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MEAN FIELD GAMES WITH CONGESTION

YVES ACHDOU AND ALESSIO PORRETTA

ABSTRACT. We consider a class of systems of time dependent partial differential equations
which arise in mean field type models with congestion. The systems couple a backward viscous
Hamilton-Jacobi equation and a forward Kolmogorov equation both posed in (0, T) x (RY /Z™).
Because of congestion and by contrast with simpler cases, the latter system can never be seen as
the optimality conditions of an optimal control problem driven by a partial differential equation.
The Hamiltonian vanishes as the density tends to +o0o and may not even be defined in the regions
where the density is zero. After giving a suitable definition of weak solutions, we prove the
existence and uniqueness results of the latter under rather general assumptions. No restriction
is made on the horizon T'.

1. INTRODUCTION

Recently, an important research activity on mean field games (MFGs for short) has been
initiated since the pioneering works [22, 23, 24] of Lasry and Lions: it aims at studying the
asymptotic behavior of stochastic differential games (Nash equilibria) as the number n of agents
tends to infinity. In these models, it is assumed that the agents are all identical and that an indi-
vidual agent can hardly influence the outcome of the game. Moreover, each individual strategy
is influenced by some averages of functions of the states of the other agents. In the limit when
n — +00, a given agent feels the presence of the others through the statistical distribution of the
states. Since perturbations of a single agent’s strategy does not influence the statistical states
distribution, the latter acts as a parameter in the control problem to be solved by each agent.
When the dynamics of the agents are independent stochastic processes, MFGs naturally lead to
a coupled system of two partial differential equations (PDEs for short), a forward Kolmogorov
or Fokker-Planck equation and a backward Hamilton-Jacobi-Bellman equation, see for example
(1.1) below.

The theory of MFGs allows one to model congestion effects, i.e. situations in which the cost of
displacement of the agents increases in those regions where the density is large. MFGs models
including congestion were introduced and studied in [26]. A typical such model leads to the
following system of PDEs:

—Oyu — vAu + %(%Dfllja = F(t,z,m), (t,x) € (0,T) x Q
(1.1) 8tm—VAm—diV(m%) =0, (t,xz) € (0,T) x Q

m(0,z) = mo(z), w(T,z) = G(z,m(T)), x €,

with v >0, a > 0, 8 € (1,2], u € R with either © > 0 or g = 0. System (1.1) must generally be
complemented with suitable boundary conditions on (0,7") x 92, but we will avoid the additional
technical difficulties coming from the latter by focusing on the case when 2 is the flat torus, i.e.
Q =TV =RV /Z" and all the data are periodic.

Loosely speaking, (1.1) describes the optimization over a stochastic dynamics defined on a
standard probability space (X, F, F¢, P)

dXt = Wt dt + v2VdBt
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where By is a N-dimensional Brownian motion, with a cost criterion given by

T
(1.2) inf [E/O {cﬁ (e + 1) [y 1 +F(t,Xt,mt)}dt—l—E(G(XT,mT)) :

where v = ﬁ and cg is a suitable normalization constant. In the viewpoint of the generic

agent, m; = m(t, X;) is meant to represent the distribution law of the states, however in the
optimization process it is just, a priori, a given frozen density function. The mean field game
equilibrium is next given through a fixed point scheme, by requiring, a posteriori, that m; coin-
cides with the probability density in R of the law of the optimal process X.

In [26], P-L. Lions put the stress on general stuctural conditions yielding the uniqueness for
the following MFG systems with local coupling;:

(1.3) -0 —vAu+ H(t,x,m,Du) = F(t,x,m), (t,x) € (0,T) x Q
(1.4) oym — vAm — div(mHy(t,z, m, Du)) =0, (t,xz) € (0,T) x Q
(1.5) m(0,2) = mo(z), w(T,z) = G(z,m(T)), r e

namely that F' and G be increasing w.r.t. m and that the following matrix be positive semidef-
inite:

_20H 0 T
(16) < 8mam (tyxymap) amng(t,x,m,p)> Z 0

5m VpH (t, 2, m,p) 2Dp’pH(t, x,m,p)

for all z € Q, m > 0 and p € RY. Since (1.1) is equivalent to (1.3)-(1.5) with H(¢,z,m,p) =
1 Ipl?

B (mAp)*?

(1.6) becomes in this case

(1.7) o< M=1)

g
In the present work, we will show that this hypothesis yields both the existence and the unique-
ness of weak solutions.
Except for situations in which special tricks may be applied (stationary problems and quadratic
Hamiltonian, see [16]), the existence of classical solutions of suitable generalizations of (1.1)
seems difficult to obtain, because generally neither upper bounds on m nor strict positivity of
m are known unless one restricts the growth conditions for the nonlinearities and assumes the
time horizon T to be small, see [18], [19] (see also [15] for the stationary case). Therefore, in
order to get at a sufficiently general result, we aim at proving the existence and uniqueness of
suitably defined weak solutions.

For MFG models without congestion, the first results on the existence of weak solutions were
supplied in [24]. Besides, as already observed in [22, 23, 24], in the easiest cases, the system
of PDEs can be seen as the optimality conditions of a problem of optimal control driven by a
PDE: in such cases, a pair of primal-dual optimization problems can be introduced, leading to
a suitable weak formulation for which there exists a unique solution, see [10], where possibly
degenerate diffusions are dealt with. A striking fact is that in general, MFGs with congestion
cannot be cast into an optimal control problem driven by a PDE, by contrast with simpler cases.
For MFG systems (1.3)—(1.5) with H independent of m, a complete analysis is available in [30],
which contains in particular new results on weak solutions of Fokker-Planck equations, and an
answer to the delicate question of the uniqueness of weak solutions of MFG systems. Proving
uniqueness of weak solutions is difficult for the following reason: to compare two solutions
(u,m) and (ua,m) of (1.1), the main idea is to test the Bellman equations by m — m and the
Kolmogorov equations by u—u and sum the resulting identities. While this is of course permitted
for classical solutions, special care is needed for weak solutions, because the PDEs only hold in
the distributional sense. The present work will borrow several ideas and results from [30].
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Let us mention that other kinds of models, which may also include congestion, are obtained
by assuming that all the agents use the same distributed feedback strategy and by passing to the
limit as N — oo before optimizing the common feedback. Given a common feedback strategy,
the asymptotics are given by the McKean-Vlasov theory, [27]: the dynamics of a given agent is
found by solving a stochastic differential equation with coefficients depending on a mean field,
namely the statistical distribution of the states, which may also affect the objective function.
Since the feedback strategy is common to all agents, perturbations of the latter affect the mean
field. Then, letting each player optimize its objective function amounts to solving a control
problem driven by the McKean-Vlasov dynamics. The latter is named control of McKean-
Vlasov dynamics by R. Carmona and F. Delarue [14, 13] and mean field type control by A.
Bensoussan et al, [5, 6]. By contrast with MFGs, this genuine connection to optimal control
problems driven by a PDE makes it possible to use techniques from the calculus of variations
and define a suitable notion of weak solutions for which existence and uniqueness can be proved,
see [3].

Finally, let us mention that numerical methods and simulations for MFGs and mean field type
control with congestion are dealt with in [1, 2].

The present paper is devoted to prove the existence and uniqueness of weak solutions to a class of
MFG systems which generalize (1.1) including the congestion effects in the structure conditions
of the Hamiltonian function. Making reference to the model example (1.1), we will consider
both the case when p > 0 and the case when p = 0. Let us notice that the congestion effect
is essentially contained in the behavior of the Hamiltonian for large values of m, so both cases
could be considered as congestion models, since the difference between p > 0 and p = 0 will be
important in those regions of vanishing density. Hereafter, the case that p = 0 will be referred
to as the case of singular congestion, since in this case the Hamiltonian may not even be defined
at m = 0. In the latter case, the Lagrangian vanishes at m = 0, and this vanishing of the
cost criterion will lead to a slightly incomplete information on the equation solved by the value
function, and therefore to a relaxed formulation of the notion of weak solution.

The work is organized as follows: in Section 2 we set the problem and introduce the as-
sumptions that will be used throughout the paper. In Section 3 we define the notions of weak
solutions and state the main existence and uniqueness results: as explained above, we will give
a different definition of solution in the case p = 0, in which special care is required because the
Hamiltonian has a singularity at m = 0. In Section 4, we consider non singular Hamiltonians
(> 0) and give the first steps of the existence proof which consist of studying a sequence of
suitably regularized problems. Section 5 contain lemmas which will turn crucial for proving
uniqueness but also for identifying the limit of the aforementioned regularized problems. In
Section 6, in the case u > 0, we conclude the proof of existence and obtain uniqueness under
suitable additional assumptions. Section 7 is devoted to the singular case p = 0.

2. RUNNING ASSUMPTIONS

Let us consider the general MFG system (1.3)-(1.5). Different type of boundary conditions
could be considered but for simplicity we neglect this point by assuming that the equation takes
place in a standard flat torus Q = TV = RV /Z" and all functions are Z"-periodic in 2. We
define Qr = (0,7) x Q.

In (1.3)-(1.5), the function H(t,x, m,p) is assumed to be measurable with respect to (¢, ),

8H(t7x7m7p)

continuous with respect to m and C' with respect to p. The notation H,, stands for ap .

We also assume that H is a convex function of p.
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We modify the structure growth conditions introduced in [24] to take into account the con-
gestion factor. So, we will assume that H satisfies, for some positive 8 and «

(2.1) H(t,z,m,0) <0,
(2.2) H(txmp)>00¢fcl(l+mﬁ)
* ) ) ) — (m + 'Lb)a )
2.3) [yt )] < 2 (14 A2
. p\by Ly ) = (m‘i_ﬂ)a ’
(24) Hy(t,x,m,p) - p = (1+0) H(t,w,m,p) — c5 (1+m77),
for a.e. (t,x) € Q7 and every (m,p) € Ry x RN, where o, ¢y, ..., c3 are positive constants and

1€ R, > 0. For the sake of clarity, we will separately consider the two cases y > 0 and g = 0.

Notice that (2.1) can be alternatively rephrased as: H(t,z,m,0) is bounded from above;
indeed, if H(t,z,m,0) < K for some K > 0, we can reduce to (2.1) by changing u into u +
K(T —1t).

As for the ranges of 5, « in the previous assumptions, we will assume that

(2.5) 1<pB<2, 0<a§4<5ﬁ_1).

The first condition on £ is meant to exclude both the case of linear or sub linear growth and the
case of super quadratic growth. Actually, if 5 < 1, then the bound on H,, would imply that m
is bounded, and this would allow for a huge simplification in the system (at least if © > 0), in
particular the difficult issues coming from the congestion effect would be mostly circumvented
and this case would be rather similar to the results which already exist in the literature. The
super quadratic case is different in nature since one cannot rely any more on classical tools for
parabolic equations and a different approach should be employed, as in the first order case.
Since this would bring us too far for the present paper, we decided to assume that § < 2.

As for (2.5), this structural condition seems natural in order to have a completely well-posed
formulation in the congestion model. As already mentioned, this limitation is indeed required
in order to obtain uniqueness, as pointed out by P.L. Lions [26], when he discussed general
conditions for the uniqueness of mean field games systems. In addition, this condition also
seems to be useful at other stages of our existence proof. The upper bound required on « can
be interpreted as a tolerable growth condition on the cost function which penalizes the motion
in the zones where the distribution density is high (since we have v = % in the Lagrangian
model (1.2)).

Finally, the case a = 0 is excluded in the above conditions since this is already treated in [30].

Remark 2.1. Straightforward calculus leads to 4/ < B: from this and (2.5), we see that
a < B, and that o = B can occur only if f = a = 2.

Notice that combining (2.1) and the convexity of H in the p variable yields that
(2.6) Hy(t,z,m,p) -p— H(t,z,m,p) = —H(t,z,m,0) = 0.

