = — .
27 12R - 12)S 1(r2; , R) + wr (2R — 12)S o(r2; w, R))

(2.14)

Note that r, € (sél), s(ll)), then it follows that A, < 0 is well-defined.
To find v*(r), we recall that u* = yv* + C for r € [R — r,, R] for some constant C to be determined
(not the same as in the previous section) and

C
A(So(R = 130, R) = So(r2; , R)) = xCaSo(R - 13w, R) — T
therefore C, = % and C = A,(y— 1S o(r2; w,R), or C = p (;"fi;fj;‘é‘;z_rz)IO(R_rz)) to be specific;

moreover, the continuity of v* at r = R — r, implies ﬂz(}( - 1)So(ry; w,R) = BrIy(R — r,) hence

Mw?
B, = . (2.15)
7Y(2(R = )R = 12) + 12 (2R = r)Io(R = 1))
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In summary, we obtain the following explicit formulas of the desired radially decreasing solution

(™ (r), v*(r)

0, relO,R-r), . [Bado(r), re[0,R —r),
O E\A(SoR = 1) - Sor), r e [R—ra BT, T \A(2ED _ 54(r)), 1 € [R = 1o, R,
(2.16)

where S is the compound Bessel function in (2.10), and A, and B, are given by (2.14) and (2.15).
The steady state given by (2.16) is called the outer ring solution or outer ring for short.

Remark 2.2. Thanks to the fact that the zeros of Ji(s) and Y\(s) are cross-oscillating such that
<Y1k < J1k <Vike1 < Jige1 < ..., k € NT, one can show that if xy > xi, S1(r; w, R) admits at least k

posmve roots in (0, R), while there exists a unique root of (2.11) in each interval (s(k) (k)) However,

by the same arguments in Remark 2.1, one must restrict the unique root r, € (sél), sll)) as expected to

guarantee the positivity of u*(r) in [R — r», R].
2.2.1 Asymptotic behavior of outer ring solution in the limit of y — o

Now we study the asymptotic behaviors of the outer ring solutions in the limit of large chemotaxis
rate. Before proceeding further, let us introduce the following compound Bessel functions

Vo(r; w,R) := Yo(wR)Jo(w(R — 1)) — Jo(wR)Yy(w(R — 1)), 2.17)
Vi(r; w, R) := Yo(wR)J1(w(R — 1)) — Jo(wR)Y1(w(R — 1)). (2.18)

Then one finds by straightforward calculations

B0 B) _ o)~ 502 R g s rwnR)
ow w
. R 2 s R
% = RV, (ri . R) % + R - PSo(riw. R),

and infer from (2.12) that

4
So(r; w, YVi(r; w, R) = Vo(r; w, R)S 1(r; w, R) = T RORER =1 (2.19)

Similar as above, we first claim that r,, the size of support of " (r), shrinks as y increases. Accord-
ing to our previous discussions, we know from (2.11) that r, € (s(ol), sll)) is uniquely determined for
each y > y; and it depends on y continuously. We claim that 5’2 < 0. Indeed, since f>(ry; w, R) =

we have from (2.19)

Ory _ 0ufa(niw,R)  0ufo(r;w,R)

dw  0,f(rw,R) wr+1
So(r2; 0, RS 1(r2; @, R) + wS 1(r; w, R)BUZLR — ()8 (1y; , R)B1Zi2R)
(W? + 1)S3(r2; w, R)
4 — W (R = 1) (S3(r2: . R) + SHrp; 0, R)) + 20(R = 1)S (123 , R)S 1 (12 w, R)
w(w? + 1)(R — 12)S3(r2; w, R)

_ va(r2; w, R)
w(@? + )R - r)S%(ry;w,R)
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Some straightforward calculations give y,(r; w, R) = 2w*(R-r)S 1(r; w, R) > 0, therefore y4(ry; w, R) >
v4(0; w,R) = 0 and % < 0 as claimed. This fact implies that the size of support shrinks as chemotaxis
rate y increases.

We next show that r, — 0" as y — oo. To prove this, we need some refined estimates for sf)]) and
(1) . For this purpose let us introduce for s € (0, wR)

Cu(s) :=J(s)cosa — Y, (s)sina,n=1,2, (2.20)

with @ := arctan 2428 ¢ [0, 7). Then we find that w(R — (k)) and w(R — (k)) are the roots of Cy(s)

Y1 (wR)
and C,(s), respectively.; on the other hand, according to [61] and [74] (Chap. 15.33), all the positive

roots of (2.20) must lie in one of the intervals
(mﬂ+ g(3—3n)—oz, mm + ;—T(4—3n)—a),m =0,1,2,---
Since wR is a root of C;(s), there exists some m; € N* such that

wR € (mm —a, mm+ g - ),

and the adjacent root of C;(s) lies in (wR - Tﬂ’ wR — ) i.e. s(l) € ( i’;, ZZ) In light of the relationship
between the roots of C,(s), it follows that s ) e (0, 5-). Therefore we conclude that r, € (s(l) 1)) -
(0, 5—2), hence r, —» 0" as y — oo. Indeed we are able to provide a finer estimate r, € (5, 4w) by
using the asymptotic expansions of Bessel functions and the uniform bounds of the ratios of modified
Bessel functions. The proof is given in the appendix.

Similar as before, we now show that the maximum of u*(r) is strictly increasing in y with a”“;# >
0 and ||u*||;» = O(w) as y — oco. Combining (2.16) with (2.14) gives

M (2 + mwRS o(ry; w, R)

+ - —
“u ||L°° - 2 2(R — I’z)Sl(Vz;CU,R) + 0)1’2(2R - rz)So(rz; CL),R)

Direct calculations give
72 Ol _20°S 1 (TR(R = 12)S 1 = r2(2R = 1)) G2 + 27Rya(r3; 0, R)
M ow 0 QR =151 + w2k - r)So)
2(2(R - )RV + (R = 12)Sg = Z) + wr(2R = )RV — (R = 12)S 1))
(2R = 12)S 1 + wr(2R = 1,)S o)
where variables (7,; w, R) are skipped without confusing the reader. Thanks to (7.1) and (7.2), one

finds that S ;(r,; w, R) < W for any y > yi, and this implies (T{R(R — 1,)S1 — n(2R-r;)) < 0
because wr, > 7. Denote
RV (r;w,R) + (R—r)So(r; w,R)

ys(r;w,R) := Ye(rsw, R) := RVy(r; w,R) — (R—1r)S1(r; w, R).
Si(r;w, R)

with V, and V' given by (2.17) and (2.18), respectively. Then one easily finds that yi(r; w,R) =

—% < 0 and y (r; w,R) = wS ((r; w, R)ys(r; w, R), hence ys(r; w,R) < y5(0;w,R) = 0 and
2(riw,

Ve(r; w, R) < y6(0; w,R) = 0in (0, s 1)) Combining the facts that 6’2 < 0 and y4(ry; w, R) > 0, we find
Allullpe
O

b

> ( as expected.
One can prove that r; — (5-)" in the limit of y > o (see the Appendix). This fact, together with
(7.4) and (7.5), implies that ||u*||;~ = m 22 + 0(1); moreover, u*(r) = U, = Mog(r)
2w
and v (r) - v, = SRl (R)Io(r) pointwisely.
Our results above are summarized in the following proposition:
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Chemoattraction rate y Chemoattraction rate x

Hu.

-5
10 X =20

x = 100

Figure 3: Top: the outer ring solution («*, v*") with M = 257 and R = 5 for y =10, 20, 50 and 100. One
observes that u*(r) — 2576g(r) and v*(r) — 0.10271y(r) as y — oo; moreover, the size r, of support of
u*(r) shrinks as 0(&) or 0(%) and the maximum of u*(r) expands as O(w) or O(+[y). We would like

to mention that one always that |[u*||;~ < |lu”||.~ for each y > y;. This is presented in the bifurcation
diagram in Figure 1. Bottom: Formation and development of outer ring configuration in u as y expands
from 10 to 100.

Proposition 2.2. For each y > x1, (1.2) has a solution (u*(r), v*(r)) explicitly given by (2.16) in which
u*(r) is supported over the annulus By(R)\By(r2). Moreover, we have the following asymptotics of the
solutions in the large limit of x:

(i) ry, the size of support of u*, is monotone decreasing in y and r, — 0% as y — oo;

(ii) max g, u" (r) is monotone increasing in y and maxggyu*(r) = M + O0Q) for y > 1;

(iii) u*(r) — M6bg(r) and v*(r) — 5aR]; (R)Io(’”) pointwisely in [0, R] asX — 00;

See Figure 3 for illustration of Proposition 2.2.

2.3 Monotone Solutions in an Annulus: An Auxiliary and Supporting Problem

Our previous results imply that for each y > y;, the stationary problem (1.2) has a pair of solutions
(u*, v*) explicitly given by (2.8) and (2.16), both of which have u compactly supported and radially
monotone over its support; moreover, if ¥y € (y1,x2), the solution is unique in the sense that all
nonconstant solutions of (1.2) must be one of the pair; furthermore, when y = y», there also exist
non-monotone solutions of (1.2) (uniquely) given by the one-parameter family of functions (1.8),
hence we assume y > y» to look for radially non-monotone solutions. Similar as above, it is easy
to see that whenever y > x»,# Xk, u(r) must be compactly supported, though the support is not
necessarily connected.

