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We develop a quantitative theory of stochastic homogenization for linear, uniformly parabolic equations
with coefficients depending on space and time. Inspired by recent works in the elliptic setting, our analysis
is focused on certain subadditive quantities derived from a variational interpretation of parabolic equations.
These subadditive quantities are intimately connected to spatial averages of the fluxes and gradients of
solutions. We implement a renormalization-type scheme to obtain an algebraic rate for their convergence,
which is essentially a quantification of the weak convergence of the gradients and fluxes of solutions
to their homogenized limits. As a consequence, we obtain estimates of the homogenization error for
the Cauchy—Dirichlet problem which are optimal in stochastic integrability. We also develop a higher
regularity theory for solutions of the heterogeneous equation, including a uniform C%!-type estimate and
a Liouville theorem of every finite order.
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1. Introduction

1A. Motivation and informal summary of results. In this paper, we develop a quantitative theory of
stochastic homogenization for linear, uniformly parabolic equations with coefficients depending on both
the space and time variables. We consider equations of the form

r x .
atua—V-<a< —)Vus)=0 in I xU, (1-1)

g2’ ¢
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where I C R is an open interval, U is a bounded Lipschitz domain of R4, and (t, x)— a(t, x) is a stationary
random field taking values in the set of real d-by-d matrices satisfying, for a fixed constant A € [1, 00),

forall ¢ e RY, &-a(r,x)é>A"YE? and  |a(r, x)E| < AJ€]. (1-2)

Here the symbol V denotes the gradient in the space variables only; that is, Vw = (9w, ..., 0y, w).
We let P be the law of the random field a(¢, x), which we assume to be invariant under translations by
elements of Z x Z¢ and to have a finite range of dependence. (See the following subsection for the precise
assumptions.)

We are interested in the behavior of the solutions ué(z, x) for 0 < ¢ <« 1. It is well known that, under
very general qualitative assumptions on the coefficients (stationarity and ergodicity), (1-1) homogenizes
to an effective limiting equation of the form

oou—V-(@Vu)=0 inl xU, (1-3)

where a is a deterministic d-by-d matrix. This principle can be formulated in various ways, but it means
for example that the solutions u® of (1-1), subject to appropriate initial-boundary conditions, converge
as ¢ — 0, P-almost surely and in some appropriate function space, to solutions of the homogenized
equation (1-3).! Such a result is usually proved by soft arguments, using an abstract version of the ergodic
theorem, which unfortunately does not give quantitative information concerning the convergence.

There has been a lot of recent interest in quantitative stochastic homogenization for elliptic equations,
particularly in the case of linear, uniformly elliptic equations. This essentially began with the work of
Gloria and Otto [2011; 2012], who proved the first quantitative results which are optimal in the scaling of
the parameter ¢; see also [Gloria et al. 2015]. Their work motivated a great number of subsequent works,
and we refer to the recently completed [Armstrong et al. 2017b] for more background, references and
historical information.

In this paper, motivated by the desire to obtain quantitative homogenization results —in particular,
explicit estimates of the homogenization error— we develop an analytic approach for parabolic equations
with random coefficients based on the ideas recently introduced in [Armstrong and Smart 2016; Armstrong
and Mourrat 2016; Armstrong et al. 2016; 2017a], which are perhaps best presented in [Armstrong
et al. 2017b]. Those papers developed a rather complete quantitative theory of elliptic homogenization
starting from the observation that certain energy quantities— which are very natural from a variational
perspective — are also rather convenient for studying the homogenization process. This is because: (i) they
efficiently encode information about the weak convergence of the fluxes, gradients, and energy densities
of solutions; and (ii) they are amenable to renormalization arguments in the sense that we can obtain rates
of convergence for the quantities by iterating the length scale. This variational approach allows one to
circumvent the need for nonlinear concentration inequalities, because it reveals a “linear” structure of the
randomness: while the solutions are very nonlinear functions of the coefficients, the energy quantities

IWe remark that we are unaware of a reference which proves this specific result in the parabolic setting. Nevertheless,
we maintain that it is essentially well known, since the classical qualitative proof given in the elliptic case, see for instance
[Papanicolaou and Varadhan 1981; Bensoussan et al. 1978; Jikov et al. 1994], can be straightforwardly generalized to the
parabolic setting.



QUANTITATIVE STOCHASTIC HOMOGENIZATION AND REGULARITY THEORY OF PARABOLIC EQUATIONS 1947

turn out to be essentially linear. This observation greatly simplifies the theory and allows one to derive
estimates which are optimal both in the scaling of ¢ as well as in stochastic integrability. A related
approach inspired by [Armstrong and Smart 2016; Armstrong and Mourrat 2016; Armstrong et al. 2016;
2017a] has also recently been developed in [Gloria and Otto 2015; 2016].

