VANISHING CROSS-DIFFUSION LIMIT IN A KELLER-SEGEL
SYSTEM WITH ADDITIONAL CROSS-DIFFUSION

ANSGAR JUNGEL, OLIVER LEINGANG, AND SHU WANG

ABSTRACT. Keller—Segel systems in two and three space dimensions with an additional
cross-diffusion term in the equation for the chemical concentration are analyzed. The
cross-diffusion term has a stabilizing effect and leads to the global-in-time existence of
weak solutions. The limit of vanishing cross-diffusion parameter is proved rigorously
in the parabolic-elliptic and parabolic-parabolic cases. When the signal production is
sublinear, the existence of global-in-time weak solutions as well as the convergence of
the solutions to those of the classical parabolic-elliptic Keller—Segel equations are proved.
The proof is based on a reformulation of the equations eliminating the additional cross-
diffusion term but making the equation for the cell density quasilinear. For superlinear
signal production terms, convergence rates in the cross-diffusion parameter are proved for
local-in-time smooth solutions (since finite-time blow up is possible). The proof is based
on careful H*(€2) estimates and a variant of the Gronwall lemma. Numerical experiments
in two space dimensions illustrate the theoretical results and quantify the shape of the
cell aggregation bumps as a function of the cross-diffusion parameter.

1. INTRODUCTION

Chemotaxis describes the directed movement of cells in response to chemical gradients
and may be modeled by the (Patlak—) Keller—Segel equations [24, 29]. The aggregation
of cells induced by the chemical concentration is counter-balanced by cell diffusion. If the
cell density is sufficiently large, the chemical interaction dominates diffusion and results in
a blow-up of the cell density. However, a single point blow-up is not very realistic from
a biological view point, due to the finite size of the cells. Therefore, chemotaxis models
that avoid blow-up were suggested in the literature. Possible approaches are bounded
chemotaxis sensibilities to avoid over-crowding [7, 12], degenerate cell diffusion [8, 25, 26],
death-growth terms [6, 32|, or additional cross-diffusion [10, 18]. In this paper, we continue
our study of the Keller—Segel system with additional cross-diffusion, which allows for global
weak solutions [10, 18]. The question how well the solutions approximate those from
the original Keller—Segel system remained open. Here, we will answer this question by
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performing rigorously the vanishing cross-diffusion limit and giving an estimate for the
difference of the respective solutions.

The equations for the cell density ps(x,t) and the chemical concentration cs(z,t) are
given by

(1) Orps = div(Vps — psVcs), €0cs = Acs + 6Aps —cs +p§ inQ, t>0,
subject to the no-flux and initial conditions
(2) Vps - v=Vcs-v=0 ondf, t>0, ps0)=p" ccs(0) =ec® inQ,

where 0 C R? (d = 2, 3) is a bounded domain, v is the exterior unit normal vector of 9€),
0 > 0 describes the strength of the additional cross-diffusion, and the term p§ with a > 0
is the nonlinear signal production. The case ¢ = 1 is called the parabolic-parabolic case,
while € = 0 refers to the parabolic-elliptic case. The existence of global weak solutions to
(1)-(2) was proved in [18] in two space dimensions and in [10] in three space dimensions
(with degenerate diffusion).

Setting 0 = 0, we obtain the Keller-Segel system with nonlinear signal production. In
the classical Keller—Segel model, the signal production is assumed to be linear, a = 1. In
order to deal with the three-dimensional case, we need sublinear signal productions, o < 1.
In fact, it is shown in [33] that a = 2/d is the critical value for global existence versus
finite-time blow-up in a slightly modified Keller-Segel system with 6 = 0. We show that
also for § > 0, the condition o < 2/d guarantees the global existence of weak solutions,
while numerical results indicate finite-time blow-up if ao > 2/d.

We are interested in the limit § — 0 in (2) leading to the Keller-Segel equations

(3) Op =div(Vp—pVe), edic=Ac—c+p® inQ, t>0,

with the initial and boundary conditions (2). We refer to the reviews [3, 16] for refer-
ences concerning local and global solvability and results for variants of this model. In the
following, we recall only some effects related to the blow-up behavior.

In the parabolic-elliptic case, a dichotomy arises for (3) in two space dimensions: If the
initial mass M := [|p°||1(q) is smaller than 8, the solutions are global in time, while they
blow up in finite time if M > 87 and the second moment of the initial datum is finite (see,
e.g., [5]). The condition on the second moment implies that the initial density is highly
concentrated around some point. It is necessary in the sense that there exists a set of
initial data with total mass larger than 87 such that the corresponding solutions are global
2].

In the parabolic-parabolic case, again in two space dimensions and with finite second
moment, the solutions exist globally in time of M < 87 [9]. However, in contrast to the
parabolic-elliptic case, the threshold value for M is less precise, and solutions with large
mass can exist globally. In dimensions d > 3, a related critical phenomenon occurs: The
solutions exist globally in time if ||| 1a/2(q) is sufficiently small, but they blow up in finite
time if the total mass is large compared to the second moment [11].

In this paper, we prove two results. The first one is the convergence of the solutions to the
parabolic-elliptic model (1) with € = 0 to a solution to the parabolic-elliptic Keller—Segel
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system (3) with ¢ = 0. Since we impose a restriction on the parameter o as mentioned
above, this result holds globally in time. We set Q7 = 2 x (0,7).

Theorem 1 (Convergence for the parabolic-elliptic model). Let Q@ C R¢ (d = 2,3) be
bounded with 02 € CY, T > 0,6 >0, =0, and 0 < p* € L=(Q). If a < 2/d, there
exists a weak solution (ps,cs) € L*(0,T; H'(2))? to (1)-(2) satisfying

dips € L*(0, T; HY(Q)),  ps € L=(0,T; L (), cs+ 6ps € L0, T; WHP(€)),
for any p < oo. Furthermore, as d — 0,
ps > p strongly in L3(Qr),
Vps — Vp weakly in L*(Qr),
cs 4+ 0ps —* ¢ weakly* in L>=(0,T; W'(Q)), p < oo,
and (p, c) solves (2)—~(3), and it holds that p, ¢ € L*>°(0,T; L>=(2)).
The idea of the proof is to reformulate (1) via vs := ¢5 + dps as the system
(4) Orps = div((1 + 0ps)Vps — psVus), —Avs+uvs=7bps+p5 inQ, t>0,
together with the initial and boundary conditions
(5) Vps - v=Vous-v=0 indQ, ps0)=p" inq.

