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Abstract. We analyze the large time behavior of the rate function that describes the probability
of large fluctuations of an underlying microscopic model associated with the homogeneous Boltzmann
equation, such as the Kac walk. We consider in particular the asymptotic of the number of collisions
per particle and per unit of time and show it exhibits a phase transition in the joint limit in which
the number of particles N and the time interval [0,T] diverge. More precisely, due to the existence of
Lu—Wennberg solutions, the corresponding limiting rate function vanishes for subtypical values of the
number of collisions. We also analyze the second order large deviations showing that the probability
of subtypical fluctuations is exponentially small in N, independently of T. As a key point, we establish
the controllability of the homogeneous Boltzmann equation.

Key words. Boltzmann equation, large deviations, dynamical phase transitions, Kac model
MSC codes. 35Q20, 60F10, 82C40

DOI. 10.1137/24M1719165

1. Introduction. The limiting behavior of many body systems in the low den-
sity regime is described by kinetic equations. We focus on the spatially homogeneous
case, for which the typical behavior is described by the homogeneous Boltzmann
equation for the one-particle velocity distribution. Recently, some progress has been
achieved in the analysis of atypical behavior in the context of both deterministic and
stochastic microscopic dynamics. In particular, after [17, 22|, that large deviations
result over a finite time window in the limit of infinitely many particles has been
proven in [1, 2, 3, 7, 14].

As a basic microscopic model, we consider a version of Kac’s walk with hard
sphere collision kernel, which is a jump Markov process on the state space given by
N velocities in R?. The dynamics are specified in terms of binary collisions which
conserve particle number, momentum, and kinetic energy; the collision rate is chosen
in such a way that the typical number of collisions per particle in the unit of time
is of order one, formalized by the generator (2.1) below. As a classic result, as the
number of particle N diverges, the empirical measure converges to the solution to the
homogeneous Boltzmann equation [23].

We focus on the behavior of the number of collisions in the joint limit in which
the number of particles N and the time window [0, 7] diverge.
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Letting gy, be the number of collisions per particle and per unit of time, as
argued in (2.14), in either double limit N — 00,7 — 00, gn,7 — Ge = %IB(’U —
Vi, w) M (dv) M (dv,) dw, where M, is the Maxwellian of energy e prescribed by the
initial conditions, dw is the Haar measure on the sphere, and B is the collision ker-
nel. Note that if B does not depend on the velocities, as in the case of Maxwellian
molecules, then g. does not depend on e. In fact, the statistic of ¢ r is described by
a Poisson random variable.

For a fixed time intervall [0,T7], the probability of fluctuations of gy as N
diverges can be obtained by projecting the rate function associated to the microscopic
dynamics deduced in [2, 14] in the microcanonical setting. Here, we analyze the limit
of such projection as T diverges, thus completing the analysis of the large deviation
in the number of collisions per particle and per unit of time. We remark that the
present analysis does not rely on the details of the microscopic dynamics but only
on the rate function; in this respect, it can also be applied to the case of Newtonian
dynamics [7].

For the asymptotic behavior of gy 1, a special role is played by the so-called Lu—
Wennberg solutions to the homogeneous Boltzmann equation [18], which are weak
solutions with increasing energy. A class of these solutions can be obtained from the
underlying microscopic dynamics by considering only fluctuations of the initial dis-
tribution; therefore, their cost does not depend on the time interval. By exploiting
such Lu—Wennberg solutions, we deduce that the probability of subtypical fluctu-
ations in gy,7 is exponentially small in N but independent on 7. In contrast, to
construct supertypical fluctuations, it is necessary to change the dynamics; therefore,
the corresponding probability is exponentially small in NT'.

In summary, denoting by IP’iV the distribution induced by the microscopical dy-
namic with energy per particle given by e, we show that

PY gy~ q) ~ e NTHD),
where i, is a convex function on [0,00), vanishing on [0, G.], and strictly positive on
(ge,00) for some slightly larger G > g.. This dichotomy has the canonical interpreta-
tion [4, 9, 11] in macroscopic fluctuation theory as the existence of a dynamical phase
transition for the collision numbers qn 7.

We do not obtain a explicit expression for i., but we provide explicit upper and
lower bounds which are sufficient to show the behavior described in words above. The
upper bound is obtained by choosing a time-independent path, where the single time
velocity distribution is characterized by a static variational problem whose solution is
not Maxwellian. The lower bound is instead obtained by comparison with a suitable
static strategy. We expect that neither the upper nor the lower bound is optimal, and
in fact the optimal path should exhibit nontrivial time dependence.

The second order asymptotic can be formalized as

PY (qn.r ~ q) ~ e~ Nield),

Clearly, j.(q) = 400 for ¢ > g.. In the case in which the initial microscopic distribution
is the uniform measure on the energy surface, we obtain an explicit expression for j.
related to the relative entropy between two Maxwellians.

The present analysis requires two auxiliary results of independent interest which
we next briefly describe. Given a path with a finite rate function, we prove the chain
rule for its entropy. While for the energy conserving path this statement has been
proven in [12], we here show that it holds also for a path for which the energy is not
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constant, as in the case of Lu—Wennberg solutions. The second result regards the
controllability of the homogeneous Boltzmann equation. More precisely, given two
distributions with bounded energy and entropy, we show that they can be connected
by a path with finite cost.

In the context of hydrodynamic scaling limits, an analogous problem to the one we
here consider is the fluctuation in the total current, which exhibits interesting behavior
[5, 4, 6]. The presence of two different scaling regimes for subtypical and supertypical
fluctuations in the total number of jumps has been proven for the so-called east model
[8, 9], which has been also interpreted as a dynamical phase transition. We finally
refer to [13] for the asymptotic of the total number of jumps in the context of nonlinear
Markov processes.

2. Background and results. We first recall the analysis in [2, 14] which de-
scribes the large deviations asymptotics for the empirical measure and flow of the Kac
walk over a fixed time interval [0, 7] in the limit of infinitely many particles, N — oc.
This result yields, by projection, the large deviations principle of the total number of
collisions per particle in this limit. The corresponding rate functional is expressed by
a time-dependent variational problem. By analyzing this variational problem in the
limit 7' — oo, we then show that the total number of collisions per particle and per
unit of time exhibits a dynamical phase transition in the joint limit N,T — co.

1\1<[Iicroscopic model and empirical observables. Fix d > 2 and set ¥V =
Rd) . We consider the Kac walk given by the Markov process on the configuration
space =% whose generator acts on bounded continuous functions f: ¥¥ — R as

(21) Lnfw) =5 3 Lisf(v),
{i,j}

where the sum is carried over the unordered pairs {4,j} C {1,..,N}, i # j, and
L; ;i f(v) :/S dw B(v; — vj,w) [f(TZ‘“Jv) - f('v)]
d—1

Here, Sq_1 is the sphere in R?, and the postcollisional vector of velocities is given by
vit(w-(v;—v))w k=i
(2.2) (Tv), =S vj— (w- (v —v;))w ifk=3j

»J
Vg otherwise,

and the collision kernel B is given by
1
(2.3) B(v—v*,w):§|(v—v*)-w|.

The collisional dynamics preserve the total particle number, momentum, and
energy, given by the integrals of

C: R [0,400) xRY, ¢=(o,0)(v) = ([v]*/2,0).

In the sequel, we fix e € (0,00) and consider the restriction of the Kac walk to the set

N
(2.4) DIARES {vezN: Jb;c(vi):(e,())}.
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By Galilean invariance, the choice of vanishing total momentum is not special, and any
other choice can be achieved by selecting a suitable frame of reference. In constrast,
the parameter e, which represents the energy per particle, will play an important
role in our analysis. We denote by (v(t)):>0 the Markov process generated by Ly
which is, by direct computation, ergodic and reversible with respect to the uniform
probability on . Given T > 0 and a probability v on X%, the dynamics carry the
underlying probability measure to the law of the Kac process IPf,V on the Skorokhod
space D([0,T]; =N).