In this subsection, we prepare ourselves to study non-monotone solutions by solving (1.2) for
radially monotone solutions over (predetermined) subsets of By(R), then we concatenate them (with
the inner ring and/or outer ring solutions when applicable) by matching the continuities of v(r) at the
interface. To be precise, let us consider a slightly general case than above such that u(r) is supported
over an annulus (a, b) for arbitrarily given b > a > 0.
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We first solve (1.2) in (a, b) for (U3, V3) such that Uj is supported in (a, a + r3), for some r; to be
determined. Solving (2.1) with (0, R) replaced by (a, b) gives the generic decreasing mode

U= | FslSo@-rw.a=So-rs0.a). re@a+rs),
’ 0, r€(a+rs,b),
(2.21)

1
X

B3To(r; b), re€(a+rs,b),

V5(r) = { ‘713( So(a—r;w,a)—SO(—r3;w,a)), r€(a,a+r3),

where S and T are given by (2.10) and (2.3), and 53 € (0, b—a) is to be determined by the continuity
of V5(r) at r = a + r3. That being said, r;3 is the first positive root of the following algebraic equation

wSo(-ry;w,a)  Tola+ry;b)
Si(-ryw,a)  Tia+rsb)

fr3w,a,b) = (2.22)

With r; determined by (2.22), A3 and B5 can be evaluated by the conservation of mass

Mw

n(2(a + 1r3)S | (—=r3; w, a) — wr3(2a + 13)S o(—13; W, a))’
Mw?

_7'[/\/(2(61 +1r3)T(a+ r3;b) — r32a + r3)To(a + r3; b))

Az =

B; =

Similarly, the generic increasing mode that extends the outer ring in (0, R) to (a, b) is
0, re(a,b-ry),
Uy(r) = {

Au(So(b = 1w, b) = So(rs; w, b)), 1€ (b=ry,b),
(2.23)

BuiTo(r; a), r€(a,b—ry),
Va(r) = 1 . .

ALSo(b = r;0,b) = So(rg; , b)), r € (b= rs,b),
where r4 € (0, b — a) is the first positive root of the following algebraic equation

wSo(ry;w,b)  To(b—ry3a) _
Si(r;w,b)  Tib-ra)

fa(ry; w,a,b) = (2.24)

moreover, by the conservation of total population

Mw
Ay = — ,
! 7(2(b = r4)S 1(r4; w, b) + wry(2b — 14)S o (r4; W, b))
M 2
B, @

" 70Q2(b — r)T1(b — r4:a) + ra(2b — 1) To(b — r4:a))°

Therefore, we are left to find condition(s) on y that guarantee the existence of r; in (2.22) and ry4
in (2.24), respectively. Our main results can be summarized into the following lemma.

Lemma 2.3. Let O < a < b be two arbitrary constants. Denote x ., = wg’h + 1, where w,;, is given by

. Ji(wa)  Ji(wh)
wp = Inf eR" = < 2.25
Gab 1= {“’ Yiwa)  Yiwh)f = (2:29)
Then w,, € [le'l, [fl_—‘;] with wy, = ”71 moreover, the following statements hold:
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(i) foreach x > xap, (2.22) has a unique root r3 € (0, s(l)) C (0,b—a), where s ) is the first positive
root of S 1(—r; w,a) in (0,b — a), and (2.22) admits no root in (0,b — a) zf)( < Xabs

(ii) for each x > Xap (2.24) has a unique root r4 € (0, s(l)) C (0,b — a), where s(l) is the first root of
S1(r;w,b) in (0,b — a), and (2.24) admits no root in (0,b — a) if ¥ < Xaps

iii) both ry and r4 continuously depend on and monotonically decrease in y, and r; — 0% as y — oo.
3 y aep y X i X

Proof. The proof is the same as that of Lemma 2.2, and we will only do it for part (i), while part (ii)

can be verified similarly. To show that f3(r; w, a, b) has a solution r3 € (0, s,/ )) for each y > y.», we

claim it is sufficient to show that S |(—7; w, a) has at least one solution in (0, » — a). Rewrite
Jiwla+r) Ji(wa)

S1(-r;w,a) = Yi(wa)Yi(w(a + r))(Y1 @air) Tiwa)) SO

J1(r)
@)’

such that S ;(— s(“ w,a) = 0. We are now left to show that the existence of such r; and s(l) in (0,b—a)
are equivalent. To this end, we first find that 0,So(-r;w,a) = —wS(-r;w,a) and S 0(0; w,a) <
S$1(0; w, a) = 0, therefore s(l) < s(lla) where s0 is the first root of S o(—7; w, a) in (0, b — a). Note that if
(1) € (0,b — a), then f3(r; w,a,b) > 0in (0O, s(l)) which indicates that it has no root in (0, s(])) Now,

E)la), lla)), straightforward calculations yield

Thanks to the monotonicity of for each w > w,;, there exists at least one number s(” in (0,6 —a)

for eachr € (s

>0in (si).s\)

wSo(-r;w,a) To(r+a;b) N 1 )
Si(-r;w,a) Ti(r+ab) a+r”
where “> 07 holds since To(r + a;b) > 0 and T1(r + a;b) < 0 for r € (0,b — a). Note that
f3 (SOa ;w,a,b) > 0 and ]%((s(lla))_; w, a,b) = —oo, therefore one finds that f3(r; w, a, b) admits at least

f)la), s(lla)) as claimed. By the same arguments for Lemma 2.2, one can show this root is

0, f3(r;w,a,b) = —(a)2 + 1)+ f3(r; w, a, b)( -

one root in (s
unique.
To show part (iii), we first verify that 3 decreases in y. To see this, we differentiate f3(r3; w,a, b) =

0 with respect to w and collect
ors _ dufi(riw,a,b) _ 0uf3(r350,a,b)

ow 0, f3(r3; w,a,b) - w?+1

% — (SAr3; w0, a) + SH=r3; w, @) + 20(a + r4)S o(~73; , @)S 1 (—13; W, @)

w(w? + 1)(a + r3)S3(-r3; w,a)
_ y7(r3; w, a)
‘w(w? + 1)(a+r3)SH(-ry;w,a)

We claim that the numerator y;(r3; w,a) < 0. Indeed, we find by straightforward calculations that

wy7(r3,w a) = —2w(ry + a)S1(-r3;w,a) < 0 and y;(0;w,a) = 0, this readily verifies the claim
hence < 0 as expected. Similarly one can show the monotonicity of r4 in w. Moreover, r; — 0*
follows from the fact that s(la) — 0" as y — oo. The lemma is proved. m|

We would like to remark that, (2.22) have other roots in (0, b — a) if y is large enough. However,
these roots can not be chosen as the size of support according to the same arguments as in Remark
2.1. When a = 0, we have that wg;, = “7“ and w,;, — J‘T“ as a — 07, then Lemma 2.3 readily recovers
the statements about the root r; of (2.4); moreover, w,;, — +o0 as a — b~. We can say more about its
monotonicity as follows which will be needed for our coming analysis.
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Lemma 2.4. For each given b > 0, w,, defined by (2.25) is strictly increasing in a, i.e., Wg, < Wq, p
if0<a <a,<bh.

Proof. Let y; ; be the k-th positive root of Y} as in the proof of Lemma 2.2. We divide our discussion
into the following two cases. Case (i): Y (w,,b) = 0. Then we must have that w,,a = y;x, and
Wapb = yi4+1 for some k) € N*. Therefore w,;, = yl‘k(’;l%, which readily implies the desired
claim. Case (ii): Yi(w,»b) # 0, then we know that Y (w,,a) # 0. Let us differentiate the identity

Ji(wapa) _ Ji(wapb) -
o = Tiamab) with respect to a, then one finds that

2w 2
awa,b rrwale(wa) a)Yl (wb)

da — ——2%_ 4 2% __ " 4(YXwa) - Y} (wh))

nwaY 12 (wa) nwbY 12 (wb)

W=wgp

One knows that (e.g., Sec. 13. 71 in [74]) the compound Bessels function (Jl2 + le)(r) is always
decreasing hence J?(w,b) + Yi(wapb) < J3H(wapa) + Yi(wapa). This inequality, together with the

identity $<2% = S1228 reqdily implies that Y?(w,a) — Y2 (wasb) > 0, hence %2 > 0 in Case (ii).
The lemma is verified in both cases. O

When y = y.», We see that IJ,‘ (:")Z; QEZ’)Z; and Y;(s) admits only one zero in (wa, wb), therefore u

is strictly positive in the annulus Bo(b)\BO(a). By the same arguments for (1.8), one sees that y,, — 1
is the principle eigenvalue of —A, in the annulus and v is an eigenfunction hence must be a multiplier
of So(b—r; w,b). Then similar as in (1.8) one sees that (1.2) has a one-parameter families of solutions
given by

— — _ﬁab/Xab _ﬁah/)(ah
Ue(r), Ve(r) = (laps Vap) + EXap, DSo(b — rw,b),r € (a,b); o—————~ < &< ————,
(Ue(r), Ve(r) = (laps Vap) + EXap, 1S o(b — r;w, b), r € (a, D) So—a o) =SS0 w.0)
(2.26)
where it,, =V, = n(b2 - We see that (2.26) extends (1.8) from (0, R) to (a, b) for any 0 < a < b.
It seems necessary to mention that, though any constant pair (i;, ;) solves the equation in (1.2)
over interval (a;, a;;1), such profile can not be concatenated into the solution that matches the mass

constraint and v can not admit a plateau profile. We have the following statement.

Corollary 2.1. Let (u,v) be any nonconstant solutions of (1.2). Then the v has at most finite many
critical points in (0, R), i.e., there does not exist an interval (a, b) such that u = v = some constant in
(a, D).

Proof. Argue by contradiction. Suppose there exists (a, b) such that u = v = c in [a,b]. Then we
must have that a > 0 or b < R since otherwise u = v = i if (a,b) = (0,R) and we are done. For
a > 0, there exists ay € [0, a) such that v'(ap) = 0 and either v is monotone decreasing or monotone
increasing in (ay, @). In the former case, we have from (2.21) that (i, v) = (U3, V3) with (a, b) = (ay, a),
therefore u(a) = lim,_,,- Us(a) = A3(So(ag — a; w, ay) — So(—r3;w,ap)) and v(a) = lim,_,,- V3(a) =
ﬂg()l(S olap — a; w,ag) — So(—r3; w,ap)), which readily implies that u(a) < v(a), however, this is a
contradiction to the assumption that u(a) = v(a) = c; in the latter case, we use (2.23) and can find that
u(a) > v(a) which is also a contradiction to our assumption. Therefore, a > 0 is impossible. Similarly
we can show that b < R is also impossible unless (a, b) = (0, R). O

It might seem redundant, but for the reader’s reference we present the
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Proof of Theorem 1.1 and Theorem 1.2.

