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Abstract

The Vlasov-Poisson system is an important non-linear transport equation, used to
describe the evolution of particles under their self-consistent electric or gravitational
field. The existence of classical solutions is limited to dimensions d < 3 under strong
assumptions on the initial data, while weak solutions are known to exist under milder
conditions. However, in the setting of weak solutions it is unclear whether the Eulerian
description provided by the equation physically corresponds to a Lagrangian evolution of
the particles. In this paper we develop several general tools concerning the Lagrangian
structure of transport equations with non-smooth vector fields and we apply these re-
sults to show that weak/renormalized solutions of Vlasov-Poisson are Lagrangian, and
actually that the concepts of renormalized and Lagrangian solutions are equivalent. As
a corollary, we prove that finite energy solutions in dimension d < 4 are transported by
a global flow (in particular, they preserve all the natural Casimir invariants), and we
obtain global existence of weak solutions in any dimension under minimal assumptions
on the initial data.
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1 Introduction

The d-dimensional Vlasov-Poisson system describes the evolution of a nonnegative distri-
bution function f : (0,00) x RY x R — [0, 00) according to Vlasov’s equation, under the
action of a self-consistent force determined by the Poisson’s equation:

atft+v-fot~|—Et~vat:0 in (0,00)XRdXRd
pe(z) = / fi(z,v)dv in (0,00) x R? (1.1)
Rd :
T —y ) d
Fi(x)=0c ——d in (0,00) x R%.
t() d Rdﬂt(y) iz — y|? Y ( )

Here f;(z,v) stands for the density of particles having position = and velocity v at time
t, pi(x) is the distribution of particles in the physical space, E; = o V(A~!p,) is the force

field, ¢4 > 0 is a dimensional constant chosen in such a way that cgdiv (ﬁ) = Jy, and

o € {£1}. The case o = 1 corresponds to the case of electrostatic forces between charged
particles with the same sign (repulsion) while o = —1 corresponds to the gravitational case
(attraction).

When d = 3, this system appears in several physical models. For instance, when ¢ =1
it describes in plasma physics the evolution of charged particles under their self-consistent
electric field, while when o = —1 the same system is used in astrophysics to describe the
motion of galaxy clusters under the gravitational field. Many different models have been
developed in connection with the Vlasov-Poisson equation: amongst others, we mention the
relativistic version of (1.1) (where the velocity of particles is given by v/4/1 + [v|?) and the
Vlasov-Maxwell system (which takes into account both the electric and magnetic fields of
the Maxwell equations).

Regarding the existence of classical solutions, namely, solutions where all the relevant
derivatives exist, the first contributions were given by Iordanskii [22] in dimension 1, by Ukai
and Okabe [32] in dimension 2, and by Bardos and Degond [6] in dimension 3 for small data.
For symmetric initial data, more existence results have been proven in [7, 33, 19, 31] (see
also the presentation in [30] for an overview of the topic and the references quoted therein).
Finally, in 1989 Pfaffelmoser [29] and Lions and Perthame [25] were able to prove global
existence of classical solutions starting from a pretty general class of initial data. Moreover,
in [25] the problem of uniqueness is also addressed: there the authors show uniqueness in the



class of solutions with bounded space densities in [0, 00) x R? by considering the Lagrangian
flow associated to the vector field b(x,v) := (v, Ex(x)) (see also [26] for a different proof
based on stability in the Wasserstein metric).

The above mentioned results require strong integrability and moment conditions on the
initial data (see also [18, 27], where further analysis of the propagation of moments for
the Vlasov-Poisson system is carried out), and it would be very desirable to get global
existence of solutions under more physical assumptions (for instance, assuming only finite
total energy). In the classical paper [5], Arsen’ev proved global existence of weak solutions
under the hypothesis that the initial datum is bounded and has finite kinetic energy (see also
[21]). This result has then been improved in [20], where the authors relaxed the boundedness
assumption to an LP bound for some suitable p > 1.

Notice that these higher integrability hypotheses are needed even to give a meaning to
the equation in the distributional sense: indeed, when f; is merely L' the product E}f;
does not belong to L{. . To overcome this difficulty, in [14, 15] the authors considered the
concept of renormalized solutions and obtained global existence in the case ¢ = 1 under the
assumption that the total energy is finite and folog(1 + fo) € L' (in the case 0 = —1 they
still need some LP assumption on f). Also, under some suitable integrability assumptions
on f;, they can show that the concepts of weak and renormalized solutions are equivalent.

It is important to observe that the Vlasov-Poisson system has a transport structure
which allows one to prove that, when the solutions is sufficiently smooth, f; is transported
along the characteristics of the vector field bi(z,v) := (v, E¢(x)). However, when dealing
with weak or renormalized solutions, it is not clear whether such a vector field defines a
flow on the phase-space, and one loses the relation between the Eulerian and Lagrangian
picture.

The main goal of this paper is to show that the Lagrangian picture is still valid even
for weak /renormalized solutions (Theorem 2.2), and that the concepts of renormalized and
Lagrangian solutions are equivalent. Under such generality, we need to employ a suitable
notion of Lagrangian solution (see the precise Definition 4.6 below) that allows for blow
up in finite time of the trajectories. More precisely, the idea is that particles evolve along
integral curves of the vector field b;, and they can escape to infinity and/or appear from
infinity in finite time. However, under some suitable assumptions on the initial data, we
can prevent such a finite-time blow-up phenomenon. These results have several interesting
consequences.

First of all, in Theorem 2.3 we show that, in the repulsive case with d = 3, 4, renormalized
solutions with finite energy are transported by a global flow. In particular, they preserve
all the natural Casimir invariants.

A second important consequence of our Theorem 2.2 is the proof of the global existence
of renormalized /Lagrangian solutions under minimal assumptions on the initial data (Theo-
rems 2.7 and 2.8, and Remark 2.9). Indeed, the proof of Theorem 2.7 is based on a standard
approximation argument where one regularizes the Poisson kernel to build approximate so-
lutions, and then one tries to obtain a solution by some limiting procedure. Usually, in all
proofs of this kind, this passage to the limit is an extremely delicate step, but our Theorem
2.2 allows us to perform this limiting step in a rather simple way (see Step 5 in the proof



of Theorem 2.7).

To prove Theorem 2.2 we rely on the following tools, which we believe have their own
interest:

(i) the local version of the DiPerna-Lions theory developed in [2];

(ii) the uniqueness of bounded compactly supported solutions to the continuity equation
for a special class of vector fields obtained by convolving a singular kernel with a measure
(this is based on the techniques developed in [10, 11, 8], see Section 4.2);

(iii) the fact that the concept of Lagrangian solution is equivalent to the one of renormalized
solution (see Sections 4.4 and 5);

(iv) a general superposition principle stating that every nonnegative solution of the conti-
nuity equation has a Lagrangian structure without any regularity or growth assumption on
the vector field (see Section 5).

While points (i) and (i) above are essentially contained in [2, 10, 11, 8] (although some
modifications/improvements are needed), points (%ii) and (iv) are completely new, both
in terms of ideas and techniques. In particular, the validity of a superposition principle
without any growth assumption on the vector field was a long standing open problem in the
theory of transport equations with rough vector fields, and the lack of this tool prevented
the application of this theory to many equations from physics. Here we completely solve
this issue and, although in this paper we focus only on the Vlasov-Poisson system, it is
important to point out that our results are completely general.

All the machinery from (%)-(iv) is needed to prove a general result on the renormalization
property for solutions of transport equations which is crucial in our proof. However, from
a PDE viewpoint this renormalization property is all we shall need, so in order to keep the
presentation as much as possible independent of this heavy machinery we shall organize
the paper as follows: in the next section we state our results keeping the presentation on
the Lagrangian structure of solutions at an informal level. Then in Sections 3.1 and 3.2 we
prove our PDE results without introducing the tools mentioned above but simply using the
consequences of them, and we postpone points (i)-(iv) above to Sections 4 and 5.

We mention that the authors of [9] obtained global existence of Lagrangian solutions in
dimension d < 3 assuming only finite energy of the initial datum (cf. Theorem 2.8 below),
with a different argument from ours.
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been partially supported by NSEF Grant DMS-1262411 and NSF Grant DMS-1361122. This
material is also based upon work supported by the National Science Foundation under Grant
No. 0932078 000, while the second and third authors were in residence at the Mathematical
Sciences Research Institute in Berkeley, California, during the fall semester of 2013.



2 Statement of the results

As already observed in the introduction, the Vlasov-Poisson system has a transport struc-
ture: indeed we can rewrite it as

atft + bt : vx,vft = O, (2'1)

where the vector field by(z,v) = (v, E¢()) : R? — R?? is divergence-free, and is coupled to
f+ via the relation E; = o c¢g p; * ﬁ. Recalling that ¢y div <ﬁ) = g, the vector field E;

can also be found as E; = —V,V; where the potential V; : (0, 00) x R — R solves!
~AV,=0op; inR% lim V;(z) = 0. (2.2)
|z|—o00
Notice that, because the kernel ﬁ is locally integrable, the convolution II% * p makes

sense (in the sense of distributions) for any finite measure y. Actually, since p; € L'(R%)
and %; € LP (R%:R?) for any p < d/(d — 1), the electric field E; belongs to LI (R RY),

|z|d loc loc

therefore by € L (R??;R??) (see also Step 4 of the proof of Theorem 2.7 for more details).

loc
Now, since b, is divergence-free, the above equation can be rewritten as

O fe + diva o (bi fi) = 0,

and the equation can be reinterpreted in the distributional sense provided the product b, f;
belongs to L%OC. However, as mentioned in the introduction, this is not true if f; is merely
L'. To overcome this difficulty one notices that if f; is a smooth solution of (2.1) then also

B(f:) is a solution for all C! functions 3 : R — R; indeed
OB(fi) + by - VauB(ft) = [0ifi + be - Vaufe] B'(fr) =0,

or equivalently (since divg,(b:) = 0)

0iB(fi) + dive(biB(fi)) = 0. (2.3)

Notice that, since /3 is bounded by assumption, 5(f;) € L™ so by5(f) € LllOC whenever b; €
L} ., and (2.3) is well defined in the sense of distribution. This motivates the introduction
of the concept of renormalized solution [14]:

Definition 2.1 (Renormalized solutions). Let b € LL ([0,T] x R>¥;R??) be a Borel vector
field. A Borel function f € LL _([0,T] x R??) is a renormalized solution of (2.1) (starting

from fo) if (2.3) holds in the sense of distributions for every 3 € C1 N L (R), namely, for
every ¢ € CL([0,T) x R?d),

/¢0(£L”,U)B(fo(x,v))dmdv
R2d

T
+ /0 /R?d [011(w, ) + Vi (x,v) - be(z,v)| B(fe(z,v)) dedvdt = 0. (2.4)

IThis description is correct in dimension d > 3 since the fundamental solution of the Laplacian decays
at infinity, while in dimension 2 the function V; is given by the convolution of p; with — = log |z|, see also
Remark 2.10.



In the case of the Vlasov-Poisson system, a function f € L°°((0,T); L*(R??)) is a renor-
malized solution of (1.1) (starting from fo) if, setting

p(x) = 9 fi(z,v)dv, FEi(x):=0cy /Rd pe(y) ﬁ dy, by(z,v):= (U,Et(x))(,2 ]

the function f; solves (2.4) with the vector field by given by (2.5).

Notice that, in the case of the Vlasov-Poisson system, the global integrability of f; is
needed to make sense of p; and Ej.

This definition takes care of the integrability of the term E} f; appearing in the equation.
However a second problem comes when dealing with weak solutions: the vector field b; is not
Lipschitz in general, so one cannot use the standard Cauchy-Lipschitz theory to construct
a flow for such a vector field. In the seminal paper [16], DiPerna and Lions showed that,
even for Sobolev vector fields, one can introduce a suitable notion of flow (this result has
then been extended in several directions, see for instance [1, 13, 11]). However this theory
requires the a priori assumption that the trajectories of the flow do not blow up in finite
time, which is expressed in terms of the vector field by the following global hypothesis:

16| (, v)

T ier pjor € L (O LI @) + L0, T); L= (™).

We notice that for Vlasov-Poisson (or more in general for any Hamiltonian system where
bi(z,v) is of the form (v, E(x))) the above assumption is equivalent to

|EZ|(x)

E,=E} + E, with |E}| € L'((0,T); L*(R%)) and Tl
X

€ L'((0,7); L (R%))
(see Lemma A.1 in the appendix). This splitting result is reminiscent of the one used in [9]
to prove global existence of a flow in dimension three. Unfortunately, in general the above
assumption is rather restrictive, as it requires both some integrability and moment (in v)
conditions on f;, so one cannot apply the classical DiPerna-Lions’ theory in our context
(notice also that the weaker growth conditions considered in [24] in connection with the
linearization of the flow do not seem to apply to the Hamiltonian setting).

In our recent paper [2] we developed a local version of the DiPerna-Lions’ theory under
no global assumptions on the vector field, and this will be a crucial tool for us to give a
Lagrangian description of solutions. More precisely, in Theorem 5.1 we shall first prove that
every bounded nonnegative solution of a continuity equation can be always represented as
a superposition of mass transported along integral curves of the vector field (notice that a
priori these curves may split/intersect). Then, by a modification of the argument in [8] we
shall prove that for any vector field of the form (v, y; * z/|x|?), with u; a time-dependent
measure, there is uniqueness of bounded compactly supported solutions of the continuity
equation (see Theorem 4.4). Finally, combining these facts with the theory from [2], we can
show that all bounded/renormalized solutions of Vlasov-Poisson are Lagrangian.

As mentioned before, to express the fact that solutions are Lagrangian we shall need
to introduce the concept of Maximal Regular Flow. Roughly speaking this is a (uniquely



defined) incompressible flow on the phase-space composed of integral curves of b; that
“transport” the density f; (notice that, since trajectories may blow-up in finite time, mass of
ft can disappear at infinity and/or come from infinity, but it has to follow the integral curves
of b;). However, since the definition is rather technical, in order to keep the presentation
simpler we shall not introduce now the concepts of Maximal Regular Flow and of Lagrangian
solutions, but postpone them to Section 4. This will leave the general reader with the
intuitive concept of what is going on, and only the interested readers may decide to enter
into the details of the definition and the proofs.

Our first main result shows that bounded or renormalized solutions of Vlasov-Poisson
are Lagrangian. As shown in Theorem 4.10, the concept of Lagrangian solutions is a priori
stronger than the one of renormalized solutions as all Lagrangian solutions of Vlasov-Poisson
are renormalized, but thanks to our general superposition principle (Theorem 5.1) we can
prove that the two concepts are actually equivalent.

Here and in the sequel we shall use the notation L}F to denote the space of nonnegative
integrable functions. Also, by weakly continuous solutions we shall always mean that the
map t — fde ft o dz dv is continuous for any ¢ € C’C(RQd).

Theorem 2.2. Let T > 0, fo € L1 (R*) and f; € L>((0,T); L} (R*?)) be a weakly contin-
wous function on [0,T). Assume that:

(i) either f; € L=((0,T); L=(R??)) and f; is a distributional solution of the Viasov-Poisson
equation (1.1) starting from fo;

(ii) or fi is a renormalized solution of the Vlasov-Poisson equation (1.1) starting from fo°
(according to Definition 2.1).

