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Abstract

The Cahn-Hilliard equation with degenerate mobility is used in several areas including the
modeling of living tissues. We are interested in quantifying the pressure jump at the interface in
the case of incompressible flows. To do so, we include an external force and consider stationary
radial solutions. This allows us to compute the pressure jump in the small dispersion regime.
We also characterize compactly supported stationary solutions in the incompressible case, prove
the incompressible limit and prove convergence of the parabolic problems to stationary states.

L’équation de Cahn-Hilliard avec mobilité dégénérée est utilisée dans différents domaines, en
particulier la description de tissus vivants suivant la théorie des mélanges. Nous visons & quan-
tifier le saut de pression & l'interface entre phases dans le cas de flots incompressibles. Pour cela,
nous considérons des solutions & symmétrie radiale du probléme compressible. Nous démontrons
I’existence d’états stationnaires comme limite du probléme d’évolution. Nous prouvons ensuite
la limite incompressible et caratérisons les solutions & support compact. Ceci nous permet de
calculer le saut de pression dans le régime de faible dispersion et en particulier d’obtenir la
dépendance en la courbure suivant la force appliquée.

2010 Mathematics Subject Classification. 35B40; 35B45; 35G20 ; 35Q92
Keywords and phrases. Degenerate Cahn-Hilliard equation; Asymptotic Analysis; Incompressible
limit; Hele-Shaw equations; Surface tension; Pressure jump.

1 Introduction

The degenerate Cahn-Hillard equation is now commonly used in tumor growth modeling and takes
into account surface tensions at the interface between different types of cells, leading to a jump of
pressure. In order to compute this jump, we propose to set the problem in a spherically symmetric
domain with a boundary determined by the radius Rj, and to include an external force. Therefore
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we consider, in two dimensions for simplicity, the equation

%tn) - % (rnW) =0, in (0,400) x Ig,, (1.1)
o (0
w=n"— ~3r <r67:> , in (0,400) x Ig,, (1.2)

where I, = (0,Ry) is the line segment of length R,. Equations (1.1)—(1.2) are equipped with
Neumann boundary conditions

on on op+V) opu+V)
- = =p=r_ "7 =p—t_ 7 =0 1.3
Orlr=0  Orlr=R, "o =0 " or r=Ry ’ (1.3)
and with an initial condition satisfying
no € H*(Ig,), no > 0. (1.4)

We only consider nonnegative solutions and thus the term n” is well defined and the (normalized

by a factor 7) total mass is

m:= /ORb rng(r)dr = /ORb rn(t,r)dr. (1.5)

Finally, the confining potential V (r) is of class C*.

1.1 Main results

Our first result concerns the existence of solutions of (1.1)-(1.2), their regularity, and asymptotic
behaviour.

Theorem 1 (Existence of solutions and long term asymptotic). There exists a global weak solution

of (L1.1)-(1.4) in the sense of Deﬁm’tion and it satisfies estimates as in Remark , Moreover,

up to a subsequence, {rn(t + k,r)}r converges locally in time uniformly in space to a stationary
solution (1) > 0 where no, € CY(Ig,) satisfies m = fORb rnoo(r) dr and

Ophoo +V) , 00 ( anoo> ,

™ =0, =n) ———|(r n’_(0) =n._(Ry) =0. 1.6
oo 2 oo =l — 0 (12 (o (0) = b () (16)
Our second result characterizes possible stationary states and shows we can distinguish an interval
where n,, = 0 and another where i + V is constant as expected from the first equation in (|1.6).
From now on, we consider the confining potential V(r) = r? for simplicity. The proof may be
adapted to any increasing potential.

Theorem 2 (Characterization of the stationary states). Let no, € C1([0, Rp]), noo > 0, be a solution

of (L1.6) as built in Theorem .

(A) Then, na is nonincreasing and it satisfies 0 < noo(Rp) < 25
b
(B) Assume noo(Ry) = 0 and let R > 0 be the smallest argument such that ne(R) = 0 and thus
Neo > 0 in [0, R). Then, there is As € (0, R?) such that
{n;’o—fngo—éngo =R?—r?2- )\, in(0,R), (1.7)

Noo(R) = nio (R) =
and, given R > 0, there is at most one couple (n, \) solving (|1.7).

(C) Fiz 6 € (0,1). There exists R(m), independent of y, such that when Ry > R(m), then n(Ry) =
0.
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Figure 1: Plot of the limiting profile n;,., as 7% — oo, for the potential V(r) = r2. We can observe
that the pressure has a discontinuity at Ry with (0, Ry) = {ninc = 1} = {pinc > 0}, while the
density remains C*.

Next, we focus on the incompressible limit of the solutions of (1.7]), that is when v — co. We denote
by ny the steady state associated with 7, and assume that R} is large enough so that ng(Rp) = 0.

Theorem 3 (Incompressible limit of the stationary states). Let {vi}tren be any sequence such that
Yk — 00. Let {ny}tren be a sequence of stationary states with the same mass m and with radius Ry,
being the smallest argument such that ny(r) = 0.

Then, ni, — Nine in C1([0, Ry]) and Ry — R, where nine and R are uniquely defined in Proposi-
tion . Moreover, the sequence of pressures {py := n)"}ren converges weakly to some pressure
Dine Such that Pine(Mine — 1) = 0 and pine has a jump at H{nipe = 1}

[[pinc]] ~ %R2/3 61/3, as 6 — 0.

The profile n;,. obtained for the incompressible limit of stationary states is depicted in Figure
The density is equal to 1 on a certain interval (0, Ry) where the pressure is positive. Then, the
pressure vanishes and the density decreases to 0 on a small interval (Rg, R). At the boundary point
Ry the pressure undergoes a jump, which depends on the surface tension coefficient § and on the
shape of the confinement potential V. More precisely, for a general potential V(r), this jump is
determined by

VI3

: _ : 2 p2 . 2¥128Y3R
where R is the smallest value where n(R) = 0 and we have the estimate R* — Rj v We
point out that the limiting profile (including parameters Ry and R) is uniquely determined in terms
of mass m, § and V cf. Proposition .1}

(V'(R))?3 asé—0, (1.8)

In the above statements, the main novelty concerns the incompressible limit v — oo for the station-
ary states. A previous work in this direction [I3] made use of viscosity relaxation, which provided
additional estimates implying compactness. In our case, assuming the radial symmetry of the prob-
lem, we are able to characterize the incompressible limit of the sequence of compactly supported
stationary solutions. While our setting is restrictive, it allows performing many computations ex-
plicitly. In particular, we find how the pressure jump depends on V and 9§, cf. .



Open question. In this paper, we prove that the stationary states are compactly supported or at
least zero on the boundary if the domain is large enough. It is logical to ask whether the solutions of
the parabolic equation are compactly supported for a large domain and a strong confining potential.
This question is still open. However, a work in this direction [9] has proved that in dimension 1, one
could expect the solutions of the Cahn-Hilliard equation without confining potential to propagate
with finite speed. By adding this potential, we can expect to have a better result, and compactly
supported solutions, with time-independent support.

Contents of the paper. The above theorems are proved in the following sections. Section [2] is
devoted to prove Theorem [I] In Section [3] we prove Theorem [2] and in Section [4] we give the proof
of our main new result, namely Theorem [3] Numerical simulations of the model with a source term
and no confining potential are presented in Section [5| The appendix contains the computation of
the pressure jump for a general confining potential.

Notations. For a function n(x,t) we associate a function in radial coordinates that is still denoted
by n(r,t). For 1 <p,s < +oo or s = —1 and 2 a domain, LP(Q2), H*(£2) denote the usual Lebesgue
and Sobolev spaces. When s = —1, H~1() is the topological dual of Hg (). Here H*(Q2) = W*2()
in the usual notation. We also consider the Bochner spaces L?(0,T'; H*(2)) associated with the norm

T 1/p
£l e o7 () = (/0 |f||§,s(m> :
du

The partial derivative with respect to the radial variable is written as d,u(r) = Fr(r) = u'(r).
Finally, C' denotes a generic constant which appears in inequalities and whose value can change from
one line to another. This constant can depend on various parameters unless specified otherwise.

1.2 Literature review and biological relevancy of the system

Tissue growth models and Hele-Shaw limits. Development of tissue growth models is presently
a major line of research in mathematical biology. Nowadays, number of models are available
[6, 17, 24] with the common feature that they use the tissue internal pressure as the main driver
of both the cell movement and proliferation. The simplest example of a mechanical model of living
tissue is the compressible equation

oyn = div (nVp) + nG(p), p=Py(n):=n", (1.9)

in which p(t,z) = P(n(t,z)), with P a law of state, is the pressure and n the density of cell number.
Here, the cell velocity is given via Darcy’s law which captures the effect of cells moving away from
regions of high compression. Dependence on growth function pressure has also been used to model
the sensitivity of tissue proliferation to compression (contact inhibition, [5]).

An important problem is to understand the so-called incompressible limit (i.e. v — 00) of this model.
Perthame et al. [27] have shown that in this limit, solutions of converge to a limit solution
(Moo, Poo ) Of & Hele-Shaw-type free boundary limit problem for which the speed of the free boundary
is given by the normal component of Vp., see also other approaches in [22] 23]. In this limit, the
solution of is organized into 2 regions: €2(¢) in which the pressure is positive (corresponding
to the tissue) and outside of this zone where p = 0. Furthermore, the free boundary problem is
supplemented by a complementary equation that indicates that the pressure satisfies

—Apss = G(po), In Q(f), orsimilarly  poc(Apes + G(peo)) =0 ae. in Q. (1.10)

In this model, the pressure stays continuous in space, with jumps in time, and is equal to 0 at the
interface. This is because only repulsive forces were taken into account. Hence, the crucial role of



the cell-cell adhesion and thus the pressure jump at the surface of the tissue is not retrieved at the
limit. Additionally, as pointed out by Lowengrub et al. |24], the velocity of the free surface should
depend on its geometry and more precisely on the local curvature denoted by k.