Let & (Rd) be the set of probability measures 7w on R¢ equipped with weak topol-
ogy. We denote by &, the subset of Q(Rd) given by the probabilities with vanishing
mean and second moment bounded by 2e, namely, the set of 7 € & (Rd) such that
7(¢) < e and 7(¢) = 0. 2, is a compact convex subset of Z(R?), and we equip
it with the relative topology and the corresponding Borel o-algebra. For T > 0, let
D([O,T]; @e) be the space of P.-valued cadlag paths endowed with the Skorokhod
topology and the corresponding Borel o-algebra. The empirical measure is the map

N.xN 5 2, defined by

1 N
(2.5) ™ (v) = N;‘Lf

We denote by 7™V the map from D([0,7]; 2Y) to D([0,T]; Z.) defined by w (v) :=
7V (v(t)), t €[0,T]. Given suitable assumptions on the initial conditions, as N tends
to infinity, by propagation of chaos [23, 20], the family ¥ (v) converges to the unique
energy-conserving solution to the spatially homogeneous Boltzmann equation

20 ohto)= [ dv. [ dwBlo— v (H0)A) - F0)h.)

For a fixed time horizon T' > 0, we denote by .#7 the subset of the finite measures
Q on [0,T] x R?? x R?? that satisfy Q(dt; dv, dv,, dv’, dvl) = Q(dt; dvy, dv, dv’, dv)) =
Q(dt; dv, dv,, dv’,, dv’), which we endow with the weak topology! and the correspond-
ing Borel o—algebra. The empirical flow is the map Q[IO\CT] : D([0,T;2Y) — oy de-
fined by specifying for each bounded and continuous function F': [0, 7 xR¥*xR* 5 R
satisfying

F(t;’l},ﬂ*ﬂjl,’l];):F(t;’U*,’U,’U/,’U;):F(t;U,U*,U;,U/)

the integral

2D @m@F)= 5 XS (=)l ) () (),

{i,g} k=1
where (’Tli’j)k21 are the jump times of the pair (v;,v;) in the time window [0,77,
and v;(t—) = limgps v;(s) is the left-limit. In view of the conservation of energy and

momentum, the measure Q[I(\)/,T] (dt;-) is supported on the set of pre and postcollisional
velocities satisfying

{¢(0) +¢(v) =¢ (V) +¢(l) } CR* x R*.

11e., the topology generated by the maps Q +— Q(F), F € C,([0,T] x R?? x R2%).
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The rate function in a fixed time window. For T' > 0, let ., v be the
subset of D([O,T]; @e) X M7 given by elements (7, Q) that satisfies, for each ¢ €
CL([0,T] x R?), the balance equation

T
(2.8) mr(d7) — 7o (Po) —/ dtwt(atgbt)—/Q(dt;dv,dv*7dv’,dv;)vqbt(vm*,v’w;),
0
where
Vo(v,0.,0",0,) = ¢(v') + ¢(v)) — d(v) — p(vs).

By conservation of the number of particles, for each v € B, IP’ﬁ[ -almost surely, the
pair (7V, QfgyT]) belongs to the set .7 7.

The analysis in [2] provides the large deviation principle for the pair (7rN , Qfg’ﬂ) €
e in the limit N — oo with T fixed. In order to describe the corresponding rate
function, which takes into account both the fluctuations due to the initial distribu-
tion of the velocities and ones due to the stochastic dynamics, we must first specify
the initial distribution for the Kac walk. To this end, fix a probability m € P(Rd)
satisfying the following conditions.

Assumption 2.1. There exists 7§ € (0,4o00] such that
(i) m is absolutely continuous with respect to the Lebesgue measure, and m is
strictly positive on open sets,
(i) m(e7%) < 400 for any v € (—00,7¢) and lim.y 4qx m(e70%0) = +o0,
(iii) for each v = (70,7) € (—00,7¢) x R%, the Fourier transform of dm.e7¢ helongs
to L'(R?), and
(iv) there exists ¢ > 0 such that 97 > Lexp{—c|v|?}.

dv = ¢

These conditions hold for the most important case when m = M., the Maxwellian
with vanishing average velocity and average energy e, with y§ =d/(2e).

Following [2], we then consider the Kac walk with initial distribution of the veloci-
ties given by vV, the product measure m®" conditioned on vanishing total momentum
and energy per particle given by e. Such a conditional measure is well defined in view
of the existence of a regular version of conditional probabilities, and v is supported
on ¥, Furthermore, by standard properties of Gaussian measures, if m = M., then
v is the uniform probability on ¥, which is a reversible invariant measure for the
Kac process.

For notation convenience, we will hereafter also assume that m has vanishing
average momentum and average energy e; namely, m(¢) = (e,0). This can be achieved
by a suitable exponential tilt which does not affect the conditional probability /2.

For the choice v/ of the initial distribution of the velocities, the static rate func-

tion H.(:|m): £, — [0,40] is the convex functional given by
(2.9) H.(m|m):=Ent (7|m)+5[e — ()],

where Ent(-]-) is the relative entropy between two probability measures. This rate
function describes the static large deviations of the empirical measure {7rN (v)} N1
when v € ¥ is sampled according to v¥. Note that H.(m|m) can be finite also
when the energy of 7 is strictly smaller than e; that is, with probability exponentially
small in N—but not super-exponentially small—some of the energy may “escape to
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infinity.” In the case in which m = M, so that Z/év is the uniform probability on Zév ,
this functional has been originally derived in [16]. It reads as

dom d 4me
(210) HG(W|M6)7/d7TlOga+§ <10gd+1) .

In order to describe the dynamical contribution to the rate function, let (v, v*;-)
be the measure on R?*? supported on {¢(v) 4+ ¢(v,) = ¢(v') + ¢(v.)} such that
(v, vs,dv’,dv}) = dw B(v — v, w), where v/ and v}, are related to w by the colli-
sion rules, as in (2.2). For m € D([0,T); Z.), let Q™ € .#r be the measure defined
by

(2.11) Q7 (dt; dv,dv,, dv’, dv.,) := %dt 7 (dv) s (dvy) 7(v, ve; do’, dvl)
and observe that Q™ (dt,-) is supported on {{(v) + ¢(v.) =¢(v') +¢(v))}-

Let 729 be the subset of .7, r given by the elements (m,Q) such that m €
C([0,T]; Z.) and Q < Q™. The dynamical rate function Je r: .7 r — [0,00] is

defined by
» | dQ dQ dQ . ac
/dQ {dQ’TlOng”_(dQ”_l>} 1f(7r,Q)€5”e’T7

(2.12)  Jer(w,Q) =

+00 otherwise.

In [2], it is shown that when the initial distribution of the velocities for the Kac walk
is given by v, then the pair empirical measure and flow satisfies a large deviation
upper bound with speed N and rate function I r(-|m): % r — [0, 00] given by

(2.13) I r((m,Q)lm) = He(molm) + Je (7, Q).

where H.: &, — [0,00] takes into account the fluctuations in the initial condition,
while Je 7: Fer — [0,00] encodes the dynamical fluctuations. A matching lower
bound is proven for neighborhoods of pairs (7, Q) such that @ has a bounded second
moment and for a class of Lu—Wennberg solutions [18].

Denote by gn,r the total number of collisions in the Kac walk per particle and
per unit of time so that NT'qx 7 is the total number of collisions in the time window
[0,7]. From the very definition of the empirical flow, gn r can be obtained from the
mass of QfgyT] and more precisely gy = Tﬁle(\)f,T] (1). We claim that gy p satisfies
the law of large numbers in probability with respect to IP’,],\ZN as follows:

(214) TI—ILIrloo Ngriloo aNT = (jc - NE)IEOO TEIEOO IN.T>
where

1
(2.15) Qe = 3 /Me(dv)Me(dv*)B(v — V4, w) dw.