For Theorem 1.1, (i) and (ii) follow from [16] and Lemma 1.1; (iii) and (iv) follow from Proposi-
tion 2.1 and Proposition 2.2, respectively. For Theorem 1.2, (i) follows from Lemma 3.2 and Propo-
sition 3.1; (ii-1) and (ii-2) follow from Proposition 3.2 and Proposition 3.3, respectively. Finally, (iii)
holds in light of Lemma 2.4 (with a; = 0 and a, = %2) since y < x3. O

3 Radially Non-Monotone Solutions

In Section 2, for each y € (y;, o) we have established the inner ring solution (2.8) and the outer ring
solution (2.16), both of which converge to Dirac delta function in the limit of large chemotaxis rate;
moreover, we show that if y € (y1, x2), then any nonconstant radial solution of (1.2) must be either
the inner ring or the outer ring solution given above. In this section, we proceed to look for non-
monotone solutions of (1.2) and for this purpose we shall assume y > y, from now on. Recall that
for each y = xi, k > 2, (1.2) has solutions explicitly given by the one—parameter family bifurcation
solutions in (1.8) such that both u(r) and v(r) are positive in (0, R). We are interested in solutions that
extend the global continuum of each bifurcation branch, which consists of solutions such that u is
compactly supported. Our results in this section can be summarized as follows: for y € (y2, ), there
exists two classes of non-monotone solutions of (1.2), explicitly given by (3.2) and (3.5); moreover,
if ¥ € (vx, Yxe1), kK = 2, the sign of v/(r) changes at most (k — 1) times in (0, R).

3.1 Radially Non-Monotone Solution: The Mexican-Hat Solutions

In order to construct non-monotone solutions, we first choose some Ry € (0, R) such that f(r; w, Ry) in
(2.4) and f(r4; w,a, b) in (2.24) are solvable with a = Ry and b = R. Then (u, v) takes the form (2.21)
with (a, b) = (0, Ry) and (2.23) with (a, b) = (Ry, R), and v(r) achieves its minimum at » = R,. These
radial profiles give rise to an interior in the center and an outer ring on the boundary, which we refer to
as the Mexican-hat solutions. See the left column of Figure 4 for illustration of its configuration. Then

4

N

Mexican-hat Volcano

Figure 4: Configurations u# of Mexican-hat and Volcano solutions of (1.2) in disk By(5), where Ry =
2.7309 in the Mexican-hat solution (3.2), and RE‘) ~ 3.3831 in the Volcano solution (3.8).

we adjust the mass of each aggregate to match the regularities of v at r = Ry. Before presenting the
explicit formula for this non-monotone solution, we first give the necessary and sufficient condition
on Ry which guarantees the existence of the roots r; and r4 for (2.4) and (2.24). Indeed, there exists
one interval of such Ry which gives rise to infinitely many such non-monotone solutions described
above. We give the following lemma.
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Lemma 3.1. For each x > x», let us introduce R, and Ry as functions of y by

Ji(wRo) _ Ji(wR)
Yi(wRy)  Yi(wR)

R, := I nd Ry = sup {RO € (0, R)'
w RO JlA

sWR € (Jij Jige1l k> 2}- 3.1

Then R, < Ry; moreover, for each R, € (R, Ry, f(r; w, Ro) in (2.4) admits a unique root ry € (0, %']
and f4(r w, Ry, R) in (2.24) admits a unique root ry € (0, 2

’4a)

Proof. We first show that R, < Ry. Since wR € (ji, jix+1], we readily have that wRy € (jii_1, jixls

therefore Ry > L4t > ]:u] := R,. To prove the existence and uniqueness of r, we see that w = LS

R, =

Jlé—’ol for each R, € [R Ry], then Lemma 2.1 readily implies that f(r; w, Ry) in (2.4) admits a unique

root ry € (’01 2, £:1]. To prove the statement for r4, we claim that y > yg, & for each Ry < Ry, and then
according to part (ii) of Lemma 2.3, (2.24) with a = Ry and b = R admits a unique root r4 € (0, sll) ).
To verify the claim, we observe from the definitions (2.25) and (3.1) that w > wg, ¢, and then Lemma
2.4 implies wg, g > wg, & since Ry > Ry. This verifies the claim and completes the proof. m|

Remark 3.1. The proof above readily implies that R, € (jl’%, %’"] whenever wR € (jix, j1i1], kK = 2.

See Figure 7 for illustration of the verification. According to Lemma 3.1, with r; and r4 obtained
there in hand one is able to solve (1.2) for inner ring solution over (0, Rj) and outer ring solution over
(Ro, R), and then concatenate them to form radially non-monotone solution in the whole region (0, R).
This is what we will show later; moreover, Ry — J.‘ 1R as y — x2. Note that here r; and r4 denote the
sizes of support of u,(r) on the left patch and right patch

There exists one interval of such R, which therefore gives rise to a (one-parameter) family of the
concatenated non-monotone radial solutions whenever y > x». Though there is no uniqueness for this
family of solutions, we are able to present their explicit formulas with a pre-determined parameter R
in this interval.

Remark 3.2. (i) Lemma 3.1 states that for each Ry € [R,,, Ro], v(r) decreases in (0, Ry) and increases
in (Ry, R), hence Ry is the (unique) interior critical point of v(r) in (0,R). For each fixed y > x»,
it is easy to see that the valley of v(r) at Ry can neither be too close to the center nor too close to
the boundary. If one would like shift the valley sufficiently close to the center or the boundary, a
sufficiently large y is required to this end;

(ii) continued from (i), if we set Ry arbitrary, an equivalent statement of Lemma 3.1 is that for any

2
X > max {(“0‘) , wzzeo,R} + 1, with wg, g defined in Lemma 2.3, the conclusion there holds.

(iii) we claim that R, — 0t and Ry — R as X — oo. The former is obvious; to show that later,
we recall that y j+1 — Yix — 7 as k — oo, therefore for sufficiently large w, wR — wRy < 2n, hence
the later holds. We would like to mention that Lemma 3.1 holds for Ry = R, or Ry, however, the
asymptotic behaviors of (u,v) when Ry = R, or Ry are different from those when R, € (R, Ry).

Now by the same arguments as above, for each y > y, we can construct non-monotone solutions
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(uq(r), va(r)) explicitly given by

Fi(Jo(wr) = Jo(wr)), relo,n),
uq(r) = 0, r€(r,R—ry),
A(So(R = 11w, R) = So(rs:w,R)), r € [R—ry,R],
(3.2)
Ay (22 — Jo(wr)), rel0,n],
va(r) = ¢ BTo(r; Ro), r€(ri,R—ry),
A(LSo(R = 0, R) = So(r4;w, R)), r € [R—r4,R],

where the coeflicients, determined by the continuity of v(7) and conservation of total mass, are explic-
itly given by

B To(r; R B To(R—rs; R C,C.M
A, = X o(r 0), , = X o( r4; Ro) and B = _1 2_ , 3.3)
1 -y Jo(wry) 1—x So(rs; w,R) Ci+C,
where
_ —W?J _ 2
C1 . @ O(wrl) nd C2 = @

= al = .
myriJo(wr)To(r1; Ro) (2R = ra)T1(R = r4; Ro) + r4(2R = ra)To(R = r4: Ro))
Moreover, one can find that the cellular population m; within inner support disk By(r;) and the cell

population m, within outer support annulus By(R)\By(R — r4) can be explicitly presented as
oM M
m = =——= andmy = =———=. (3.4)
Ci+GC, Ci+C

Then our results can be summarized as follows.

Proposition 3.1. Assume that x > x». Then for each Ry € [R,, Rol, (1.2) has a non-monotone solution
given by (3.2).

For each y > x», Proposition 3.1 implies that there exists a one-parameter family of solution of
(1.2). These solutions are illustrated by shaded area of Figure 5. As R, varies, the configuration of
the solutions are maintained while their asymptotics can be dramatically different in the large limit of
X, in particular when Ry = R, or Ry is chosen. We shall see details in the next subsection.

3.1.1 Asymptotic behaviors of the Mexican-hat solutions

Next we investigate the asymptotic behaviors of the Mexican-hat solutions in the large limit of y. Our
result is summarized in the following lemma.

Lemma 3.2. Assume that y > x» and let (uy(r),v,(r)) be the solution given by (3.2) for arbitrary
Ry € [R,, Rol. The followings hold as y — oo
(i) if Ry = R,,, then

C,, r=0, M1Iy(r)
tar) *{ Méx(), re©.R), Vi) SRRy

where C.. = (Jo(jr,)-DM |

_ Mw .
Co = seriivniyy Moreover, ug(R) = 355 + O(1) for x > 1,

2R
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(1wl

---% [ ----

X2 4 5 X

Volcano

Figure 5: Mexican-hat and Volcano solutions on their local and global bifurcation branches out of
X = x2. Each point of the shaded area and the bold curve in the top four graphs gives a solution of (1.2),
whereas for each y > y»; it has a unique Volcano solution and infinitely many Mexican-hat solutions.
Our results also imply that the magnitude of a Volcano is always smaller than that of the Mexican-
hat, while the latter is monotone increasing in Ry in [BO,RO]. Column 1: we present at a and b the
local bifurcation solutions given by (1.8) for k = 2 with e = O and ¢ = —lz, respectively. When y
surpasses Y2, solution u becomes compactly supported, and it stays so and preserves the Volcano profile
globally as illustrated by ¢ and d. Columns 2-4 present the Mexican-hat solutions obtained in (3.2)
with Ry = R, j:—;R and Ry from the second to the fourth graph. In each class, compactness of support
and profile of the solution are preserved along its global branch.

