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Abstract

We present an iterative technique to construct stable solutions for an angio-
genesis model set in an annular region. Branching, anastomosis and extension
of blood vessel tips is described by an integrodifferential kinetic equation of
Fokker-Planck type supplemented with nonlocal boundary conditions and cou-
pled to a diffusion problem with Neumann boundary conditions through the
force field created by the tumor induced angiogenic factor and the flux of vessel
tips. Convergence proofs exploit balance equations, estimates of velocity decay
and compactness results for kinetic operators, combined with gradient estimates
of heat kernels for Neumann problems in non convex domains.

Keywords:  Angiogenesis, Integrodifferential model, Kinetic-diffusion
equations, Fokker- Planck operator, Bounded domains, Nonlocal and
Neumann boundary conditions.

1. Introduction

Angiogenesis is a process through which new blood vessels grow from pre-
existing ones. Angiogenesis is vital for tissue delevopment and repair. However,
angiogenic disorders are often the cause of inflammatory and immune diseases
[10]. Moreover, angiogenesis is essential for the transition of benign tumors
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Figure 1: Schematic representation of the formation of a vessel network to increase oxygen
supply towards the inner regions of a tumor from a neighboring blood vessel. Drops represent
the emitted concentration of tumor angiogenic factor, decreasing from the tumor core in the
direction of the closest vessel tips.

into malignant ones, and for subsequent tumor spread [10]. Numerous anti-
tumor therapies target blood vessel growth [11, 40] in an attempt to prevent
tumor expansion. Mathematical models may help to control the formation and
evolution of blood vessel networks for therapeutical purposes. Many models
have been proposed to describe different aspects of the process, see references
[8, 15, 22, 24, 29, 32, 33, 34, 35, 40] for instance. However, the incessant avail-
ability of new experimental observations promotes continued model update and
fosters the search for improved descriptions.

In a tumor induced angiogenic process, high cell density in the inner regions
of the tumor results in low oxygen and nutrient levels. Cells respond emitting
a substance (the tumor angiogenic factor) that eventually reaches neighboring
blood vessels, promoting the appearance of new vessel tips that advance in direc-
tion to the tumor to supply new resources to the necrotic cells, see Fig. 1. The
stochastic evolution of the vessel branching process seems to be a key feature
to be taken into account. Recently, a deterministic integrodifferential system
has been shown to reproduce some aspects of the development of the stochastic
vessel network [1, 2]. This model is derived from a stochastic description of
the formation of blood vessel networks using ensamble averages. Comparison
of numerical solutions of both descriptions yields good agreement [2]. The evo-
lution of the density of blood vessel tips p in response to the concentration of
tumor angiogenic factor released by cells ¢ is described by the following set of
equations:

Zpevat) = aleln )i (Ve v.t) ~ e vt [ ds [ av'ne s
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forx € Q Cc RN, v e RV, N =23t € [0,00). The constants 3, o, v, d,
7, a1, CRr, di, Y1, g1 are positive. The parameter x >> 1 (typically x > 10)
whereas 02 << 1. dy, is a Dirac measure supported at a point vo. vg is a typical
sprouting velocity for the tips. The source term «(c)dy, p represents creation of
new tips due to vessel tip branching. Tip vessel death when a tip tencounters
another vessel (anastomosis) is described by the integral sink —yp fo p(p). The
Fokker-Planck operator expresses blood vessel extension. The chemotactic force
F(c) is taken to depend on the flux of blood vessel tips through j to represent
that consumption of tumor angiogenic factor is mostly due to the additional
endothelial cells that produce vessel extensions [8]. The velocity cut-off through
the Fermi-Dirac distribution in the definition of j (5) reflects the fact that cell
velocities are limited, and small [12]. Similar models may be used to describe
retinal angiogenesis [9].

We study the existence of solutions to a regularized version of equations (1)-
(5), where dy, is approximated by a smooth, positive, integrable and bounded
function v(v),

% (x,v,t) = a(c(x,t))y(v)p(x,v,t)'yp(x,v,t)/o ds p(x, s)

—v - Vxp(x,v,t) + fdivy (vp(x, v, 1)) +
—divy [F (c(x,1))) p(x, v, )]+ cAyp(x, v, t), (6)

when €2 is an annular domain rqg < r < r1. Notice that delta functions can be
approximated by sequences of gaussians. The motivation for the annular geom-
etry is simple, in view of Figure 1. Many tumors resemble spheres. An inner
necrotic core is surrounded by a corona through which blood vessels spread,
driven by the tumor angiogenic factor emitted by core. New vessel tips arise
from existing vessels surrounding the outer layers of the tumor. They spread to
supply with blood inner tumor regions in need of oxygen and nutrients.
The general form of the boundary conditions in dimension N = 2,3, is as
follows. We impose Neumann boundary conditions for c:
%(x,t) =Cr(x,1) <0, x €S8, %(X,ﬁ) =0, x€8,, te€l0,T7], (7)
or or
where ¢, represents the influx of tumor angiogenic factor coming from the inner
core of the tumor. S,, and S, are spheres of radius rg and ry, respectively.
Since diffusion is absent in the x variable, the transport operator forces
boundary conditions of the form:

p(x,v,t) =g(x,v,t) onX,. (8)



The sets ¥ = (0,T) x T'F, where T'F = {(x,v) € 92 x R | +v-n(x) > 0},
n(x) being the outward unit normal onto the boundary 092. We denote by
pT and p~ the traces of p on ZJTF and X7, respectively. In our geometry, the
boundary conditions for p are defined using the magnitudes that can actually
be measured: the marginal tip density p = [pdv in the inner boundary and
the flux of blood vessels j = f vpdv in the outer boundary. Using coordinates
x = r0, with r = |x|, @ € Sy_1, and v = v, ¢, with v, = |v|, ¢ € Sy_1, the
boundary conditions on ¥, read:

|v—vo\2
P~ (ro,0,v,, P, t) = p(10,0,t) /dUT / *(ro,0, ’Ur,gb t)} 9)

¢ESN 1|v-n>0}

|V—V0\2 -
p_(rlaeavhd)at) -+ _JO_/dU’I‘ 0N~ 1/d¢p 7"1,0 'Dragbat)fl(v)}a (10)

{¢pESN-1|V'n>0}

where p™ and p~ denote the traces of the solution p on Z}' and ¥, respectively,
and

To = /dmﬁv—l/ dp e~ 71vvol* 1, = /dmﬁv—l/ dp e~ 7ol £ (%), (11)
0 {pESN_1|9-n<0} 0 {pESN_1|¥-n<0}
The remaining functions are defined as:

2 2 -1
fi(v) = v-n[1 4 elrvon/e] (12)
Jo(eat) = Vo a(c(rlaeat))p(rlaeaUOaWOat)a (13)

for the fixed velocity vo = (vg, Wo, ), vo > 0, wo € RN~1. Notice that the op-
erators defining these boundary conditions are positive. Thus, these conditions
are expected to be absorbing, for positive densities. Boundary conditions with
a similar mathematical structure arise in kinetic models of charge transport in
semiconductors [3].

Rigorous derivations of these mean field models from the original stochas-
tic systems as well as the development of stable numerical schemes require
well posedness results for the integrodifferential set of equations. Equation (1)
evokes Vlasov-Poisson-Fokker-Planck (VPFP) systems, with several key differ-
ences. First, the force field F is not related to the marginal tip density p(p)
through a Poisson equation. It depends on the flux of vessel tips j through
the gradient of solutions of heat equations with Neumann boundary conditions.
Second, it contains a quadratic anastomosis term involving a nonlocal in time
integrodifferential sink. Moreover, the structure of the boundary conditions for
the transport operator differs from those usually considered in Boltzmann equa-
tions for gas dynamics [14, 21] and studied for VPFP models [13] as well, see
also references [16, 23]. Existence results for VPFP systems and related models
in the whole space have been formulated under successively milder assumptions,
see references [17, 39, 38, 31, 4, 18, 30, 19]. Global solutions for this angiogen-
esis model in the whole space have been constructed in reference [12]. Spatial



boundaries pose new difficulties, arising from the nonlocal boundary conditions
for the transport operator in the equation for the density of blood vessel tips
and the presence of Neumann boundary conditions in the diffusion equation for
the tumor angiogenic factor. Analyses in unbounded domains rely heavily on
the properties of fundamental solutions for linear operators. The unavailability
of results on fundamental solutions in bounded domains forces the development
of new strategies.