This motivated considering variants of the general model , where other physical effects of
mechanical models of tissue growth are introduced. One of them is the addition of the effect of
viscosity in the model, which has been made to represent the friction between cells [3], [4] through
the use of Stokes’ or Brinkman’s law. Moreover, as pointed out by Perthame and Vauchelet [2§],
Brinkman’s law leads to a simpler version of the model and, therefore, is a preferential choice for its
mathematical analysis. Adding viscosity through the use of Brinkman’s law leads to the model

{atn =div (nVp) +nG(p),  in (0,+00) x O, (1.11)

—oAp+ 1 =p, in (0,400) x .
The incompressible limit of this system also yields the complementary relation (see [28])

Poo(Poo — floo — 0G (Do) =0, a.e. in

In the incompressible limit, notable changes compared to the system with Darcy’s law are found.
First, the previous complementary relation is different compared to Equation , and the pressure
Doo in the limit is discontinuous, i.e. there is a jump of the pressure located at the surface of (t).
However, the pressure jump is related to the potential 1 and not to the local curvature of the free
boundary 9€2(t). The authors already indicated that a possible explanation for this is that the
previous model does not include the effect of surface tension.

Surface tension and pressure jump. Surface tension is a concept associated with the internal
cohesive forces between the molecules of a fluid: hydrogen bonds, van der Waals forces, metallic
bonds, etc. Inside the fluid, molecules are attracted equally in all directions leading to a net force
of zero; however molecules on the surface experience an attractive force that tends to pull them to
the interior of the fluid: this is the origin of the surface energy. This energy is equivalent to the
work or energy required to remove the surface layer of molecules in a unit area. The value of the
surface tension will vary greatly depending on the nature of the forces exerted between the atoms
or molecules. In the case of solid tumor cells in a tissue, it reflects the cell-cell adhesion tendency
between the cells and depends on the parameter § and the geometry of the tumor.

In the previous definition, the surface tension is associated with a single body that has an interface
with the vacuum. When one considers two bodies, the surface energy of each body is modified by
the presence of the other and we speak of interfacial tension. The latter depends on the surface
tension of each of the two compounds, as well as the interaction energy between the two compounds.
In the system considered above, it is then possible to imagine that the vacuum in which the tumor
grows is in fact another body that has an internal pressure of the form V(r) which increases with
respect to r so that the tumor is stopped at some point and we can consider the stationary states.
For such a tumor to be in equilibrium, it is necessary that the interior is overpressured relative to
the exterior by an amount. This amount is called the pressure jump and is computed explicitly in
our case.

Surface tension effects can be introduced in the Hele-Shaw model as follows (see e.g. [15])

{—A,u—() in Q\oN(t), (1.12)
w=ock on 0Q(t).

where o is a positive constant, called a surface tension and x is a mean curvature of 9Q(t). This
correct Hele-Shaw limit has been formally obtained as the sharp-interface asymptotic model of the
Cahn-Hilliard equation [2]; see also [10] for a convergence result in a weak varifold formulation. This
suggests that the Cahn-Hillard equation is an appropriate model to capture surface tension effects.



The Cahn Hilliard equation. Cahn-Hillard type models for tissue growth have been developed
based on the theory of mixtures in mechanics, see [16, [8, [29] and the references therein. Nowadays,
they are widely used, in particular for tumor growth, and analysed, [20| 1], 19, [I8] 1], 12, [26].
Originally introduced in the context of materials sciences [7], they are currently applied in numerous
fields, including complex fluids, polymer science, and mathematical biology. For the overview of
mathematical theory, we refer to [25].

Usually, in mechanical models, the Cahn-Hillard equation takes the form

drp = div(b(p)V (¢ (p) — 0Ap) ) <= {u Mg+ (), (1.13)

where ¢ represents the relative density of cells ¢ = nj/(n1 +nsg), b is the mobility, ¢ is the potential
while p is the quantity of chemical potential, which is a quantity related to the effective pressure.
From the point of view of mathematical biology, the most relevant case is b(¢) = p(1 — ¢), which is
referred to as degenerate mobility.

In our context, (L.1) models the motion of a population of cells constituting a biological tissue in
the form of a continuity equation. It takes into account pressure, the surface tension occurring at
the surface of the tissue and its viscosity. More precisely, the equation for u (i.e. equation )
includes the effects of both the pressure, through the term n” with v > 1 that controls the stiffness
of the pressure law, and surface tension by —6An, where v/4 is the width of the interface in which
partial mixing of the two components nq, no occurs.

A similar Cahn-Hilliard problem, without radial symmetry assumption, has previously been con-
sidered in [I3], but including a relaxation (viscosity) term and a proliferation source term in place
of the confinement potential. In the incompressible limit, the authors obtain a jump in pressure at
the interface at all times for the relaxed system. The aim here is to justify a rigorous limit without
viscosity relaxation and mostly to compute the pressure jump by analyzing the stationary states of
a system with confining potential.

2 Existence, regularity, and long term behavior

The existence of weak solutions for the Cahn-Hilliard equation with degenerate mobility usually
follows the method from [I4]. The idea is to apply a Galerkin scheme with a non-degenerate
regularized mobility, i.e. , calling b(n) the mobility, then one considers an approximation b.(n) > e.
Then, using standard compactness methods one can prove the existence of weak solutions for the
initial system. However, the uniqueness of the weak solutions is still an open question.

In the case of a radially symmetric solution, the resulting system has only one dimension in space,
and it is possible to apply a fixed point theorem, see [30], to obtain better regularity results. Since
the solutions have radial symmetry, the equation is singular at » = 0. Therefore, the first step is to
consider the system with r + ¢ instead of r and a regularized mobility. The existence of solutions
for a similar regularized system has been achieved in [30] based on a result of |[2I] and we do not
repeat the arguments here. Then, we can pass to the limit ¢ — 0. Finally, the nonnegativity of the
limiting solution is achieved with the bounds provided by the entropy.

We finally point out that since we are also interested in the convergence to the stationary states,
one needs to carefully verify that the bounds do not depend on time.

Definition 2.1 (Weak solutions). We say that n(t,r) is a global weak solution of the equation (L.1))-
(1.2) provided that

e 1 is nonnegative,

e 77 is continuous in [0,00) x Ig,, v/rn € L°((0,00) x Ig,) and r d;n € L?((0,00); H '(IR,)),



o /rnd.pu € L*((0,00) x Ig, \ {rn = 0}) and p is defined in (1.2),
e for every test function ¢ € L?((0,00); H (Ig,)) N CL([0,0) x Ig,)

T T R,
/ (O, p) -1 g dt + / / Lrnsornor(p+ V)orpdrdt =0,
0 o Jo

and

T T Ry Ry
/ (O, @) -1, dt = —/ / rnOyp drdt — / (0, 7)ng(r) dr,
0 o Jo

0
e n/(t,Ry) =0 for a.e. t € (0,T).

Remark 2.2 (Energy, entropy properties of weak solutions). In fact, we construct solutions satis-
fying additionally mass, energy, and entropy relations as follows: for a.e. 7 € [0,T]

/ORb ro(r,r)dr = /ORb rng(r)dr, (2.1)

T Rb
Elntr)+ [ [ ooy V) drdt < Elnl, (2.2)
o Jo
Tt -1 2 2 arn\z
On(r, )] + yrnY T Opn|? + 0r|Orrn|” + JT +7r0mn o,V | drdt < ®[ng], (2.3)
o Jo

where energy and entropy are defined as follows:

Ry nYt1 5 5 Ry
Eln| :/0 r <’y+ T + 3 |01 +nV) dr, O[n] :/0 r¢(n)dr,

and ¢(n) = n (log(n) — 1) + 1. Equations (2.1)—(2.3) provide the basic a priori estimates. Moreover,
we construct Holder continuous solutions; there is a constant C, such that for all r,r1,79 € [0, Rp],
t,t1,12 € [0, OO)

lryn(t,r) — ron(t,re)| < Clry — ro|Y/2, (2.4)

Ir (n(ta, ) — n(t1,r))| < Clta — t1 V5. (2.5)

2.1 Regularized system

We consider the existence of a regularized system, which reads:

Or(r+ene — 0, (r+e)B:(ne) Op(ue +V)) =0, in (0,+00) X Ig,, (2.6)
pe =n) — . +€8r ((r+¢)ome), in (0,400) x Ig,, (2.7)
where
f <
B.(n) = { o= (2.8)
n otherwise.

We impose Neumann boundary conditions

_ On.
r=0 o or

on,
or

8(u5 + V)
or

O(pe +V)

= =0. 2.9
r=0 K or r=Ry ( )

= B.(n.)

r=Ryp

We admit the following theorem of existence, for a result for a similar system we refer to [30],



Theorem 2.3. For ¢ > 0 and T > 0, Problem (2.6)-(2.7) with boundary conditions (2.9) and
smooth initial condition admits a unique strong solution n..

Remark 2.4. Note that the assumption on the initial condition is stronger than the one asked
in (1.4). This means that for the regularized system we need to consider a smooth approximation
of the initial condition, for instance n? = n% x w. with w a smooth kernel that we send to a dirac

mass when ¢ — 0.