Then f; is a Lagrangian solution transported by the Maximal Regular Flow X (t,z) associ-
ated to by(x,v) = (v, Ey(x)) starting from 0, according to Definition 4.6. In particular f; is
renormalized.

The next result provides conditions in dimension d = 3,4 in order to avoid the blow up
in finite time of the flow that transports f;. As we shall explain in Remark 2.10, the case
d = 2 is slightly different from d > 3 because of the slower decay at infinity of the kernel
x/|z|?. For this reason we restrict the next statements to the case d > 3, while in Remark
2.10 we mention a possible way to deal with the case d = 2.

Theorem 2.3. Let d = 3,4, fix T > 0, and let f; € L=((0,T); L1 (R?*?)) be a renormalized
solution of the Vlasov-Poisson equation (1.1) (according to Definition 2.1). Assume that
both the kinetic energy and the potential energy are integrable in time, that is

T T
/0 /]R2d [v|? fi(z,v) da dv dt —i—/o /Rd | By () |? de dt < oo, (2.6)

Then:

(i) the Mazimal Regular Flow X(t,-) associated to by = (v, Et) and starting from 0 is
globally defined on [0,T] for fo-a.e. (x,v), that is,

for fo-a.e. (x,v), the trajectory t — X (t,z,v) € R*? does not blow-up on [0,T];



(ii) fi is the image of fo through this flow, that is fr = X (t,")xfo = foo X (t,-)L, for all
tel0,7]:

d(z,v) fr(z,v) do dv = / (X (t,z,v)) fo(z,v)dx dv V¢ >0, Vtel0,T].
R2d R2d

(iii) the map
0,T]> ¢+ Lb(ft(x,v)) dx dv
R2d

is constant in time for all 1 : [0, 00) — [0,00) Borel.
Remark 2.4. By uniqueness of the flow, one can prove that the semigroup property
X(s,)o X(t,) ' =[X(t,s,)]' VO<s<t<T

holds, where t — X(t,s,-) is the flow of b starting at time s, namely X (s,s,-) = id (see
Section 4 for more details). Using the fact that f; is the image of fo through the flow, and
by the semigroup property just mentioned, it follows that

ft:X(t))#(fSOX(S)):X(t737)#(fS) VOSSStST
In other words, f: can be reconstructed from any fs using the flow.

Remark 2.5. In dimension d > 3, as can be formally seen performing an integration by
parts, the quantity

/ |v|2ft(m,v)d$dv+a/ |Ey(2))? da
R2d R4

coincides with the total energy of the system (i.e., the sum of the kinetic and potential
energy), namely

/ lv|? f; dx dv —l—a/ H * p; py dx, H(z):= i|x!2_d,

R2d R d—2

see (3.23) and Lemma 3.4. This quantity is formally conserved in time along solutions of
the Vlasov-Poisson system; whether this property holds also for distributional /renormalized
solutions is an important open problem in the theory. However, since weak solutions are
usually built by approximation, a lower semicontinuity argument shows that the energy at
time t is controlled from above by the initial energy. Hence, when o = 1 the validity of
(2.6) is often guaranteed by the assumption on the initial datum

/]R2d |v|2f0dxdv—|—/RdH*p0p0dx<oo,

see Theorem 2.8 and Remark 2.10 below.

Notice that, in the case 0 = —1, a bound on the total energy does not provide in general
a control on both the kinetic energy and the potential energy. Still, one can prove the
validity of (2.6) under some additional integrability assumptions on fy (see Remark 2.9).



Our second result deals with existence of global Lagrangian solutions under minimal
assumptions on the initial data. In this case the sign of o (i.e., whether the potential is
attractive or repulsive) plays a crucial role, since in the repulsive case the total energy
controls the kinetic part, while in the attractive case the loss of an a priori bound of
the kinetic energy prevents us for showing such a result unless we impose some higher
integrability on the initial data (see Remark 2.9). Still, we can state a general existence
theorem that holds both in the attractive and repulsive case, and then show that in the
repulsive case it gives us what we want.

The basic idea behind our general existence result is the following: when proving ex-
istence of solutions by approximation it may happen that, in the approximating sequence,
there are some particles that move at higher and higher speed while still remaining local-
ized in a compact set in space (think of a family of particle rotating faster and faster along
circles around the origin). Then, while in the limit these particles will disappear from the
phase-space (having infinite velocity), the electric field generated by them will survive, since
they are still in the physical space. Hence the electric field is not anymore generated by
the marginal of f; in the v-variable, instead it is generated by an “effective density” pfff ()
that may be larger than p.(z).

So, our strategy will be first to prove global existence of Lagrangian (hence renormalized)
solutions for a generalized Vlasov-Poisson system where the electric field is generated by
pfﬂ. Then, in the particular case ¢ = 1, we show that if the initial datum has finite total
energy then p$ff = p; and our solution solves the classical Vlasov-Poisson system.

We begin by introducing the concept of generalized solutions to Vlasov-Poisson. We use
the notation .#, to denote the space of nonnegative measures with finite total mass.

Definition 2.6 (Generalized solution of the Vlasov-Poisson equation). Given f € L'(R2?),
let fy € L>=((0,00); LY (R??)) and p§T € L>®((0,00); #+(RY)). We say that the couple
(fe, p5%) is a (global in time) generalized solution of the Vlasov-Poisson system starting
from f if, setting

p(z) = /R ey do, Eif(@)i=ocg /R dﬁdﬁﬁ(yx bi(z,v) = (v, B{(x)),
(2.7)

then the following holds: fi is a renormalized solution of the continuity equation with vector
field by starting from f,

pr < p5ft as measures for a.e. t € (0,00), (2.8)

and
| |(RY) < | foll L1 (r2ay for a.e. t € (0,00). (2.9)

As in the case of classical solutions, also for generalized solutions the formula (2.7)
defining E¢f should be understood in the sense of distributions and provides a vector field
in L, for any p < d/(d —1). Notice that, since |||l 1(ra) = [ fell 1 (r2a), it follows by (2.8)
and (2.9) that whenever the mass of f; is conserved in time, that is || fl| L1 (m2a) = [ foll 11 (r2a)
for a.e. t € (0,00), then p¢ = p; and generalized solutions of the Vlasov-Poisson system are



just standard renormalized solutions. The notion of generalized solution suggests that the
only way of possible failure for the existence of renormalized solutions of the Vlasov-Poisson
system is by losing mass at large velocities; this phenomenon is well-known in the analysis
of kinetic equations.

We prove here that generalized solutions of the Vlasov-Poisson equation exist globally
for any L' initial datum, both in the attractive and in the repulsive case.

Theorem 2.7. Let d > 3, and consider fy € LL(RM). Then there exists a generalized
solution (fi, pi%) of the Viasov-Poisson system starting from fy. In addition, the map

[0,00) 3t — f; € L (R*)

1§ continuous, and the solution f; is transported by the Mazximal Regular Flow associated to
bi(z,v) = (v, Ef(x)).

As observed before, if pff = p; then f; is a renormalized solution of the Vlasov-Poisson
system. When o = 1 (i.e., in the repulsive case) the equality p°f = p; is satisfied in many
cases of interest, for instance whenever the total initial energy is finite (see Theorem 2.8
below), or in the case of infinite energy if other weaker conditions are satisfied as it happens
in the context of [34] and [25] (see Remark 3.6).

The following result improves the one announced in [14], generalizing that statement
to any dimension and under weaker conditions on the initial data. In the first part of the
statement, we show the global-in-time existence and some natural properties of renormalized
solutions of the Vlasov-Poisson system in the repulsive case under only the finite-energy
assumption on the initial datum. In the last part of the statement, we show that the
trajectories of the Regular Lagrangian Flow associated to the renormalized solution starting
from t = 0 cannot blow up if d = 3,4.

Theorem 2.8. Let d > 3, and let fy € L}r(]RZd) satisfy

¢ —
/de|v|2f0d33dv+/RdH*Popodﬂf<007 H(zx):= dfde’Q d

Assume that o = 1. Then there exists a global Lagrangian (hence renormalized) solution
fr € C([0,00); L _(R??)) of the Viasov-Poisson system (1.1) with initial datum fo.

loc
Moreover, the following properties hold:

(i) the density p; and the electric field Ey are strongly continuous in Ll (RY);

loc

(ii) for every t > 0, we have the energy bound
/ |v\2ftda:dv+/ H  ptprda < / |v\2f0dxdv+/ H % popodz;  (2.10)
R2d Rd R2d Rd

(iii) if d = 3, 4 then the flow is globally defined on [0,00) for fo-a.e. (z,v) € R*? (i.e.,
trajectories do not blow-up in finite time) and f; is the image of fo through an incom-
pressible flow.

10



Remark 2.9. When d = 3 (resp. d = 4), the above result can be generalized to the
attractive case o = —1 under the additional assumption fy € L%7(R%) (resp. fo € L*(R®)
with small L?-norm). Indeed, in dimension 4 the solution V; = H * p; of the equation
AV, = —p, satisfies, by Calderén-Zygmund estimates and the Sobolev embedding,

IVill 22wy < CID*Vill oo gsy < Cllpell s es)-

Thanks to this fact, Holder inequality, and a classical interpolation lemma (see [14] or [12,
Lemma 8.15]) applied with o = 0, ¢ = 9/7, pp = 6/5, we estimate

1
i [ H o pomds < OV sl sy < Clon e
R (2.11)

< C'Hft’Lz(RS)(/RS o2 f; da dv).

where C' is a universal constant. If the total energy is bounded by a constant Cj, we deduce
that

1
C’OZ/ \v[2ftdxdv—/ H * p; py dx
41 R4
/ [v|% f¢(2,v) dedv — C' sup ||ft||L2(R8 (/8|v|2ftdxdv).
R

t€[0,00)
Since sup;e(o o) [1ftll2rs) < [[foll2(re) (at least when the solution is built by approxima-
tion), we deduce that, provided || fol/z2(rs) < 1/C, we have a control of the kinetic energy,
and therefore of the full energy, thanks to (2.11), uniformly in time. Then Theorem 2.3
can be applied. Note that the smallness assumption on the L? norm of fo is necessary (see
[20, Part II, Corollary 5.3]). Also, a similar argument to the one described above works in
dimension d = 3 (see also [14] or [12, Remark 8.5]).

Remark 2.10. In dimension d = 2, even with an initial datum fo € C°(R%), the electric
field Ey cannot belong to L? (this is due to the fact that the kernel x/|z|? does not belong
to L? at infinity). Moreover, the potential energy does not have a definite sign. For these
reasons one needs to slightly modify the equation adding a fixed background density pp

satisfying
| p@rds= [ o
Rd Rd

giving rise to the following system:

Ouft +v-Vafi +E -V ft =0 in (0,00) x R? x RY

Pt(.%') = /Rd ft(x,v) d'U n (0,00) X Rd (212)
_ _ r—y : d

Et(w) =0Cq R (Pt(y) pb(y)) ‘.Z' _ y‘d dy m (0,00) x R )

The presence of p, allows for cancellations in the expression for the L? norm of Ey, which
turns out to be finite if pp and pg are sufficiently nice. In this setting, when ¢ = 1 one can
show that an analogous statement to Theorem 2.8 holds also for d = 2. On the other hand,
when o = —1 one needs to assume that fo € Llog L(R*) (compare with Remark 2.9 above).
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Remark 2.11. In this paper we restricted ourselves to the Vlasov-Poisson system, but the
argument and techniques introduced here generalize to other equations. For instance, a
minor modification of our proofs allows one to obtain the same results in the context of the
relativistic Vlasov-Poisson system.

The proofs of Theorems 2.2, 2.3, 2.7, and 2.8 are given in the next section. The reader
familiar with the Vlasov-Poisson literature may note that some techniques, such as the
smoothing of the initial data and of the kernel, are classical. However, many new ideas are
introduced in the following; indeed, besides the results of Section 4 and 5 (which are a novelty
of this paper) also many technical bounds in Section 3 are nontrivial because of the low-
regularity setting. In addition, new techniques are introduced, such as the decomposition
on level sets both of the approximating sequence and of the limit.

3 Vlasov-Poisson: Lagrangian solutions and global existence

3.1 The flow associated to Vlasov-Poisson: proof of Theorems 2.2 and
2.3

In this section we collect the proofs of Theorems 2.2, 2.3, 2.7, and 2.8. Note that, as also
explained in the introduction, to keep the exposition as much as possible independent of the
machinery developed in Sections 4 and 5, we do not introduce here the exact definitions of
Maximal Regular Flow and of Lagrangian solution. Instead, to help the reader better un-
derstanding the underlying techniques, we just give a very rough and informal presentation
of the results from Sections 4 and 5 that we use here. Note that the notation in Sections 4
and 5 is different from the one here, as there the results are stated for general transport
equations in R?. For this reason, we summarize here the results from the next sections only
in the particular case that is of interest to us, namely b, = (v, E(z)).

First of all, the basic conditions that our vector field need to satisfy are assumptions
(A1) and (A2) of Section 4.1, namely b; is locally integrable and the continuity equation
associated to by, namely the Cauchy problem for

d .
%gt + dlvw,v(btgt) =0, b, = (U, Et(z))7 (31)

has forward uniqueness in any domain [a,b] x R? in the class of bounded and compactly
supported solutions (and boundary data either at ¢ = a, or at ¢ = b). As proved in
Theorem 4.4, because of its special structure, b, satisfies these properties independently of
the density p; = [ f; dv that generates the electric field.

Secondly, Theorem 5.1 shows that, in our situation, every bounded (or renormalized)
solution of (3.1) is Lagrangian: informally speaking, this means that the mass of g; moves
along integral curves of the vector-field b;. In particular, because all Lagrangian solu-
tions are renormalized (see Theorem 4.10), this proves that all bounded solutions of the
Vlasov-Poisson equation (or, more in general, all bounded densities g; solving (3.1)) are
renormalized.

12



Finally, one of the consequences of Proposition 4.11 is that, for any g; lagrangian solution
of (3.1), the further global condition

4 |be|(x, v)
L L G oo T e e < oo

allows to deduce that the trajectories along which g¢; is transported do not blow up in finite
time. As a consequence, we can reconstruct the value of ¢g; at any time ¢t > 0 from gg and
through the formula

gt = go o X (¢, ')_1 gi-a.e. in R4,

After this informal presentation, we now proceed with the proofs of Theorems 2.2, 2.3,
2.7, and 2.8.

Proof of Theorem 2.2. Notice that the vector field b satisfies assumption (A1) of Section 4.1
and is divergence-free. Also, by Theorem 4.4 it satisfies assumption (A2). Therefore by
Theorem 5.1 we deduce that f; (resp. S(f:) with 5(s) = arctan(s) if f; is not bounded but
is renormalized) is a Lagrangian solution, and Theorem 4.10 ensures in particular that f; is
a renormalized solution. d

Proof of Theorem 2.3. Thanks to Theorem 2.2 we know that the solution is transported
by the maximal regular flow associated to b; = (v, E}). Also, since f; is renormalized, the
function g; := Z arctan f; : (0,7) x R? — [0, 1] is a solution of the continuity equation with
vector field b. Hence, in order to prove that trajectories do not blow up, it is enough to
apply the criterion stated in Proposition 4.11 with u; = g; dz, that is

' b1, 0)] g1z, )
’ ’ da dv dt < . 3.2
/0 /R“ (14 (Jz]2 + [0]2)1/2) log (2 + (|z|2 + [v[2)1/2) Tavat < oo (3.2)

To this end, we observe that gt2 < gt < fi, hence

! |bt|gt
dx dv dt
/0 /R2d (1+ (|z[2 + [v][?)'/2) log (2 + (|z|? + |[v|?)1/?)
! r gt
< dx d dt+// E da dv dt
_/0 R2d fedwdy 0 RQd’ t’(1+’U|)10g(2+’U|) e
</T ftdxdvdtJr/T/ < B +(1+\v|)292> dz dv dt
~ Jo Jwed 0 Jeza \ (1 + [0])*log?(2 + [u]) '

- (/Rd (1+ Iv\)4lig2(2 + [v]) dv) (/OT/Rd Bl do dt) +2 /OT/R2d(1 + |v))? f; da v dit.

