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Abstract The long-time/large-scale, small-friction asymptotic for the one dimensional
Langevin equation with a periodic potential is studied in this paper. It is shown that the
Freidlin-Wentzell and central limit theorem (homogenization) limits commute. We prove
that, in the combined small friction, long-time/large-scale limit the particle position con-
verges weakly to a Brownian motion with a singular diffusion coefficient which we com-
pute explicitly. We show that the same result is valid for a whole one parameter family of
space/time rescalings. The proofs of our main results are based on some novel estimates on
the resolvent of a hypoelliptic operator.

Keywords Homogenization - Hypoelliptic diffusion - Hypocoercivity

1 Introduction and Main Results

Random perturbations of dynamical systems has been the subject of intense study over the
last several decades [7]. One of the most extensively studied randomly perturbed dynamical
systems is given by the Langevin equation modeling the interaction of a classical particle
with a heat bath at inverse temperature S:

G=-VV(g) —yq+2rBE®). (1D

Here, V (g) denotes a smooth potential, y is a friction coefficient which should be interpreted
as the strength of the coupling to the heat bath, and &£(¢) denotes standard d-dimensional
white noise, i.e. a mean zero generalized Gaussian process with correlation structure

(E®E(s)) =066t —s), i,j=1,...d.
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There are various applications of this model to solid state physics, e.g. surface diffusion,
Josephson junctions and superionic conductors. As a result, equation (1.1) has been one of
the most popular stochastic models in the physics and the mathematics literature. See, e.g.,
[14, 16, 28, 29] and the references therein.

Various asymptotic limits for the Langevin equation (1.1) have been studied, both in
finite [6, 23] and in infinite dimensions [25, 31]. It is well known, for example, that for large
values of the friction coefficient y, solutions the rescaled process

gy (1) =q(t/y) (1.2)

converges to the solution of the Smoluchowski equation

t=—VV(2)+2B7E@). (1.3)

This is usually called the Kramers to Smoluchowski limit.

Clearly, in the limit as the friction coefficient converges to zero, and for fixed finite time
intervals, we retrieve the deterministic dynamics which is governed by the Hamiltonian
system

qg=-=VV(q).

The small y, large-time asymptotic is much more interesting and was originally studied by
Freidlin and Wentzell [7, 8]. It was shown in these references that, for d = 1, and under
appropriate assumptions on the potential, the Hamiltonian of the rescaled process

q” =yq@/y), (1.4)

converges weakly, in the limit as y — 0, to a diffusion process on a graph. This result was
obtained for one dimensional Langevin equations with periodic potentials—the problem we
study in this paper—in [10]. From this limit theorem one can infer the limiting behavior
of the rescaled particle position, which actually converges to a non-Markovian process; see
Corollary 2.2 and Remark 2.3 in this paper. Results similar to those of the Freidlin-Wentzell
theory were obtained in [33, 34] using singular perturbation theory.

On the other hand, when the potential is either periodic or random, and for fixed y > 0,
the long time behavior of solutions to (1.1) is described by an effective Brownian motion.
Indeed, the rescaled particle position

q°(t) :=eq(t/€?) (1.5)

converges weakly, in the limit as € — 0, to a Brownian motion with a nonnegative diffusion
coefficient D,,. An expression for the diffusion coefficient can be obtained implicitly via the
solution of a suitable Poisson equation [1, 15, 19, 24, 27, 30]. See also Sect. 3 below.

The above limit theorem for the rescaled process ¢¢(¢) does not provide us with a com-
plete understanding of the long time asymptotic behavior of (1.1) for two reasons. First, it
does not contain any information on the time needed for the process g (¢) to reach the asymp-
totic diffusive regime, the diffusive time scale tqi;r. We can define, rather imprecisely, i
to be the smallest timescale over which the particle motion is close, in law, to a Brownian
motion with an appropriate diffusion coefficient. A more precise definition of the diffusive
timescale can be found in [5].

Second, it does not provide us with any information on the dependence of the effective
diffusion coefficient D, on the friction coefficient y and on the inverse temperature . The
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large-y/large-p regime is the most interesting one from the point of view of applications
and it has been studied quite extensively by means of formal asymptotics and numerical
experiments, see [22, 32] and the references therein. An asymptotic formula for the dif-
fusion coefficient which is valid at small temperatures was obtained rigorously by Kozlov
in [19]. The formula obtained in that paper, however, is not valid uniformly in y, but only
for large or intermediate values of the friction coefficient. The purpose of this paper is to
study the dependence of the diffusive time scale tg and of the effective diffusion coeffi-
cient D,, on the friction coefficient, in particular in the limit as y tends to 0, and to obtain
results which are uniform in 8. We also derive various results related to the large y asymp-
totic.

To get some intuition on the dependence of 74y and D, on y, we calculate numerically
D, for the nonlinear pendulum with dissipation and noise (that is (1.1) with V(g) =1 —
cos(q)) through the formula

_ 2
b,  tim (@0 = lg®)?)

t—00 2t ’

where (-) denotes expectations with respect to the driving noise. We use the Lépingle-
Ribémont method for the numerical simulation of the diffusion [20]. In order to compute
the statistics we average over 2,000 particles which were initially uniformly distributed in
the interval [0, 2] with zero initial velocities. In Fig. 1a we plot the second moment of
the particle position divided by 2¢ as a function of time, for various values of the fric-
tion coefficient. In Fig. 1b we plot the diffusion coefficient as a function of y. All simula-

tions were performed at a fixed temperature 8~' = 0.1. The numerical simulations suggest
that
1
Tdiff ™~ e fory « 1, (1.6)
and that
1
D, ~—, forbothy «1andy > 1. 1.7
14

The central result of this article is a rigorous justification of the above two (actually
three) scaling limits, and the explicit calculation of the prefactors for both the large and
the small y asymptotics of D,. We will restrict our attention to the one-dimensional
case. We study the long time/small y asymptotic of the one-dimensional Langevin equa-
tion

G=—0V(q)—yq+v2yp'E() (1.8)

when V (g) is a smooth, periodic potential and &(¢) is white noise. Our first result can be
summarized in the following.

Theorem 1.1 The Freidlin—Wentzell scaling limit (1.4) and the diffusive scaling limit (1.5)
‘commute’. In particular, the rescaled process

eyq(t/(ye)

converges weakly, both in the lim._,o lim,, _. limit and the lim,,_,o lim._,q limit, to a Brown-
ian motion with diffusion coefficient D* given by formula (2.8) below.
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Fig. 1 Second moment and effective diffusivity for various values of y

Furthermore, the Kramers to Smoluchowski scaling limit (1.2) and the diffusive scaling
limit (1.5) also ‘commute’: the rescaled process

€q(t/(ye?)
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converges weakly, both in the lim._olim,_, [limit and the lim,_ . lim._.( limit, to a
Brownian motion with diffusion coefficient D given by formula (4.2) below.

