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Abstract

The Obukhov—Corrsin theory of scalar turbulence [21, 54] advances quantitative pre-
dictions on passive-scalar advection in a turbulent regime and can be regarded as the
analogue for passive scalars of Kolmogorov’s K41 theory of fully developed turbu-
lence [47]. The scaling analysis of Obukhov and Corrsin from 1949 to 1951 identifies
a critical regularity threshold for the advection-diffusion equation and predicts anoma-
lous dissipation in the limit of vanishing diffusivity in the supercritical regime. In this
paper we provide a fully rigorous mathematical validation of this prediction by con-
structing a velocity field and an initial datum such that the unique bounded solution of
the advection-diffusion equation is bounded uniformly-in-diffusivity within any fixed
supercritical Obukhov-Corrsin regularity regime while also exhibiting anomalous dis-
sipation. Our approach relies on a fine quantitative analysis of the interaction between
the spatial scale of the solution and the scale of the Brownian motion which repre-
sents diffusion in a stochastic Lagrangian setting. This provides a direct Lagrangian
approach to anomalous dissipation which is fundamental in order to get detailed insight
on the behavior of the solution. Exploiting further this approach, we also show that for
a velocity field in C* of space and time (for an arbitrary 0 < o < 1) neither vanishing
diffusivity nor regularization by convolution provide a selection criterion for bounded
solutions of the advection equation. This is motivated by the fundamental open prob-
lem of the selection of solutions of the Euler equations as vanishing-viscosity limit of
solutions of the Navier-Stokes equations and provides a complete negative answer in
the case of passive advection.
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1 Introduction

The advection of a passive scalar ¥ = (¢, x) € R by a divergence-free velocity
field u = u(t, x) € R” on the n-dimensional torus T = R"/Z" is described by the
equation

00 +u-Vor=0. (1.1

The basic physical example is the advection of the temperature, which is assumed
to have no influence on the given background flow and therefore to be passively
rearranged by it. This is in contrast with the case of active scalars, as for instance
the vorticity of a two-dimensional fluid which is directly coupled to the velocity by
the curl relation. For regular solutions the incompressibility of the flow guarantees
the conservation in time of all rearrangement-invariant norms of solutions of (1.1),
in particular of the spatial L? norm: for all times ¢ > 0 we have |9 (z, -)|| LATY) =
190, )l L2¢Tn)-

The Obukhov-Corrsin theory of scalar turbulence [21, 54] advances quantitative
predictions on the energy spectrum and the structure functions for the passive scalar in
aregime of turbulent advection and can be regarded as the analogue for passive scalars
of Kolmogorov’s K41 [47] theory of fully developed turbulence for the velocity field.
In the idealized regime of small viscosity, within K41 the velocity field is predicted
to satisfy Kolmogorov’s two-thirds law, which reflects into Onsager’s [55] critical
regularity of order 1/3 for the velocity field (see [33, 39] for the general context).
Based on dimensional analysis, in 1949-1951 Obukhov and Corrsin independently
predicted the same scaling in the idealized regime of small diffusivity « > 0 for
solutions of the advection-diffusion equation with a turbulent advecting flow

00 +u -V = kA . (1.2)

More precisely, the g-th order structure function of the passive scalar S}; ) =
(|6¢0]?) is predicted to exhibit as a function of the spatial increment £ a scaling
~ £4/3 in the so-called inertial-convective range, for large Reynolds number turbu-
lence and for a diffusivity at least of the order of magnitude of the viscosity. Ideally,
this can be interpreted as a regularity of order 1/3 for the passive scalar uniformly for
small but strictly positive diffusivity (see also [57, 58]). The observations in [36] and
the numerical simulations in [42] suggest the occurrence of intermittency in passive-
scalar turbulence, analogously to the case of the velocity field in the Navier-Stokes
equations: intermittency entails corrections to the structure functions (which therefore
may depend non-linearly on the integrability exponent ¢) and has been validated to a
large extend both experimentally and numerically [43].

A major tenet of turbulence theory is the persistence of dissipation in the limit
of vanishing viscosity (for the velocity) [47] or vanishing diffusivity (for the passive
scalar) [32, 57-59]. Testing (1.2) against the solution ¥, leads to a dissipation term
and a nonlinear term, namely
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(we will discuss in the next paragraph the role of the parameter 0 < o < 1 in the
formal rewriting of the nonlinear term) and to the energy balance

t
f |9, (2, -)|2dx+2xf IV (s, '>||2Lz(w)ds=f |9(0, )P dx fort € [0, T].
™ 0 T

1.4)
Anomalous dissipation for the passive scalar amounts to
T
lim sup /c/ IV (s, -)||22(Tn)ds >0, (1.5)
k—0 0

which (by lower semicontinuity of the L? norm under weak convergence, and up
to subsequences) implies convergence of ¥, to a solution ¥ of (1.1) for which
19(T, ) 2eeny < 19(0, )l z2(pn). The presence of anomalous dissipation in par-
ticular requires a blow up as « — 0 of the first-order derivative of the passive scalar.
The argument by Obukhov and Corrsin leading to the scaling ~ £9/3 for the ¢-th order
structure function predicts a sharp, uniform-in-diffusivity bound on the regularity of
order 1/3 for the passive scalar.

The formal rewriting of the nonlinear term as in (1.3) reveals the generalized regime
of critical regularity for the problem. Assuming that the divergence-free velocity field
u belongs to LP([0, T]; C*(T")) for 1 < p < ooand0 < « < 1, we define implicitly
p° € [2,4+o0] and «° € [0, 1/2] by the so-called Yaglom’s [61] relation

1 2
—+= =1 and a+20°=1. (1.6)
p o r°

Obukhov-Corrsin criticality corresponds to the passive scalar ¥, belonging to
LP°([0, T]; C¥°(T™)) uniformly with respect to the diffusivity x > 0. The scaling
analysis by Obukhov and Corrsin reveals very strong similarities to [47], for both
the scaling of structure functions and the energy spectrum. Therefore, Obukhov and
Corrsin conjectured similar behaviors for the passive scalar as for the velocity for
the Navier-Stokes. With the function-space language we just introduced, this means
in analytical terms that for u € L?([0, T]; C*(T")) and © € LP°([0, T]; C#(T™)),
Obukhov and Corrsin predict:

(1) In the subcritical Obukhov-Corrsin regime 8 > «° the advection equation (1.1)
has a unique solution, the conservation |3 (z, -)||p2(pny = [19(0, )| 2(p») holds
for every ¢ € [0, T'], and there is no anomalous dissipation.

(2) In the supercritical Obukhov-Corrsin regime 8 < «°
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(i) the equation (1.1) with a fixed velocity field in L7 ([0, T]; C*(T")) has
infinitely many solutions in L?° ([0, T]; CP(T™)) with the same initial datum,
and these solutions dissipate in time the spatial L> norm;

(i1) there is anomalous dissipation for solutions 9, of (1.2) which are equibounded
in LP° ([0, T]; CA(T™)) uniformly in ¥ > 0.

The above statements have a clear connection with the corresponding ones for
the Euler equations. The Onsager criticality threshold L3 ([0, T']; C'/3(T")) for the
velocity field corresponds to the Obukhov-Corrsin criticality threshold by formally
considering u = 1. Onsager’s conjecture [55] asserts conservation of the kinetic
energy for solutions with spatial C!'/3% regularity, and existence of nonunique
and energy-dissipative solutions with spatial C'/3~ regularity. The positive part of
Onsager’s conjecture corresponds to the subcritical case in (1) above and has been
answered affirmatively (in a number of slightly different functional settings) in [15,
17, 35]. The negative part of Onsager’s conjecture corresponds to item (i) in (2) above
and has recently been established as the culmination of an amazing mathematical tour
de force [12, 13, 30, 31, 41] by relying on techniques of convex integration.

Item (ii) in (2) goes beyond Onsager’s conjecture and corresponds to a deterministic
version of the so-called Kolmogorov’s O-th law of turbulence [47], which postulates
the universality in a statistical sense of anomalous dissipation (the analogue of (1.5)
for the velocity field) for the Euler equations in the vanishing-viscosity limit of the
Navier—Stokes equations in the regime of fully developed turbulence. The mathemat-
ical understanding of these predictions remains a great challenge. On one side, even a
rigorous formulation of the statistical problem is missing. On the other side, we lack
even a single deterministic example of anomalous dissipation: generating solutions
of the Navier—Stokes equations with bounds uniformly in viscosity and displaying
anomalous dissipation appears to be a major challenge. In this direction, in [14] convex
integration has been employed to construct weak solutions of the Navier-Stokes equa-
tions and it has been shown that energy-dissipative C# solutions of the Euler equations
can be realized as limit of irregular Navier-Stokes solutions in L ([0, T]; L>(T?3)). It
remains open whether the same can be done with Leray-Hopf or smooth solutions . We
will further comment on this after the statement of Theorem B. At the same time as the
present manuscript, an example of anomalous dissipation for the three-dimensional
Euler equations with (viscosity-dependent) forcing has been constructed in [11]. Such
an example has a “two-and-a-half-dimensional” structure: the first two components of
the vector field solve the forced two-dimensional Euler equations and exhibit the same
quasi-self-similar behaviour in [4, Sections 6-8], while the third component displays
anomalous dissipation and is a bounded scalar passively advected as in (1.1). Notice
that in [11, Theorem 3.1] no uniform-in-viscosity estimates better than boundedness
are available for the passive scalar, in particular no information is available on a uni-
form Holder modulus of continuity as predicted in the Onsager and Obukhov-Corrsin
theories.

The positive result in the subcritical Obukhov-Corrsin regime (recall item (1) above)
can be proven along the lines of [17] (regularizing the equation and showing the
convergence of the commutator which results from a decomposition analogue to the
formal rewriting of the nonlinear term in (1.3)) and has been done in [26, 60]. In
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[22] the criticality relations (1.6) have been interpreted as a consequence of the fractal
geometry of the level sets of the passive scalar. Recently, in [26] the authors address the
endpoint case ¢ < 1 and 8 = 0 (interpreted as L°° bounds for the passive scalar) and
provide criteria for anomalous dissipation. They provide an explicit example (based on
a previous construction in [56]) of a velocity field which exhibits anomalous dissipation
for every initial datum sufficiently close to an eigenfunction of the Laplacian. More in
general they also construct, for every initial datum with suitable regularity, a velocity
field for which anomalous dissipation occurs; however, the velocity field depends on
the chosen initial datum. To the best of our knowledge, no further analytical results
prior to our paper are available in the full supercritical Obukhov-Corrsin regime, in
particular, no examples are known in which the passive scalar enjoys some fractional
regularity uniformly in diffusivity.

We stress that there is a major gap in difficulty between showing boundedness for
the passive scalar, and some fractional regularity uniformly in diffusivity (as in (1.7)
below). Indeed, the advection equation (1.1) and the advection-diffusion equation (1.2)
are easily seen to propagate boundedness of the initial datum since the velocity field
is divergence-free. On the other hand, the advection equation (1.1) is known not to
propagate any fractional regularity of the initial datum [5], not even for velocity fields
with Sobolev regularity of order one (and therefore in the DiPerna-Lions class [28]).
The fractional regularity of the passive scalar is a major difficulty, especially when
requiring uniform-in-diffusivity bounds. This has been left fully open in [26] (see in
particular [26, Question 5.1]).

In this paper we provide several rigorous results within the supercritical Obukhov-
Corrsin regime. Our first result constructs, for any chosen regularity in the supercritical
regime, a velocity field and an initial datum exhibiting anomalous dissipation, under
the required regularity bounds on the passive scalar uniformly in diffusivity:

Theorem A (Anomalous dissipation in the Obukhov-Corrsin theory) Let p € [2, 00],
p° €l2,4], « € [0, 1], and B € [0, 1/2] be such that

-4+ —=1 and oa+2B<1.
p pr°

Then there exists a divergence-free velocity fieldu € L? ([0, 1]; C*(T?)) and an initial
datum %, € C °°(T2) with sz Uin = 0 such that the solutions ¥, of the advection-
diffusion equation (1.2) with initial datum ¥, satisfy the uniform-in-diffusivity bound

sup ”ﬁK”LPO([O’l];Cﬂ(’H‘Z)) < 00 (1.7)
xel0,1]

and exhibit anomalous dissipation

1
limsuplcf / VO |>dxdt > 0. (1.8)
0 JT2

k—0

In Theorem A, the solutions ¥, are unique and bounded in L°°((0, 1) x T2) by
[%inllLoo. As it was the case for [26], in our example all of the anomalous dissipation
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is concentrated at time # = 1, in the sense that for any o > 0

l—0o
limsupx/ / |V19K|2dxdt=0.
0 T2

k—0

This can be interpreted as mimicking the development in time of a turbulent cascade.