Also, since d < 4,

1
dv < 00,
/Rd (1 + [v])*log?(2 + |v])
thus (3.2) follows from (2.6).
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Now, by the no blow-up criterion in Proposition 4.11 we obtain that the Maximal
Regular Flow X of b is globally defined on [0, T], namely its trajectories X (-, z,v) belong
to AC([0, T); R??) for go-a.e. (z,v) € R?? and g = X (¢,-) 90 = go o X(¢,-)~%. Also, no
integral curves of by that transport f; can appear from and/or disappear at infinity during
the time interval [0,77]. Since f; = tan (§g;) and the map [0,1) > s — tan (§s) € [0,00) is
a diffeomorphism, we obtain that f; = X (¢,)xfo = foo X (¢,)~! as well. In particular, for
all Borel functions 1 : [0, 00) — [0, 00) we have

vif)dedo= [ 60 o X () dedo= [ w(p)dedo

R2d

where the second equality follows by the incompressibility of the flow. O

3.2 Global existence results: proof of Theorems 2.7 and 2.8

Proof of Theorem 2.7. To prove global existence of generalized Lagrangian solutions of
Vlasov-Poisson we shall use an approximation procedure. Since the argument is rather
long and involved, we divide the proof in five steps that we now describe briefly: In Step 1
we start from approximate solutions f™, obtained by smoothing the initial datum and the
kernel, and we decompose them along their level sets. Exploiting the incompressibility of
the flow, these functions are still solutions of the continuity equation with the same vector
field and, when n varies, they are uniformly bounded. This allows us to take their limit
as n — oo in Step 2, and show that the limit belongs to L'. In Step 3 we introduce p°ff
as the limit as n — oo of the approximate densities p”, and we motivate its properties. In
Step 4 we show that the vector fields E™ converge to the vector field obtained by convolving
p° with the Poisson kernel. Finally, in Step 5 we combine stability results for continuity
equations with the results of Section 5 to take the limit in the approximate Vlasov-Poisson
equation and show that the limiting solution is transported by the limiting incompressible
flow. We now enter into the details of the proof.

Step 1: approximating solutions. Let K (z) := o cgz/|z|? and let us consider approxi-
mating kernels K, := K *,, where ¥, (x) := n%)(nx) and ¢ € C®(R?) is a standard even
convolution kernel in R?. Let f! € C2°(R??) be a sequence of functions such that

= fo  in LR, (3.3)

and denote by f/* distributional solutions of the Vlasov system with initial datum f and
kernel K, (see for instance [17] or [30] for this classical construction based on a fixed point
argument in the Wasserstein metric). Also, define p := [ f{*dv and E}' := K,, x p}. Notice
that since K, is smooth and decays at infinity, both £ and VE} are bounded on [0, oo) x R?
(with a bound that depends on n). Hence, since b}’ := (v, E}") is a Lipschitz divergence-free
vector field, its flow X™(t) : R?? — R2? is well defined and incompressible, and by standard
theory for the transport equation we obtain that

flr=floX™t)y™ Vtel0,00), (3.4)
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and
¢ L1 (ray = I L1(m2ay = (15 ]| L1 (m2ay Vit € [0, 00). (3.5)

Assuming without loss of generality that Z2¢({fo = k}) = 0 for every k € N (otherwise
we consider as level sets the values 7 + k in place of k, for some 7 € (0,1)), from (3.3) we
deduce that

ot =g pp ey /o = £§ = L pparenyfo in LHR™)  VEeEN.  (3.6)
Now, for any k,n € N we consider ft"k = lik<fr<kt13fi"- Then it follows by (3.4) that
1 = Yieppoxcn1eniy J§ 0 X071 Vi€ [0,00), (3.7)
I * is a distributional solution of the continuity equation with vector field b}’, and

1475 o gy = 15 M rgeay Wt € [0,00). (3.8)

Step 2: limit in the phase-space. By construction the functions {f™*}, cy are nonneg-
ative and bounded by k + 1, hence there exists f* € L((0,00) x R??) nonnegative such
that, up to subsequences,

ok~ weakly* in L((0,00) x R*) asn — 00 VEkeEN. (3.9)
Moreover, for any K compact subset of R?¢ and any bounded function ¢ : (0, 00) — [0, 00)

with compact support we can use the test function ¢(t) 1x (z,v) sign(fF)(z,v) in the previ-
ous weak convergence, and thanks to Fatou’s Lemma, (3.8), and (3.6), we get

o1 ey dt < taming [ o0) 117yt
<timint [ (0 773 ey
0 (3.10)
T n,k

= timinf [ 0(0) 513 e

= (| ot0) ) 18511
Since ¢ was arbitrary, taking the supremum among all compact subsets K C R?? we obtain
||ftkHL1(R2d) S ”f(’fHLl(RQd) for a.e. ¢ c (0, OO), (311)

so, in particular, f¥ € L°°((0,00); L' (R?%)).
Thanks to (3.11) we see that, if we define

fi= if’“ in (0,00) x R*, (3.12)
k=0

15



then

[ fell 1 r2ay < Z 1£E 1 1 (reay < Z /61 1 qgeay = [ foll rgeay  for ace. t € [0,00),
k=0 k=0
(3.13)
which implies that f € L>((0, 00); L' (R??)).
We now claim that

f"—=f  weakly in L*((0,T) x R*) (3.14)

for every T > 0. Indeed, fix ¢ € L>®((0,7) x R*). Noticing that f* = > 2, f™* and
= f*, by the triangle inequality we have that, for every ko > 1,

’/()T/Rgdsp(fn—f)dxdvdt‘ = ’kil)/oT/RQd‘P(fn’k—fk)dxdvdt’
ko—1

kZ:O /OT/RMQO(f”’k —fk)dafdvdt‘

o0 T e’} T
+ // lo| | FF| da dw dt + // lo| 17| da dv dt.
k’gk:o 0 JR2d kgk:o 0 JR2d

Using (3.8) and (3.11), the last two terms can be estimated by

o0 T 0 T

) // N dxdvdt+§:// o | %] da dv dt
0 JR2d 0 JR2d

k=kg k=kq

[ee] o0
k
STnsonooz/ 28] dazdo + T ol oo Z/ | dee dv
k’:k‘o R2d k::ko R2d

< Tllglloo / 3] dadv + Tl oo / \fol dax dv
{f&>ko} fo>ko

<

= Tlllloo (15 gpzop 2o ezey + 11 fol prozho o ceeey )
Notice that, thanks to (3.6) and (3.3), it follows that
F gz = folgpozrey i LR,

so by letting n — oo and using (3.9) we deduce that

ko—1

T
nk _ rk
kZO/O/Rngo(f f¥)dxdvdt

+ 2T(|ollooll fol{fo >k} |l L1 (29

T
limsup‘// go(f"—f)da:dt‘ < limsup
0 JR2d

n—00 n—00

= QTHSOHOOHfOI{fOZkO}HLl(de).

16



Hence, letting kg — oo, since ¢ € L* was arbitrary we obtain (3.14).

Step 3: limit of the physical densities. Since the sequence {p"},en is bounded in
L>=((0,00); A1 (RY)) € [LY((0,00), Co(R%))]” (see (3.5)), there exists pF € L((0, 00); A4 (RY))
such that

p" = T weakly* in L((0, 00); 4, (RY)). (3.15)
Moreover, by the lower semicontinuity of the norm under weak* convergence, using (3.5)

again we deduce that

ess sup_|pf"|(B) < lim (- sup Pl en) = Tim 13l geey = ol igeesy (3.16)
€(0,00

t€(0,00) n—r00

Now, let us consider any nonnegative function ¢ € C.((0,00) x RY). By (3.15) and (3.14)
we obtain that, for any R > 0,

/O/Rdwt(ar)dpfﬁ Jgrolo/ /pt ) py(x) da dt

= lim [ (x,v) or(x) dv dx dt

n—0o0 R2d

Zliminf/ / (z,v) p(x) dvdx dt
n—o0 RdXBR

_ / / Filw,v) i) do da dt,
0 JRIxBg
so by letting R — oo we get

| [e@aais [T ] peoa@ddd= [ [ a@dea

By the arbitrariness of ¢ we deduce that
pr < pift as measures for a.e. t € (0, 00), (3.17)

as desired.
Step 4: limit of the vector fields. Set Ef := K % o and by(z,v) := (v, Efff(2)). We
claim that

b" = b  weakly in Li_((0,00) x R?%; R?) (3.18)

and that, for every ball Bp C R%,
[pP* K] (x4h) — [pr+K,](z) as |h| — 0 in L ((0,00); L' (Bg)), uniformly in n. (3.19)

To show this we first prove that the sequence {b"},en is bounded in LT ((0,00) x
R4 R2d) for every p € [1,d/(d —1)). Indeed, using Young’s inequality, for every ¢t > 0,
n €N, and r > 0,

ot * Kullo(s,) = (P * ¥n) * K| o(B,)

< [[(pf" * ¥n) * (K1)l Lo, + [[(0f * Pn) * (K1ga\ )| Lr(8,)

< [[(pi" * ¥n) * (KlBl)HLP(Rd) + gd(Br)l/pH(P? * ) * (Kle\Bl)HL‘X’(Rd)

< 1o}l ey | 9nllr ey | K [ o gyy + L7 (Be) P llo% | 1 ey | 9m | 1 ety | K | oo et 1)
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hence, up to subsequences, the sequence {b"},ecn converges weakly in L{ . In order to
identify the limit we now show that for every ¢ € C.((0,00) x R%)

o o
lim/ / p?*Kngptdxdt:/ / pfﬁ*Kwd:cdt.
n—eeJo  JRd 0 JRrd
Indeed, by standard properties of convolution,
’/ / Pt*KnSOtdedt—/ / *K(ptda:dt‘
R Rd
- / / P oy % K da dt — / / cpt*dedt’

<|[7 [ o= atens kdoar| 4] [T [ o tooe i = s Kx ) doat
R4 0 Rd

<| [7 [ o= s Kdoat]+ ( sup tlusen) s K = 0w K 5l ooy

te(0,00)

Letting n — oo, the first term converges to 0 thanks to the weak convergence (3.15) of p}’ to
f and the fact that o« K = px* (15, K) + p* (1ga\ g, K) is a bounded continuous function,
compactly supported in time and decaying at infinity in space. The second term, in turn,
converges to 0 since the first factor is bounded (see (3.16)) and ¢; x K * 1), converges to
@4 * K uniformly in (0,00) x R,
This computatlon identifies the weak limit of p' x K, in L{ ([0, T] x R??), showing that
it coincides with p¢ x K and proving (3.18).

We now prove (3.19). First of all, since K € W,"P(R% R?) for every a < 1 and p <

loc

d/(d — 1+ «),? using Young’s inequality we deduce that, for any ¢ € (0, 00),

108" * Knllwer(Barey = 1(0F * ¥n) * Kllwargrey < C(R)PF * ¥nll 1 ray-

Since ||t || 11 ey = 1, thanks to (3.5) we deduce that the last term is bounded independently
of t and n, that is, for every R > 0,

sup sup [|p * Kapllwor(pyrey < 00 (3.20)
te(0,00) n€N

Hence, by a classical embedding between fractional Sobolev spaces and Nikolsky spaces (see
for instance [23, Lemma 2.3]) we find that, for |h| < R,

/ |0y * Ko (2 + h) = pf + Kn(2)|P dz < C(p, . R, |10} * Knllwen(s,qma) 117,
Br
from which (3.19) follows.

Step 5: conclusion. Thanks to (3.18) and (3.19), we can apply the stability result from
[16, Theorem II.7] (which does not require any growth condition on the vector fields, see

2This can be seen by a direct computation, using the definition of fractional Sobolev spaces.
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also [2, Proposition 6.5] for the stability of the associated flows) to deduce that, for every
k € N, f* is a weakly continuous distributional solution of the continuity equation starting
from fF, so by linearity also F™ := Yo f k¥ is a distributional solution for every m € N.
Since F™ is bounded, the proof of Theorem 2.2 shows that F™ is a renormalized solution
for every m € N. Letting m — oo, because F™ — f strongly in Li ((0, 00) x R??) we obtain
that f is a renormalized solution of the continuity equation starting from fy with vector
field b. Together with (3.17), (3.13), and (3.16), this proves that (f;, pS) is a generalized

solution of the Vlasov-Poisson equation starting from fy according to Definition 2.6.

Finally, the fact that f is transported by the Maximal Regular Flow associated to
b; simply follows by the fact that each density f* is transported by Maximal Regular
Flow associated to b; (using again the argument in the proof of Theorem 2.2) and that
f =32, ¥ is an absolutely convergent series (see (3.13)). Also, thanks to Theorem 4.10
we deduce that f; belongs to C([0,00); L (R2?)). O

loc

The proof of Theorem 2.8 follows the lines of the proof of Theorem 2.7, obtained by
approximating both the initial datum and the kernel with a sequence of smooth data with
uniformly bounded energy. In turn, this bound ensures that the approximating sequence of
phase-space distributions is tight in the v variable uniformly in time, allowing us to show
that p¢ = p; for a.e. t € (0,00). The approximation of the initial datum with a smooth
sequence having uniformly bounded energy is a technical task that we describe in the next
lemma.

Lemma 3.1. Let d > 3, let ¢ be a standard convolution kernel, and set V() := k%) (kx)
for every k> 1. Let fo € LY(R?%) be an initial datum of finite energy, namely

/ [v|% fo(z,v) dx dv —i—/ [H * po](x) po(x) dz < oo,
R2d R4

where po(z) = [ga fo(z,v) dv and H(z) := £45 x>~ for every x € R%. Then there exist a
sequence of functions { f }nen C C°(R?Y) and a sequence {ky }nen such that k, — co and,
setting pg(z) = [a f§ (z,v) dv,

lim (/ ]v|2f[§ldwdv+/ H*zpkn*pgpgdw> :/ \vaodafdv—i—/ Hxpo podz. (3.21)
R2d Rd R2d Rd

n—oo

Proof. We split the approximation procedure in three steps. Here and in the sequel we
use the notation L° to denote the space of bounded functions with compact support.