Next, we prove some conservation properties for the system (2.6)—(2.7), see for instance [13] [26].

Lemma 2.5 (Conservation of mass, energy and entropy). We define ¢ such that ¢ (n) = le(n)
and ¢-(1) = ¢L(1) =0, and

Ry v+1
E:[n] ::/ (r+e) <n +g@rn|2+nv> dr
0

v+1
Ry
D, [n] ::/O (r+e)pe(n)dr

Then, we have

Ry
s (r+¢e)ne(t,r)dr =0, (2.10)
d R” 2
G+ [ B0 0, (e + V) dr =0, (2.11)
0
d fo 1 2 2 |8 nel?
%tbg[ng]—k v(r+e)nl=H0wne|? + 3(r + €)|0prnc|” + 60— 4+ (r +€) Opn 0,V | dr = 0.
0
(2.12)
Remark 2.6. The function ¢, is given by an explicit formula
z(logle) = 1) +14+22/(2e) —e/2 for x<e¢
ey [ 0RE =)+ 1220 </ o1
x (log(x) — 1) +1 for e < z.

With € < 1, it enjoys three properties:

1. ¢.(z) = ¢(z) ==z (log(z) — 1)+ 1 for z > 0 as € — 0,
2. ¢-(z) >0 for all z € R,

3. ¢L(z) <0 for z <e,

4. () < ¢p(x) +1—¢/2 for x > 0.

The first one is trivial. To see the second one, we observe that the function z +— z(log(z) — 1) + 1
is nonnegative, which implies ¢.(z) > 0 for > e. Then, for z < & we discover

#.(r) = log(e) 1+ = <0. (2.14)

As ¢ () > 0, this implies ¢.(x) > 0 for all z € R. Then, (2.14) also implies the third property while
the forth follows by estimating ¢.(z) < ¢-(0) for z < e.

Proof of Lemma[2.5 Mass conservation (2.10]) follows from integrating (2.6) in space and using the
boundary conditions (2.9).



To see (2.11)), we multiply (2.6)) by pe +V, integrate in space and use boundary conditions to obtain:

R}, Rb
/ (r+e)ome(pe +V) d7'+/ (r 4+ &) Be(ne) |0 (11e —|—V)|2 dr = 0.
0 0

Using (2.7) and integrating by parts, we obtain

L na),

Ry
/ (r+¢)One(pe +V)dr =
) dt

which concludes the proof of (2.11]).
To see (2.12)), we multiply (2.6) by ¢.(n.) and integrate in space to obtain

Ry
i@m4+A (r + €Y (r) 0, (e + V) dr =

In view of (2.12)), it is sufficient to prove
B |ng?

112
dr.
)P ar

Rb Rb
| ammomar =y [T amopatars [
0 0
‘We have
Ry Ry Ry 1
/ (r+e) nl(r) Oppe dr =~y / (r+e) |nL(r)?n2~! dr—é/ (r+¢) nL(r)o, (WBT((T + 5)8Tn5)> dr.
0 0 0

In the second part, we can integrate by parts (using Neumann’s boundary conditions)
Ry 1
- [ eranm (oo a

0
Ry 1
= n.(r
/0 e )r+5

fte ‘n/a|2 12 o / "
=/ —— + (r+¢)|n| dr+2/ n(r)nZ (r)dr.
0 r4+e 0

Ry 1
O, ((r + £)0,m.) dr + /O (4 2) () = 0u(r + £)0,mc) dr

The last term vanishes thanks to boundary conditions:

Rb Rb
2/ nL(r)nZ(r)dr = OrInl(r)|?dr =0
0

0

and this concludes the proof. O
From Lemrna we may deduce uniform bounds (in ¢) for the solutions n. as follows
Proposition 2.7. Let T > 0. The following sequences are uniformly bounded with respect to € > 0:
(A1) {VFFE0m.} in Lo((0,00); L3 (In,)),

(A2) {\/r+en:} in L=((0,00) x IR,),

(A3) {\/(r +¢) Be(ne) 0, (e + V) } in L2((0,00) x Ig,),

(A4) {\FFedmn.} and { ;1;} in L2((0,T) x Ip,),

(A5) {®:(ne)} in L>(0,T),




(46) {(r+¢)dn.} in L*((0,00); H™ (IR,)),

where the estimates |(A1)H(A3) and [(A6) depend only on the initial energy E(ng). Moreover, there
is a constant C, independent of &, such that for all r,r1,r9 € [0, Ry], t,t1,t2 € [0, 00)

|(r1 + e)ne(r1,t) — (ra + &)ne(re, t)| < Clry — 7‘2|1/2, (2.15)

|(r + &) (ne(ta, 7) — no(ty, )] < Clta — t1]Y/5. (2.16)
In fact, the constant C' depends only on initial energy E(ng).

Proof of Proposition[2.7 We divide the reasoning into a few steps.
Step 1: Estimates [(A1)H(A2) First, from (2.11) we deduce |(Al)l For estimate |(A2)| we adapt the
method from [30]. For any p € (0, R}),

Ry Ry
Bt 2B (1) - | rantat= [Tt nn) -

0
Ry
/ / z4¢€)Orne(t,r)drdz

Ry pp
/ / z+e 3n€tr)drdz+/ /(z+€)3n5(tr)drdz
Ry, Ry
/ / z+4e 8n8trdzdr—|—/ / (z+¢€) Opne(t,r)dzdr
1
:/ (2 —i—er)ang(t r)dr—l—/ [2(Rb )—i—e(Rb—r)}ana(t r)dr
0 P
P Ry
< Rb/ (r +¢€)|0pne(t,r)|dr + 2R3 / |Orne (1, t)| dr.
0 P
Multiplying the previous inequality by 2(p + ¢)/? yields

Ry
(R? +2eRy) (p+ )Y ?nc(t, p) — 2(p + ) /2 / (z+e)ne(t,z)dz| <

0

p Ry
< 2(p+6)1/2Rb/ (r+€)|3rns(t,r)ldr+4R§/ (r+e)"/%|0rnc(t, )| dr
0 P

Ry 1/2
< O(Ry) (/0 (r+6)|8rne(t,r)|2dr> .

Thanks to the conservation of mass (2.10]), we obtain

Step 2: Estimates[(A3)H(A5) The bound [(A3)| follows from the conservation of energy (2.11). To
see [(A4)| and |(A5), we want to use the conservation of entropy (2.12), but this has to be done
carefully, as the term (r + ¢) 9,n. 9,V can be negative. Therefore, we fix T' > 0, consider ¢, as in

Remark and integrate (2.12) on (0,7) to deduce

T Ry |arn ‘2 T Ry
b (n(T,-)) + 5/ / (r+ a€)|6m,ns|2 + = drdt < ®.(ng) + / / (r+¢)0rne 0,V drdt.
o Jo r+e 0o Jo

The last term can be easily bounded (using estimates [(A1){(A2)) by a constant depending on T
The conclusion follows from ®.(n.(T,-)) > 0 and ®.(ng) can be bounded in terms of ®(ng), cf. (4)
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in Remark
Step 3: Estimate . Let x € L*(0,T;H'(Ig,)). We multiply (2.6) by x and integrate with

respect to r between 0 and Rp. Using an integration by parts and Neumann boundary conditions,
we obtain

o0 Ry oo Ry
/ / (r +¢&)Onex drdt = —/ / (r+¢€)Be(ne) 0y (e + V)0 x dr dt
o Jo o Jo

[e%e] Ry
:—/0 /o V(r+¢) Be(no) /(r + €) Bo(nz) 0, (e + V) 8px dr dt
< V(r + &) Bo(no)lloo IV (r + ) Be(ne) 0r (e + V) |2 [|0rx]|2-

where the norms are taken over (0,00) X Ir,. The conclusion follows.

Step 4: Holder estimate in space (2.15]). By differentiation

r2

(ro+e)n(t,ra) — (r1 +e)n(t,ry) = /Tz (r+¢)0mn(t,r)dr +/ n(t,r)dr.

71 T1
For the first term, we have
T2 T2 1/2
/ (r+¢)omne(t,r)dr < (/ (r+5)dr> V7 + € dpnc(t, )2 §C|r1—r2|1/2
1 T1

due to[(Al)l For the second term, we compute, using |(A2)|

" " Vrte S
ne(t,r dr:/ ne(t,r dr < T+E7’LEOO/ dr <
[, retemrar= [ Coten e s iR [ s

<Clrate—rite <Clr—rl'2

Step 5: Hdlder estimate in time . The idea is to deduce the regularity in time from the
regularity in space. We extend the function r — n.r for r < 0 with a constant to preserve
continuity. We consider 7, to be a usual one-dimensional mollifier in the spatial variable r where v
will be chosen later in terms of |ta — ¢1]. Mollifying with 7, and integrating in time (from ¢;
to t2) we obtain

to
((r+e)ne) *nu(ta,r) — ((r+e)ne) * nu(t1,r) = Oy * ((r + €)Be(ne) Op (e + V) dt.  (2.17)
t1
First, we estimate (RHS). We notice that Young’s convolutional inequality and Holder’s inequality
are implying for fixed ¢ € [t1, t2]
10:my * ((r + €)Be(ne) 0 (p1e +V)) [loo <
<10 |l2 ||\/(T +€)B:(ne) |l |l \/(’r +€)Be(ne) Op (e + V) ll2-

By the definition of a mollifier,

1/2
<

1

C
||8T77u||2 = ﬁ m




Therefore, applying [(A2)] [(A3)| and Hoélder’s inequality in time, we deduce

2] ‘tQ _ tl |1/2
Harnu * ((T + €)Be(ns) ar(,us + V)) ||oo dt < C 71/3/2 (218)
t1
To conclude the proof, we need to estimate (2.17)) using (2.15)) from Step 4, we get
[((r 4+ &)ne) * mu(tr,7)=((r + €)ne)(tr, r)| <
< 1+t emattnr+9) -G+ onlnnmay (5

SC/MW%Amwscw@
R

where we used that on the support of 7, we have |y| < v. Exactly the same estimate holds if we
replace ¢, with to. Combining (2.17)), (2.18) and (2.19) we obtain

|t2 _ t1|1/2

1/2
372 + Cv/=.

|(T + s)ns(tQaT> - (T =+ €>n€(tlar)| <C

|1/4

We choose v = [ta — 1 and this concludes the proof. O

Remark 2.8. In the above proof, Step 1 shows more generally that when n(t,r) : [0,00)x [0, Ry] — R
satisfies fORb rn(t,r)dr =m and \/r 9,n € L>(0,T; L?(0, Rp)) then
|\/7j”(ta7‘)| < C (Ry, m, [|[V1 0pn| Lo (0,7522(0,R,))) -

2.2 Proof of Theorem [1| (existence part)

We are concerned with the first part of Theorem [I] i.e. the convergence e — 0 of the approximation
scheme.