Moreover, since 1 < § < 2, and from (2.2)-(2.4), we can deduce that there exist nonnegative
constants Cy, C1, Cy such that

(2.7) mBT Y (|Hy? = Co) < Cym {H,, - p— H + Cs}.
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Using generic non negative constants Cy, C that can change from line to line, (2.7) is obtained
as follows:

o 9 o |p’2(ﬂ_1)
mPA-T|Hp|* < Cy [ mPT + —————
(m+p)™" 71

" 521
~+ Co(m + p)?

(m + p)
< H+Cy(m?P1 +1)
<o N (Hy p—H)+Cy + ComPT

where we have used (2.3) in the first line, 1 < < 2 and Young’s inequality in the second line,

(2.2) in the third line and (2.4) in the fourth line.

We also stress that, if H satisfies (2.1)-(2.4), then H + b - p satisfies the same conditions

for any bounded vector field b. Hence the addition of bounded drift terms in the dynamics is
permitted by the above setting of assumptions.

< CimP=T + ¢

Remark 2.2. Let us compare the above assumptions with previous settings used for conges-
tion models in mean field games. In [18], congestion models are presented starting from the
Lagrangian function
L(twrvma Q) :m'yLo(t,l‘,q—b(t,a}))+F(t,x,m), with LQ(t,JE,(]) za(t,a:)(l—i— |Q‘2)%7
where 8 = B/(B—1), a is a smooth positive function and b is a smooth velocity field. This leads
to the system
—0u — vAu+m H(t,z, 2%) = F(t,z,m), (t,z) € (0,T) x Q

Y m7Y

Oym — vAm — div(mHy(t,z, 24)) = 0, (t,x) € (0,T) x Q
m(0,z) = mo(z), uw(T,z) = G(x,m(T)), x e

where

H(t7$7p) :Ho(t,l‘,p)+b(t,l')p, and H()(t,l’,p) :sup—q-p—Lo(t,x,q).
q

If we set o = (B — 1), we recover our assumptions if v < 4/ which is equivalent to saying that
VpHo(t,z,p) - p— Ho(t,z,p) > %pTDppHo(t, x,p)p for all p # 0, as assumed in [18].

Finally, let us make precise the assumptions on the functions F, G appearing in (1.3)—(1.5).
The function F' is assumed to be measurable with respect to (¢,2) € Qr and continuous with
respect to m. In addition, we assume that there exists a nondecreasing function f(s) such that
f(s)s is convex and

(2.8) Af(m)—k < F(t,z,m) < — f(m)+x VmeR,,

> =

for some real numbers A\, x > 0.
The terminal cost G is assumed to be measurable with respect to z € €2, continuous with
respect to m and such that

(2.9) m— G(x,m) is nondecreasing.

In addition, as for F', we assume that there exists a function g(s) such that g(s)s is convex and
1
(2.10) Ag(m) —k < G(x,m) < Xg(m) +r VYmeRy,

with for example the same constants A, x > 0 as in (2.8).
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Let us notice that, as a consequence of assumptions (2.8) and (2.10), the functions F,G are
bounded below, namely there exists a constant ¢4 € R such that

(2.11) F(t,x,m)>cq4, VmeR,, ae. (t,z) € Qr,
and
(2.12) G(z,m)>cy, VmeR,, ae xz€Q.

Assumptions (2.1)—(2.5) and (2.8)—(2.10) are the structural conditions under which we will
prove the existence of weak solutions to the MFG system with congestion. Eventually, we will
need a further condition for H and F' in order to have uniqueness. This will be a natural
reformulation of condition (1.6). Precisely, we assume the following:

for any m > 0, z > —m, p,r € RY such that (z,7) # (0,0), setting

ms =m+ sz and ps = p+ sr for s € [0, 1], then the function

2.13
(2.13) h:sw— —zH(t, x,ms,ps) + meHy(t, x,ms,ps) - 7+ 2F(t, x,ms)

is (strictly) increasing on [0, 1].

Remark 2.3. Note that if H(t,x,m,p) = (u+m)~p|?, with (o, B) satisfying (2.5) and if F
is nondecreasing with respect to m, then h defined in (2.13) is increasing. Condition (2.5) is
thus compatible with the assumption yielding uniqueness.

Finally, we assume mg € C(2), mp > 0 and, in order to be consistent with the interpretation
of m, we fix the normalization condition fQ mo = 1.

3. MAIN RESULTS

3.1. Case of non singular congestion. = We assume here that conditions (2.1)—(2.4) hold
with p > 0. Let us first make our notion of weak solution precise.

Definition 3.1. A pair (u,m) € L'(Qr) x LY(Q7) is a weak solution to (1.3)-(1.5) if
(i) m € C([0,T]; LY(2)), m > 0, u € L0, T; WH4(Q)) for every q < %—ﬁ,
(i)
F(t,z,m)m € LY(Qr), G(z,m(T))m(T) € L*(Q),
| Dul” | Dul”

14525
(g rEn

€ Ll(QT) )

(i4i) u € L°(0,T; LY(Q)) is bounded below and is a solution of the Bellman equation in the
sense of distributions:

T T T
/ /ugptdxdt—y/ /uAgodmlt—i—/ /H(t,x,m,Du)cde:dt
0 Q 0 Q 0 Q

(3.1) T
:/ /F(t,x,m)wdxdt—i—/G(%m(T))SO(T)dx
0 JQ Q

for every ¢ € C°((0,T] x Q).
(iv) m is a solution of the Kolmogorov equation:

T
(3.2) / / m{—pr — vA@ + Hy(t,z,m, Du)Dy} dxdt = / mo p(0) dx
0 Q Q

for every ¢ € C°([0,T) x Q).
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Remark 3.2. We notice that, on account of conditions (ii), (3.1) implies that u € L'(Qr)
solves, in weak sense,

—Owu — vAu = f(t,x), (t,x) € (0,T) x Q
u(T,z) = g(x), x e

for some f € LY(Q7), g € L*(Q). It follows that u € CO([0,T); L*()) and, in addition, u is a
renormalized solution of the same equation (see e.g. [30, Proposition 2.1]). Indeed, the condition
that u belongs to L°°(0,T; L' (2)) is actually redundant in (iii), since it follows from the above
result.

As stated in the previous remark, a solution u of equation (3.1) belongs to C°([0, T]; L*(92)).
However we also need to work with merely subsolutions of the same equation, for which this
kind of continuity may not hold. We recall a lemma, whose proof can be found in [10, 3], which
establishes continuity for subsolutions in a weaker sense.

Lemma 3.3. Let u € L>(0,T; L*(Q)) satisfy, for some function h € LY(Qr) and k € L*(9),

/ /ucptdmdt—l// /uAgoda:dt</ /hgpdwdt—i—/k( )o(T, ) da,

for every nonnegative function ¢ € C°((0,T] x ).

Then for any Lipschitz continuous map £ : Q — R the map t — fQ Ju(t,z)dx has a BV
representative on [0,T]. Moreover, if we note [, &{(x)u(t™, z)dx its right limit at t € [0,T), then
the map & — [, &(@)u(t™, x)dx can be extended to a bounded linear form on C().

Remark 3.4. As a consequence of Lemma 3.3, for any subsolution w of (3.1) we can define
w(0T) as a bounded Radon measure on Q. For simplicity, we note u(0) = u(0T).

Remark 3.5. A weaker definition than Definition 3.1 is possible, by replacing (ii) by G(x, m(T)) €
LYQ), F(t,z,m) € LY(Qr), H(t,xz,m,Du) € L' (Qr) and m H,(t,z,m, Du) € LY (Qr). In this
case, we would need to derive firstly the reqularity (ii) in order to prove uniqueness and this
could be itself a delicate step. It does not seem restrictive to ask directly (ii) in the formulation
since such reqularity is actually obtained in the existence result.

Finally, let us state below our main result, where we prove existence and uniqueness of weak
solutions under the above assumptions.

Theorem 3.6. Under Assumptions (2.1)-(2.4) with u >0, (2.5) and (2.8)-(2.10), there ezists
a weak solution of problem (1.3)-(1.5).
Furthermore, if the assumption (2.13) is satisfied, then there is a unique weak solution of problem

(1.3)-(1.5).

3.2. Case of singular congestion. Here we consider the limit case ¢ = 0 in assumptions

8
‘?nlﬂ . Due to the singu-

(2.2)—(2.3), which corresponds to the singular congestion model H =
larity, we will only find a relaxed solution.

Before defining weak solutions, we notice that we can always change H (¢, z, m, p) into H(t,z,m,p)+
c1 and u into u — ¢1 (T — t); therefore, in view of (2.2), we may assume without restriction that

(3.3) H(t,z,0,p) > 0.
This allows us to define weak solutions as follows:
Definition 3.7. A pair (u,m) € LY(Qr) x L'(Qr)+ is a weak solution to (1.3)-(1.5) if

(i) m € C([0,T); LY(2)), u € L0, T; WH4(Q)) for every q < %i?,
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(ii)
F(t,z,m)m € LY(Qr), G(z,m(T))m(T) € L(Q),
(3.4) 7nnmxﬂD“’ e L'(Qr), nm>J€f| €LY Qr), meL"TFT(Qr),

Du=0 a.e. in{m =0},
(iii) uw € L>=(0,T; L*(Q)) is bounded below and is a subsolution of the Bellman equation:

T T T
/ /ugotdxdt—l// /uAapdxdt—i—/ /H(t,x,m,Du)]l{m>0}cpdwdt
0 Q
// ta:mgoda:dt+/me o(T) dx

for every nonnegative p € C°((0,T] x Q).
(iv) m is a solution of the Kolmogorov equation:

T
(3.6) / / m {—py — vA@ + Hy(t,x,m, Du)liy,~01 Do} drdt = / mo p(0) dz
0 Q Q

for every ¢ € C(]0,T) x Q).
(v) The following identity is satisfied:

Lémwmm:/G@m@WﬂﬂM+A%ﬁ@mMmMﬁ

/ /m (t,x,m, Du) - Du— H(t,z,m, Du)| 1,0y dzdt

(3.5)

(3.7)

where the first term is understood as the trace of [¢, u(t) modx in BV (0,T), in view of Lemma
3.3.

Notice that, if & < 1, we actually have m!'~®|Du|? € L'(Qr) and the restriction to the set
{m > 0} in (3.6)—(3.7) is not needed. However, for the case o > 1 this restriction applies.

We state below the existence and uniqueness result which we obtain for the case of singular
congestion.

Theorem 3.8. Assume that (2.1)-(2.4) hold with p = 0 and with either § < 2 and 0 < o <
@ or =2 and 0 < a < 2, and that (2.8)-(2.10) hold true (assuming furthermore the

nonrestrictive condition (3.3)). Then there exists a weak solution of problem (1.3)-(1.5).
Furthermore, if condition (2.13) holds true for any m > 0, z > —m, p,r € RN such that

(2,7) # (0,0), and if
(3.8) m > 0= F(t,x,m) > F(t,z,0),
then there is a unique weak solution of problem (1.3)-(1.5).
4. NON SINGULAR CONGESTION: APPROXIMATIONS OF (1.3)-(1.5)

For p > 0, we consider the following system of PDEs:

(4.1) =0 — vAu + H(t,x, Ty jem®, Duf) = F*(t,z,m ), (t,z) € (0,T) x Q

(4.2) oym —vAmS — div(m Hy(t, z, Ty /eom*, Duc)) = 0, (t,x) € (0,T) x Q

(4.3) m(0,z) = my(x), u(T,x) = G(z,m(T)), x el

where Ty /cm = min(m, 1/¢), F¢(t,z,m) = p*x F'(t,-, p*m))(z), G(x,m) = p*xG(-, p*m))(z),

mg = p° x mg. Here x denotes the convolution with respect to the spatial variable and p¢ is a
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standard symmetric mollifier, i.e. p°(z) = Jyp(Z) for a nonnegative function p € C°(RY) such

that [pn p(z)dz = 1.