This reformulation was already used in [18] to prove the existence of weak solutions in the
two-dimension case with o = 1. It transforms the asymptotically singular problem to a
quasilinear parabolic equation, thus simplifying considerably the asymptotic limit problem.
Still, we need estimates uniform in § to apply compactness arguments. For this, we use
the “entropy” functional Hi(ps) fQ ps(log ps — 1)dx:

dH
(6) —1+4/ V5|2 d:c+5/ Vps[*da < /(5P5+p"‘“)d

By the Gagliardo-Nirenberg inequality, the first term on the right-hand side can be esti-
mated as (see Section 2 for the proof)

5 [ e < I pslEaier + Clloslsco

The first term on the right-hand side is absorbed by the left-hand side of (6) and the
second term is bounded since the total mass is conserved. To estimate the second term
on the right-hand side of (6), we need another “entropy” functional Hy(p) = [, pydz with
p =2 or p =3, leading to

dH,
T [ VAP 5 [ 19 < CloslER )+ Cl 1
Q

where ((p) > 2 is some function depending on p. If p = 2, the last term is the total mass

which is bounded uniformly in time. Moreover, the estimate for P(ls/ > in H'(Q) from (6)
implies that ps is bounded in W (Q) < L3/2(Q) such that the first term on the right-hand
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side of (7) is uniformly bounded as well. Higher-order integrability is then obtained for
p=3.

Clearly, these arguments are formal. In particular, the estimate for H; requires the
test function log ps in (1) which may be not defined if ps = 0. Therefore, we consider an
implicit Euler discretization in time with parameter 7 > 0 and an elliptic regularization in
space with parameter n > 0 to prove first the existence of approximate weak solutions with
strictly positive ps. This is done by using the entropy method of [18]. The approximate
solutions also satisfy the d-uniform bounds, and they hold true when passing to the limit
(n,7) — 0. Then the limit 6 — 0 can be performed by applying the Aubin-Lions lemma
and weak compactness arguments.

The second result is concerned with the derivation of a convergence rate both in the
parabolic-parabolic and parabolic-elliptic case. For a > 1, we cannot generally expect
global solutions. In this case, it is natural to consider local solutions. The technique
requires smooth solutions so that we need some regularity assumptions on the initial data.

Theorem 2 (Convergence rates). Let Q C R? (d < 3) be a bounded domain with smooth
boundary and let (p°,°) € WP(Q))? forp > d if e = 1 and p° € C*(Q) for some
v € (0,1) if e = 0. Furthermore, let o« =1 or a > 2 and let (ps,cs) and (p,c) be (weak)
solutions to (1) and (3), (2), respectively, with the same initial data. Then these solutions

are smooth locally in time and there exist constants C > 0 and 69 > 0 such that for all
0<d<dy and A >0,

<8) H(p5 —pP,Cs — C)HL‘X’(O,T;HQ(Q)) < o,

The theorem is proved as in, e.g., [19] by deriving carefully H*(2) estimates for the
difference (pg,cr) := (ps — p,cs — ¢). The index s € N is chosen such that we obtain
L>(Q) estimates which are needed to handle the nonlinearities. If ¢ = 1, we introduce the
functions

L(t) = [(prs cr) D2y G(t) = (or, cr) () [F2(0) + IVA(PR: cr) (8) 1220

The aim is to prove the inequality
t t t
I'(t) + Cl/ G(s)ds < Cz/ (T(s) + D(s)max{Zadygs 4 02/ [(s)G(s)ds + Cy8%,
0 0 0

where C7, Cy > 0 are constants independent of §. This inequality allows us to apply
a variant of Gronwall’s lemma (see Lemma 4 in the Appendix), implying (8). In the
parabolic-elliptic case ¢ = 0, the functions I'(¢) and G(t) are defined without cg, and the
final inequality contains the additional integral fot ['(s)**1G(s)ds, which is still covered by
Lemma 4. The condition &« = 1 or v > 2 comes from the fact that the derivative of the
mapping s — s is Holder continuous exactly for these values. The numerical results in
Section 4 indicate that the convergence result may still hold for o € (1, 2).

The optimal convergence rate is expected to be one. Theorem 2 provides an almost
optimal rate. The reason for the non-optimality comes from the variant of the nonlinear
Gronwall lemma proved in Lemma 4. We conjecture that an optimal rate holds (changing
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the constants in Lemma 4), but since this issue is of less interest, we did not explore it
further.

The theoretical results are illustrated by numerical experiments, using the software tool
NGSolve/Netgen. We remark that numerical tests for model (1) were already performed
in [4, 18]. For positive values of J, the (globally existing) cell density forms bumps at
places where the solution to the classical Keller—Segel system develops an L>°(£2) blow up.
Compared to [4, 18], we investigate the dependence of the shape of the bumps on 4. In a
radially symmetric situation, it turns out that the radius of the bump (more precisely the
diameter of a level set ps ~ 0) behaves like §* with a ~ 0.43, and the maximum of the
bump behaves like 6= with b ~ 1.00.

The paper is organized as follows. Theorem 1 is proved in Section 2, while Theorem 2
is shown in Section 3. The numerical experiments for model (1) are performed in Section
4. Some technical tools, including the nonlinear Gronwall inequality, are recalled in the
Appendix.

2. PROOF OF THEOREM 1

We prove Theorem 1 by an approximation procedure and by deriving the uniform bounds
from discrete versions of the entropy inequalities (6) and (7).