In this paper, we construct stable solutions of regularized versions of system
(1)-(5), (7), (9)-(10) where the measure dy, is replaced by a smooth positive
bounded function. To be more precise, we consider the initial-boundary value
problem given by equations (6), (2)-(5), (7), and (9)-(13). Solutions are obtained
as limits of solutions of linearized problems where all the nonlocal coefficients,
rather than the sink terms, are frozen. This guarantees the nonnegativity of
the densities p and concentrations ¢, but requires L estimates of velocity in-
tegrals. Controlling the velocity decay of the densities provides such estimates.
Comparison principles and integral inequalities for both the diffusion and the
kinetic equation allow us to control the L9 norms of their solutions. Energy
arguments provide basic derivative estimates. To handle the nonlocal coupling
of the Neumann problem with the kinetic equation we will have to make use of
the theory of heat kernels in bounded domains [27, 36, 37] and sharp gradient
estimates for the semigroup of the Neumann problem [41] established by prob-
abilistic methods for non convex regions in order to obtain L — L? estimates
of the derivatives of solutions. Compactness results specific of kinetic operators
[30, 18, 4] enable the passage to the limit in the linearized problems.

The paper is organized as follows. In Section 2 we adapt existence, unique-
ness and stability results for linear boundary value problems involving Fokker-
Planck operators, introducing additional lower order terms. Section 3 derives
L estimates for the nonlocal coefficients defined as velocity integrals of the
vessel tip densities. Bounds on the velocity decay are essential to pass to the
limit in linearized iterative schemes that freeze the nonlocal coefficients. In Sec-
tion 4 we study the Neumann problem set in the annulus, establishing sharp
estimates on the gradient of the solutions. These bounds are fundamental to
control the force field created by the tumor angiogenic factor. Section 5 proves
the existence and stability result for the nonlinear problem with fixed known
boundary condition. Finallly, Section 6 addresses the angiogenesis problem with
nonlocal boundary conditions and Section 7 states our conclusions.

2. Boundary value problems for linear Fokker-Planck operators

Solutions for the coupled angiogenesis model will be constructed using an
iterative scheme that uncouples and freezes each variable to update the other.
A good knowledge about the properties of solutions of uncoupled linearized
equations is essential. In this section, we collect the needed existence results
and estimates for our specific linear problem for the density.

Let © ¢ RY be a C* bounded domain with boundary 99Q. Let us introduce



the set Q7 = Q x RN x (0,T), T > 0. We consider the problem:

0
a—]; + v -Vxp+divy((F — 8v)p) —cAyp+ap=h in Qr, (14)

p(x,v,0) =po(x,v) on QxRN (15)

with 3 > 0, 0 > 0, F(x,t) € L=(Q x (0,7))" and a € L®(Qr). We will
encounter two typical situations:

« h>0,a€L%Qx (0,T)),a>0,
e h=0,a=a"—a",at € L®(Q x (0,T)), a~ € L=(Qr).

The initial state py represents a density. Therefore, py > 0. The transport
operator selects absorbing boundary conditions of the form (8) with g > 0.

We seek weak solutions (in distributional sense) of the problem. For any
T > 0, a function f € L>(0,T; L*(Q x RY)) is a weak solution of equations
(14)-(15) with boundary condition (8) if

0
/p |:—(p+V'Vx(p—ﬁV'VVQD+F'VVSD+UAVSD_GQD:| dx dv dt
Qr

ot (16)
+/ pop(x,v,0)dxdv + [ |v-n(x)|gpdSdvdt= / ho dx dv dt
QxRN popm T

for any ¢ € C5°(2 x RN x [0,7T')) such that ¢ =0 on X7F.

We denote by L? the standard spaces of functions p for which |p|? is inte-
grable with respect to the Lebesgue measure in the pertinent domains and by
L the space of bounded functions. We introduce the space L{(X%) of func-
tions g such that |g|? is integrable in E% with respect to the kinetic measure
|v - n(x)|dSdvdt, where dS is the Lebesgue measure on 092. In an analogous
way, we define L (I'F) with respect to the measure |v - n(x)|dSdv.

In absence of the lower order term ap, existence, smoothness, positivity
and uniqueness results were established in reference [13]. Theorems 2.1 and
2.2 stated next are straightforward extensions to the case a # 0 with slight
modifications in the proofs to handle the ap term and adequate hypotheses on
a.

Theorem 2.1. (Existence, uniqueness, positivity). Let Q@ C RN be a
bounded domain and set T > 0. If

i) Fe L*(Qx (0,7)), a € L>®(Qr),
i) h € L*(Qr), po € L*(Q x RY) and g € L3(27),
there exists a unique solution p of equations (14)-(15), (8), satisfying:

e pe{fel?Qr)| Zf+v Vxf—Bv Vif € L*Qr)}



o The equations hold in the sense of distributions: for any ¢ € C§° (Q x
RN x [0,T)) and any T > 0

/ p(%quVx(i)BVVV¢+FVV¢+UAV¢G¢> dxdvdt
Qr

+/ pod(x,v,0) dxdv:/v-n(x)Trqudevdt—i—/ ho dx dv dt. (17)
QX]RN ET

T
If ¢ = 0 on 7, the boundary integral becomes

7/7(v~n(x))g¢dtdev.

T
e Trp=g on X and p(x,v,0) = po(x,v) in Q x RV,
o Ipllz=omiza@xvy < O [Ipoll2@ern) +lll s+l 2@y | » where
Cy > 0 depends on T, 8 and ||a™||co-
e I[fh>0,py>0 and g >0, thenp > 0.

Theorem 2.2. (Smoothness, balance laws). Let Q@ C RY be a bounded
domain and set T > 0. If

i) Fe L>*(Qx(0,7)), a € L>®(Qr),
i) h € L' N L*>®(Qr) and |v|?h € L*(0,T; L*(Q x RY)),
iii) po € L* N L (Q x RY) and |v|?py € LY(Q x RY),
) g € L0 LE(S7) and [vPg € LL(ST),
the solution p of equations (14)-(15),(8) satisfies
o pe L™(0,T; L' N Lo(Q x RN)),
[v]?p € L*(0,T; L' (2 x RY)),

Vup € L3(QT) and Trply, € LA(SF) 1 L%(0,T; L)),

Trp?ly, € L0, T3 L)),

Balance of mass: The solution p has trace values in L>(0,T; L}.(T+)) and
verifies the continuity equation in integral form

d
— pdxdv = /|v-n(x)|gd5dv+/ hdx dv (18)
dt Joxry QxRN

- /|v~n(x)|Trpdevf/ apdxdv,
r Q

+ xRN



e Balance of momentum: If [v|*h € L*(0,T;LY(Q x RY)) and |v|tg €
L(0,T; Li(T7)), then my(p) = [q,p~ [VIFpdxdv is absolutely continu-
ous and

d
|[v|fpdxdv = /|v~n(x)||v|“gdev+/ [vi*hdxdv (19)
dt Joxzn r- KRN

—/|v-n(x)||v|“Trpdev —Bu | |v|*pdxdv —/ alv|*pdx dv
r+ QxRN QxRN

+pu(p—2+ N)J/ [v[*2pdx dv + /L/ F-vv|“ ?pdxdv,
QxRN QxRN

o LY estimates: If h >0, g > 0 and pg > 0, then p > 0 and

d _
EHp( )||Lq QxRY) / |V~n(x)|qude+q/ hp?~tdx dv
r— QxR2

—/ |v-n(x)|(Trp)9dS dv — q/ apldx dv
r+ QxR?

+NB(g=DlpO)lI oq(qfl)/ P2 Vyp[fdxdv, (20)

QxRN
for any 1 < g < oo. Setting h =0, we find for any 1 < g <o00:

[Nﬂ/q/'f‘H‘fIlw]T[llpOHLq(Qx]RN)"'HgHLq.(E;)}’ (21)

< INB/d +lla" |ls] [|

Il oo (0,7 L (xRN )) <€

ITepll o) < [Pollza@xmny+ 1l gy ] - (22)

The positivity result stated in Theorem 2.1 implies a maximum principle
for force fields F(x,t). A more general maximum principle for bounded fields
F depending on v such that divyF is bounded will be used later to estimate
the velocity decay of solutions p with respect to v in Proposition 3.7, following
reference [17]. In fact, the modified force fields appearing in that proposition
arise after a change of variables and consist of the field depending on space and
time plus a known term depending on the velocity. The existence of a solution
is therefore guaranteed. We state next the key result.

Theorem 2.3. (Maximum principle). Under the hypotheses of Theorems
2.1 and 2.2, the following two comparison principles hold:

(i) if p1 and pe are two solutions of equations (14)-(15) and (8) with data
hi < hg, g1 < g2, and p1o < p2,0, then py < ps.

(i) if p1 and pa are two nonnegative solutions of equations (14)-(15) and
(8) with the same data h, g, po, and coefficients ay = af —al, ay =
—||a] ||oo, SO that ai < ay, then p; < pa.