The first equality in (2.14) follows from the convergence of the particle dynamics to
the homogeneous Boltzmann equation with initial datum m and the convergence of
its solution to the Maxwellian. The second equality follows from the ergodicity of
the microscopic dynamics and the convergence to the Maxwellian of the empirical
measure when the velocities are sampled with respect to the uniform measure on XV.
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For fixed T > 0, the contraction principle allows us to transfer the large deviation
results from the empirical flow to the empirical collision number {gn 7} n>1 in terms
of the rate function .Z, r: [0, +00) — [0, 400] given by

(2.16) S 1(g|m) ::inf{IeyT((ﬂ,Q)|m), (7,Q) € F,.r such that Q(1) :Tq}.

It follows from [2] that {gn o, N > 1} satisfies a large deviation upper bound with
speed N and this rate, but a matching lower bound would require an additional
regularity for the optimal path for the variational problem on the right-hand side
of (2.16). Note that, as already discussed in the notation, the rate function (2.16)
depends on the choice of the probability m describing the initial distribution of the
velocities.

Main results. The present purpose is to investigate the large time behavior of
the rate function in (2.16) which has a nontrivial structure, exhibiting in particular two
different scaling regimes at large and small, respectively, empirical collision numbers.
As customary in large deviations theory [19], the relevant notion to describe the
convergence of the functions in (2.16) is De Giorgi’s I'-convergence.

To describe the first scaling regime, we first introduce the limiting rate function.
Fix p € &, with H.(u|M.) < 400, and let i.(g|u): (0,4+00) — [0, +00] be the function
defined by

1
2.17 j — inf — inf J, .Q),
(2.17) ie(qlp) T e 7 (T, Q)

where

rlalm) = {(m.Q) € 7 =m0 =1, Q1) =Tg}.
We extend i.(-|p) to a function on [0,400) by setting
(2.18) te(0]p) := liminf ic (qlp)-

PROPOSITION 2.2. The function i.(-|n) does not depend on u, is continuous, and
is convez on [0,+00). Furthermore,

1
2.19 1 = lim — inf Jer(m,
(2.19) e(qlp) P T e er(m, Q)

and vanishes on the interval [0, de].

In view of this result, here and after we drop the dependence on y in the notation
for ..

THEOREM 2.3. Fiz m € &, meeting the conditions in Assumption 2.1. The
sequence of functions {T‘lfe,T(~|m)}T>0 on [0,400), defined in (2.16), is equi-
coercive, and I'-converges to i, as T — co. Namely,

(i) for each £ >0, there is a compact K; CC [0,+00) such that {q € [0,400): T~*
Fer(-lm) <L} C Ky eventually as T — oo,
(i) for each q € [0,4+00) and each sequence qr — q, the inequality iminfr_, ., T~1
Fer(qgrim) >i.(q) holds, and
(iii) for each q € [0,+00), there exists a sequence qr — q such that limsupy_, . T~*
Fer(grim) <ie(q).

In view of standard property of I'-convergence, see, e.g. [19], this statement
together with the large deviations upper bound with fixed 7" in [2] implies the following
corollary.
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COROLLARY 2.4. For each closed set C C [0, +00),

. . 1 N e
I}IE Sup 111[111 SUP o logF,x (qn.r € C) < — inf ic(g).
According to the arguments in [5], it should be possible to show that the same
limiting function is obtained when the order of the limit in N and T is exchanged.
While we are not able to compute the limiting rate function i.(q) for ¢ > G, we
are able to obtain an upper and a lower bound in terms of a “static strategy.” Given
™€ P, with density f, set

Rg(w):%/ff*BdwdvdU*, R4(7T):%/\/ff*f’f;Bdwdvdv*,

in which we denote by f, f., f’, f. the density evaluated in v, v, v’, v.. Note that,
by Cauchy—Schwarz, R4(m) < Ra(7).

THEOREM 2.5. On [Ge,+00),

ig <ie <if,
where
. . q
2.20 F(g)= inf (ql —-q+R
(220) 0= it (a1og s~ o+ Falo)
and setting §e = sup, ¢ g, Ra(T) > G,
0 qc [(jev Qe]

2.21 i~ (q) = X R
(2:21) e (a) qIqug*the q € (Ge, +00).

In the proof, we show that the function i} corresponds to the optimal static strategy
for the variational problem (2.16) obtained by restricting to paths not depending on
time. It is possible that neither the upper nor the lower bound is sharp, which would
correspond to the minimizer of the variational problem (2.16) exhibiting a nontrivial
time dependence. We refer to [4, 6, 13] for examples of this phenomenon in other
contexts.

The last topic that we discuss is the development by I'-converge of the sequence
of functions { & v (-|m)}r>o. In the terminology of large deviations, this corresponds
to second order large deviation estimates. A similar phenomenon has been analyzed
in the context of the so-called east model in [8, 9].

In contrast to the functional i, describing the first order asymptotics, the func-
tional describing the second order asymptotics still depends on the initial condition
m. We limit the discussion to the particularly relevant case in which the initial ve-
locities are sampled from the equilibrium probability. As before, we first introduce
the limiting function. Recalling that M., € € (0,+00) denotes the Maxwellian with
zero average velocity and average energy e, we let j.: [0,4+00) — [0,+00] be the lower
semicontinuous function defined by

: He(Meg)|Me) if g €10,qe],
Je(q)::{ ( (Q)| ) if g €[0,gc]

(2.22) :
+00 if ¢> e,

where €(q) := e(q/q.)?. By direct computation for g € [0, g.] we have

(2.23) jolg) =log (q) |

q
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THEOREM 2.6. The sequence of functions {JE,T(~|ME)}T>O on [0,+00) is equi-
coercive and I'-converges to jeo as T — co. Namely,
(i) for each £ >0, there is a compact K¢y CC [0,400) such that {q € [0,+00): Fe 1

(-|m) <t} C Ky eventually as T — oo,

(ii) for each q € [0,+00) and each sequence qr — q, the inequality liminfr_, o Fe 7
(gT|Me) > jo(q) holds, and

(iii) for eachq € [0,+00), there exists a sequence g — q such that limsupp_, o Fe 1
(qr|M.) < je(q)-

In view of the standard property of T'-convergence, see, e.g. [19], this statement
together with the large deviations upper bound with fixed T in [2] implies that the
sequence of real positive random variables {gn 1}~ satisfies a large deviations upper
bound in the limit in which first N — oo and then T' — oo with speed N and rate
function j.(:|m). In contrast to the case of the first order asymptotics described by
Theorem 2.3, here the order of the limiting procedure does matter. In fact, as the
large deviations speed does not depend on 7', a large deviation principle in the limit
in which first T — oo and then NV — oo would be meaningless.

3. Reversibility. The next statement is the counterpart at the 16V4€1 of the iate
functional of the reversibility of the microscopic dynamics. Let Y: (Rd) — (Rd) be
the involution that exchanges the incoming and outgoing velocities, that is

(31) T(v,v*,v/,v;):(v/,v;,v,v*).

Recalling the definitions of the functionals H, and J. r in (2.10), (2.12), we have the
following identity.

PROPOSITION 3.1. Fiz T > 0. For each (7w,Q) € LeT,
(32) He(770|Me) + Je,T(ﬂ'v Q) = HE(TFT‘MG) + Je,T(ﬂ'a Q o T)

Moreover, if either side in (3.2) is finite, then for all t € [0,T], 7 admits a density
ft enjoying the integrability
1 £l
I ) < 0.

3.3 Q (
33) [
Finally, for any [r,s] C[0,T], (3.2) the entropy satisfies the chain rule

log

(3:4) He(fs dv|Me) = He(f, dv]Me) = Q (m log J;jf) |

In particular, t — H (7 |M.) is finite and continuous in time.