Step 1: Solution of a reqularized system and entropy estimates. We show the existence of
solutions to a discretized and regularized version of (4). For this, let N € Nand 7 =T/N,
and set p(w) = exp(w/§). This means that we transform w = dlog p. Let w*~! € H*(Q)
and v* ! € HY(Q) be given and set p/ = p(w’) for j = k,k — 1. Consider for given 7 > 0
and 1 > 0 the regularized system

1 ko k-1 kv k ke, kY
T/Q(p p )¢dx+/g((1+5p )Wo' — p*Vu*) - Voda
9) = —n/ (Akaqb + 62| Vuk PVut - Ve + wkpkqb)da:,
Q
(10) /(Vvk VO +0*0)dx = / (60" + (p*)*)0da
Q Q

for ¢ € H*(Q) and 0 € H'(Q)). The time discretization is needed to handle issues due
to low time regularity, while the elliptic regularization guarantees H?() solutions which,
by Sobolev embedding (recall that d < 3), are bounded. The higher-order gradient term
|Vw*|?Vwk - V¢ is necessary to derive LP(Q) estimates. The existence of a solution w* €
H?(Q), 0 < vk € HY(Q) follows from the techniques used in the proof of Proposition 3.1 in
[18] employing the Leray—Schauder fixed-point theorem. Since these techniques are rather
standard now, we omit the proof and refer to [18, 21, 22] for similar arguments.

Inequality whp? = whe"/0 > ¢»*/5 — 1 = p¥ — 1 allows us to show as in [18, page 1004]
that the total mass [|p*||11(q) is bounded uniformly in 4.

Entropy estimates are derived from (9)—(10) by choosing the test functions ¢ = w*/§ =
log p* and 0 = p¥, respectively, and adding both equations. Then the terms involving Vo*
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cancel and after some elementary computations, we end up with
1 _
2 06 =)o [ VR 5 [ 95 P

T

3 [ @0k 4 5T+ (k) da
Q

(1) < [ (= b o+ (0 < [ (@ + (0,

where h(s) = s(logs — 1) for s > 0. Using the Gagliardo—Nirenberg inequality with
o = d/(d + 2), the Poincaré~Wirtinger inequality, and then the Young inequality with
p=1/o,p =1/(1 —0), it holds for any u € H'(Q) and p > 0 that

2(1—0o
320y < Cllul@llulliey = CUIVullR2q) + lull}i@) ul3 gy

(12) < N(HVU”LQ(Q) +llullZi) + C)llullfoy = plVull7zq) + Clw)llullf g

We deduce from this inequality that the first term on the right-hand side of (11) can be
estimated as

)
3 [ (04dn < SI9 ey +

where here and in the following, C' > 0 denotes a constant, independent of n, 7, and J, with
values varying from line to line. The first term on the right-hand side can be absorbed by
the left-hand side of (11), while the second term is bounded. Using s** < s*+41 for s > 0
(since a < 1) and (12), the second term on the right-hand side of (11) becomes

0
Jhian < [ (042 + 1) < SI9H sy + Clot ey + €19

Inserting these estimations into (11), we conclude that

1 k F=1Y) d V2|2 0 20,
- [ 06 = na )4 [ 9GP+ [ 9
(13) +g/g((Aw )%+ 62|Vt + (wh)?pF)da < C(9Q).

Step 2: Further uniform estimates. The estimates from (13) are not sufficient for the
limit 6 — 0, therefore, we derive further uniform bounds. Let p = 2 or p = 3. We choose
the admissible test functions p(p*)P~! and (p — 1)(p*)? in (9)-(10), respectively, and add
both equations. The convexity of s + s implies that s? — #* < p(s — t)sP~1. Then,
observing that the terms involving Vo* cancel, we find that

1 4 4p(
= [y = s+ S /|v e+ 0 R 2y /|v 2P gy
Q p

T

+p / (Awr AP + 672V PVt - V(p* >p-1 +wh (o)) da
Q

14 <@p-1) / (5(2H + () de
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By (12), we find that
J
5/9(/? yrtde = [l (0") T2 ) < SNV T ) + CHN T

The estimate for (pF)*™P requires that o < 2/d. Indeed, we deduce from the Gagliardo—
Nirenberg inequality with o = d(2a+p)/((d +2)(a + p)) and similar arguments as in (12)
that

o 2(« 2(a+p)o 2(« l1—0o
/Q<p>+pdx—||<p PPt ey < CI PRI PRI

L2(a+p)/p H1(Q)
(at+p)o/ 2(a 1—0
CIV 21320 + 102130 0) PN GE P2
1 8
§(||v PV + 1013 ) + CLGR IR

where G(p) = 2(a+p)(1 —0)/((a+ p)(1 — o) — a) > 2 (the exact value of 5(p) is not
important in the following). For the last step, we used the crucial inequality (a+p)o/p < 1
(which is equivalent to o < p/d).

Because of pf = exp(w®/d), a computation shows that the integral with factor n can be
written as

" / (AwFA(P ) 4 672Vl PV - V(pF )Pt + wh(pF)) da
Q
= Tolp - 1) [ (o |(But P Lgute) bk (4 (o 1) vt | ds
5 ; 2 152

+np/wkepwk/5dx.
0

The last integral is bounded from below, independently of §. Since p = 2 or p = 3, the
first integral on the right-hand side is nonnegative. (At this point, we need the term
|Vw*|?°Vwk - V¢.) Summarizing these estimates, we infer that

1 N )
s [y =y [ 9GRS [ 9EReep

-
(15) < ClI(PH)TFI2|2, g + ClM P50,

Step 3: Limit (n,7) — 0. Let w,(z,t) = wk(x), p,(z,t) = p(w*(x)), v (x,t) = v*(z) for
x € Qandte ((k—1)r k7], k=1,..., N, be piecewise constant functions in time. At
time ¢ = 0, we set w,(x,0) = log p°(x) and p,(z,0) = p°(z) for z € Q. (Here, we need
p° > C > 0in Q and another approximation procedure which we omit; see, e.g., [22, proof
of Theorem 4.1].) Furthermore, we introduce the shift operator 7. p,(z,t) = p,(x,t — T)
for x € Q, ¢t > 7. Then the weak formulation (9)-(10) can be written as

/ / — TPy <bda:dt—|—/ / (14 6p;)Vp, — p;Vu,) - Vdadt
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T
(16) =1 / / (Aw,A¢ + 67|V, |*Vw, - Vé + w,p,¢)dudt,