Moreover, if g € L>=(37}) the solution p satisfies:

t
Ipll o (@ry < e™PHIT=IT lpglloc + gl +/0 lh(s)llmds} - (23)



These estimates still hold true if divy (F(x,t)p) is replaced by F - Vyp, where F
s a bounded field depending also on v in such a way that divyF is bounded, and
the existence of p € C([0,T]; L2(2 x RN)) such that Vyp € L*(Qr) is assumed.

Proof. Let us first extend the positivity result in Theorem 2.1 to fields F de-
pending on v. Weset p = e~ ANOp(x e~ Pty t) and h = e~ OTNAp(x, e Pty 1),
Then, p satisfies the equation:

p
ot

We multiply by p~ and integrate to get:

== (T |2 ——2 ——2
—/ dedv —/ e_ﬂtv-nMdevdt—i—/divvF(x,e_ﬂtv,t) P
QxRN 2 BQXRN x[0,T) QxRN x[0,T] 2

—0‘/ e2ﬂt|Vvﬁ_|2—/ (a(x,e Plv t) + N[~ |? :/ hp~ > 0.
Q Q Q

xRN x[0,T] xRN x[0,T] xRN x[0,T]

+e Py Vp el F(x, e Piv,1)- V-0 A P+ (a(x, e Piv,t) + \)p=h.

Notice that 7 (0) = 0 for p(0) > 0 and p~ = 0 on X7. The only contribution
to the integral over 02 comes from the region where v -n > 0. Choosing
A > |la” ||oo + ||divyF|| oo, we conclude that [p~| = 0. Therefore, p > 0 if pg > 0,
h>0 andp|z, > 0.

T

Assertion (i) is a consequence of the positivity result. Indeed, setting p =
p2 — p1, linearity plus the positivity result imply that po — p; > 0.

To prove statement (ii), we set py = e lolltp, and py = e~ llarllctp,,
These functions are solutions of similar problems, with source h = e llarllectp,
boundary datum § = e~ ll%1 [ty and initial datum po:

op : R U
a_tl‘i’v'vxpl‘i’F'vvpl7ﬂdlvv(vpl)*0'Avpl+ai’_pl = (ay —|lay lo)P1+R
aﬁ? N ~ . ~ ~ 4+ 7
5y TV Vb2 A F-Vype—fdivy (vp2) —oAvpe +ay P2 =h.

Since (a; — ||ay [leo)P1 < 0, assertion (i) implies that p; < po.

For the L™ estimate, let us first notice that if p is a solution with data
h,g,po < 0 then —p is a solution with data —h, —g, —pg > 0 by linearity.
Therefore, —p > 0 and p < 0. The reverse inequality holds too. Now, let us
set p = eMp with A = NS + [|a™||o. The function p is a solution of equations
(14)-(15), (8) with an additional source term —Xe *p = —\p. Set M(t) =

t _ _ .
fo e |h(8)]|ods + ||glloo + |[Po]lc and p = p — M. Then, P satisfies:

.
5+ V-Vab+ F-Vp = Adivy (VB) — oAB + (a+ N
=—a"M—(la||oo—a" )M <0

with initial and boundary conditions pg — M < 0 and e~ Mg — M < 0. Notice
that e < 1 because —\ < 0. Therefore, p < 0, p < M and p < e M. The
reverse inequality follows in a similar way by linearity.



3. Estimates on velocity integrals

The nonlinear problem includes the velocity integrals p(p) and j(p) of the
density p as coefficients. In this section we discuss strategies to estimate velocity
integrals in terms of density norms. Let us start with the variable j.

Lemma 3.1. For any p >0, the norms ||j||p2, 1 < q < oo, of the flux j defined
in equation (5) can be bounded in terms of ||pl|rzs -

Proof. Let us set |[vjw(v) = |v|[1 + elv=vox*/ol]=1 " This function is
bounded and integrable. Then,

g < llIviwllzylpllgs, (24)
Ill g < meas()Vjllrg, 1<q<co. (25)
(26)

The anastomosis term may be controlled using the kinetic equation, as we
show below.

Lemma 3.2. Under the hypotheses of Theorems 2.1 and 2.2, let p be a nonnega-
tive solution of problem (6),(3),(4) with boundary condition (8) and nonnegative

data. Assume that ¢ > 0. Then, || fOTfpdvdsHLi is bounded by the parameters
of the problem and ||p||Lserss -

Proof. Let us recall the equation of mass conservation from Theorem 2.1:

% / / pdvdx + v / [ /O t / pdV'dt’} { / pdv} dx = / / a(c)vpdvdx

+ [ |v-n(x)|gdSdv —/|v-n(x)|Trpdev.
r- r+

Setting a(x,t) = fot [ p(x,v', ¢, )dv'dt', we notice that % (x,t) = [ p(x, v/, t)dv’.
Therefore:

! d 1 da?
[/0 /pdv’dt'} /p(x,v,t)dv = a(x,t)d—j(x,t) = 5%(){, t).
Integrating (27) in time and inserting (27), we find:
v 2 v 27,
//p(t)dvdx—//p(())dvdx+ §/a(x, t)*dx — §/a(x,0) dx =

¢
/ //a(c)yp dsdvdx + / |v-n(x)|gdS dv f/ |v - n(x)|TrpdSdv.
0 - s+

Notice that a(0,x)? = 0. Therefore:

2

¢
/dx [//pdvds] < C(y, ar,meas(Q), [|plloo, ¥l L= (0,7.L2,), 191 L1 (22 )-
0

10



To ensure the positivity of the solutions of linearized versions of equation
(6), b(p) = fot p(p)ds is taken to be a known coefficient. To apply Theorem 2.1,
it should be a bounded function. LY estimates of p(p) are obtained controlling
the moments.

Lemma 3.3. Under the hypotheses of Theorems 2.1 and 2.2, let p a nonneg-
ative solution of the linear equations (14)-(15) with boundary condition (8)
and nonnegative data. If (1 + |v|>)*/?py € LY(Q x RY), (1 + |[v|*)*/?h €
L0, T; LY x RN)) and (1 + |v|?)*2g € LL(S7) for a positive integer p,
then, for £ =0,1,...,p and t € [0,T], all the moments

me(p(t)):/ |v|*pdxdv, mi(Trp*):/ |v - n||v|*Trp* dS dv dt,
QxRN =5

are bounded in terms of the parameters 5, o, N, T, u, the norms of the data
1A+ 2poll s, NA+VID 2Rl L 0,321,y AV 2g] 11 52y, o [l
[¥(|oo, and [|pllze(0,1;L25), [IPllL>0,1;L1,)-

Proof. Notice that the integral

D dv 1 RN-L 1
L1y < [Iplloss / v 1 /pdv < plleg 2 + L fpav.
/RN vl ~Jvi<r V[ R Jpy N -1 R Jgn

Since €2 is a bounded set, [ pn rordxdv is bounded in terms of [|p||Ly, and
Ipllzy,. We first apply identity (19) with p =1 to find:

d
— |V|pdde:/ |v~n(x)||v|gdev+/ |v|h dx dv
QXRN r- QxRN

dt
—/ v-n(x)||v|TrpdSdv — 3 | |vlpdxdv —/ alvlpdx dv
r ¢

+ QxRN IXRN

+(N =1o| |v| 'pdxdv +/ F-v|v| 'pdxdv.
QXRN QXRN

Integrating in time, we find:

t
|v|pdxdvds < C(po,g,h,F,p) + |a” || / |v|p dxdvds,
QxRN 0 JOXRN

where C(po, g, h, F,p) depends on the norms and parameters mentioned in the
statement. Gronwall’s Lemma provides the required bound on foR ~V|pdxdvds.
Once the moment of p is bounded, the estimate on the moment of its trace fol-
lows inserting this information in the differential equation.

We reason by induction. Assuming that the moments m(p) are bounded in
terms of the required norms for £ < M — 1, let us see that the same holds true of
mas(p). Integrating in time (19), using the bounds on ms—1(p) and myr—2(p),
together with Growall’s lemma, we find the desired estimate. By induction, it
holds up to M = p. Once the moments of p are bounded, the estimate on the

11



moment of its trace follows inserting this information in the differential equa-
tions.

The relation between velocity moments and norms of the marginal density
p(p) = [p~ pdv is established in the following lemma, proven in [12] when
Q = RY. L estimates follow reference [5]. L estimates of the marginal
density p(p) rely on a strategy involving velocity weights introduced in reference
[17]. The bounded or unbounded nature of Q plays no role in the proofs, and
RY can be replaced by bounded subsets as we state next.