We understand that identity (3.2) holds in the sense that if either side is finite,
then also the other one is finite and equality holds. The strategy of the proof will be
to show that any (7, Q) for which the left-hand side Z, 7(w, Q) of (3.2) is finite can
be approximated by regular trajectories, for which we can compute a version of (3.4)
as follows:

He(fsdv|M.) — He(frdv|M.) =2 / S(Qil)(log £)— QP (log f))du,

T

where Q = dt Q; for any [r,s] C [0,7], and where the superscript on the right-hand
side denotes the marginals, namely,

Qf‘l)('):/Qt('7dv*adv/7dv;)7 QES)('):/Qt(dvl7dv;ﬂ ',d’U*)-
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On such regular paths, the chain rule can be rearranged to find the identity (3.2),
and the approximations are constructed so as to be able to pass to the limit. The
finiteness of the right-hand side of (3.2) will then imply the claimed integrability (3.3),
which allows us to pass to the limit to find (3.4).

Proof. We fix, for the duration of the proof, a pair (, Q) for which the left-hand
side of (3.2) is finite; in the following steps, we will show that the right-hand side is
finite, and

(35) He(”T‘Me) + Je7T(ﬂ-7 Q o T) S He(ﬂ-OlMe) + Je7T(7T7 Q)

The converse inequality is then proven by applying the previous case to the time-
reversed path

(3.6) Ty = Tp_y; Q=T oQr_;)dt.

Step 1. Bounds. We begin with some estimates. In [2, 14], it is shown that
Je,r admits the variational representation

Jer(m,Q) = Slp{p(Q(F) - Q7(e" - 1)) = EQIQ"),

where the supremum is carried out over all continuous and bounded F': [0, 7] x (Rd)2 X
(Rd)2 — R such that F(t;v,v.,0,0,) = F(t;v.,0,0",0,) = F(t;v,04,0,,0v"). From
this, it immediately follows that E(-|-) is convex and lower semicontinuous in both
arguments.

Since Je r(m, Q) is finite, by choosing F' = log(1 + |v| + |v«|) and using a stan-
dard truncation argument, we obtain that Q(log(1 + |v| + |v.|)) < 400, and simi-
larly Q(log(1 + |v'| + |v}])) < +o00. Moreover, by choosing F = —log(B), we obtain
Q(log1/B) < 400. Since B = |w - (v — v«)|/2, we conclude that Q(|log B|) is finite.

Finally, under the additional assumption that m; admits a strictly positive density
ft >0 for all t €[0,T], taking

1
F=log (<1+ o) (1 + Iv*l)“f(v)f(v*)>

with o > d + 1 and recalling that Q(log(1 + |v| + |v«|) is bounded, we conclude that
—Q(log f) < +00. Moreover, if f is bounded, then Q(|log f(v)|) < +oc.
Step 2. Velocity regularization. We first perform a regularization in the

velocity variables.
Given a pair (, @), we denote by 7(dv) = f; dv and dQ = Q¢ dt dv dv, dw. Given
0<e <1, let g. be the Gaussian kernel on R? with variance ¢ and let a. — 1 be given

by a. := 1/%5 + 1. For each € € (0,1), we construct the new path (7%, Q%) by taking
the density of 7€ to be

2 () = al(ge * f)(azv)
and setting
QE = agd((ga R ge ® ld) * Q)(a6v7aEU*7w)'

As an immediate result of the definition, it holds that

mi(Go) = o (e milc) ) <

€
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and that (7¢, Q%) satisfies the balance equation. Using the bounds in step 1, we can
rewrite

3.7) Jer(m, Q) = E(Q|P") — Q(log B) + Q™ (1) — P™(1),

where dP™ = dt dwm(dv)m(dv.). Since (P“)E — P™ , by convexity and lower semi-
continuity, E(Q°|P™ ) — E(Q|PT™). Moreover, one can prove that Q°(]logB|) is
finite and

(3.8) lim Q*(log B)=Q(log B),  lim Q™ (1)=Q"(1).

Splitting log B into its positive and negative parts, the convergence of the negative part
is guaranteed by the argument of [2, Appendix A]. In the positive part, the argument is
different because we no longer (in contrast to the cited paper) assume that Q(¢p) < oo;
however, the argument may be completed by noticing that (log B)* < log(1+]|v|+|v4|),
which is guaranteed to be integrable thanks to the bounds established in step 1.

Moreover, P™ (1) = P(1). Therefore, Je,r(w,QF) is finite and converges to
Jer(m,Q) as € = 0.

Step 3. Time regularization. In order to complete the approximation by
smooth trajectories, we must also regularize in the time variable; it will be convenient
to keep the parameters independent. Writing (ff, Q%) for the velocity-regularized
pair constructed in the previous step, let 1,, be a smooth approximation of the Dirac
measure in R, with support in (0,7), and set
(fe,0)  t<o0

)

(ft7Qt): {(ftEva) +>0.

We now define (7%, Q") to be the path with densities f;"° = (1, * f¢); and
75 = (1, * Q°);, where 2, is the convolution in time. Observe that (7w, Q")
satisfies the balance equation.
Let Jjg 5 be the functional J. 7 when the interval [0, 7] is replaced by [0, s], and
we have dropped the dependence on e. From now on, we can follow [2, Theorem 5.6,
step 3], obtaining that for each € > 0,

lim Jig ) (775, Q™) = Jjo, 5 (7%, Q7).
n—0
Step 4. Entropy chain rule for regular paths. By construction, f7¢ is

regular in (¢,v) and strictly positive. The same holds for all the marginal densities
1.0 ;= 1,3, defined as
t y VT Y

Q?’E’(l)(v) :/dv* dw Qt(v,v*,w)
n.e.(3) "
t (U):/dv*dWQt(U7v*’w)’

where we recall the notation Q?’E’(Z) = Q?’E’(l) and Q:”E’M) = Q?’E’(S). As a conse-
quence, we can write the balance equation pointwise as

ouf7e =2QF - Q).
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Since w™¢ admits bounded densities f°(t,v), the final bound in step 1 applies to
prove

(3.9)
Q"= (|log f(v)| + | log f7<(v)]) = Q=M (|log f7<|) + Q"=® (|log f7<|) < +oc.

Therefore, using that E(Q"¢|P™"") < +00, as follows from (3.7) and Q" (|log B|) <
+00, we get that Q" (|log Q"¢|) is finite. For any ¢ € [0,T],

(3.10) 0 (f 1og £7°) = 2Q D (1 + log £7°) — 2Q M (1 + log f7).

Since the reference measure is the Maxwellian M., we may use the representation
(2.10) of H.(-|M,), so that the problem reduces to studying the evolution of [ f;"“log

7Cdv. At time t = 0, He(fg° dv|M,) = H.(fy° dv|M,) is finite. Integrating in
t€[0,s] and in v e R?, we conclude that

(8.11) Ho(f1 dv|M,) — H.(f§ dv|M.) = 2Q (log /7 (v')) — 2Q, (log "< (v)),

where Q) is the restriction of Q to the time window [0, s].