(ii) if Ry € (Ry, Ro), then

CoM M To(r; Ro) L .
Oo(r)+ 0 d twisel 0,R ,
uy(r) - T+ C, o(r) T+ Gy r(r) and vy(r) - 7R+ CoT, (" Ry) pointwisely in [0, R] as y — oo
where Cy = #g%w; moreover, uy(0) = ffg)m + O(1) and uy(R) = 1J]rwcoﬁ + O(1) for y > 1;
(iii) if Ry = Ry, then
Méo(r), rel[0,R), MTy(r; R)
uy(r) — and vy(r) » ——,
‘ { Co» r=R, ¢ 271, (R)
where Cy = %1(13)’. moreover, uy(0) = #“ﬁ]m) + O(1) for y > 1;

Proof. (i) and (iii) are relatively simple and can be verified by the same fashion, and we only do for
the first case. If Ry = R, we readily know that r; = ]'7’1; on the other hand, since r; — 0" as y — oo,
we can infer from (3.4) that % — 0 hence m; — 0* and my — M~. Therefore, one can find by

straightforward calculations that u,(0) = A (1 — Jo(j1.1)) = G- _, C, as claimed.

) -
—jy 1 JoGnn)
To prove (ii), we first claim that for each fixed Ry € (R,, Ro), the proportion of mass m; and my
approaches a positive constant Cy := #11591)30)' Since B, = By, one has for any y > x>
—n ny

211 Ty (r1; Ro) — PPTo(ri; Ro) — 2(R = r)Ti(R = r4; Ro) + r4(2R — r)To(R — r4; Ro)’
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on the other hand, since wr; — jo; and ry — sf)l) as y goes to infinity, one can apply the facts that

[,(0) = 0and Kl(r)—% = o(r) on Z—i = —% to show that % — Cy as y — oo. Thanks to the
asymptotic behavior of u~(r) and u4(r), we conclude that u,(r) — m6¢(r) + myog(r) as described. O

3.2 Radially Non-Monotone Solutions: The Volcano Solutions

We next construct (u;(r), v;(r)) such that the solution first increases and then decreases in (0, R), hence
v(r) attains a single local maximum in (0, R) at some Rj,. In contrast to Mexican-hats where a family
of solutions are available (as Ry there varies), such Rj is uniquely determined, and so is the solution
(u;(r), vi(r)) as we shall see later on. This leads to a population density profile that have a volcano-
like shape, with maximal bacterial densities occurring on a ring away from the center and boundary
of the region. We call it the Volcano Solution since the configuration of u resembles a volcano pit
and it simulates the ‘volcano effect’ [9, 63] that bacteria populations regularly overshoot the peak in
chemoattractant concentration and aggregate into a stationary ring of higher density some distance
away from an optimal environment. See the right column of Figure 4 for illustration.

These solutions, contrasted with counterparts of the classical Keller-Segel models, shed the light
that degenerate diffusion that can cause a volcano effect. Let us denote y; = (w3)* + 1 with

Ji(WR) _ Jo(wR) — Jo(w(R ~ £))
Yi(wR)  Yo(wR) = Yo(w(R = §))

w; = inf {w eR"

J1,2
R

e (Y, sy st HE W R) = 0}.

w>
Our results are described as follows:

Proposition 3.2. Let R and M be arbitrary. For each y > x», (1.2) has a unique solution (u(r), v(r))
such that v(r) increases in (0, R;) and decreases in (Rj, R) with a constant Rj; € (0, R) dependent on
x; moreover, if x € (x2,x5), Ry = Ry as given by (3.1) and this solution is explicitly given by (3.5); if
X € [x5, 00), this solution is explicitly given by (3.8).

The first column of Figure 5 illustrates the unique solution obtained in Proposition 3.2. We note
that the branch of solution (3.5) extends the local branch at y = y;; moreover, as y expands from
X2 1o x3, the support of u(r) is of the form (R — r», R), and it attains the critical (maximum) point at
r = Ry. The value u(R) drops as y increases and touches zero as y reaches y;; then as y surpasses x,
u remains compactly supported in an interval (R; — r5, Rj + r3) and this interval shrinks as y expands.

According to our discussions above, to obtain this unique solution we shall do the followings: (i)
for y € (x2,x3), find solution of the form (2.16) in (0, Ry) and of the form (2.26) in (Ry, R), and then
concatenate them at r = Ry by matching the C' and C? continuities of v(r) at r = Ry; (ii) for y > x5,
find solution of the form (2.8) in (0, R;;) and of the form (2.21) in (R;, R), and do the same as in (i).

For each y € (x2,x3), Lemma 2.3 implies that there exists r; in (5, j—(’;) such that (u;(r), v;(r)) is
of the form (2.23) with (a,b) = (0,Ry), and u;(r) is supported in (R, R]. Moreover, matching the
continuities of u;(r) and v;(r) at r = R, gives for each y € (y», X5)

B 0, r€[0,Ry - ral,
u(r) = { A, (SO(RO —r;w,Ry) — So(f’z;w,Ro)) , r€(Ry—r,R],
) (3.5)
BoIy(r), re€[0,Ry — 2],
vi(r) = { A, (SO(RO:;;L‘)’RO_) - So(r; w, RO)) , e (RO — 1, R],

25



where A, and B,, determined by the mass M and the continuity at Ry, are explicitly given by

-Mw
Ay = — — - — (3.6)
7(2(Ro = )8 1(r23 , Ro) + WIR? = (Ry = 12?1 o(r2; w, Ry))

and

Mw?
B, =

= = - - — — —. (3.7
7T)((2(Ro — )T (Ry — 123 Ry) + [R* = (Ry — 12)*1To(Ry — l”z;Ro))

Next we consider the case y > x5. First note that u;(r) given by (3.5) is no longer a solution
since it becomes negative somewhere in (0, R). To see this, we claim that u;,(R) < 0 if and only if
X > x;- Indeed, let us denote r, := R — Ry + rp, then So(r2; w, Ry) = %So(m w, R), hence we
see that r, is also the second positive root of (2.11) since R, satisfies (3.1). Thanks to (3.5) we find

w(R) = A2 (5 (r,; w, R) + -2, with ¥, (wR0)Y1(wR) < 0 and A, < 0. On the other hand, we

find that % < 0, and So(r;w,R) + ﬁ = 0 for y = x3, therefore u;(R) < 0 if and only if y > y; as
claimed.

The discussions above indicate that (3.5) only holds for y € (x», 51, but not for y > x73. Moreover,
as y surpasses x5, u is supported in (R;—r3, Rj+r;) for some ] and r; to be determined and the solution
now takes the following form

0, r€[0,R; —r3l,

u:(r) = A, (SO(RE") —rw,Ry) — So(r;; w, RZ‘))) , TER,—1LRy+713),
0, r € [Ry+ 15, R],

(3.8)
Bi1o(r), r € [0,R; —r3l,
* * S (R*_r;w’R*) * * * * * *

Vi) = § A (SR - 865 w,Ry)), 1€ (Ry = 1, Ry + 1),

BiTo(r; R), r € [Ry+ 15, R],

where 7 and r; denote the support of «;(r) in (0, Rj)) and (Rj, R), and r; satisfies (2.11) with R replaced
by Ry and r} satisfies (2.22) with (a, b) replaced by (R;, R), respectively, and

. (=) ASo(rsw,Ry) - (1= ) A So(ry; w, Ry) . CiCiM
B, = —.,8; = ———and A, ;== —+,
X IRy —13) X To(Ry + 133 R) C;+Cy
where
_ w
C3 =
n (2(R3 — 1817w, RY) + wri R, — 1S o713 w, R;;))
and w
4= ;
7 (2(R; + S 1 (=15 w, Ry) — wry (2R} + 13)S o(—75: . RY))

moreover, we find from the conservation of mass that the left (half) aggregate weights m, and the
right (half) aggregate weights m3; with

CiM CiM
= = — and m3; = — —.
C3 + Cy C3 + Cy

3.9

n

In strong contrast to (3.2) where Ry € [I_QO,RO] can be chosen arbitrarily, R;; in (3.8) is uniquely
determined and we have the following result.
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Proposition 3.3. Assume that xy > x;, and the solution of (1.2) takes the form (3.8) with some Ry,
Then such R; is unique hence the solution of this form is unique.

Proof. For the solution of the form (3.8), the continuity of v at r = Rjj requires
G(Ry; w) = So(ry; w, Ry) = So(=r3; w,Rj) = 0.

We are left to verify that such Rjj € (0, R) exists and is indeed unique. According to Lemma 2.3, both
ry and r exist in (0, R) and (R, R) respectively for each R;, € (R, Ry), with R, = £
(3.1).

We first study the limits of G as follows: as R; — Ry, the facts wR; — ji; and r; — R, imply
that J;(wR;)) — 0 and Jo(w(R; — r3)) — 1, therefore we have

G ((Ry)": @) = Y1(ji)(1 = Jo(@(Ry + 13))) > 0.

and R, given by

Indeed one can show that G ((1_30)+; w) > 0.2 using the estimates of Bessel functions in [47]. On the

Ji(wRy) J1(wR)
Y1(wRy) Y1(wR)’

other hand, as R, — (Ry)", r; = R — Ry and the definition of yg, implies that

therefore Yi(wRy)
G ((Ro) s ) = _;f(‘;;) (

where we have applied the fact that Y,(wR)Y,(wR) < 0. Therefore, for each y > X5 there exists at
least one R}, € (R,, Ro) such that G(R}; w) = 0.
Next we prove the uniqueness of R;;. According to our discussions above, it is sufficient to show

2
So(ry;w,R)+ —| <0,
TwWR

that CQG;R%%W + I—EG(R*; w) < 0. Straightforward calculations give
IG(R}; w) :aso(r;;w, Ry) . a8 o(r5; w, Ry) or; _ 0S o(-15; w, Ry) ~ 0S8 o(-r3; w, Ry) Or,
OR;; OR;; or, OR;, OR;; or; OR;;
__ I%G(Rg;w) " wsl(r;;w,R;)(g—% 1+ %)
¥ wSl(—r_;;a),RZ‘,)(gIr% F1- %)