Recently, the paper [7], which appeared on arXiv about ten months after the present
manuscript, presents a new construction of vector fields in C* for « < 1/3 exhibiting
anomalous dissipation for any non-constant initial data in H'. The anomalous dis-
sipation in [7] happens continuously in time, in the sense that an analogue of (1.8)
holds with the time interval [0, 1] replaced by any subinterval , in agreement with the
predictions of homogeneous isotropic turbulence, which postulates (statistical) sta-
tionarity and therefore the absence of a “preferred” time in turbulent phenomena. The
passive scalars are also announced to be Holder regular uniformly in dissipation. The
arguments in [7] are elaborate and build on homogenization theory.

We will give a quick, informal overview of our proof at the end of the introduction.
We remark that we do not rely on the criteria for anomalous dissipation in [26]. In fact,
such criteria are based on inverse interpolation inequalities and therefore only allow to
obtain in the vanishing-diffusivity limit solutions of the advection equation (1.1) which
dissipate the L? norm. In our second theorem we show the existence of a velocity field
for which, in the vanishing-diffusivity limit, two subsequences of solutions of (1.2)
exist, one converging to a solution of (1.1) which conserves the L? norm and one
converging to a solution which dissipates the L norm.

Theorem B (Lack of selection by vanishing diffusivity) For every « € [0, 1) there exists
adivergence-free velocity fieldu € C*([0, 2]x T2) and an initial datum Vi, € C™ ('1[‘2)
with sz Vin = 0 such that the following holds. The sequence U, of solutions of the
advection-diffusion equation (1.2) with velocity field u and initial datum ¥, has at
least two distinct limit points as k — 0 in the weak™ topology, which are two distinct
solutions of the advection equation (1.1). Moreover, one limit solution conserves the
L? norm, namely |9 (t, -) l2 = ||z9i“||Lz fora.e. t € [0,2], and the other one exhibits
strict dissipation of the L*> norm, namely |0 (t, )| 2 < ||[9™"||,;2/2 for any t > 1.

This theorem is the first instance in the literature showing the impossibility to select
a unique solution of the advection equation (1.1) by vanishing diffusivity. It identifies,
in the limit, nonunique bounded solutions for the advection equation (1.1) with a C“
velocity field, which were known to exist [1, 2, 4, 26]. In contrast, a unique solution
of (1.1) is selected as vanishing-diffusivity limit for velocity fields within the DiPerna-
Lions theory [28] but for solutions lacking the required integrability for the theory to
apply (see [9]). In turn, nonuniqueness of solutions in this latter context has been
shown in a series of papers [19, 20, 51-53] . Therefore, Theorem B provides a full
picture for the selection principle for bounded solutions of the advection equation (1.1)
with a C“ velocity field in the following sense:

(1) If the velocity field is in C! then there exists a unique bounded solution of the
advection equation and it is selected by vanishing diffusivity.
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(2) For any o < 1 there exists a velocity field u € C* such that there are at least
two distinct bounded solutions of the advection equation selected by vanishing
diffusivity.

Theorem B is motivated by the fundamental open problem of the selection of
solutions of the Euler equations as vanishing-viscosity limit of solutions of the Navier-
Stokes equations. The results in [ 14] show that no selection is possible as limit of weak
solutions in L ([0, T']; L2(T")) of the Navier-Stokes equations. The next step would
be addressing the question of selection as limit of Leray-Hopf solutions (which anyway
are not expected to be unique, see [3, 44, 45]) or smooth solutions. The results in [14]
can be seen as a mathematical indication of a negative answer, and our Theorem B
supports a negative answer as well, providing a proof in the case of passive scalars.

The selection of a unique weak solution is a key question for many different PDEs
with multiple weak solutions. For instance, the entropy conditions or, equivalently,
the vanishing diffusivity select a unique solution for scalar conservation laws, which
in general possess infinitely many weak solutions. The existence of a divergence-free
velocity field in C*, for arbitrary « < 1, disproving the possibility of selection under
vanishing viscosity for any non-constant initial data is an open problem. Partial results
in this direction appeared subsequently to our work in [7], for a velocity field in C%,
for « < 1/3, and later in [40], for a velocity field in L°. In [40] the authors also
construct an example of a bounded, divergence-free velocity field such that the van-
ishing diffusivity limit selects a unique solution with non decreasing energy profile.
Besides vanishing diffusivity, another conceivable selection criterion for the advection
equation (1.1) is based on a regularization of the velocity field, that is, by considering
limit points of solutions of (1.1) in which the velocity field u is replaced by some
regularization u, — u. This question has been addressed and answered in the nega-
tive in [16, 29], yet relying on extremely ad-hoc regularizations of the velocity field,
explicitly tuned on the singularities of the velocity field. The freedom in the choice of
the sequence u,, is exploited in an essential way in [16, 29] in order to generate several
distinct ways to bypass the singularity which are maintained in the limit ¢ — 0. In
particular, the chosen regularization is not based on convolution with a smooth kernel.
In our third result we show that selection cannot be obtained by regularization of the
velocity field by convolution with a smooth kernel in space-time (notice that we do
not make any assumptions on the profile of the kernel ¢).

Theorem C (Lack of selection by convolution) Let C > 0 and a € [0, 1) and let
@ € CX((—1,1) x B(0, 1)) be a convolution kernel in space-time with ||¢|c1 < C.
There exists a divergence-free velocity field u € C*([0, 2] x T?) and an initial datum
Din € C®(T?) with sz Yin = 0, both depending only on o and C and not on ¢, such
that the following holds. The sequence Uy of solutions of the advection equation (1.1)
with velocity field u * ¢, and initial datum i, has at least two distinct limit points
as 6 — 0 in the weak™ topology, which are two distinct solutions of the advection
equation (1.1).

We now present an informal discussion of the main ideas and tools in our approach,
with a focus on the novelties and making several connections with the previous litera-
ture. In Section 2 we give a more detailed and quantitative, but still heuristic, account
of our proof, before proceeding in the rest of the paper to the full proofs.
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Roughly speaking, the basic mechanism for the proof of our three theorems is the
same and relies on the construction of a solution which gets mixed (that is, weakly
converges to its spatial average) when the time approaches the singular time ¢ = 1.
This is reminiscent of Depauw’s example [27] (see also [6] for an earlier related
construction), in which mixing is generated by alternating discontinuous dyadic shear
flows which rearrange the solution into finer and finer dyadic chessboards, and of the
more regular self-similar examples in [4, 62]. However, in order to achieve our goals
(regularity of velocity field and passive scalar, anomalous dissipation, convergence to
multiple limit points), we need several major twists in the construction.

The first main novelty is replacing the dyadic decay 277 by a decay along a well-
chosen, superexponential sequence a, | 0 at times 1 — 7 1 1; correspondingly, the
velocity field is localized at frequency a,. +11 in the time interval [1 -7, 1—T,41]. Inall
the three proofs, we interpret the convolution or the presence of diffusion (represented
by the Brownian motion in the stochastic differential equation) as a “filter on high
frequencies” acting at a well-chosen intermediate scale between the well-separated
scales a,41 < a4 and leaving low frequencies essentially unchanged.

In Theorem C, the convolution blocks the mixing process once the passive scalar
reaches scale a,, . After the singular time r = 1, we define the velocity field by reflection
(which would un-mix the passive scalar along the corresponding scales), but we also
add a velocity field which at every transition of scale has the effect to “swap” a parity
marker on the chessboards. Depending on the parity of g, the passive scalar undergoes
an even or an odd number of swaps, which produces two distinct solutions in the limit.

Dealing with diffusion is more delicate and requires a second major twist with
respect to the previous approaches. We develop an original and fairly general
Lagrangian approach (in a deterministic or stochastic sense) to anomalous dissipa-
tion. Solutions of the advection equation (1.1) are transported by the flow of the
velocity field and the Feynman-Kac formula represents solutions of the advection-
diffusion equation (1.2) via the flow of the associated stochastic differential equation
(see (3.10)). Our Lagrangian approach allows to keep track of the regularity of the
solutions as well as to make explicit the anomalous dissipation mechanism in a fully
quantitative way in our situation, by means of a precise control of the frequency of
the solution up to the precise scale where anomalous dissipation happens. The anoma-
lous dissipation relies on the following observation: if the diffusion is active for a
time 7, then it acts on a spatial scale /T, and additionally its effect is enhanced
by the high frequency of the passive scalar. The last observation is at the core of the
so-called enhanced-dissipation phenomenon, which received a considerable attention
in the last years, from nonquantitative spectral characterizations [18], to quantitative
approaches [10, 23, 24] also in terms of the mixing properties of the velocity field
[25, 38], to the randomly-forced case [8]. In Theorems A and B the quantified relation
between the time scale, the frequency of the solution and the diffusivity parameter
allows, respectively avoids, time intervals on which the diffusion substantially mixes
the solution. This switches on and off the dissipation effect along different subse-
quences, allowing to identify in the limit a solution which conserves the L? norm and
a solution which dissipates the L? norm. Our approach represents a major novelty and
needs to be compared with the approach in [26], which relies on criteria for anoma-
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lous dissipation based on reverse interpolation inequalities for the passive scalar. It
seems not possible to exploit the strategy of [26] and obtain multiple limit points in
the vanishing-diffusivity limit. Our approach identifies a Lagrangian mechanism and
provides its quantification, establishing a fully general novel method which can be
employed in problems exhibiting similar features.

The issue of the regularity has been neglected in the above informal description.

Finding more regular versions of Depauw’s [27] velocity field is a notoriously hard
task, which has been addressed in a dyadic, self-similar setting in [4, 62]. However,
the velocity fields in [4, 62] do not appear to be compatible with our choice of a super-
exponential sequence of scales a,. Moreover, it is unclear which instruments could be
employed to obtain the fractional regularity of the associated solutions. Instead, we
directly employ a finer-scales version of Depauw’s velocity field and directly regu-
larize it at a scale finer than its own scale, slightly perturbing the scaling and directly
controlling the error terms. The resulting velocity field is again made by alternating
shear flows concentrated at well separated frequencies, in stark contrast with the veloc-
ity fields in [4, 62] which are genuinely two-dimensional. This last fact is in turn crucial
in order to establish the uniform-in-diffusivity regularity of the passive scalar in (1.7).
We stress that such uniform regularity does not follow from any functional argument
(the advection equation (1.1) is known not to propagate any fractional regularity of
the initial datum [5]), noticing also that the expected regularity of the passive scalar
predicted by the Obukhov-Corrsin theory (namely, the admissible § in (1.7)) worsens
when the velocity field becomes more regular. Instead we prove a novel regularity
estimate for the stochastic flow which relies in an essential way on the alternating
shear-flow structure of the velocity field. The estimate is uniform in the stochastic
parameter and therefore thanks to the Feynman-Kac formula can be translated into a
regularity estimate for the passive scalar.
Plan of the paper. In Section 2 we present a quantitative heuristics of our arguments
aimed at providing the reader with a more detailed, yet nontechnical understanding of
our paper. Section 3 is devoted to a few preliminaries on deterministic and stochastic
flows. In Section 4 we fix the parameters needed for our arguments and we construct the
velocity field. We then move to the proof of Theorem C in Section 5. The convergence
in the vanishing-diffusivity limit to a solution which conserves the L? norm (which is a
part of Theorem B) is shown in Section 6. In Section 7 we show the convergence in the
vanishing-diffusivity limit to a solution which dissipates the L norm, thus concluding
the proof of Theorem B and showing the anomalous dissipation claimed in Theorem A.
In Section 8 we show the uniform-in-diffusivity regularity of the passive scalar, thus
concluding the proof of Theorem A.

2 Strategy of the Proof and Heuristics

In this section we provide an heuristic description of our construction and of the proofs
of the three theorems stated in the introduction. Even though the presentation in this
section oversimplifies several technical aspects and includes only heuristic estimates,
it allows to introduce all the ideas and tools in the proofs, and at the same time it retains
a quantitative enough character which motivates the choice of the many parameters
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in the construction. This section is intended to provide a guide for the reader through
the actual proofs in the remaining of the paper.