Lemma 3.4. Let Q C RN be bounded. For any nonnegative p the following
inequalities hold:

1—£ £
IVl ey < 1Pl ey VB s emnys 10> €0, (27)
u—t N+e

[ /R WPVl s = Ot 121 S gy IV P ey 1> €0, (28)
1—(N+1 I N+1
[ /R VIpdv =) < Cullpll = ity | VP P g ks 0> N 41, (29)

1-N £ N
I pivliemio < Cullpl= s |0+ ) £ gy 1> N (30)
p_1 1 £ 1-1
I+ 1v]?) = pll poe (xmmy < CHHPHL/::(QX]RN)H<1+|V|2)2p|‘L°°(/SéL><RN)’ n>1,(31)
provided the involved integrals and norms are finite.

Revising the proofs of these inequalities in references [5, 12, 17], we see that
they extend to the traces on the boundary, with respect to either the Lebesgue
or the kinetic measure. This fact is stated in the next two corollaries.

Corollary 3.5. The inequalities in Lemma 3.4 hold for Trpt replacing the
spaces LLLL(Q x RYN) by LILL(TH) and LY(Q x RY) by LY(TF) provided the
involved integrals and norms are finite.

Corollary 3.6. The inequalities in Lemma 3.4 hold for |v - n|Trp™ replacing
the spaces LLLL(Q x RN) by LLLL(TH) and LI(Q x RN) by LY(TF) provided
the involved integrals and mnorms are finite.

Let us now estimate the velocity decay of p, and the LS norms of velocity
integrals, which extend to traces on the boundary.

Proposition 3.7. Let p > 0 be a solution of the initial value problem (14)-(15)
with boundary conditions given by (8). Under the hypotheses:

(i) a € L=®(Q x RN x (0,T)),
(it) (1+[v[*)*/?po(x,v) € L' N L*(Q x RY), p> N, po >0,
(ii) (1 + |v|?)H/2g(x,v,t) € L' N L>®(27),

12



(iv) F € L=(Q x (0,T)),

the norms ||(1 + |V|2)'u/2p||Loo(07T;L;<‘>,), and ||pllL(o,1;zoL1) are bounded by
constants depending on T, o, B, p, as well as |[(1 + [v|*)*?pollr ., |I(1 +
[v[?)r/?
if

(v) (L+ [V 2g(x,v,t) € L N LE(7),

g||Lw(E;), la™[Iz<(@r), IFllzc@x 1)) and ||pllze=(0,r;r)- Moreover,

then, for any 1 < q < oo :

1+ V) pll 075220 SN2 [poll g, + 101+ V) S gl sy ] (32)
(1 + |V|2)%TYPHLZ(Z;) <elPll=T [||pOHLq(Q><]RN)+||(1 + |V|2)%g||LZ(E;)}’ (33)
where || D|| o depends on o, B, p, N, |la™||pe(qr) and ||F||L=@x(0,1))-

Proof. We follow reference [17] and set Y (x,v,t) = (1 + |[v|?)*/?p(x, v, ).
Multiplying equation (14) by (1 + |v|>)*/2, u > 0, we get:

7] v
Y vV Y+ (F + 20— — JY—AY=(NB—a)Y 4
T +vV +( + 2047 P BV)V (NB—a)Y+R  (34)

where R = R; + Rs + Rg3, with

v|?
Ry = pu(1+ [v[))*?7'F.vp, Ry=— B Y,
[v|? 1
R3 =0 4+2)————Y — Nop————
3 ,U/(,U/ )(1+|V|2>2 ,U/1+| |2

Thanks to Theorem 2.3:
1Y ()l < C(Po,g)+/[[Nﬁ+||a_||oo]|Y|L;°V+|Rl||L;%+|R2||L;%+|R3|L;°J ds,
0

where C(po, g) is a constant depending on Il (14]v]?)*/ 2 pol| oo and || (1+|v]?)*/2g]| oo
The factors % <1, for 0 < e < 2. Therefore,

1Ril|z5s, < pll(L+ [v2)*27F - vpll g,

[R2llegs, < BullYllg, lRsllog <op(p+2+ N)IY| Ly

To bound [|(1 + |[v[?)#/271F - vp|| L , we set:

_ Nl|v
1L+ [V 1F - vpll 1, < —V

STEIwE |V|2HFHOOIIY||L:3 S N|FlloolY g -

Taking A = (N||Flloc + B)u+op(p+2+N) + NS+ |la” ||l and B = C(po, 9),
Gronwall’s inequality implies

IY(®)lg < Be™, tef0.7).
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Once the velocity decay has been established, the L* bounds on f]RN pdv
follow from inequality (30) in Lemma 3.4.
Writing down the analogous of equation (20) for equation (34) we find:

d
IV Oy = [ 1v-m0I1+ V22 v
7/ v - ()| (1 + [V[2)4/2(Tr p)9dS dv
ry

— oqlg—1)] Y|V, Y|2dxdv —q DYidxdv,
QxRN QxRN

where D is a bounded coefficient. Integrating in time, we recover estimates (21)
and (22) for Y updating the data, and replacing the exponent of the exponential
by || Dl|oc-

4. Coupling to the diffusion equation with Neumann boundary con-
dition

In this section, we consider diffusion problems of the form:

2c(x, t) = dAxe(x,t) — ne(x,t)j(x,t) + h(x,t), x€Q,t>0, (35)

ot
0 0
a—i(x,t) = ¢y (X,1), X € Sy, a—i(x,t) =0,x€S,, t>0 (36)
e(x,0) = ¢o(x), x €9, (37)
where d,n > 0, ¢y, < 0 and j(x,t) = j(p) = [pe w#wp(x,v,t) dv.

The domain Q = {x € RY |ry < r = |x| < r1}, with boundaries S,, = {x €
RY ||x| =70} and S, = {x € RY | x| = ri}.

When j(x,t) is a bounded function, existence of a unique global solution for
equations (35)-(37) can be proved by classical galerkin or spectral methods [25].
Coercitivity of the associated bilinear form is not necessary. However, it holds
whenever j(t) is continuous and does not vanish identically for any ¢ € [0, T7.

Let us now establish comparison and maximum principles that will be es-
sential in the sequel.

Proposition 4.1. (Comparison principle). Let ¢ € C([0,T]; L*(Q?)) be a
solution of problem (35)-(37) with initial datum co € L?(Q), boundary condition
cro € C([0,T); L2(09)) and nonnegative coefficient 5 € L=(Q x (0,T)). If
co >0, h >0 and ¢, <0, then ¢ > 0. Moreover, the following comparison
principle holds. Given two solutions ¢i1 and co with sources hy, ho, initial data
1,0, 2,0 and normal derivatives at the boundary gi,g2, if g1 < g2, c1,0 < €20,
hl S hg, then C1 S Co.

Proof.
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Multiplying the equation

%c(x, t) = dAxe(x,t) — ne(x,t)j(x,t) + h,

by ¢~ = Max(—c, 0) and integrating, we get
1 2 ! 2 2
Sl @B + [ [ 19 +njle P =
0JQ

1 ¢ oc ¢
—lle=(0 2—// —c——//hc—go, 38
sle@B-/ | see=/ | (38)

since, in our case,

oc oc de de
— T = i _ oc - _ dc .
29 anc /r—rl or (ri)e” + /T_T0 or (ro)c /T_TO o (ro)e” <0

This implies that ¢~ =0 and ¢ > 0.

If h >0, % > 0 and ¢(0) > 0, inequality (38) implies immediately ¢ > 0.
Reproducing the computations for € = ¢y — ¢1, inequality (38) implies ¢2 > ¢1
by linearity.

Corollary 4.2. If ¢ is a solution of equations (2)-(3),(7) with nonnegative data
co and coefficient j, then ¢ > 0 and ¢ < u, u being the solution of the heat
equation with the same initial and boundary data, but zero source.

Proof. Positivity is a straightforward consequence of the previous maximum
principle. Similarly, the comparison principle applied with hy = —c¢j and he =0
implies ¢ < u.

To control the tumor angiogenic factor (TAF) induced force field ||F(c)|zs,
we will need L"— L7 estimates of ¢ analogous to the known estimates for solutions
of heat equations in the whole space. Let us first consider the pure initial value
problem:

up(x,t) = dAxu(x,t), xe€N, t>0, (39)
g—z(x,t) =0, x€85,US,,,t>0, (40)
u(x,0) = up(x), x € Q. (41)

For any up € L*(Q), there is a unique global solution u € C([0,T7], L3(2)) N
L?(0,T; HY(Q)), see reference [25]. Q being bounded, this remains true when
ug € L(2). We can construct the solution using eigenfunction expansions.
Let ¢, n = 1,2..., be the orthonormalized eigenfunctions for the homogeneous
Neumann problem:

—dA¢n = Angn  onf, 62% =0 ondf. (42)
n
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The smallest eigenvalue is \; = 0 with constant eigenfunction. Using separation
of variables, u takes the form:

t) = Z UO,nQSn(X)e_knt; Uo,n = /Quo<y)¢n (y)dy (43)

n>1

The series expansion allows us to prove the ‘smoothing effect’ for ¢ > 0: u(t) €
H2(Q). In fact, u(t) € H*(Q), for all k.