The above theorem justifies rigorously the expressions (1.6) and (1.7), for y < 1 and
y> 1
Clearly, the above theorem implies that
;1_r>r})yDy =D* and ylgrolo yD,=D.
In fact, we can say slightly more: in Sect. 4, we prove the two-sided bound

D*
14

Y|b|

<D,<—, Vye(0,00).

We also compute the next order correction in the large y expansion of the diffusion coeffi-
cient D,,.
More generally, we are going to study the small-y asymptotic of the rescaled process

q’ (@) =Xxyq(t/iy) (1.9)

for a suitable one-parameter family of space-time rescalings A,, i, . It turns out that the

“right” scalings—the ones giving rise to a non-trivial limiting process—are of the form
M=yt ow, =y ae(0,00). (1.10)

Note that the case o = 0 corresponds to the Freidlin-Wentzell rescaling (1.4), whereas the

case a = oo corresponds to the diffusive rescaling (1.5). Our second result is the following,
where we denote by 7 : R — T the canonical projection:

Theorem 1.2 Assume that the Markov process (wq(t), p(t)) is stationary on T x R. Then
the rescaled process q” (t) defined in (1.9) converges weakly to a Brownian motion for every
o € (1/2,400). The diffusion coefficient of the limiting Brownian motion is independent of
o and is given by (2.8).

Remark 1.3 We believe that this is the theorem is also true for o € (0, 1/2]. However, we
have not been able to prove this. See also Remark 1.8 below.

Remark 1.4 The stationarity assumption is not necessary and can be replaced with the
assumption that the distribution of the projection of the initial condition onto T x R
has an L? density with respect to the Maxwell-Boltzmann distribution w(dpdq) =
Z 'exp(—=BH(p,q))dpdq. For purely technical reasons it seems to be more difficult to
obtain the same result for deterministic initial conditions.

The, perhaps, surprising result is that the diffusion coefficient is independent of the expo-
nent a: as long as we are at length and time scales which are long compared to the Freidlin-
Wentzell length and time scales, the particle performs an effective Brownian motion with
the same diffusion coefficient.

@ Springer



180 M. Hairer, G.A.Pavliotis

Remark 1.5 A similar result holds for the large y limit: Under the assumption of stationarity,
we have that

lim y gty ™) =vV2D W ()
y—00
weakly on C([0, T], R) for every « > 0, where D is given by formula (4.2) below.

Similar scalings to the one considered in (1.9) were considered for the passive tracer
dynamics

Gg=v(g)+~20E, V-v=0

by Fannjiang in [5]. There, it was shown that the diffusive time scale depends crucially on
the ergodic properties of the vector field v(g) on T¢. On the contrary, for the problem studied
in this paper, the small y asymptotic of 74 and D are independent of the specific properties
of the potential V (q). This is because the Hamiltonian vector field can never generate an
ergodic flow on the phase space T x R due to the conservation of energy.

The proofs of Theorems 1.1 and 1.2 are based on a careful analysis of the generator of
the Markov process (g (t), p(t)) on T x R. It turns out to be notationally more convenient
to study the rescaled generator of (1.8)

1
Ly=;A+LOU, (1.11)

on T x R, where A = pd, — V'(¢q)9, is the Liouville operator describing the unperturbed
deterministic dynamic and Loy = 87! 82 — pd, is the generator of the Ornstein-Uhlenbeck
process describing the interaction with the heat bath.

The main technical results which are needed for the proof of Theorem 1.1 are an estimate
on the resolvent of L,, as well as estimates on derivatives of solutions to Poisson equation
of the form —L, u = h. We obtain an estimate on the semigroup generated by L, which is
independent of y:

Theorem 1.6 There exist constants C and « independent of y such that
et fll < Ce | f1, (1.12)

holds for every t > 0, every y < 1, and every f € £>(u) such that ffdu = 0, where
n(dpdq) =Z~"exp(—BH(q, p))dpdq.

The Poisson equation that we need to analyze is
—L,¢, = p. (1.13)

The boundary conditions for this PDE are that the solution is periodic in ¢ and that it belongs
to L%(x). Our estimate on derivatives of ¢, is uniform in y:

Proposition 1.7 Assume that V (q) is smooth and let ¢,, be the solution to (1.13). The there
exists a constant C which is independent of y such that

ey 12+ 119,00, 17 + 114 11> + ¥ (U050, II” + 19,340, II” + 18,6, 1) <€, (1.14)
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independently of y . Furthermore, 0,¢, is an element of L*(u) and
19,6y |24 < CA+y 7). (1.15)

Remark 1.8 We believe that estimate (1.15) should actually be uniform in y. However, we
haven’t been able to prove this. The reason for this is that we obtain (1.15) as a consequence
of Sobolev embedding, but 8;¢y is not uniformly bounded in any weighted L? space.

The proof of estimates (1.12) and (1.15) is based on the commutator techniques that were
developed recently by Villani [35]. Somewhat similar estimates to the ones we prove in this
paper were recently derived by Hérau in [11].

The rest of the paper is organized as follows. In Sect. 2 we analyze the Freidlin-Wentzell
scaling (1.4). In Sect. 3, we then study the diffusive scaling (1.5). In Sect. 4 we obtain
upper and lower bounds on the diffusion coefficient and we study the large y asymptotic.
The intermediate scalings (1.9) for « € (0, 4-00) are investigated in Sect. 5. The necessary
estimates on the resolvent of the generator L, are presented in Sect. 6.

2 Critical Scaling: the & =0 Case

Let us rewrite the Langevin equation (1.1) in one space dimension as a first order system:
dq(t) = p(t)dt, (2.1a)
dp(t) = =3,V (q(0)dt — yp(t)di ++/2y~1dW, (2.1b)

where V(g) is a smooth periodic potential with period 1 and W(¢) is a standard one-
dimensional Wiener process.
This section is devoted to the study of the critical scaling

g’ () =yq(t/y), (2.2)

which corresponds to the limiting case which is not covered by Theorem 1.2. It turns out
that under this scaling, g¥ does not converge to a Brownian motion, but to a non-Markovian
process that will be described in this section.

The behavior at the critical scaling can be understood with the help of the Freidlin-
Wentzell theory of averaging for small random perturbations of a Hamiltonian system
[8—10]. Recall that one can associate to a Hamiltonian system on the symplectic manifold
M =T xR agraph I' in such a way that every point in the graph corresponds to a connected
component of a level set of H. Vertices of the graph correspond to level sets containing a
critical point of H. See Fig. 2 for an example.