Step 1: approximation of the initial datum when f; € L°(R??). Assuming that
fo € LE(R?¥), we claim that there exists {f§}nen C C2°(R??) such that

lim (/ \U]2fgdxdv+/ H*pﬁpﬁdw) :/ \U]2f0da;dv+/ H x pgpodz. (3.22)
R2d Rd R2d R4

n—oo

To this end, consider smooth functions fj which converge to fy pointwise, whose L>
norms are bounded by | fo|| ;o (r2¢), and whose supports are all contained in the same ball.
By construction the densities pf are bounded as well and their supports are also contained
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in a fixed ball; moreover, the functions H * pj are bounded and converge to H * pg locally
in every L} . By dominated convergence, these observations show the validity of (3.22).

Step 2: approximation of the initial datum when fy € L'(R??). Assuming that
fo € LY(R??), we claim that there exists a sequence of functions {f7},en C C2°(R??) such
that (3.22) holds.

Indeed, by Step 1 it is enough to approximate fo with a sequence in LS°(R??) with
converging energies. To this aim, for every n € N we define the truncations of fy given by

fo(z,v) := min{n, 15, (z,v) fo(z,v)} (z,v) € R,

Since H > 0 the integrands in the left-hand side of (3.22) converge monotonically, hence
the integrals converge by monotone convergence.

Step 3: approximation of the kernel. We conclude the proof of the lemma. In order
to approximate the kernel, we notice that, given the sequence of functions fI € C°(R9)
provided by Steps 1-2, for n € N fixed we have

k—o0

lim H*wk*pgpgdx:/ H * pg pg dex.
R4 R4

Hence, choosing k,, sufficiently large so that

1
‘/ Hwkn*pgpgdx—/ H*pgpgdw‘ﬁﬂ
Rd Rd n

we conclude the proof of the approximation lemma. O

In order to prove Theorem 2.8, in particular properties (i)-(ii)-(iii), we need some further
preliminary estimates. As we shall see, the proof of the energy inequality (2.10) is based
on the conservation of energy along approximate solutions and on a lower semicontinuity
argument. Notice that, since —AH = §p, a formal integration by parts (rigorously justified
in the case that u has a smooth compactly supported density with respect to the Lebesgue
measure) shows that, for d > 3 and every p € .4, (R?),

H o+ () d(z) = / VH + ()| da, (3.23)
R Rd

meaning that, if one of the two sides is finite, then so is the other and they coincide. The
above identity would immediately imply the convexity of the potential energy and its lower
semicontinuity with respect to the weak* convergence of measures. However, since the
justification of (3.23) requires some work, we shall prove directly the lower semicontinuity.

Lemma 3.2. Let d > 3 and H(z) := 4 |2[>~%, with the convention H(0) = +oo. Then
the functional

Fu)i= [ Hop@)duto), e (R

is lower semicontinuous with respect to the weak* topology of M (R?).
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Proof. Given a sequence of nonnegative measures u" weakly* converging to u in . (R%),
the measures du"(z) du"(y) € .# (R?*?) weakly* converge to du(z) du(y). Hence, since the
function H(x,y) := H(x — y) is continuous as a map from R2? to [0, +00], we deduce that

/R o e H(z —y) du(z) du(y) < lim inf H(z —y) du" () dp" (y)-

n—0o0 ]Rd ]Rd

O

The following lemma adapts the previous one to the time-dependent framework. In
particular it takes care of a further approximation of the kernel in the right-hand side of
(3.25) below and involves the time dependence of the functional. We need this kind of lemma
since, at the level of generality of Theorem 2.7, the weak convergence of the approximating
solutions is not pointwise in time, but it happens only as functions in space-time.

Lemma 3.3. Letd > 3, T > 0, ¢ € C.((0,T)) nonnegative, » > 0 an even convolution
kernel, and v, (x) := n%p(nx) for every n > 1. Then, for every sequence {p"}nen C
CO([0, T; A+ (RY)) such that sup,,cy SUPeo,7] PP (RY) < oo and

lim sup ) / ed(py — pt) ‘ =0 for every ¢ € C°(RY), (3.24)
0 efo,1) " JRE
we have
T T
/ o(t) H x pi(x) dpi(x) dt < liminf o(t) H x4, * pi () dp (x)dt.  (3.25)
0 Rd n—oo  [o R4

Proof. We observe that, given any function ¢; € C2°(R?), we have

’/Rd ¢1d(ﬂ?*¢"—pt)‘ < ’/Rd(¢1 « " — 1) dp}

(0} = p1)|

< o1+ 0" = dallooupt (B +| [ ond(op = po)]

Hence, since ¢ * 1™ converge uniformly to ¢1 as n — oo, pf(R%) is uniformly bounded in
n and t, and (3.24) holds, we get

lim sup o1d(py xY" — pt)‘ =0. (3.26)

=0 4e[0,T] ‘ R4

Now, let us consider the sequence of measures 1, * pi*(z) pP'(y) dt € .#((0,T) x R?*?). We
know that they are weakly* precompact because they have bounded masses; we claim that
the weak™ limit is py(z) p(y) dt. Indeed, testing with functions of the form ¢1(x)pa(y)w (1),
with ¢1,¢2 € C2(RY) and o € C°([0,T]) and using (3.24) and (3.26), we find that

T
im [ ][ 00620, =i (o) dodet ) e

n—oo 0
T
=t [ ww( [ a@et@in)( [ @(y)dp?(y)) dt

/ / ¢1(x) dpe(x / b2(y) dpe(y dt
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Since the function ¢(t)H (z — y) is continuous as a map from (0,7) x R?? to [0, +o0], this
implies that (3.25) holds. O

In the following lemma we establish a general inequality between the potential energy
and the L?-norm of the force field, that will be used to show the validity of property (iii)
in Theorem 2.8.

Lemma 3.4. Let d > 3 and H(z) := £4|x[*>~¢. Then, for every p € L*(R?) nonnegative,

/ Hxppdr > / \VH * p|* da. (3.27)
Rd R4

Proof. We split the approximation procedure in three steps.

Step 1: Proof of equality in (3.27) for p € L*(R?%). Consider first p a smooth,
compactly supported function. For every R > 0, the integration by parts formula gives

H*ppdmz/ |VH x p|? doz — HxpV(H % p) - vp, dH?™1,

Br Br dBr

By approximation, the same identity holds when p is bounded and compactly supported.
Now, since H % p and VH * p respectively decay as R2~? and R'~? when evaluated on 0Bg,
we see that the boundary term in the previous equality disappears as R — oo (recall that
d > 3). This proves that equality holds in (3.27) for p € L (RY)

Step 2: Proof of (3.27) for p € L'(R%). Given p € L'(RY), for every n € N consider
the truncations of p given by p" := min{n,1p, p}. Since H > 0, it follows by monotone
convergence and Step 1 that

/ Hxppdx = hm H*p”p”dxz lim/ \VH  p"|? dz.
n—oo Rd

Assuming without loss of generality that the left hand side is finite, we see that the sequence
{VH % p"},en is bounded in L2. Hence, since its limit in the sense of distribution is V H x* p,
the lower semicontinuity of the L?-norm with respect to weak convergence implies that
VH % p € L?(R?%) and that (3.27) holds. O

Proof of Theorem 2.8. We start by showing the existence of renormalized solutions. Given
fo with finite energy, let {ff}nen C C°(R??) and {k,}nen be as in Lemma 3.1. Also let
K :=cgx/|z|? and K,, := K * 1}, . Applying verbatim the arguments in Steps 1-3 in the
proof of Theorem 2.7 we get a sequence f,, of smooth solutions with kernels K, such that

f"—=f  weakly in L'([0,T] x R*) for any T > 0, (3.28)

and
pt— T weakly* in L®((0,T); 44 (RY)),
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where p}(z) := [ga f{*(x,v) dv. In addition, the conservation of the energy along classical
solutions gives that, for every n € N and ¢ € [0, 00)

/de]vlszd:rdv—&—/RdH*wkn*p?p?dm:AQd]v|2f§dmdv+AdH*wkn*pgpgdmgc,

(3.29)
Hence, since H > 0 we deduce that
sup sup / | f da dv < C, (3.30)
neNte[0,00) JR2d
and by lower semicontinuity of the kinetic energy we deduce that, for every T > 0,
T T
/ / v f; da dv dt < lim inf/ / lv|? {1 dx dvdt < C'T. (3.31)
0 R2d n—oo  Jq R2d
We now want to exploit (3.30) and (3.31) to show that p° = p, where p¢(z) := [pa fi(z,v) dv €

L>=((0,T); L' (RY)). For this, we want to show that for any ¢ € C.((0, oo) x R%)

lim/ / gop?da;dt:/ /goptdmdt. (3.32)
n—=oo Jo  JR 0 JRrd

To this aim, for every k € N we consider a continuous nonnegative function 3 : R? — [0, 1]
which equals 1 inside By and 0 outside Bj1, and observe that

//Rd ¢ po)dudt = //RMW ) [ (@, 0) (1 = G(v)) dz dv dt

* /0 /de ei(@) (fi'(z,v) = f(2,v)) G(v) do dv dt
* /0 /de (pt(x) ft(x’ U) (Ck(v) - 1) dx dv dt.

The second term in the right-hand side converges to 0 by the weak convergence of f™ to f
in L, while, thanks to (3.30) and (3.31), the other two terms are estimated as

T
o0 CT|ol0o
‘// (Pft x, ’U 1_Ck dxd dt‘ ‘()OH // ftn(-f,'l))”UFddedtSM’
R2d R2d k2

’// ¢ fr(z,v) (1 = C(v) d$dvdt’ %
R2d

Letting & — oo, this proves (3.32). Thanks to this fact, the conclusion of the proof proceeds
exactly as in Steps 4 and 5 in the proof of Theorem 2.7 with p{f = p,. In this way, we
obtain a global Lagrangian (hence renormalized) solution f; € C([0,00); LL (R??)) of the
Vlasov-Poisson system (1.1) with initial datum fo.

In order to prove properties (i)-(ii)-(iii) (and in particular (2.10)) we perform a lower
semicontinuity argument on the energy of the approximate solutions f" constructed in
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the first part of the proof of Theorem 2.8. Step 1: bound on the total energy for

Z'-almost every time. Consider a nonnegative function ¢ € C.((0,00)). Testing the
weak convergence (3.28) with ¢(t) |v|®x,(z,v) where x, € C°(R??) is a nonnegative cutoff
function between B, and B,41, we find that, for every r > 0,

| [ o0t fidedvde = tim [7 [ 60 0P o) 17 dedods
0 JRr2d n—oojo  JR2d
ghminf/ qS(t)/ lo2f1* da dv dt.
0 R2d

n—o0

Taking the supremum with respect to r, we deduce that

/ qb(t)/ ]v\2ftdxdvdt§1iminf/ ¢(t)/ v|? £ da dv dt. (3.33)
0 R2d n—=oo Jo R2d

By the arbitrariness of ¢ it follows that |v|2f; € L{ (R?) for a.e. ¢, with a uniform bound
in ¢ (notice also that the same bound applies uniformly in n to |v|?f*). In particular this
allows us to integrate the transport equation 0y f; + divy (bt ft) = 0 with respect to v on
the whole R? and obtain

Jra v fi(z,v) dv

Oupe +dive(Vipr) =0, Vi(a) := =

Note that, since p; = f ft dv, it follows by Jensen’s inequality that

| Wikods = |
R4 R4

2

d
fRdet v ptdw

fRd ft dv
< fRd \v[2 fedv
~ JRrd fRd Jrdv

thus [|Vil|L2(p,) € L*((0,00)). By classical results on continuity equations, this implies that

pt has a weakly™* continuous representative (see for instance [4, Lemma 8.1.2]). In addition,
Jrd vftpygx,v) dv with
t

ptdm:/ lv|? f; d dv §/ [v|? fo dx dv,
R2d R2d

since pj satisfy a similar continuity equation with V;"(x) :=
sup/ V2o da < Cy,
t,n JRA

(as above, this follows by the uniform bound on the kinetic energy of f;*), we deduce that

‘/p?sﬁdw—/p?sodm

(compare with the proof of [4, Lemma 8.1.2]). This proves that, for all test functions
0 € O*(R?), the maps t — Jga P dx are equicontinuous, so the weak* convergence of pff
to py in L=([0,T]; 41 (R?Y)) gives

t
<leller [ [, Wlei de < Collglicnlt o
S

lim sup ‘ / pd(p} — pt)‘ =0 for every ¢ € C°(RY).
n=¢elo,1] ' JRE

24



Hence, since the mass of p is uniformly bounded with respect to n and ¢, it follows from
Lemma 3.3 that

/ qb(t)/ H * py py dx dt < lim inf/ gb(t)/ H 1y, * py py dz dt. (3.34)
0 R4 n—oo Jo R4

Adding (3.33) and (3.34), by the subadditivity of the liminf and by the energy identity
(3.29) on the approximating solutions, we find that

/Oooﬁb(t)(/RZd |U|2ftdxdv+/RdH*Ptptd$>dt

o

< liminf qb(t)(/RQd |v|? 3 da dv + /RdH * Vg, * P6 PO dx) dt

n—o0

0
= (/Om¢(t)dt>(/de ]v[2f0dxdv+AdH*popgdx>.

By the arbitrariness of ¢ it follows that (2.10) holds for .#!-a.e. t € (0, 00).

Step 2: boundedness of the total energy for every time. Observe that the kinetic
energy (resp. the potential energy) is lower semicontinuous with respect to strong LllOC (R24)-
convergence of f (resp. weak* convergence in .# (R?) of p). Since (2.10) holds true for a.e.
t € (0,00) by Step 1, and the maps ¢ — f; € L'(R??) and t + p; € .#(R?) are continuous for
the LllOC and the weak™ convergence respectively, given any time ¢ € [0,00) we approximate
it with a sequence t,, — ¢ such that the energy bound (2.10) holds for every ¢, and let

n — 0o to obtain that (2.10) holds with ¢ = ¢.

Step 3: strong Llloc—continuity of the physical density and the electric fields.

Given t € [0,00), consider a sequence of times ¢, — t. Fix r > 0, and notice that for any
R>0

2
//|ftn—ft\dvda:§// |ftn—ft|dvdx+// o fo + £2) dv de
B, JRd . JBg B, JRA\Br R

Thanks to (2.10) and the strong L{ _ continuity of f;, we can first let n — oo and then
R — oo to deduce that

lim lpt,, — p| dz < lim / / | ft,, — fe|dvdx = 0.
Br n—oo Br Rd

n—o0

1
loc

simple to see that also E; is strongly continuous in Li (R?).

This proves the strong Ly, -continuity of p;. Since Ey = K * py and |[pt]|p1rey < C it is
Step 4: global characteristics in dimension 3 and 4. The bound (2.10) and Lemma 3.4
imply that By = VH * p; € L*((0,00), L?(R)), so we can apply Theorem 2.3 to deduce
that the trajectories of the Maximal Regular Flow starting at any time ¢ do not blow up
for fi-a.e. (x,v) € R, O

Remark 3.5. As a consequence of Theorems 2.2 and 2.8, and Remarks 2.9 and 2.10, we
deduce that, for d = 2,3,4 and o = 1, finite energy solutions conserve the mass, namely
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| fell 1 2y = pt(RY) = po(R?) = || foll 11 (r2ay for every ¢ € [0,00). In particular, in this case
solutions are strongly continuous in L'(R??) and not only in L} _(R??) (see for instance the
argument in Step 2 of the proof of Theorem 4.10).