Since €2 is a bounded domain, a L2 estimate implies a L% estimate for q €
[1,2]. In the same way, a L° estimate implies a L% estimate for 1 < ¢ < oc.
The decay of the norms of the solutions of the pure initial value problem is
summarized in the following result.

Theorem 4.3. (Decay for the initial value Neumann problem). If ug €
L>(Q), the solution u of equations (39)-(41) satisfies:

[u@llLee < luollrg, (44)
lullz < luollz2, (45)
1
Viu(®)lz < mHUOHL,{, (46)
Cy
HVXU(t)HL; < t1/2+N/2(f/q—1/r)HUOHLE’ 1<g<r<oo,Chq>0,(47)

fort € (0,T), T > 0. Moreover, if Vyug € L2 and Axug € L, then
IVxu(@)lzz < [IVxuollrz, (48)
[Vxu(®)lrg < Cllluollrg | AxuollLg)- (49)

Proof.

By Proposition 4.1, u is bounded from above and below by the solutions
of equations (39)-(41) with initial data ||uo|ec and —||lug||so, respectively. This
proves (44).

Multiplying equation (39) by u and integrating, we find the energy identity:

1 ! 1
Sl +df [ Vel = 3 fuol (50)
0JQ
which implies estimate (45).

To prove inequality (46) we argue by density, assuming first that ug € H*(£2).
We multiply equation (39) by u; and integrate over 2 to get

(o) + 55 [9u®)

We conclude that [, [Vu(t)[* decreases with time. Inserting this information in
identity (50), we find:

1 5 1 1
Sl +t [ 1V < 5wl = 19xu(®)lzz < 5l
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The inequality extends to ug € L2 by density.

To prove the L™ — L7 estimate on the gradients, we resort to expressions of
the solutions in terms of heat kernels [27] and pointwise estimates of the kernels
[41]. Our annular domain €2 is not convex, therefore we can only apply results
valid for C? compact manifolds. In terms of the heat kernel for the Neumann
problem, the solution of equations (39)-(41) reads:

u(x, t) = / Ky Duo)dy, Kyt =3 e 6,(x)on(y),

n>1

where ¢, and A, are the eigenvalues and eigenfunctions of the homogeneous
Neumann problem, see reference [27], pp. 104-106. The kernel function K is
positive, symmetric in the x and y variables, and satisfies [, K (x,y,t)dy = 1.
It is the solution of a Neumann problem with measure valued initial data 0 (y).
For compact Riemannian manifolds with C? smooth boundary, the gradient of
the heat kernel satisfies:

C x.y)2
VK (x,y,t)| < — e t>0,x,y€Q,

= We ’

for some positive constants C, ¢, where N is the dimension, and p the Rieman-
nian distance. Our domain € is a ring in RY. We may find a constant d’ such
that p(x,y) > d'|x —y|. Extending the upper bound to an integral over the
whole space:

_dlx,—y|?

C
Vue ) = | [ Gy Duoiy] < <o [ o)y

the L"-L7 estimates (47) follow from standard L"-L7 estimates for solutions of
the heat equation in the whole space [20].

Expressing the solution in terms of eigenfunctions (43), the L2 norm of the
gradient becomes:

/Q|Vu(x,t)|2dx: Z Ug g, me te At {/Q V(bn(x)ngm(x)dx]

n,m>1

— Z uoynuoymeﬂ\"teﬂ\mt%n [/Q d)n(x)(bm(x)dx]

n,m>1
Am
=D ud e PN, <Y g, = / |Vuo(x)|?dx, (51)
n>1 n>1 d Q

after integrating by parts, using definition (42) and the orthogonality of the
eigenfunctions. This proves estimate (48).
To estimate the LY norm of the gradient, we notice that differentiating
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formula (43) and assuming % we find:

7>\ t_ fAnt —
§ uOnA¢n E UOn n =

n>1 n>1

> Ugobﬁﬁ% (Y)d}’} n(x)e M=) [/Auo(Y)¢n (y)dy] I (x)e M

n>1 n>1 /0

This expression defines a solution of

ar(x,t) = dAxu(x,t), x€eN t>0,
i
a—z(x,t):(), X € Sy USy,, t>0,
(x,0) = Aug(x), x €.

The comparison principle in Proposition 4.1 yields [[Axul/ze < [[Aug|zee.
This inequality extends to ug € W2°(Q) by density. Finally, Gagliardo-
Nirenberg’s inequalities [6] provide an estimate on the gradients: ||Vyulpe <
C|Axu| re, [|ullee) < C(|Axuol| Lz, [[uol| Lz ). This proves inequality (49) and
concludes the proof.

Let us now consider the diffusion problem with a source but zero initial and
boundary values:

up(x,t) = dAxu(x,t) + h(x,t), x € Q,t>0, (52)
0
S (61) =0, X €S, U8, t>0, (53)
u(x,0) = 0, x €. (54)
For any h € L (0, T; L*(Q2)), there is a unique global solution v € C([0, T, L*(Q2)),

see reference [25]. Tt is given by the series expansion:

=Y dulx / s, has) = [ By s)ou(v)dy

n>1

The series expansion implies again the ‘smoothing effect’: wu(t) € H?*(Q) for
t > 0. In fact, u(t) € H*(Q2), for all k and ¢ > 0. This solution can be rewritten
using the semigroup formalism [28]. The initial value problem (39)-(41) defines
a semigroup S(t)ugp = u(t), u being the solution of equations (39)-(41). The
solution of an inhomogeneous initial value problem with initial datum wgy and
source h can be expressed as:

u(t) = S(t)ug + /0 S(t— s)h(s)ds. (55)

Theorem 4.3 establishes decay estimates for the semigroup S(t) and its deriva-
tives, applied to different types of initial data. We can exploit those estimates
to infer the decay of the integral term representing solutions with a source. The
following estimates hold:
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Proposition 4.4. (Decay for the inhomogeneous problem). For sources
h € L*>(]0,T] x Q), the solution u of equations (52)-(54) satisfies:

lu®lle <tlbllere,  1Vxu@)lg <2672 )hllrz, (56)

lu@leg <tlhlerz,  IVxu®)ley <2602 hllerz,  (57)
1 1 1

IVsu(®)|ng < Crgt 2N R oy, Crg >0, > ==~ >0, (58)
q r

fort e [0,T].

Proof. Consequence of the semigroup expression (55) for the solutions and
Proposition 4.3.

Let us now apply the previous decay estimates to solutions ¢ of equations
(2)-(3),(7). Let ¢ be a function such that ¢, = ¢, on r = 19 and ¢, = 0 on
r = ry. For simple choices of ¢,, this can be done explicitly. Otherwise, we may
resort to solutions ¢, of the boundary value problem for the heat equation, with
zero initial data, zero source term, and non homogeneous boundary conditions
¢ = ¢y on 1 =19 and ¢, = 0 on r = r. Existence of such solutions has been
established in reference [7] by the method of layer potentials for boundary data
satisfying integrability conditions that always hold for bounded data. We set
¢ = ¢+ c¢p. Then,

¢t — dAxé = —ncj — v + dAxcp, xeO,t>0, (59)
96
a—fl(x,t):o, X € Sy U Syt >0, (60)
é(x,0) = ¢co(x) — ep(x,0), x €. (61)
The term z = —c¢p 1 +dAxcp, appearing in the right hand side may vanish when ¢,

is chosen to be a solution of the heat equation. We have the following estimates.

Theorem 4.5. Let ¢ be a solution of equations (2)-(3),(7) with initial and
boundary data verifying co € W3>*(Q), co > 0 and ¢,, € L=(0,T; L>=(09)),
T > 0. Let c, € Wh(0,T;W3>(Q)) be a function satisfying c, = ¢y, on
r=rg and ¢y, =0 onr=r1. Set K = max(||co — cb||oo, |cb,t — dACH|| o). Then,
c>0 and

le®)lg < lleslloo + K (1 +T)] meas()!/9, ¢ €[0,T],1 < g<oco.  (62)
Moreover,

[Ve®)lloo < [[Ver(t)|loo + Clllco — 6(0) [0 |Aco — Acy(0)[|o)  (63)
+2tY2|l ey~ dAc|| oo +1Cgt =% |lcjll poera,  a > N,

[Ve@®)llz < [Vep®)ll2 + [Veo—Ver(0)]2 (64)
+2t1/2|‘cb,t_dAcb||L;?°L§ + 2t1/2n||chLf"Lia
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dfo Jo IVe(s)|Pdsdx < dfo Jo IVeo(s)[Pdsdx + [ lco—cu(0)]13 (65)
+lev,t — dAcpl|L2(0,6:22) llell L2(0,:2.2) -

Proof. By the comparison principle 4.1, we know that ¢ > 0 and that ¢ is
bounded from above by the solution C of system (59)-(61) with right hand side
z = —cp + dAcy,. By Proposition 4.1, |C‘| < K(1 +t). Since € is a bounded
domain, estimate (62) follows.