We identify points on the graph I with elements of R x Z by ordering the edges of the
graph and taking the value of the Hamiltonian as a local coordinate along each edge. We
denote by H: M — I' R x Z the ‘extended’ Hamiltonian which associates each point
to its energy, together with the number of the edge to which the corresponding connected
component belongs.

Denoting by A the Lebesgue measure on M, the measure 4 = H*A on I" then has a
density with respect to Lebesgue measure on I”, which we denote by T (z). The notation
T (z) is justified by the fact that it is actually equal to the period of the orbit corresponding
to the point z. It is therefore a straightforward exercise to see that

T (z) =~ |log(z — zo)l,

@ Springer



182 M. Hairer, G.A.Pavliotis

V(g

Fig. 2 Example of a potential with the orbits of the Hamiltonian flow and the corresponding Frei-
dlin-Wentzell graph I”

near the vicinity of a critical orbit zo which corresponds to a maximum of the potential. For
apoint z € I, denote by £, the measure on H~'(z) which is such that

/f(x)k(d)c):/‘/‘~ f(x)€.(dx)dz,
M rJa-1@

for every integrable function f: M — R. The measure £, is not a probability measure but
has mass 7 (z). With this notation at hand, we define the function

S@) = / P E.(dx),
H-1(z)

where we used the notation x = (g, p) for elements of M. The function S(z) has non-trivial

limits as z approaches the vertices of I". Note that these limits are in general different for

different ways of approaching the same vertex, so that S is discontinuous on I". It is also

possible to check [7] that S satisfies the relation S’(z) = T'(z) in the interior of the edges.
The main result of [10] is then

Theorem 2.1 Let X7 (t) be defined by X7 (t) = (p(t/y), q(t/v)), where (p, q) is a solution
to (2.1). Then, the process H (X" (t)) converges weakly to a Markov process Y on I" whose
generator is given by the expression

L@ =2 (s
T RT@a\"

dv(z)) _ 5@ dv@ 03

dz T(z) dz

for z in the interior of the edges of I'. The domain of L consists of functions v such that the
above expression is square integrable, and such that at each interior vertex, the derivatives
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From Ballistic to Diffusive Behavior in Periodic Potentials 183

of v along the edges satisfy the ‘gluing’ conditions

dv(z) _
dz

Y 0(zo.k) lim S(2) 0.
Z7k20

k~zo

Here, 7y denotes an interior vertex of I", the sum runs over all edges k adjacent to zo, and
7 — 20 means that z converges to zy along the edge k. The factor o (2, k) is equal to 1 if
H (z) > H(zo) for z in the kth edge and —1 otherwise.

Note that the gluing conditions are such that the process Y is reversible with respect to
the probability measure pg(dz) = Z;le‘f‘zk(dz) = Z;le‘f’ZT(z) dz on I'. This in turn is
precisely the push-forward under H of the probability measure Zg'e PH® ) (dx) on M
which is invariant for the process XV.

Corollary 2.2 Let f: M — R be smooth with at most polynomial growth and define
f: I = Rby

- 1
(@)= —— / () €.(dx).
! T(z) Ja-1¢) f
Then, the process fot f (X7 (s))ds converges weakly to the process fol FY(s)ds.

Proof If f =0 in a neighborhood of the critical orbits, the result follows from a standard
averaging argument which will not be reproduced here. We refer to [] for a similar calcula-
tion. We can now construct smooth functions f¢ such that f° = 0 in a 8-neighborhood of
the critical orbits and f® = f outside of a 28-neighborhood of the critical orbits. The result
then follows immediately from the fact that there exists a function 2 with lims_¢2(5) =0
such that the expectation of the time that the process X" spends in the region where f€ # f
is bounded by %(8), uniformly in y (see [7, p. 294]). O

Remark 2.3 An important particular case of Corollary 2.2 is that of f(p,q) = p. It shows
that the process g defined in (2.2) converges weakly to the process

t
q (1) :/ p(Y(s))ds,
0
where the function p: I' — R is defined from p as in Corollary 2.2.

It is clear that the process g* is not Markov by itself, but requires the computation of Y
first. Note also that the function p(z) vanishes identically for values of z corresponding to
closed orbits, so that the process ¢* is constant on intervals of time of positive length. On
values of z for which the orbits are open, one has

1
p(z) =f——, 24
p(2) Q) 2.4
since the average velocity is given by the size of the torus (which was set to 1), divided by
the period of the orbit.
Denote by P, the semigroup over I" generated by L. It follows from the central limit the-
orem for additive functionals of reversible Markov processes [21] that the process eq* (¢ /€?)
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converges weakly as € — 0 to a Brownian motion with diffusivity given by

D*=f /ﬁ(Z)Ptﬁ(Z)Mﬁ(dZ)dt-
0 r

Since L is self-adjoint in £2(I", ug) and has a spectral gap, this integral converges and is
given by

* __ _ [~ -1 =
where we denoted by (-, ) 5 the scalar product in LT, Hp).
It turns out that in our case, this expression can be computed in a very explicit way. Note

that in £%(T", Mp), one has L = —A* A, where the first order differential operator A is given

by
_ ] 8@ dv@@) _ dv(z)
A“@_Vﬁnm 2 =@

The domain of A consists of all continuous functions f on I such that f is weakly differ-
entiable in the interior of each edge and such that Af € £L*(T, ne)-
The adjoint of A is given by the operator that acts in the interior of the edges of I" like

Bz

i(T(z)e‘ﬁza(z)w(z))

Aw@) ===

— L a@we) - w(z)a(z)(T/(Z) - ﬂ)
dz T(z) ’

endowed with the ‘boundary conditions’

> 0(z0. k) Llll}lo T (z)a(z)w(z) =0. (2.6)

k~z0

Here, we used the same notations as in the statement of Theorem 2.1. One then has the
following variational formulation of D*:

D* =inf{|lg|l3 | A*¢ = p}. 2.7)

Functions satisfying the relation A*g = p are of the form

VBeP* ( / -8 >
= V T L o < d " E}
g(2) SOT0 &+ 3 (2)p(2)e z

where we denote by k the index of the edge to which z belongs and by z, the vertex with the
lowest energy adjacent to that edge. The constants V; are determined by the requirements
that g satisfies the conditions (2.6) and that g € £2. By (2.7), remaining degrees of freedom
should be dealt with by minimizing over ||g||s.