1 * o * : Vo(r3;w,Ry)
Recall from Section 2.2 that ys(r3; w, Rj)) < 0, that s, W

see this, some tedious but straightforward calculations give
or;  OrflrioRy)  Og flro.Ry) 4

ORy — Oh(rywR) @+l - W+ DR)R; = r)ST05 0. Ry)

) ar
< 1. Now we claim that a% <0. To
0

thanks to the fact that ] is a root of (2.11) with R replaced by R;. Then § %(r; w,R;) < W
0V 2
implies the claim and proves the uniqueness, and we are left to verify this inequality. Denote

4
m(w? + DRy(Rs —13)

ys(Ry; w) := S1(r5; w, Ry) —

First of all, one sees that ys((R,)"; w) — —oo. We next prove yg(R;;; w) < 0 for each R > R, to verify
the claim. We argue by contradiction: if not and there exists some R; > R, such that ys(Ri;w) = 0
and yg(R;; w) > 0. Then we find that y¢(R;; w) = 2Sf(r;; w, R))yo(r3; w, Ry) with

W(Vi(r;w,Ry) + So(r; w, Ry)) 2R, —r
S1(r;w,Ry) 2Ri(R; - 1)’

Yo(r; w,Ry) =
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Yio(r;w,R1)

RS Gwky Where

and further calculations give yi(r; w, R;) =

Yio(r; @, Ry) =0 (Ry = )(ST(r; w, Ry) + S3(r; w, Ry))
S%(r;CU,Rl)_ 4
2(R1 — l”) 7T2R1 ’

—wSo(r;w,R)S (r;w,Ry) —

38%(riw.Ry)

T 2R -r)?
vo(r; w, Ry) < y9(0; w, Ry) < 01in (O, s(ll)), which further implies that y;(R;; w) < 0, a contradiction.

One can use the same arguments as above to show that Vo(-rj;w,R;) > S(-r;; w,R;) and

moreover yio(0;w,R;) = 0 and y,(r;w,Ry) = < 0, therefore y;o(r; w, Ry) < 0 hence

% > 0 for each y > x3, then applying the facts S (r}; w,R) > 0 and S (-r;; w, R;)) < 0 gives us
or, Vo(ry; w, RY) or; Vo(-r3; w,RY)

S w R =% -1+ —E2—"— 2 4+ S |(—rw,R) | —= +1 - —22 %) <0,
WS @ 0)(3133 SirwR) )Y 177355 . Ry) oR; S1(—rw.R)

which indicates that the derivative of the root of G(R;; w) is strictly negative and eventually gives rise
to the uniqueness of Rj as claimed. O
3.2.1 Asymptotic behaviors of the volcano solution

To study the asymptotics of the unique solution (3.8) as the chemotaxis rate y goes to infinity, we first
claim that in this limit R} approaches a constant Ry in (0, R) that satisfies

Io(Ro) _ _To(f?o;R)
11 (Ro) T1(Ro; R)

(3.10)

Note that both ﬁ?—ig and ;‘;g:g are monotone decreasing in (0, R), hence this Ry is uniquely determined.
Then we will show that that u;(r) — Mdp (r); moreover, our results indicate that the mass of u;(r) on
the left hand side and the right hand side of R goes to %

To prove the claim, we first observe that

Io(Ry = )8 1(r; w,Ry) — To(R + 13, R)S (=135 w0, Ry)

* " (3.11)
II(RO_FZ) Tl(Ro+r3;R)
Then in light of (7.5), one can apply the facts that both rp, 13 — 7~ as y — oo to obtain
S1(ry; w,Ry) = =S 1(=r3; w, Ry). (3.12)

Now that r,, r3 — 0%, we conclude that u;(r) — Moy (r), (3.11) converges to (3.10) and its root
approaches Ry as claimed. Furthermore, it is straightforward to see from (3.9) and (3.12) that both 1,
and m3 approach % The results above are summarized into the following lemma.

Lemma 3.3. Let y > x5 and (u;, v;) be the solution given by (3.8). Then

M .
o), r € [0, Ro],

ui(r) = Moy (r) and vi(r) — { +Rohi®y) ' "
' " 2nRoT1(Ro:R) To(r;R), r € (Ro,R],

pointwisely in [0, R] as y — oo,

where Ry € (0, R) is the unique root of (3.10).
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Figure 6: Illustration of the asymptotic behaviors obtained in Lemma 3.2 and Lemma 3.3 with R = 5,
M = 25n. For each y given, a Mexican-hat has a much larger spiky structure than the Volcano. Left
Column: the Mexican-hat solution (u4,vy) in (3.2) with Ry = 2.5 € (@O,Ro) for y = 10,20,50 and
100. It is observed that u,(r) — 17.22636¢(r) + 61.31356x(r) as y — oo; Right Column: the Volcano
solution (u;,v;) in (3.8) for y = 5, 10, 50 and 100. We find that the spike locates at Rj; whereas
Ry / Re ~ 3.8696 as y — oo and u;(r) — 25765 (r) as y — oo.

4 Higher-Order Modes and Airy Patterns

We next demonstrate that (1.2) supports higher-order modes ring patterns for y large. Our results
show that the indices of its modes can be tuned by adjusting the size of the chemotaxis rate. The
approach provides a path to better understand (1.1) which can have simultaneously large mode areas
and large separations between the each mode.

We continue to study the solutions that extend the local (vertical) bifurcation branch at y = yi

which give rise to nontrivial patterns. Suppose that y > y, k > 3. For each integer ky € [2, k], let us
define

Ji(wRy) _ Ji(wR)
Yl(a)f?o) Y1 (wR)

Rg‘“) = sup {RO e (0, R)‘

= J1k—kg+2
w

sWR € (Jig jips1)s k> 3}- 4.1)
R0<

Note that R, in (3.1) is RE)Z) in (4.1). Then we find (u, v) such that v' changes sign in (0, R) for (ko — 1)
times in the following lemma. See Figure 8 for their bifurcations.

Lemma 4.1. Suppose that y > x; and let Rg“’) be given by (4.1). Then for each ky € [2,k], (1.2) has
a one-parameter family of solutions (u,v) such that v' changes sign (ko — 1) times; moreover, for any
Ry € [R,, Rg“))], the solution has the following explicit formula

Ay(Jo(wr) = Jo(wr)), rel0,nl,
I/l;k())(r) = 0, re (rlaRg)kO_l) - r4)’
ﬂ4(SO(RE)kO_1) —rw, ngo_])) - SO(’”4;CU, Ré)ko_])))a re [Rg(()_l) - r4aR]7
4.2)
ﬂl(h(m Jo(wrl)) r€[0,n],
vy = 3§ BTo(r;Ry), re (R = ),

.?(4()1(50(1?6%—1) —rw, Rgco—l)) — So(ra; , Rgco—l)))’ re [Rg‘"_l) — r.Rl,
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Ji(r)
Yi(r)

Figure 7: Function and an illustration of Rg“)) given by (4.1).

where the coefficients A, A, and B, determined by the continuity of v(r) and conservation of total
mass, are given by (3.3) with

- —w?Jo(wr)) = w?

1= , Lo i= - - - — 5
nxriJa(wr)To(r1; Ro) (2R = r)TURSY = ras Ro) + [R? = (RY® = ra)1To(RY” - 143 Ro))

u |
0
X X
12 12
—
Y
”C’
8 S 8
41 44.

\" 0 N S e ‘;” 0 o
57 0 1 2 3 4 57 0 1 2 3 4 5T

Figure 8: Bifurcation branches out of y3 and their global continuums. Similar as in Figure 5, this

gives to a few classes of non-monotone solutions of (1.2) from (4.2) and (4.3) for y large. The spatial
structure of the stationary solutions becomes complex and rich as y increases.

moreover, there also exist solutions of the following form

(ko) %
M(~k0)(”) = 0 55 (k 55k 5k T [(2,500 ~ b
l A (So(RY” = 130, RE™) = So(r5; 0, RY™)), 1 € (RY™ = 13, R,
o (4.3)
BZIO(}’), re [Oa ROO - r;]a
(ko) ~(k (K
v (r) = o [ SoREV -0 RE) . 5 _ .
A (“fo ~ So(ry; 0, RSN |, re RS -ri,R],
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where A; and B, determined by the mass M and the continuity at I_?g“’), are given by (3.6) and (3.7)
with Ry replaced by R}".

We would like to point out that, one can continue to construct more solutions following the ap-
proaches above by sending y larger and larger. This will give rises to spatial patterns with more and
higher modes as we described above even for a fixed k. Indeed, similar as for the Volcano solutions,
there exists some )(,’;0 > xi such that (4.3) will take a new formula such that u; touches zero at the
end point 7 = R as y surpass x; , hence it stays compactly supported of the same form as (3.8). This
results in another class of solutions for (1.2), which can be explicitly obtained but are skipped here
for brevity.

Figure 9 illustrates the airy patterns developed in (1.2). For each configuration, the circular aper-
ture has a bright central region called the airy disk, and a series of concentric rings around called the
Airy pattern. Such disk and rings phenomenon is well adopted to describe the appearance of a bright
star seen through a telescope under high magnification.

15 o 15 7 15 ® 15 ©
—u(r) —a{(r) —uy’(r) —uy(r)
() - o(r) o)) - oP(r)
10 10 10 10
5 5 A 5 5
0 " _ 0 il - - 0 /\ 7777

-5 -5 -5 -5
0 5 -5 0 5 -5 0 5 -5 0 5

'
W

Figure 9: Airy patterns of (1.2) over By(5) with y = 26 and ky = 3,4, 5 and 6 from the left to the right.
Lemma 4.1 implies that for each ky < 7 there exists non-monotone patterns such that v’ changes sign
(ko — 1) times. Top: plots of (ug‘”)(r), vilk")(r)); Bottom: each configuration ufik") contains a bright central
region and a series of concentric rings around.