Let us now study the derivatives of ¢. The energy inequality provides a
uniform L2, estimate that implies inequality (65):

1, ! . L
Sleliy +d [ [ [ves)Pdsix < 3 O]
0 JQ
+||dAcp — Cb,tHLz(O,T;Li)HCHLZ(O,T;L,%)-

To prove inequalities (64) and (63), we split ¢ = & + ¢é. By linearity, we
take ¢; to be a solution of a heat equation with initial datum ¢g, zero source
and zero boundary condition. We choose ¢2 to be the solution of another heat
problem, with source —ncj + z, plus zero initial and boundary conditions. The
estimates stated in Theorem 4.3 hold for ¢; and those in Proposition 4.4 to ¢,.
Differentiating —ncj must be avoided, not to introduce the spatial derivatives
of ¢ we intend to control. In this way, we obtain inequalities (64) and (63).

5. Nonlinear problem with known boundary condition

Solutions for the the nonlinear angiogenesis model may be constructed em-
ploying an iterative scheme. For m > 2, we consider the linearized system of
equations

5,V Vo (0, ¥, )+ Vo [(F 06, 0)) 59 G, v, )] (66)

—UAvpm(X,V,t)+’7bm_1(X, t)pm (X \E t) Cm 1 X t)) ( )pm(x v, ),
bm—1(x,t) = /ds/dvpmlxv s), (67)

Cm—1
——. F(cm- _
CR+Cm—1 ( 1) (1 +'chm 1)

pm(xa \E 0) = pO(Xa v), (69)

0
acm—l (Xa t) = dAxcm—1 (Xa t) — NCm—1 (X, t)jm—1 (Xa t), (70)

. vl
Jm—1 (%, 1) = /RN T v vz Pm-1 (X Vi) dv, - (T1)

Cmfl(X) = Co(X, 0), (72)

VxCm-1, (68)

a(Cm-1) = 1

supplemented with the boundary conditions:

Qemt(x, 1) = ¢y (x,1) < 0, X € Spp,  Lm=t(x,8) =0, x€S,,, (73)
pm(%,v,t) = g(x,v,t) >0, forv-n<0, veRN xeS§,US,. (74
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We initialize the scheme setting p; = 0 and j; = 0. c¢1 is the solution of
the associated heat equation. The function ps is a nonnegative solution of the
Fokker-Planck problem with smooth and bounded coefficient fields F(c;) and
a(c1) in a bounded domain. Let us see that the resulting sequence is well defined
under our hypotheses on the data and we may extract a subsequence converging
to a solution of the original problem.

Theorem 5.1. Let us assume that

po > 0,c0 >0,9 >0, (75)

co € WH>(Q), (76)

(1+ [v[H)*?pg € LN LY Q x RY), > N, (77)

Cro € L*°(0,T; L™>(S,,)), (78)

(1+ v -n))(1+]|v]))*2g e L>(0,T; LN LY(T'7)), (79)

and that a function ¢y is found verifying the hypotheses of Theorem 4.5. Then,
there exists a nonnegative solution (p,c) of equations (2)-(8) satisfying:
c € L>(0,T; Wh*(Q)),
p e L®0,T; LN LY (Q x RY)),Vyp € L*(0,T; L*(Q x RY)),
(14 [v[H)*%p e L=(0,T; L= N L' (Q x RY)),
p € L=(0,T5 LEF(Q, Ly (RY)),

—~ o~ o~
co Co o
w N = O
= — T

for any T > 0.

The proof is organized in several steps. First, we argue that the scheme is
well defined. Then, we obtain uniform estimates on the L? norms of the solu-
tions of the iterative scheme. Next, we derive L estimates on the coefficients
F,.—1, jm—1 and b,,—1 using the velocity decay. Estimates on the derivatives
of the densities with respect to v allow us to pass to the limit in the equations
using compactness results for the specific of FP operator, obtaining a nonnega-
tive solution of the nonlinear problem with the stated regularity.

Proof.

Step 1: Fxistence of nonnegative solutions for the scheme.

First, let us argue that the scheme (66)—(74) is well defined. Setting p; = 0,
we have j; = 0 and due to (70), ¢1(x,t) is the solution of the associated heat
equation

0
acl(x,t) =dAxc1(x,t) x€Q,t>0,

c1(x,0) =co(x), x€Q,
601 601
%(x,t) = ¢p (X,1) <0, X € Sy, %(X,ﬁ) =0,x€8,, t>0,
satisfying the properties of Theorem 4.5. The function ps is the nonnegative
solution of the Fokker-Planck problem with smooth and bounded coefficient
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fields F(c1) and a(cp) in a bounded domain, i.e.,

o d
(14 yc)0

C1
)
CrR+t 1

afer) = F(c1) = xC1-

Let us proceed by induction. We assume that j(p,,—1) and b(p,—1) are
nonnegative bounded functions. Then, ¢, is the unique solution of equations
(70)-(72) with boundary conditions (73), whose existence can be proven by
Galerkin or spectral methods [25]. By Proposition 4.1 we know that ¢,,—1 >0
if ¢ > 0. This implies that 0 < a(cm-1) < a7 and 0 < m < d;.
Moreover, Theorem 4.5 provides L*° and L?¢ bounds for ¢,;,—1. Then, Theo-
rem 4.5 implies that Vxc¢,,—1 is a bounded function and also F(¢p,—1). Since
a(¢m—1) and F(c¢,—1) are bounded, and b(p,,—1) is assumed to be bounded,
Pm is the unique nonnegative solution of equations (66),(69) with boundary
conditions (74) that satisfies the estimates collected in Theorems 2.1, 2.2 and
2.3. This implies that yb(pm—1)pm > 0 and a(cpm—1)v < aq||V]|eo. By Lemma
3.1, [|j(pm)| L is bounded in terms of ||p,, ||z e . Proposition 3.7 implies that
b(pm) € L>=(2 x (0,7)). This allows us to construct ¢,,, and p,,+1, and so on.

Step 2: A priori estimates on the tumor angiogenic factor cy,.
By Theorem 4.5, setting K = max(|[co — ¢y 1z, [[co,t — dAcp|), we get

lem(®)llzg < (leslloo + KT) meas()/4, ¢ €[0,T],1< ¢ < cc. (84)

The energy inequality yields a bound on the gradient independent of j(p,,—1):

d
—/cfndqud/ |chm|2dx§d/ CroCm.-
dt Jo Q a0

Integrating in time we find

T
dA xgvﬂmﬁmsn%ﬁi+wwmuwmmjmmwm. (85)

Theorem 4.5 provides alternative energy estimates (65) on the L7LZ norm of
VxCm—1 and the LYZ norm of Vxcp—1:
[Vem—1(t)llee < [Vxen(t)lloo + Clllco = e5(0) oo, |Axco = Axcp(0)lo0)
1N :
Jr151/2”cb,t*dAxchoo + antZ 2a ”Cmfl] (pmfl)”L?OL;’(a qg> N, (86)

for ¢ € [0, 1.

Step 3: A priori estimates on the tip vessel density pm,.
Let us revisit the LY estimates in Theorem 2.2. The conservation of mass
implies inequality (21) with ¢ = 1:

lpm(Ozs, < (Ipollg, + [ IvemGlg)erli= eefo.r. (87
.

T
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Applying inequality (21) with 1 < ¢ < oo, we find:
Hpm(t)H%q < (Hpo”%q —|—/ |V . n(X)|gq)e(NB(q_l)JFO(l”V“oo)t’ te [O,T] (88)

Uniform L estimates follow either inequality (21) with ¢ = oco:

Ipmllz=er) < (Ipollz=@xrm) + HQIIL?(E;))e(N“al”””“)t, (89)

or Theorem 2.3 with Hg||L<X,(Ef) replaced by ||gHLDo(27).
k T . T
To be able to extract a converging subsequence from the sequence p,,, we
need estimates on its derivatives. Let us revisit the L? estimate (20) provided
by Theorem 2.2 for p,,:

d
Glon®lis, = [ vonGlasavs [ alen-middxdy
T_ QxRN

7/ |v - n(2)|(Trpy,)?dS dv — / Vb (pm—1)p2,dx dv
F+ QxRN

+N6Hpm(t)||2Liv_ 20’/ |vam|2dxdv.
QxRN

Integrating in time and neglecting negative terms, we find

20/ |Vypm|2dx dvds < ||pol|%. +/ |v - n(x)|g*dSdvds
T et

e |vlloe + NB) / P2 dx dvds.