(17) / /VUT VO + v, 0)dxdt = / /5p7+pT )0dzdt,

where ¢ : (0,T) — H*(Q)) and 6 : (0,T) — H'(Q) are piecewise constant functions.
Multiplying (13) by 7, summing over k = 1,..., N, and applying the discrete Gronwall
inequality [22, Lemma A.2] provides the following uniform estimates:

(18) lp-ll Loz + 1oY 2 20 ) + 62 oell 220,301 2)) < C,
(19) 22wl + 062V gy + 0w ) < C
The (simultaneous) limit (n,7) — 0 does not require estimates uniform in . There-
fore, we can exploit the bound for p, in L*(0,T; H*(Q2)). Together with the uniform
L>(0,T; L*(2)) bound, we obtain from the Gagliardo—Nirenberg inequality as in [22, page
95] that (p,) is bounded in L?*%/4(Q7), recalling that Q7 = Q x (0,T). Since —Av, +v, =
§p; + p® is bounded in L?>*¥%(Qr), we deduce from elliptic regularity a uniform bound
for v, in L2+%/4(0,T; W>2+2/4(Q))). Therefore, p, Vv, is uniformly bounded in L**'/¢(Qr)
and p,Vp, is uniformly bounded in L2/ (Qr). Consequently, ( — Topr)|T =
div((14+0p,)V pr — p- Vv, ) is uniformly bounded in L24+2)/@d+D (0 7,/ —1 (2+2) )/ ().
The Aubin-Lions lemma in the version of [13] shows that there exists a subsequence,
which is not relabeled, such that, as (n,7) — 0,

pr — p strongly in L*(0,T; LP(2))

for any p < 6 and in LY(Qr) for any ¢ < 24 2/d. Moreover, because of the bounds (18),
again for a subsequence, as (n,7) — 0,

Vp, — Vp weakly in L*(Qr),
T_l(pT . 7T7'p7') atp Weakly in L(2d+2)/(2d+1) (O T W ,(2d+2)/(2d+1) (Q)),
v, = v weakly in L*¥4(0, T, W>*2/4(Q)).
We deduce that p,Vp, — pVp and p, Vv, — pVuv weakly in L'(Qr) as well as p& — p®
strongly in L*(Q7).

The limit in the term involving 7 is performed as in [18]: Estimates (19) imply that, for
any ¢ € L*(0,T; H*(Q)),

T
‘n / / (Aw,A¢ + 67| Vw, |V, - Vo + w.p,¢)dzdt
0 Q

< nllAw: |z 8¢l 2@r) + 102 IVwr Lo VOl a0

+ 0w oY | 2200 12X | Loy |01l L@y
< C@O0 + 00l Laorm2@) — 0 asn— 0.
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Thus, performing the limit (n,7) — 0 in (16)—(17), it follows that (p, ¢) solve

T
(20) /(@p, dt+// 14 0p)Vp — pVv) - Vodadt = 0,

(21) / /Vv VO + vl)dxdt = / /(5p+p Y0dxdt,

where, by density, we can choose test functions ¢ € L>(0,T; H(2)) and 6 € L*(0,T;
H'(Q)). The initial datum p(0) = p° is satisfied in the sense of H'(Q); see, e.g., [21,
pp. 1980f.] for a proof.

Step 4: Limit 6 — 0. For this limit, we need further uniform estimates. Let (p,,v,) be
a solution to (16)—(17). We formulate (15) as

/Q(pp (7pr)P )da:+/ /\vpp/z Pdxdt + — / /\v P22 4z dt

T
(22) <c / 1o D22, g dt 4 C / 2200 dt,

where we recall that C' > 0 is independent of (n,7,d). The L>(0,T; L*(Q)) and L*(0,T;
H'(2)) bounds for (p+'*) show that

T
[ ey W T N RN P

< 4lprll L0511 () / IV 07222 qdt < C.

Thus, (p,) is bounded in L2(0,T; W''(Q)) — L*(0,T; L*?(Q)), as d < 3.
Let p = 2 in (22). As the right-hand side of (22) is uniformly bounded, we infer the
bounds
o7l o< (0,7:22(0) + |17l L2 0,711 (00)) + 52| p2? | 20,01 () < C.
Choosing p = 3 in (22), the rlght—hand side is again bounded, yielding the estimates

192l oo 0,725 002)) + 82| p2 | 200,751 ) < C.
By elliptic regularity, since —Auv, + v, = dp, + p¢ € L>(0,T; L3(Q)), the family (v,) is
bounded in L>(0,T; W*3(Q)) < L>(0,T; W'?(Q)) for all p < occ.
We know from Step 3 that (p,,v,) converges in some norms to (ps,vs) := (p,v) solving
(20)—(21). By the weakly lower semicontinuity of the norm and the a.e. convergence p? —
0% in Qr, it follows that, after performing the limit (n,7) — 0,

(23)  lpsll =030 + lpsll L2, rm()) + 52|13l 2 .15 @)) T Vsl L= 0,10 (0)) < C.

We wish to derive a uniform estimate for the time derivative 9;ps. Let ¢ € L?(0, T H'(Q)).
Then

T )
[ @osorat] < (I90llzen + 519G zan ) 9z
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+ o5l z20,5240) [ Vvs |l Lo .05 2 [ VOl 2201y < C
This shows that (9;ps) is bounded in L?(0,7; H'(Q2)'). By the Aubin-Lions lemma in the
version of [30], there exists a subsequence, which is not relabeled, such that, as 6 — 0,
ps — p strongly in L*(0,T; LP(Q)), p <6.
Furthermore, we deduce from the bounds (23), again for a subsequence, that
Vps — Vp weakly in L*(Qr),
5V (p3) — 0 strongly in L*(Qr),
Oips — O,p  weakly in L*(0,T; H'(Q)"),
vs —* v weakly* in L>=(0,T; W'P(Q)), p < oo.

In particular, psVvs — pVu weakly in L?(Q7). Thus, we can perform the limit § — 0 in
(20)—(21), which gives

T T
/0 (Op, @)dt +/0 /Q(Vp — pVv) - Vodxdt = 0,

T T
/ /(Vv - VO + v0)dxdt = / / p“0dx
0 Q 0 Q

for all ¢, 6 € L*(0,T; H'(Q2)). Furthermore, we show as in [21, pp. 1980f.] that p(0) = p°
in the sense of H'(Q2)'.