There are several observations we made when analyzing the solutions above. While rigourous
proofs are lacking, we record them here for future reference and the reader’s interest. Our analysis
suggests the following findings: suppose that the closure of support of u consists of a finite number
of disjoint components, i.e., Supp(u) = UY Spt;, then the solution (1.2) has a freedom of N — 1 in
the sense that it can be uniquely determined by N — 1 parameters. With that being said, one readily
has that (u, v) is unique if the support of u is connected. This is well supported whenever y is slightly
large than y.

5 Hierarchy of Free Energies and Non-radial Solutions

Now we proceed to study the free energy (1.9) and its dissipation (1.10). This free energy allows
for a gradient flow structure of (1.1) in a product space, see [7, &, 13, 21]. The hybrid gradient
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flow structure introduced in [7, &] treats the evolution of the cell density in probability measures
while the evolution of the chemoattractant is done in the L?-setting. The gradient flow structure
used in probability densities follows the blueprint of the general gradient flow equations treated in
[2, 22, 41, 67]. Moreover, solutions were proved to be unique among the class of bounded densities
[21]. We would like to mention that (1.9) is a Lyapunov functional since steady states (uy, vs) are
characterized by zero dissipation 7 (u,,vy) = 0. Therefore, we readily obtain that for a steady state
(uy, vy), the quantity u; — yv, must be constant in each connected component of the support of the cell
density u,. Note that the v—equation of (1.2) readily gives us

f (IVvel* +1v3)dx = f u,vdx.
Bo(R) By(R)

1
E(ug,vy) = — f us(ug — yvs)dx. 5.1
Bo(R)

Therefore

Moreover, since u; — yvy = A; for some constants A; on each of the (possibly countably many) con-
nected components of the support of u,, denoted by sppt;, we have from (5.1) that

1
E(ug,vg) = — f Aiugdx. (5.2)
X Z sppt;

We now study the energy of the steady states constructed above, and in light of the explicit formulas,
we shall give a hierarchy of the energies. Among other things, we show that the constant solution has
the largest energy among all solutions and the single interior bump has the least energy in the radial
class.

5.1 Hierarchy of Free Energies
First of all, we find that the constant solution (iz, V) defined in (0, R) has energy

1-— - 2M2
g n) = Ty OO
X XTR

moreover, the one-parameter family of bifurcation solutions (1.8) have the same energy as the constant
solution since u(gk)(r) - )(kvf,:k)(r) = (1 — )i independent of &
2 MZ

EuP (), v = - L2 ke N*.

XiR?

Lemma 5.1. For each y > x1, we always have that E(u~,v™), Ew*,v*) < E@, v). In general, for any
annulus (a,b) and each y > x.» E(U3,V3),E(U4, Vy) < E(, V), where (U;,V;) are given by (2.21)
and (2.23).

Proof. We first prove that E(u,v™) < E(i, v) for any y > y;. Note that the inner ring spike (u~,v™)
given by (2.8) has energy

w*M? wJo(wry)

Pz ' 2riJi(wry) — a)rfJo(wrl)'

Eu ,v) =

To show the inequality above, it suffices to prove 2rJ,(wr)) + w(R* — rf)]o(a)rl) < 0. Because
ry is the root of (2.4), this inequality is equivalent to 2rT(r;;R) + (R — r)To(ri;R) > 0. By
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straightforward calculations that 8,(2rT;(r; R) + (R? = )To(r; R)) = (R* = )T (r;R) < O for r < R,
hence 2rT1(r1;R) + (R> — rl)TO(rl,R)) > 2RT{(R;R) = 0and Eu,v™) — E(in, v) < 0 as expected.
The outer ring solution (#*, v*) given by (2.16) has energy

w>*M? wS o(r; w, R)

8 +’ + [ . .
Y = T AR = )5 (i R) + (2R = 12)S o(ra: 0. B)

We claim that E(u*, v*) < E(@n, v). To see this we only show that 25 | (r2; w, R)—w(R—1,)S o(r2; w, R) <
0, which is equivalent to 2I;(R — r;) — (R — r)Io(R — ;) < 0 thanks to (2.11). However, this is an
immediate consequence of the recurrence relations of the modified Bessel functions (e.g.,[1])

2Ii(R = 1) = (R=r)Ih(R—r) = =(R— r),(R - rp) <0,

and this readily implies E(u*, v*) — E(u, v) < 0.
Next we study the energies of the monotone solutions (U3, V3) in (2.21) and (U4, Vy4) in (2.23) in
an annulus (a, b). To begin with, we know that energy of the constant solution is

_ (1 = x)ia w’M?
Elap, Vap) = ————— M = —————,
(taps Vap) = ¥ b — @)
where (i, Vap) = b2 - Thanks to (2.21) we find
w*M? wS o(—r3; W, a)

E(U5,V3) = . .
Uz ¥3) xm 2a+r3)S (-3 w,a) - wr3(2a + r3)S o(—1r3; w, a)

We claim that E(U3, V3) < E(igy, V). To this end, we only need to show that 2(a + r3)T(a + r3; b) +
(b* = (a + r3)*)To(a + r3; b) > 0 in light of (2.22). Denote

yi(ria,b) := 2a+NTi(a+r;b) + (b* = @+ r?) To(a + rb),

then straightforward calculations give that d,y(r;a,b) = (b2 —(a+ ,,)2) Ti(a + r;b) < 0, therefore
yi(rs;a,b) > y11(b — a;a, b) = 0 as expected, hence E(U3, V3) — E(ityp, Vap) < 0.
To study the monotone increasing solutions (Uy, V), we first find

w>M? WS o(r4; w, b)

EUL,Vy) == . )
e ) = = b= S (a0, 5) + wra(2b — ra)S o(ra: 0, 5)

Denote
ya(r;a,b) :=2(b = )Ti(b - r;a) = (b — 1’ — &) To(b - r; ),

then a routine computation gives that 8,y,,(r; a, b) = ((b —r)Y - az) Ti(b—r;a) > 0forre(0,b-a),
therefore y»(r4; a, b) < y12(b — a; a, b) = 0 and this implies through (2.24) that

2(b - 1S | (ra; w, b) — w ((b —r)? - az) So(ra; w, b) < 0.

Therefore we have E(Uy, V4) — E(itgp, Vap) < 0. This completes the proof. O

Now we are ready to prove the Theorem 1.3.
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Figure 10: The hierarchy of energy (1.9) for the constant, monotone ring, and non-monotone ring
solutions on the y-axis. Our results indicate that the inner ring solution (2.8) has the least energy and
the constant solution has the largest energy among all radial solutions. Left Column: (1) the local
curves of the energy for these solutions for y small. When y = y1, the constant solution has the same
energy as the bifurcation solutions (1.8) for any &; for each y > yi, the energy of the inner ring is
always smaller than that of the outer ring. Indeed, the inner ring is the global minimizer of energy (1.9)
in the radial class. The Mexican-hat and Volcano solution emerge as y surpasses y», and both have an
energy smaller than the constant. (2): the global curves of these energies for y large. They suggest that
in the large limit of chemotaxis rate, the Mexican-hat solutions with a fixed Ry = R and Ry = Ry admit
energies which converge to those of the outer ring and inner ring solutions, respectively. However, we
do not illustrate this (with full details) here for the sake of succinctness. Right Column: the hierarchy
of energy listed on the left column and an illustration of the diagram. The inner ring has the least energy
and the constant has the largest energy, while exists a critical value 3.98 that outer ring has a smaller
energy than the Mexican-hat with Ry = Ry if y < 3.98 and a larger energy if y > 3.98.

Proof of Theorem 1.3. Part (i) has been proved in Lemma 5.1 and we now prove (ii) and (iii). To
show (ii), we find that

E(ui,vi) = —
2(R; — r2)S 1(r2; w, Ry) — 2(Ry + 13)S 1 (=135 0, RY) + w(r3 — 13 + 2R} (r2 + 13))S o(r2; w, RY)
hence )
M-w 1 1
E(u;, vi) — E(in, v) = — - —, 5.3
(1 vi) = & V) = == (h1<r2;w,R;;> o R) R )

M*W*S o(ry; w, R/ (7x)
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Li(Ry—1)

where the functions A; are given by h(r; w, R) := 2(R; — 1) + r(2R; — r) and hy(r; w, Rp) =

Io (R;;—r)
a(p* T1(Ry+1:R) . 2Ry - (R —r) _ 2(Ry+NTIHRy+riR)
2R, + 1) 5 SR iR +r(2Rj+r). One can find that ,h; = —1§<R;;—r) > 0and 0,h, = T IRR

0, therefore we have
hy(ry; w0, RY) < hi (RS, w, Ry) = (R)? and hy(R — Ry; w, RY) < hy(Ry; w, Ry) = R* — (R})*.

This readily implies from (5.3) that E(u;, v;) < E(i, v) as expected. The fact that E(uy, vy) < E(i, v
can be verified by the same calculations, and we skip the details here.
To find the asymptotic energies for y > 1, we calculate
M?w? wJy(wry)
my  2riJi(wr) — wriJo(wry)
M?w? To(ri;R
LY o3 R) since rq is a root of (2.4)
Y 2"1T1(7’1;R)—7’%To(’”1;R)
M?20? - (R)InZ 1
2 1()2 2 — + O(1) sincerle&asx—nm
my —2L(R) + ri[i(R)In 3 w
M’hhow
2r

which is as expected; on the other hand, we compute for the Mexican-hat with Ry = R,

<
~

Ew,v) =

+ O(1),

miw? wJo(wr) miw*

ny 2rJy(wry) — wriJo(wry) ﬂX(Rz—R%)
M?w? J,
Y wlolwr) +o(1) since m; - M and my — 0 as y — o
ny 2rJi(wry) — wrlz.lo(wrl)

=E(u ,v ) +o(1)

8(”d7 Vd)lR():Ro -

also as expected; moreover, the asymptotic expansions for E(u*,v*) and E(uy, v4) with Ry = R, can
be verified by the same calculations and we skip the details here.