Step 5. Computation on regularized paths. We now perform a computa-
tion, still at the level of the regularized paths, in order to link the integrals appearing
on the right-hand side of (3.11) to the rate function Jiy 4 appearing in the desired
conclusion (3.2); we refer to [15, Section 6.5.2] for a similar argument. Since f°
is everywhere positive, one can check that Q™" o Y is absolutely continuous with
respect to Q™" with a density given by

dQ™ oY) S W) (L)
dQ~"* L) ()

Meanwhile, since T is an involution, and the ﬁmteness of Jo r(7™, Q™) implies that
Q"¢ is absolutely continuous with respect to Q E, it follows that Q"¢ oY has a
density with respect to Q™" o T given by -3 dQM,E oY. By the chain rule for Radon—
Nidokyrgn derivatives, we finally see that Q"o is absolutely continuous with respect

to Q™"

AQP oY) NG (AQrE
aQ™ T T () \dQTT ")
Substituting into the definition (2.12) of J and using the additivity of the logarithm,

it follows that
R . AT A
(3.12) Jo, (7", Q" 0 1) = Jio 4 (7", Q"%) + (Qpp 0 T) <logf’77f(v)f’hf(v*)>'

Thanks to (3.9), the definition of T, and the symmetry in (v,v") <> (v4,v}), we may
further break up the last term as

(3.13)
Qg °T) <log L))

fr/,e (,U)fn,a(v*)

Together with (3.11), we obtain the balance equation for the entropy on the regularized
paths

(3.14)  He(fI* dv[Me) + Jyo,q (7%, Q"% 0 T) = He(f5 dv[Me) + Jjo,5 (7", Q7).

) =205, oz £7°(0) ~ 20, o 1)
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Step 6. Proof of (3.2). We now pass to the limit n — 0 in (3.14). The
right-hand side converges by step 3. By lower semicontinuity,

He(f;fd’U'Me)'i_J[(),s]( 7Q€OT)<H (fO dU|M >+J() s]( aQe)

Now we pass to the limit ¢ — 0. By (2.10), H.(-|M,) is convex. Then, by Jensen’s
inequality, step 2, and the lower semicontinuity, we deduce the more general version
of (3.5) for any time interval [0, s]:

(3'15) (WS|M)+JOS]( ’QOT)<H (7TO|M)+JOS]( 7Q)

This extends to any interval [r,s] C [0,7] by taking differences, and the special case
s =T yields (3.5). The same argument applied to the time-reversed path (3.6) shows
that the previous inequality is actually an equality, and so is the version applied to a
subinterval [r, s]

(316> (7T8|M>+Jrs]< aQ T) (7TT|M€)+J[T,S](7T7Q))

generalizing the claim (3.2).

Step 7. Density, integrability and chain rule. Let us now specialize to the
case where the left-hand side, and hence both sides, of (3.2) are finite. As a result,
the right-hand side of (3.15) is bounded in s € [0,T], and since J is nonnegative, it
follows that sup,«p He(ms|M,) < oo, from which it follows that every 7, admits a
density 7, = fsdv. Using the finiteness of Jio,r)(m,Q o T), the same argument as in
step 5 identifies

(3.17) (ﬂQoT)_fAUUKw)<dQ oT),

dQ™  fu(v)fe(vs) \dQT

In particular, the first factor is finite Q™-almost everywhere. As a result, it follows

that
I'fs d(QoT) dQ
(bgff*)+§<bg Q" )+‘%<bng”°T>

with & denoting the positive, respectively negative, parts of a function and ,,” in-
dicating the arguments at which f; is evaluated. We now integrate both sides with
respect to Q oY and use the finiteness of

ﬂmﬂonTkﬁQoﬁ<Mng°T»—%QOTXD+QWU

dQ™
to get

Q(Q%fﬂ) ><ﬁmﬂonTH%QOﬂﬂ)
+

11
Qo) ((bgd(?&ﬂ)_) +Q ((logddg) >

The last two terms are readily seen to be finite using the boundedness of k(logk)_
and the finiteness of Q@™ (1), and we ultimately conclude that

i,
Q(O%fﬂx><m'
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The argument for the negative part is similar, and we conclude the claimed integra-
bility (3.3).

The deduction of (3.4) from (3.16) proceeds as in step 5, and the continuity of
t— H(m|M,) follows by dominated convergence. d

4. Controllability of the Boltzmann equation. The following result, which
will be used in deriving Proposition 2.2 and Theorem 2.3, shows that any two proba-
bility measures may be joined by a path of finite cost.

THEOREM 4.1. Fiz T > 0 and e > 0. There exists C1 = Ci(e) and a function
Fy : [0,00)% — [0,00) for which the following holds. Given m; € P, with bounded
entropy, i =1,2 and k > Cy(e), there exists a path (w,Q) € Se.r such that wg =71,
T =To, and

Jer(m,Q) S Fi(e, T, k) + He(ma|Me), Q1) =k.

The function F' may be chosen such that, for fized e,k, for all 0 < Ty < Ty < 0, it
holds that
(4.1) sup Fi(e,T,k) < oo.

To<T<T,

In order to contextualize this result, which may have independent interest, we
first discuss an alternative formulation of the dynamical rate function J. r in (2.12)
in terms of a control problem for the homogeneous Boltzmann equation (2.6); see also
17, 14].

On a fixed time interval [0,T], we define a cost functional

(42)  Jor(mw) ::;inf{/o dt/wt(dv)ﬂ't(dv*)de(v—v*7w)\Il(F)}.

where ¥: R — R, is defined by ¥(z) := ze® — e* + 1, and the infimum runs over all
controls F': [0,T] x (Rd)4 — R for which the density f; of m; is a weak solution to the
controlled Boltzmann equation

(4.3)
Oy fr(v) = /dv* dw B(v — v*,w)eFf(“/’”;’”’”*)ft(v’)ft(v;)
- /dv* dw B(v — vy, w)eF @000 £ (0) £ (0,),  (t0) € (0,T) x R
fodv =g,

with the energy never exceeding e. Note that W is positive with a unique quadratic
minimum achieved at  =0. Observe also that the case F' = —oo, for which J. 7(F') <
400, corresponds to a vanishing perturbed collision kernel. With this definition, it
holds for all 7 that

(4.4) Jor(m) = inf Je,r (. Q).

In this way, Theorem 4.1 may be understood as asserting that, given 7y, mo € &, with
bounded entropy, there exists a control F' and a solution 7 to (4.3) such that wg =1,
7 = o, and such that the integral appearing in (4.2) is finite.

Let us remark that arguments from (4.2) run into issues of nonuniqueness, even
for the (uncontrolled) Boltzmann equation (2.6). Given an initial datum fy, taking
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F = 0 reduces (4.3) to the uncontrolled Boltzmann equation (2.6), for which there
are multiple solutions [18]. For this reason, we will not make precise the notion of
admissible controls and have rather formulated Theorem 4.1 in terms of J.r. We
emphasize that we do not need the initial and target measures to have the same
energy.

Strategy of the proof. Before proving the full statement of Theorem 4.1, we
first prove a “one-sided” version in Lemma 4.2, which is the special case where 75 is
a Maxwellian M,.. In this case, we can construct the path 7 by taking a solution to
the homogeneous Boltzmann equation starting at 77 and which has energy e for all
times ¢ > 0, and then reparameterizing time. Such a solution always exists as either
the unique energy-conserving solution if 7 already has energy e or a Lu—Wennberg
solution otherwise. The total collision rate will be tuned to a desired value k by
using two different flux measures Q1,Q? for the nonreparametrized solution: Q! will
be the “natural” measure associated with the solution, while Q% will remove certain
collisions. By switching over after a suitably chosen time, we can guarantee that the
total number of collisions reaches a desired finite value x, which will also ensure that
the rate remains finite after the change in time-scale. The “two-sided” case is argued
separately and is given by concatenating the path m; — M, produced by Lemma 4.2
with the time-reversal of the path my — M, using Proposition 3.1.

LEMMA 4.2. For every e,T > 0, there exist Co = Ca(e) and a function Fs :
[0,00)3 — [0,00) satisfying (4.1) such that for every @ € P, and k > Ci(e), there
exists (7,Q) € Se,r such that wg ==, wp = M., and

Je,T(W7Q)SFQ(67T7‘V’:)7 Q(l):’%

Proof. We divide into steps; fix everywhere e, T and m as in the lemma. A
nonreparametrized solution is defined in step 1, and the reparameterization is given
in step 2, yielding the final (7, Q). The asserted bounds are proven in steps 3-5.