Step 5: Convergence of the whole sequence. The whole sequence (ps,vs) converges if
the limit problem has a unique solution. Uniqueness follows by standard estimates if p,
Ve € L=(0,T; L®(Q)). Since —Ac+c = p* € L>®(0,T; L**(2)) and 3/a > 3 > d, elliptic
regularity shows that ¢ € L>=(0, T; W23/%(Q)) — L>®(0,T; W>*(Q)). Then [17, Lemma 1]
shows that p € L>(0,T; L>°(£2)), finishing the proof.

3. PROOF OF THEOREM 2

It is shown in [18] that (1)-(2) with @ = 1 has a global weak solution in two space
dimensions. Since the solutions to the limiting Keller—Segel system may blow up after
finite time, we cannot generally expect estimates that are uniform in ¢ globally in time.
Moreover, we need higher-order estimates not provided by the results of [18]. Therefore,
we show first the local existence of smooth solutions and then uniform H*(€2) bounds.

Step 1: Local existence of smooth solutions. Let € = 1. The eigenvalues of the diffusion

matrix associated to (1),
1 —
A(ﬂ? C) = (5 1IO) )

equal A = 1+4iy/dp, and they have a positive real part for all p > 0, i.e., A(p, ¢) is normally
elliptic. Therefore, according to [1, Theorem 14.1] (also see [23, Theorem 3.1]), there
exists a unique maximal solution to (1)-(2) satisfying (p,c) € C>(Q x (0, T*); R?), where
0< T <oo.
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Next, let ¢ = 0. We use the Schauder fixed-point theorem to prove the regularity of the
solutions to (4)—(5). We only sketch the proof, since the arguments are rather standard.
We introduce the set

S={peC’(Qx[0,T]):0<p <R, pllcrrz@xom < K}

for some R > 0 and M > 0. Let p € S. By elliptic regularity (combining Theorems 2.4.2.7
and 2.5.1.1 in [15]), the unique solution to

—Av4+v=0p+p* inQ, Vp-v=0 on 0,

satisfies v € C°([0, T]; W%P(Q)) for all p < co. Hence, by Sobolev embedding, h := pVv €
CY(Q x [0,T]). Thus, using [27, Lemma 2.1iv], the unique solution to

Op=div((1+6p)Vp—h) inQ, t>0, Vp-v=0 ondQ,

satisfies p € C77/2(Q x [0,T]). By elliptic regularity again, v € C??/2(Q x [0,T]). Con-
sequently, h € C7/2(Q x [0,7]) and applying [27, Lemma 2.1iv] again, we infer that
p € C*1(Q x [0,T]). Tt is possible to show that p € S for suitable R > 0 and M > 0.
Hence, the existence of a solution to (4)—(5) follows from the Schauder fixed-point theorem.

Elliptic regularity implies that v € C*1(Q x [0,7T]). Then f := div(pVov) € CH(Q x
[0,77]) and the solution u = p to the linear parabolic equation dyu — Au — div(pVu) = f
in Q, ¢t > 0, with no-flux boundary conditions satisfies v € C?**'+7/2(Q x [0,T]) [28,
Corollary 5.1.22] (here we need p° € C**(Q)). Thus, the regularity of f improves to
f € CHI/2(Q x [0, T]). By parabolic regularity [14, Theorem 9.2, p. 137], we infer that
u € C*72(Q x [0,T]). Bootstrapping this argument and using [14, Theorems 10.1-10.2,
pp. 139£], we find that p = u € C=(Q x (0,7]) and consequently v € C>=(Q2 x (0, T1).

Step 2: Preparations. Let € = 1, let (ps,cs) be a local smooth solution to (1)-(2) with
0 < d < 1, and let (p,c) be a local smooth solution to (2)—(3). Then pg = ps — p and
Cp := ¢s — ¢ solve

(24) Opr = div (Vpr — prV(c+ cg) — pVer),
(25) dcr = Acg — cr + 6A(p+ pr) + (p+ pr)* —p* I Q, >0,

(pr, cr) satisfies homogeneous Neumann boundary conditions and vanishing initial condi-
tions:

Vpr-v=Veg-v=0 ondQ, t>0, pgr(0)=cr(0)=0 in Q.

The aim is to prove a differential inequality for
L(t) = (prs cr) D)2y Gt) = [1(prs cr) O 20y + IVA(oRs cr) ()20

where ||(pr, cr)ll% = llorll% + |lcrll% for suitable norms || - || x.
Step 3: H'(Q) estimates. We use pg as a test function in (24):
1d
EEHPRH%Z’(Q) + HVPR”%Q(Q) = / prV (¢ + cg) - Vprdr + / pVecg - Vprdr
Q Q

= [1 -+ IQ.
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By Young’s inequality, for any n > 0, we have
U 1 1
I, < §vaRH%2(Q) + %HPH%E’O(Q)HVCRH%%Q) < §vaRH%2(Q) + C(n)chRH%Q(Q)a

where here and in the following, C' > 0 and C'(n) > 0 denote generic constants independent
of § but depending on suitable norms of (p, ¢). The embedding H?(2) — L>=(Q) (for d < 3)
gives

1 1
I < 77||VPR||%2(Q) + %HVCH%W(Q)“/OR“%%Q) + %HPRH%OO(Q)HVCR”%Q(Q)
< 77||va||%2(9) + C(n)HPRH%?(Q) + C(n)HpRH%ﬂ(Q)HVCRH%?(Q)'
Combining the estimates for I; and I, and choosing 1 > 0 sufficiently small, we find that
d
(26) £||PR||%2(Q) + ClIVprllizy < C(1+ lprllizo) IVerllizg) + Cllorllizo

Next, we use the test function cg in (25):

1d a a
5 gpllenlia + lenllye@ = =6 [ V(o + pr) - Venda + [ (04 pr)* = p)end
Q Q
= [3 —|— [4.
Thus, for any n > 0,

Ui 62
I3 < §||VCR||%2(Q) + %(HVPH%?(Q) + IVorllZeo)

n
< §HVCRH%2(Q) +CIVprlza + C(n)d*.