Proof of Theorem (existence). The proof is divided into several steps.

Step 1: Compactness. By the estimates in Proposition the Banach-Alaoglu and Arzela-Ascoli
theorems, we can extract a subsequence such that, for some & € L?((0,7T) x Ig,),

(C1) (r+e¢)n. — rn uniformly in C([0,7T] x Ir,),

(C2) (r+¢e)dn. — romin L*(0,T; H1(Ig,)),

(C3) \/(r+e) Be(ne)or(pe + V) = & in L2((0,T) x Ig,),
(C4)

C4) VI Hedpmne = /7 dppn and Ghe — %8 in L2((0,T) x Ig,).

Step 2: Nonnegativity of n. The plan is to obtain a contradiction with the uniform estimate of the
entropy. For a > 0, we define the sets

Vare={(t,r) € (0,T) x Ig, : ne(t,r) < —c, r > a},

Voo ={(t,7) € (0,T) x Ig, : n(t,r) < —a, r > a}.
By Remark [2.6] (nonnegativity of ¢.) and [[A5)|in Lemma [2.7] there is a constant such that

/

a,e

(r+e)ge(ne)drdt < / (r+¢e)ge(ne)drdt < C(T).

(O,T) XIRb
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For n. < —a, we have 0 < ¢.(—a) < ¢.(n.) ((3) in Remark 2.6 so that

(—a(log(e) — 1) + 1+ a?/(2e) — €/2) /V (r+e)drdt < C(T).

Sending £ — 0 and using uniform convergence of n. — n for r > a > 0 we discover that

/ rdrdt = lim (r4+e)drdt=0
Va0

e=0 Jy/

a,e

using, from measure theory, that on a measure space (X, u) if f,, f : X — Rand f,, — f in L} (X, u)
then for a € R we have ffn<a dy — ff<a dp as m — oo. This means that V,, ¢ is a null set for each
a > 0, concluding the proof.

Step 3: Identiﬁcation of the limit (r +€)Be(ne)0r (e + V). The last difficulty is to pass to the limit

in fo (r 4 €)Be(ne)0r (e + V)0rp dr dt. Indeed, since the mobility is degenerate it is not clear
that We can identify the derivative of the potential 0, in the limit. However, due to the uniform
convergence of (r + ¢ ns and the nonnegativity of n we can conclude. By |(C3)| and the uniform

convergence of \/ r 4 €) Be(n.), we have

(r+€) Bo(n2)0y (e + V) — Vi€ = {V rnb o when >0 rr 0.1y x Iny). (2:20)
when rn =0
We first claim that
&(t,r) =rnd(u+ V) when rn > 0. (2.21)

We introduce the family of open sets
{(t,7) : rn(t,r) >0} =U,so P, P, =A(t,r) :ra(r,t) > v, r > v},

so that it is sufficient to identify the limit £ in P, for fixed v > 0.

Because of the uniform convergence we know that for every € < e(v) for ¢(v) small enough,

(r+€)Be(n(r,t) > 5, (r1) € .
Therefore, the estimate [(A3)|implies
C
Har(ﬂe + V)||L2(P,,) < VR

As 0,V is uniformly bounded, we deduce that

C
0rpiellL2(p,) < i

By definition of pu.
_ 1
&416 = ’Yng 187415 — 637n <T+€ar((7’ + 5)5rn5)> .

For the first term of (RHS), we use the strong convergence [(C1)| that yields a uniform convergence
of n. in the zone {(r,t) : # > v}. Then, because P, C {(r,t) : r > v} we obtain

2™t — 4n?~1  uniformly in L>(P,).

Combined with the weak convergence provided by estimate in P, we obtain that up to a
subsequence,
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2 t0n. — yn*"*a.n  weakly in L*(P,).
Then we combine the L?(P,) bound on yn)~'9;n. with the L?(P,) estimate of 9. We obtain an

L?(P,) bound on the second term on the right-hand side. Together with estimates
we obtain the weak convergence up to a subsequence

1 1 . )
Oy (War((r + 8)8rn5)> O (rar(Tﬁrn)) weakly in L*(P,).

Finally, we obtain

1
Orpie — Oppt =y~ 10,m — 60, (Tar(rarn)) weakly in L*(P,). (2.22)
Using uniform convergence, we conclude the proof of (2.21)). Finally, (2.20) and (2.21) implies
T Ry
/ / (r4&)Be(ng)0r (e + V)O0rpdrdt — rndy (1 + V)O0rp dr dt.
0 0 rn>0

Step 4: existence of a weak solution. Steps 1-3 show that n satisfies the condition of Definition [2.1

Step 5: Properties (2.1)—(2.5) from Remark|2.2 First, properties (2.1), (2.4) and (2.5) follow from
uniform convergence and estimates (2.15)-(2.16) for rn.. To see , we notice that weak

lower semicontinuity of L? norm implies

T Ry
En(r,-)] +/0 /0 €, 7)[? dr dt < E[ng)].

By (2.21)), the integral on the (LHS) can be estimated from below by

T Ry
En(r,-)] -|-/ / 1rn>o0 rn|8r(u—i—V)|2 drdt < E[ng).
o Jo
To see (2.3)), it is sufficient to prove
®(n(t, ) < liminf @, (n(t,-)).
e—=0
Let 6 > 0. By nonnegativity of ¢. we estimate

lim inf ®.(n.(¢,-)) > liminf de(ne)(r+e)dr = (n)rdr,
e—0 e—0 >3 >0

because on the set {r > ¢}, we have uniform convergence n. — n. As ¢(n) > 0, we can send § — 0

by monotone convergence and conclude the proof.

Step 6: Neumann boundary condition n'(t, Ry) = 0. First, if ¢, ¢ € Ct[a,b] N H?(a,b) we have (via
approximation)

b
/ ' (r) ¢'(r) + " (r) (r) dr = ¢'(b) ¢(b) — ¢(a) é(a). (2.23)

Let ¢ be a smooth function with ¢(Rp) = 0 and ¢(Rp) = 1 for some Ry € (0, Ry). We know from
estimates |(C1){{(C4)| that n € L*(0,T; H*(Ro, Ry)). Let ¢ be such that r — n(t,r) € H*(Ro, Ry).

Applying (2.23) with ¢(r) = n.(t,r), we deduce, thanks to the Neumann boundary condition
nL(t, Ry) = 0, that

Ry
/ nL(t,r) ¢'(r) + n’(t,r) p(r)dr = 0.

Ro
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Multiplying by a smooth test function n(t), we have

T Ry
LA /Q n(t) (1 (6, 7) & (r) + 0 (£, 7) G(r)) dr dt = 0.

Passing to the weak limit ¢ — 0 and using that 7 is arbitrary we conclude
Ry
/ W () 8 (1) + 0" (£, 1) d(r)dr = 0, for ae. £ > 0.
Ro
As n(t,-) € H*(Ry, Rp), we can apply (2.23) again and deduce
Ry
| en g0+ ) o) dr = 't o),
Ro

which finally proves n'(t, Rp) = 0. O

2.3 Proof of Theorem (1| (Long term asymptotics)

With global solutions at hand, we can study the long term behaviour. For that purpose, we fix k, T,
k > T and define ng(t, z) = n(t+k,x), pr(t,x) = p(t+k, z). Consider the solution n in the interval
(=T + k, T + k), it satisfies

Tk T+k Ry
/ r(O¢n, @) g1 g dt—l—/ / Lyrnsorno-(p+ V)oredrdt =0,
—T+k —T+k Jo

and a change of variables yields

T T (R
/ r(Ognk, ) -1 g dt Jr/ / 1,507 ng Or(pr + V)Orpdrdt = 0. (2.24)
-7 -1 Jo
We also recall the Neumann boundary condition nj(t,Ry) = 0 and the conservation of mass

fORb rng dr = fORb rngdr. We want to pass to the limit k — oo in this equation and prove the

Proposition 2.9. Let (n, u) be a weak solution of —. Then, we can extract a subsequence,
still denoted by the index k, of (ng,pr) such that /rng — /rTne strongly in L>°((=T,T) x Ig,)
and /0y (up + V) — /rnor (oo + V) weakly in L*((=T,T) x Ig, \ {rn = 0}). We have
Neo € CY(R x Bg,) and the relations