Step 1. Infinite-time path. Let us take (fT)T>0 to be any solution to the
homogeneous Boltzmann equation whose initial datum fy is the density of = and
whose associated measures 7, = f,rdv satisfy 7.((y) = e for all 7 > 0. In the case
when 7 already has energy e, then f; is the unique energy conserving solution, while
if 7(¢p) < e, then it is a Lu-~Wennberg solution with a single jump of the energy at
7=0. In view of [2, Lemma 7.6], such a solution exists and setting

QL= Q' (dv,dv,,dw) := %fT(v)fT(v*)B(v — Uy, w) dvdv, dw

produces paths in S, with vanishing dynamical cost for any finite time horizon T'.
Moreover, since 7y is energy conserving away from ¢ = 0, it also satisfies any bounds
valid for the energy conserving equation (e.g. [21]) which only require finite energy,
replacing the initial energy by e if necessary.

In the sequel, we will use a different flow measure associated with the solution
(fr)+>0 in addition to @} given above.

(45)  QA(dv,dve,dw) = [£r(0)fr (02) — (') o (u)] , B(v — vy dvdu, e,

in which [-]; denotes the positive part.

Step 2. Time reparameterization. We now construct a path with a specified
number of collisions on a finite time interval [0, T)]. First, we observe that, for any 7 >
0, QL(1) > Q2(1). Moreover, a straightforward argument shows that Q1 (1) is bounded
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below, uniformly in 7,7, so fooo QL(1)dT = 0o. Let us define k() := fooo Q2(1)dr; we
will see in step 3 below that there exists Ca(e) < oo such that k. (7) < Cy(e) for any
m e P,. For any k € [Ca(e),00), there is thus a unique 7, € [0, 00) such that

/0 " (@)~ @2)()do =k — k()

and set

1 if o< .
(4.6) QT:{ o hsT e

=, otherwise

we find that [~ Q-(1)d7 = k. We note, for future reference, that there exists c(e) < oo
such that QL(1) > c(e)~! for all 7, from which it follows that

(4.7) Tx < c(e)k.

Setting ¢: [0,7)—[0,4+00) to be ¢(t)=(T—t) T~ we define a time-reparametrized
path (7, Q) by

(4.8) = foydv,  Q(dt) = Quye'(t)dt,

where we understand that w7 = M,. In the remaining steps, we establish an upper
bound k. (7w) < Cy(e), which allows the previous construction for any x> C;(e) that
(m,Q) € Sc,r and the claimed bound on J. (7, Q).

Step 3. Bound on k(7). In this step, we prove that there exists Cy = Ca(e)
depending only on the energy e, such that x,(7m) < Cy(e) for all 7 € &.. We denote
by H . HTV the total variation norm on the space of signed measures. By [21], there
exist v =-(e) >0 and C = C(e) < +oo such that for any fy with energy e,

(4.9) | frdv— M|, <Ce7, 72>0.

Writing g for the density of M., recalling (4.5), and using that g(v)g(v«)B(v — vs,w)
is symmetric with respect to T, we have

o -

wv < [[dvdo. do| o) fr(0.) = g0)g(0.) [ Bo - .10
<2 [dodo. ol £, (0)f(02) = g (0.
<2||frdv— MEHTV /dv [v|fr(v) +2/dv || f+(v) = g(v)].

Since f; has energy e for any 7 > 0, the first term can be directly bounded by using
(4.9). In order to bound the second, given ¢ >0 we have

Javlollz-) - g0
Sf/dv ’f‘r(v) —g(v)| +/|>Zdv|v| |f7(v) —g(v)’ <{LCe™ 7 +4%,

where we used (4.9) and the Chebyshev inequality, noticing that both f; and g have
energy e. Optimizing at £ = e7/2, we find that, for some 7' =+/(e) > 0 and ¢’ =
C'(e) < +o0,

(4.10) @ — QM-

TVSC"@‘W T, T>0.
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Recalling the definition (4.5) of @2, the bound (4.10) implies
(4.11) Q2(1)<2Ce™'".

Recalling that C’,7" depend only on e and not on m € 2., the claim thus holds
when we define Cs(e) := 2C"(e)/+'(e) since k4 (7) is defined to be the integral of the
left-hand side over ¢ € [0, 00).

Step 4. Balance equation. We now check that (2.8) holds, first on the interval
[0,7") and then extending to the endpoint by continuity. First, by definition of (f;)r>0
and @, ((fr)fzo dv, (Q+)r>0 dT) satisfies the balance equation (2.8) on [0, 7] since
on this interval Q, = QL and because f, satisfies the Boltzmann equation (2.6). For
T > Ty, observe, recalling (3.1),

(4.12) QF =@, +5(Q +Q7 o) — ]@" Qo]

Since the last two terms on the right-hand side above are symmetric with respect to
T,

fr
or

where the superscripts denote the marginals on the first and third variable, respec-
tively, and hence the pair ((fr)rzo dv, (Q+)r>0 dT) also satisfies the balance equation
(2.8) on 7 > 7, and globally. Therefore, by changing the time variable, the pair (7, Q)
defined in (4.8) also satisfies the balance equation on [0,7) in that (2.8) holds when
the terminal time T is replaced by any ¢ € [0,7). In order to extend this to the
endpoint 7', we observe that

dv=2[(Q)" (dv) — (/)" (av)] =2[(Q+) " (dv) — (@) (av)],

T T
/ Q(ds,1) < QC”/ (T—s)2exp(—/(T—s)"' =T71))ds—0
t t
as t T T. In particular, we may pass to the limit of both sides when we evaluate the
balance equation at ¢t <T and send t — T'. It follows that (7, Q) satisfies the balance
equation on [0,7] and that (7, Q) € % r.

Step 5. Estimate of dynamic cost. To estimate J. r(m, Q), we notice that
(4.12) implies Q, < @Q/7, independently of whether or not 7 < 7,. We thus have

T d T
Je,T(W»Q)=/O dt¢/(t)/de>(t) log (cé’(t)dgfdf(i))) —Q(l)+/0 dt Q' (1)
> _ 2 1
S/O dr Q- (1) log (T 1 +T) +Tﬂs€u£ﬂ 3 /,u(d’u),u(dv*)dw B.

The final term may be estimated by c¢(2 + 4e)T~2 using a simple upper bound B <
1(1 4 |v — v,]?), which is of the form required for (4.1). In the first integral, the
contribution from 7 < 7, is bounded by recalling that 7, () < ¢(e)x and that Q,(1) <
(2 +4e), yielding a bound (4 + 8e)c(e)klog(T 1 + c(e)x), while the contribution from
T > 7, is bounded by using (4.11). All of these bounds depend only on e,T, x and
have the property (4.1) asserted in the Lemma, so the proof is complete. d

Proof of Theorem 4.1. Fix e. Let us define Ci(e) :=2Cz(e), where Cy(e) is given
by Lemma 4.2. For any k > Ci(e), let (w*,Q") € Ser/2, © = 1,2, be the paths
provided by Lemma 4.2, with 7 = 7%, i = 1,2 and T replaced by T/2 and s replaced

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/23/26 to 151.100.50.165 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

DYNAMICAL PHASE TRANSITIONS FOR THE BOLTZMANN EQ. 5763

by §. Denote by x: [0,7'/2] — [0,T/2] be the time reflection x(t) =7/2 —t, and let
(er, QQ) be the path defined by

. 52
ﬂf = Tr?((t)’ Q :=Q%0cyoT.