Lemma 4.1. There exists a weak solution (u€, m*) of (4 1)-(4.3) such that u¢ € C1te1/2+a/2(Qr),
me € C2(Qr), and m¢ >0, Jom<(t,z)dx = [omf(x)dx, V.

Proof. We set X = {m € C(Qr) :m >0and [,m(t,x)dz = [,mo(z)ds, Vt}. For any m €
X, the boundary value problem
(4.4) —0wu — vAu+ H(t, 2, Tyjem, Du) = F(t,z,m), (t,z) € (0,T) x Q
(4.5) uw(T,x) =G (z,m(T)), x el
has a unique solution u € L*>(0,T;WH*(Q)) (see e.g. [21], Chapter 5, Theorem 6.3) and
|l oo (0,7;w 1,00 (2)) i bounded independently of m in X. This follows e.g. from the che
estimates in [21], Chapter 5, Theorem 3.1, since F¢ is bounded and |H(t,z,T/m, Du)| <
Cc(1 + |Dul?) for some constant C, > 0. In addition, the map m + u is continuous from X to
L0, T; Wheo(Q)).
Thus, the boundary value problem

o — vAm — div(mHy(t, z, Ty jem©, Du)) = 0, (t,x) € (0,T) x Q

m(0,z) = mg(x), r €N

has a unique solution m € X N C*e/ 2(Qr), which is bounded in cal 2(Qr) uniformly with
respect to m € X, see e.g. [21], Chapter 3, Theorem 10.1. Moreover the map m +— m is

continuous from X to C**/2(Qr).
Hence, Schauder’s theorem implies that the map m +— m has a fixed point m¢. ]

Lemma 4.2. Let (uf,m¢) be a solution of system (4.1)-(4.3). Then

(4.6) u(t,x) > cq,
T
(4.7 Ge(w,mf(T))me(TH/ /Ff(t,x,me)meddeyy(Tl/Emf)w+1\| ne2  <C,
Q 0 Ja LN (Qr)
T
(4.8) / / mS {Hp(t,at,Tl/eme,Due) - Duf — H(t,z, Ty /emS, Due)} dxdt < C,
Q
Duc|P Duc|?
(4.9) // __|Du? ddt+// D g <c,
Tl/em —}—M Tl/em6+:u)
(4.10) [ull 20,7301 () < C

for a positive constant C = C(T,H, F,G,|mo|lec) and where c4 is the constant appearing in
(2.11) and (2.12).

Proof. We multiply the equation of u¢ by m¢, the equation of m¢ by u¢, integrate by parts some
terms and subtract; we get

T
/ u(0)mf da / G (, m(T))m* (T) — / / it Hy (b, Ty e, Du) - Du dedt
Q Q 0 JQ

T T
+/ /meH(t,m,Tl/Eme,Due)dxdt:/ /Fe(t,m,me)medxdt,
0 JQ 0 JQ



10 YVES ACHDOU AND ALESSIO PORRETTA

which implies that

/Q G<(, m<(T))m(T) + /0 ! /Q FE(t, 2, mE)me dadt + /Q we(0)~moe da

T
(4.11) +/ / mS {Hp(t,x,Tl/émE,Due) - Duf — H(t,a:,Tl/EmE,DM)} dxdt
0 JQ

< Cllmoll ey /Q [ (0)] .

By using (2.1) and F,G > ¢4, we see by comparison that u®(t) > c4 + c4(T — t), and therefore
that there exists an absolute constant C' such that

(4.12) [u(0)]” < C.
Integrating (4.1) and using (2.2) and (4.12), we obtain that
(4.13)

B
/[ +da:—|—co// D
T1/6m5+ﬂ
<c1/ /(1+(T1/6m5)5a—1)dxdt+/ /Fe(t,x,mf)d:cdH/ G ( m (T))dz + C
0 JQ 0 JQ Q
T . T
—cl/ /(1+(T1/6m6)51)da;dt+/ /F(t,x,pe*me)dwdt—i—/ G(z, p**mS(T))dx + C
0 JQ 0 JQ Q

From Assumption (2.8) we see that, for any choice of L > 0,
(4.14) F(t.a,m) < fot2) + 7 (F(tz.m) + e,

where ¢4 is the constant in (2.11) and f7(t, ) = maxo<m<z F(t,z,m) < + maxo<m<r, f(m)+ &,
from (2.8).

Similarly, G(z,m) =< gr(z) + F(G(z,m) + |cs]) where gr(z) = maxo<m<r G(z,m) <
3+ maxo<m<rz g(m) + &, from (2.10). Therefore, (4.13) implies

|Du & //
<
/[ tdr + ¢ // (T eme + ) dxdt < 1 (T jem* 1)dxdt
+ = (/ /mEFe(t,x,me)dmdt+/me(T)Ge(x,me(T))dac> + Cy,
L\Jo Ja Q

where C7, is a constant depending on L. Therefore, by choosing L sufficiently large (depending
on [|mo|| < (q)) We can combine (4.11) and (4.15) and obtain

c ; _|Du?
G (x,m¢ F (t,z, m )m* dxdt + dxdt
Tl/em +:u

(4.16) —|—/ / m¢ {Hp(t, z, Ty em®, Duf) - Du® — H(t,z, Ty /em", Due)} dxdt
Q

(4.15)

T
< C+C/ /(Tl/gmg)ﬁldxdt.
0 JQ
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We now use (4.2) multiplied by (T 1/em ) . We get

/ oym* (T em* |Dme|*(m€)? 71 dadt
-1 me<l/e
H,(t,xz,m®, Du) - Dm* dxdt.
-1 m€<1/e
Calling I.(z) = [ Tl/Ey)ﬁ Tdy, we see that

/0/Qatme(Tl/em€)5il dmds:/Qfﬁ(mg(t))dx—/gfe(mé)dx.

Therefore, by Young’s inequality

sup/I( ())dx—/fe(mg)dﬁ// |Dme|2(m) 71! dadt
Q me<l/e
< C'// 1+1|H (t,z,m®, Du®)|* dzxdt .
m5<1/e

Since I(z) >

(4.17)

I(Tl/gz)ﬁfﬁ we use (2.7) to obtain

B—1

sup /(Tl/e ‘(t))e-1 S dl‘—i—/ / }DTl/Gm‘ Tl/e me)® gl_ldmdt
)

te(0,T

Q
< C// m¢{H,(t,z,m, Du) - Du® — H(t,x,m¢, Du)} dxdt
me<l/e

1+// yi it daat
m€<1/e

< C/ / m® {Hp(t,z, Ty jem®, Du®) - Du — H(t,z, Ty jem®, Du®) } dadt

+C[1+//T1/E ya-1t dxdt}qtc*/ Va1,

where the last inequality is a consequence of (2.6). On the other hand, the left-hand side of
(4.18) can be estimated by Gagliardo-Nirenberg interpolation inequality, which implies

a4
(T jem€) 31" I, xg2

(4.18) +C + 0/ )E1 Ty

N (QT)
<C [SUP/(TI/E “(t))F-1 1“dm+/ / | DTy jom®*(Ty jem€)7=1 " dadt
t

Then, when comparing with the right-hand side of (4.18), and recalling that m¢ is already
bounded in L', we conclude that

T, portl
(T /em©) H NE2

< C/ / mS {Hp(t,:c,Tl/emE, Du) - Duf — H(t,x, Ty /emS, Dué)} dzdt + C,
0 JQ

where C' also depends on mg. We use now this information in (4.16) and we deduce that

/Ge(xame(T)) / /F€ (t, x, m)m* dxdt + ||(Ty jem®) -1 1+1|| Ng2
Q

T
< c+c/ /(Tl/eme)ﬂ—ld:cdt.
0 JQ

N (QT)
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The latter inequality implies that its right hand side is bounded uniformly in €, and we obtain
(4.7). From (4.16), we also obtain (4.8) and We estimate the first term in (4.9).
Finally, from (4.17), we see that sup; [, Ic(m*(t))dz < C' which implies that

(4.19) sup/ me(t)(Tyem (¢ ))ﬁ Tde <C.
Then using (2.2) and (2.4), (4.8) and (4.19) imply that

| Duc)”
4.20 / / ———————dzdt < C,
( ) M + Tl/e )

which completes (4.9). In particular, we also deduce that fOTfQ me (/LT:;L; dxdt < C.
Finally, integrating (4.1) in (¢,7") x €, we get that

/ue(t,w)dx
Q
T T
:/G(m,pe*me(T))dx—i—/ /F(t,m,pe*m€(s))da:ds—/ /H(s,a:,Tl/eme,Due)dxds.
Q t Q t Q

The last term is bounded above by C from (4.7) and (4.9). Let us deal with [, G(z, p“*m*(T))da:
from (2.12), G(z, p¢ *m(T)) < gr(z) + 1 (p° * m(T)G(z, p * m(T)) + |ca|p¢ * m(T)), where
L is an arbitrary positive number and gr(z) = maxo<m<r G(z,m) < +maxo<m<r, g(m) +
k, from (2.10). Noting that [, p¢ * m(T)G(z, p* * m*(T))dx = [, m G (x, m)dx, and that
Jome(x) = [omo(z), we deduce from (4.7) that [, G(z, p® * m*(T))dx < C, for some constant
C independent of € and pu.

The same argument can be used for proving that ftT Jo F(t, 2, p° *m<(s))dzds < C. Thus

/ ut(t,x)dx < C.
Q
Combining this with the lower bound on ¢ already obtained, we obtain (4.10). ([l

Remark 4.3. Note that the constant C' appearing in Lemma 4.2 does not depend on .

Lemma 4.4. For each 0 < € < 1, there exist two functions w® and z¢ defined on Qr such that
‘mer(t, x, TyjemS, Due)‘ < com® +wt + vVmez®,

where the family (we) is bounded in LP (Qr), the family (2€) is bounded in L?(Qr) and, in

addition, relatively compact if 5 < 2.

Proof. From Remark 2.1, we know that o < 3. Therefore, if o > 1, then o/ > 3’. This yields

(4.21) 1-a)f > —a, for any a such that 0 < a < Ll(ﬁﬁ_l),

because (4.21) is trivial if 0 < o < 1.

From (2.3), we see that }mgﬂp(t, x, Ty /em*, Dug)} <camc(1+ %) < co(mf+ Ay + Ay),
|Duc|?~

— — e _|Ducf!
where A1 = H{Tl/ m€+ﬂ<1} (Tl/ et m)® = and AQ = H{Tl/ m€+ﬂ>1} m (Tl/ mEtm)e

€|B €8
Let us first deal with A;: (4.21) implies that A < L1y ometps<i} (TJD“ELM)Q < (TJDTZEL“)Q.

Therefore, from (4.9), w® = ¢y A; is bounded in L? (Q7) uniformly with respect to e (and to ).
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e|f—1
Next, we see that Ay < v/m¢z¢ where 2¢ = ]l{Tl/Eme+H21}\/m€&:717L+W. Then, by Hoélder

inequality, for any £ C Q1 we have
(4.22)

e |Due|2ﬁ 2

| Duc|? // me
————————daxdt 1 e dxdt
<// T+ 77 (s moa Ly

(Tl/em“rﬂ) (1+77%)

([ ) (o)

We immediately deduce from (4.9) that 2¢ is bounded in L?(Qr). In addition, for any k < 1 we

have o
// mcdxdt < k|E|+ / m* (T /em* <Ek|E|+
kAT kAT

where we used (4.19). This implies that for e small enough,

// mdzdt < C\E\MB I

and so we additionally deduce from (4.22) that z¢ is equi-integrable in L?(Q7) provided 8 < 2.
O

We now collect some compactness properties for the family (u€,m), which are mostly bor-
rowed from [30].