We are left to verify (iii). According to Section 2 and our discussions above, in each annulus (a, b)
we have E(U3, V3), E8(Uy, Vy) < E(ilgp, Vap), where (U;, V;) and (i, V4p) are given by Section 2. Let
(epi> Vep) be an arbitrary solution of (1.2) with u being compactly supported such that v has k critical
points {R;}*_, such that

[0,R) = U (R_|,R) withO =Ry <R, <..<R,_| <R, =R.
Note that £ must be finite since min (R; — R;_;) > %1 On each interval (R;_;, R;), the solution takes
the form (U3, V3) or (Uy, V4). Then according to (5.2) we find that

1
8(ucpt’ cht) = f u(u —)(V)dX
X JBy®)

k
2,
=— u(u — yv)dx
X Z Bo(R)\Bo(Ri-1)

1 m*(1 = x)
<Za(uR, Ri> VRLAR,) = Z n(R2—R%))



where m; denotes the cellular mass in the i-th interval (annulus) with m; > 0 for each i and Zf:] m; =
M. Therefore, to prove (iii), it is sufficient to prove that for any partition {R;}\_,

k 2 2
m; M
FO= ), R
i=1 "'i i-1

First of all, this inequality holds for k = 2. Suppose that this is true for k > 2, then for k + 1 we have

< m; (M - mk+l)2 mi+1 — ((M B mk+1)R2 B MRi)z M’ M’

Fkk+1 = L > + s
b Z R} - R, R} R? - R R2RX(R? - R2) R~ R

which implies that F(k+ 1) > Rz as expected. Therefore F(k) > - for each k € N*, and this finishes
the proof of Theorem 1.3. O

5.2 Non-radial Stationary Solutions: Numerical Evidence

Our studies of (1.1) have been restricted to its stationary problem (1.2) in the radial setting so far. A
natural question that arises is whether (1.1) has non-radial steady states. Though the rigorous analysis
of this problem is out of the scope of this paper, we conduct some numerical experiments to give
a confirmative answer to this question. Our numerical simulations suggest that the spatial-temporal
dynamics of (1.1) are quite intricate and phase transition is ubiquitous for large y whence its stationary
problems admit many spiky solutions.

= t=2.0 = t =200

Figure 11: Formation of nontrivial stationary pattern in u(x) within (1.1) over the unit disk out of small
perturbation initial data (ug, vo) = (1, 1) + 0.01(cos 10x, sin 5y). Here we choose y = 5 > 4.49, the latter
being the critical value after which the constant solution becomes unstable. The small-amplitude initial
data develop into a spatial pattern concentrated in the north pole in a large time.

In the three experiments, we fix the domain to be the unit disk By(1) and initial data (g, vy) =
(1, 1)+ 0.01(cos 10x, sin 5x) be small perturbations of the constant pair. Our focus is to investigate the
effects of chemotaxis rate y on the formation of nontrivial patterns, in particular those non-radially
symmetric. According to [16], the constant solution (i, V) is globally stable in generally if and only
X < X1, where y; = 4.39 since 3.39 is the (approximated) principal Neumann eigen-value. In Figure
11, we study the spatial-temporal dynamics of (1.1) by choosing the chemotaxis rate y = 5, which
is slightly larger than y; = 4.39. Then in a large time, (1.1) develops a spatially nontrivial steady
state which is not radial, and concentrates on the north pole in the final time. Indeed, the only radial
solution is the constant in this case according to our discussions above.

We next consider the same problem in Figure 12 with y = 60. One observes the emergence of
spatial patterns, their developments into aggregates, and the formation of three boundary spikes, all
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tr=24 =40
t=17.0 t=18.0 t=61.0 t =100

Figure 12: Formation of nontrivial stationary pattern in u#(x) within (1.1) under the same settings of
Figure 11 except that y = 60. We observe the development of a nontrivial pattern at ¢ ~ 1.0, and then
it develops into three spikes on the boundaries, which attract each other and eventually form a stable
single boundary spike in a large time.

in a relatively short time. Then these boundary spikes keep their profiles for a quite long time before
two of them attract each other and merge into a new but larger aggregate at ¢ ~ 18, resulting in two
aggregates on the boundary, the small one in the west and the large one in the east. Then again, these
two spikes endure a very long time before a phase transition happens with the small spike moving
towards the large one along the boundary in a long time. They eventually merge and form a stable
aggregate located at the southeast on the boundary.

Finally, we conduct another numerical experiment of (1.1) in Figure 13 under the same conditions
as above except that y = 300. Now the chemotaxis rate is stronger than previously, spatial patterns
emerge and develop into one interior spike and four boundary spikes in an even shorter period. Then
one of the adjacent boundary spikes attract each other and quickly merge into a single one on the
boundary at time ¢ ~ 2. Then this spatial pattern with one boundary spike in the west, one interior
spike, and two boundary spikes (symmetric about the x;-axis) slowly evolve; moreover, as the time
involves, the interior spike and the two boundary spikes move towards the east end and they endure
a phase transition at time t ~ 7 when the two boundary spikes disappear. Then the interior spike
keeping moving eastwards and it touches the boundary at ¢ = 9, resulting in a large spike at the east
end and small spike at the west end. Then these two spikes stay stable for a very long time, and such
mesa-stability is not destroyed until an even longer time when the small one starts moving towards the
large one along the boundary. The phase transition occurs in a relatively short period and eventually,
the spatial pattern develops into a single stable spike on the boundary. Our numerical studies suggest
that a single boundary spike is the most stable hence has the smallest energy among all solutions. As
we mentioned earlier, a rigorous study of such non-radial solutions is out of the scope of this paper.
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t=0 t=0.5 t=1.0 t=2.0
t=70 t=8.5 t=9.0 t =100

Figure 13: Formation of non-radial stationary pattern in u(x) within (1.1) under the same settings as
in Figure 11 except that y = 300. Similar as above, the time-dependent system endures several phase
transition processes, and eventually develops into the single boundary spike which is (the most) stable.

6 Quadratic Diffusion Models in the Whole Space R?

Finally, let us consider the counter-part of (1.2) in R?, the solution (U, V) of which satisfies

0=0U0MU-xV))r r € (0, ),
0=V, +1V,-V+T, r € (0, ),
U e C°([0, )), V € C*([0, ), U(r) > 0,V(r) >0, re]0,c0),
[, Urdx = M; lim,_, U(r) = V(r) = 0.

6.1

Problem (6.1) is a natural extension of (1.2) with R = oo, however not all the results about (1.2) can
be applied to the whole space by formally taking the limit. For instance, (1.2) suggests (0,0) is the
constant solution of (6.1), which apparently does not satisfy the conservation of mass; moreover, our
coming results indicate that (6.1) has relatively simple spatial-temporal dynamics compared to (1.2).
Setting R = oo in (1.7), Theorem 1.1 tends to imply the solvability of (6.1) for each y > 1. We will
verify this in this section. Before proceeding further, it seems necessary to point out that transition of
any solution of (6.1) leads to another solution, therefore for the simplicity of (uniqueness) statement

we set
r?%z[lvx Ux) = U(0), (6.2)

then we will show that (6.1)-(6.2) has a unique solution for each y > 1.
Note that (6.1) is the stationary problem of the following parabolic system in the radial class

u, = V- uVu—yuVv), xeR t>0,
0=Av—v+u, xeRN >0,
u(x,0),v(x,0)>0,20, xeR",

o u(x,0)dx = M,

(6.3)

the second equation of which can be solved in terms of the fundamental solution of (A — I) in RY
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hence results in
=V - (uVu"! + V(W xu)), xeRY, 120,
u(x,0) >, 0, x € RV, (6.4)
oo u(x,0)dx = M,

with m = 2 and W being the Bessel potential leading to (6.3).
System (6.4) has a delicate variational structure in the sense that it can be recognized as a gradient
flow for probability measures of the following free energy

Ei(u) = %f u"(X)dx + %f u(W * u)(x)dx;
RN RN

this free energy is also a Lyapunov functional and its minimizers are natural candidates for the station-
ary solutions of (6.4) with its variations leading to the PDE. Then the properties of stationary states
can be studied by analyzing the local or global minimizers of the free energy to start with.

To obtain the global minimizers, one can start by proving that the free energy functional is
bounded from below and the minimizing sequence is compact. However, the main challenge arises
is that the mass can be uncontrolled for the minimizing sequence due to the translational invariance
of the energy functional. Many works have been done toward the existence [10, 11, 15, 20, 23] and
uniqueness [ 10, 23, 46] of the global minimizers of (6.4) with attractive potential such as Newtonian
potential or Riesz potential. In general, this global minimizer is a stationary solution of (6.3), and then
one can apply the decreasing rearrangement argument to show its radial symmetry and uniqueness up
to a translation [ 15, 20, 23]. However, it seems to us that most studies of the stationary solutions are
concerned about the global minimizers of the free energy.

In a recent work [19], J. A. Carrillo et al. proved among others that if m > 1 and the potential
W is no more singular than Newtonian, any stationary solution of (6.4) is radially symmetric and
decreasing; moreover, if W is more singular than Newtonian, every bounded stationary solution of
(6.4) must be radially decreasing. These results apply to a very large class of aggregation-diffusion
equations without restricting to their global minimizers. However, it seems necessary to mention that
no uniqueness of the compactly-supported of # was known in [19], except for problems with certain
drift. Very recently, M. Delgadino, X. Yan and Y. Yao proved in [30] the uniqueness of m > 2 with a
general potential W € C(R"\{0}) which is no more singular than Riesz potential for some k > —N;
however, for 1 < m < 2 they demonstrated that there exist certain attractive potentials such that (6.4)
has infinitely many radially decreasing stationary solutions. In another recent work for 1 < m < 2
but with the Riesz potential, V. Calvez, J. A. Carrillo and F. Hoffmann [12] proved the uniqueness for
(6.4). Readers can find reviews of aggregation-diffusion (6.4) in [1 1, 17, 30].

We would like to point out that, though the potential W in [19, 30] was set to Newtonian (or
alike), the arguments there apply to (6.4) with the Bessel potential which has the same singularity
as Newtonian but with a better decay at infinity. Therefore one concludes from [19, 30] that any
stationary solution of (6.3) must be radially decreasing hence reduces to (6.1).