In our case, the graph I" contains two infinite edges and a number of finite ones. Since
p vanishes on the finite edges and is given by (2.4) on the two infinite edges, it follows that
the function g minimizing (2.7) is given by

1
g(@) —G(Z)W,
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where the function o (z) vanishes on all the finite edges and is equal to =1 on the infinite
edges, with the same sign as p. Therefore, we finally obtain for D* the expression

2 [ e
D' = —/ ¢ 4, 2.8)
BZg Jg, S(@)

where E is the energy of the vertex at which the two infinite edges join. (The reason for the
factor 2 in front of the above expression is that there are exactly two infinite edges starting
at Ey.) The function S(z) is asymptotic to 277 (z) ~ V27 at infinity and converges to a non-
zero constant as z — E. Furthermore, the partition function Zg behaves like T;/8 for large
values of B (here Ty is the value of T (z) as z approaches the orbit where the energy attains
its global minimum).

In order to compute the behavior of Zg for small values of 8, we use the fact that 7' (z) ~

L for large values of z. Therefore

V2z
0 g=h2 b3
Zg &~ —dz=_[—.
7= A2z 28

A similar calculation allows to evaluate the behavior of the integral over e ~#?/S(z) for small
values of g. Collecting these asymptotic estimates, one obtains

D2 g—0
x—, — 0,
B

2¢—PEo0
D'~ ——, B — .
BToS(Eo)

Remark 2.4 1t is unsurprising to see that the high-temperature limit 8 — 0 coincides with
the result that one obtains when V = 0.

3 The Central Limit Theorem Regime: the & = 0o Case

Just as in the previous section, the long time behavior of solutions to (1.1) for a fixed value of
y is governed by an effective Brownian motion. Indeed, the following central limit theorem
holds [15, 19, 27, 30].

Theorem 3.1 Let V(q) € CS (T) and define the rescaled process

00
per

g (t) :=eq(t/€?).

Then g (t) converges weakly, on C([0, T1, R), in the limit as € — 0, to a Brownian motion
with diffusion coefficient

1
D, = —/ péy,u(dpdq), (3.1
Y JTxr

where p(dpdq) = Z~ ' exp(—BH (p,q))dpdq, and the function ¢, is the unique mean-
zero solution of the Poisson equation

—L,¢, =p. (3.2)

@ Springer



186 M. Hairer, G.A.Pavliotis

Here L, is the rescaled generator defined in (1.11) and ¢, is periodic in q and an element
of L*(1).

Remark 3.2 This theorem is valid in arbitrary dimensions. It is also valid when the force
field in (1.1) is not the gradient of a scalar function, provided that ;(dp dq) is replaced by
the corresponding invariant measure; see [15].

The main result of this section is that, in the limit as the friction coefficient y tends to 0,
the rescaled effective diffusion coefficient given by (3.1) converges to the Freidlin-Wentzell
effective diffusivity (2.5).

Proposition 3.3 One has lim,_.o y D,, = D*, where D* is obtained by (2.5).

Proof Denote as before by L,, the generator of the critically rescaled dynamic (2.2) given in
(1.11) and by P! the corresponding semigroup acting on £2(M, u). Denote furthermore as
previously by L the generator of the limiting Feeidlin-Wentzell dynamic (2.3) and by P, the
corresponding semigroup acting on £2(I", w). Finally, we introduce the averaging operator
IT defined (on continuous functions f: M — R) by

1
(1)) = —— / FO)dy), zel (3.3)
T () Jia-1¢

Note that I7f is a function from I" to R. Furthermore, it is immediate that I7 is a contraction
from £2(M, u) to £2(I", i) and can therefore be extended uniquely to all of £>(M, ).
We also define the isometric embedding operator ¢: £>(I", 1) — £*(M, 1) by

W) = fHX)).

With these notations, one has D* = (ITp, L™ ITp) and y D, = (p, L, p), so that the result
follows if one can show that the strong limit in £2(M, 1)

lim L) f =L~ T, (3.4)
y—0

holds for every element f € £*(M, p) such that [ f(x) u(dx) =0.
This will be the consequence of the following two lemmas:

Lemma 3.4 For every function f € L*(M, w), the limit lim,_o P} f = P, I1f holds in
L2 (M, ).

Proof Assume first that f is bounded and continuous. It then follows from Corollary 2.2 that

limy_>0(73ty f)(x) = (P IIf)(x) for every x € M. The claim then follows from Lebesgue’s

dominated convergence theorem. The fact that the claim holds for every f € L>(M, u) is

now a simple consequence of the density of bounded continuous functions, together with

the fact that P/ is a contraction operator in L>(M, ). O
This, together with Theorem 1.6 yields:

Lemma 3.5 There exist constants C and « (independent of y < 1) such that

1P/ fI+ P I < Ce™™ £,
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From Ballistic to Diffusive Behavior in Periodic Potentials 187

for every f € L2(I, i) such that f f(x) u(dx) =0, and for every t > 0.

Proof The bound on ||P] f|| is precisely the one given in Theorem 1.6. Since this bound is
uniform in y, the bound on P, f follows at once from Lemma 3.4. 0

We now have all the necessary ingredients for the proof of (3.4). Fix € > 0 and choose T
sufficiently large such that

T T
HL;Uﬂ—/‘ﬁffm'se, HL*U1f—]11ynfm <e.
0 0

Such a T can be chosen independently of y by Lemma 3.5. On the other hand, it follows
from Lemma 3.4 and Lebesgue’s dominated convergence theorem that

lim
y—0

T
/ (P! f — (P ITf)dt| =0,
0

and the result follows. |

Remark 3.6 Following the methodology advertised in [26], it would be satisfying to obtain
an expansion for ¢, of the type ¢, = ¢o + y ¢ + p for some error term p and therefore to
get better explicit control over the convergence in (3.4). The problem with this approach is
the loss of regularizing properties of the resolvent L;l as y — 0. In particular, the limiting
function ¢, is not C*, but only Lipschitz continuous. As a consequence, the first corrector
is not of order y, but expected to be of order y!/2, see [33, 34], thus leading to a breakdown
of the naive perturbative expansion.

4 Estimates on the Effective Diffusion Coefficient

In this section we present some estimates on the diffusion coefficient D, defined in (3.1).
To state the upper bound we need to define the diffusion coefficient for the Smoluchowski

equation
. 2
zz—an(z)+1/E$(t), 4.1

with V (z) being the smooth periodic potential in (1.1). It is well known, see e.g. [24] or
[26, Chap. 13], that the rescaled process €z(t/€>) converges weakly in the limit as € — 0 to
V2D W (t) where W (¢) is a standard Brownian motion and the diffusion coefficient is given
by the formula

Dzﬂ”/ﬁ+%m%M®=ﬂ”m+%xﬁ 4.2)
T
where
1
v(dg)=—=eP"Ddg, Z= f e PV Ddq,
Z T
and the function x is the solution to the Poisson equation

Lx=39,V(q), L=-3,V(g)d, + B2, 4.3)
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equipped with periodic boundary conditions. It is well known that D < ~'. The upper
bound in the theorem below shows that diffusion for the Langevin dynamics is depleted
even further.