Proposition 4.5.
(1) The family (m) is relatively compact in L*(Qr) and in C([0,T]); W=17(Q2)) for some
r> 1.
(2) There exist m € C([0,T]; LY(Q)) and u € L>(0,T; L*(2))N L0, T; WH4(Q)) for all ¢ <
%—ﬁ such that after the extraction of a subsequence (not relabeled), m¢ — m in L'(Qr)
and almost everywhere, u¢ — u and Du® — Du in L' (Qr) and almost everywhere.

Moreover, u and m satisfy

(4.23) / / dwdt—i—/ /m dxdt < C,
m—i—,u (m + ,u

(4.24) /G(x,m( m(T )dm+/ /mFt z,m) dzdt + ||m?F-1 1+1|y e )gC,
Q T

for some C = C(T,H,F,G, ||mgll) (independent of ).
(3) me(t) — m(t) weakly in LY(Q), for every t € [0,T], and (3.2) holds for any ¢ €
C>([0,T) x Q). If in addition B < 2, then m¢ — m in C([0,T]; L*(2)).

Proof. Proceeding as in the end of the proof of Lemma 4.2, we see that (F(t,z, m)). is bounded
in LY(Qr), (u¢(t = T)). is bounded in L'(Q) and that H(t,x, T /em, Du) is bounded in LY(Qr)
uniformly in e. Therefore, (—dyu¢ — vAu€)_ is bounded in L' (Qr) and (u¢(t = T')). is bounded in
L'(Q). The compactness of u¢ and Du in L'(Qr) (and almost everywhere) follow from classical
results on the heat equation with L' data, see e.g. [8], [9]: there exist u € L>(0,T;LY(Q)) N
LA((0,T); Whe(Q)) for every q < %—ﬁ, such that after the extraction of a subsequence u¢ — u
and Du¢ — Du in L'(Q7) and almost everywhere.
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As far as m€ is concerned, thanks to Lemma 4.4 we can apply the estimates and the compact-
ness results in [30, Theorem 6.1]. In particular, this implies the point (1) in the statement and
so, up to extraction of a subsequence, the convergence of m¢ in L!(Qr) and almost everywhere.
The bounds (4.23) and (4.24) follow from (4.7), (4.9) and Fatou’s lemma, keeping in mind that
the constant C' in the estimates of Lemma 4.2 does not depend on pu.

To prove that m is a solution of (3.2), we observe that m®Hy(t,z, T/ m¢, Duf) strongly con-
verges in L'(Q7). Indeed, the decomposition provided by Lemma 4.4 implies that this term
is equi-integrable, so using the almost everywhere convergence and Vitali’s theorem, we obtain
that m®Hy(t,x, Ty em®, Du¢) — mHy(t, z,m, Du) in L'(Qr). As a consequence, (3.2) holds for
any ¢ € C°([0,T) x Q).

Finally, we have that m(¢) is bounded in Llog L(2) uniformly in time (see e.g. [30]), which
means that it is equi-integrable in L'(2). By Dunford-Pettis theorem, it is weakly relatively
compact in L!(£2), and since we already know that it converges to m(t) in W=7 (£2), we conclude
that it also converges weakly in L'(2) to the same limit. In fact, if 8 < 2, from Lemma 4.4
we have the strong convergence of the terms w¢, 2¢ in L?(Q7). This means that we can apply
directly Theorem 6.1 in [30] to deduce the strong convergence of m¢ in C([0, T]; L*(Q)). O

Henceforth, we let (u,m) as well as the convergent subsequence (u¢, m¢) be given by Proposi-
tion 4.5. Let us notice that the weak convergence of m¢(T) in L(f) easily yields that p¢xm¢(T)
also converges to m(T) weakly in L'(2). In particular, it is well-known that the sequence
p¢ x»mS(T') generates a family of parametrized Young measures {v,} € P(R), see e.g. [4], [28].
This means that v, is a probability measure for a.e. = € §2, the mapping = — v, is weakly-*
measurable and, for a subsequence (not relabeled),

(4.25) f(z, p*m(T)) — /Rf(a?7 A)dvg () weakly in L1(Q)

for every Carathéodory function f(z,s) such that f(z,p¢* m¢(T)) is equi-integrable in L(€2).
Thanks to the Young measures, we can initially identify the limit of u“(7") and give a first
description, by now in a relaxed sense, of the equation satisfied by wu.

Lemma 4.6. Let (u,m) be given by Proposition 4.5. Then

/ /ugotdxdt—y/ /uAgpdxdt—i—/ /Ht z,m, Du)y dzdt
g/o /QF(t,x,m)godxdt—l—/Q/RG(JJ,)\)de(/\)go(T) dz

for every nonnegative function ¢ € C°((0,T] x ).
In addition, we have that [ G(z, \)Advy(A) € L'(Q), G(z,m(T))m(T) € L*(Q) and

(4.26)

(4.27) / G(z,m((T))m(T)dx < C
Q
for some C = C(T,H, F,G, ||mgl||leo) (independent of 1)

Proof. From (4.7) and the convergence of m¢, we see that (7} /eme)ﬁ converges in L'(Qr).

Using this observation and (2.2), we can apply Fatou’s lemma and obtain that, for any ¢ €
C((0,T) xQ), ¢ >0,

T
/ /H(t,w,m, Du)p(t, z)dzdt < hmmf/ /H (t, 2, Tyjem®, Du)p(t, x)dxdt.
0 JQ
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Moreover, from (4.7) and (2.8), and the definition of F**, we see that F'“(¢, z, m®) is equi-integrable
in @Qp. Therefore, from Vitali’s theorem,

T T
(4.28) lim/ /Fe(t,m,me)go(t,m)dxdt:/ /F(t,x,m)@(t,z)dmdt.
=0Jo Ja ()

Let us deal with the boundary condition at ¢ = T: again from (4.7), the definition of G¢ and
(2.10), we deduce that G(z, pc*m*(T")) is equi-integrable, so by the properties of Young measures
we obtain that

lim [ w(T,2)p(T,x,)dx = hm G(w pS*mS(T)) px p(T,x)dx

—0 Jq
//G:c)\dz/x No(T, z)dx.

Combining the latter three points yields (4.26).

Finally, we notice that the bound fQ G(x,m (T))m*(T) < C given by (4.7) implies that both
G(z,m(T))m(T) € L'(Q) and [, [z G(x, \)Advy(X) € L'(); indeed, on the one hand, thanks
0 (2.10) we have

(4.29)

/Qg(pe *m(T))p»m(T)dx < C

so by convexity of g(s)s and weak convergence of p¢ x m¢(T') we deduce that g(m(T))m(T) €
LY(9), hence G(x,m(T))m(T) € L}(Q) again by (2.10), and estimate (4.27) holds. On the other
hand, by properties of Young measures we have

Tu(Ga, p° % mE(T)))pf % m(T) — /R T (G, A)A dvs (M)
where T} (s) = min(s, k). Hence

/ / Tk (G(x, \))Advy(N) de = lim | Tp(G(zx, p¢ *m(T)))p *m(T)dx < C'.

e—0 Q

By monotone convergence, letting k — co we deduce that [, G(z, M)A dvz(X) € L1(Q). O

Lemma 4.7. Let (m€,uc) be given by Proposition 4.5. Possibly after another extraction of a
subsequence, ufli—g converges weakly * to a bounded measure x on 2. Moreover u(0) is a well
defined Radon measure on £ and u(0) > x.

Proof. From (4.10), we know that u¢(0) is bounded in L'(Q). Therefore, there exists some
bounded measure x such that, up to a subsquence, u¢(0) tends to y weakly . Moreover, from
Lemma 3.3, Remark 3.4 and Lemma 4.6, u(0) is a well defined Radon measure.

Let us prove that xy < u(0). Consider ¢(t,z) = ¥(x)(1 — t/n)4, where 1) is any nonnegative
smooth function defined on Q. Taking ¢ as a test-function in (4.1), we obtain that

/ /u gotdﬂsdt—u/ /u Agoda:dt—i—/ /H (t, 2, Ty /em®, Du®)p dxdt
:/ /Fe(t,l‘,me)g&dl‘dt—/QD(O,SL')UE(O,IL‘)dl‘,
0 Q Q

which implies by using Fatou’s lemma as in the proof of Proposition 4.5 that

T T T
/ /uwtdxdt—u/ /uA@dxdt—i—/ /H(t,x,m,Du)wdxdt
o Ja o Ja o Ja
T
< [ [ Pltiasmypdadt — .0
0 Q

(4.30)
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On the other hand, as n — 0, fOT Jouededt = fo Jout(z)dzdt tends to —(u(0),).
Passing to the limit in (4.30) as n — 0, we obtain that (u(0),9) > (x, %), which is the desired
result. O

5. CROSSED ENERGY INEQUALITY
We prove here the main step towards the uniqueness result.

Lemma 5.1. Assume that H satisfies assumptions (2.2)-(2.3) with pn > 0, and that (2.8)-(2.10)
hold true.

Letu € L*(0,T; LY(2)) satisfy (4.26) for some family of probability measures {v,} (weakly—x
measurable w.r.t. x) such that

(5.1) /RG@;,A)A dvy(\) € LM (Q)

and let m € C°([0,T); LY (Q)) be a solution of (1.4), and assume that (u,m) satisfy (ii) in
Definition 3.1. Then we have

T
(Mo, u //Gx A) dvg (A Th(T)d$+/ /F(t,x,m)rhdmdt
0 JQ

(5.2)
+/ / [m Hy(t, z,m, Du) - Du—m H(t,z,m, Du)] dxdt
Q
for any couple (a,m) satisfying the same conditions as (u,m).

Remark 5.2. The above Lemma applies in particular if vy = O,y (7 4, in which case u is simply
a subsolution of (1.3) and condition (5.1) is equivalent to G(z, m(T))m(T) € L*(Q).

Proof. Let ps(-) be a sequence of standard symmetric mollifiers in RY and set
is(t.) = )« psi= [ (e, p)psta =) dy.

Notice in particular that g, Dins € L(Q7) since m € L>¥(0,T; L*(2)). We also take a
sequence of 1-d mollifiers & (¢) such that supp(§:) C (—¢,0), and we set

T
Mg e ::/0 E(s —t)mg(s)ds.

Notice that this function vanishes near ¢t = 0, so we can take it as test function in the inequality
satisfied by u. We get

T T
/ / u [0y e — vAMG | dedt + / / H(t,z,m, Du)m; . dxdt
0 JQ 0 JQ

T
< / / F(t, 2, m)iing. dadt + / / G, A) dv (\iis,(T) da
0 JOQ QJR

The first integral is equal to

(5.3)

/ / —Osuse — vAus (s, y) dsdy
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where us.(s,y) fo fQ (t,2)é(s — t)ps(x — y) dtdz. Notice that this function vanishes near
s =T. Thus using the equation of m we have

/ / —0sus . — VAugs |Jm(s,y) dsdy

//msy $,Y) yu(gadsdy—k/mo Juse(0)dy ,

where b = H,(t,z,m, Du). We shift the convolution kernels from w to m in the right-hand side
and we use this equality in (5.3). We get

(5.4)
//Du wgedtda:+/ /H (t,z,m Du)m(;gd:cdtﬂ—/g(mo*pg) /OTu(t)gE(—t) dt dax

//Ft 5 m)im da:dt+//G:n N) dvs(\)iing.(T) da

where we denote ws = [(bm) * ps] and W5, = fo Ws(s) & (s —t)ds.

4(B-1) .
5 18

Since now, we distinguish between the cases @ < 1 and a > 1. Recall that a <

always assumed, hence the latter case only happens for 1 < @, ie. B> %.