£ 2
By direct computation, it satisfies the balance equation (2.8) so that (ﬁQ,Q ) €
Sery2- Finally, let (7,Q) € .7, r be the path obtained by concatenating (7\'1, 1)
£2
with (frZ,Q ) By construction, wo = 71, 7 = 12, Q(1) = Q' (1) + Q*(1) = &, and
thanks to Proposition 3.1,

Jer(m,Q) = Je,T/2(7717 Q)+ Je,T/2(7T27 Q%) + H.(ma|M.)
<2Fy(e,T/2,k/2) + H.(m2| M.),
where F} is the function given by Lemma 4.2. This completes the proof with F} (e, T, k)
=2F(e,T/2,k/2). o

5. First order asymptotics. We collect the proofs of the main results related
to the first order asymptotic.

Proof of Proposition 2.2.
Step 1. The identity (2.19). Since all paths (7, Q) € o r(g|p) start and end at
Ty = T = W4, one may concatenate competitors and use the translation covariance of
Je,r to find that the function

5.1 e ,T):= inf Je. (7,
(5.1) (. T) (m,Q)EAe T (q|p) 7(mQ)

enjoys the subadditivity property

(5.2) ie(qlp, Ty 4 To) <ic(qlp, Ty) +ic(qlp, Tz).

From this, a standard argument yields that i.(q|u,T)/T — i.(q|n), which is the
content of the assertion (2.19).

Step 2. Lower semicontinuity of i.(-|p). Fix ¢o,q¢ > 0 and set A = ¢/qo.
Given (7, Q) € o 7(g|p), define

W =mn QML) = +Qdt/N)

A

for A > 0. In particular, (7*,Q*) € @ (qgo|u). By direct computation,
AT A

A ~ d ~ -
Text (@@= [ @ aos— s ~ @1+ Q7 ()
0 dQ~
1
= /\Tq(] IOg N + (>‘ - 1)QW(1) + Je,T(ﬂ-a Q)v

A

Since Q™ (1) < ¢T, we find, for some constant ¢ depending on e,

q0

0. 0
C=qze(qlu)+qologq+‘1— ¢,
q q q

ie(qolp) < %ie((ﬂﬂ) - glog)\—k ’1 — %

Taking the limit inferior for ¢ — g produces the lower-semicontinuity of i..
Step 3. Independence of i.(g|pn) on pu. We first prove, for any u € &, the
inequality

(5.3) ie(qlp) <ie(q|M.).
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Fix T > 0 and (7,Q) € o r(q|M.), and let ~(7?',(?) € S be the path satisfying
7o = p, 1 = M., provided by Lemma 4.2. Set T=T+2 and (7, Q) € S, 7 be defined
by
e ifte0,1)
Tr=R m_y ifte[l,T—1]
f7, ifte(T—1,T]

and
dQ .
~ 0 iftef0,1)
d .
T?: %(t—l) ifte[l,T—1]
dQ

Let gr = %Q(l) By construction, |G — ¢| < ¢/T. By construction and Lemma 4.2,

1 ~ 1 c
.e q Me STJ T ~’ STJS ) T
io(rM) < 20, (7 Q) < 2 (m Q)+ £

In view of the subadditivity proven in step 1, and the lower semicontinuity proven
in step 2, by optimizing over (w,Q) € < r(q|M.) and taking the limit inferior as
T — +oo, we deduce the inequality (5.3). The reverse inequality is proven by the
same argument, and it follows for all u,v € &, and all ¢ > 0,

(54) ie(Q|/L):ie(q|Me) :ie(Q|V)'

Step 4. Convexity on (0,+00). Thanks to step 3, we take u = M, and omit
it from the notation. Thanks to lower semicontinuity, it is sufficient to prove that, for
each q1,q2 € (07 +OO)7

Z.@(ql + (J2) < lelqr) +ie(g2)
2 - 2

Fix u, let T} be any diverging sequence, and let (7}, QL) € o 1, (q1|p) be chosen

such that

(5.5)

. 1 .
dim T Jetn (70, Q) =ic(aq1).
For (7,,Q,,) € . o1, ((q1 +g2)/2|1t) as the path obtained by concatenating (), QL)
and (72,Q?), then

(1t g ) 1 ( 1 Al 2 2 )

e <o Je 9 Je ) .

ie (5 ) < g (e (0 @0+ e, (77, Q1)
We deduce (5.5) by taking the limit n — +oo.

Step 5. i is continuous on (0, +00). By convexity, it is enough to show that

i. is bounded. Recalling that i.(q) = i.(q|M.), by choosing 7 = M, and Q = aQMe
with a =¢/g. and g, defined in (2.15), we obtain that

ie(Q) S qugQ/Qe - (q - QE) < +o0.

Step 6. i.(q) =0 for g € (0,g.]. Given ¢ € (0,7.), let €’ be such that g =g,
where . is defined in (2.15). Observe that i.(q) = i.(q|M./). By choosing the path
(Mer,QMe), which is in & r(q/M.) for any T > 0, we obtain i.(g) = 0. This
statement gives also the convexity and continuity of i, in [0, +00). O
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Proof of Theorem 2.3. We collect the proofs of the different parts of equicoercivity
and I'-convergence.
Proof of i) (Equicoercivity). Fix ¢ > 0. For any T > 0 and any path (m,Q) in
[0, T, such that Q(1) =Tgq, by choosing the constant function v > 0 in the variational
formula for J. (7, Q) proven in [1],
1

% er(m Q)2 qy = (7 = 1)ZQ"(1) 2 gy — (7 = 1)C,

where C' is a constant depending only on e. The statement follows.
Proof of ii) (I'-liminf). Fix ¢ € [0,+00) and consider a sequence gr — ¢ as
T — +00. Recalling the definition (2.16) of 7. r,

l_I:Ie(ﬂ'()hn) + ;JE,T(WﬂQ)} .

1
Ly m) = inf
r(gr|m) (7,Q):Q(1)=Tqr {T

T

By the goodness of the rate function (2.13), the infimum is achieved for some path
(=T,QT) with QT (1) =Tqr. For any Ty > 0, the Controllability Theorem 4.1 produces
a path (7,Q) € Y, 1, with 7p = 7%, 71, = 7¢ and, provided Tj is chosen so that

qTo = Ci(e), Q(1) = ¢T, satisfying
T, (7, Q) < Fi(e, Ty, qTo) + He(ml | Me).

We now let (7, Q) be the path in [0, 7 + Ty] given by concatenating (7, Q) and
(wT,Q"). This produces

Jer+1, (7, Q) < Fi (e, To,qTo) + He(r" (0)|Me) + Jer (w7, Q7).
By assumption 2.1, there exists a constant depending only on m and e such that
H, (7T (0)|M.) < ¢+ H.(xT(0)|m).
Then,

1 . c+F(eToqly) T 1
= < —
Ty, TR < — T+TyT

Ser(qrim).

Note that (7,Q) € e 1o, (Gr, ) for some Gr — q as T — 4o00. Recalling (2.17),
we conclude by taking the liminf and using the lower semicontinuity of i.(q) proven
in Proposition 2.2.

Proof of iii) (I'limsup). We split into the cases ¢ >0,¢=0.
For ¢ > 0, we apply Proposition 2.2 to see that there exists a sequence of paths
(w7, Q"), such that 77 (0) =m =7"(T), Q" (1) = ¢T and

. 1 )
Tgrfoo fJe,T(ﬂ'Tv QT) = 1@(Q)-

By choosing the constant sequence ¢ = ¢, we deduce
1
Fer(qm) < T{He(WT(O)Im) +Jer(x",QM)},

which yields the statement.

For ¢ =0, recalling the separate definition of . (0) in (2.18), there exists a sequence
dn 4 0 such that i.(0) = lim,, i (gy). By the previous result, using a diagonal argument,
we conclude the proof also for ¢ =0. O
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Proof of Theorem 2.5.
Upper bound. We first prove that i, < il given by (2.20). Given p € &, with
density f, consider the path (7, Q) with 7, = p and d@Q = e“’%\ /oS fLBdtdvdu, dw.
By the symmetry of Q, (m, Q) satisfies the continuity equation (2.8) and, tuning v so
that €7 =¢q/R4(u), we achieve (m, Q) € <. r(q|p). By direct computation,

1

=der(m,Q) = qlog

T —q+ Ra(p).