Proposition 4.1 Let D* be as in (2.8) and let D be as above. Then, the bound

D*
—fD
14

y < (4.4)

’

\<|U|

is valid for every y € (0, 00).

Proof We multiply equation (3.2) by a smooth test function ¥ € L?(it) to obtain

1
L[ 6,49 wapdg) + 5~ / 9,0,y w(dpdq) = / PV n(dpdq).  (45)
Y JTxR TxR TxR

We choose a test function which is independent of p, ¥ = 1/(g) to obtain

| 6,000 ntapda) <o, 4.6)
TxR

We introduce the decomposition

3,@) = f b, (P vsdp). By (@) =y (prq) — B, (@), @.7)

where vs(p) = Z7'exp(—Bp?/2). Note that if ¢ is a function from R to R such that
J#(p)vg(dp) = 0, then it follows from the spectral decomposition of the harmonic os-
cillator Schrédinger operator that [|3,¢]/* > Bl|¢||>, where the norms are in L?(vg). This
inequality can be applied pointwise to d~>y, so that he bound

18,8, 1> = 13,0, 11> > Blid, II* (4.8)

holds.
Substituting the decomposition (4.7) and (4.6) into the expression for D,,, we obtain

D, = / &, puldpdq) = / &, p(1 +0,9) u(dpdq)
TxR TxR

<@, P+ 3,91l < VB 13,0, 11+ 3, ¥l I
< \/VDV||1+811¢||V/371-

Here, we used (4.8) on the second line and we used the fact that the effective diffusion
coefficient can be written as

D—1||aqb||2
Y )/ﬁ pYy

to go from the second to the third line. It follows from this calculation that D, < % I+

) I?, so that (4.4) follows by taking v in the above estimate to be x, the solution of (4.3),
and by using (4.2).
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Now we proceed with the bound from below. This time, we use a test function ¥ of the
form

poH for p >0

VP = [—¢oH for p <0

where ¢: R, — R, is a smooth function with ¢(H) =0 for H < E; and such that
limy g, ¢'(H) # 0. Plugging this ansatz into equation (4.5), we obtain

ﬁ"/T Rap%apwmdpdq):/

Tx

pv (dpdq) = —p~" f 0,0 u(dpdq).
R TxR

Here, we used integration by parts and the explicit expression for p in order to obtain the
second equality. Cauchy-Schwarz now yields:

| g 8y 12(dp dg))?
D, = a,p, 5 Jrw ¥V nldpdg

vB yBlo, ¥ II?

At this point, we notice that, with the notations of Sect. 2, this is equivalent to

b o @2 5 ¢ Qe
> .
" T 282" [ (9(2))?S()eFedz

Choosing ¢ such that ¢’(z) = 1/S(z), we finally obtain

2 o g=hz
D, > —— dz

which, combined with (2.8), is the required bound. O
4.1 Large y Asymptotic

It is well known that, when y is large, solutions to the Langevin equation (1.1) are approxi-
mated by solutions to the Smoluchowski equation (4.1), see e.g. [23, Theorem 10.1], [6]. It
is therefore not surprising that a result similar to Proposition 3.3 holds in the large y limit:

_ 1
lim yD=D=—=,
y—00 BZZ

where
1 |
7 :/ e BV @ dq, 'Z\:/ PV @ dqg.
0 0

In the above we used the fact that D can be calculated explicitly [26, Sec. 13.6]. It is also
quite straightforward (at least formally) to obtain the next term in the small y ~' expansion
for D,. We solve perturbatively (3.2) using the technique presented in [12, Chap. 8] we
obtain

1 BZ, 1
D, = ~ - = +0o(—=), (4.9)
ByZZ y3Z7? Y3
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Fig. 3 Large y asymptotic for 0
the effective diffusivity 10
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where Z and Z are as before, and Z; is given by Z; = fol(V’(q))zef’V(") dq.

In Fig. 3, we plot the diffusion coefficient D for the nonlinear pendulum obtained from
direct numerical simulations, together with the approximation (4.9). As expected, the agree-
ment between the result of the Monte-Carlo simulation and the theoretical prediction is very
good, even for values of y that are close to O(1).!

5 The Intermediate Regime: the a € (0, +00) Case

In this section we consider intermediate length and time scales, between and Freidlin-
Wentzell and the central limit theorem ones. In particular, we prove Theorem 1.2, namely
that, at intermediate length/time scales the particle position converges weakly to a Brownian

motion with the Freidlin-Wentzell effective diffusivity (2.8).

Proof of Theorem 1.2 Notice that the stationarity assumption implies that, for every smooth
function in L' (), periodic in g,

Ef(p(t), g (1)) = / ) ndpd.
Tx

Let ¢, be the solution to the Poisson equation (3.2). We apply Itd’s formula to ¢, (p, g) to
obtain

I/My
7 (1) = 1,4(0) +Ayf pls)ds
0

Un the case where the potential has period ¢, as opposed to 1, then formula (4.9) has to be multiplied by 02
and all the integrals that define the coefficients that appear in the formula are taken from O to £.
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= 2 q(0) = Ay, (P(t/ 1), 4 (1] 18,)) — by (p(0), 4 (0)))

t/ iy
+,/2)/’1k,2,ﬁ’1/ dpy (p(s),q(s))dW(s)
0

=:1,q(0)+R" +M",

where A, u, are given in (1.10). We obviously have that lim,,_, IE()L,,q(O))2 = 0. Propo-
sition 6.1, the stationarity assumption and our assumption that « > 0, furthermore imply
that

E|R" > < Cy* — 0,

asy — 0.

Consider now the martingale term M?” . According to the martingale central limit theorem
[3], in order to prove that M? converges to a Brownian motion, it is sufficient to show that
the quadratic variation process (M), converges weakly to a constant times #. This quadratic
variation process is given by:

202 rtiny
M7y, = / 19,8, (p(s), 4 ()| ds.
vB Jo

Define
2

Sr(psq) = 2y 10,0, (P, > =2B7"19,¢, >
y\P> Vi, B pPy P> p®Py

and
= / f,(p.q@) udpdq),
TxR

where i = Z~'exp(—BH (p, q))dpdq. It follows from Propositions 6.1 and 6.3 that ?y
remains bounded between two positive constants as y — 0.