0
Moo Or (oo + V) =0, too = MY — ;&(r@rnw), (2.25)
with the Neumann boundary conditions
ONo _ One —0
or lr=0o  9r lr=r,

The mass fORb Moo (t) dr is constant and equal to the initial mass fORb rng dr.
This proposition implies the assertions of Theorem

Proof. Step 1: Bounds coming from the energy. We claim that the following uniform estimates
(with respect to k) are true:

(B1) {vr Oy} in L=((=T,T); L*(Ir,)),
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(B2) {vrnk} in L=((-T,T) x Ig,),

(B3) {rOmx} in L*((=T,T); H™'(IR,)),

(B4) |rong(ta, o) — ring(ty,m1)| < C([te — t1]V/® + |ry — r1|'/?),
(B5) L =/ f Ly >0 1k |0 (s, + V)2 Pl

The energy decay estimate (2.2]) and assumption £[ng] < oo imply that £[ny(t)] remains bounded
with respect to k for all k& > T'. Therefore, [(B1)| follows directly from (2.2) and then |(B2)| follows
from Remark[2.8] As rny(t,r) is obtained as the pointwise limit of (r+¢) ne(t+k,r), estimates [B3)

and |[(B4)| follow directly from passing to the limit ¢ — 0 in and from (2.15)—(2.16]) in Proposi-
tion Finally, to see |(B5)} we note that

e’} Ry
/ / ]lrn>0 rn|ar(/i+V)|2dT’dt < E(no),
0 0

so by change of variables we obtain

(oo} Rb
< / / Tynso rn|on(u+ V)2 dr dt —— 0.

Step 2: Bounds coming from the entropy. We prove now uniform estimates
(C1) {Vrdpmi} in L*((=T,T); L*(Ir,)),
(C2) {27} in L*((=T,T); L*(IR,))-

To this end, we integrate the entropy relation (2.3)) between k — T and k + T and perform a change
of variables to obtain

fo |0; ﬂk|
/ / <fyrnk |0, ng)? + 07| Oy |* + 6 —— )drdt§

T Ry
< @[nk(fT, )] - @[nk(T, )] + [TA r Opnyg 0,V dr dt.

We need to bound the right-hand side. Concerning the entropy term, we recall the inequality
logn < n —1 valid for n > 0 so that, by bound |[(B2)|

Ry
D (ng(T,-)) = /0 r(ng(T,r)(logng(T,r) — 1)+ 1)dr <
Ry
< / r (n(T, 7)) + (T, 7)) dr < C [ < C.

The same estimate is satisfied by ®(ny(7T)). Concerning ffT fORb r Opny 0,V drdt, we estimate it
using [(B1)| and uniform bound on 9, V. Therefore,

Ry |(9 nk|
/ / (W‘nk |0rng|? + 07| Oprnig|* + 0 —— ) drdt < C(T, E(ng)).-

Step 3: Convergence in equation . Reasoning as in the proof of Theorem [I| we obtain in the
limit £ — oo

T T Ry
/ 7(ONoc, @) -1, g1 dt + / / Lyn>0 7 Moo Or (floo + V)Orp drdt = 0.
-1 Jo

-T

16



We can show even better, namely that d;n. = 0. Indeed, from the Cauchy-Schwarz inequality we
obtain that for every test function x compactly supported in (—=7,T") x (0, Rp),

T Ry
/ / rOinEX
-T JO

T Ry,
= / / ]lrnk>0 Tnkar(ﬂk + V)@Tx
=T Jo

T R
< CO(T, Ro)[|9r x|l L= / / Ly >0 71| Or (i, + V)2 —— 0.
_7rJo k—o0

where we used |(B2)| and This means that in the limit, n., does not depend on the time
variable ¢t. Then, in the limit, we obtain that, for every test function Yy,

T Ry
/ / 11rnoo>0 Tnooar(,uoo + V)&«X =0.
-TJOo

Step 4: n’ is uniformly continuous and n, satisfies Neumann boundary condition nl_(0) = 0. We
recall that n., does not depend on time. Moreover, the estimate implies that n/ is continuous
on (0, Rp]. Furthermore, from the estimates |(C1)H(C2), we obtain the absolute continuity in space
of the derivative of ns,. Indeed, for every 1,75 € (0, Rp) we obtain

T2

(0rN00(12))? — (0o (r1))? = 2 OrNoo (1) Oppso (1) dr

"2 QMoo (1)

=2 5 o T oo (1) dr
" o N2 [ NG
< 2</T1 — dr) </7n1 7| Opr Moo (1) dr) .

From this, we deduce that 0,n., is bounded so that by the Sobolev embedding, n., is continuous
and

Noo(r2) — Noo(T1) = /7.2 OrNoo (1) dr.

Next, we discover that (0,Ry] > 7 +— (9neo(r))? is uniformly continuous, so that by Lemma
below, nl._(r) is uniformly continuous on (0, Rp]. Therefore, there is the unique extension of
r+— nl (r) to [0, Rp] which is uniformly continuous. Furthermore, in view of

/Rb L e
0

r

this extension has to be obtained by setting n’_(0) = 0.

It remains to prove that n. is differentiable (in the classical sense) at » = 0 and n._(0) = 0. To
this end, we write

Moo (1) = 700 (0) ‘

r Sl/ |00 ()| du < sup [9;noo ()] — 0
0

r u€(0,r]

as 7 — 0 by uniform continuity which, again, implies that n. (0) exists and n._(0) = 0.

Step 5: Neumann boundary condition n(Rp) = 0. The proof is similar to Step 6 in Section For
a fixed k € N, there is a set of times Ny C (0,T) of full measure such that, when ¢ € N}, we have
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n.(t, Ry) = 0 and ng(t,-) € H*(Ro, Ry). Let N = NgenNg, which is again the set of full measure.
For t € N and ¢ as in Step 6 in Section we have

Ry
/ nj,(t,r) &' (r) + ni(t,r) ¢(r) dr = 0.
Ro

We multiply by a smooth test function n(t) and pass to the weak limit k¥ — oo to deduce

T Ry
[ e [ )6+t o)) dr = 0.
0 Ro
As no € H?(Ry, Ryy) we deduce n’_(Ry) = 0. 0

Lemma 2.10. Let f : (a,b) — R be a continuous function such that f? is uniformly continuous.
Then |f| and f are also uniformly continuous.

Proof. First, we observe that | f| is uniformly continuous as a composition of a %—Hé’)lder continuous
function and a uniformly continuous one. Therefore,

Ve>0 36>0 Vaye(ab) |z—y<d = |If(@) - Ifw) <e. (2.26)

Fix € > 0 and choose § > 0 such that (2.26) holds with £/2. Let «,y € (a,b) be such that |z —y| <.
If f(x), f(y) have the same sign we are done. Otherwise, by continuity, there exists z between x
and y such that f(z) =0. As |z — z|, |y — 2| <, we can apply (2.26) again to deduce

1f(@) = fW <|f(@) = fI+1f() = fly)| <e/2+¢/2 =&

3 Properties of the stationary states

The stationary solution built previously has compact support for R, large enough. This is the
main content of Theorem [2] which we prove here. We still use, to simplify notations, the potential
V(r) = r2. We postpone to Appendix [A|the case of a more general potential V (r).

3.1 Proof of Theorem [2| (A)
We recall that, from Theorem Neo > 01is Ct, 0l (Ry) = 0,n.,(0) = 0.

Proof of Theorem |2 (A). To prove that n is non-increasing, the main idea is to show that it cannot
have a local maximum except at the point r = 0.
To do so, by contradiction, we assume there is local maximum at Ry € (0, Rp]. This implies that
nl(R2) =0, n/ (R2) < 0. Also by C! regularity, in a neighborhood of R the equation hold
o 4 l " _ 2

n) (r) — ;noo(r) —onl (r)=C—r?,
for some constant C'. This equation implies that the local maximum is strict.
Also, still by C! regularity, in this neighborhood of Ry there is a point 0 < R; < Rs such that
0 < Noo(R1) < noo(R2) and n’ (Ry) > 0. Evaluating the equation at the points Ry and Ra, and
eliminating the constant C, we obtain

5ngo(R1) = R% — RS + ngo(Rl) — ’IZZO(RQ) — Ringo(}h) + (5ngo(R2) < 0.
1

18



Therefore n, is strictly concave at Ry. Consequently, R; can be continued to smaller values, 1, (R1)
staying concave increasing (and thus n/_ larger and larger as Ry decreases) until either Ry = 0 or
Noo(R1) = 0. In both cases we get a contradiction with the condition nl (R;) = 0 which holds at 0
and at values where n(R1) = 0.

Consequently, the only possible local maximum is at 0 and n., is non-increasing.

The upper bound on n.(Rp) is just to say that ne(r) > ne(Rp) on the full interval.

3.2 Proof of Theorem [2| (B)

We now consider a stationary state such that ne.(Rp) = 0. Theorem [2| (A) asserts that there is
R € [0, Rp] such that no(r) = 0 on [R, Rp] and n. is positive on [0, R). Hence, on [0, R], the
relation ([2.25)) shows that there exists a constant, that we write R? — ), such that n., solves

nw(r)—gn’(r)fén”(r):R27r27)\, 0<r <R,
(3.1)
n(R) = 0.

Because it is C1, the stationary solution also satisfies n/_(R) = 0 (and this is also true for R = Ry,
as stated in Theorem We prove that there exists only one value A such that the solution of
Equation (3.1)) also satisfies the condition n'(R) = 0.