2.1 Geometric Construction of the Velocity Field

Our construction features a divergence-free velocity field # = u(¢, x) defined for
(t, x) € [0,2] x T2. The velocity field is smooth outside {1} x T2 and at each time
t € [0, 2]\ {1} is concentrated in frequency, where the frequencies blow up as the
time approaches 1.

Let us fix a sequence of frequencies {1, }4en Which are well separated, namely with
at least superexponential growth, and a sequence of times {1 — T }4eny With T, | O
to be chosen later in terms of the frequencies. We first define the velocity field for
t € [0, 1]. On each time interval [1 — T, 1 — T, 4] the velocity field is constructed
as follows.

(1) The velocity field is composed by two shear flows (one horizontal and one vertical)
with frequency concentrated at A, | rearranging the chessboard of side A;l into

the chessboard of side )‘741-1 (see Figure 1).

(2) For some fixed m € N, on the first part of the time interval [1 — T, 1 — T;11]
and only for ¢ € mN (by which we mean that g is a multiple of m) we add a long
time subinterval on which the velocity field is zero. The choices of m € N and of
the length of the subinterval are tuned with certain choices of the dissipation and
the dominant frequency of the solution of the advection-diffusion equation at that
time.

In the remaining time interval [1, 2] (after the singularity at time ¢ = 1) the velocity
field is defined by reflection, and for Theorem C only we add a swap velocity field as
follows.

(3) The reflected velocity field is defined by

u(t,x) = —-u—t,x) for re(l,2] and x e T2 2.1

Il

Fig.1 The action of the two shear flows rearranging the chessboard of side A, !into the chessboard of side

-1
)‘q+l
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Fig.2 The action of the swap velocity field

(4) For Theorem C we add a swap velocity field ugwap Which, in each time interval
[1+ 7441, 1+ T4, is active in a subinterval in which the velocity field in (2.1) is
zero. The task of the swap velocity field on the time interval [1 + 7541, 1 + T5;]
is to swap the parity of the chessboard of side A;l (namely, it exchanges the
“black squares” with the “white squares”, see Figure 2). The swap velocity field
acts after the velocity field u in (3) has already reconstructed (at a certain time
1+ T441 + © < 1 + 1) the chessboard of side a, from the the chessboard of
side a, 11 and it has frequency concentrated at A, 1.

In any time interval [1—T7,, 1 =T, 1] or [14+T, 11, 1+1T,], the constructed velocity
field either vanishes or has frequency concentrated at A, (itis actually almost A4 1-
periodic in a suitable sense). This fundamental property allows to localize the effect
of the convolution and the effect of the diffusion to certain specific time intervals,
following the general principle that in our regimes both convolution and diffusion act
as a filter on high frequencies, leaving low frequencies relatively unchanged.

To make the heuristics visually clear we refer in this section to velocity fields that
“mix a chessboard into a finer one” with implicit reference to a simple and widely
known example by Depauw [27] (see also [29], where such construction was used to
build an example of lack of selection for bounded velocity fields via an ad-hoc regu-
larization not of convolution type). We underline three major differences between the
velocity fields in [27, 29] and ours. First, it is fundamental for us to separate consecu-
tive frequencies in a sharp way by using a superexponential sequence of frequencies.
Second, we introduce time delays in order for the diffusion to trigger the anomalous
dissipation and the lack of selection. Third, in order to guarantee Holder regularity in
our example, all the statements about rearrangements of chessboards must be intended
“up to small errors” due to the presence of small-scale mollifications that guarantee
the smoothness of the velocity field and of the passive scalar away from the singu-
lar time ¢+ = 1. Without such mollifications, the heuristics holds only in fractional
Sobolev spaces such as W !(T?), rather than in Holder spaces C*(T?). We observe
in passing that, without mollifications and under fractional Sobolev regularity bounds,
full dissipation for the passive scalar can be obtained in Theorem A, namely replacing
the weaker property (1.8) with

1
. 2 _ 3112
211msup/(/0 /Tz'w“' dxdi = 190 )22, -

k—0
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Obtaining the correct regularity of the velocity field and the associated solutions is
a central issue in our approach. The same difficulty has been faced in [4, 62], where
the same rate of decay for the mixing scale as in [27] was obtained for more regular
(Sobolev, or even Lipschitz) velocity fields. However, the construction in [4, 62] has
been achieved by a completely different argument due to necessity to keep under
control the evolution in the entire space without allowing for error terms, as needed
when dealing with a statement concerning mixing. In particular, the velocity fields
in [4, 62] are genuinely two-dimensional. In our case we retain by mollification the
alternating shear-flow structure of the velocity field from [27], which is essential in
order to quantitatively control the regularity of the solution in presence of diffusion.
However, we have to face the issue to control the evolution and quantify the dissipation
of the passive scalar out of the small set where the mollification takes place.

2.2 Geometric Construction of the Initial Datum

We consider as initial datum the function %y which equals 1 on the even chessboard
of side 21 (and therefore, has periodicity A, !y and —1 on the odd chessboard. As
before, the actual proof involves a mollification of this function, but at the present
heuristic level we ignore this issue.

2.3 Qualitative Behaviour of Solutions

Up to time ¢t = 1, the solution of the advection equation (1.1) with velocity field u
is unique thanks to its (local-in-time) regularity: at each time 1 — T, the solution
approximately equals the chessboard of side A;l. Therefore, ¥ can be extended by
weak continuity at the singular time ¢t = 1 as ¥ (1,-) = 0.

After the singular time ¢+ = 1 we can consider three possible continuations of this
solution. First, we consider the solution which fully dissipates the L? norm, namely

PMX =0 forte[l,?2].

Second, we observe that if point (4) in the construction in Section 2.1 is omitted, then
a solution which conserves the L? norm is given by reflection, namely

DSt ) =92 —1, ) fort € [1,2].

For the velocity field introduced in Section 2.1 with the addition of the swap velocity
field in (4), we can find two distinct backward solutions on [1, 2], starting at t = 2,
which are compatible with ¢ at time 1, namely ©°% generated by evolving backward
the final datum 9°44(2, ) = 9, and ¥'°" generated by evolving backward the final
datum 9" (2, ) = —1%. We observe that 9°%4 and 9" are characterized at times
1 + T, for g € N and equal alternatively the odd or even chessboard of side A;l.
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2.4 Lack of Selection by Convolution (Theorem C)

We first present the mechanism behind the lack of selection in Theorem C as it is the
simplest one. Fix o > 0 such that for some ¢ € N

hh <o <! 22)

(more precise quantitative bounds will be required in the proof), and consider the
convolution ux@, of the velocity field # (including the swap velocity field in (4)) with
a kernel ¢,. The convolution does not change much the low-frequency part of the
velocity field, namely its restriction to the time intervals [0,1 — T,] U [1 + T, 1]
thanks to the condition o0 < A;l. In contrast, the convolution almost completely
cancels the fast oscillations of the velocity field in [1 — T, 1 + T;], thanks to the
condition o > )\__IH. As a consequence, the flow of uxg, is close in the L' norm
to the flow of the smooth velocity field uIL[l_Tq,HTq]c. Hence, the evolution of ¥,
under the velocity field uxp, undergoes an even or odd amount of parity swaps (under
the action of the swap velocity field ugya,p) depending on the parity of the integer ¢
for which (2.2) holds, and therefore it possesses two qualitatively distinct behaviours
along two subsequences of 0 — 0. As ¢ — 00, these two distinct behaviours are
maintained and give rise to the two limit solutions #'*" and 1°%4 of Section 2.3.

2.5 Qualitative Behaviour of Solutions in the Presence of Diffusion

From now on we consider the velocity field « introduced in Section 2.1 ignoring the part
(4) of the construction . Given the unique stochastic flow X* : Q x [0, 2] x T - R?
solution of the stochastic differential equation (SDE)

{dX’,‘ = u(t, X¥)dt + /2cdW, 03

XG5 = xo

for a fixed probability space (€2, F, IP), the unique bounded solution of the advection-
diffusion equation (1.2) is represented by the Feynman-Kac formula

/Tz fOcdx =IE/T2 f(X)99dx  forany f e L®(T?).

The effect of the diffusivity in the advection-diffusion equation (1.2), or equivalently
at Lagrangian level the effect of the Brownian motion in the SDE (2.3), can be seen
as a regularizing mechanism. It shares similarities, as well as relevant differences,
with the regularization by convolution of the velocity field directly at the level of
the advection equation (1.1). The regularization by convolution acts at the level of
the velocity field, whereas in (2.3) the “regularization by noise” acts at the level of
the trajectories by adding the random perturbation provided by the Brownian motion.
Remarkably, the two regularizations act on different scales. For the regularization by
noise the typical scale of regularization is proportional to the length of the time interval
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on which it acts. On a time interval of length t where the velocity field vanishes, the
regularization by convolution does not modify the flow (and therefore, the solution),
while the regularization by noise acts on the solution as a convolution with a Gaussian
with variance proportional to k7. The stochastic Lagrangian interpretation will be
particularly useful for our analysis due to the fundamental estimate for the Brownian
motion

P <w eQ: sup V2c|W| < c> > 1 — 2¢~¢*/@T) (2.4)
tel0,T]

We finally observe that the effect of the dissipation is stronger when acting on highly-
oscillatory solutions. This observation lies at the heart of the so-called enhanced
dissipation phenomenon and will be employed in an essential way in our proofs.

2.6 Convergence via Diffusion to a Solution Which Dissipates the L> Norm
(Theorems Aand B)

Our strategy relies on the choice of a sequence of diffusivity parameters {k,}, such
that the solution ¢, of the advection-diffusion equation (1.2) enjoys the following
properties:

e Goal 1: It can be well approximated by the solution of the advection equation until
time 1 — T, in particular at time 1 — 7} it is close to an (almost) A(;l-periodic
function;

e Goal 2: It dissipates half of its L2 norm in the time interval [1 — Ty, 1 — Tyqq]
only by the effect of diffusion.

Since the velocity field has frequency A, in the time interval [1 — 7,1, 1 — T, ] and
the solution of the advection equation resembles the chessboard of side A;l at time
1 — T4, in order to accomplish Goal 1 we need to require (at least) that the stochastic
flow deviates on average from the flow of u less than the typical side of the chessboard

)»;1 in the time interval [1 — T,_1, 1 — T, ], namely

7 —1
|X1—Tq,1—Tq,1 - leTq,lqu_| | < )\-q . (2.5)
In fact, a technical point in the proof involves a precise control of the set where
this estimate holds, together with suitable estimates on the analogue quantities
|X’1("7T1“17Tki1 —X1-7,1-13_, | for k < q. Estimate (2.5) entails, by (2.4) with ¢ = q,,
k =kqgand T =T, | — T, the following constraint on K,

Rghg(Tyo1 = Ty) < 1. (2.6)

To achieve Goal 2 we recall the following. If ¥,; € L*((0, T); L*>(T?)) is a
solution of the heat equation 9;% y — kA, = 0 with initial datum %, 5 (x) =
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Din(Ax) € L*(T?) (for some A € N) for a given function 9, € L?(T?) with zero
average, then by the scaling and decay properties of the heat equation

—ie)2 22
192, 2oy = 101 W71 G2 0p2y < € MDinll 720, = € 10172 o, -

Hence, in the time interval [1 — T, 1 — T,4] with initial datum the (almost)
X;l—pen'odic function z?,;q (I =T, ), Goal 2 entails the constraint

Rghg(Ty — Typ1) > 1.

Since the construction requires 7, — T, 1 — 0 as ¢ — oo, we will require T, —
Ty41 > T;—1 — T, only for a lacunary sequence (more precisely, for every multiple
of a fixed integer m). This is necessary in order to make the two previous constraints
compatible at least on a subsequence of ¢ — oo.