Remark 3.6. As shown in the first part of Theorem 2.8, the construction in the proof
of Theorem 2.7 provides renormalized solutions of the Vlasov-Poisson system if further
assumptions are made on the initial datum, such as finiteness of the total energy. Still, there
are examples of infinite energy data such that the generalized solutions built in Theorem 2.7
solve the Vlasov-Poisson system. For instance, in [28] Perthame considers an initial datum
fo € LY N L>®(RY) with (1+|2|?)fo € L'(R%) and infinite energy, and he shows the existence
of a solution f € L*([0,00); L' N L°(R%)) of the Vlasov-Poisson system such that the
quantities

1/2 3/5 |z — vt]?
7 B[ 2, P pell psss. . fft(%v) dz dv (3.35)
R

are bounded for all ¢t € (0,00). It can be easily seen that, under Perthame’s assumptions,
the construction in the proof of Theorem 2.7 provides a solution of the Vlasov-Poisson
equation as the one built in [28]. In particular, thanks to the a priori estimate (3.35) on the
approximating sequence, it is easy to see that p°® = p, therefore providing a Lagrangian
(and therefore renormalized and distributional) solution of Vlasov-Poisson.

Analogously, under the assumptions of [34], a similar argument shows that the general-
ized solutions built in Theorem 2.7 solve the classical Vlasov-Poisson system.

4 Maximal Regular Flows of the state space and renormal-
ized solutions

The aim of this and next section is to develop the abstract theory of Maximal Regular
Flows and Lagrangian/renormalized solutions that are behind the results presented in the
previous sections. We warn the reader that from now on, since the theory is completely
general, we shall often consider flows of vector fields in R? and denote by z a point in R
Then, for the applications to kinetic equations in the phase-space R2?, one should apply
these results replacing d with 2d and x with (z,v).

4.1 Preliminaries on Maximal Regular Flows

In this section we recall the basic results in [2], where a local version of the theory of
DiPerna-Lions [16] and Ambrosio [1] was developed. First we recall the definition of a local
(in space and time) version of the Regular Lagrangian Flow introduced by Ambrosio [1].
Here and in the sequel, B(R?) denotes the collection of Borel sets in R?, and AC([r1, 72]; R%)
is the space of absolutely continuous curves on [ry, 7] with values in R?, #? is the Lebesgue
measure in R?,

We denote by Q(X ) the set of Borel probability measures on a metric space X, and
we use ¢; : C([0,T]; R*) — R* to denote the evaluation map at time ¢, that is e;(y) := ()
for any continuous curve v (depending on the context, k& may be equal to d or 2d). Finally,
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given two metric spaces X and Y, a finite Borel measure 4 on X and a p-measurable map
f:X =Y, we by fup the pushforward measure on Y, so that fYquf#p = fX po fdu
whenever the integrals make sense.

Definition 4.1 (Regular Flow). Let B € B(RY), 71 < 7o, and b : (11,72) x R? — R? pe
a Borel vector field. We say that a Borel map X : [11,72] X B — R? is a Regular Flow
(relative to b) in [T, T2] X B if the following two properties hold:

(i) for a.e. x € B, X(-,x) € AC([r1, 72); R?) and solves the ODE i(t) = by(z(t)) a.e. in
(11, 72), with the initial condition X (11,x) = x;

(ii) there exists a constant C = C(X) satisfying X (t,")4(LLB) < CZ? for all t €
[T1, T2].

Let T' € (0,00) and let b : (0,7) x R — RY be a Borel vector field. The main object

of our analysis is the Maximal Regular Flow, which takes into account the possibility of

blow-up before time 7' (or after time 0, when an initial condition s € (0,7 is under
consideration).

Definition 4.2 (Maximal Regular Flow). For every s € (0,T) we say that a Borel map
X(,s,-) is a Maximal Regular Flow starting at time s if there exist two Borel maps T:X :

R? — (5,T], T, x : RT = [0, 5) such that X (-, s,x) is defined in (T, x (@), TJr x(x)) and the
following two pmpertzes hold:

(i) for a.e. x € RY, X (-, 5,2) € ACc(( T, x(x ),T;X(:U));Rd) and solves the ODE i(t) =
bi(z(t)) a.e. in (T, x(x), T+ x (), with the initial condition X (s,s, ) = x;

(ii) there exists a constant C' = C(s, X) such that

X(t,s, )4 (LT, x <t <T/x}) <C2? Vtelo,T]; (4.1)

(iii) for a.e. x € RZ, either T:X(x) T (resp. T, x(x) = 0) and X(-,s,x) can be
continuously extended up to t = T (resp. t = 0) so that X (-, s,x) € C’([S,T];Rd)
(resp. X (-,s,7) € C([0,s];R?)), or

lim | X(t,s,2) =00 (resp. lim | X(¢,s,z)| = 0). (4.2)
T, X(a:) t\LT;X(m)

In particular, T;X({L‘) <T (resp. T, x(x) > 0) implies (4.2).

The definition of Maximal Regular Flow can be extended up to the times s = 0 and

=T setting TOX =0 and TTX =1T.

A Maximal Regular Flow has been built in [2] under general local assumptions on b.
Before stating the result, we recall these assumptions. For T € (0,00) we are given a Borel
vector field b : (0,T) x R? — R? satisfying:

(A1) fo 5, [be(2)| dz dt < oo for any R > 0;
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(A2) for any nonnegative p € L3°(R?) with compact support and any closed interval [a, b] C
[0,T], both continuity equations

d

o div(byp) =0 in (a,0) x R4 (4.3)
have at most one solution in the class of all weakly* nonnegative continuous functions
[a,0] >t~ py with p, = p and Uy 4 supp p; € R,

Since the vector fields that arise in the applications we have in mind are divergence-free,
we assume throughout the paper that our velocity field b satisfies

divb; =0 in R? in the sense of distributions, for a.e. t € (0,T). (4.4)

The existence and uniqueness of the Maximal Regular Flow after time s, as well as the
semigroup property, were proved in [2, Theorems 5.7, 6.1, 7.1] assuming a one sided bound
(specifically a lower bound) on the divergence. In this context, uniqueness should be un-
derstood as follows: if X and Y are Maximal Regular Flows, for all s € [0,7] one has

+ +
{T&X(x) =T,y () for ae. z € R¢ (4.5)

X(,s,2)=Y(-,s,2)in (T;X($),T;X($)) for a.e. x € R%.

Under our assumptions on the divergence, by simply reversing the time variable, the Max-
imal Regular Flow can be built both forward and backward in time, so we state the result
directly in the time-reversible case.

Theorem 4.3 (Existence, uniqueness, and semigroup property). Let b: (0,T) x RY — R?
be a Borel vector field satisfying (A1) and (A2). Then the Mazimal Regular Flow starting
from any s € [0,T)] is unique according to (4.5), and existence is ensured under the additional
assumption (4.4). In addition, still assuming (4.4), for all s € [0,T] the following properties
hold:

(i) the compressibility constant C(s, X) in Definition 4.2 equals 1 and for everyt € [0, T
X(t,s, )4 (LT, x <t <T/x}) = 2L'L(X(t,s, ){T, x <t <TSx}); (4.6)

(i) if 1 € [0,s], 2 € [s,T], and Y is a Regular Flow in [r1,T2] X B, then T:X > Ty,

T x <7 a.e in B; moreover
b

X(,s,2)=Y(,X(m,s,x)) in[r, 1|, for a.e. v € B; (4.7)
(i1i) the Mazimal Regular Flow satisfies the semigroup property, namely for all s, s' € [0, T
T;X(X(S/, s,x)) = Tsj’[X (x), for L%-a.e. x € {T:X > s > T, x} (4.8)

and, for a.e. x € {T:X > >T, x},

X(t,s, X(s,s,2)) = X(t,s,2) Vte (TSTX(@,TJFX(J:)). (4.9)

S
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4.2 Uniqueness for the continuity equation and singular integrals

In this section we deal with uniqueness of solutions to the continuity equation when the
gradient of the vector field is given by the singular integral of a time dependent family of
measures. The theorem is a minor variant of a result by Bohun, Bouchut, and Crippa [8]
(see also [10, 11], where the uniqueness is proved for vector fields whose gradient is the
singular integral of an L' function). We give the proof of the theorem under the precise
assumptions that we need later on, since [8] deals with globally defined regular flows (hence
the authors need to assume global growth conditions on the vector field), whereas here we
present a local version of such result.

Theorem 4.4. Let b: (0,T) x R?? — R2? be given by by(z,v) = (b1(v), ba(x)), where
by € L°((0,T); Wig (RGRY)), by = K % py,

with p € L=((0,T); A+ (R?)) and K (x) = z/|z|?.
Then b satisfies (A2) of Section 4.1, namely the uniqueness of bounded compactly supported
nonnegative distributional solutions of the continuity equation.

Proof. To simplify the notation we give the proof in the case of autonomous vector fields
(in particular p; = p is independent of time), but the exact same computations work for
the general statement.

It is enough to show that, given B C R? and n € 2(C([0,T); Bg x Br)) concentrated
on integral curves of b and such that (e;)xn < Co.£?¢ for all t € [0,T], the disintegration
1, of n with respect to the map ep is a Dirac delta for epun-a.e. z. Indeed, thanks
to Theorem 5.1 below, any two bounded nonnegative distributional solutions supported
inside Br x Bg and starting from the same initial datum p can be represented by 1, ny €
2(C([0,T]; Br x Bg)). Hence, setting n = (1, +n5)/2, if we can prove that n, is a Dirac
delta for p-a.e. x we deduce that (n,), = (n9)., = n, for p-a.e. x, thus n; = n,.

To show that m, is a Dirac delta for egym-a.e. z, let us consider the function

gy o1 204\ _ 2
Psc(t) = ///bg (1+ i (t)wﬁ O, b’ 3 L (t)|> dn,(v) dn.(n) dp(x),

where 6, ¢ € (0,1) are small parameters to be chosen later, t € [0,T7], p := (eg)xn, and we
use the notation y(t) = (v'(t),72(t)) € R x R It is clear that ®;(0) = 0.

Let us define the probability measure p € 2 (R? x C([0,T];R%)?) by du(z,n,v) =
dn,(n) dn,(v) dp(x), and assume by contradiction that 7, is not a Dirac delta for p-a.e. x.
This means that there exists a constant a > 0 such that

T p—

By Fubini’s Theorem this implies that there exists a time ¢y € (0, 7] such that

[ mintio) = atto)l. 1} duten = 7.
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Since the integrand is bounded by 1 and the measure p has mass 1, this means that the set

A= {(w,n,'y) : Inin{h/(to) n(to)l, 1} > 2T}

has p-measure at least a/(27). Then, assuming without loss of generality that a < 27T, this
implies that |y(to) — n(to)| > a/(2T) for all (z,n,~) € A, hence

(4.10)

>A4—10g<1+-§gf)

We now want to show that this is impossible.

Computing the time derivative of @5, we see that

Py b1y b1< (@)1, b0 (1) ~ ba(n' ()
/Rd//< (5—1—\7 t)]) Co+ 7L (t) — ni(t)] >du($,77,’y). (4.11)

By our assumption on by, the first summand is easily estimated using the Lipschitz regularity

Ofbl inBR:
b1(7%(1)) = ba (1 (1))| VOl (1)
INNE 5+Iv 5 ) M= T (412

To estimate the second integral we show that for some constant C', which depends only on
d, p(R%), and R, one has

// CK*C/;JF”Y))()K;ft()?l(t))‘dﬂ(x,nﬁ)<CC< Hog(g)) (4.13)

To this end, we first recall the definition of weak LP norm of a p-measurable function
f:X — R in a measure space (X, u):

I e (x = sup{ A p({|f] > AP x> 0}

By [11, Proposition 4.2 and Theorem 3.3(ii)] there exists a modified maximal operator M,
which associates to every o € ., (R%) a function M (DK * o) € L'(R?) satisfying the
following properties: there exists a set L with .Z%(L) = 0 such that

|Kxo(x)—Kxo(y)| < C[ (DK *0)(x )+M(DK*J)(y)] |z —yl Va,y e RINL, (4.14)
and the weak-L! estimate
I[M(DK *0)|[|a1(py) < Co(R?) (4.15)

holds with a constant C' which depends only on d and R. Applying (4.14), we see that

K+ p(y! (1)) — K+ p(n' (1)
// Co+ \7 (t) — nl(t)] dp < /gt(fcaﬁﬁ) dp, (4.16)
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* 1 * 1
g¢(x,m,7) ::min{CM(DK*P)(’Yl(t))—i—CM(DK*p)(nl(t)), K+ pl(y (t));SK pl(n (t))}_

Let us fix p := d—%/Q € (1, - 1), so that |K| € L (RY). The last term in (4.16) can be
estimated thanks to the following interpolation inequality (see [11, Lemma 2.2])
H|gthP(,u)
oz < 2 llolangn 1+ 10g (22 ).
= TlgellTar o

Also, the first term in the right—hand side above can be estimated using our assumption
(er)4n < CoL? and (4.15):

gelllar gy < 211[M (DK 5 p)(n* ()] a1 0
= 2|||M (DK * p)(n" ()l ar1.(m)
=2|||M(DK = P (@M1 (Brx Bricosn)
< 2Co|||M (DK = P) (@) 011 (Brx Br,224)
< 2Co LYBg) |||M(DK * p)(@)||lp1 By, 24
<2Cy C Z%Bg) p(R?).

Similarly, the second term in the right hand side can be estimated using (e;)xn < CoL¢
and Young’s inequality:

1gell[arp ey < 2(COTHIE * o' (8))l] o)
= 2(¢8) MK * p(n" (t) | o)
< 2C0 (¢8) MK * p(@)ll o (Brx Br)
<200 (¢8) LB 1K * pllr(sy)
<2GCp (45) L2Y(Br) K tr(8g) p(RY)
<O
where C' depends on d, R, and p(R%). Combining these last estimates with (4.16), we

obtain (4.13).
Then, using (4.11), (4.12), and (4.13), we deduce that

dbs. C C
~ ()<Z+CC+CC10g<C6>

for some constant C' depending only on d, R, p(R%), and || Vb]|| Loo(Rd)- Integrating with
respect to time in [0, ¢p], we find that

Ds.(to) < Cto (2 + ¢+ ¢ log (?) + ¢ log (2))

Choosing first ¢ > 0 small enough in order to have C'ty( < a/(2T) and then letting 6 — 0,
we find a contradiction with (4.10), which concludes the proof. O
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4.3 Generalized flows and Maximal Regular Flows

We denote by R? = RY U {00} the one-point compactification of R? and we recall the
definition of generalized flow and of regular generalized flow in our context, as introduced
in [2, Definition 5.3]. Given an open subset A C [0,00), we denote by ACi,.(A4;R%) the
set of continuous curves v : A — R that are absolutely continuous when restricted to any
closed interval contained in A.

Definition 4.5 (Generalized flow). Let b: (0,T) x R? — R? be a Borel vector field. The
measure n € A (C([0,T]; Rd)) is said to be a generalized flow of b if i is concentrated on
the set’
I:={neC(0,T;RY): ne ACic({n # oo} R?) and
n(t) = b(n(t)) for a.e. t such that n(t) # oco}}. (4.17)

We say that a generalized flow m is regular if there exists Ly > 0 satisfying
(e)gnL R < Lo.z?  Vte0,T). (4.18)

In the case of a smooth bounded vector field, whose associated flow is denoted by X a
particular class of generalized flows is the one generated by transporting a given measure
o € & (]Rd) along the integral lines of the flow:

0= / 5x (. diio(),
Rd

where dx (. ;) € Q’(AC([O, T Rd)) denotes the Dirac delta on the path X (-, z).
In the next definition we propose a generalization of this construction involving Maximal
Regular Flows.