T

The uniform estimates on ||py, || 2(@,) yield a uniform estimate on || Vypum |l £2(r)-

Step 4: Uniform bounds on velocity integrals and velocity decay of py,.

In Steps 2 and 3 we have obtained uniform estimates on the blood vessel den-
sity norms ||pm || o (0,712, ) and the tumor angiogenic factor norms || || o0, 7;2.2)
for 1 < ¢ < .

Lemma 3.1 provides a uniform bound of the L% norms of the fluxes j,—1,
1 < g < oo in terms of the bounds (89) on |[pm||[~(0,r;rs,) established in
Step 3. Thanks to inequality (86) in Step 2, we obtain a uniform estimate
on [[Vxem—1llze(o,r;0Q)- A uniform estimate on |[F(cpm—1)|lze(0,7:2>))
follows.

Next, we apply Proposition 3.7 to equation (66), setting a = yb(pm-1) —
a(¢m-1)v and F = F(¢y,—1), with j = j,—1 depending on p,,,—1. Step 1 guar-
antees that a € L. Its negative part o= (¢pm—1) = a(cm—1)v satisfies ||a ™ ||oo <
a1||v[|ze. Thanks to the uniform estimate on [|F(c,—1)[/oo and ||pm|/eo, Propo-
sition 3.7 provides a uniform estimate on ||(14+{v|*)"/2p,,,_1 | L . Then, inequal-
ity (30) in Lemma 3.4 yields a uniform estimate on ||p, ||z (0, r;reor1). We also
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obtain as a consequence an upper bound of the form

C
P —
|pm| = (1 + |V|2)“/2

=P, u>N,C>0. (90)
This upper bound P is integrable, and belongs to L?(£2 x RY) for any ¢ € [1, 00
since i > N and 2 is bounded.

In conclusion, the coefficients b,,—1, a(¢m—1), jm—1 and F(¢n—1) appearing
in the equations are uniformly bounded in L>(0,T; L3°).

Step 5: Compactness of the iterates.

Once we have obtained uniform estimates on p,, and their velocity deriva-
tives, we resort to the compactness results in reference [4] to extract converging
subsequences.

Lemma 5.2. [{/ Let 0 > 0, 3 >0, T > 0,1 < q < oo, po € LIRYN),
h € LY0,T; LY(RN xRN)) and consider the solution p € C([0,T], LY(RN xR))
of:
dp . . oN N
T + vVxp — Bdivy(vp) —cAyp = h inRY xRY x (0,7), (91)
p(0) = po inRY xRV,

Assume that pg belongs to a bounded subset of LY(RY x RY) and h belongs to a
bounded subset of L"(0,T; LY (RN x RN)) with 1 < r < co. Then, for any n >0
and any bounded open subset w of RY x RN p is compact in C([n,T)], L9 (w)).

These results are stated for problems set in the whole space. Here, we deal
with a problem set in @ C RY. We may extend them to the whole space
multiplying by functions ¢ € C°(€2). The truncated sequences g, = ¢pm
satisfy

qm

e + vVxGm — Bdivy (Vgm) — 0Avgm = by, in RY x RV x (0,7,

where the sources

him = —=v - Vx@pm — ¢ F(Cm—l) “VyDPm — Vb(pm—l)pm(b + Oz(Cm_l)me(b

are bounded in L?(Q7) and the initial state ¢py € LL, N L, is fixed. The
sequence p,, is therefore locally compact and by a diagonal extraction procedure
we may extract a subsequence p,,,» converging to a limit p pointwise, and strongly
in C([n, T], L*(w)) for any w C Q x RY. Uniform bounds together with uniform
control of the velocity decay allow us to extend compactness up to the borders
[6, 12]. Weak convergences of p,,, and Vyp,, hold in all the spaces in which we
have uniform estimates.

In Step 2, we have obtained a uniform bound on ¢, in L?(0,T; H(Q)).
Step 4 provides a uniform estimate on j(p,,) in L*°(0,T; L*°(2)). Using equa-

tion (70), we conclude that 65;" is bounded in L2(0,T; H-(Q)). Standard

24



compactness results in reference [26] yield compactness for the sequence ¢, in
L?(0,T; L?(Q)). A subsequence c,,/, converges pointwise and strongly in L? to a
function ¢. Weak convergences hold in all the spaces for which uniform bounds
have been established.

Step 6: Convergence to a solution.

Let us first pass to the limit in the nonlocal terms using the integrable upper
bound P defined in (90). We know that p,,» and vw(v)p,,, converge pointwise
to p and w(v)p. The bounds 0 < p,» < P € L>®(0,T;LY(Q x RY)) and
[VIw(V)pm < [viw(v)P € L>=(0,T; LY(Q x RY)) imply pointwise convergence
for the nonlocal coefficients:

b(pm) = b(p) >0,  j(pm) — j(p), a.e.xe€Q,tel0,T].

Let us now consider the nonlinear products. Pointwise convergence of b(pu,r—1)pm
to b(p)p, together with the bound 0 < b(pyy—1)pms < b(P)P € LY(0,T; L1 (2 x
RY)), imply strong convergence in L(0,T; L*(© x RY)). Similarly, pointwise
convergence of a(Cpy—1)VpPm to a(c)vp, together with the bound |a(cy, —1)vpm/| <
a1||v| P € L0, T; LY (2 x RY)), ensure strong convergence in L1(0,7; L' (2 x
RY)). Finally, pointwise convergence of j(py/_1)cm/—1 to j(p)c, together with
the bound j(pp—1)cm/—1 < maxpy [[j(pm—1) || Lo @x(0,1) ([l Lo (2 (0,7)) +
KT) € L'(0,T;L*(Q)), yield strong convergence in L'(0,T; L*(Q2)). Strong
convergences extend to any L? with ¢ finite.

The term involving the force field is more complex. Notice that the se-

quence pyy, MW tends pointwise to p(l_‘_;l#)ql and is bounded by Pd; €

L49(0,T; L9(Q x RY)) for any ¢q € [1,00]. Thus, we have strong convergence in
L%, for all finite . The sequence Vxc,,/—1 is bounded in L?(0,T’; L?(2 x RY)).
Therefore, it tends weakly to Vyc in L2, .

Using these convergences we pass to the limit in the weak formulation of the
equations for p,,:

0
/pm' {a—f +v - Vxp—pv - -Vyo+F(cp_1) - vaeroAvgpb(pm/l)cp] dxdvdt
T

+/ poap(x,v,())dxdv—i—/ |v-n(x)|g<pdevdt:/aupmrgodxdvdt,
0 _

xRN 3 T

for any ¢ € C=(Q x RN x [0,T)) with compact support in v such that ¢ = 0
on E;. Weak convergence of p,, is enough to pass to the limit in the linear
terms. For the rest, we use the strong convergences established above and the
weak convergence of Vy¢,,/—1. A similar argument can be applied in the weak
formulation of equation (70). Therefore, p and ¢ solve the original angiogenesis
problem (2)-(8).

6. Nonlocal boundary conditions

In the previous section we constructed solutions for the angiogenesis model
assuming the boundary values for the density known. The general problem
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with nonlocal boundary condition (9)-(10) becomes more complex. Let us ad-
dress first the linear problem with nonlocal boundary conditions. We define the
functions:

v - n| e = lFvol* d\?}*l
b)

— 2 /52
v-n<0} 1+€‘V xvol?/a3

Kl(ﬁa T, X5 Uv) = N[aX{v-m>0}|V : n| efg\vaMQ |:/
{

dv
Ka(x,00) = S A— 92
hee) /{v‘n>o}1+ev—m 7 62)

For x|ve| >> 1 fixed, K2 < 1 choosing o, small enough. Then, K; < 1,
K1K5 < 1 choosing g small.

Theorem 6.1. Let us assume that

po >0, (14 [v[)*?py e L*NL'QxRY), >N, (93)
ac LOO(QT)? F e LOO(Q X (OaT))a (94)
Jo >0, jo€ L¥(27). (95)

Then, there exists a nonnegative solution p of the linear equations (14)-(15)
with boundary conditions (9)-(10) satisfying:

p € L0, T; LN LY (Q x RY)), Vyp € L*(0,T; L*(Q x RY)), (96
(14 [v|?)*/2p e L>=(0,T; L N L*(Q x RY)), (97

(1+|v-n))A+ [v]>)*?Trp* € L=(0,T; L= N LY(23)), (98

p e L>(0,T; L2(Q, LLRN)), (99

~— — ~— —

for any T > 0, provided the parameters 3,0, 0., x satisfy K1(8,0,x,0,)Ka(x, 0v) <
1.

Proof. The solution is constructed as the limit of solutions p,, of approxi-
mating problems defined by equations (14)-(15) with boundary condition of the
form:

p%(x,v,t):g(p;%(x,v,t)) on X, (100)

The operators g defining these boundary conditions in formulas (9)-(10) are
positive. The proof follows the same lines as the proof of Theorem 5.1, with
changes to handle the boundary conditions, that we summarize.