2.7 Convergence via Diffusion to a Solution Which Conserves the L?> norm
(Theorem B)

For every ¢, we want to choose k;, in such a way that the solution 9, of the advection-
diffusion equation is close to the solution ¥, of the advection equation with the smooth
velocity field u, = u]l[l_Tq,HTq]r. We notice that ¥, has some convenient explicit
features: first of all, ¥, (1 — Ty, -) = ¥4 (1 + T, -) agrees (up to small errors) with the
chessboard of side A;l, and moreover by symmetry 9, (2, -) = 9,(0, -). In order to
guarantee the closeness sketched above we need two controls of different nature:

e Goal 1’: Similarly to Goal 1 in Section 2.7, the solution ﬂkq of the advection-
diffusion equation is well approximated by the solution of the advection equation
until time 1 — 7, and after time 1 + Tj; in particular, it is close to an (almost)
A;l—periodic function at time 1 — 7;

e Goal 2’: In full contrast with Goal 2 in Section 2.7, the solution z‘/‘,(q does not
dissipate energy, and actually it remains essentially unchanged in the interval
(1 -7, 14T,

Goal 1’ can be achieved similarly to Goal 1 in Section 2.7 and requires (at least)
the constraint (2.6) on the diffusivity «.

In order to accomplish Goal 2’ we need two steps. First, the so-called It6-Tanaka
trick (first used in the context of the advection equation with multiplicative noise in
[37]) allows to exploit suitable cancellations to show that the stochastic flow remains
almost constant on [1 — T, 1 — T, 41]. This relies on the fact that the velocity field on
such time interval either vanishes or has frequency at least A;41 and entails the fact
that the typical displacement of the Brownian motion is much larger than the inverse
of the typical frequency of the velocity field in the time interval [1 — T, 1 — T41],

namely
VEa(Ty = Typ) > AL @7)
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Second, we need to require that the solution ¥, dissipates only a small portion of L?
norm in the time interval [1 — 7, 1 + T, ], which entails the constraint

kghgTy < 1.

2.8 Regularity of the Velocity Field and Uniform-in-Diffusivity Bounds on the
Passive Scalar

The velocity field rearranges in the time interval [1 — T, 1, 1 — T;] the chessboard
of side )L;ll into the chessboard of side 2!, and therefore the associated trajectories

have a displacement of order A;i | with frequency concentrated at A,. This implies by
interpolation

At e
e (t, )l caepzy ~ Nut, Y ooy A% ~ ——L
Co(T?) (T2)q (qul — Tq)

and [0, )l a2y ~ 19 I pooreyhh ~ 28

fort € [1-T,_1,1—1T,]. As afirst consequence, we observe thatu € CO([O, 1] x ']IQ)
as soon as y ~ p°pB < 1; the latter condition holds in particular close to the Onsager
criticality threshold « = «¢° = 1/3 and p = p°® = 3. Moreover we estimate

P =P 4D 1-
Nl o g coreyy ™ D g (Tgmt = TP (2.8)
q

and

r° o P°B _
1917 e qo.rscrerzy ~ DM Tyt = Ty). 2.9)
q

Notice that the passive scalar in our example exhibits some sort of mixing for ¢ 1 1,
which is incompatible with a control of # in L*°([0, 1]; C B(T?)) for B > 0, which
would correspond to the case p = 1.

The above heuristics can be made rigorous for solutions of the advection equa-
tion (1.1). However, for the corresponding solutions of the advection-diffusion
equation (1.2), we are not aware of any general method to prove regularity estimates
building on the previous observations. In the proof of Theorem A we develop a new
approach to this problem which shows regularity for the stochastic flow uniformly in
the stochastic parameter and which strongly relies on the alternating shear-flow struc-
ture of the velocity field. Notice that, for a genuinely two-dimensional velocity field
asin [4, 62], even though the same scaling as in (2.9) is satisfied, showing uniform-in-
diffusivity regularity estimates seems an extremely hard task. In [26] only L bounds
on the passive scalar are shown to hold uniformly-in-diffusivity as a consequence of
direct bounds on the advection-diffusion equation. However, due to results in [5], no
fractional-regularity bounds due to functional arguments are expected to hold for the
advection-diffusion equation.
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We close this section by observing how a suitable choice of the parameters is
compatible with the regularity bounds (2.8) and (2.9) in the full supercritical Obukhov-
Corrsin regularity range. Assuming a superexponential growth of the frequencies of
the form A, = A [llt‘i (where § > 0 is a small parameter) and that 7, | — T, ~ kq_ 4
for g ¢ mN (for a suitable paramater y > 0), we observe that the convergence of both
sums in (2.8) and (2.9) follows from

—p+pa(l+8) —y+yp<0,
p°BA+8)—y <0.

Letting § — 0, this system admits a solution for y provided 1/p + 2/p° = 1 and
o + 28 < 1, that is, in the full supercritical Obukhov-Corrsin regularity range. We

. - -2+ .
also observe that the choices k; = )»;2 and kg = Aq " guarantee the constraints
listed in Section 2.6 and Section 2.7 (at least, up to small modifications, for instance

in (2.7) we need to require § > y/2).

3 Notations and Preliminaries

We mostly employ standard general notation. We will work on the 2-dimensional torus
T = R"/7Z" = [0, 11"/ ~. The only specific notation is the one for the e-restriction
of aset A C T", defined for any ¢ > 0 as

Ale] :={x € T" : d(x, A°) > ¢}.

In all the paper we make systematic use of several notions and results concerning
deterministic and stochastic flows, and their relation to advection and advection-
diffusion equations. We summarize the main definitions and results in the remaining
of this section without any attempt to be complete or systematic. The deterministic
theory for smooth velocity fields is fully classical, while for the stochastic theory we
refer to [34, 46, 49] and also to [50] for the case of nonsmooth velocity fields.

Given a smooth velocity field u : (0, T) x T" — R”" we denote by X : (0, T) x
T" — T" its flow, that is, the solution of the ordinary differential equation (ODE)

3.1)

X =u(t, X;)
Xo(x0) = xo

parametrized by the initial datum xg € T". We often use the shorthand notation
X: = X(t,-). The unique solution ¥ of the advection equation (1.1) with initial
datum v, is characterized for any t > 0 by

O, -) = (X)) (Fin), (3.2
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where (X,)z(%in) denotes the push-forward measure of Bin L4 through the map X,
defined as

(Xa(Win)(A) = / 14(X:(x)%n(x)dx  for all Borel sets A C T".
Tll

We denote by X; ; the flow when the initial condition is assigned at the time s, in
particular X; = X; o.

Let (2, (F;);, P) be a filtered probability space and W; an adapted T"-valued
Brownian motion. We will make an extensive use of the following estimate for the
Brownian motion: for every ¢,k > 0, T > T >0

P (a) €Q: sup V2x|W — Wy < c) > 1 = D¢/ 2(T=T) (3.3)
te[T,T]

A stochastic flow is a stochastic process, parametrized by xg, which is a solution of
the stochastic differential equation (SDE)

{dX’,‘ = u(t, X¥)dt + /2cdW, G

Xg = Xg.

For all times #1,#, > 0 the stochastic flow X satisfies the semi-group property

X 100 = Xi 46, (X}, o)- If the velocity field is divergence-free, then the stochastic

flow is measure-preserving
/ 14(X“(x, 0))dx = L4(A)  forallz >0
’]Tn
and for all Borel setsA C T", for P-ae.w € Q (3.5)

The fundamental Itd formula asserts that, for every f € C*°((0, T) x T"), the
stochastic process t > f (X} ) is adapted to the filtration F; and solves the SDE

df(t, X) =0, f(t, X<)dt + V f(1, X)) -dXS +cAf(, X)dt . (3.6)

Moreover, the so-called It6 isometry (see [46, Corollary 3.1.7]) gives forany ¢ € [0, T']

2 t
} = IE|:/ |Vf(s,X§)|2dsi| : (3.7)
0

Compared to the case of deterministic flows, for stochastic flows it is slightly more
technical to define a backward flow. We observe that, if W; is a Brownian motion, then
t € [s,o0) — W, — W is a Brownian motion as well. We can define the backward
filtration generated by the Brownian motion, namely for any s < ¢ we consider the

t
EU/ V (s, X5) - dW,
0
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o-algebra 7y ; = o (W, — W, : s <r <t). The backward SDE starting at time ¢ is
dX§, =u(t, X5 )dt + ~2cdW; (3.8)
XtK,t =Xxq. .

A continuous stochastic process s € [0, ] — X ;‘J is a solution of the backward
SDE (3.8) starting at time ¢ if it is adapted to the backward filtration (F;,)s and
satisfies

X, (x0, @) =x0+ / u(z, X¥ ,(x0, 0))dt + 2K (Wy (@) — Wi (o))
t

for P-a.e. w, xg € T".

We say that the map X*, : [0, 1] x T" x € — T" is a backward stochastic flow.

We also observe for later use that, by means of the classical Gronwall inequality, it
is possible to estimate the distance between the deterministic and the stochastic flows
associated to the same velocity field as

X (x) = X7 (v, @)| = (Ix—y|+«/§ sup IWs(w)I)

s€[0,1]
t
exp (/ Vu(s, ')||L°°(T")d5) (3.9
0

for P-a.e. w and for every x, y € T".
The Feynman-Kac formula provides a representation of the unique bounded solu-
tion of the advection-diffusion equation (1.2) via the backward stochastic flow:

O (t, x) = E[9in(Xg,(x))]  forevery ¢ >0, fora.ex € T". (3.10)

A formula involving the push-forward via the forward stochastic flow (analogous
to (3.2) for the deterministic flow) holds as well: for any r > 0

/ F)0(t, x)dx = E/ F(XE(x, N)Vin(x)dx  forany f € L(T").
T)l T’l
(3.11)

All of the above results are quite classical in the case of smooth velocity fields. A
systematic theory in the case of Sobolev velocity fields is presented in [50]. However,
the velocity field in our construction will not have such a regularity across the singular
time t = 1. For a velocity field u € L?((0, T); L9(T")) under the Ladyzhenskaya—
Prodi—Serrin condition2/p+3/q < 1itis proven in [48] that a unique stochastic flow
exists. To the best of our knowledge, it has not been explicitly shown in the literature
that the measure-preserving property (3.5) holds in case the velocity field additionally
is divergence-free. We sketch a proof of this fact in a case adapted to our context in
the following theorem.
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Theorem 3.1 Fixk > Oanda € (0, 1). Letu € C¥((0, T) x T") be a divergence-free
velocity field and ©;, € L°°(T"). Then, the unique bounded solution ¥, to (1.2) is
represented by formula (3.11) and the unique stochastic flow satisfies the measure-
preserving property (3.5).

Proof The proofis classical for a smooth divergence-free velocity field and the general
result follows from the approximation theorem [37, Theorem 5]. O

4 Construction and Main Properties of the Velocity Field

In this section we introduce all parameters needed in our constructions. Based on
the choice of the parameters, we describe the construction of the velocity field in
Theorems A, B, and C and the action of the corresponding flow on the solutions. We
also collect several useful properties of the velocity field.

4.1 Choice of the Parameters

Letl/p+2/p° =1anda+28 < 1 beasin Theorem A. Since p°® <4and 8 < 1/2,
we have p°B < 2. We consider parameters €, § € (0, 1/4) sufficiently small such that

280 +36§1_+58))(1 D) el 48— g 0, (4.1a)
p°B(1 +3e(1 +8))(1+6) n o _ 2. (4.1b)
1-36 8
53
<t (4.1¢c)

The first two conditions are satisfied if € and 6 are small thanks to the assumptions
a + 28 < 1 and p°B < 2 respectively, while for the third condition it is enough to
choose € depending on §.

Given ag € (0, 1) such that

1
ag” +as™® < 20 (4.2)

we define

1
dg+1 = G;Jra, )\,q = g (43)
q

To be precise, our construction requires also that a, /a, 11 is a multiple of 4 for every ¢
to preserve the geometry of chessboards, hence the superexponential sequence should
be chosen so that ag/ag+1 is an integer multiple of 4 in the range [a, 5 _ 4, a; 5.
This change affects the proofs only in numerical constants in the estimates and in turn
makes the reading more technical, hence we avoid it.
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Notice that for any £ > €5 we have

k
Zaﬁ — Za;1+8) 12 < Zaél+k6)l < 2(1;,

k>q k>0 k>0

that we will use throughout the proofs.
We fix the parameter y > 0 for the scaling in time by

°B(1+3e(1+86)H(1+6 8
,_ PBUE3AL)A+8) 8 s
1-§6 8
We fix m € N such that m — 1 > 16/6% and define the sequence of times
ty = a; forany g € N
1y = a(};_w for g suchthat g € mN
;=0 for g suchthat g ¢ mN
recalling that by ¢ € mN we mean that g is a multiple of m. We also set
o oo
T, =Y 7j+3> tj<1 foranyqeN. (4.5)

Jj=q j=q

The remaining choices of the diffusivity and convolution parameters are specific to
each of our three theorems. In Theorem A we fix the diffusivity parameter

2— Yo t4e
~ 146
kg=ay, ' (4.6)

and observe that this entails for any j < g

Rgal | < a}.”e, (4.72)
= y—ys o 1-5
Kq ag >a, °, (4.7b)

where the second condition holds thanks to (4.1c). Notice that a necessary condition
for K, — 0O 1is that y ~ p°B < 2. This condition is implied by p > 2, but in fact
Theorem A holds more in general replacing the assumption p > 2 by p°B < 2.
In Theorem B and Theorem C we set § = 0 and for the remaining parameters we
implement the corresponding choices as described above. The convolution parameter
in Theorem C is set to be

oy =alt" . .8)

In Theorem B we need to consider two diffusivity parameters. The parameter for the
convergence to a solution which dissipates the L? norm is the same as in (4.6), while
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the parameter for the convergence to a solution which conserves the L> norm is
243
Kg = a; . 4.9)

4.2 Construction of the Velocity Field for0 < t < 1

We begin by defining chessboard functions and chessboard sets, also considering a
notion of parity on the chessboards.