(A) Case when oo < 1. Let us deal with the first two integrals in (5.4). By assumption
(2.3) we have

1
N _|Da)? B 1-a
< comgs + c2 mm * P§ (mx ps) P

where we used « < 1 in the latter inequality. Therefore, using also (2.2) we estimate
| Dl
(m + p)°

|3

H(t,z,m, Du)ms(s) — Du - ws(s) > coms(s) —cymg(s)(1+ mﬁ)

1
7

— ¢oring(s)| Du| — ea| Dl <<ﬁ1(s) m> *p5> " is(s)

which yields, by Young’s inequality,

DulB
(0., Daig(s) ~ Du- () = Prns(s) 120

— o | DulPms(s)—® — msw *
DufPring(s) cg< ) s ) s

— cmg(s)(1+mFT)
(5.5)

Since a < 1, choosing 0 < € we have

while
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So we conclude from (5.5) that
H(t,z,m, Du)ing(s) — Du - ws(s) > —c (mgs(s) 71 4 m'Ta1)
- D))
—c(m+p)! aDUﬁ—c(ms Ji * Ps -

Notice that condition (ii) in Definition 3.1 implies that (m + p)'~%|Du|® belongs to L'(Qr).
Due to the summability of all the above terms, we are allowed to use Fatou’s lemma and deduce

T
liminf/ /[H(t,w,m,Du)fn&E — Du - W5 | dzdt
0 JQ

e—0

e—0

T T
= lim 1nf/0 /Q /0 [H(t,z,m, Du)ms(s) — Du - ws(s)]&:(s — t) dsdzdt

T
2/ /[H(t,:n,m, Du)ms — Du - ws] dzdt
Q
and in the same way

T
liminf/ /[H(t,x,m,Du)ﬁzg—Du'ﬁ)g] dxdt
(56) 6—0 Q

T
2/ /[H(t,:c,m,Du)fn — Du - Hy(t, z,m, Du)m| dxdt .
Q

Now we consider the remaining terms in (5.4), in particular the terms at t = 0 and ¢t = T". For
t =T, we have

/Q/RG(OC,)\) dvy(N)ms(T) d:c—/Q/RG(m,/\) dvy(N)ing(T) da
+4A34Q%MWQWM$—WUM$—ﬂmw.

Since m € CY([0,T]; L'(2)) implies that fOT [ms(s) — mgs(T)])&(s — T)ds converges to zero
uniformly as € — 0, the last integral will vanish as ¢ — 0.

For t = 0, we recall that [, u(t) (o * ps)dx has a trace at ¢ = 0 from Lemma 3.3, and this
trace is also continuous as § — 0 since mg is continuous. Therefore, as € — 0 we obtain from

(5.4)
// tmeWm—mHMMﬁ+/mMWHMd

//thmm(gdxdt—i—//Ga:)\dux Nms(T) dx

We apply assumptions (2.8) and (2.10) to deal with the last two terms. Indeed, if ¢4 is the
constant in (2.11), we have cyms < F(t, z,m)ms < (F(m) + |c4|)ms implies that

(5.7)

- - 1 -
cams < F(t,z,m)ms < (F(t,z,m) + |ca|)mLy>m,; + (Af(m) + K+ |C4|> ML <ring

< (F(t,x,m) + |ca|)m + (1

/\f(mg) + K+ \c4\> ms

1
< F(t,z,m)m + Xf(m(;)m(; + C(m + mg).
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Hence

1
carity < F(t,a,m)ig < F(t,z,m)m -+ 3 f (s )rivg + C (m + 1)

< F(t,a,m)m -+ 5 (F(m)m) s ps +C (m +1ig),

and since F(t,7,m)m € L'(Q7) (and the same holds for f(m)m by (2.8)), we conclude that the
sequence F(t,z,m)ms is bounded above and below by convergent sequences in L'(Q7), which

allows us to pass to the limit as 6 — 0. We proceed similarly for the term with G. Indeed, by
(2.9),

/ G(z, A) dvy(N)ms(T) < / G(z, A dvgy(N) + G(z,ms(T))ms(T)  for a.e. x € Q,
R R
and using (2.10) we deduce

[ GeN) draWins(1) < [ Gl WAd(3) + 5 g5 (D)ins(T) + Ca(T)
R R

1

< [ Gl XAdL() + 5 (o@D 5 s+ Crig(T).
R

Thanks to (5.1) and since G(x,m(T))m(T) € L*(Q) (and and the same holds for g(m(T))m(T)

by (2.10)), we can handle this term too. Finally, passing to the limit in (5.7) and using also

(5.6), we obtain (5.2).

(B) Case when a > 1.  First recall from Remark 2.1 that o« < . Moreover, since
1>p8—1,wealsohave a > —1,ie. f—a<1.
We estimate now differently the first two terms in (5.4). First of all, by Young’s inequality,
we have (omitting to write that mgs, Du are evaluated at s and m, Du at t)
: iy
[ws|” + C d - Dul?

= max(m + i, i)~

max(m + 1, g)

Du-ws <o

and using 8 > « and « > 1 this yields

- m-+pu+ms, g _
(5.8) Du-w(;ga%m(ﬂﬁ + C, (m + p) ¥ Dul? .
~ B—1
ms
By (2.3),
(705) % ps| < exrig + e [ ALY
m com C m-—-7-
pPs| = €21l T C2 (7 + p)e Ps

1 1
8 | Dai|? B m? B
< comgs + 2 W * P W*Pé
B

1
. |Daf” e
< comg + co W * P§ mg

where we used f — a < 1 in the last inequality. We deduce that

|ws|” BT |Da)’
. < -_— .
(5.9) 7 < Cm;  +C CEYIE )

~ B—1
ms
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Combining this information with (5.8), we deduce that

N 5 \DW
+[3 1

(5.10)
+CA+mTFT +m ]+ Cy (m + p) =% Dul?.
We first use this inequality to get
| Dl
(m + p)®

o T 1, _a
+ O+ m' T +/ m5+"’1€a(s—t)ds]+ca (m + p) | Dul?.
0

T
Du-w575§00/ [m—i—u—i—frzg}( )*p(gfe(s—t)ds
0

Since [, m(t,z)dx = [, mo(x)dx and (‘Duli € LY(Qr),

/OT’m(t) ((M) *pa) E(s—t)ds X m(t) (M) *xps  in LY(Qp).

Using also that ris(s) is continuous, we deduce that Du - ws. is dominated by a L'-convergent
sequence, so we are allowed to take e — 0 in (5.4), obtaining

/ / (t, 2, m, Du)rig — Du - 1] dzdt + / (170 % ps)u(0) dz

// txmm(;da:dt—i—// (x, N)dvy(N)ms(T') de .

Thanks to (5.10), and since the right-hand side is bounded as in the previous case, the above
inequality also implies

B
//Htmeu)mgdﬂ:dt<C'—l—JC//m+u+m5] (%)*pgdmdt

a 14+ -2
—1—0/ /[1+m1+ﬁ1 —l—m;Bl]dazdt—i—Cg/ /(m—I—,u)l_o‘]Du\’dedt.
0 Jo 0o Ja

On account of the bounds on m,m in LHﬁ(QT) and using the properties (ii) in Definition
3.1, the last line of the above inequality is uniformly bounded. Therefore, using (2.2) we deduce

that
ID !B
m d:ﬂdt<C+UC' m5 — dxdt
5
—1—00/ / ( |Du| )*pgd:cdt

where ms = m* ps. We obtain a similar inequality reversing the roles of (u,m) and (@,m), and
by addition we get

B
//m ~| d:z:dt—i—//mgmd dt
(m + (m+ p)
B B
<C+UC’{//m5 Dl dxdt+// |D“| ddt}
B B
—|—O'C{// < Dl >*p5d$dt—|—// ( |Du| >*p5d$dt}

(5.11)
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hence choosing o sufﬁciently small we conclude that

/ / ms————— dxdt + / / - dxdt
(7 + p)~
B B
<C+C{//m5< |Du| )*pgdwdt—l—// < |Du‘ )*p(;dxdt}.
(m + p) (m + p)~

We wish now to estimate last terms in the above inequality. To this purpose, we use (5.11) with
m replaced by ms (and so w by (mHp(t,z, Du)) x ps). Since the terms with F and G can be
estimated as before, we get

T T
/ / mg [H (t, z,m, Du) x ps] dedt < / / [Du * ps] - [(mHp(t, x, Du)) * ps| dzdt + C'.
0 Jo 0 Jo

Therefore, using (2.2) we obtain

co/ /m5 ( [Duf” >*p5] dxdt < /T/ [Du* ps) - [(mHy(t, z, Du)) % ps] dedt + C

(m+ p)”

Du|f~1
<02//]Du*p5]< W)*pgdmdt—i—C//\Du*pg\ mg dxdt
pu N
< ¢ ]Du*p5] T ) * Ps mg" drdt + C ; Q]Du*p(;\ mg dxdt
| Du)®
m—i—,u * P§ ( e * pg dxdt

T Ly
+C’/ / |Du % ps|? ((m + ) * ps) '~ dadt +C/ / 1+m5+5‘1dxdt.
0 JQ 0 JQ

Hence we Conclude that

|Du\5 r B8 -«
* ps dxdt < C Q|D1H<p5| ((m+ p) *ps) “dxdt +C'.
0

(m + p)

Now we observe that the function (m, &) — (m + pu)'=®|€|? is convex as a function of two
variables, therefore

|Dux ps|? ((m 4 ) x ps)t = < ((m + M)I_Q|DU‘B> * Ps

which is bounded since (m+u)'=®|Dul? € L'(Qr). We deduce the uniform bound (with respect

to 6)
8
// <|D“’ >*p5dxdt§0,

and similarly for m. Going back to (5.12), this also implies the bound

//mg d:cdt+/ /m5 ~dzdt < C'.
(m + p)®

Now, reasoning as in (5.8)—(5.10),

s (Jf 2 ) ([ o)
e (o)

IN

IN
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The bounds previously established yield

|Du - 5| < C (m+ )~ Dul’ :
E E

and since the set E is arbitrary and (m+p)'~%|Dul® € LY(Qr), we deduce the equi-integrability
of Du - ws. Finally, this allows us to pass to the limit in (5.11) and to obtain (5.2). O

A similar Lemma holds for the case of singular congestion, suitably adapted to the formulation
of this case.

Lemma 5.3. Assume that H satisfies assumptions (2.2)-(2.3) with p = 0, and that (2.8)-(2.10)
hold true. Let u € L*(0,T; L' (2)) satisfy

/ /ugotdmdt—z// /uAcpdxdt+/ /Ht z,m, Du)l g0y ¢ ddt
§/ /F(t,x,m)gpdwdt+//G(az,A)de(/\) o(T) dx
0 Q QJR

for some family of probability measures {v,} (weakly—+ measurable w.r.t. x) such that (5.1) is
satisfied, and let m € CY([0,T]; LY(Q)) be a solution of (3.6). Assume that (u,m) satisfy the
conditions (ii) in Definition 3.7. Then

T
(mo ,u //Gm A)dvg (A (T)da:—{—/ /F(t,x,m)ﬁldazdt
0 JQ

(5.13)
—|—/ / [ Hp(t, z,m, Du) - Du —m H(t, z,m, Du)] 1{ms0,m>oydzdt
0 JQ

for any couple (a,m) satisfying the same conditions as (u,m).

Proof. The proof follows the same lines as that of Lemma 5.1.