In order to bound the error between (M"), and Tyt, the idea is to subdivide the interval
[0, ¢] into N ‘small’ intervals of size T =¢/N and to add the individual errors made at each
time interval. Denote # = k7 and €, = | (M"), —(M7), — 7)/1 |. Then, the fact that (M?")
is an increasing process implies that

Tk+1

N N
_ — N —=
sup [(M7)s— [ 8| <) e+ [, T+supe <2 e+ f,T. .
s€l0,1/py] =1 k=1 k=1

The individual errors €; can be bounded in a standard way by
1 _ 2
R = E( [ st/ atsmns - fyr)
Tg—1
e 2 —
= E( f Fy(p(s/my)q(s /i) ds> -7
Tk—1
T T —
[ [ [ s00@ ., o0 ondpdaards -7,
0 Jo JTxR

T T
P C
5/ / I f 1P~ S‘/“VdrdSS;IIfylliww
0 Jo
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Here, we used the stationarity assumption. We also used Theorem 1.6 to bound the action of
the semigroup P/ . Combining this with (5.1) yields

E( sup |(M), = F,sl)

s€l0.0/p1y]

MKy =
<C -
< IIfyIIM,/yT +f,T

=Cllo,ey ”i“(u)yaf_l/z + Cl3,py P <Cy P 4 1),

We now choose t = y* for some ¢ > 0, arbitrarily small. Since we assumed a > 1/2, we
conclude that
limE( sup (M), — F,s1) =0.

Y=0 " Nsef0,1/py 1
Furthermore, it follows from the definition of fy and from Proposition 3.3 that one has

lim, o f_y = 2D*. This immediately implies that, as y — 0, (M”); converges to 2D*t in
L'(u) and therefore M” converges to a Brownian motion with diffusivity D*. O

The proof of the result stated in Remark 1.5 on the large y asymptotic is essentially
identical to the one presented above: Itd’s formula, our assumption of stationarity and the
scaling A, =y~ lead to

Yy Yqty' ) =M + R”,
where lim,,_, o, |R”|| =0 and

14+2a

ty
MY =2y~ 172! /0 18,0, (p(s), q(s))|* ds.

The result now follows from the martingale central limit theorem, the subdivision of [0, #]
that was used in the proof above and the fact that, for y > 1, estimate (1.15) becomes

||ap¢y ||L4(p_) <C,

for some constant independent of y.

6 Resolvent Bounds

In this section, we obtain the main bounds on the solution ¢, of the Poisson equation (3.2).
It will be convenient to work not only in the L? space weighted by the invariant measure
w=exp(—BH(p,q))dpdq, but in the whole scale of spaces H; = L>(us) for § € (0, B].
The main technical difficulty is to obtain bounds in spaces for § # S, but this seems to be
required in order to obtain the bound on the £*-norm of 9,¢, required in Sect. 5. We first
focus on bounds for the case § = 8.

The norm and scalar product in H;s will be denoted by | - |5 and (., -)5 respectively.
The subscript is omitted in the case § = 8. We also denote by us the probability measure
on T x R proportional to exp(—38H (p, q)) dp dg and by v;s the probability measure on R
proportional to exp(—8p2/2) dp.
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6.1 Bounds in Hg
We have the following preliminary bound:

Proposition 6.1 Let ¢, denote the solution of (3.2) and assume that V (q) € C ;jr (T). Then,
¢, satisfies the bound

9,01l < 1, (6.1)
independently of y .

Proof Existence and uniqueness of solutions to (3.2) is proved for example in [27], see
also [15, Theorem 3.3]. The smoothness of the solution follows from the hypoellipticity of
the operator LY. Estimate (6.1) follows from the Poincaré inequality for Gaussian measures
in the following way: we multiply (3.2) by ¢, and integrate by parts on the left hand side to
obtain

BH19,¢, 17 = (P, b))

Integrating again by parts with respect to the p-variable, we obtain the identity
langlep, ¢,) = g1, d,¢, ). The required bound then follows from the Cauchy-Schwarz
inequality, combined with the fact that ||1|| = 1. O

We proceed now with the proof of Theorem 1.6 which we restate here for the reader’s
convenience.

Theorem 6.2 There exist constants C and o independent of y such that
lle™" £l < Ce™ I £, (6.2)

holds for every t > 0, every y < 1, and every f € £L>(u) such that f fdp=0.

Proof The proof is a variation on the commutator techniques introduced in [17, 18] and
further developed in [2, 4, 13, 14, 35]. The argument given here is actually mainly inspired
by the techniques developed by Villani in [35]. In particular, we make use of his idea of
constructing a ‘skewed’ scalar product in which the coercivity of L, becomes apparent. The
main difference is that we are going to track carefully the dependence of the various terms
on the parameter y.

We will use the following notations:

A=p1",, AT =—p"""0, +p'7p,
B = pd, —V'(q)0,. B* = —B.

The reason why we are using the symbol B for the Liouville operator and not A as previ-
ously is to be consistent with the notations adopted in [35]. With these notations, we have
L,=—-A"A+ vy~ B. Here, the adjoints A* and B* are taken with respect to the scalar
product in H = £2(u). We also introduce the operators

C=[A,Bl=4""%,,
R=[C,Bl=—B""*V"(@)8, = -V"(@A.
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We introduce the symmetric sesquilinear form ((-, -)) defined by polarization from

(f. FY=alf. ) +yBAS. Af) + 2Re(Af, C f) + b(C . C f)).

for some constants a and b to be determined later. If we take b > 1, then this is indeed
positive definite and induces a norm equivalent to the norm || - ||, given by

AR, = IA1% + v B, £17 + 1183, £117). (6.3)

Following the same manipulations as in [35, Theorem 18], we see that there exists a constant
¢ independent of y such that

Re(f, L, ) = —IAfI?,

Re(Af, ALy f) < = A* FI* + | AfI* + ﬁllAflllléfll,

A A 1 4
Re(Af,CL, f) +Re(AL, f,Cf) = —;IICfII2 + ;IIAJCII2

+cl A2 FINICAFI +clIC FINALI,

Re(Cf,CL, f) < —IICAf|* + §||Af||||éf||.

It is now easy to see that we can choose a > b > 1 sufficiently large (but still independently
of y!) so that

Re((f, Ly f) < —IAfIP = ICFIP =y A FIP + ICASIP). (6.4)

Note now that, provided that f is centred with respect to u, the Poincaré inequality tells us
that there exists a constant « such that

LAFIZ+UC£I17 = kIl £17,

so that (6.4) implies in particular that Re((f, L, f)) = «'{(f, f)) for some «’. This immedi-
ately implies that there exist positive constants C and « such that

le™" flliy < Ce™ I 11y (6.5)

We will now show that there exists a time 7 and a constant C, both independent of y (pro-
vided that y is sufficiently small) such that

e flh,, < CIfI. (6.6)

Combining this with (6.5) and (6.3) then implies that (6.2) holds.