The building blocks W, W, W : T2 — R2 for the construction of the velocity field
are shear flows defined by

~ 1+ W(xy)
Wex ) = (W), 0, Wenm) = (0. ——5-+).
— 1= W)
Wexx) = (0 —5—=).
where the function W : T — R is defined as follows
1 if z € [0,1/2),
W) = zel0 172
-1 ifze[l1/2,1),
(and extended by periodicity).
Recalling the definition of the {7}, in (4.5) we define
71 =(0,1-Tpl, (4.10a)
Tyo=0-T,,1-T,+14], (4.10b)
Tyi=0 =T, +1,+ G — D1y, 1 =Ty +14 +ity], (4.10¢)

forany g € Nandi = 1, 2, 3 and we define also 7, = U?:()Iq, i- Similarly we define
the reflected intervals

J-1=1[14+To,2) and Jgi=2—-14;

forany g € Nandfori =0,1,2,3and J; = U?zojq,,- (See Figs. 3 and 4). We notice
that

oo 3
UUZi v vz g =0.2)\(1).

qg=0i=0
We now define the velocity field on the time intervals Z, ; . First of all, we set
u(t,)=0 for rel_;

@ Springer



Anomalous Dissipation and Lack of Selection... Page 23 0f48 21

Iq,1 14,3 Jq.s Jq.1
[ [l [ [
| | | | | ] |
T L T 1T 1 T
1— T g 1-T, 1-Tyn 1 14T 14T, 14T,y
Fig.3 The time intervals Z, and Jy for g ¢ mN
Ig Iys Jo.s Jg0
[ || I |
| | L1 1 1 | | | | | |
1 1 1 ¥ I ! 1 LI 1 1 1 1
1=Tg 1=, =T 1 19T 14T, 1+T,,

Fig.4 The time intervals Z,; and Jy for ¢ € mN

and
u(t,)=0 fort € Z;0UZ, 1and forany g € N.

Fix a convolution kernel 1} € CZ°(—2,2) which we assume to be bounded by 1
and with gradient bounded by 1. For any ¢ € N we define the rescaled kernels

Vg (1, x02) = A2 0O x )Y (T ) (4.11)

We further define suitable cut-off functions in time. Let n, » € C°(Z, 2 [a,}; /6]) and
Ng,3 € C§°(Iq,3[ag/6]) be nonnegative functions such that fIq ,Ng2 = fIq JNg3 =

aﬁ,’ /2 and there exist constants Cy > 0 (depending only on k € N) such that
Ingillce < Crag™  for i=2,3 and keN., 4.12)
where we can fix Co = 1.
Let us denote by | & the largest integer smaller or equal than the real number &.

Given the discontinuous shear flow

a;_yW()uqu) for x = (x1,x2) with sz/an even,

w X) = _
a+12(9) {—a; YW(hgs1x) for x = (x1,x2) with |x2/a,]odd,

(4.13)
we set
u(t, x) = ng2(Owg12%¥,+1(x)  forx € T>and 1 € Z, 5.

Analogously, given the discontinuous shear flow

2aq+1aq_yW()\q+1x) for x = (x1, xp) with Lxl/aq + 1/2J even,

w = o, —
a+13(%) {ZaqHaqu(qux) for x = (x1, x2) with | x1 /ay + 1/2] odd,

we set

u(t, x) = ng 3(Owg413%Yg+1(x)  forx € T>and 7 € Z, 3.
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Qg1 [ e

-
— %
-
| U
[ Ag+1

Fig. 5 The ;llelocity ?elds wqg 1,2 and wg41,3 on the time intervals Z,; » and Z, 3 respectively. In the
picture we choose ag /ag 1 =

See Fig. 5. We highlight that the convolution is taken at a spatial space scale comparable

to a ;iia which is much smaller than the scale a, 1 of the velocity field. Therefore,

the structure of the velocity field is preserved up to a very small error.

4.3 Construction of the Velocity Fieldfor1 <t < 2

In Theorem A the velocity field is defined only for 0 < ¢ < 1. For Theorem B we
simply extend the velocity field u by reflection, namely we set

u(t,x) =—-u@—t,x) forrell,?2]. (4.14)
For Theorem C in addition to the reflection we add a new velocity field ugyap, namely
u(t, x) = tswap(t, x) —u2—1t,x) forr e[l,2]. (4.15)

The swap velocity field ugwap is defined as follows. We first define a discontinuous
shear flow

17
Wy+1,swap(X) = 2a4 VW()\q+1x)
and then set
Uswap (T, X) = Ng 1 (D Wg11, swap*¥g+1(X) forx € T> and 1€ g1
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4.3
[
| I >
I I T
1+ T, +T, (1 NTg+
-~ 7] Ag+1 —»
———» -
D — —>
———» -
- ———»
——» -
- —
————» -
——» ———»
D — D —
——» ——»
- -
———» “a ———»
-~ -~
——» ——»
B —
LJ I
Aq+1 Qq

Fig.6 The velocity fields —wgy1 3, —wg41,2 and wgy ] swap on the time intervals J; 3, J4.2, and Jg 1
respectively. In the picture we choose ag /ag+1 =8

where 14,1 € Cfo(jq,l[a;’ /6]) is a nonnegative function with quJ Ng1 = a,}; /2 and

Ing.1llck < Crag™ forany k € N, with Co = 1 (See Fig. 6).

4.4 Initial Datum

The initial datum is the same for Theorem A, Theorem B and Theorem C.

Definition 4.1 (Chessboards) Let A € N and 9 : T2 — R be defined as

1 if x1,x2 € [0,1/2) or x1,x2 € [1/2, 1)

: (4.16)
—1 otherwise

Yo(xy, x2) =

and extended by periodicity. We say that the function P (x) = 99(rx) is the even
chessboard function of side (2A)~! and the function 9 ® (x) = —(Ax) is the odd
chessboard function of side (21)~!. We further say that the set A 5, = supp{l1 +9 WD} is
the even chessboard set of side (21)~! and FBVA = supp{l + ® @Y is the odd chessboard
set of side (21) 1.

We consider as initial datum a smoothed version of the even chessboard function
of side ag: for 99 € L>(T?) defined as in (4.16) we consider

Win = Po(Ao ) * Yo, (4.17)

where Yo(x) = A(z)+2€81/f(k(l)+€8x) is the convolution kernel in the spatial variable
(used also in Section 4.2).

@ Springer



21 Page 26 of 48 M. Colombo et al.

4.5 Main Properties of the Velocity Field

The action of the velocity field has been informally described in Section 2. Up to small
(and quantified) errors, on each time interval Z, (before the critical time ¢ = 1) the
scale of the solution is lowered from a, to a4 1, while on each time interval 7, (after
the critical time ¢ = 1) the scale of the solution is increased from a, 11 to a,. The swap
velocity field ugwap (only required in Theorem C) swaps the parity of the chessboard
on each time interval 7.

In order to quantify the errors due to the regularizations of the velocity field, we
define an al T -restricted version of the even/odd chessboard sets of side a, and a
“good set”. Recalling Definition 4.1, we define

Aq = A, 15071, By =B, [5a,7°], Gy,=A,UB,. (4.18)

We observe that for any ¢ € N there hold
1
L2(Ag) = L*(By) > 3 10a’  and  L£*(Gy) = 1-20a5’. (4.19)

The above estimates are proved by elementary geometric considerations. For instance,
£2(G;) is estimated by the measure of aq’l vertical stripes of measure lOa‘}J“‘S plus

a; ! horizontal stripes of measure 10a;+58. Finally, we observe that v, is compactly
supported in a ball of radius Z(A}I“‘S)_l < 5a;+ea’ which implies that wy j*¥, (x) is
locally constant in the set G;.

Remark 4.2 (Regularity of the velocity field) The velocity field u constructed above
and extended for times 1 < ¢ < 2 either with formula (4.14) or (4.15) is locally smooth
away from the singular time # = 1, namely

u e CR(((0,2)\ {1}) x T?),

and for any time ¢ it is a shear flow and therefore divergence-free.
Moreover, the velocity field u enjoys the following estimates: for any ¢ € N

1- =V —151+€6
el oo (7, 1yxT2) = 204 4 IVull oo (g7, 1)x12) = g "y hg il
(4.20a)
I—y =Yy —1,1+€s
“u”LOO((Iq_ZUJqu)xTZ) = dg ”Vu"LOO((Iq,zU‘Z],z)XTZ) < aq )\q )\.q+€1
(4.20b)
- ~7 €8
||u||L°°((Iq_3UJq_3)x'JF2) < 2ag+4194 ’ ||V“||L°°((Iq.3UJq.3)XT2) = dq V)‘;-H'
(4.20c)
Hence, by interpolation, for any ¢ € N we have
I—y —a(l+ed) _  1—y—a(l+ed)(1+6)
lull ooz ugsc0m2) S g gy = ag . @2
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The velocity field enjoys some additional regularity in time thanks to (4.12), namely
for any k € Nwith 1 —y —ky > 0it holds

l—y—k
||u||LOO(T2;Ck(0’2)) Sk sup aq vy < 00. (422)
q

Based on the previous properties, the regularity of the velocity field in Theorems B
and C follows, namely given any « € (0, 1) the previous construction performed with
the choice 8 = 0 provides a velocity field in C*((0, 2) x T2). Indeed, for B =0we
have y = §/8 and thanks to (4.1a) the right-hand side in (4.21) is uniformly bounded in
q, showing the desired Holder continuity in space. As regards the Holder continuity in
time, interpolating between (4.22) with k = 0 and k = 1 we get [[u[ Loo(72. ca (0 2)) <
0.

Remark 4.3 (The action of the flow without the swap velocity field) Let us fix the
velocity field constructed in Section 4.2 and extended for 1 < ¢ < 2 by formula
(4.14), a constant ¢ > 0 and an integer k € N. Consider the flow X9 associated to
the smooth velocity field u, = ulpi—7, 147, Then, recalling the definition of Gy
in (4.18), the following properties hold:

X{_; (x) € Grpilel = u(t, X{(x) + (1)) = u(t, X{(x))  foranyr € I
(4.23)

and

X117, € Gipilel = u(t, X{(x) +v(@®) =u@, X{(x)) forany 1€ J,
(4.24)

for any path v : [0, 2] — T2 such that ||v]|zec < c. Furthermore from the construction
of the velocity field we have (recalling the definition of Ay and By as in (4.18))

X| (0 € ANGrrr = X{_ g5 () € A, (4.25a)

x?_Tk (x) € BiNGry1 = X‘{_Tk“(x) € Biy1. (4.25b)
and

X7, () €A1 NG = X, (0) € Ag, (4.262)

X1 170, ) € Byt NGyl = X1 47, (¥) € Br. (4.26b)

Remark 4.4 (The action of the flow with the swap velocity field) If we consider the
velocity field u constructed in Section 4.2 and extended for 1 < r < 2 by formula
(4.15) (by adding the swap velocity field) and denote by X9 the flow of the smooth
velocity field ug = ulfi—7,,1+7,1c, then the same properties as in Remark 4.3 hold
for 0 <t < 1, since the velocity field is the same for such times. For any ¢ > 0 and
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k € N, we additionally have

Xq

Lir,, () € Grailel = u(t, X{(0) = u(t, X{ (x) + v(0),

for any ¢t € J and for any path v : [0, 2] — T2 such that ||v||;~ < c and

X7, () €A1 NG = X{, 7, (x) € By, (4.27a)
X1, () €Bipi NG = X{,5 () € Ay, (4.270)

differently from (4.26) due to the presence of the swap velocity field.