(A) Case when « < 1. Proceeding as in the proof of Lemma 5.1, we obtain the counterparts
of (5.3)

T T
/ / u [0y e — vAMG | dedt + / / H(t,z,m, Du)mse 1m0y drdt

//Ft:cmmgedxdt+//Gx)\dux Vs (T) dx

(5.14)

and of (5.4):
(5.15)

T
//Du w(gadtd:v—i—/ /H (t, 2, m, Du)ise Linsoy dmdt+/(mo*p5)/ u(t)&(—t) dt dz
0

// t:vmmggd:ndt—l—//(}x)\duw Y (T) dz
where we denote ws = [(7 Hy(t, ,m, Da) Lis-0y) * ps] and wse = fo ws(s) &e(s — t) ds. Note

ps
that ws = [(m Hy(t,x,m, D)) % ps] if a < 1. Set b = Hp(t, z,m, Du) Lyz~0y. We deduce from
Assumption (2.3) that

1 1
s B Dil? 7o m 7
|(mb) % ps| §02m5+62<<m| | 1{m>0}>*p5> (rha )

11—«

(mx ps) P

s

< camg + c2 (( \Du]ﬁ]l{m>0}> *p(g)
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where we used a < 1 in the latter inequality. Therefore, using also (2.2) we estimate

~ ~ - |DU|B _a
gy TG D Limaoyis(s) = Du- Ba(s) 2 coms(s) g Limoo) — ()1 +m7T)
5.16

1
1—a

— coig(s) | Dul — 2| Dul ((7(5)' = D) o0y ) % ps) * rins(s) 7
We now use the fact that Du =0 a.e. in {m = 0}. From Young inequalities, we deduce

o - | Du|? _a

(5.17) cames(s)|Dul = cams(s)|Dull 50 < 7m5( ) e L mso) + Crig(s)m7T
and

1=a B, - A
(5.18) ol Dul (((s)' = D) L sy ) *5)” s(5)

< 0| DulLgsoyiing(s)' ™ + Co (fn(S)l’“ \Dﬂ(S)\ﬁﬂ{m(s»o}) * s
and if 0 < 0 < ¢p/2,

- _ co ms(s) o q_
(5.19) ol msoyms(s)' < o o Lm>0} + 5m1 1m0}
because 0 < a < 1. Finally,
(5.20) g(symP1 < O (1 +m AT 4 mg(s)Hﬁ) .

Combining (5.16) with (5.17)-(5.20), we get
H(t,x,m, Du)ms(s) — Du - ws(s) > —C (1 -i-ﬁ’Lg(S)lJrﬁ +m1+ﬁ>

C -« ~ —a ~
= DU Loy — ¢ ((5) 7 1Di(5)| L o)y ) * ps-

The conclusion of the proof is exactly as for Lemma 5.1.
(B) Case when a > 1.  We start from (5.15), and proceed differently for the first two

terms. From (2.3) we have |b| < cp(1 + ]Dﬂ|5*1m*a]l{m>o}), so we estimate wg as in (5.9) of
Lemma 5.1 and we get

wWs B DalP
| gfL <Cmg ' +C (’ a | ﬂ{m>0}> * Ps-

Since Du = 0 a.e. if m = 0, we can use (5.8) with x = 0 and, similarly as in Lemma 5.1, we get
at

-~ ws ~BT
Du-ws = Du- —5—-ms" Loy

~ B
ms

Dil? 1+
< oC(ms +mlg,s0}) (‘mﬂﬂ{mw}) *ps + C ( LT A )

+ Com' Lm0y | Dul’.

Thanks to this estimate, we can proceed exactly as in the proof of Lemma 5.1 (when o > 1),
and obtain

/ / (t,z,m, Du)l{y,50yms — Du - ) d:cdt+/(m0*p5) (0) dx

// t:vmmgdacdt—l—//(;x)\dux Nmgs(T) dx .

(5.21)
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and, after some steps,
(5.22)

g |Dal’ ’ | Dul”
— 1y dxdt ns ——1 dxdt
J it s 7 St o

T Dal? T Dul?
<C+C {/ / ms <|~1;|]l{m>0}) * pg dzdt +/ / ms <|zf1|]l{m>0}> * P§ dxdt} .
0 JQ m 0 JQ m

To estimate the last two terms in (5.22), we use (5.21) where we replace m with ms and proceed
as above,

r | Du| "1 0 4
co / /Qm(; Rl R dxdt < / /Q Dux ps - (mHp(t, z, Du)lip~0y) * ps dxdt + C
0 0

T
< 62/ / | Du * ps| (ml_“\Du]’B_lll{m>0}) * ps dzdt + C
0 JQ

1
T Dul? Ed B-a
<o [ [1pusps (D b)) ()5 oo
0

ma

Let us observe that mx ps = 0 = Dux ps = 0 since Du = 0 at almost every point where m = 0.
This means that last integral in the above inequality is restricted to the set {m % ps > 0} (even
in the limiting case = «). By Young’s inequality, we deduce that

T | Dul® g 8 |
(5.23) /0 /Qm5< ]l{m>0}> *pgdxdtSC/O /Q\Du*p(;] (m*ps) 1 fmups>0y drdt +C.

mOé
Let us define the convex and lower semi-continuous function ¥ on R x R by

m=p|®  if m >0,
U(p,m)=14 0 if m=0andp=0,
+00 otherwise.

This implies that
(m* ps)' = [Dux ps|® Lpnups >0y = ¥ (Dux ps, m * ps)
< U(Du,m) * ps

= (m' = 1D L ey ) * s

and the latter function is bounded in L' (Qr) by assumption. We deduce from (5.23) the uniform

bound (with respect to 4)
T B
D
/ / ms <“;|]l{m>0}> * ps dadt < C,
0 JQ m

and the same holds replacing m with m and u with @. Going back to (5.22), we obtain

! | D) ’ | Dul?
—— 501 dadt ns ———1 dxdt < C
Jo Jyme eyt [ e ey o <

and we conclude as in the proof of Lemma 5.1. O
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6. EXISTENCE AND UNIQUENESS FOR NON SINGULAR CONGESTION

Our first goal is to prove the existence of a weak solution and, to this purpose, we now show
the strong convergence of G¢(x, m¢(T)) in L1(12).

Lemma 6.1. C’onsz’der a subsequence (u€, m¢) converging to (u,m) as in Proposition 4.5. We
have that GS(x, m(T)) converges to G(z,m(T)) in L*(Q) and (u, m) satisfies the energy identity:

(6.1) //m p(t,z,m, Du) - Du— H(t, z,m, Du)) dzdt

/m Gz, m( ))dw+/ /mFt w,m) dwdt = (u(0), mp).

Proof. We start from the energy identity for the solution of (4.1)-(4.3):

/ / p(t,z, T /em®, Duf) - Duf — H(t,x,Tl/eme,Due)) dxdt

/m )G (2, m(T ))d:c+/T/ meFE(t, 2, m) dudt :/Quf(())mgdx.

Thanks to (2.6) and (2.11), Fatou’s lemma implies that

(6.2)

hgglf/ / p(t, @, Ty jem®, Duc) - Du — H(t,z, Ty jem®, Du®)) daxdt
/ /m (t,z,m,Du) - Du — H(t,z,m, Du)) dzdt,

and

T T
liminf/ /meFG(t,:L‘,me) dxdtZ/ /mF(t,m,m) dxdt.
<=0 Jo Ja 0 JQ

From Lemma 4.7 we can assume that u¢|;—¢ converges weakly * to a bounded measure y on (2,
and x < u(0). Since mgy € C(2), we deduce that

lim [ (0)mg dz = (x,mo) < (u(0),mo).
e—0 O

Combining the informations above, we get from (6.2)

limsup/ M (TYG(, m*(T))dz < (u(0), mo) / /mF (t, 2, m) dadt

e—0
/ /m (t,z,m,Du) - Du— H(t,z,m, Du)) dxdt

We now use (5.2) in Lemma 5.1 with m = m and 4 = m, and we get

hmsup/ m¢(T)G(z, m*(T))dz < (u(0), mo) / /mF (t, z,m) dzdt

e—0

(6.3) / /m (t,z,m, Du) - Du — H(t,x,m, Du)) dzdt

//m Gl NN
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We now use the monotonicity of G in order to get the strong convergence of G*(x,m(T)).
Indeed, if we set m€ := p* x m*(T") and Ty (r) = min(r, k),

/Q [T1(G(, %)) = Ti(G(, m(T)))] [ — m(T)]de

§/QG(x,me)medx—/QTk(G(x,mﬁ))m(T) da:—/QTk(G(x,m(T)))[me—m(T)]da:.

Since m* weakly converges to m(T"), the last term vanishes as € — 0. The first one is estimated
by (6.3), while for the second we can use (4.25) with f(z,:) = Tp(G(z,-)). Therefore, we get

lim sup / (G, 1)) — To(Ga, m(T)))] [ — m(T))dc

B //Gm T)dva (A d:n—//Tk (2 A))m (T (A) d

Letting kK — oo we conclude that
(6.4) limsup lim sup/ [T%(G(x,m)) — Tk (G(z,m(T)))] [m® — m(T)]dx = 0.
k—o0 e—0 Q

We claim now that, as a consequence of (6.4), G(x,m¢) converges to G(x,m(T")) almost every-
where in €2, at least for a subsequence. Indeed, we observe that

Jp e Gleaml I el gy < [ [T4(G (, 1)) — Th(G, m(T)))] [ — m(T))de

+ [ |G(2,m) | LG @mesky 4o + [o |G(@, m(T))| Ligem) >k} d©
and last two terms tend to zero as k — oo uniformly with respect to €. So we have

i -Gl
e—0

< limsup J [14(G(a, ) = Ti(Gla, m(T)] [ = m(T)]do

+sup. [ |Gz, )| Ligame >k 4 + Jo |G (2, m(T))| Lic(wm(T)>k} d2
hence, using (6.4) and letting k — oo, the right-hand side vanishes. We deduce that

/ (G, m®) = G, m(T))] [i® —m(T)] |
Q 1+me+ m(T)

lim sup =0

e—0
which means, since G is monotone, the L' convergence of the integrand function. We deduce
that, up to subsequences,

Gz, m?) — G(z,m(T))] [® — m(T)]
14+ me +m(T)
and this readily yields the a.e. convergence of G(x,m¢) to G(z,m(T)) in €.
Finally, since G(x,7¢) is also equi-integrable by (4.7), it is therefore convergent in L' (f2).

As a consequence, the L! convergence of G¥(z,m¢(T)) towards G(x, m(T)) is established. In
addition, we now deduce that

—0 a.e.

/RG(@“, N)dvy(N) = G(z,m(T)) .
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We insert this information in the right-hand side of (6.3), moreover now we can use Fatou’s
lemma in the left-hand side and we conclude with the identity

T
/QG(x,m(T))m(T)dm: (u(O),mo>—/0 /QmF(t,m,m) dxdt

T
— / / m (Hp(t,z,m, Du) - Du — H(t,z,m, Du)) dxdt
0 JQ
which is (6.1). O

Remark 6.2. The monotonicity of G is only used in the above lemma in order to obtain the
strong L' convergence of G (x,m*(T)). If q¢ < 2, this condition would not be required since one
already knows from Proposition 4.5 that m(T) strongly converges in L' to m(T).

We can finally conclude with the existence result.

Theorem 6.3. Consider a subsequence (u¢,m¢) converging to (u,m) as in Proposition 4.5.
Then (u,m) is a weak solution of (1.3).

Proof. With the results proved in § 4, there only remains to pass to the limit in the Hamilton-
Jacobi equation and show that (1.3) holds.

By Lemma 6.1, G¢(z,m*(T)) — G(z,m(T)) in L'(Q). We also know that F€(t,z,m¢) —
F(t,z,m) in L'(Qr) (see the proof of Lemma 4.6). Now we observe that assumptions (2.1)-
(2.3) imply that H satisfies

e ) < ) < (4 ) <o ()
(m + p)° (m + p)* (m + p)e
Therefore, up to addition of a L'-convergent sequence, the Hamiltonian

(t,x,p) = H(t,z, Ty jem*(t, ), p)

€o

is nonnegative and has natural growth. Since u¢ is bounded below, without loss of general-
ity we can assume that the solution u€ is also nonnegative. It is therefore possible to apply
(a straightforward adaptation of) the result in [29, Theorem 3.1], in order to deduce that
H(t,z,Ty/em*, Du®) — H(t,z,m,Du) in L'(Qr), and we can pass to the limit in (4.1)-(4.3)
and obtain (3.1). O

In order to prove the uniqueness of weak solutions, the main step was given by Lemma 5.1. We
need however a counterpart which ensures that any weak solution satisfies the energy equality
(6.1). To this purpose, we follow an argument developed in [31].