In this section, we study the explicit and unique solution for (6.1)-(6.2), and show that its solution
is unique, and compactly supported as naturally expected. In simple words, our results indicate that,
with W being the Bessel potential, (6.4) is equivalent as (6.1) with its stationary solution to be uniquely
and explicitly given.

6.1 Existence and Uniqueness of Stationary Solution in R?

The discussions above imply that U in (6.1) must be radial and decreasing within its support. We
claim that it must be compactly supported in R* whenever y > 1. Indeed, if U > 0 in R?, we can
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find that V(r) = CJy(wr) — % in [0, oo) for constants C;. Then the decaying condition V(co) = 0
readily implies that V(r) = C,Jy(wr). However, this implies that V changes sign in (0, co), which is
impossible. Therefore, we must have that U is compactly supported.

Now we proceed to find explicit formula of the unique solution of (6.1). With that being said, we
look for (U, V) such that U — 'V = C for r € [0,7*) and U = 0 for r € [r*, o0). Rewriting (2.1) with
(0, R) replaced by (0, o) gives us

V., +1V, -V =0, re[rf, o), (6.5)

V,+ iV, +(x = DV+C =0, rel0,r),
V,.(0) = 0,lim,_,e V(r) = 0.

Solving (6.5) gives that

V(r) = { CJo(wr) - XL:I’ rel0,r), 66)

CZKO(F)’ re [r*9 OO),

with r* to be determined. Before proceeding further, we want to point out that if y < 1, (6.1) does
not have any solution. The case y = 1 readily holds since 0 is not an eigen-value of Neumann —A,
(otherwise v equals some non-negative constant, which is impossible). When y < 1, let us denote
@ := 4/l — x, then the explicit solution V(r) = CIy(ér) — )% for r € [0, r*) and V(r) = C,K(r) for
r € [r*, 00). In this case, the continuities of V' and V" at r* enforce the following identity

wly(wr’)  Ko(r')

_ Kol 6.7
I (wrr) K (r*) ©7)

however, one finds that “Z‘EZ‘;;) > —1;?2: ; for any r > 0, therefore (6.7) is impossible hence (6.1) does

not have any solutions if y < 1. Indeed, one can apply the results above to conclude that it has no
nonconstant solution at all.
Now for each y > 1, the continuity of V'(r) and V”(r) for (6.6) at r = r* implies

—Ciwl(wr?) = —CoK(r),
—Clwz(Jo(a)r*) - %) = Cz(%f*) + Ko(r*))),

which entails that 7* is a root of the limiting algebraic equation of (2.4)

_ wly(wr®) N Ko(r)

[ w, 00) = T TR - (6.8)

As an analog of Lemma 2.1, for each y > 1, f(r*; w, o) in (6.8) admits a unique root r* in (%’1, “71)
With this unique root in hand, we collect from (6.6) that

AJo(wr) = Jo(@r),r € 10,1, { A (D — Jy(wr)), rel0,r), 69)

Ur) = \Y
") {o, relr o). T\ Bk, r e [, o),
where the coeflicients A_ and B_ are explicitly given by

_ Mw 48 = Maw*Jo(wr*)
T @ T wr) — o o) T ) T wr) Ko(r)

One sees that all the arguments and calculations for the interior spike in By(R) holds an arbitrary R.
In summary, we have the following results:
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Theorem 6.1. If y < 1, (6.1) has no solution. For each y > 1, (6.1)-(6.2) has one and a unique
one solution (U(r), V(r)); moreover, this solution is explicitly given by (6.9) such that U(r) is sup-
ported in the disk By(r") for some r* € (-2, ) determined by (6.8); furthermore, the following

Vet VT

asymptotics hold in the large limit of y:

(i) r*, the size of support of U, is monotone decreasing in y and r* = 0(\/%?) forxy > 1;

(1i) ||U|| g2 is monotone increasing in y and |[U|| «g2) = O(x) for x > 1;

(iii) U(r) » Moy(r) and YV(r) — %Ko(r) pointwisely in R* as y — oo.

Theorem 6.1 states that in the radial setting, the solution of (6.1)-(6.2) is uniquely and explicitly
given by (6.9). Then according to [19, 30], these statements also hold for (6.3) and we have the
followings:

Corollary 6.1. For each y > 1, (6.3) has one and a unique one stationary solution (u,v); moreover,
this solution has the explicit formula (U(r), V(r)) in Theorem 6.1, hence it is radially symmetric, with
u being compactly supported and monotone decreasing within its support.

6.2 A Cousin Problem with Logarithmic Potential in R>

Finally, we consider the following cousin problem of the steady states of (6.3)

0=V -(UVU — yUVYV), x € R?,
0=AV+1U, x € R, (6.10)
(U, V) € COR?) x CA(R?), [, UX)dx = M

It is well known that any solution of (6.10) must be radial and compactly supported such that
(UX),V(x)) = (U(r),V(r)) and U = O for r large.

We will explore the explicit formula for this unique solution in this subsection. It is necessary to point
out that for any constant C, (U,V + C) is a solution of (6.10) whenever (U, V) is one, therefore the
uniqueness here is understood as that of (2, V,) as we shall see later.

Similar as above, we find that the support of U must be the form of a disk By(r*), therefore
U—-xV = Ca constant in By(r*) and U = 0 in R2\By(r*). Therefore the V-equation implies that
AV + D) +x(V+5)=0in (0,7 and A,V = 0'in (7, 00).

_[xV+C, refor), _ [ Gy =€, relo,rm,
Ut = { 0, r € (r, ), V() = CyInr + Cs, r € (r*, o).
We claim that r* = ]\Of] Before showing this, we first show that C, # 0. If not, then V = C; in

J|1

= which leads a contradiction to the C?

(r*, 00) and the C'-continuity of V(r) at 7* implies that r* =
continuity of V at r*.

Next we enforce the C! and C? continuity of V(r) at * and find that Jy(wr*) = 0 hence r* = ’\0/—)1(

as claimed. Moreover, the integral constraint implies that C, = —%. In summary, we collect the

following explicit formula of the unique solution (U, V) to (6.10) as

U = { i PO = { K
0, re J\‘;,oo), -¥1, re J\(;)l(,oo).
In contrast to (6.1) where V' describes concentration of the stimulating chemical, V' can only be
uniquely determined by its derivative in the sense of (6.11). On the other hand, V becomes negative
for r sufficiently large, hence it should be understood as an attractive potential rather than a physical

chemical concentration in (6.10).

(6.11)
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7 Appendix

Here we establish the finer estimate r, € (5, j—";) by the asymptotic expansions of Bessel functions

and the uniform bounds of the ratios of modified Bessel functions J,(x) and Y, (x), n € N. The results
in Chap 7.3 of [74] state that for any x > 0, the finite sum within the asymptotic expansions of J,(x)
and/or Y,,(x) converges to each function, with the corresponding remainders being of the same sign of
the finite sum with the last term ignored. To be precise, one has

T(x) = \/%(P(x, n) cos (x — % _ g) — O(x, n) sin (x — % _ g)), 7.1)
Y,(x) = \/% (P(x, n)sin (x - % - ;—T) + O(x, 1) cos (x - % - g)), (7.2)

where P(x,n) and Q(x,n) can be presented by

e VAN C /) PN € o) P C D ERN € ) MRS € ) P
CUEDY (2m) 1 (2x)2" Ta (25)1(20)> .

m=0
for some || < 1if2s > n — % and
O(x.n) = i =" (% = Mot * (% + M)l ‘e (-1 - (% — M) - (% + M)yee
T 2m + DIQ2x)2m+! 2 25 + D12 ’

m=0

for some |e| < 1if 25 > n — % Thanks to these approximations, there exist some constants 6y, 6,, 65
and 6, in (0, 1) such that

96, 150,
Px.0)=1— 201 Px.1) =1 7.
w0 =1- b, D=1+ 20, (1.3)
1 750, 31056,
[ p— _ 1 - — .
00 = -2+ T 2D =351~ Tooaw

We also want to note that the positivity of each 6; is promised by the facts that the remainders after
two terms of P(x, n) and Q(x, n) are of the same sign as the sum of the first two term. Using (7.1) and
(7.2), we have

n 2 n by
So(%;w,R) - D) (Q(a)R, 1) P@R-2,0) = P@R. 1) QR - 5,0)),
s, (%;w,R) -— ? ) (P(a)R, D P@R=2,1)+ QwR.1)- Q@R -2, 1)).

JR(R-Z

Substituting (7.3) into the above expressions, using the boundedness of 6; and the fact wR > j; ;, we
obtain from straightforward calculations

. 1 1565
wS g (z w, R) k1) 1024 (@R-T) 1

< .
Sl(%;w,R) 1+12;5% 2(R-55)
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Let us recall the following inequality from [3]

IO(R—%) N 1+ 1/4(13—%)2+1

LR-35) 2R - 5; ’

therefore fz(%; w,R) < 0 implies that r, > % as asserted. By the same token, one can show that
sgl) € (75, 5-) and s(ll) €(Z, j—(’;) by the monotonicity of Sy(r; w, R) and S(r; w, R), and then obtain

their asymptotic expansions in terms of P(x, n) and Q(x, n).
Next, we claim that r, — (ﬁ)Jr and sf)l) — (5-)7 in the limit of y — oo. To see this, we first find
the following asymptotic behavior of Bessel functions in this limit as

) _ 2 -2

So(r;w,R) = T VRE—D cos(wr) + O((wR)™), (7.4)
: 2z )

Si1(r;w,R) = TR sin(wr) + O((wR) ™), (7.5)

where the big O is uniform in r. These asymptotic expansions indicate that sgl) — (35)” and

s(ll) — (Z)". Recall that r, is the first positive root of (2.11), the left hand side of which approaching

—[an‘g’—wr), the right hand side approaching the positive bound constant % in large y, then an immediate

consequence of these facts is that r, — (5-)" as y — oo, which is expected.
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