3In connection with the definition of generalized flow, let us provide a sketch of proof of the fact that the
set I in (4.17) is Borel in C([0, T]; RY).

First of all one notices that, for all intervals [a,b] C [0,7T], the set {n : 7([a,b]) C R?} is Borel. Then,
considering the absolute continuity of a curve 7 in the integral form

|mwfmﬂs/Nmmmnw Vst labl, s<t,

it is sufficient to verify (arguing componentwise and splitting in positive and negative part) that for any
nonnegative Borel function ¢ and for any s, ¢ € [0, 7] with s < ¢ fixed, the function

WH/WWMW

is Borel in {5 : n([a,b]) C R%}. This follows by a monotone class argument, since the property is obviously
true for continuous functions and it is stable under equibounded and monotone convergence.
As soon as the absolute continuity property is secured, also the verification of the Borel regularity of

I {n: n(ab) CRY} = {n e C(0,T])R?) : n € AC([a, bl R?), 7(t) = be(n(t)) a.e. in (a,b)}
can be achieved following similar lines. Finally, by letting the endpoints a, b vary in a countable dense set

we obtain that I' is Borel.
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Definition 4.6 (Measures transported by the Maximal Regular Flow and Lagrangian so-
lutions). Let b: (0,T) x R? — R be a Borel vector field having a Mazimal Regular Flow
X, and let n € A4 (C([O,T];]@d)) with (er)yn < £ for all t € [0,T]. We say that n is
transported by X if, for all s € [0,T], n is concentrated on

{n € C(0, TERY) : n(s) = 00 orn(-) = X (-,5,1(s)) in (T, x (1()), T x (n(s)))}.  (4.19)

Correspondingly, let p, € L>((0,T); LL(Rd)) be a distributional solution of the continuity
equation, weakly continuous on [0, T] in duality with C.(R?). We say that p; is a Lagrangian
solution if there exists m € My (C’([O,T];Héd)) transported by X with (e)yn = pr L for
every t € [0,T7.

The absolute continuity assumption (e;)4n < £? on the marginals of 7 is needed to
ensure that this notion is invariant with respect to the uniqueness property in (4.5). In
other words, if X and Y are related as in (4.5) then 7 is transported by X if and only if
1 is transported by Y.

It is easily seen that if 1 is transported by a Maximal Regular Flow, then n is a general-
ized flow according to Definition 4.5, but in connection with the proof of the renormalization
property we are more interested in the converse statement. As shown in the next theorem,
this holds for regular generalized flows and for divergence-free vector fields satisfying (A1)-
(A2) of Section 4.1.

Theorem 4.7 (Regular generalized flows are transported by X). Let b: (0,T) x RY — R?
be a divergence-free vector field satisfying (Al) (A2) of Section 4.1 and let X be its Max-
imal Regular Flow. Let n € ///+( (10, T7; R )) be a reqular generalized flow according to
Definition 4.5.

Given s € [0,T], consider a Borel family {n5} C W(C([O,T];]@d)), z € R, of condi-
tional pmbability measures representing m with respect to the marginal (es)ym, that is,
[ nid[(es)gnl(x) = n. Then for (es)ym-almost every x € R? we have that m3 is con-
centrated on the set

Ty = {n € C(0,TERY) : n(s) =z, () = X (- 5,1(s)) in (T, x(n(s)), T x (n(s )))(Zfléo)
In particular n is transported by X. ‘

Proof.  First of all we notice that the set I'y in (4.20) is Borel. Indeed, the maps n —
T:fX (n(s)) are Borel because Tk are Borel in R%, and the map 1 — X (t,s,7(s)) is Borel
as well for any t € [0,T]. Therefore, choosing a countable dense set of times t € [0,T] the
Borel regularity of T'y is achieved.

The fact that n is concentrated on the set {n : n(s) = z} is immediate from the
definition of n3. We now show that for (es)zn-almost every z € RY the measure n3 is
concentrated on the set

{ne C([0,T);RY) : p(-) = X (-, 5, ) in [S,T:X(.%'»}. (4.21)
Applying the same result backward in time, this will prove that 0] is concentrated on the

set I's in (4.20).
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For r € (s,T] we denote by ©5" : C([0,T];RY) — C([s,r];R%) the map induced by
restriction to [s, 7], namely X%"(n) := (s -
For every R > 0, r € (s,T], let us consider

= ny (’7'—{77 11)(t) € B for every t € [s, r]})‘

By construction 9" is a regular generalized flow relative to b with compact support, hence
our regularity assumption on b allows us to apply [2, Theorem 3.4] to deduce that

nftr = /5}/(.71«) d[(es)#nR’r](az), (4.22)

where Y (-,z) is an integral curve of b in [s, 7] for (es)gn-a.e. = € Re. Let us denote by
pr,- the density of (e5)xn™" with respect to % which is bounded by Ly thanks to (4.18).
For every § > 0 we have that

Y(t, ')#(gd L{pR,r > 5}) = (€t)#/ (Sy(.@) dgd(x)
{pR,r>6}

IN

(e0)s /{ By oy dl(e2) 5" () (4.23)

pR,T>6}

IA
| =

1 L
(6t)#77R’r < 3 <6t)#77|—Rd < %fda

hence Y (-, z) is a Regular Flow of b in [s,7] X {pr, > ¢} according to Definition 4.1. By
Theorem 4.3(ii) we deduce that Y (-,z) = X (-, s,z) for a.e. € {pr,s > 0} and therefore,
letting & — 0,

Y(,2)=X(-s,2) in [s,7] for (es)gn™-a.e. x € R (4.24)
Letting R — oo we have that " — ¢” increasingly, where
o' =% <nl_{77 :n(t) # oo for every t € [s, r}}),

and by (4.22) and (4.24) we get that
o — / Sx (s dl(es)go](x)  Vre (sT). (4.25)

Now, arguing by contradiction, let us assume that there exists a Borel set E C R? such that
(es)#m(E) > 0 and n is not concentrated on the set (4.21) for every « € E, namely

n;({n e C([0,T);RY) : p # X (-,s,x) as a curve in [s,T:X(a:))}) > 0.

Since this is equivalent to

U e COTRRY s # Xsa) i sl o) <R ) >0
reQN(s T y ()
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we deduce that for every x € E there exists r, € QN (s, T, 5 (z)) such that

77?:({77 e C([0,T);RY) : p # X (-,5,x) as a curve in [s,7,], 7([s, 72]) C Rd}) 50
In other words, for every x € E there exists a rational number 7, such that
=y (nfc L{n : n(t) # oo for every t € s, rx]}) is nonzero and not a multiple of 6x (. ; »)-

Therefore, there exist a Borel set E' C E of positive (e;)gn-measure and r € (s,7] N Q
such that for every xz € F’

E;’T (ni L{n : n(t) # oo for every t € [s, r]}) is nonzero and not a multiple of dx (., )-

Notice now that, by (4.25) and (es)40" < (es)4n, it follows that
[ oxt sy dited @) = o = [ (nL00:0(0) # oc for every 1 € [,y difes) ),

hence dx (. 52) > E;f (ni L{n : n(t) # oo for every t € [s, r]}) for (es)gm-a.e. z, and
therefore a contradiction with the existence of E’. This proves that n? is concentrated on
the set defined in (4.21), as desired.

Finally, in order to prove that 7 is transported by X we apply the definition of disinte-
gration and the fact that for (es)un-a.e. = € R the measure 7% is concentrated on the set
Ty in (4.20) to obtain that n(I') = [ 13(T) d[(es)4n](x) = 1, where T is the set in (4.19).

O

4.4 Regular generalized flows and renormalized solutions

We now recall the well-known concept of renormalized solution to a continuity equation.
This was already introduced in Section 2 in the context of the Vlasov-Poisson system, but
we prefer to reintroduce it here in its general formulation for the convenience of the reader.
To fix the ideas we consider the interval (0,7") and 0 as initial time, but the definition can
be immediately adapted to general intervals, forward and backward in time.

Definition 4.8 (Renormalized solutions). Let b € L ((0,T) x R*: R%) be a Borel and

loc
divergence-free vector field. A Borel function p: (0,T) x R? — R is a renormalized solution

of the continuity equation relative to b if
oB(p)+V-(bB(p) =0 in(0,T)xRY VaeC'NnL®R) (4.26)

in the sense of distributions. Analogously, we say that p is a renormalized solutions starting
from a Borel function py : R — R if

T
/ o0(x) Blpo(x)) da + / / On01(x) + Von(x) - bo(a)] Blpr(a)) dedi =0 (4.27)
Rd 0 R4
for all ¢ € C([0,T) x RY) and all B € C* N L=(R).
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Remark 4.9 (Equivalent formulations). As shown for instance in [4, Section 8.1]), an
equivalent formulation of (4.27) is the following: for every ¢ € C°(R?) the function ¢
Jga @) B(pe(x)) dz coincides a.e. with an absolutely continuous function t — A(t) such
that A(0) = [za () B(po(x)) dz and

%A(t) = y Vo(x) - by(x) B(pe(x)) de for a.e. t € (0,7). (4.28)
Moreover, by an easy approximation argument, the same holds for every Lipschitz compactly
supported test function ¢ : R* — R. In this way, possibly splitting ¢ into its positive and
negative part, only nonnegative test functions need to be considered. Analogously, by
writing every 8 € C'(R?) as the sum of a C'' monotone nondecreasing function and of a C*
monotone nonincreasing function, we can use the linearity of the equation with respect to
B(pt) to reduce to the case of 3 € C1 N L°°(R) monotone nondecreasing.

In the next theorem we show first that, flowing an initial datum py € L'(R%) through the
maximal flow, we obtain a renormalized solution of the continuity equation. In turn, this is
a key tool to prove the second part of the lemma, namely that any measure 1 transported
by the maximal regular flow induces, through its marginals, a renormalized solution. The
proof of these facts heavily relies on the incompressibility of the flow and therefore on the
assumption that the vector field is divergence-free. A generalization of this lemma to the
case of vector fields with bounded divergence is possible, but rather technical and long. We
notice that the assumptions (A1) and (A2), as well as the one on the divergence of the
vector field b, are used only for the existence and uniqueness of a maximal regular flow
which preserves the Lebesgue measure on its domain of definition (see Theorem 4.3).

To fix the ideas, in part (i) of the theorem below we consider only 0 as initial time. An
analogous statement can be given for any other initial time s € [0, 7], considering intervals
[0, s] or [s,T], with no additional assumption on b.

Theorem 4.10 (Equivalence of renormalized and Lagrangian solutions). Let b : (0,7") x
R? — R? be a divergence-free vector field satisfying (A1)-(A2) of Section 4.1. Let X (t, s, )
be the mazimal regular flow of b according to Definition 4.2.

(i) If po € L*(RY), we define p, € L'(RY) by
pt = X(tuoa )#(pOI—{TS’_X > t})’ te [07T)

Then p; is a renormalized solution of the continuity equation starting from pg. In
addition the map t — p; is strongly continuous on [0,T) with respect to the LllOC
convergence, and it is also strongly L' continuous from the right.

(i) If n € //ZJF(C([O,T];]R”Z)) is transported by X, and (e;)ynLR? < L4 for every
t € [0,T], then the density p; of (et)#nl_Rd with respect to L% is strongly continuous
on [0,T) with respect to the Ll . convergence and it is a renormalized solution of the
continuity equation.
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Proof. We split the proof in four steps.

Step 1: proof of (i), renormalization property of p;. In the proof of (i) we set for
simplicity X (¢,z) = X (¢,0,z) and T(;r x = I'x. We first notice that, by the incompressibility
of the flow (4.6) and by the definition of p;, for every t € [0,T) and ¢ € C.(R?) one has

/ P(X(1,2)) pr(X (1, 7)) dr = / o prde = / o(X (t,2)) po dr,
{TX >t} X(t,~)({TX >t}) {TX >t}

hence, for any ¢ € [0,7),
pe(X (t,x)) = po(z) for L%a.e. x e {Tx >t} (4.29)

Let 8 € C' N L*®(R). Using again (4.6) and by (4.29) we have that

/ o Blpr) du = / o Blpt) dz = / S(X(t)) Blpo)dz  (430)
Rd X (t,)( {

{Tx>t}) Ty >t}

for any ¢ € C.(R%). In addition, the blow-up property (4.2) ensures that ¢ — (X (¢,2))
can be continuously extended to be identically 0 on the time interval [T'x (z),T) (in case of
blow-up before time 7T'); furthermore, for the same reason, if ¢ € C}(R%) then the extended
map is absolutely continuous in [0, 7] and

£¢(X(t,x)) = X[0,Tx ()) () V(X (L, 7)) - bi(X (¢, x)) for ZL'-ae. t € (0,T). (4.31)

Therefore, using (4.30) and integrating (4.31), for all » € C}(R%) we find that
d
G [esondr= [ VaX() biX () sen)ds = [ Vio-bi(er)da
dt Jga {Tx >t} Rd

for #1-a.e. t € (0,T), which proves the renormalization property.

Step 2: proof of (i), strong continuity of p,. We notice that, as a consequence of
the possibility of continuously extending the map ¢ — (X (-, z)) after the time T'x (z) for
@ € C.(R?), the map [0,T) >t ~ p; is weakly continuous in the duality with C.(R%). Let
us prove now the strong continuity of ¢ — p;.

We start with the proof for ¢t = 0. Fix € > 0, let 1 € C.(R?) with [j¢) — poll i may < €

and notice that the positivity .Z%a.e. in R? of Tx gives

/ pr(e) — ()| dx < / () — b(@)] de + / ()] dx
R4 X(t, ) ({Tx>t}) X (t,)({0<Tx <t})

and that the second summand in the right hand side is infinitesimal as ¢t | 0. Changing
variables and using (4.29) together with the incompressibility of the flow, it follows that

i) — )| da = / po(x) — (X (t,2))] do,

{Tx >t}

/X(tw)({TX>t})
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therefore

fimsup [ (o~ dldo <tmsup [ Jpo(o) - w(X(t2)|do < [ oo~ ] da,
10 Jrd 10 J{Tx >t} R

This proves that limsup, [|p: — pollp1(rey < 2€ and, by the arbitrariness of €, the desired
strong continuity at t = 0 follows.

We now notice that the same argument together with the semigroup property of The-
orem 4.3(iii) shows that the map ¢ + p; is strongly continuous from the right in L'. In
addition, reversing the time variable and using again the semigroup property, we deduce
that the identity pi(x) = ps(X (¢, 5,2)) Liry >3 (X (0,5, 2)) holds, therefore

1;%1 R ‘pt(l') - ps(x) 1{TX>t}(X(Oa S,iﬂ))‘ dz =0 Vie (O7T)

Hence, in order to prove that the map t — p; is strongly continuous in Llloc, we are left to
show that for every R > 0 and ¢ € (0,7) one has

i [ 1p(2) = pu() Lz oy (X (0, 8,2)) e = 0 (4.32)
R

For this, we observe that by (4.29) and the incompressibility of the flow, we have that
/B lps(z) — ps(®) Liry 511 (X (0, 5,2))| dx —/B ps|(2) Liry <y (X (0, 8,2)) da
R R

= [ 0l g oy 00 1 (X (50,3
(4.33)

Since trajectories go to infinity when the time approaches T'x (see (4.2)), it follows that
1{TX§t}(y) 1, (X(s,0,y)) = 0 for Llae. yasstt,

so (4.32) follows by dominated convergence. This concludes the proof of (i).