For the estimate of I, we apply the mean-value theorem to the function s +— s* (recalling
that o > 1):
(p+ pr)" = 51 < O+ llprllze@)*orl < C1+ lprll§=io)loal
Hence, together with the embedding H?(Q) < L*>(Q),
Ly < lleallzq) + C) (1 + llprlogy) ) lorlF 2@
Collecting these estimates and choosing 1 > 0 sufficiently small, it follows that
1d

2 dt
Thus, summing (26) and (27),

d
(28) ey cr)lzz@) + Cllon, cr)llin ) < C(T(1) + T(8)* + T(1)) + €3

Step 4: H?*(Q) estimates. We multiply (24) by —Apr and integrate by parts in the
expression with the time derivative:

1d . .
331Vl + 180l = [ div (pnV(et cn)) Apnde -+ [ div(p¥er) Apnds

(27) s—lierlliz@ + Cllerling < ClIVorlla) + C(1+ loallig) lorlfa@) + €8
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= / (VpR -V(c+ cr) + prA(c+ CR))Adeaj
Q

+ / (Vp -Vegr + pAcg)Aprdr =: I5 + Ig.
Q
Then, taking into account inequality (37) in the Appendix,
I5 < 7IHA/)R||%2(Q) + C(n)”vaH%?(Q) + C(n)”vaH?ﬂ(Q)HVCRH%F(Q)

Cllprllza + CDllprltn@llAckltn g
Is < 77HApRH%2(Q) + C(n)HVCRH%Q(Q) + 0(77)”ACRH%2(Q)

and choosing 1 > 0 sufficiently small, we end up with

1d
5 dtvaRHL?(Q) +C1AprllE2 ) < Cllprline) + C QL+ IVerling) leallFw
(29) + Cllprllin @l Ackll i q)
We multiply (25) by —Acg and estimate similarly as in Step 3:
1d

VerllZzg + I8¢kl + 1 VerllZzg)

= 5/ A(p + pr)Acgdx + / ((p +pr)* — pa)AcRdx
Q Q

2(a—1
< nllAcklFa) + C A+ loallie) ) orliz ) + CO APz, + CO.

Hence, for sufficiently small n > 0,

2dt‘

5 IVerlZaqa, + ez + 1 9enlzq

(30) < C(1+ ol lorl iz + O8Il Aprl7eq) + C5.

Adding this inequality and (29), adding ||cg||? 72(q) On both sides, using (38) in the Appendix,
and choosing ¢ > 0 sufficiently small to absorb the term 052||ApR||%2(Q), we infer that

d
IV (or cr)liz) + Cli(or; cr) =) < Clilor; ez + ClIVPrlln @) IV erlln o

+ Cllorllin o)l Acrlfn @ + Cllorllsg) lprlfaq + €O
(31) <CL) + T +T()* +T()G(t )) +(152.
Step 5: H?(Q) estimates. We apply the Laplacian to (24) and (25) and multiply both
equations by Apgr, Acg, respectively:
1d

37180l + 19 8paley = [ Vdiv(oVe-+ ca) - VApuds

+ / Vdiv(pVeg) - VAprde =: I7 + I,
Q
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1 d 2 2 2
§E||ACR”L2(Q) + [VAcr|[72(0) + [[Acr||72) = 0 0 VA(p+ pr) - VAcpdx

+ / V((p + pR)a - pa) : VACRdZL' =: Ig + [10.
Q

We estimate
Is < l[VApr|72) + CIV div(pVer) 172y + C)llprll (o)
< 77||VAPRH%2(Q) + C(U)HCRHJQLI?(Q) + C(U)HVACRH%Q(Q) + C(n)HPRH%{?(Q)'
Taking into account
Vdiv(prVeg) = V(VpR -Ver + pRAcR)
= (Ver - V)Vpr + (Vpr - V)Ver + VprAcg + prV Acg,

and inequalities (37) and (39) in the Appendix as well as the embedding H?(Q2) < L>°(),
we obtain

IV div(prVer) |72y < IVerll i@V orIT20) + 1V oR G0 IV R 0
+ HVIORH%-P(Q)”ACRH%P(Q) + ”pRH%OO(Q)HVACRH%Q(Q)
< Cllorllieg (1VACRl72 ) + llerllizg)
which gives
I; < 77||VACRH%2(Q) + C(n)”l)RH%{?(Q) + C(n)HPRH%{?(Q)(HVACRH%Q(Q) + ||CRHJ2L12(Q))-
This shows that, again for sufficiently small n > 0,
1d
2dt
(32) + CllprllFe@llcall fzq)-

HAPRH%Q(Q) + CHVAPRH%%Q) < C”(pR7CR)H?{2(Q) +C(1+ ||pR||%-12(Q))”VACRHQL?(Q)

Next, we estimate Iy and I¢:

Iy <nlIVACr|72) + C()8*[IVApr|72(q) + C6%,
Il[) = Oé/ ((p + pR>a_1 - pa_l)Vp . VACRdI
Q

+ a/(p + pR)ailva . VACRdiL’ = Jl + Jg.
Q

We find that
2(a—
Ty < nl|VAck|Eo) + C0) (1 + llprl 35y ) IV prlI2 ()

By the Holder continuity of s+ 5271, it follows that
oa— 2(a—
I <C [ |pnl* |V Scrfds < ]V Acalaey + COlonl35
Q

2(a—1
<V ACR|Z0) + Clorlie) -
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Consequently, for sufficiently small n > 0,
1d
2 dt
(33) < Cllonle) + C(U+ lorlSe)) IV oallay + OV Apgll3a) + O
Adding the previous mequahty and (32) and taking § > 0 sufficiently small such that
the term C’(SZHVApRHQLz(Q) is absorbed by the corresponding term on the left-hand side of
(32), we infer that

d
e, cr)li2@) + ClIVA(pr; cr)l72) + CllACk] L2

< CH(PRJR)”?{? +O0(1+ HpRH%IQ(Q))”VACRHQLQ(Q) + OHpRH%I?(Q)”CRHJQLI?(Q)
+ Clipallise) + C(1+ lpallie ) IV orl2a@) + €62
(34) <O +TO)* " +T@)*+T®)* +F( )G(t)) + C6°.