Firstly, we exclude some values of A. Here, we use the notation n” for max(0,n)".
Lemma 3.1. Being given X\ € R, let n be the solution of Equation Then, we have
e when A\ > R?, n(r) <0 VYrel0,R] and n'(R)>0,
e when A < 0, n(r)>0 ¥Yrel0,R] and n/(R)<O0.

Proof. For A\ > R?, n < 0 is a consequence of the maximum principle and it follows immediately
that n/(R) > 0. If we had n’(R) = 0, the equation gives n”(R) = % > 0 which is in contradiction
with the fact that n is nonpositive in a small left neighborhood of R.

For A < 0, n > 0 is a consequence of the maximum principle and it follows that n'(R) < 0. To
exclude the possibility that n’'(R) = 0, we suppose by contradiction that n’(R) = 0. Since we also
have n(R) = 0, we find that n”(R) = %. As before, for A < 0, we find contradiction. For A\ = 0, we
have n”(R) = 0. Differentiating the equation, we find

) )

72 ’

A ) ! (1) — n® (r) — 6 +6

and thus n(®(R) = 2R/5 > 0. As n(R) = n/(R) = n"(R) = 0, it follows that in a small neighbour-
hood of R, n has to be negative raising a contradiction. The lemma is proved. O

Secondly, from Lemma we may conclude that there is at least one value A € (0, R?) such that
the Neumann condition is satisfied. This value is unique

Lemma 3.2. There ezists only one A € (0, R?) such that the solution of (3.1) satisfies n'(R) = 0.

Proof. Suppose there are two solutions ni,ns of with 0 < A\; < Ay < R? such that n;(R) =
ni(R) = 0 for i = 1,2. From (3.I), we find n/(R) = 3. Therefore 0 < n{(R) < n4(R) and we
conclude by a Taylor expansion that n) is smaller than n} in a small left neighborhood of R which
contradicts that n decreases with A. This proves Lemma [3.2] O
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Proof of Theorem @ (B). Clearly, n is a solution to the problem (3.1]) with some A. By Lemma
we know that A € (0, R?) and then Lemma yields the unique value of .

For the second assertion, if there are two solutions (n1,\1), (n2, A2) of 7 Lemma applies
and we obtain that Ay = Ay. The conclusion follows from uniqueness of solutions of the elliptic
PDE (3.1)).

O

3.3 Proof of Theorem [2| (C)

Consider a solution ns, of (1.6) with a := n(Rp) > 0. From Theorem [2| (A), we know that n. is
C' and n’_ < 0 so that ny, > 0. Therefore, from the equation for n., 7 (r) is C?, and ((1.6)) boils
down to
nl, —2n/ —on” =R2—r? =X in (0, Ry),
noo(Rb) =a>0, n/(Rb) =0, (32)
m= fORb T oo (1) dr,
where X is some constant. Our goal is to prove that if R} is sufficiently large with respect to m,
there is no such solution of (3.2)). Therefore we now assume that R, > 2.

A useful formula in the sequel is, because of radial symmetry and after integration between 0 and r,

7‘2 r

/ F R (F) 7 — 5rdma = (B2 — A) ' — . (3.3)
A 2 14

W

Another useful general observation is that we may assume

Noo(Ry)Y < Ry>.

Otherwise, by Theorem (A), we have m > %ﬂm which proves the result.

Firstly, we provide lower and upper bounds on admissible values of the constant A

Ry?
= B® < noo(Ry)T <A< - (3.4)

The first inequality is the above restriction on n..(Rp)Y. The second inequality is valid because
nl (Rp) > 0 since noo is decreasing and nl (Rp) = 0. The third inequality is just (3.3) at r = Ry.

Secondly, we provide a control of n.(0). To do so, using (3.3), 9,ne < 0 and the above upper
bound on A, we estimate |0,n| from above as

5‘37«7100‘ S Rb2’l”.

This gives
(1) 2 nauf0) - 2212
Neo(T) > Noo 55 "
and, with a > 0 such that o? = ﬁ <1,
aRy QR 2 R 2 2R 2 2R 2 R 2
mZ/O rnoo(r)dTEQZb <noo(0)—22a2b):a2b (noo(O)—g).
As a conclusion of this step, we may assume
Ry’
<
nOO(O) — 4 )
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otherwise m > #%2 =0 }?,)—bj and the result is proved again.
Thirdly, we prove that with this control from above of n..(0), the derivative |0,n| is large, thus
again there is a control on the mass since n., is decreasing. To do so, we use again (3.3)) and the

third inequality in (3.4)). This gives

2 2.2 4 2 2 2 2 2 2
Rb r Rb Rb r T Rb 2
> 2l - _ _ > - ) = — [ =
070 noo| > —neo(0) + > < 1 + 5 2> 1 < 5 r >

where we have used the smallness assumption on no(0) and v > 1. On the range r € (0, &), we
control

r Ry? Ry? [ Ry? 2
> —— > | - _
0|0rnoo| > 11 thus  ne(r) > 325 1 re,

Rb2 Rb/2 Rb2 5 Rb5
> L g —
m—325/0 7)o

Again we have the desired control and Theorem 2] (C) is proved.

and thus

4 Proof of Theorem [3

To study the incompressible limit of stationary states of the Cahn-Hilliard equation, the difficulty
comes from the singularity of the pressure.However it is possible to fully characterize them, and
calculate the pressure jump at the tumor boundary. We begin with establishing the existence and
uniqueness for the solution n;,. of the limiting equation. Then, we show that all limits of ny’s are
determined by this profile ;..

4.1 Preliminary steps

If a sequence v, — oo of stationary states nj converges to n;,. and the sequence of pressures
Pr = nzk converges to pine. Then we expect that pie(nine — 1) = 0. Therefore, there should be a
tumor zone’ where n;,. = 1 and the pressure vanishes outside. This leads us to study the following
problem in the zone (Ry, R) where p;,. = 0:

2yl —dull = R? —1r? — X, in (R, R),

R
Jo Tine(r)dr =m,
where n,,. is the extension of u. by 1 on [0, Ry].
In a later subsection, we prove the convergence of the stationary states nj to this limiting profile.

Notice that System (4.1]) has three free parameters (R, Rp, A\.) and three constraints (2 additional
boundary conditions and mass m). The following proposition gives the existence of a solution.

Proposition 4.1 (Unique limiting profile). Let m > 7262, There exist uniquely determined
R >0, A\ € (0, R?) and Ry € (0, R) such that Equation ([4.1)) has a solution. Furthermore,

Ro=+VR2—-2\., and A= V6RY3*§Y3  for small § > 0. (4.2)
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We postpone the proof of this proposition to the next subsection. Its proof uses an explicit solution
obtained by the following problem. Find a couple (A,,u) such that

—3y' —ou" =R*—r?— ), in(0,R) (4.3)
uw(R) = u'(R) = 0. '

Proposition 4.2 (Lower bound profile). Let A, € [0, R?], then the solution u of (4.3)) satisfies
(A) the explicit formula for u

R ry ., (- RY)? | R?-2),

ron (R? —r?)(R? — 12 —2)\,)
w(r) = 465 r ’

(R2 - T2)7

(B) the function u(r) is decreasing and positive for v such that 0 < R% —r? < 2)\,,
(C) for a solution ne of (L7) as in Theorem|[d if Moo > Ay then noo(r) > u(r) for r € (0, R].

Proof of Proposition[.4 To prove (A), we first compute u/(r) and u”(r):

R? 1 (r*—R%)r RZ-2)\ (R? —7?)(R? — 12 —2)\,)
/ _ 2 - _ u — u
wir) =25 (B =2) 2+ —5 P A5 ’
noN —4r(R? —r?) + 4\, B (R? —r%)(R? — 1% — 2)\,) ol s B u'(r)
u’(r) = 157 1512 = (5(R %= Ay) .

Therefore, we obtain the desired equation (4.3)).
The statement (B) is an immediate consequence of the formula for «'(r).

Finally, we prove (C). We introduce h(r) = no(r) — u(r) and we have to prove that h(r) > 0. From
the equations we get

nY — éh' — 6" =X, — Xin (0, R].
r

So, thanks to our assumptions and letting ¢'(r) = rh’(r), we have

W (r)

r

h" (r) + >0, g"(r) >0.

Integrating this from r to R and using the boundary conditions, we obtain
Jgr) <0 = rh(r)<0 = h'(r) <0.

Integrating this once again and using boundary conditions, we discover h(r) > 0 as desired.

4.2 Proof of Proposition [4.1]

The explicit solution built in Proposition allows us to characterize the parameters A\, and Ry.
Indeed, we are looking for A, and Ry such that

R? — R3)(R%? - R%2-2),)
45r

RO) LB -R)? R 2N

2_ [
(R°—2X;) ln(R 163 + Y

ul.(Ry) = ( =0, (4.4)

R2

uc(Ro) = 1

(R* - R2) = 1. (4.5)
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Lemma 4.3 (Solving for Ry and A.). Let R > 0. Then (4.4)-(4.5) has a unique solution if and
only if 165 < R*. Moreover, the solution is given by

R2z,
Ro = VR? — 2\, A, = e (4.6)

where z. € (0,1) is the unique solution of

86

1
(I—z)In(l—zo) + z22+ (1 —z) 2 = T

2 c
Proof. We split the reasoning into several steps.
Step 1: Equation for Ry. Because Ry = R cannot fit (4.5), from (4.4) we immediately deduce the

formmula for Ry in (4.6).
Step 2: Equation for A\.. We plug the formula for Ry into (4.5) to deduce

VETOL\ AN R -2
R 166 86

2
%(RQ —2).) In (

2), = 1.