5 Proof of Theorem C

Given « € [0, I as in the statement of Theorem B, we choose § = 0 and recall that
all relevant parameters have been correspondingly fixed in Section 4.1. In particular,
we recall that

ess _ 1 <33 _ 8 4y _
G =350 ¢S50 VYTgr %T% - der1=4d

1+6
q

and that the length of the time intervals Z, j is a] " (for g € mN and j = 0), 0 (for
q ¢ mNand j =0)and aé/ otherwise.

We consider the initial datum @, defined in (4.17) and the velocity field u €
C%((0,2) x T?) constructed in Section 4.2 for times 0 < ¢ < 1 and extended for
times 1 <t < 2 by formula (4.15) (in particular we make use of the swap velocity
field). For the regularity of the velocity field see Remark 4.2.

For any o, we let 95, be the unique solution of the advection equation (1.1) with
velocity field uxg,, and initial datum iy as in (4.17), where ¢ € CX((—1,1) x
B(0, 1)) is the convolution kernel in space-time fixed in the statement of the theorem.
We observe that [|95, || 100 (0,2)xT2) < IIP0llzo(r2y < 1 forany g € N.

In the following lemma we prove an L bound on the mollified velocity field uxg,
foro € [ag+1,a4]andt € (1 — T, 1+ T,). The choice of o, as in (4.8) guarantees
the uniform smallness of the velocity field in such time interval.

Lemma5.1 Let u : (0,2) x T?> — R? be the velocity field defined above and let
¢ € CX((—1,1) x B(0, 1)) be a convolution kernel in space-time. Then, for any
q €N, ag41 <0 < ag we have

J— 1_y
C||<P||claq+laq

lx@o [l oo (17, 147, xT2) = pu ’

where C > 0 is a universal constant.

@ Springer



Anomalous Dissipation and Lack of Selection... Page 29 0f48 21

Proof Let us fix ¢ and o as in the statement. We first estimate (uxg, )(z, x) for x € T?
and t € 7, ». Recalling (4.13) we define the set

Z ={(y1,y2) € B(x,20) : wg412002) = —wg+1,2(02 + ag+1)}.

It holds that £2(Z¢ N B(x, 20)) < 64a,4 10 since the set Z° N B(x, 20) is made of
at most 16 horizontal stripes of length 40 and height a, 4 thanks to the construction
of wgy1,2. Using (4.20b) we estimate

1 1
(o) (1, )] = 5 V /2 [1(s, 0o (t = 5,x — ¥) + (s, y + ag1€2)@6 (t — 5, % — ¥ + dgi1€2)| dyds
—1JT:

1 1
=5 ‘/ / [u(s, Mo (t =5, x = y) +uls, y +ag41)¢5 (1 — 5, x — y +ag+1€2)] dyds
-1JZ

1 1
+3 Vlfz s )[u<s,y><pa(r—s,x—y)+u(s,y+aq+1ez)<ou<r—s,x—y+aq+1ez)]dyds
- “NB(x,20

llell ooz, xT2) !
< %/ /Irpn(t—s,x—y)—wa(t—s.,x—y+aq+1ez)ldyds
—-1JZ
N ) 1
#2022 0 B 20Dl gy [ 1600 e ds
! -1

1- 1-
<Y V4 ||Vl Loag i + 256a4-+104q yH(p”Lw.

- o o2

The same estimate holds for t € J, ». Fort € J, 1 the estimate is similar (in fact,
even easier, since the velocity field is exactly periodic and therefore the corresponding
set Z¢ N B(x, 20) is empty). Finally, we observe thatfort € I =7,3U J,; 3 U[l —
Ty41, 1 + T;41] the estimate follows from the bound

I—y
., 256)l9]lc1ags1a
y Ccllqg+1dg
lull ooz 52y < 209410 < pu

m}

Proof of Theorem C In the first three steps of the proof we fix g € N sufficiently large
and we describe (up to small errors that we explicitly quantify) the flow X on the
time intervals [0, 1 - 175 ], [1 =T, 1+T,], and [1+ T}, 2], respectively. In the last step
we prove that the two subsequences ¥g,, and ¥q,,,, cannot converge (with respect to
the weak™ topology) to the same limit as ¢ — oo.

Step 1: X°¢ almost preserves the chessboards in the time interval [0, 1 — T ]. For
every j + 1 < q the flow X% satisfies

X7 (0) €AjNGjailog] = X{'p () € Ajpilog]
and
X‘l"'_Tj(x) €B;iNGjrilo,] = X‘l"'_TjH(x) € Bj11lo,].
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We claim that for any x € Gj1[o,] it holds

1=Tj41 o 1-Tj+
ug, (t, Xt”]iT,(x))dt = u(t, X, 1-r,(x))dt . 5.1
q JA=T; J
1-T; 1-T;

Indeed, we first observe that

+4
|G X;fql_Tj(x>)dr=< 02> = [ e oo
Tia T

J J2

where we used that u = 0 for ¢ ¢ 7 s[a;r/6] and 0, = a;ﬂ/ < a();/6; the £ sign
depends on the strip to which the point x belongs (recall (4.13)). Since a;/2 is a
multiple of a; 1 we have that

%q — _ .
1=1y47,420.1-1; ) = X1o1y47,420.1-1;, (%) € Gjpalog].

Similarly, we have

0
/ U, (1, XZ”’]_Tj(x))dt = <a_j+|ia_/+1> 2/ u(t, X¢ -1, (x))dt ,
Ijs 2 Ijs

which in particular shows (5.1). Equality (5.1) implies that X [qu—TjJrl,l—Tj x) =
X1-7;,1,1-1;(x) and in particular the two statements claimed in Step 1 follow from
the corresponding properties (4.25) for the flow X.

Step 2: Shortness of the trajectories of X°¢ in the time interval [1 — T, 1 4 T, ].
For every x € T? the flow X% satisfies

og
147,

@) =X )| <.

| X
Indeed, by Lemma 5.1 we can bound the displacement for ¢ € [1 — T, 1 + T,] of
the integral curves of the velocity field ux¢, by

J— 17}/

CCag1a = 146-2 1+

2Tg luxo |l Los (11,147, xT2) = ZTq% <2CCag " 24y =0y,
q

where the last inequality holds thanks to § > 4y and assuming that g is sufficiently

large to have aq_y > 2CC.

Step 3: X swaps the chessboards in the time interval [1 4 T, 2]. For every

Jj + 1 < g the flow X° satisfies

9q

XVl @) € Ajp1NGjpilog] = X[{p () € Bjloy]

and
9q

XVir,, @) € B NGjpilog] = XVip () € Ajlog].
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This is shown as in Step 1, by recalling the presence of the swap velocity field and
relying on (4.27).
Step 4: Lack of selection. We conclude by showing that the two subsequences ¥,,
and ¥,,,, cannot converge (with respect to the weak™ topology) to the same limit as
q — oo.

We define for every g € N the set

q—1 q
0y = (X1  (Grarlogh) N [ (XT47) ™ (Galoy)) .
k=0 k=1

We notice that O, has large measure. Indeed, since the flows X% are measure pre-
serving, thanks to (4.19) and the choice of g in (4.2), we can estimate

q q
1
2 c 2 c 1) )
L (Oq) < Zkgzoﬁ ((Gklog DY) = Zkgzo 24a;° < 96a’ < 0 5.2)

Since the unique solution Vo, is characterized by (3.2) we can test against 1 4, (x)
and compute

/ Doy (1, 1)Ly (x) dx = / Din () Lo (X (1, 1)) dix
TZ TZ
= [ dny X dr+ [ o Lay (X0 d
0, 05

:/ IAO(x)]lAO(X“‘f(t,x))dx—/ 1gy(x)1ay(X% (2, x))dx

q 0‘1

+ / Bin (1) Lag (X7 (1, x)) dx
o5

=L —-hLh+1.

By (5.2), we see that |I3] < 1/10. From Steps 1-3 we see that, for # > 1 + T and for
q € N even, there holds

xeAN0, = X;"(x)€ Ao,
xeBNO, = X}'(x)€ By,

and, fort > 1 + Ty and for ¢ € N odd, there holds

x€eA N0, = X;"(x)€ By,
xeBNO, = X/'(x)eA.

Using again (4.2), (4.19) and (5.2) we have that I} > 1/2 —2/10and I, = 0
for g even, while I; = 0 and I, > 1/2 — 2/10 for ¢ odd. Therefore, for any g € N
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sufficiently large,

3 1 3
1o >——=4+ == / 1902q+1(t,x)]lA0(x)dx

1
Ve, (1, X)1 dx > =
[ ettt = 3 1wz

which implies the thesis. O

6 Convergence to a Solution Which Conserves the L2 Norm in
Theorem B

Given « € [0, 1 as in the statement of Theorem B, we choose § = 0 and recall that
all relevant parameters have been correspondingly fixed in Section 4.1. In particular,
we recall that

3
4618 < 1 . s

5
J— < — = — =
0 =39 ‘=5 YTy MTA

q ’

and that the length of the time intervals Z,, j is a] " (for g € mN and j = 0), 0 (for
g ¢ mNand j =0)and a,’{ otherwise.

We consider the initial datum ;;, defined in (4.17) and the velocity field u €
C%((0,2) x ’JIQ) constructed in Section 4.2 for times 0 < ¢t < 1 and extended for
times 1 <t < 2 by formula (4.14). For the regularity of the velocity field see Remark
4.2.

For any ¢ € N, we consider the unique bounded solution ¥, of the advection-
diffusion equation (1.2) with velocity field u, initial datum ¥, and diffusivity k = «.
We also define by truncation in time the smooth velocity fields

ug(t, x) = u(t, x)Lj—r,1+71,) (@),

for any ¢ € N and we let X9 be the flow of u, and ¥}, be the unique solution of the
advection equation (1.1) with velocity field u, and initial datum D,.

We split the proof in four steps. In the first three steps, we fix ¢ € N and we show
that for the flows X¢ and the stochastic flows X* it holds

€

|X,”"(x,w)—X§’(x)|5a;+7 for (x,w) € 04 and t € [0, 2], 6.1)

for a certain set O, C T2 x Q with (£2 ® P)(O4) — 1 as g — oo. In the last step
we exploit (6.1) and the representation formulas for the solutions to show that

l?Kq—z?q—>O

in the sense of distributions as ¢ — oo. In particular, 9, and ¥, converge in the
sense of distributions to the same limit. This will conclude the proof since %, strongly
converges to a solution of the advection equation (1.1) which conserves the L norm.
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Step 1: Closeness of Xf" and X/ for € [0, 1 — T,]. For any q let ¢ = q(q) be the
largest natural number such that

€/4

—5—2e8
ag exp(afy )

=

(6.2)

AN =

and notice that g — oo as ¢ — oo. We claim that there exist D, C T? and Q1 CQ

with £2(Dy) > 1 — 1245 and P(24,1) > 1 — exp (—ag “*/4) such that for all
t<1-1,

1+e
X7 (x, 0) — X7 (x)] < T forx € Dyand € Q.
First, we define
Se
Qg1 = {w €Q: 2k, sup W@ <a, * | CQ, (6.3)
t€[0,2]

and we use (3.3) to get the probability estimate

P(2,.1) > 1 — exp(—a; </*

/4, 6.4)
We employ (3.9) to get a closeness estimate in the smaller time interval [0, 1 — T7],
namely

t
X[ (x, 0) — X](0)] < (\/ZKq S[l(l)lele(w)l) exp (/0 IIVu(s,~)||LoodS>
tel0,

I+€

Se a
<ag " exp (a7 ) < 2 (6.5)

for any w € €24 1, where we used (6.2) and the estimate ||Vu(s, -)[| g~ < ag —y—8-2€

fors < 1 — Ty (recall Remark 4.2).
We now show the closeness on the time interval [1 — 17, 1 — T, ]. To this extent,
we recall the definition of Gy in (4.18) and define

g—1
Dy =)Dy = |lx e T*: X{_; (x) € Gryalay, ™1} (6.6)

k=g

Thanks to (4.19), we observe that

g—1
L2 (DY) <Y LA(Gryrlay ™)) < Z(ZOak_H +4ag) <484 (6.7)
k=q k=q
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Forany x € T? and @ € Q,,1 we define

a1+5
T = 7(x, ) := min {t X (x, w) — X (0)) = q3 }

which is well defined because the trajectories of both the flow and the stochastic flow
are continuous in time. From the result in the first part of the step we see that T > 1—-T5.
We need to show that T > 1 — T,,. If this would not be the case, we would have

X (@) = XTI < | XL (3, 0) = X ()]

[ (e o — u(xto) ds
1

+ V264 | We (@) — Wiz ()]

1+€ 1+€
a s a
< "6 +2a," <qT, (6.8)

where we used the definition of D, in (6.6) and the definition of T and property (4.23)
to conclude that the integrand in (6.8) is 0; we also used (6.3) in the second-to-last
inequality. Therefore, we conclude that 7 > 1 — T},.