Step 6: End of the proof for e = 1. We sum inequalities (28), (31), and (34):

— N Ackll70) + CHVACR”L2 @ t 1Ack72(q)

(1 omocn) ey + 180w ca)le)

+ (I ons en)liaey + IV AR cr) )
(35) <O +TE) "+ +T(H)* +T(H)G(t) + Cs°.
To get rid of the term T'(¢)*~!, we need the condition o > 2. Indeed, under this condition,

L)t <I@t)+T()~
We also remove the term I'(¢)? by defining x := max{a, 2} and estimating
L(t)> < T(t) + ()"

We deduce from elliptic regularity that

L(t) < Cl|Alpr, cr)ll720) + Cll(or: cr)ll 0y
Therefore, integrating (35) over (0,t) and observing that (pR,cR)(O) =0, (35) becomes

+C’/G ds<C/ s)+I'(s ds+C G(s)ds + C§>.

Lemma 4 proves the result for ¢ = 1.
Step 7: Parabolic-elliptic case € = 0. Since there is no time derivative of cg anymore,
we need to change the definition of the functionals I'(t) and G(t):

Lo(t) = lprllfrzy:  Go(t) = llprllEz) + VAR 2(q)-
The estimates are very similar to the parabolic-parabolic case with two exceptions: In (34),
we have estimated the terms [|pg|3 ) | VAcr|72q) and ||pr|/%z2 () llcrlF2 ) from above

by I'(t)G(t). In the present case, we cannot estimate HVACRH%Q(Q) by Go(t) and we need
to proceed in a different way.
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Estimates (30) and (33), adapted to the case ¢ = 0, become
|1AcrllZ2) + I Verlliz) < O+ llorllis) ) Ioallzq) + CO 1 Apallzz) + CF
< C(To(t) + Lo(t)™) + C8°,

2(a—1
IV ACk|220) + [ Ack]220) <0HpRH;2 ot ( +HpRHH D)1V oIz 0

The term 2 ||VA,0R||%2 () can be absorbed by the corresponding term on the left-hand side

of (32). The critical term ||pR||}§§ Ql) HVpRHLz(Q is bounded from above by I'(¢)*. Thus,

|VAcg|? 72(q) 18 estimated by T'g()* and lower-order terms, and consequently, || pRH%Q(Q)
X ||VACR||%2(Q) in (32) is estimated by I'o(£)*Go(t), together with lower-order terms. Fur-
thermore, || prll32qllcrllFziq s bounded by I'o(t)*™, up to lower-order terms. More
precisely, a computation shows that

d
E(“pRH%ﬂ(Q) + ||APR||%2(Q)) + C(HPRH?{?(Q) + ||VAPR||%2(Q)) + CGo(t)
< O(To(t) + To(t)? + To(t)* "+ To(t)* + To(t)*™ 4+ To(t)Go(t)
+ Do(t)*Gol(t) + 6°Go(t)) + C8°.

Observing that o(t) < C([|prll7 o) +I120RI72 ) and To(t)* +To(H)* < To(t)+To(t)*H,
choosing § > 0 sufficiently small, integrating in time, and using I'(0) = 0, we arrive at

To(t) + o/t Gols)ds < c/t(ro@ +To()™H)ds

t
+ C/ (To(s) 4 To(5)*TH G (s)ds + C2.
0
An application of Lemma 4 finishes the proof.

4. NUMERICAL EXPERIMENTS

We present some numerical examples for system (1)—(2) in two space dimensions and for
various choices of the parameters o and 0. Equations (1) are discretized by the implicit
Euler method in time and by cubic finite elements in space. The scheme is implemented
by using the finite-element library NGSolve/Netgen (http://ngsolve.org). The mesh is
refined in regions where large gradients are expected. The number of vertices is between
2805 and 12,448, and the number of elements is between 5500 and 24,030. The time step
is chosen between 1073 and 10™* when no blow up is expected and is decreased down
to 10712 close to expected blow-up times. The resulting nonlinear discrete systems are
solved by the standard Newton method. The Jacobi matrix is computed by the NGSolve
routine AssembleLinearization. The surface plots are generated by the Python package
Matplotlib [20]. We do not use any kind of additional regularizations, smoothing tools, or
slope-limiters. All experiments are performed for the parabolic-parabolic equations with
0> 0.
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We choose the same domain and initial conditions as in [10], i.e. Q = {z € R? : |z| < 1}
and

(36) e, y) =80(2* +v* — 13z —0.1)2+5, L(z,y)=0, (z,y) €.

A computation shows that the total mass M = fﬂ pPdx = 257 /3 > 87 is supercritical, i.e.,
the solution to the classical Keller—Segel system can blow up in the interior of the domain.
A sufficient condition is that the initial density is suffciently concentrated in the sense that
Jo |z — zo?p%dx is sufficiently small for some z, € Q. Blow up at the boundary can occur
if xo € 00 and M > 4m.

Ezxperiment 1: o = 1. We choose the initial datum (36) and the values o = 1, § = 1073.
In this nonsymmetric setting, the solution exists for all time and the density is expected to
concentrate at the boundary [18]. Figure 1 shows the surface plots for the cell density at
various times. Since the total mass is initially concentrated near the boundary, we observe
a boundary peak. Observe that there is no L> blow-up. The steady state is reached at
approximately 7" = 2.5. By Theorem 2, the peak approximates the blow-up solution to
the classical Keller—Segel system in the L>° norm; see Figure 2. We see that the L* norm
of the density becomes larger with decreasing values of §.

Ezxperiment 2: o > 1. First, we choose the value @ = 1.5. The initial datum is still
given by (36). Since a > 1, we cannot exclude finite-time blow-up, which is confirmed
by the numerical experiments in Figure 3. Numerically, the solution seems to exist until
time T* ~ 0.079. The numerical scheme breaks down at slightly smaller times when ¢
becomes smaller. This may indicate that the numerical break-down is an upper bound
for the blow-up time of the classical Keller-Segel model. The break-down time becomes
smaller for larger values of . Indeed, Figure 4 shows a stronger and faster concentration
behavior when we take a = 2.5.