Lemma 6.4. Let (u,m) be any weak solution of (1.3)-(1.5). Then the energy identity (6.1)
holds true.

Proof. By Lemma 5.1, we already know that
T
/ mou(0) dz < / G(x,m(T)) m(T) dx —I—/ / F(t,z,m)m dxdt
Q Q 0 Jo

T
+/ / [m Hy(t,z,m, Du) - Du—m H(t,z,m, Du)] dzdt
0 JQ

where we used the fact that u € C°([0,T]; L*(£2)). In order to prove the reverse inequality, let
ug, := min(u, k). Since —u; — vAu € LY(Q7), by Kato’s inequality,

—(ug)e — vAug + H(t, 2, m, Du)lgycpy > F(t,z,m) 1o -
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Since m; — vAm — div(mb) = 0 for some b such that m|b|? € L'(Q7), by [30, Theorem 3.6] we
know that m is also a renormalized solution, hence it satisfies

Sp(m)e — vAS,(m) — div(S),(m)m Hy(t,z, m, Du)) = wy,

where S, (m) is a suitable C! truncation (i.e. Sy (r) = nS(r/n), for some S compactly supported
n [—2,2] such that S = 1 in [~1,1]) and where w,, — 0 in L'(Qr). Notice that both u; and
S, (m) are bounded functions and belong to L2(0,T; H*) N C([0,T]; L' (£2)). By using uy, in the
equation of S, (m) we get

/s o) (0 )daz—/uk( ) S (m dx>// (t, ) gy g S (m) derdt

T
// (S, (m)m Hy(t, z,m, Du) - Du — Sy (m)H (t,z,m, Du)] ]1{u<k}dxdt—/ /wnukda:dt.
0 JQ

Letting first n — 0o, the last term vanishes since uy, is bounded. The regularity of weak solutions
allows us to pass to the limit in the other terms (recall that w(T') = G(z, m(T))) and we obtain

T
/mouk(O)dx—/uk(T)m(T)de/ /F(t,x,m)]l{u<k}mda:dt
Q Q 0 JQ

T
+ / / [m Hy(t, z,m, Du) - Du — mH(t,z,m, Du)] 1,y dzdt .
0 JQ

Finally, letting & — oo we deduce the desired inequality and we conclude that (6.1) holds true.
O

Lemma 6.5. Under all the assumptions made in Theorem 3.6, there is a unique weak solution
of (1.8)-(1.5).

Proof. Let (u,m) and (@, m) be two weak solutions of (1.3)-(1.5). By Lemma 6.4, they both
satisfy the energy identity (6.1), so using also Lemma 5.1 overall we know that

/mou da:</Gx m(T (T)dx—i—/ /F(t,x,m)vﬁdxdt
0 JQ

+ / / [m Hp(t, z,m, D) - Du—m H(t, z,m, Du)] dzdt,

/Q mo @(0) dz < /Q G, i(T)) m(T) dar + /0 ' /Q F(t, 2, m)m dzdt

T
+/ / [m Hp,(t,z,m, Du) - D — m H(t, z,m, Du)] dzdt,
0 JQ

/Qmou(O)da::/QG(x,m(T))m(T)dx—i—/OT/QF(t,m,m)mdxdt

T
+ / / [m Hp(t, z,m, Du) - Du—m H(t,z, m, Du)] dzdt,
0 JQ

/Q mo @(0) dz = /Q G, i(T)) (T dar + /O ' /Q F(t, o, m)im dedt

T
+/ / i H (£, @, 1, Dit) - Dii — m H(t, , i, Dit)] dadt,
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and therefore
(6.5)

0>/(G(m(T)) G(m(T))) (m(T) — dx—i—/ / (t,z,m) — F(t,z,m))(m —m) dzdt
/ /m (t,z,m,Du) — H(t,x,m, Du) — Hy(t,z,m, Du) - (Du — Da)] dxdt

+/ / m [H(t,x,m, Du) — H(t,x,m, Du) — Hy(t,z,m, Du) - (D@ — Du)] dzdt.

Let us define
E(t,r,m1,p1,ma,p2) = — (H(t,x,m1,p1) — H(t, z,m2,p2))(m1 — mz)
+ (m1Hp(t, z,m1,p1) — maHy(t, 2, ma,p2)) (P1 — p2)
+ (F(t,z,m1) — F(t,z,mo))(m1 — ma)
and r = poy — p1, Pps = p1 + sr, 2 = mgy — my1, mg = m1 + Sz. From the assumptions, the
function h : s — —zH(t,z,ms, ps) + meHp(t, z, ms,ps) - v + 2F(t,2,ms) is increasing on [0, 1];
this yields that E(t,z,mq,p1,ma,p2) > 0 for all my,ms > 0 and all py,po € RY and that

E(t,z,m1,p1,ma,p2) = 0 if and only if m; = mg and p; = py . Thus, (6.5) and the assumptions
imply

/Q(G(wym(T)) = G(z,m(T))) (m(T) — m(T)) dz = 0,

(6.6) T
/ / E(t,z,m, Du,m, Du) dxdt = 0.
Q

From (6.6), we deduce that m = m and Du = Du a.e. in Qr, and that G(-,m(T,-)) =
G(-,m(T,-)) a.e. in Q. We then deduce that, in a weak sense, (v — @) = 0 and u(T") = a(7T),
hence u = 4 a.e. in Q7. O

7. EXISTENCE AND UNIQUENESS FOR SINGULAR CONGESTION

We consider the limit case when p = 0; we aim at proving the existence and uniqueness of
a weak solution of (1.3)-(1.5) as defined in Definition 3.7. Recall that it is not restrictive to
assume (3.3). To prove existence, we consider the weak solutions (u*, m#) of

(7.1) —owt —vAu* + H(t,z, u + m*, Dut) = F(t,z,m"), (t,z) € (0,T) x Q
(7.2) omt' — vAm* — div(m" Hp(t, z, p +m", Dut)) =0, (t,z) € (0,T) x Q
(7.3) m#(0,2) = mo(z), w(T,x) = G(x,m"(T)), z €9
for 1+ > 0 tending to 0. By (4.23), (4.24), we already know that the following estimates hold
T
1.0) Gl @)@y + [ [ Pty dode+ o) 5T e <
Q 0o Jo

Q)

T
(7.5) / / m* {Hy(t, z, p +m*, Dut) - Du* — H(t, z, p +m*, Dut)} dzdt < C,
0 Jo

w|B H
(7.6) // D" ddt+// ’D“’ _ dedt < C,
(mt 4+ p)

for some C' independent of p.

With the same proof as for Lemma 4.4, we obtain:
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Lemma 7.1. For each 0 < p < 1, the following functions deﬁned on Qr,
ﬁ,
wh = 1{mu+u§1}m“% and 2t = Ly s13Vm |M+ wya s are such that

[ Hy (£, 11+ m¥, Dub)| < ealm + b +/mih),

and the family (w") is bounded in L% (Qr), the family z* is bounded in L*(Qr) and also relatively
compact if B < 2.

Remark 7.2. In fact, the estimate of Lemma 7.1 shows that m* H(t, z, p+mH, Du*) is actually
bounded in L'*€(Qr) for some € > 0. This is obvious for m* from estimate (7.4) and so for
wk, which is bounded in LBI(QT). As for the term vm#tzH, we see that, for 0 < e <1

/OT/Q(\/W,Z“)Hdedt < (/OT/Q(,Z“)dedt> > (/OT/Q(m“)%tdde N

so using the bound of z* in L*(Qr) and the estimate (7.4) for mH, the right-hand side is bounded
as soon as € is sufficiently small.

Lemma 7.3. (1) The family (m*) is relatively compact in L*(Qr) and in C ([0, T]; W~17(Q))
for some r > 1
(2) There exist m € LY(Qr) and u € LY(0,T; WH4(Q)) for any q < %ﬁ such that, after the
extraction of a subsequence (not relabeled), m* — m in LY (Qr) and almost everywhere,
ut — u and Dut — Du in L'(Q) and almost everywhere. Moreover,

T T
(7.7) / / m_a|Du|B]l{m>0} dxdt +/ / mi= |Du|ﬁll{m>0} dxdt < +o0,
0 Jo 0 Jo

T
(7.8) //F(x,m)mdxdt+\]m/3l+1H Ner < oo,
0 JQ L N (Qr)

and Du =0 a.e. in {m = 0}.

(3) If B <2 and a < 1, then m*Hy(t,z, u + mt, Du*) — mH,(t,z,m, Du) in L*(Qr). If
B<2andl <a< (BB or f=2and 1l < a <2, then m*Hy(t,z, n + mt, Dut) —
mHy(t, x,m, Du)lg,0 weakly in L*(Qr).

(4) m € C°([0, T); L*(2)) and m*(t) converges to m(t) weakly in L'(Q) for any t € [0,T). If
B <2, then m* — m in C([0,T); L*()). Finally, (3.6) holds for any ¢ € C°([0, T)x ).

Proof. The compactness of m#, u* and Du* are established exactly as in Proposition 4.5. Then
we obtain (7.7) by using (7.6) and Fatou’s Lemma in the set {m > 0}. We obtain (7.8) as
an easy consequence of (7.4). If Du did not vanish a.e. in {m = 0}, there would exist p >
0 and a measurable subset E of {m = 0} in which |Du| > p. Then, by Fatou’s lemma,
[p(m* + )~ Dut|Pdzdt would tend to +oo, in contradiction with (7.6). Therefore Du = 0
a.e. in {m = 0}.

To pass to the limit in m*Hy(t, z, p + mH, Dut), we first observe that this sequence is equi-
integrable in L'(Q7) as a consequence of Remark 7.2. Let us now consider the case when o < 1:
from (2.3) with p = 0, (¢, 2, m,p) — mHy(t,z,m,p) is well defined in Q7 x [0, +00) x RV, and
mtHy(t, x, jp + mt, Dut) — mHp(t,z, m, Du) almost everywhere. Then by Vitali’s theorem,
mPH,(t, z, p + m#, Dut) — mH,(t,z,m, Du) in LY(Qr).

Ifg<2andl <a< (65 L or f=2and 1< «a < 2, then naming * = m* H,(t, z, u+m*, Dut)
for brevity, we proceed through the following steps:

(1) By Remark 7.2, we can extract a subsequence, not relabeled, such that & — ¢ in
LY*(Qr) weak.

(2) For any bounded and smooth function ¢, Lebesgue theorem implies that ¢(m*) — ¢(m)
in LP(Qr) for any p > 1. Therefore, é#¢(mH) — Ep(m) in LY (Q7) weak.
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(3) If ¢ is also supported in [§, +00) for some positive §, then using the almost everywhere
convergence and Vitali’s theorem, #¢(mH) — mHy(t, z,m, Du)¢(m) in L' (Qr). This
implies that ({ —mH,(t,z, m, Du))$(m) = 0, and that { coincides with mH,(t, x,m, Du)
at almost every (t,z) such that m(¢,z) > 0.