Using properties of logarithm and simple algebra, we have

R2

il Ae = 1.
86

2\, A2 R? -2\,
(R* —2)\.) In (1 >+C _—

“m)TL Tt T

Introducing the auxiliary variable x. = % and after multiplication by %‘i, this equation is equivalent
to Equation .

Step 3: Existence and uniqueness of x. and \.. We prove that if 16§ < R*, equation has a
unique solution. To this end, we define

@)= (-a) W —2) - g 4w, FO)=0, f(1)= (4.8)

Then, we compute
1
f(x)=—-In(1—-2x)— =, (z) = . -1 (4.9)
-z
Since f'(0) =0 and f”(z) > 0 for z € (0,1), it follows that f’(x) > 0 so that f(z) is increasing. It
follows that f is one-to-one from (0,1) into (0, 1). Therefore, when 165 < R*, there exists a unique

zc € (0,1) such that f(x.) = %‘Z. O

Lemma 4.4 (Estimates for z.). Let x. be a solution to (4.7) and 165 < R*. Then, we have

T~ 2V6 03 RY3, Ae = V663 R/3 (as § —0). (4.10)
More precisely, we have
T. < 2V66YP RSB, (4.11)
Moreover, if 6*86 < R*, we have
ze > 2¥/5 63 RT3, (4.12)

Proof. For § small, Equation (4.7) shows that z. is small. More precisely, using (4.8]), , we
obtain f(0) = f/(0) = f(0) = 0 and f®(0) = 1 since f©&(z) = ﬁ Hence, by the Taylor ex-

pansion, for small z, f(z) =~ %. Plugging this approximation into (4.7, we obtain Estimate (4.10]).
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Next, we observe that
(k—2)!
(1 —x)k-1’

In particular, the Taylor expansion around x = 0 gives

k—2)! 1
CED R )"”kzk(k—l)xk'
k>3

k>3

P (x) = FO(0) = (k- 2)1.

Therefore, f(x) is controlled by

x3 x3

T <f@)< ‘% I;Oz’“ A= (4.13)

The control (4.11)) follows from the lower bound.

Finally, using this, we can find § such that 2¢/66/3R=%/3 < %, namely 6*85 < R*. Then, we have
z. < % so that 1 — z, > % and then the estimate (4.13) gives us

84 x3 x3
_ = < ___"c < c
g oS S groy S

so that

[0 8]
(s %)

3
g% — 4—05<x3 — 2VB8BRY3 < g,

4 R4*C

=

Lemma 4.5. Let u. and nipe be a as in Equation (4.1), then the total mass of nin. satisfies

R 6.3
R z2(R)
inc) ‘= inc dr = .
M(nine) /0 T Nine(r) dr %60
Moreover, the map R +— ngagiéR) is increasing if R*x3(R) > 326.

Proof. Because n;,, is a C! function, integrating by parts, we find
R 1 (R 1 (R
M(nznc) = / 7ﬂninc(r) dr = 75/ rzngnc(r) dr = 75 / Tzu/c(r) dr.
0 0 Ro
Inserting the formula for u.(r) stated in Proposition we deduce that
1 R

—— [ 7 (R*=r?)(R? —r% —2)\.)dr.
85 Jr,

M (nznc) -

With the notations \. := R%x./2 and Ry = R\/1 — x., we obtain

1 R
M(Nine) = r(R? —r?)(R* — r? — R%z.)dr.

_g R/1—z.

We change variables 7 = R? — r2 to get the desired formula

1 R RS2
M(njpe) = 165 J, 7(t — R%z.)dr = %5

24



For the second assertion, it is sufficient to prove that the map R + R%z3(R) is strictly increasing.
Note that z.(R) is given implicitly via equation (4.7). Differentiating it with respect to R, we
discover that
dz,
dR

326 da. 320

TR AR B (r. tlog(l —a0))

(zc + log(l — x.))

Then, we study the derivative of RS z3(R),

d(R®z3(R)) 5 3 6 odx. 5 3 966 R x?
———> =6R 3R =6R = .
R Te TN R Tt (o Flog(1 —20)
Using a simple Taylor estimate, we have m > =2 and we conclude that RSz3(R) is increasing
since AR (R
(dxié()) > 6R%2% — 1926 R = 6R (R*z® — 320).

O

Proof of Proposition[{1 First, we notice that if (R, R, A) satisfy conditions of the Proposition [{.1]
6,.3

then Ry, A. are given by (4.6) (Lemma i and 126920 = m (Lemma . Then, by the control

6226/2 <'m as well as an upper bound on ., cf. (£.11]), we deduce

6.3 2
Rz R’
965 — 2
This means that we can apply the lower bound (4.12)) to deduce

62262 <m = = 6%425 < R*.

R*a3 > 404/3.

It follows that the necessary condition for existence of (R, R,)) is 6426 < R* which implies
R*z? > 406'/3. Therefore, by Lemma the map R — R®z3(R) is invertible and we can find
uniquely determined R such that

_ R%z3(R)

- 966

With such a value R (because 165 < R*), we can find unique Ry and \. solving (4.4)-(4.5) so that
the formula for the mass is satisfied and the conclusion follows. O

4.3 Proof of Theorem [3]
The solutions of Theorem [2| satisfy, with A\ € (0, R?), Ry > 0,

n)* —ony — gnz =R —r? - X, in(0,Rg), nr=0 in (Rg,Ryp),
ng(Ry) = ni(Re) = 0, n(0) = 0.

Thanks to the maximum principle, the sequence {n}"}; is bounded in L>°(Ig,). Moreover, multi-
plying this equation by nj and integrating by parts, we obtain

Ry (n/ )2 Ry
/ <§(n§€’)2 +ynt ()2 + 572’“2 > dr = / ny (R: —r% — \g)dr.
0 ’ r 0

Since 0 < Ry, A\ < Ry, the right-hand side is bounded by ngRk (ny)? + C(6, Rp). Thus, {n}}y is
uniformly bounded in L?(0, Rp). Therefore, up to a subsequence, as k — oo

nyF = pine >0 weakly” in L®(Ig,), Nk — Nine <1 in CY(Tg,).
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We also have the algebraic relation pie(nine — 1) = 0. The inequality pine(nine — 1) < 0 is straight-
forward using pine > 0 and n;,. < 1. It remains to show that p;ne(nine — 1) > 0. For v > 0, there
exists 7o such that for v, > o
nz""ﬂ > ”zk —
5

because the function « — 7 (x—1) is nonpositive on [0, 1] and attains its minimum — (ﬁ) ﬁ
0 as v — oo. Then, from the strong convergence of nj and the weak convergence of n)* we know
that nzk ny converges weakly t0 pine Nine. Passing to the limit, we obtain

DPinc Ninc Z Pinec — V,

for every v > 0. Letting v — 0 yields the result.

Since {A;}r and {Ry}r are also bounded subsequences, we can extract converging subsequences
to A and R respectively. Thanks to the C' convergence we know that n satisfies the boundary
condition n;ne(R) = nl,.(R) = 0 and nyy. is radially decreasing as the uniform limit of radially
decreasing functions. Finally, we can pass to the limit in the equation of mass conservation and
obtain fOR rNinedr = m. To sum up, in the limit we obtain a C', nonincreasing function ;.
satisfying
inc inc — R? —r? — ) in (07 R)7
R
Jo 7 Nine(r) dr =m,
pinc(ninc - ]-) =0.

The limiting ODE is satisfied on (0, R) because the ODE for ny, is satisfied on (0, inf;>% Ry). Passing
to the limit, we obtain the ODE on (0, limy_, inf;>; Ri) = (0, R) because R = limy_, o0 Ry.

S,/ "
Pine — ;TL - 5”

We claim that n;,. reaches the value 1. By contradiction, if n;,. < 1 on [0, R], then p;,. = 0 so
that n;,. is a C* solution to the following ODE on [0, R]:
4,

_;n'mc - 5”'/Llnc = R2 - TQ - >‘7 nmc(R) = n;nc(R) = n;nc(o) =0.

By Proposition (A) such a solution does not exist.

By monotonicity and the fact that n;,. reaches value 1 we deduce that there are two zones. In
the zone {pi,. > 0} we have n,. = 1, and thus pj,. = R* —r? — X\. Then, when njpe < 1 (Nine
is decreasing), let us say at 7 = Ry we have p = 0. The pressure jump is equal to [pinc] = R>—R3—\.

Finally, the convergence of the whole sequence follows from uniqueness of the limiting profile as
stated in Proposition

5 Conclusion and numerical simulations

Motivated by the pressure jump imposed in free boundary problems of tissue growth, [I7, [27]
22, 23], we included surface tension in such compressible models. We established that radially
symmetric stationary solutions of the Cahn-Hilliard system with a confining potential V(r) exist
and are decreasing. In the incompressible limit, they present a jump of pressure at the boundary
of the saturation set {n = 1}. We computed explicitly this pressure jump which is proportional
to 61/3V/(R)?/3. There is a vacuum zone {n = 0} that induces a degeneracy which is the main
difficulty when establishing the a priori estimates.
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It is an open question to prove a similar result, for a propagating wave, when the system is driven
by a source term rather than a confining potential, as in [I3] for instance. However, we provide
numerical simulations in radial coordinates. More precisely, we focus on the system

drn) 0 o\ .
ot or (m ar> =nG(p), i (0,+00) x In,, o
_,_ 00 (0n o '
h= ror \ or)’ p=n

When v — 0o, we expect to find the incompressible limit

{—£<ﬁ¥)—G@% p(n—1)=0, in{n=1},
[p] = =005 (%)l on 8{n=1}.