Step 3: proof of (ii), renormalization property of p;. We begin by showing that p;
is a renormalized solution of the continuity equation.

By Remark 4.9 it is enough to prove that, given a bounded monotone nondecreasing
function 8 € C*(R) and ¢ € C°(R?) nonnegative, the function ¢ — [p4 ¢ B(p¢) da is
absolutely continuous in [0,7] and

4 ©B(p) do = / Vb B(pe)dx for Zt-a.e. t € (0,7T). (4.34)
dt Rd Rd

To show that the map is absolutely continuous, let us consider s, t € [0,7] and let p. be
the evolution of p; through the flow X (-, ¢, z), namely

pli= X (r,t, )4 (pt I_{T;’FX >r>T;x}) for every r € [0,T]. (4.35)
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Since 7 is transported by X (by assumption), we claim that
pL < pr for every r € [0,T. (4.36)

Indeed, with the notation of the statement of Theorem 4.7, since dx ;) = (er)gm’, for
prrae. v € {T,'yy >r >T 4}, for every r € [0,7T] one has

o2t = /
{tTX<S}

= (el [ nbpla)da = (er)m = . 2"

Oxutny @) da < [ (en)yat pla) da

Combining (4.36), the equality pi = p;, the monotonicity of 3, and statement (i), we deduce
that

L1 =8l edn < [ (360 -8 edn= [ [ 8 Ve-brdedr  (431)

and similarly

1800 = 8ol wda = [ (360) BN ede= [ [ 80 Ve b, dear

In particular
t
| [ (60 = Blp) wda] < 13l [ | [ 196110 drda,
R4 Rd Js

which shows that the function ¢ — [p4 ¢ 3(p;) d is absolutely continuous in [0, T7.
Hence, in order to prove (4.34) it suffices to notice that (4.37) and the strong continuity
of r — pl at r =t (ensured by statement (i)) give

/ (o) — Blps)] i < (£ — 5) / B(pr) Vi - by da + olt — ),
R4 R4

hence (4.34) holds at any differentiability point of ¢ — [p4 ¢ B(p¢) d, thus for a.e. ¢.

Step 4: proof of (ii), strong continuity of p;. We now show that p; is strongly
continuous on [0,7) with respect to the LllOC convergence; more precisely we show that, for
every t € [0,T) and for every r > 0,

lim lps — pt| dz =0 (4.38)
sTt B,

(reversing the time variable, the same argument gives the right-continuity). To this end,
let us define p' as in (4.35) for every t € [0, T]; we claim that

Pt = ps I_{T;FX >t} for every s € [0, ]. (4.39)

39



Indeed, let us fix s,t € [0,7] and s < t. Denoting with n’, the disintegration of n with
respect to the map ey, recalling that 0! is concentrated on curves n € C([0,T];R?) with
n(t) = z, by Theorem 4.7 we have that, for #%-a.e. = € R?,

Lir <) (@) Ot = (e (L {n € COTERY s (t) = 2 and Tx (@) < 5})

= (es)# (mbL {n € C(I0, TR s n(t) # 00 and Ty (n(t)) < s}),

hence we can rewrite g% in terms of n as

P2t = / O (s,t,2) Pe(T) da
{ 7X<8}

= [ fedu (ML {n € CUOTIRY s ) # o0 and T;x (n(1) < 5}) (o) do

— ()4 (L {n € C(0, TR s n(t) # 00 and Ty x (n(t)) < s}).
(4.40)

By the semigroup property (Theorem 4.3(iii)) there exists a set Es; C R? of #%-measure 0
such that

T;EX(X(s,t,;r)):ﬂij(x) Ve {T bx >8>Tt’_X}\E57t,

T x(X(t,s,2) =T, x(x) Vae{l/x>t>T, x}\ Eq,

X (8 X(s,t,2)) = X(-t,2) in (T, x(x), T}k (2)) Vao e {Tx > s> T, x}\ Esy,
X (1, X(t,8,2)) = X(-5,2) in (T, x(2), Ty x(2)) Vo e {Tfx >t>T, x}\ Esy.
Since (es)4nLR? is absolutely continuous with respect to ¢ (hence the set of curves n
such that 7(s) € Es; is p-negligible) and 7 is transported by the maximal regular flow, we

have the following equalities, which hold up to a set of n-measure 0:
{n € C[0,T);R) : n(s) # oo and T, x ((s)) > t}
= {ne C(0, T RY) : (s) £ 00, 1(s) & By, T (n(s) > ¢
and 1) = X (- 5,7(s)) in (T (n(3)), T (1(5))}
= {n € C(0, T;RY) : n(t) # o0, n(t) ¢ Es, Ty x(n(t) < s
and n(-) = X (-, £,n(t)) in (T (n(t)), Tyt (n(8)}
= {ne C(0. TR - n(t) # o0 and Ty (n(t)) < s}.

(4.41)

This implies that

pL{Tyx > 1} = () (nL{n € C0, TR 1 (s) # 00 and Tix (n(s)) > t})

= (es)#(nl—{n € C([0, T;R?) : (t) # 0o and T, 5 (n(t)) < 8}),
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that combined with (4.40) gives (4.39).
Now, in order to prove (4.38), we apply the triangular inequality to infer that

/rps—pt|dxs/3\ps—ﬁz\dx+/3\ﬁz—ptrdw-

The second term in the right-hand side converges to 0 when s 1 ¢ by the strong LllOC
continuity of p, with respect to s proved in statement (i). To see that also the first term
converges to 0, we use (4.39), the identity p;£¢ = (e;)4nLR% and the fact that n is
transported by the maximal flow, to obtain

/T ps — :52;| dr = /Br Ps 1{T:,—X§t} dx = /]‘BTO{T;’XSt}(n(S)) dn(n)
—n({n:n(s) € BN {Tx <t} and () = X(,5,n(s) in [s, Tk (0(5))} ).

Notice that, if 7 is a curve which belongs to the set in the last line, then it belongs to B,
at time s and blows up in [s, ], thus

/ |ps p5|d:v<n({77 n(s') € B, and n(s") = ooforsomes',s”e[s,t]}).
B,

Since set in the right-hand side monotonically decreases to the empty set as s 1 ¢, its
n-measure converges to 0, which proves (4.38) and concludes the proof. O

We now discuss a general no blow-up criterion for a generalized flow 1. Given 1, we
make an assuption on the integrability of b along 1, without requiring a growth condition
on the vector field as in the more classical statements of DiPerna and Lions, and we deduce
that n-a.e. trajectory of the maximal regular flow does not blow up in finite time. We
also underline that, with respect to more classical statements preventing blow-up, we make
a logarithmic improvement in the denominator in (4.42) below. This is based on the fact
that the ordinary differential equation 7 = (1 4 r)log(2 + ) in [0, 00) does not allow for
blow up in finite time. This result (in particular also the logarithmic improvement) plays
an important role in the proof of Theorem 2.3.

Proposition 4.11 (No blow-up criterion). Let b € Li ([0,T] x R4 RY) be a Borel vector
field, let n € A (C([0,T;R?)) be a generalized flow of b, and for t € [0,T) let py :=
(er)4mLR% Let noo denote the constant curve n = oo, and assume that N({ns}) = 0 and

|by| ()
/ /]Rd (1 + o) log (2 + Ja]) 2He(@) dt < oo (4.42)

Then 1 is concentrated on curves that do not blow up, namely
n({n € ([0, T); RY)) : n(t) = 0o for some t € [0,7]}) = 0.

In particular, if we assume that p; < L% for every t € [0,T] and that 1 is concentrated on
the mazimal regular flow X associated to b, then X is globally defined on [0,T] for po-a.e.
x, namely the trajectories X (-, x) belong to AC([0,T];R?) for up-a.e. x € RY.
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Proof. Since n({ns}) = 0 we know that m-a.e. curve is finite at some time. In particular,
if we fix a countable dense set of times {¢,}neny C [0,T], we see that (by continuity of the
curves) m is concentrated on U,enI'y, with

Ly = {n € C([0,T;;RY) : n(tn) € R,

so it is enough to show that nL T, is concentrated on curves that do not blow up.
By applying Theorem 4.7 with s = ¢,, it follows that nLI'), is concentrated on curves
7 that are finite on the time interval (T; (n(t )),T;: (n(tn))) C [0,T]. Hence, since

(er)#(nLTy) < py, by Fubini theorem and assumption (4 42) we get

// r x (tn)

[loglog(2+|7] ‘dtdnl_F 1(n)

o x0 ()|
// x<n 1+\77()I)log(2+yn(t)\)dtd[“'—rn](”)

bl (1)
-/ / -t 1+\n<t>|>1og<2+rn<t>|>dtd["“"]“”

’bt )
/ /Rd 1+ [2])log(2 + [z]) dpe(z) dt < oo.

This implies that, for p-a.e. curve n € Iy,

sup | loglog(2 + [n(s)]) — loglog(2 + [n(7)])]

T, (1) Ss<T<T} 3 ((tn)

T tn)) | g
</ X ’d [loglog(2 + [n(t) ’dt < 00,

)

which in turn says that T y(n(tn)) = 0, Tt;X(n(tn)) = T, and the curve n cannot blow
up in [0, T, as desired.

To show the second part of the statement, le us consider the disintegration of i with
respect to eg. By the properties of i) we have that, for ug-a.e. x, the probability measure
7, is concentrated on the set

{17 :n(0) =z, n#ooin [0,T],n = X(-,z) in [O,TX(:B))}.

Since m, is a probability measure it follows that this set is nonempty, that T'x(x) = T,
and this set has to coincide with { X (-, %)}, thus n, = dx(. 4, as desired. In particular, we
deduce that for every ¢ > 0

e = (e) pmLRY = (e) pm = (er) /Rd Ox (z) dpo(x) = X (t, ) 410
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5 The superposition principle under local integrability bounds

In order to represent the solution to the continuity equation by means of a generalized
flow we would like to apply the so-called superposition principle (see [3, Theorem 12] or
[2, Theorem 2.1]). However, the lack of global bounds makes this approach very difficult
to implement. An analogue of the classical superposition principle is the content of the
following theorem.

Theorem 5.1 (Extended superposition principle). Let b € L _([0,7] x R4 R?) be a Borel
vector field, and let py € L°((0,T); LL(R%)) be a distributional solution of the continuity
equation, weakly continuous on [0,T] in duality with C.(R?). Assume that:
(i) either |by|py € Li ([0, T] x RY);
(ii) or divb; = 0 and p; is a renormalized solution.
Then there exists n € 4 (C([0, T];]f%d)), concentrated on the set I' defined in (4.17), which
satisfies )

ml(C0.T)RY) < sup ol

t€[0,T]

and
(er)gn_RY = p, ¢ for every t € [0,T].

In addition, if p; belongs also to L>°((0,T); LL(R%)) (or py is a renormalized solution) and
b is divergence-free and satisfies (A1)-(A2) of Section 4.1, then n is transported by the
Mazimal Regular Flow X of b. In particular, p; is a Lagrangian solution.

Remark 5.2. Noticing that the assumption |n|(C([0, T]; R%)) < SUPye(0,7] pe(RY) implies
that the curve n = oo has n-measure 0, if we assume that

|be|()
/ /Rd 1+ ) log(2 + z]) pie(z) dxdt < oo (5.1)

then it follows by Proposition 4.11 that p; is Lagrangian, namely Ty (z) =T, X (-,0,z) €
AC([0,T];R?) for a.e. z € {pg > 0}, and p;L4 = X (¢, ) ppo-L2.

Let us first briefly explain the idea behind the proof of the theorem above. To overcome
the lack of global bounds on b we introduce a kind of “damped” stereographic projection,
with a damping depending on the growth of |b| at oo, and we look at the flow of b on the
d-dimensional sphere S¢ in such a way that the north pole N of the sphere corresponds
to the points at infinity of R?. Then we apply the superposition principle in these new
variables and eventually, going back to the original variables, we obtain a representation
of the solution as a generalized flow. Let us observe that it is crucial for us that the map
sending R¢ onto S? is chosen a function of b: indeed, as we shall see, by shrinking enough
distances at infinity we can ensure that the vector field read on the sphere becomes globally
integrable.

We denote by N be the north pole of the d-dimensional sphere S, thought of as a subset
of R4, For our constructions we will use a smooth diffeomorphism which maps R onto
S%\ {N} and whose derivative has a prescribed decay at oco.
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Lemma 5.3. Let D : [0,00) — (0,1] be a monotone nonincreasing function. Then there
exist o > 0 and a smooth diffeomorphism 1 : R* — ST\ {N} c R such that

Y(x) = N as |x| — oo, (5.2)
|Vep(z)| < D(0)  VzeRY (5.3)
IV (z)| < D(|z]) Yz € R\ By, (5.4)

Proof. We split the construction in two parts: first we perform a 1-dimensional construc-
tion, and then we use this construction to build the desired diffeomorphism.

Step 1: 1-dimensional construction. Let Dy : [0,00) — (0, 1] be a monotone nonin-
creasing function. We claim that there exists a smooth diffeomorphism vy : [0,00) — [0,7)
such that

Jm vor) =, lim o(r) =0,
Yo(r) = co Do(0) 7 Vr e [0,7m/Dy(0)), for some ¢y € (0,1),
[6(r)| < Do(0)  Vr €[0,00),
[¥o(r)| < Do(r)  Vr € [2m/Dy(0), 00).
Indeed, define the nonincreasing L! function D; : [0,00) — (0, 00) as
D) o { PO if € 0,1+ 7/Dy(0)]
H min{Dy(r), 2} if r € (1+7/Dy(0), 00).

We then consider an asymmetric convolution kernel, namely a nonnegative function o €
C((0,1)) with [ o =1, and consider the convolution of D (r) with o(—r):

1
1 (r) 22/0 o(r\Di(r +7)dr'  Vr€]0,00).

Notice that 1 is smooth on (0,00), positive, nonincreasing, and ¥ < Dj in [0,00). In
particular ¢; € L((0,00)). Moreover we have that 11 = Dg(0) in [0,7/Dg(0)], hence
11l 21 ((0,00)) = 7 and cg = 77”1/)1HZ}((07OO)) € (0,1). Finally, we define 1y as

o(r) == co /07‘ P1(s) ds Vr e [0,00).

Since |¢4(r)] = co|t1(r)| < D1(r), taking into account that w/Dy(0) > 1 it is easy to check
that all the desired properties are satisfied.