(4) We notice that, by definition of £&# and assumption (2.3),

/DT/Q |EFp(m*) | dzdt < co /T/ mt|p(m*)|dzdt )

ror([ oo tetmonas) ([ 2t

and (7.6) implies that

1

/ ' [ i tm o <y | ' [ o lasar ([ ' [ty =elomazar)

Then using the weak convergence of é#¢(m*) in L'(Qr) and the fact that 0 < B—a < 1,
we can deduce

T T T %
iminf m o n\B—a 7
/0 /Q|§gz5(m)|d:cdt <limip CQ/O /Qm 6(m )|d:cdt+0</0 /Q(m E=2lp(m )|d:1;dt>
T T 3
262/0 /Qm|¢(m)|dxdt—|—0 (/0 /Qmﬁ_o‘|gb(m)|dxdt>ﬁ

Taking now ¢(m) = exp(—Km), and letting K tend to +oo yields that f{m:(]} |€|dxdt =

0, and that £ = 0 a.e. in {m = 0}. Notice that we used o < (3 in this step, in particular
if 8 = 2 we needed the restriction « < 2.
(5) Collecting the above results, we obtain that § = mH,(t,z,m, Du)1{,0-

Finally, the weak convergence of m*(t) in L'(Qr) can be justified as in Proposition 4.5 (as
well as the strong C°([0,T]; L*(2)) convergence if 3 < 2), and obtaining equation (3.6) is a
consequence of the previous points. ]

We conclude the existence part by showing that u satisfies (3.5) and the energy equality holds
true.

Proposition 7.4. Assume that 8 < 2 and 0 < o < (6[3 U orB=2and0<a<?2. Let (u,m) be

given by Lemma 7.3. Then inequality (3.5) holds true for every nonnegative ¢ € C°((0,T]x Q).
Moreover, (u,m) satisfies the energy identity (3.7).

Proof. From (3.1) and (3.3), we deduce that for every nonnegative ¢ € C2°((0,7] x £2),

/ /u“gptda:dt—l// /u“Agpd:L‘dt+/ /Ht z, p+m*, Dut) ol 0y dodt

/ / (t,z, mt goda:dt—i—/G(x,m“(T))gp(T)d:c.

By using the a.e. convergence of H(t,x,u + m#, Dut)lg,~oy to H(t,z,m, Du)ly,~oy and
Fatou’s lemma,

T
/ /H(t,:p,m, Du)p(t, x) 1 psoydodt < hmlnf/ /H (t, @, p+m", Dut) 1,5 010(t, z)dxdt.
0 JQ
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By properties of Young measures, and since G(z, m*(T')) is equi-integrable,

lim | G(x,m"(T))p(T)dx = / / G(z, N)dvy(N)(T) dx .
,LL*}O 9]

We easily pass to the limit in the other terms of (7.9) since u# and F (¢, x, m*) converge in L!(€2).

So we end up with

T T T
/ /ugotdxdt—y/ /uAgodxdt—i—/ /H(t,x,m,Du)go]l{m>0} dxdt
0 Q 0 Q 0 Q
T
§/ /F(t,x,m)gpdwdt—i—//G(x,)\)dyx(/\)ap(T) dx .
0 Q QJR

Thanks to (7.10), the conclusion of Lemma 4.7 is also true. Therefore,

(7.10)

lim [ w"(0)modz < (u(0),mg).
n—0 0

Starting now from the energy identity for the solution of (1.3)-(1.5) with x> 0:

/ /m“ (t,z, p +m*, Dut) - Du* — H(t,z, u + mt, Dut)) dxdt

T
/m” (z m”(T))dx—l—/ /m“F(t,az,m“)dazdt :/u“(O)mode‘
0 JQ Q

using Fatou’s lemma thanks to (2.6) and (2.11), we obtain

lim sup /Q Gz, m"(T))ym*(T)dz < (u(0), mo) / / mF(t, z,m) dzdt

n—0
/ / Limsoym (Hy(t, z,m, Du) - Du — H(t,z,m, Du)) dzdt.

Reasoning exactly as in the previous section, from the estimate (7.4) and assumption (2.10)
we obtain both G(z,m(T))m(T) € L'(Q) and [, G(z,\)Advy(A) € L'(Q). Therefore, we are
allowed to use (5.13) in Lemma 5.3 with m = m and @ = u, and we get

limsup/ Gz, m*(T))m"(T)dz < (u(0),mo) / /mF (t, 2, m) dadt

u—0

/ / Lmsoym (Hp(t, z,m, Du) - Du — H(t,z,m, Du)) dxdt

< /Q /]R Gz, \)dvs(\) m(T)dz.

Now we proceed as in Lemma 6.1 using the monotonicity of G and we conclude that G(x, m*(T")) —
G(z,m(T)) in L' () and the energy identity holds true. Coming back to (7.10), now we know
that [ G(z,\)dvy(\) = G(z,m(T)) and so (3.5) is proven. O

We conclude with the uniqueness of the weak solution. To this purpose, since u is now only a
subsolution, we will need a stronger version of the energy equality for the uniqueness argument
to succeed.

Lemma 7.5. Let (u,m) be a weak solution of (1.8)-(1.5). Then um € L*(Qr) and

/m d:c—/Gx m(T (T)der/t /QF(S,x,m)mdxds

—I—/ / [m Hy(s,,m, Du) - Du —m H(s, z,m, Du)] 1g,~01dzds
Q

(7.11)
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for almost every t € (0,T).

Proof. Let us set uy := (u — k)*. We first observe that, whenever u is a subsolution, then wy is
also a subsolution of a similar problem, namely

T T T
/ /u;€ o drdt — 1// / ug Ap drdt —|—/ / H(t,z,m, Du)l 0y Liysky @ dzdt
0 Q 0 Q 0 Q

T
< [ ] Pltamtiy edsdt+ [ (Glam(T) ~ b o(T)do
0o Jo Q
Henceforth, we can proceed exactly as in Lemma 5.3 with m = m and we obtain (recall that

me(t, x) = (m(t) x ps)(x))

T
/ / Lm0y H (s, m,m, Du)yms — Du - ws] L5y dds + / ms(t) ug(t) do
(7.12) @ @

T
S/t /QF(S,(E,m)mé ]l{u>k} dwds—l—/{)(G(Q;,m(T))_k)+m§(T) dr

which holds for almost every ¢ since ms € L>®(Qr) (it is indeed even continuous) and uy €
LY (Qr) and is bounded below. Starting from (7.12) and following the same steps as in Lemma
5.3, we obtain that

T
/de(t) ug(t) dx</ /bea Tiusiy dxder/QXa LG (zm())>k) Ao
t

for some sequences ¢s, xs which are convergent, and therefore equi-integrable, in L!'(Q7) and
in L'(Q) respectively. This implies that

sup/ mg(t) ug(t) do F2000.
6 JQ

Since u — wuy, is bounded, we know that mgs(u — uy) strongly converges in L*(Qr) as § — 0.
Therefore, a standard argument allows us to conclude that

(7.13) msu — mu  in LYQr).

This means that we can repeat the argument of Lemma 5.3 integrating either in (0,¢) or in (¢,T")
obtaining both

/Ot /Q[H(S, x,m, Du)ms — Du - ws| 1,50y dzds + (ms(0) u(0)) dv
< /0 /QF(S,:U,m)mg dxds + /Qu(t) mg(t) dx

T
/ / [H (s, z,m, Du)yms — Du - ws]1 {501 dzds + / ms(t) u(t) dz

/ / smmmgdxds—i—/Ga:m )ymg(T) dx

for almost every ¢t € (0, 7). Passing to the limit as § — 0 is now allowed thanks to (7.13), besides
the arguments already given in Lemma 5.3. Finally, as § — 0 we obtain both

(mo ()}dx</ doc+// (5,2, m)m dads

+/ / [m Hy(s,z,m, Du) - Du—m H(s,z,m, Du)] 11,50 dzds
Q

and
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and
/Q m(t) u(t) dz < /Q G, m(T)) m(T) d + /t ! /Q F(s, 3, m)m dads

T
+ / / [m Hy(s,z,m, Du) - Du—m H(s,x,m, Du)] 1{y,~0ydzds .
t Q

On account of the energy equality (3.7) which holds by definition of weak solution, we conclude
that (7.11) holds true, for almost every t € (0, 7). O

Lemma 7.6. Under all the assumptions made in Theorem 3.8, there is a unique weak solution
of (1.3)-(1.5).

Proof. Let (u,m) and (@, m) be two weak solutions of (1.3)-(1.5). From Lemma 5.3 and Propo-
sition 7.4, we know that

T
/mou(O) d:L‘S/G(:):,m(T))m(T) d:):—l—/ /F(t,x,m)fndxdt
Q Q 0 JQ
T
—i—/ / [ Hp(t, z,m, Du) - Du —m H(t, z,m, Du)] 1,50, m>0ydzdt,
0 JQ
T
/ moa(O)dﬂsg/G(:c,ﬁL(T))m(T)d:c+/ /F(t,x,rh)md:cdt
Q Q 0o Ja
T
+/ / [m Hp(t, z,m, Du) - Di —m H(t, z,m, D@)] 1,50, ms0ydzdt,
0o Ja
T
/mou(O) dx:/G(m,m(T))m(T) da:—i—/ /F(t,w,m)mdwdt
Q Q 0 JQ
T
—i—/ / [m Hy(t,2,m, Du) - Du—m H(t,x,m, Du)| 14,0y dzdt,
0 JQ
T
/moa(O) dx:/G(m,ﬁL(T))rh(T) dm+/ /F(t,x,rh)rhdxdt
Q Q 0o Ja

T
+/ / [m Hy(t,x,m, Du) - Dt —m H(t, z,m, Da)] 1{zs0ydad,
0 JQ

and therefore
(7.14)

0= /Q(G(x, m(T)) — G(z,m(T))) (m(T) —(T)) dw + /OT /Q(F(t’ x,m) — F(t,z,m))(m — i) dxdt
+ /OT /Q Limso0,ms0ym [H(t, 2, m, Du) — H(t, x,m, Da) — Hy(t, z,m, Da) - (Du — Da)] dzdt
+ /OT /Q Lm0, msoym [H(t,z,m, D) — H(t,z,m, Du) — Hy(t,z,m, Du) - (D@ — Du)] dzdt
" /OT /Q Lm0, m=0ym [=H(t, x,m, Du) + Hp(t, x,m, Du) - Du] dzdt

T
+ / / 150 oyt [ H(t 2,7, DiE) + Hy(t, 2,1, Dii) - Dii] dxdt.
0 Q

Note that from (2.1) and the convexity of H(t,z,m,p) w.r.t p,
(715) m>0 = —H(t x,mm, Di)+ Hy(t,x,m, Dii) - Dii > —H(t,z,1m,0)
(7.16) m >0 = —H(t,z,m,Du) + Hy(t,z,m, Du) - Du > —H(t,z,m,0)

(\VARAY

0,
0
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Therefore all integrals in (7.14) involve nonnegative functions, which then must be zero almost
everywhere. We deduce that

(7.17)
/Q(G(m(T)) = G(m(T))) (m(T) —m(T)) dz = 0,

T
/0 /Q]l{m>07,h>0}E(t,x, m, Du,m, Du) dxdt = 0,
T
/ / Lm_omsoyi(—H(t, x,im, D) + Hy(t, z. 1, D) - Dii + F(t,x,m) — F(t,z,0))dedt = 0,
0 Q

T
/ / Lim—om>0ym(—=H(t,z,m, Du) + Hp(t,z,m, Du) - Du+ F(t,z,m) — F(t,x,0)) = 0,
0 Q

where F has been defined in the proof of Lemma 6.5. From the last two equations in (7.17),
(7.15)-(7.16) and (3.8), we deduce that the sets {m = 0,m > 0} and {m = 0,m > 0} have
measure 0. From the second equation in (7.17) and the assumptions made for uniqueness
(which apply to the function E), as in Lemma 6.5 we deduce that m = m and Du = Du a.e.
in {m > 0,m > 0}. Combining all the previous observations, m = m almost everywhere in Q7.
Using also that that Du = 0 a.e. in {m = 0} and Du = 0 a.e. in {/m = 0}, we deduce that
Du = Di a.e. in Qp. Therefore, u — @ = [,(u(t) — a(t))dz. By applying Lemma 7.5 to u and
1, subtracting the two equalities on account of the above informations we finally get

/ m(t)(u— @)(t)dz = 0.
Q

Since u — @ is only time-dependent, this implies u = % a.e. in Q. O
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