Experiment 3: Multi-bump initial datum. We take = 1 and § = 5-1073. As initial
datum, we choose a linear combination of the bump function
M (_ (z — 20)* + (y — )?

WwoyyO,M(%y) = ﬁeXp 20 )7 (x,y) S Qv

where (z9,10) € Q, M > 0, and 6 > 0. Setting § = 1072, we define ¢’ = 0 and

0
P = Woas 0100 + W_02504r + Wo —0.254r + Wo.0.25 ar
+ Wo0540 + Woo354x + Wos04x + Wos025.4n-

The evolution of the density is presented in Figure 5. The density concentrates in the
interior of the domain and the peak travels to the boundary. At time ¢t = 1, the peak is
close to the boundary which is reached later at ¢ = 2.5 (not shown). A similar behavior
was already mentioned in [4] for the parabolic-elliptic model using a single-bump initial
datum.

Experiment J: Shape of peaks. The previous experiments show that the shape of the
peaks depends on the value of 4. In this experiment, we explore this dependence in more
detail. We claim that the diameter and the height of the bump can be controlled by §. We
choose a = 1 and the initial datum p® = W 90, with @ = 1/400 and ® = 0. Furthermore,
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FIGURE 1. Cell density with « = 1 and § = 107 at times ¢ = 0 (top left),
t = 0.1 (top right), ¢t = 2.0 (bottom left), ¢ = 5.0 (bottom right).

we prescribe homogeneous Dirichlet boundary conditions for ¢ to avoid that the aggregated
bump of cells moves to the boundary. Figure 6 (top row) shows the stationary cell densities
for two values of 6. As expected, the maximal diameter of the peak (defined at height 1072)
becomes smaller and the maximum of the peak becomes larger for decreasing values of 4.
The level sets show that the solutions are almost radially symmetric and the level set
for p = 1072 is approximately a circle. This behavior is quantified in Figure 6 (bottom
row). We observe that the radius depends on § approximately as r ~ §%* and the height
approximately as ppax ~ 010,

We remark that under no-flux boundary conditions for the chemical concentration, the
same behavior of the bumps can be observed for intermediate times. However, the bump
will eventually move to the boundary (as in Figure 5), since the chemical substance is not
absorbed by the boundary as in the Dirichlet case.
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FIGURE 2. Cell density at time 7' = 2.5 with a = 1 and 6§ = 1072 (top left),
§ = 1073 (top right), 6 = 10~ (bottom left). The L* norm of the density is

shown in the bottom right panel.
APPENDIX A. SOME TECHNICAL TOOLS

For the convenience of the reader, we collect some technical results.

Lemma 3 (Inequalities). Let d < 3, Q C R? be a bounded domain, and 02 € C**.
exists a constant C > 0 such that for all u, v € H'(Q),

(37) luvll 2y < Cllull @ [vllar @),

There

for all uw € H*(Q) with Vu-v =0 on 99,
(38) lullfrzi0) < C (1AL () + ullZ2@).

and for all w € H*(Q) with Vu - v =0 on 0,
(39) ull7s ) < CIVAUlZ210) + ullFgg))-
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FIGURE 3. Cell density at time 7% = 0.079 with o = 1.5 and 6 = 1072 (top
left), § = 1072 (top right), 6 = 10~ (bottom left). The L*> norm of the
density is shown in the bottom right panel.

Inequality (37) follows after applying the Cauchy—Schwarz inequality and then the con-
tinuous embedding H'(Q) < L*(Q2); (38) is proved in [15, Theorem 2.3.3.6], while (39) is
a consequence of [31, Theorem 2.24].

Lemma 4 (Nonlinear Gronwall inequality). Let 6 > 0 and ', G € C°([0,T]) be nonnegative
functions, possibly depending on §, satisfying

I'(t) + Cy /t G(s)ds < C1T'(0) 4 Cy /t(F(s) + I'(s)%)ds

+ C36° /t(F(s) +T(s)")G(s)ds + C487,

where a > 1, >0, v >0, v >0, and Cy,...,Cy > 0 are constants independent of 0.
Furthermore, let T'(0) < C50” for some Cs > 0. Then there exists 69 > 0 such that for all
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FIGURE 4. Cell density at time 7% = 3.35- 1073 with o = 2.5 and § = 1072
(top left), § = 1072 (top right), 6 = 10~ (bottom left). The L* norm of the
density is shown in the bottom right panel.

0<0<9y, 0<t<T,and0<e<v,

D(t) < C56"~.

Proof. A slightly simpler variant of the lemma was proved in [19, Lemma 10]. Assume, by
contradiction, that for all 4y € (0,1), there exist § € (0,d), to € [0,7T], and € € (0,v) such
that I'(tg) > C56"=. Since I'(0) < (56" by assumption and I' is continuous, there exists

€ [0,to) such that I'(t;) = C50¥° and I'(t) < C56V < for all ¢t € [0,%;]. This leads for

t e [O,tl] to

t
F(t)“‘CO/ G( )dS < 01056’/_{_02(1_{_ 055V a a— 1)/
0

+ C30” (C50" ¢ + (C56"7°) / s)ds + Cyd".
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FIGURE 5. Cell density with @ =1 and § = 5-1072 at times ¢ = 0 (top left),
t=15-10"2 (top right), t = 1 (bottom left). The L> norm of the density is
shown in the bottom right panel.

Since v—e > 0, the integral over G(s) on the right-hand side can be absorbed for sufficiently
small & > 0 by the corresponding term on the left-hand side. This implies that

t
F(t) < (0105 + C4)(5V + 202/ F(s)ds, 0 <t< tl-
0
Then Gronwall’s lemma gives, for sufficiently small o > 0 and 0 < § < &,
Cs

[(t) < (C1C5 + Cy)87e*>T < SIS C0E 0t <ty

which contradicts I'(t;) = C50"°. O
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FIGURE 6. Cell density at time ¢ = 5 (stationary case) with a = 1 and
§ = 1072 (top left), 6 = 5-10~* (top right). Log-log plots of the radius of
the density level set p = 1072 versus ¢ (bottom left) and of the maximum of
p versus 0 (bottom right).
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