The scheme is well defined thanks to Theorems 2.1 and 2.2, starting from
p1 = 0 and choosing boundary values p; for p, on X, with the regularity
(79). All the estimates established in Step 3 of the proof of Theorem 5.1 hold.
However, now g = g(p;._,(x,v,t)) and we need to obtain uniform bounds of
the traces at the boundaries. Let us analyze the explicit expressions given by

(9)-(10).
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We analyze first the bounds associated to the boundary condition at S,,.
From identity (9), we deduce:

(1o, 6,010, 5) = o [ Jane L 49v 0,580 a0y
{peESN-_1|Vv-n<0}
Multiplying (101) by vV 1 and integrating over ¥, we find:
||p;LHL1(E;) = HP;AHLI(E;) == sz_”Ll(E;)' (102)
Multiplying (101) by oY ~'vf, £ > 0, integrating, and inserting (102) we obtain:
IVl < [ o [ an S o
mILY(Zr) = (deSna|vn<0} Lo 2 LY (=7)

Multiplying (101) by »N~! and integrating over (0,00) x {¢ € Sy_1|v -n < 0},
we find:

/dvr /dqbpm r0,0, 01, b, 1) /dvr /d¢pm (r0,0, 5. . 1)
{peESN-1|v-n<0} {peSN_1|V'n<0}
/dvr e 1/ ddpy (ro,8,5,,@.1). (104)
{peESN-_1|Vv-n<0}

Therefore, for any ¢ € (1, 00):

e~ \v v0| q
Il < o [ o 1 a5 46 s 10,050,
{peSN_1]|V: n<0} ¢€SN 1|v-n<0} '

We may estimate uniformly the norms Hp;@HLw(E;), l(1+ |V|2)%p7n”L°°(E;) and
1Pl Lo (s for 1 < g < 0o, in a similar way.
k T
Let us recall the boundary condition at r = ry:

\v vo\2
p;(hﬁ,vmgb,t) jO /dUT d)pm 1 T1,0 Ura¢ t)fl( ):| (105)

|-’Z | {peESN-_1|Vv-n>0}

Multiplying by v - n we get:
HP;HLZO(E;)SKl(ﬁaUaXaav) {Hj0||oo+K2(XaUU)HPILAHL?(Z;)} : (106)

Set wg = N,’ﬁ
q

+ [|[a” ||co- From identity (20) in Theorem 2.2, we deduce:

le™* il pasty < [IPollaxryy + le™“ " pp il pas | (107)
k( T) k( T)

for any q € [1,00]. Set w = NB+|a™ |00 Multiplying equation (105) by e~ “*v-n
and integrating over ., we find that

||€7wtp;1||Lg°(z:;) < Kille™ jolloo + K1 Kolle™ py, 1”Lg°(z:;)' (108)
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Inserting (107) in (108) and iterating we obtain:

b — 1 .
le tpmHLZO(Z;) < 1- KK, [C(jo.w, T, K1)+ |poll Les |
KK ™2™ 5 | e . (109)

Using (107), we extend this uniform estimate to ||pj,‘LHch(E;).

Multiplying equation (105) by |v|*, £ =0, ..., u, we find:

0 - livifem s Pllos 7, +
Ml oe oy S [olloo+ K2 sl e ) (110)

B 2
) liv]fe= &yl |
V1Pl gy < T meas() [[olloo K [ e gy | (111)

In a similar way, we bound uniformly |||V|ép;1||LZ°(Z;) and |||v|ép;1||Li(E;) for
{=0,...,p.

The above uniform estimates on the boundary values yield the uniform es-
timates on p,, in Steps 3 and 4 of Theorem 5.1. We can extract converging
subsequences as in Step 5, with F(c,,) and a = b(p.,) + av fixed, and pass to
the limit in the weak formulation as in Step 6, with obvious simplifications. For
the boundary term, an extracted subsequence Tr prin, =pt, = +in LI(ZF)
and LI (X%F) weak for 1 < ¢ < oo and weak* for ¢ = co. This allows to pass
to the limit in the boundary term but we must justify that g~ and gT satisfy
the equations defining the boundary conditions. Multiplying (9)-(10) by a test
function ¢ € C(X7) and integrating, we find

/ p,.pdSdvdt / e FIv=vol’ 71 /dmﬁ* / dg?)p;l/_ll YdSdvdt,
Sn{|x|=ro} Son{lx|=ro} 0 {

$eSn_1|v-n<0}
/P;M/Jdevdt = /eiélvﬁvoleO WdSdvdt
)

Zr0f{lx|=r1} O {Ix|=r1}
+/ ezl
E;ﬂ{|x|:r1}

Taking limits, the same identities hold for g+ and g~.

YdSdvdt.

/ 45,51 /{ byt ()
0

$eSn_1|v-n>0}

Once we have understood the difficulties introduced by the nonlocal bound-
ary conditions, we can combine the strategies developed in the proofs of The-
orems 5.1 and 6.1 to obtain an existence result for the original angiogenesis
problem.

Theorem 6.2. Let us assume that

po > 0,¢0 > 0, (112)

co € WH(Q), (113)

(1+ [v]>)*2py e L* N LY Q x RY), u> N, (114)
ry € L®(0,T; L%(S,,)), (115)
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and that a function ¢y is found verifying the hypotheses of Theorem 4.5. Then,
there exists a positive solution (p,c) of the initial value problem (2)-(7) with
boundary conditions given by (9)-(10) satisfying:

c € L=(0,T; W (Q)), (116)

p € L(0,T; L= N LY x RY)), Vyp € L*(0,T; L*(Q x RY)), (117)
(1+ [v[H)#/%p e L=(0,T; L= N L' (Q x RY)), (118)

(1+|v-n))(1+ [v[>)*?Trpt € L=(0,T; L= N L' (2})), (119)

pe L>=(0,T; LL(Q, LL(RY)), (120)

provided the functions Ky, Ko defined in (92) satisfy K1 K2 < 1. The norms of
the solution are bounded in terms of the norms of the data and the parameters.

Proof.

We consider the scheme (66)-(73) with boundary conditions (100), where g
is given by (9)-(10). We set p; = 0, so that ¢; is the solution of a heat equation.
Then, py is the solution of the problem with bounded coefficients F(c1) and
a(c1) and fixed boundary condition p; with the regularity (79). As in step 1
of the Proof of Theorem 5.1, the sequence of iterates (¢y,—1, pm) is well defined
thanks to Proposition 4.1, Theorem 4.5, Theorems 2.1, 2.2 and 2.3, Lemma 3.1
and Proposition 3.7. The iterates are nonnegative, and the coefficients j(p,—1),
b(pm—1), a(cm—1) and F(¢pm—1) are bounded functions. As we have seen in the
proof of Theorem 6.1, the boundary conditions for p;, satisfy the regularity (79).

The estimates for ¢, and p,, in Steps 2 and 3 of the Proof of Theorem
5.1 hold. However, we do not obtain immediate uniform estimates on the L9
norms of p,, unless we estimate first the boundary conditions. Setting a =
b(pm—1) — a(Cm—1)v, we have ||a” || < a1]|V|lco- Then, we may reproduce the
computations in the Proof of Theorem 6.1 to get uniform bounds of (1 + |v -
n|)(1+|v|?)*/2p; in L' N L (7). This provides uniform estimates on the L4
norms of p,, thanks to Theorem 2.2. Steps 4, 5 and 6 proceed as in the proof of
Theorem 5.1. The passage to the limit in the boundary conditions is analogous
to that in the proof of Theorem 6.1. The final solution inherits all the bounds
established for the iterates, as a result of weak convergences.

7. Conclusions

The increasing availability of experimental observations forces the appear-
ance of updated angiogenesis models, taking into account new features. The
enhanced complexity displayed by such models fosters the development of new
mathematical strategies for their numerical simulation and analysis. We con-
sider here a model that is able to describe the effect of blood vessel branching
and anastomosis, as well as blood vessel spread due to diffusion of the concen-
tration of tumor angiogenic factor. A kinetic equation for the density of blood
vessel tips involving a Fokker-Planck operator as well as nonlocal terms and
boundary conditions, is coupled to a diffusion equation for the tumor angio-
genic factor with Neumann boundary conditions. These models entail measure

29



valued coefficients. Replacing Dirac measures by gaussians, a regularization fre-
quent in numerical approximations, we are able to construct solutions as limits
of solutions of iterative schemes. Stability bounds in terms of the norms of
the data follow. Whether the solutions of families of regularized problems ap-
proximating Dirac measures with gaussians effectively converge to the original
measure valued problem is an open problem.
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