Step 2: Shortness of the trajectories of X7 in the time interval [1 — 7, 1 + T].
We show that there exists a set Q42 C Q withIP(Q;2) > 1 — a; such that

al+e

< q

14T, . ,
/ u(s, X! (x, w))ds forx e T° and o€ Q.
1

— Tq

In particular, by Step 1 and using (6.3), we have fort < 1+ T,

X7 (v, @) = X{ ()] < 1X)g (v, 0) = X{_p ()]

147,
+ f u(s, X5* (x, 0))ds| + /24| Wi (@) — Wi_r, ()]
1-7,
2a1+€
< g forany x € D; and o € Q41N Q2.
To this aim, we set Q, » = ch,,z N 9(21’2, where

1+€
<4 e T?
T or any x

1=Tg+1 «
/ u(s, X' (x, w))ds
1-7,

1 .
Qq’Q‘ = {Cl) .
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Qq2_[w:

By the estimates in Remark 4.2 and the choice of the parameters

and

1+€
<

147, .
/ u(s, X5’ (x, w))ds| <
1

+Ty+1

for any x € T?

1+Tq+1 p
/ u(s, X" (x, w))ds| < ||”||L°°((1—Tq+1,1+Tq+1)xT2)
1

—Ty+1
1+€
1—- 1+3  a
<2 V<a, <2 VxeT? VoeQ
q+1 q 18

therefore it just remains to prove the estimate on (€2, 2). We only estimate IP’(Q 2)

since the estimate for Q2  Is identical.

We recall that on the time interval [1 — T, 1 — T, 11] the velocity field is nonzero
only for times in Z,, » and 7, 3. For the time interval Z, 3, using (4.20c) and the choice
of the parameters we have that

I+e

< ||u||LOO(I 3><']1‘2) 2aq+1aq 14 < ;T Vx € Tz, Yw e Q.

/ u(s, X5 (x, ))ds
Z

q.3

We now estimate the integral on the time interval Z, > using the so-called It6-Tanaka
trick. For shortness of notation we denote

i(t,x) =u(l =T, +7,+1,+1,x) and X, =X’ forall 7 € [0, 1, ].

1=Ty+ig+ig+t

We apply Itd formula (3.6) to the stochastic flow X ¢ choosing f : [0, 7] x T > R
of the form f(z, x1, x2) = 74,2(t)g(x2), where 7y 2(t) = ng2(1 = Ty + 15+ 15+ 1)
and g is the solution to

8" () = Wy41,2(y),
g0) =¢g(1)=0.

In the last equation, wy112 : T — R is defined by wgq1,0%¥g11(x1, x2)
(Wq+1,2(x2), 0), T is the one-dimensional torus, and wy 1 1,2, ¥4+ 1 and n, 2 are defined
in Section 4.2. The function f enjoys the following estimates
2—y
Il Lo r0.0,1x12) < 4ag+1a4 *
-3

I I oo 0,1 1:01 (12)) = dag 10y "I e ety < agria; 7. (6.9)

Indeed, the time regularity directly follows from (4.12). In order show the spatial

regularity we rely on the “almost” a,i-periodicity of wgy12 (recall the con-
struction in Section 4.2). To this extent, we notice that Wy y12(y + agy1) =
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—Wy412(y) for any y € U,y (Gag+1, (i + Dagy1), where we denote L =

2 Ak eN:k#n2 —rforanyn € N{, while hg412(y+ay) = —g41.2(y)
r=0 q+1, q q

ag+1
for an € T and (4 Dag Wg+1.2(8)ds = 0 for any i € N. Hence, settin
y 'y ia, q+1, y g

g'(y) =[5 Wg+1.2(z)dz, we deduce

2a4+41 -y
< / |Bgs1.2(2)ldz < dags1al
—2ag+1

y
g’ = ‘/o Wy41,2(2)dz

and g'(y) = —g'(y + ay) for any y € T. From the last property and the parity

of a;l we also deduce that g(y) = [ g'(s)ds satisfies ||g[l > < 4aq+1a§_y and

g(0) =¢g() =0.
Applying Itd6 formula (3.6) with the function f : [0, ;] x T2 — R observ-

ing that Af(t,x1,x2) = 02, f(t,x1,x2) = ii'(t,x1,x2), where ii(t, x1,x) =
(@' (t, x1, x2), 0), we get

Iq ~
f u(s, Xy)ds
0

Iq ~
/ il(s, Xy)ds
0

1 ~ ~ 1 Iy ~
< —|flg, Xy, — £(0, Xo)| + */ 0 f (s, Xy)ds
Kq kg Jo
Iq ~ ~ lq ~
+ Ki/ Vs, Xy)-ii(s, Xy)ds +‘,/2/<q/ Vf(s,Xs).dWs>
q JO 0

1 ~ ~ 1
< —|f(y. X)) — 0, Xo)| + — +
Kq Kq

1 : ~
- ‘,/2Kq/qu(S,Xs)~dVVS
I(q 0

Iq ~
/ or f(s, Xs)ds
0

(6.10)

since V f - u = 0. We now estimate all the terms in the sum: using (6.9), (4.20b) and
Iy = af; we get

2—y 1+e

1 = ~ 21 fllpe  Bagtia a

— | ftq. X)) = £(0, Xo)| < e Sagiiag % (6.11)

Kq Kq Kq 108

and

1 lq ~ tl fll poo (2. 01 222y glte
—/ 3 f(s, Xy)ds| < AL EEAGC QN fa4lfe T4 g q9)
kg 1Jo Kq Kg 108

forany x € T? and w € 2, since our choice of the parameters guarantees 2y +5¢ < §
and 108a; < 1/4.
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For the last term in the sum (6.10) we use the It6 isometry in (3.7) and using
also (6.9) we conclude
1/2
2/ )
_E /
0
l—y v/2

8aq+1a ag
VKq

Exploiting the Cauchy-Schwarz inequality and the Markov inequality we get
P (a) :

since the choice of parameters guarantees § > y /2 + 4€ and 16 - 108q,
Using (6.10), (6.11) and (6.12) we have
1+e
- 108 }

(Ry) C {
Step 3: Closeness ofX';q and X? for t € [1+7,, 2]. Weclaim that forall 0 <t <2

2 1/2
V2

—Vf( X,)dW, ~ZVf(s, Xy)
S, ﬁ S

<ay/2,

ty ﬁ
NIV Fs, X)) - dW,
/0 TV E.

a;“ _8 108a,11ay 7"
— 108 \/_aH'e
6.13)

€/2 <1.

—Vf(s X,) - dW| >

and thanks to (6.13) we get the estimate on 9(11,2

€

X7 (x, w) — XY (x)] < a;+j forx € D, N Dyandw € 2,1 N2y,
for some Bq with ﬁz(ﬁg) < 48a§5, where g = g(q) is as in (6.2).
Indeed, forr < 1+ T, the claim follows from Step 1 and Step 2. Forany 1 + 7, <

t < 1+ T7, arguing as in Step 1 (compare in particular with (6.5)), we see that

1X7 (x, w) — X{(x)]

IA

XY, g (@) = XY 7 (0] +

t
/1 (X5 6, 0)) = g (X)) [

+1,

+ Wi () — Witr, (0)]

2alte€ 145€
q + zaq 4 < a(}'ﬁ‘f ,

for any x € Dy N Dq and w € 41 Ny 2, where

q q
() Dyi:= [ txeT?: X{,; (x) € Grla, ™1},
k=g+1 k=g+1
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which has the same estimate as D, obtained in (6.7). Finally by applying (3.9) we
conclude that forany 1 + 77 <t <2,x € D; N ﬁq, w € Q41 N2

X5 (v, 0) — XV ()] < <|X71Tq—X‘{+Tq| +2/2k, sup |m<w>|)

5s€[0,1]

t
exp (f Vu(s, ‘)||L°°ds)
1475

q

Se €
lie 1+ —y—8-2e8 1+5
< (aq + 2ay )exp(aq ) <ay °.

Step 4: Convergence to a solution that conserves the L> norm. We show that
Ve, —Vq — 0as ¢ — oo inthe sense of distributions and that || — || 11 (0,2 xT2) =
0 as g — oo, where ¥ is a solution of the advection-diffusion equation (1.1) which
conserves the L? norm. This implies that ¥, , converges in the sense of distributions
to the solution 9.

By the representation formulas for 9, (recall Theorem 3.1) and for 9, we deduce

‘/ F) @, (1, x) — 0y (t, x))dx
T

= ‘E/W(f(X';q (x, @) = f(X] (0))Din(x)dx

<I9S IeB [ 1X ) = X ol — 0,

where the convergence to zero for ¢ — oo holds uniformly in time by Steps 1-3,
since Ez(Dq N Eq) — 1 and P(24,1 N ©4,2) — 1. This shows the convergence
U, — ¥4 — 0in the sense of distributions.

The fact that {9,}, is a Cauchy sequence in L' follows by the definition of the
velocity field by reflection, namely u(#, x) = —u(2 — ¢, x), for | < ¢ < 2, which in
turn implies 9441 (f, x) = ¥, (¢, x) for any x € T2 andt € [1 — T,,1+ T,]° Since
ug is smooth ¥, conserves the L? norm for any . Therefore, as ¢ — oo the sequence
1}, converges to a solution ¥ of the advection equation (1.1) which coincides with ¥,
on[l—T,, 1+T,] x T? and satisfies

19202y = inll 2y forany £ € 0,21\ {1).

7 Convergence to a Solution which Dissipates the L2 Norm in
Theorem A and Theorem B

Let us fix « + 28 < 1 in the case of Theorem A and @ < 1 and 8 = 0 in the case
of Theorem B. We recall for the convenience of the reader the choice of parameters
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defined in Section 4.1:

PPB(L+3e(14+8)(148) 6 s _ 1 83 16
— —_ < — < .
4 1-25 T % =3 =550 =52

The parameters are assumed to satisfy (4.1) depending on the choice of « and 8 and
the diffusivity parameter for the convergence to a solution which dissipates the L>
norm has been set to

2— L5 +4e
~ 146
Kq = aq .

— 4l
We set ag41 = q,

*+9 and the length of the time intervals Z, ; is a] 7% (for q € mN
and j = 0), 0 (forg ¢ mN and j = 0) and a,]; otherwise.

We consider the initial datum ¥, defined in (4.17) and the velocity field u con-
structed in Section 4.2 for times 0 < ¢ < 1 and extended for times 1 < ¢ < 2 by
formula (4.14). For the regularity of the velocity field in the case § = 0 see Remark
4.2, whereas in the general setting of Theorem A see Section 8.

We let 9, be the unique bounded solution of the advection-diffusion equation (1.2)
with velocity field u, initial datum %;,, and diffusivity i,.

We split the proof in two steps. In the first step we show that the stochastic flow
X4 satisfies

(x,w) € Oy and x € Ao[aé+€] - X'f”_Tq (x,w) € Ay
(x,w) € Oy and x € Bo[a(l)Jre] — X'f"_Tq (x,w) € By
for a suitable set O, C T? x Q of large measure uniformly for ¢ € mN. In the second

step we deduce that the solution ¥, dissipates a large portion of its energy in the time
interval [1 — 7, 1 — T, 4 ,] for ¢ € mN, more precisely we will show that

1-T,+1,
2kq f / |V, (s, x)Pdxds >
1-T, T2

R —

Since any weak limit of 9%, is a solution of the advection equation, this is enough to
conclude the proof.