In order to show (6.6), we combine the previous technique with the usual trick for proving
regularization results for parabolic PDEs. We fix a smooth function f and we define the
quantity

24,0 =K AP +y CNALIP +2NC £17 + 82 (Af,, C £)), fi=Pf.
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for some (large) constant K and some (small) constant § to be determined later. Taking the
time derivative of Ay, we obtain

W A; < —KIALIP+yIALI +1(—y A2 £ + ey 1AL+ clALIIC £l
+3y2IC £i1? + 2 (—yIICALIP + cll AL INC i) + 2ty 8(Af, C £,)
+ 82 (—IC > + cll AL + ey IA2 FINC AL + ey IC FIILAL D

K ~ ~
< =S NALIP = ytl A £IP =y ICALI =821 C £
+ et AFINIC fill + ey s A2 FINC AL .

(For the second inequality we changed the value of the constant ¢ and we assumed that
t € [0, 1].) Notice now that one can first choose § sufficiently small (but independently of y)
such that

cySP A FNICALI < vyt A £IP + y S ICALIP.
We can then choose K sufficiently large so that

A K 2 201 A 2
ctlALMNC SN = S IALI + 37 IC LI

With these choices, we get 9;A ¢ <0, so that A;(1) < A;(0). This immediately implies the
bound (6.6). O

By simply integrating from 0 to oo, this implies that one has the resolvent bound:

1L il < Clifll (6.7)

holding for every f € Hg such that (1, f) = 0. It turns out that, up to a constant, this bound
is actually optimal:

Proposition 6.3 There exists a constant C independent of y such that the operator norm of
the resolvent satisfies

L= c.

Proof We make use of the fact that the norm of the resolvent can be characterized by

-1
1 - Ly £ t) . (6.8)
v JeDLy):(1.N)=0 | ]|

If we take f of the form f = ¢ o H for an arbitrary smooth bounded function ¢ such
that (1, /) =0, then L, f (and therefore also ||L,, f||) is independent of y. Similarly, || £ is
independent of y so that the infimum appearing in (6.8) is bounded from above by a constant
independent of y, thus proving the claim. O

We now use these estimates to obtain bounds on the solution ¢, to the Poisson equation
—L,¢, =p.
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Proposition 6.4 There exists a constant C independent of y such that
Py I + 18,0y I + 11940, | < C.

Proof We have from (6.4) and the fact that the || - ||, ,,-norm of p is bounded independently
of y that

13,6, 11> + 11,6, II” < Re((y , L, )) =Re((d,, p) < Cligy I, < C.

The last inequality followed from the bound (6.5). One can actually extract slightly more
from the above bounds. At this stage, we note that one can write B =y (L — A*A), so that

IB$,|I> =y (p. Bdy) — y(Ad,, ABp,).

Since furthermore B is antisymmetric and [A, B] = 9,, we have

1B, I < Cy + Cy 113,y 13,9, 1.

Collecting this with the previous estimates, we obtain the existence of a constant C such
that || B¢, || < C /¥, which in turn yields a bound of the type ||[A*A¢, || < C/ /7. O

6.2 Bounds in Hs with § # 8

We now show that similar bounds hold in every H,;. The main difficulty is that these spaces
are no longer weighted by the invariant measure of the system, so that several simplifications
are lost. In particular, the very useful relation Re(¢, L, ¢) = —p! ||8qu||2 does not hold
anymore.

Throughout this section, we will write Lgyy for the symmetric part of L, in H;:
(¢, Lyp)s = (¢, Lsym@)s. An explicit calculation shows that one has

-8 §(B-6
Lym=—B""830, + ﬂZ—ﬂ — %pz,

where we denote by 8; = —0d, + dp the adjoint of 9, in Hs. Note that one has Ly =
- ﬂ‘la; 0p if and only if § = B. A standard calculation shows that Ly, is unitarily equiv-
alent to the Schrodinger operator corresponding to the harmonic oscillator, so that one can
explicitly compute its spectral decomposition. In order to do so, we define

a:—g+7‘8(2;%, A=p""2@,+ap), (6.9)

and we note that one can write

Loym=—A*A+ p=voCp =9 82(;’3_8) (6.10)

Furthermore, one has [A*, A] = — (2« + 8)/B. This shows that the eigenvalues of Ly, are
given by

_B=V3C2B-9) _n\/3(2/3—8)

An
28 B

n=0,1,...,
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and the corresponding eigenfunctions are f, oc (A*)" fo with fy o< exp(—ap?/2). In the
special case 6 = 8, one simply has A, = —n. In order to obtain bounds in H;, we note that
(3.2) yields the relation

— /(2B =6
1A, 12— PGP =Y Vz(ﬁﬂ)nqsynﬁ =y P)s.

This immediately implies that there exist constants C and N independent of y such that one
has

1 N 2 2
SUAG, I3 + 16,15 <16y P +CZ/T(/R KDy (p. ) ﬂdp) dq.
k=0

On the other hand, all the f;’s are of the form P ( p)e"’f’z/ ? for some polynomial P; of
degree k. This implies that, for every 8’ < 2(« + §), there exist constants C;, C, such that
one has the bound

[Ady s + 1@y lls = Ci + Caligy s -
Since, for § > B, one has @ > 0, one has in particular the bound
1Ay lls + ll@y lls <= CT+ [y [l25). (6.11)

This calculation shows that:

Proposition 6.5 One has ¢, € (., Hs and, for every 8 € (0, B1, there exists a constant C
independent of y such that

13,0 13 + 16y 115 < C. (6.12)
Proof Since one has ||¢, |ls < Cll¢, ||y for 8 > §’, we can apply (6.11) recursively to obtain

[Adylls + 1@y lls = CA + 9y llp) = C,

where we made use of Proposition 6.1 for the second inequality (the two constants C are of
course different). Since furthermore || p¢, ||s < C||¢, ||s for § > &', this proves the claim. O]

We are now going to show that it is also possible to obtain an order 1 bound for ||9,¢, |5,
but as before this is less straightforward. We first start with the following preparatory result:

Proposition 6.6 There exists a constant C independent of y such that
1856 1| + 119,04y | + 119y Il < <
prY prqry g7yl — \/7
Proof The bound for || 82(1)1, || was obtained in Proposition 6.4. In order to obtain the bound

on 3,9,¢,, note that one has [L,,d,]1 =y 'V"(q)d,, so that L, d,¢, = y~'V"(q)3,6,.
Therefore, we have