_4
Ra(p)
We conclude by optimizing in p.

Lower bound. We now prove the lower bound given by (2.21).

By the variational representation of J. 1 proven in [1], for each F': [0,T] x R x
R?*? — R continuous, bounded, and satisfying F(t;v,v,,v',v.) = F(t;v,,v,v",0.) =
F(t; U’ IZ]*7 U:k’ IU/)?

1

Fer(m Q)2 7 (QUF) Q7" ~ 1)

Given a path (m,Q) € o 1(q|p), by choosing F =~+ 1 log ffl]{
of 7(t), we deduce

- , where f is the density

*

1 e 1 (7
Flrm@ == [ Rt £ [ Rt
where we use g = 7, so that, by the chain rule (3.4), Q(log ]},]{’/‘) = 0. Optimizing
in v, we have
. (m,Q) = qlog a q+1/TR( )dt
—der (T, Q) > ——— — = 2 () dt.
T L Ra(my)dt T Jo
Since Ry (mt) > Ra(m) and Ry(mt) < §e, we deduce
1 q
— > inf log = — =1 (q).
g er(m Q)2 onf (q og —q+ a) i. (9) 0

6. Second order asymptotics. We finally turn to the proof of Theorem 2.6
concerning the second-order asymptotics on the interval [0,G.]. The proof is based
on a Young measure argument: Informally, given a path (ﬂ'T,QT) of length T, we
associate with it a time average 67 by (6.1), which is a probability measure on pairs
of measures and fluxes. The assertions of the Theorem will follow by identifying
properties of limit points 7 — 0, T — co for any sequence (w7, Q") along which the
rate I, 7 remains bounded.

Before turning to the proof, we formalize this discussion. Denote by .# the
subset of the finite measures @ on R*? x R?*? that satisfy Q(dv,dwv,,dv’,dv.) =
Q(dv,,dv,dv’,dv]) = Q(dv, dv,, dv},dv’). Given 7 € ., set

Q" = %F(dv)ﬂ(dv*)B(v —v,,dw) € ..

Fix ¢ € [0,400) and a sequence g7 — ¢ as T — co. Fix also a sequence (x7,Q") €
e 1 such that Q" (1)=Tqr, and

limsup I, (w7, Q")|M.) < +oc.
T—+o0
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Each Q7 may be written as Q7 (dt) = dt QT , with QT € .4, a.e. in t € [0,T]. Let us
introduce the time average associated to the QT given by

1 T

which is a probability measure on &, x . .

LEMMA 6.1. Given the hypotheses above on (w7, QT), the sequence (91)psq is
precompact. Furthermore, if ¥ is any cluster point of U1, then

i) [9(dr,dQ)Q(1) =g,
ii) for ¥ a.e. (m,Q), it holds that Q =Q™ =Q o Y. In particular, ¥ is supported
on the set

Ge:={(Me,Q¥):0< ' <}
of pairs consisting of Mazwellian of energy at most e and its associated mea-
sures QMe’

Proof. We start by proving the compactness. Since &, is compact, by Cheby-
shev’s inequality and Prohorov’s theorem, it is enough to show that there exists
@ : R — [0, +00) with compact level sets such that

(6.2) lim sup /ﬂT(dﬂ,dQ)Q(@) < +o00.
T—+o00

Choosing ® = £ log(1 + [v]? + [v.|* + [v/|? + [v}[?), the condition 7 € &, implies

sup Q™ (e®) < +oo.
71'6:@6

For any QQ < Q™, by the Legendre duality

Q) <Q"(e® — 1)+ /de <;Q

dQ@ dQ
QﬂlongﬂdeJrl),

so that

[ 92(dn.40)Q(@) < sup Q)+ LA (2" QT

TEP,

which concludes the proof of (6.2).
Let 9 be a cluster point of ¥ and pick a sequence of T such that ¥ — ¢. By
definition of ¥,

/ 9r(dr,dQ)Q(1) = gr.

Item si) follows from this identity and the uniform integrability given by (6.2).
By definition,

/ﬁT(dw,dQ)/dQ” <§5ﬁ log ddgﬂ - ddgﬂ + 1) < %Je,T((wT,QTnMe).

Using Fatou’s lemma to bound the limit of the left-hand side, and since the rate
function appearing on the right-hand side is finite by the hypothesis,
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/ﬁ(dw,dQ)/dQ” (ddgﬂ log ddgr - ddgT +1> =0,

which implies that ¥ a.e. Q@ = Q™. By Proposition 3.1,

limsup I(77, Q" oY) < +oc.

T—4oc0

Arguing as before, we deduce that ¢ a.e. Qo T = Q™. As follows from [10, §3.2],
the probability measures 7 satisfying Q™ =T o Q™ are the Maxwellians M, : ¢’ > 0.
Since the finiteness of I,z imposes that 7] (¢o) < €’ for all ¢, it follows by lower
semicontinuity that m({p) < e for ¢¥-almost all (7, Q). Together, this proves that ¥ is
supported on G, as claimed. O

Proof of Theorem 2.6. The equi-coercivity in item (i) follows the analogous state-
ment in Theorem 2.3.

Proof of ii) (I'-liminf). In this step, we show that, for any sequence gr — ¢ €
[0,00), it holds that

(6.3) liminf Je 7(qr|Me) > je(q),
T—o0

where j, is defined by (2.22). We divide it into the cases where ¢ > ., q < G.

For ¢ > g., that the I'—liminf in (ii) is infinite for ¢ > g, would follow from the
first order asymptotic if we had proven that i.(q) > 0 for ¢ > .. Since we have proved
it only for g large enough, we need a separate argument. Fix ¢ > ¢. and suppose that
qr — q, let us assume for a contradiction that

(64) lim inf <ﬁe,:r(q'1“|]\4e) < +00.
T—+o00

We may therefore choose competitors (7wl QT) € S, r with QT(l) =Tqr and
Ler((n,QT)|Me) <1+ Fer(gr| Me).

It therefore follows that the liminf of the left-hand side is finite as T' — oo, and we are in
the setting of Lemma 6.1. As a result, there exists a sequence T,, — oo along which the
time averages ¥, given by (6.1) converge to some ¥, satisfying [9(dr,dQ)Q(1) =q
and with support in 4,. On the other hand, the support condition implies that
J9(dr,dQ) Q(1) < g, which provides a contradiction. We conclude that the original
hypothesis (6.4) is false. As a result, the liminf appearing in (6.4) is infinite for all
q > G, which is the conclusion (6.3) in the case ¢ > g.

We next consider the case where limp_, o gr = ¢ < .. If there is no sequence
along which .#, r(gr|M.) is bounded, then the conclusion is trivial. Otherwise, we
may pick a subsequence and competitors (77, Q) satisfying Q” (1) = ¢ and for
which I, 7 (w7, Q™ |M.,) is bounded. Taking the average Jp as in (6.1), we may pass
to a further subsequence on which ¥z — ¢ for some ¥. Since [9(dr,dQ)Q(1) =g,
¥ gives positive probability to {(M.,QM"), ¢’ € [0,e(q)]}. As a consequence, there
exists a sequence t = t(T) < T, t T +oo such that w] — M; with é < ¢(q). By
Proposition 3.1,

Lr((x",Q")|M,) > H(n]).

By lower semicontinuity of H.,
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imi > 5) > =j
%}r_rzirégHe(ﬂt ) = He(Me) = He(Me(q)) ]e(q)

and the claim (6.3) is proven for ¢ < g.

Proof of iii) (T-limsup). The I'-limsup in (iii) is trivial if ¢ > .. For ¢ < g, it

is enough to choose gr = ¢, and the path w} = M), Q= Q”T.
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