Step 1: X*« approximately preserves the chessboards for ¢ € [0, 1 — T,]. We claim
that there exist 2, C Q and H; C T2 x Q with P(2,) > 1 — ag for any g € mN
and (£* ® P)(Hy) > 1 —24ag°® for any g € N and such that

(x, @) € Hy N (Aolag ™1 x Q) = X7 (o) edg  (T1a)

(x, ) € Hy N (Bolat ™1 x Q) = Xf‘iTq (x, ®) € By. (7.1b)
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Let us define

q—1

. - 1+

Q=) i=[)jeeca: sup  /2Rg|W; — Wi_g | < a5,
k=—1 k=—1 te[1=Ti, 1=Ti+11

(7.2)

where 71 = 0. In order to prove that P(2,) > 1 — aS, it is enough to show that
P(Qq 1) > 1— 2e %" for any k < g — 1. To this aim we apply (3.3) with T=1-T,
T=1-T¢y1andc = ak+] Fork <g—mweuse(4.3)andy > 6/8 >2/6(m—1)
to estimate
2+42¢
= N
264 (Tx — Tiv1)

TS e 264y5—ys(I4m=D)3) _ —c
>
_aq a _aq .

2— V+25+y6 —24y—4 m —€
dq

Forg —m < k < g — 1 we simply use that Ty — T41 < 3a,}; and (4.7a).
We also define

q—1 ~
Hy = (Y Hewoi= () |00 e T2 x 2: X\ (r.0) € Gl i) 73)
= k=0

and Hy 1 = ¥J. We only prove (7.1a), as the proof of (7.1b) is similar. Fix (x, w) €
H,; N (Aopla 1+€] x 4). We prove (7.1a) by showing by iterationon —1 <k < g —1
that

1 T(x w) €A = X1 Tiy 1(x,a))eAkH, (7.4)

where A_; = Ap. For k = —1 the property (7.4) follows from the fact that u = 0 in
[0, 1 —Tp], the definition of €2, | and the fact that X € Ao[aHE] ‘We now show (7.4)

fork > 0.Pick X € T? such that X¢_ &) = X\ I, (x w) where X7 is the flow (3.1)
of the smooth velocity field u, = u]lU T, 14T,] . From the definition of H, x, the

iterative assumption Xl_Tk x) = qu—Tk (x, w) € Ggy1 [ak+1] N Ay and Remark 4.3
we have that X C{kaH (x) € Ag+1. Finally we observe that

1X9(X) — X (x, )] <

t ~
[ [t X2 — uts. X e, op ] ds
1-Tg

28| Wi (@) — Wi_g, ()] < a5 (1.5)

forany 1 — T <t < 1 — Ti41, where we used the definition of €, ; and property
(4.23) to conclude that the integrand in (7.5) vanishes.
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The smallness estimate for Hj is more delicate than other estimates in Section 6
because the sets H, ; have no product structure in T? x Q. It relies on the measure
preserving property (3.5) of the stochastic flow applied to the set G4 [a,iif] for any

0 <k < g — 1, the equality 1,

1+e](X'1?‘iTk) =1p,, in T2 x € and the estimate
+1 ’
(4.19), we get

k+1lag

q—1
(L2 @P)(H) = (P | | HS,
k=0

q—1 q
<3 (PP)HS ) < Y (204 + 4af) < 4845’
k=0 k=1

Introducing the notation

Oy =HyN(T* x Q). Oga =0, N (Aolay ™1 x Q),
Oy = Oy N (Bolay ™1 x Q)

and relying on (4.19) and on the estimate on the measure of €2, we observe that

1 1
L2QP(Oga) =1-L7QPO 4) > 1 — 484§’ —af’ — 5 1045’ = 5 59a§?

and observing also that Oy p U Oy a4 = Oy N (Go[aé+€] x ) we conclude that
L2 @P((Og.8U0g.2)) < L7 @P(O5) + L2(Golag 1) < 49a§’ +20ag’ .

Step. 2: Anomalous dissipation. We claim that for any g € mN

8/2 _
19, (¢, )22 gey < ag’®  forany s >1— T, +7,.

In particular, since ||1‘}in||i2 > 3/4 and aga/ 2 < 1/4 from the energy balance (1.4)

we have that

1 1-T,+1,
2/?4/ / |V19,;q(s,x)|2dxds ZZIZq/ f |V1?,;q(s,x)|2dxds
0 JT? 1-7, T2

1
25 for any g € mN.

Let f; (x) = t(Ayx) be the even chessboard function of side a, as in Definition 4.1
and f; ? be the solution of the heat equation with diffusivity parameter k,, namely

I fy" — RgAfy" = 0, and starting at time r = 1 — T, with initial datum f,. The
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scaling properties of the heat equation and the A,-periodicity of the initial datum f;
(with average zero) imply the enhanced diffusion effect (see the end of Section 2.6)

”ffq(h.)HQZ < o kqt=(1=Tp) ”fq”i2 < e kg =(1=T)
L

foranyr € [1 = T,,1 — T, +14]

and also

€8/2

2
L sdy s aOT for t—(1=T) =i, =a"  (16)

[0

where the second-to-last inequality holds thanks to (4.7b). Since u(¢, ) = 0 for ¢ €
-7, 1-7, + ?q] the function 19,;q solves as well the heat equation in such time
interval. In the rest of this step we deal with the error due to the approximation of the
actual initial datum 9, (0, -) with the chessboard function f.

Using the maximum principle, which in particular implies that 9z, < 1 = f; on

Ag qu Jfqo= —qu f4 and the equality

O:[ ﬁgq(l—Tq,x)dx:/ ﬁgq(l—Tq,x)dx—i—/ ﬂgq(l—Tq,x)dx
T2 B

A‘I q

+/ ﬁ;q(l — Ty, x)dx
(AgUBy)°

we deduce that

192, (1 = Ty ) — fyllpr < 2/ [fq(x) — i, (1 — Tq,x)] dx +3C2((Aq U B,)°).

A‘I
Using Step 1 and (3.11) we estimate the right-hand side as
&g
/:4{1 19,;4(1 — Ty, x)dx = /11‘2 JlAq(x)ﬁ,;q(l — Ty, x)dx = IE/T2 ILAq(XII_Tq(x, -))dVin (x)
= //O 1a, (X'f‘iTq (x, w)dxdP(w) — (L* ® P)(Og,4 U O4,B))
q,A

1
= (L2 ®P)(Oy 4) — (L>@P)(Oy 4 UO, p)°) = 3 1284’

Using also that £L2((A, U B,)°) < 20a5® < 20a§’ and that qu f,=L3Ay) < 1/2,
we deduce the estimate

: 2
3195, (1 =Ty ) = fyllja < 10,1 = Tp.) = fyll1 < 31605 < ai””/8.
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This implies that

€8/2
e a
u%m»—?mu@swmﬂ—mo—m@s(;,
foranyr e [1 -T,,1—-T, +1,].
Hence, using also (7.6), we have
19, (1= Ty + Tg. W2, < 209, (1 = Ty +74.)
€8)2

—f =Ty + 1. )72 + 20 £ (1= Ty +74. )72 < ag

€§/2

2
=< a,

h L2(T?)
1>=1-T,+1,. o

By the energy balance (1.4) the same estimate || Ui, (, I holds for any

8 Proof of the Regularity in Theorem A

In this final section we prove the regularity of the velocity field u and the uniform-
in-diffusivity regularity estimate (1.7) for the solutions ¥, of the advection-diffusion
equation (1.2), therefore concluding the proof of Theorem A.

We begin with an elementary, but crucial, observation. Consider an horizontal or
vertical shear flow 7 € C*°([0, 1] x T?) and consider the unique stochastic flow
solving (3.4). Then we claim that

t
sup ||X6’t(', o) [y <3 +/ IVu(s, )||peds foranyr € [0,1]. (8.1)
0

we

Indeed, let us consider without loss of generality the case u(t, x, y) = (u(t, y), 0),
with a slight abuse of notation. The backward stochastic flow X 6,: =X gtl , X 6[2)
can be explicitly computed as

0
X5 (v, 0) =x+ /t (s, X5 (x, y, 0)ds — V2 W, (@)
Xg:tz(x, y,0) =y — 2k W2(w) .
Hence, the derivative 9, X 6’ ,(x, y, w) can be estimated as follows
‘ngj(x, y+h, ) — XS:}(x, ¥, a))‘

=

t
/ u(s,y+h—N2cW2(w)) — (s, y — V2 W2 (w))ds
0

t
< IhI/ IVi(s, )lleds,
0
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while X7 (x y+h o) — Xy (x y, ) = h. Noticing that X§ ,(x + h,y, ®) —
0,t 0,1 0,1
o,z(x vy, w) = (h,0) we conclude that (8.1) holds.

Proof of the regularity in Theorem A We first prove that we u € LP((0, 1); C*(T?)).
Indeed, by (4.20)

o0 o0
1—
el e = Z/Z 165 Mo s = Z/I a5 DL a5, DL e o
q:l q l]:l q

o0
=y, p(0=a)(y=1), pa(y—1), pa(l1+€)
S ag T by oA

and the sum is finite if and only if
v
—+1l—y—a(l+€ed)(1+5) >0
p

which indeed holds thanks to the choice (4.4), the condition (4.1a) and the fact that
p° =2

We now turn to the proof of the uniform-in-diffusivity bound in L? (0, 1); CA(T?))
for the solutions ¥ of (1.2). It is sufficient to prove that the (backward) stochastic
flow is such that ||X6’_(-, )|l 1.p° cp 1s uniformly bounded independently on w and «.
If this is the case, from the Feynman-Kac formula (3.10) we have

9,1, %) — D (1, )] < f |9 (X, (x, @) — Din(X§, (7, ) |dP()

< VOl / X5, (x. ) — X5 (7, 0)|dP(w)

< Vil 1o sup 11X, (o)l eslx — yIP (8.2)

we
from which we conclude that || (7, -) | cs (12) < SUPyeq ||X6J(-, o) || s 2y for every
t €[0,1].

Let us show the regularity of the backward stochastic flow. Using the semigroup
property of the flow, forany t € (1 —17,, 1 —T,1), we have for every x € T?, w e Q

K _ K K K K
Xo,r = X0,1—T0 o X1—T0,1—T1 0---0 Xl—Tq,l,l—Tq ° Xl—Tq,t’

therefore for every w € Q

q—1
X5, )llwroeerey < [TIXY g, 12, G @) lpioe
j=0
sup ||X’1‘_Tq’,(', o) |l y1.00. (8.3)

re[1-T,, 1-Ty11]
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We now estimate each term in the product. Using again the semigroup property we
have

K K
1XS 7 17, O lwroe WX g7y 147,400, G @ e
K
”X1—Tj+?j+2z,-,1—Tj+?j+3z,- QYIRS

and using (8.1) and the estimates in Remark 4.2 we have

K —1, 1+€b
||X17Tj+;j+lj,lij+;j+2lj (.’ w)”WI’OO =3+ )\'j )\'j+1

and

K €s

”X —Tj+1;+2t;,1=T;+7+3¢; ('s C’))“WLOo = 3+ )Lj‘H s
which imply
«© ) - 8+2€5(1+9)

||X1—Tj,l—Tj+l(’a))||Wl’oc = 16%} .

Analogously,

sup IXY_g, o @) llyree < 16357200 (8.4)
lE[l*Tq‘lqu_H]

Plugging this estimate in (8.4) we get

q q j
169+ 1—[ )»(j-<1+2€(1+8)) _ 16q+1)\g(1+2€(1+5)) Y0148y

IA

||X6,t(" w)”wl-w('JI‘Z)
j=0

1 eqH1, (261487 1] g1, 142e(148) _ , 143e(1+9)
= 167713} <1677, 1 gk

forany 0 <t < 1 — T,41, where in the last inequality we used (4.2) to estimate
169+ < )L(/I 1~ Finally, we have by interpolation the bound uniformly in w and x

1— 3 146
1X5, ¢ o)lles < 1XE, Gl IXES, o)L < alPeis?

for any t € (1 — T;,1 — T;41]. Therefore, using the previous observation (8.2) we
conclude that

o o0
o o ° —y+yé, p°(B+3Be(144
191} o cp = D /Z 19, (5. MZds < A1V Oinllone Y g7 7oAl PP
=0 q q=0

o0
° — 8+ p° 3Be(148))(1+6
— 4||V7—9m”€oc qu y+y3+p°(B+3Be(1+8))(1+3)

q=0
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and the sum is finite and independent of x since —y (1 —38) + p° (B +3Be(1+8))(1 +
8) < 0 thanks to (4.4). m]
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