These equations are obtained formally after setting n = 1 in and using the relation p(n—1) = 0.
The main open question is to link the value of the pressure jump to the other parameters of the
model, i.e. the source term G, the parameter § and boundary’s curvature. In radial settings the
curvature is % where R(t) is the radius of the tumor. We present below some numerical simula-
tions for the evolution of the density and the pressure of the tumor. If the pressure jump seems to
be decreasing as the tumor grows, it is not numerically clear how to determine the pressure jump.

T T T T T T T T T
m— density m— density
== == pressure == == pressure

0.5

T

w |

1 2 3 4 5 6 7 8 9 10 1 2 4 5 6 7 8 9 10

(a) Initial condition (b) Evolution at ¢t = 0.31

T T T T T T T T T T T
m— density m— density
== == pressure == == pressure

0.5

|
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|
e
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o=

o b

1 2 3 4

(c¢) Evolution at t =1.14 (d) Evolution at ¢t = 2.11
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Numerical settings. For the source term, we take G(p) = 10(1 — p). We use an explicit scheme,
with time step dt = le—7, final time ¢ = 2.11 and the interval is Ir, = [0,10] with 300 points.
The initial condition is a truncated arctangent. To remove the degeneracy r = 0 in the numerical
scheme, we consider r + ¢ instead of r for some small € > 0.

The pressure p reaches the value 1, as the density, because we choose the homeostatic pressure
pr = 1 in the source term G(p) = 10(p, — p). The homeostatic pressure is interpreted as the lowest
level of pressure that prevents cell multiplication due to contact-inhibition.
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A Limit profile for general force in dimension 2

We generalize the pressure jump formula obtained when V(r) = r? and, for a general strictly
increasing force V', we establish that

ﬁ

V12

A o3 (V!(R))?/3. (A1)
Hence, we consider the solution in (0, R) of
9 n'(r) /
on"(r) + 57 ==V(R) -V (r) — A n'(R) = n(R) = 0. (A.2)

Step 1: An expression of the solution. The solution is given by

2 r 2 _p2 R z
n(r) =% (V(R) = X) log (%) + E5=(V(R) = ) + § [ 22 dz, (A.3)
H(z) := fZRuV(u) du.
Indeed, we immediately verify that n(R) = 0. Moreover, we have
R? 1 r H(r)
/ —_— — J— —_— e — J— j—
W) = S (VR) =) T — (V) —3) ~ T2, (A4)
As H(R) = 0, we have n’(R) = 0. Finally, we compute n” using (A.4)
R? 11 1 H(r)
" _ _ - _ -
n'(r) = % (V(R) = A) . 25(‘/(1%) )+ 5V(r) + 52 (A.5)

Therefore, combining (A.4) and (A.5)), we obtain (A.2]).

Step 2: Limit profile. We are looking for the solution n of (A.2)) such that n(Ro) =1, n/(Ro) =0
for some Ry < R and some ), i.e. we have two parameters Ry and A to be found.

The condition n'(Rg) = 0 is immediately obtained from (A.4). It is given by
(R* — R2) (V(R) — \) — 2H(Ry) = 0. (A.6)
For the condition n(Rp) = 1, from (A.3]) we obtain

2 2 p2 R,
%(V(R)—)\) 1og(};§)+m(vm)—x)+§/% Hi )z =1,
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Then, we use (A.6) to remove the term (V(R) — A), and multiply by 26 to get an equation for Ry

H(Ro) R? " H(2)

R? 27 -0 R 2 —~2dz = 24.
R g 7z |t H(Ro) + .z z

We introduce the variable 7 := RZAQRS so that the equation reads

_ R 2 _ p2
H(VI—7R) <10gﬁ¢) +1)+2/ Mdzzg& — LQRO. (A7)
T VIirR % R

Step 3: Existence and uniqueness of T and Ry. We define the function
log(1 — R
F(r) :=H(V1—-7R) (og(r)+1>+2/ Mdz.
T vI—TR %

As H(R) = 0 and M is bounded near 7 = 0, we have F(7) = 0. Now, we want to compute
F'(7). First,

d R R2V(J/1-1R)
THWVI=7R) = V1-7RV(VI-7R) T 5 , (A8)
d (, /R HE) ) o (_H(\/l - TR)) R HWI-7R)
dr \" Jyr=r 2 a VI—7R ) 2y/i—7  1-7
d (log(l—7) L1) = 1  log(1—1)
dr T CoT(r—1) T2 '
Therefore, by the product rule, we find
Fl(r) =
R*V(v1—7R) (log(1—T) 1 1 log(1 — 1)
= 1 1= _
5 ( - +)+7—l(\/ TR)(1_7+T(T_1) p ) (A9)
_ 2 _
1 (log(l ) +1) <R T7V(V1—-7R) H(\/ﬁR))
T T 2
Since M +1<0for 7€ (0,1), to prove F'(7) > 0, it is sufficient that for 7 € (0,1)
2
V1=
RrV( : ) w(T=7R) <0, (A.10)
This function vanishes in 7 = 0. Moreover, its derivative with respect to 7 is equal to
RV (VY1 —-17R) n R’7V'(V1-7TR) -R B R*V(V1-7R) _ 7R3TV/(\/ﬁR) (A11)

2 2 2v1—1 2 41 -7

where we used (A.8). As V' > 0, we conclude (A.10) which implies F’(7) > 0. Hence, in some
neighborhood of 0 we can find exactly one 7 that solves the equation. Moreover, it is unique as F
is strictly increasing. Then the uniqueness of Ry and A follows.

Step 4: Taylor expansion of 7. As F is strictly increasing, we expect the solution 7 to be small (if § is
small). This justifies to use Taylor expansion around 7 = 0. We already know that F(0) = F'(0) = 0.
Now, we claim F”(0) = 0. Indeed,

d <1og(1—7) +1)__210g(1—7')+ T—2 2log(l—7)(1-7)+(2-7)7

T2 T

dr

T3 1—-7)72 (I1—-7)73
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so that using (A.9) and (A.11]) we compute

"o _ 1 (log(l—1) R37V'(V/1—TR)
ms T< ! H) Wi-r (A.12)
2log(l -1 —-7)+(2—-7)7 (R27V(V1—TR )
~ 2log( ()1(—7)1:( ) ( (2 )_H(\/ﬁR))

Since 2log(1 — 7)(1 — 7) + (2 — 7) 7 ~ 73 for small 7, the expressions above are bounded in the
neighborhood of 0. Evaluating them at 7 = 0, we obtain F”(0) = 0.

Now, we claim that F®)(0) # 0. To see this, we write expression (A.12) in the form
F'(r) = A(r) B(r) + C(r) D(7)

so that
FOl(r) = A'(1) B(r) + A(1) B'(7) + C'(7) D(7) + C(7) D' (7).

We study the four terms above separately.

e A'(7)B(7)|r=0 = 0. Indeed, A’(7) = —C(7) and the latter is bounded in the neighbourhood
of 0 (see Taylor’s expansion above). Moreover, B(0) = 0.

o C(1)D'(1)|7=0 = 0. Indeed, C(7) is bounded around 7 = 0, while D’(0) = B(0) = 0.

e C'(1) D(7)|r=0 = 0. In fact, D(0) = 0, so it is sufficient to prove that C’(7) is bounded near
7 = 0. We have

C(r) = 7 (272 =97+ 6) + 6log(l — 7)(1 — T)Q.
(1 -172)
Using expansion log(1 — 7) & —7 — 72 — £7% we have around 7 = 0:

(27297 +6) + 6log(1 — 7)(1 — 7)* =~
~ 273 — 972 + 67 — (67 + 372 4+ 27’3)(1 +72 - 27)
=27% — 972 4+ 67 — 67 — 377 — 27° — 67° — 371 — 27° + 127° + 67° + 47)

=74 —275%

o A(T)B'(7)|r=0 = w. Indeed, A(0) = 3. Moreover, we have

_ RV/(VI=7R) | R%V"(V/I=7R) (-R) , R*7V"(V1=7R)
I/ = W/ e e GRS TP

which implies B(0) = TR,

B'(r)

Therefore, equation (A.7) can be approximated with

LRVI(R) 5 _ e 3 %8 2124173
6 8 " T RWVI(R) "TRUVR)

Step R: Taylor expansion for . Small value of 7 means that Ry is close to R. Therefore, we expand
in Taylor series equation (A.6) around Ry = R. Writing

G(Ro) := (R = Rj) (V(R) = \) = 27H(Ro) = 0,
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we have

G'(Ro) = —2Ro(V(R) — X\) + 2Ry V(Ro) = 2R, (V(Ro) — V(R) + \),
G"(Ro) = 2(V(Ro) — V(R) + A) + 2Ro V'(Ro).

It follows that G(R) = 0, G’(R) = 2RoA and G”(R) = 2\ + 2RV’(R). Therefore, (A.6) can be
approximated with

2R\ (Ro — R) + %(m +2RV'(R))(Ry — R)? =0,

which can be rewritten as

. R’-R}
Using 7 = 0 we have R — Ry =

R(R— Ry) V'(R)

A=
Ro+ R

so that

TR?
R? R+Ro

RrV(R)  RTV'(R) _ V12 )

A= ~
(R() + R)2 4 2

(V'(R))?2.

Notice that when V(r) = r2, we have V'(R) = 2R. Therefore, A ~ /6 6'/3R?*/3 as in (.2).
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