Step 2: “radial” diffeomorphism in any dimension. Let Dy : [0,00) — (0, 1] to be
chosen later and consider 1y and co as in Step 1. We define 1 : RY — S\ {N} c R*+!
which maps every half-line starting at the origin to an arc of sphere between the south pole
and the north pole:

¥(w) = sin(woll)) (57,0) = cos(woll)) (0,....0.1).
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Thanks to (5.6) and to the fact that the functions x + |z|?, t ~ sin(v/t)/Vt, and t
cos(v/1) are all of class C°°, we obtain that 1 € C°(R% R¥1). We also notice that its
inverse ¢ : ST\ {N} — R? can be explicitly computed:

-1 B (21,...,2q)
d(x1,. .., xg41) = ¢ (arccos(—xq41)) o za)l
-1 . ((El,...,xd)
= arcsin(|(x1,...,x -
1/}0 ( (’( 1 d)’))‘(xh”.7xd)‘
Writing » = |z| and denoting by I; the identity matrix on the first d components, we
compute the gradient of 1):
cos(¢o(r)) Yo(r) r — sin(¢o(r)) sin(o(r))

Vip(z) = (2,0) ® (z,0) +

_ sin(¥o(r)) ¥o(r)

r

I,
3

(2,0)® (0,...,0,1).

It is immediate to check that |Vi(z)| # 0 for all z € R?, so it follows by the Inverse
Function Theorem that ¢ is smooth as well. Also, we can estimate

sin(o(r)) .

[V (@)| < 2 Jg(r)] + 2 (5.9)

Using now (5.7) and (5.8), the first term in the right hand side above can be bounded by
2Dy(0) for every x € R, and by 2Dy(r) for every = € R? such that r = |z| > 27/D(0). As
regards the second term, for r € [0,7/Dy(0)] we have that

sin(yo(r)) _ sin(co Do(0) )

< Co DQ(O), (5.10)

while for 7 € [/ Dy(0), 00) we estimate the numerator with 1 to get

sin(to(r)) < Dy(0) .

5.11
s (5.11)
Therefore, since ¢y < 1, by (5.9), (5.10), and (5.11) we get

|Vip(z)| < 4Dp(0)  VaeRL (5.12)

Now, for r € [2m/Dy(0), c0), thanks to (5.5) and (5.8) we can estimate

) 2 [T costunlon v ds < [T luplds < - [T ols)yas, (513)

r T

thus by (5.8), (5.9), and (5.13), we obtain

9 [
|[Vip(z)| < 2Dy(r) + T/ Dy(s)ds Vi eR? \ BQﬂ'/DO(O)' (5.14)
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So, provided we choose Do(r) := min{4~1,r=2} D(r) we obtain that (5.12) implies (5.3).
Also, by choosing rg := 27/Dy(0) > 2, from (5.14) and because D is monotone nonincreasing
we deduce that

V()] <

T2

proving (5.4) and concluding the proof. O

Proof of Theorem 5.1. We first assume that |bs|p; € L ([0, 7] xR?) and we prove the result
in this case. This is done in two steps:
- In Step 1, based on Lemma 5.3, we construct a diffeomorphism between R? and S%\ {N}
with the property that the vector field b, read on the sphere, becomes globally integrable.
- In Step 2 we associate to p; a solution of the continuity equation on the sphere; this is
done by adding a time-dependent mass in the north pole. Then the classical superposition
principle applies on the sphere, and this implies the desired superposition result for p;.
Once the theorem has been proved for |b|p: € Li ([0, T] x R?), we show in Step 3 how
to handle the case when p; is a renormalized solution.
Finally, in Step 4 we exploit the results of Section 4 to show that p; is Lagrangian.

Step 1: construction of a diffeomorphism between R? and S?. We build a diffeo-
morphism ¢ € C®(R?;S§%\ {N}) such that

zh_g)lo P(x) = N, (5.15)
T
/ / V()| b ()] pe () da dt < oc. (5.16)
0 R4

To this end, we apply Lemma 5.3 with D(r) = 1 in [0,1) and D(r) = (2"C,)~! for r €
[2771, 2™, where

T
Cp:=1 —i—/ / bt ()] pe(x) do dt for every n € N.
0 B2n

In this way we obtain a smooth diffeomorphism ¢ : RY — S§?\ {N} such that (5.15) holds,
|Vip(x)| <1 on R?, and

|V’¢J(.’L‘)| < Vax € Baon \Banl, n > no, (517)

1
2nCy,

for some ng > 0. Thanks to these facts we deduce that

T
[ [ we@lio@ ) e

// [b:(2)] pr() d dt + Z //B V()| [by()] po(w) dwdt 5 g

= n0+1 21\321 1

= n0+1

46



which proves (5.16).
Step 2: superposition principle on the sphere. We build n € .Z, (C([O,T];I@d))
such that |n|(C([0, T]; RY)) < supsefo,77 |1pell L1 (ray, M is concentrated on curves n which are
locally absolutely continuous integral curves of b in {n # oo}, and whose marginal at time
t in R? is p,. 27

Without loss of generality, possibly dividing every p: by supycio 1) [|otll11(ra), We can
assume that supycpo 7y l|otllp1ray = 1. Let ¢ : S\ {N}) — R? be the inverse of the
diffeomorphism 1 constructed in Step 1, set my := ||p¢|| 1 ray < 1, and define

(5.19)

eiy) = | VPO b9 ) if y € S4\ {N}
t\Y) - 0 g N

and

fr =Py (pe L) + (1 —my) oy € 2(SY),  t €0, 7).

Notice that, since ¢ is the inverse of ¢, we have ¢4 (uL(S?\ {N})) = p;. Hence, since
ci(N) =0 we get

T T
/ / e dundt = / / V01 (6()) 1Bl (D)) dpae ()
0 Jsd 0 JSN{N}
T
- / / V0l (2) bl (2) pe() dee dt < o,
0 R4

where in the last inequality we used (5.16).

We now show that the probability measure y; is a solution to the continuity equation
on S¢ € R with vector field ¢;. To this end we first notice that, by the weak continuity
in duality with C.(R%) of p; and by the fact that all the measures j; have unit mass,
we deduce that u; is weakly continuous in time. Indeed, any limit point of us as s — ¢ is
uniquely determined on S?\ { N}, and then the mass normalization gives that it is completely
determined. We want to prove that the function ¢ — de @ duy is absolutely continuous and
satisfies

d

— | pdu = / ¢t - Voduy a.e. on (0,7) (5.20)
dt Jsa sd

for every ¢ € C°(R%1). We remark that, since p; is a solution to the continuity equation
in R? with vector field b;, changing variables with the diffeomorphism 1t we obtain that
(5.20) holds for every ¢ € C®(R1\ {N}), hence we are left to check that (5.20) holds
also when ¢ is not necessarily 0 in a neighborhood of the north pole.

Fix ¢ € C®(R1). Since u(N) = 1 —my = 1 — pg(ST\ {N}), for every t € [0,T] we
have that

/ o dpiy = / o dpis + o(N) (V) = (N + / (o— o) du.  (5.21)
§¢ SI\{N} Sd

Now, given & > 0 let us consider a function x. € C°°(R9*!) which is 0 in B.(N), 1 outside
Bs.(N), and whose gradient is bounded by 2/e. Since p; is a solution to the continuity
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equation in R? and since y. (¢ — ¢(N)) is a smooth, compactly supported function in
C®(R41\ {N}) we deduce that

d
L X (o= o)) dpr = / et - VIxe (9 — ()] dps
dt Jsi S4\(V}
= / (¢ —@(N)) e Vxe thJr/ Xe €t - Vo duyg.
SN{N} S\ {N}
(5.22)

To estimate the first term in the right-hand side of (5.22) we use that ¢ —¢(N)| < €[|V¥l/
in B-(N) and that |Vx.| < 2/e to get that

< 2HV¢HOO/ e dya,

’/ ct - Vxe (o — o(N)) du
SI\{N} Bae(N)\B:(N)

and notice the latter goes to 0 in L'(0,T) as ¢ — 0 since |c| is integrable with respect to
e dt in space-time thanks to (5.20). Since the second term in the right-hand side of (5.22)
converges in L'(0,T) to de\{N} ¢t - Vi duyg, taking the limit as € — 0 in (5.22) we obtain
that ¢t — [ea(@ — @(N))dpy is absolutely continuous in [0,7] and that for a.e. t € (0,T)

one has p
7 | = e(N))dpe = / ci - Vo du.

Sd sd
Using the identity (5.21), this formula can be rewritten in the form (5.20), as desired.

Since p; is a weakly continuous solution of the continuity equation and the integrability
condition (5.20) holds, we can apply the superposition principle (see [3, Theorem 12] or
[2, Theorem 2.1]) to deduce the existence of a measure o € 2(C([0,T];S?)) which is
concentrated on integral curves of ¢ and such that (e;)yo = p for all t € [0,T].

We then consider ¢ : S — RY to be the inverse of ¢ extended to N as QB(N) = 00, and
define ® : C([0,T];S%) — C([0, T); R?) as ®(n) := ¢ o 5. Then the measure

n = dyo € 2(C([0,T];RY)

is concentrated on locally absolutely continuous integral curves of b in the sense stated in
(4.17), and

(e)pnR? = (y(er) 4o) LR = (¢ppus) LR? = p,. 27

Step 3: the case of renormalized solutions. We now show how to prove the result
when divb; = 0 and p; is a renormalized solution. Notice that in this case we have no
local integrability information on |b:|p:, so the argument above does not apply. However,
exploiting the fact that p; is renormalized we can easily reduce to that case.

More precisely, we begin by observing that, by a simple approximation argument, the
renormalization property (see Definition 4.8) is still true when f is a bounded Lipschitz
function. Thanks to this observation we consider, for £ > 0, the functions

0 if s <k,
Br(s) =1 s—k ifk<s<k+1,
1 if s > k+1.
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Since p; is renormalized, B (p;) is a bounded distributional solution of the continuity equa-
tion, hence by Steps 1-2 above there exists a measure i, € . (C([0,T]; RY)) with

| (C0, T RY) < sup [|Bk(po)ll 1 ey,
t€[0,T]

which is concentrated on the set defined in (4.17) and satisfies
(er) s LR = Br(py) £ for every t € [0,T].

Since » ;> Bk(s) = s, we immediately deduce that the measure n := ;- satisfies all
the desired properties.

Step 4: representation via the Maximal Regular Flow. Under the additional as-
sumption that b is divergence-free and satisfies (A1)-(A2) of Section 4.1, if p, € L>°((0,T") x
R?) (resp. that p; is renormalized) then 7 (resp. every ) is a regular generalized flow and
by Theorem 4.7 it is transported by the Maximal Regular Flow. OJ

A The assumptions of DiPerna-Lions for Hamiltonian ODEs

In this appendix we characterize Hamiltonian-type systems that fall under the assumptions
of the classical DiPerna Lions theory.

We recall that, in the seminal paper [16], DiPerna and Lions showed that for Sobolev
vector fields one can introduce a suitable notion of flow provided the trajectories of the
flow do not blow up in finite time. This is is expressed in terms of the vector field by the
following global hypothesis:

16| (, v)

m S Ll((O,T);Ll(]R2d)) +L1 ((O,T);LOO(R2d)). (Al)

In the case when b (z,v) takes the form (v, Fy(x)) for some time dependent vector-field

E;: (0,T) x R — RY, we see that the first term % is bounded. Hence, one needs
to understand under which assumptions on E; the term 1E;‘|(f:|)v‘ satisfies (A.1). The next

result gives a complete answer to this question.

Lemma A.1. Let T >0, E: (0,T) x RY — RY. Then the following three conditions are
equivalent:

) B € (0, 7); L) + 11 (0,7); L (RH)),

(ii) E; = E} + E? with |E}| € L'((0,T); L*R%) and ‘ﬂ'l( e L((0,T); L®(RY),

(iti) there exists C(t) € L'((0,T)) such that (|E|(z)—C(t)(1 + |$]))+ € L'((0,7); LYR9)).
Proof. We first prove the equivalence between (ii) and (iii). If (ii) holds, write By, = E} + E?
as in (ii) and define C(t) := HTMIHLOO(RCI)' Then

(1B —Cc)(1+12), = (1B |+ |Ef| - OO+ |zl)), < B[ € LY((0,T); LY(RY)).
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On the other hand, if (iii) holds we choose

E}(z) = i (1B (2) — CO)(1 + ),
B3 (x) i= s [C(O) (1 + J2]) = (1Bl (2) = CO(1+ [2]))_],
and it is easily seen that they satisfy (ii).

We now show that (ii) implies (i). Writing E; = E} + E? as in (ii), we notice that, for
any function D € L*((0,7T)) with D(¢) > 1

Ef(z) E}x)
L+ x|+ v 1+ |z + v

Y@w):D@ll<|E} @)
1+ ‘x| + vl L @w):Dl> B @) + 1+ ]a:\ + |v|’

and the last two terms belong to L* ((0, T); LOO(RM)). To show that the first term belongs to
L'((0,T); L'(R??)), we pass in polar coordinates in v and notice that the function 7%~ /(14
|z| 4 7) is increasing in r for any = € R%, to get

124 (=)

El T d—1
/ / / _|Bil(@) dvdazdtgcd/ / |Etl\(g:)/ POS T rdedt
Rt o)< BIO L 1T+ 2| + o] 0o Jrd 0 1+’33\+7"

D()
B |(2)?~

<cu ' / B DO avar
=4 ) Jea D(b) |Ef](z)
0 1+ |z| +

T
< ———— | |E}|(x)*dxdt.
<Cu [ gy [ 1Bl e

In particular, choosing D(t) := 1+ || E}|| La(rd); We can bound the last term above by

T
/0 VEM oy dt < oo,

which concludes the proof that (iii) implies (i).
|E¢| (=)
I+[z[+[v]

(i), and denote by C(t) € L*((0,T)) a bound for the L>(R??)-norm of the second addend.
With no loss of generality, we can assume that C(t) > 1. By assumption, with this choice

of C(t) we have
|E(x)
—C(t dv dx dt .
/ /R 1+m+\vy ())+ vl <09

We first rewrite this integral as

| B(x)
/ /de 1+ |x\ _|_ | C(t)) dvdzdt
/ / / (M - C(t)> dv dz dt.

T[] = C®)

as a sum as in

Finally, we assume that (i) holds and show (iii). Indeed, write

(A.2)
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Then, we note that

e {x: | E|() 24C(t)}ﬂ{’Et’(m) <] < ’Et’(l’)}

L el aC(t) — T 200
15:/(z) B(x)
> Ot L
and that, inside A,
4
1 —LE‘I;”("F)‘U‘ 2 | Et| (’f)?t_l_( \;d(m) = gC(t),
4C'(t) 20(1)
therefore - ; i
M _ C(t) > ’ t’(l‘) > ’ t’(ﬂT) e AL
1+ |z] + |v] A1+ |z ) = 8y

Thus, we can bound from below the second integral in (A.2) by

T
/ / / EN@) gt
0 {m:\Etuz)Zwm} {v:2d z><| |<\Et\<z)} 8|v|

10(1)
|E

— ¢4 / / T BN a2 4, gy
{a: LE@) 5 400 \fg(%) 8 (A.3)

_ | Bl (2)
Cd/ /{ e }C e T dzdi

zed/o C(t)d_l /Rd (IEi|(2) — 4C()(1 + |a)) " dzat.

Since, by Hoélder inequality,

d—1

T
[ MBI @) =100+ D), e

< (/OTC(;M/Rd(yEty(x)—4C(t)(1+\x|))jdxdt>l/d</0TC(t)dt> °

it follows by (A.2) and (A.3) that (|E|(z) — 4C(¢)(1 + |x\))+ € L'((0,T); LYR?)), which
proves (iii). O
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