18, 3q by I = (g by » Ly g y) = ¥~ (3, V(@)Bpby) < — 110,05 11119, I,

|0
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so that the bound follows from Proposition 6.4. Finally, it follows from (6.4) that we have
the bound

1878 11> < 143y » Ly dgpy N =¥ ' 140y by, V" (@) )|
< gllaq% 11858y 1| + C 13,340y 17 + 18,0,y 11856, | + 11056 11,9, |
+ 11026, 1826, | + 1920, 18,6, | + 13,0,y 18,6, 1)
§+%mﬁﬁ%
where we made use of all of the previously obtained bounds in the last step. O
Our aim now is to mimic the proof of Theorem 1.6, with the space Hy replaced by H for

some arbitrary § € (0, 8]. We define A as in (6.9) and we set as before B = pd, — V'(¢)d,,.
We furthermore define the operator B (which is antisymmetric in Hs) by

~ §—B 8 1
B=""F(po, - Sp*+ 7).
B Pop Zp + B
With these notations, we can check that L, can be written as
1 ~ —J/6Q2B =6

where the adjoint of A is taken in H;. This motivates the definition of an operator iy
given by

) |
L,=—A*A+—B.
v

Our strategy is then to obtain a bound similar to (6.4) with L, replaced by IZV and to use
make use of the fact that the difference between L, and iy is sufficiently “small”.

Theorem 6.7 For every § € (0, B1, there exists a constant C such that

1858, 12 + 134, 12 + v (1026, 1 + 19,0, 12 + 1826, 1D < €. (6.13)

independently of y .

Remark 6.8 In terms of L*-estimates, these bounds are likely not to be absolutely optimal.
In the limit y — O the solution ¢, of the Poisson equation (3.2) indeed converges to a
function of the form

¢oH for p >0,

byo(p.q) = —poH forp<0,

where ¢: R, — R, is a smooth function with ¢, (H) =0 for H < E, and such that
limy | g, ¢'(H) # 0. Note that the second derivative of ¢, ¢ is therefore not square-integrable.
For small values of y, it is believed [33, 34] that, around H = Ey, the function ¢, devel-
ops a ‘boundary layer’ of width ,/y on which, from simple scaling arguments, its second
derivative should be of order y~!/2 .
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Proof of Theorem 6.7 We define as before the operators C and R by
C=[A,Bl=p""7@ +aV'(@), R=I[C,Bl=-V"(@A.
With these notations, we define similarly as before the scalar product

(f, Fhs =all fI; + v B(Af. Af)s + 2Re(AS, C f)s + BIC £, C 1)),
where a and b are constants to be determined later. Since the algebraic relations between

iy, A, B, ¢ , and R are exactly the same as above, we can retrace step by step the proof of
(6.4) to get

LAFIS +ICFI5 + v IAP I+ ICASIF) < —Re(f, Ly s (6.14)
Since furthermore we know from Proposition 6.5 that ¢, |ls; and (and therefore also

llp" ¢, |5 for every n) are bounded by constants independent of y, this implies the existence
of a constant C such that

10,0y 115 + 110,05 115 + v (19,8, 115 + 119,046, 113)
<C(d+ «¢yv ¢y»8 + |<<¢ys pap(by»SD'

However, it is a straightforward calculation to check that, from Proposition 6.5 and the
definition of ({-, -))s, one has

1
[y, PO,y sl < 5 (13,0, 15+ v 1020 115 4 118,049, 1)) + C (L + (by . ).
so that we get the bound
10,0 115 + 118,y 115 + ¥ (19,8, 115 + 10,048, 113) < C(1 + by By D).

We can actually even get slightly better than that, in the same way as in Proposition 6.6.
Using (6.14) and the commutation relation [L,,, 9,] = y! V"(q)9,, we have:

1326, 13 < C + 18y by, Ly 8,0, N5l < C + Cly " (8,00, V" (@), Vs,
so that we finally get the existence of a constant C such that
18,8y 113+ 1040y 15+ ¥ (18,8 113 4+ 10,94 15 + 10,6, 13) < CA+ by, by Ns).  (6.15)
Our aim now is to show that, for every § € (0, ], there exists a constant C such that
{(¢y, &, ))s < C,independently of y, which will then conclude the proof of the theorem. This

will be performed thanks to a bootstrapping argument similar to the one we used already in
the proof of Proposition 6.5. One has, for some constant ¢ > 0,

el &y Ns < gy 1I5 + v 13,0, 115 + 13,6, 15)

=< llo, II§+V/T/R((3P¢V)2 + (B,0,)%) ps(dpdq)
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< g, ||§+y/T/R<|¢ya?,¢y|+|¢ya§¢>y|

+ 8|p¢y8p¢’y| + 8|V,(Q)¢y8q¢y D us(dpdq).

Writing 26 = §; + 6, with §; > 0 and applying Cauchy-Schwarz, we obtain from this the
existence of positive constants ¢ and C such that

by b, 05 < Iy 12+ Cy Iy lls, + 19y 1)
x (1026 l1s, + 1020, 15, + 13,6, I, + 118,y l15,)-

It therefore follows from (6.15) and Proposition 6.5 that there is a constant (depending on
the choice of §;) such that

(Py, &y s < C(L+ (@), By ))s,)-
Since 8, can be chosen larger than § (actually up to, but not including 2§), we can apply this

inequality recursively to bound (¢, , ¢, ))s by (¢, , ¢, ))s which in turn has already been
bounded in Propositions 6.5 and 6.6. O

As a simple corollary, we have the following bound on d,¢, which is used in the proof
of Theorem 1.2:

Corollary 6.9 The function 9,¢, belongs to L*(us) for every § € (0, B] and every y > 0.
Its norm in L*(j5) is of order O(y /%),

Proof Denoting by A the Laplacian on R2, it follows from the fractional Sobolev inequali-

ties that
12
( [ 1950,1* nscan dq))
< / (1= 8)"*0,¢, e P9 dpdg)* dpdg
< /((1 _ A)1/23p¢ye*f”"(ﬁ-l{)/“)ap(pye*tSH(M)/‘* dpdq
< Cll0,y lls2(10, 0y ll52 + ||3§¢y ls/2 + 11048,By lls/2 + | PO, By Ils/2)
<C+y™'Y,
were we used Theorem 6.7. |

Remark 6.10 In a similar way, one can obtain, for every p € [1, oo), bounds of order O(1)
for ¢, L?(us). Unfortunately, using the Sobolev bounds obtained for ¢, in this section, it is
not possible to obtain bounds of order O(1) for d,¢, in L”(i;), even though we conjecture
that such bounds hold true.
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