The two main results of this paper are (i) a quantitative estimate on the homogenization error for
Cauchy-Dirichlet problems (Theorem 1.1) and (ii) a complete large-scale regularity theory (Theorem 1.2).
It has already been observed in the elliptic case, see [Armstrong et al. 2017b], that results of this type are
the first step towards optimal quantitative estimates and scaling limits for first-order correctors as well
as optimal error estimates for boundary-value problems. At the same time, the results in this paper are
the first quantitative stochastic homogenization results, to our knowledge, for parabolic equations with
coefficients with space-time dependence.

The starting point for adapting the techniques of [Armstrong et al. 2017b] to the parabolic case is a
variational characterization of divergence-form parabolic equations that was first discovered by Brezis and
Ekeland [1976a; 1976b]. We give a self-contained presentation of this characterization in Appendix A,
where we also give a convex analytic proof of the well-posedness of general Cauchy—Dirichlet problems
inspired by [Ghoussoub and Tzou 2004]. Based on this variational principle, we introduce subadditive
quantities for the homogenization problem in Section 2 and adapt the methods of [Armstrong et al. 2017b],
using an iteration of scales and a renormalization-type argument, to obtain an algebraic rate of convergence
in Section 4. Compared to the elliptic case, the main sources of additional difficulty in the iteration argu-
ment have to do with the need to control certain weak Sobolev norms of the time derivatives of the solutions.
We accomplish this with the help of some functional inequalities we prove in Section 3. In Section 5, we
show that the convergence of the subadditive quantities gives us approximate first-order correctors with
good quantitative bounds, which allows us to prove Theorem 1.1. In the last section, we obtain the regularity
result of Theorem 1.2. In the rest of this introduction, we state the assumptions, notation and main results.

1B. Assumptions. We fix a spatial dimension d > 2 and a parameter A € [1, o). We let 2 denote the
set of all possible coefficient fields a(z, x), which are assumed to be measurable maps from R x R4 into
the set €2g of matrices a satisfying

forall € e RY, &-a&>A""E)> and |a&| < AJE]. (1-4)
That is, we define
Qo = {a € R¥* : a satisfies (1-4)}
and then set
Q:={a:Rx R? — Qo is Lebesgue-measurable}. (1-5)

For every Borel subset V C R x R? we define Fy to be the o-algebra representing the information
obtaining by observing the coefficient field in V. Formally,

Fy = the o-algebra generated by the random elements

J (1-6)
ar—)/<p(t,x)a(t,x)dtdx, 9 € CX(R x RY).
14
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The largest of the o-algebras in this family is F := Frre. We assume that PP is a given probability
measure on the measurable space (€2, F) which satisfies the following two assumptions:

(P1) P is stationary with respect to Z x Z%-translations. For every z € Z x Z¢ and event A € F,
P[A] =P[T,A].
(P2) P has a unit range of dependence. For every pair of Borel subsets U, V € R x R,
dist(U,V)>1 = Fy and Fy are P-independent.

Here “dist” is defined with respect to the usual Euclidean distance on R x R%. We denote by F[X]
the expectation of an F-measurable random variable X with respect to P. While we assume that the
coefficient field has a finite range of dependence for simplicity, we point out that this hypothesis can be
weakened using arguments similar to those exposed in [Armstrong and Mourrat 2016].

1C. Notation. We unfortunately must introduce quite a bit of notation, particularly since we are working
with parabolic equations which require us to define various function spaces. We collect the notation
needed in this subsection, which the reader is encouraged to skim and consult as a reference.

General notation. We denote the set of natural numbers by N := {0, 1, 2, ...}. We use the symbols A and
V to denote minimum and maximum, respectively; for example » A s = min{r, s} for r, s € R. For every
r € R, we also define r :=r Vv 0 and r_ :=r A Q. For any m € N and measurable subset £ C R™, the
Lebesgue measure of E is denoted by | E|, unless FE is a finite set, in which case | E| is the cardinality of E.
This is often used for m € {1, d, 1+d}. A slash through the integral denotes normalization by the Lebesgue
measure: f, := (1/|E|) [,,. The mean of a function f € L'(E) is also denoted by (f)g := §, f-

A parabolic cylinder is any set of the form I x U where [ = (I_, I.) C R is a bounded open interval
and U € R? is a bounded Lipschitz domain. We denote the parabolic boundary of I x U by

(I x U) = (I x dU)U ({I_} x U).

We denote the Euclidean ball of R? of radius r € (0, oo] centered at x € R? by B, (x), and put B, := B,(0).
Throughout, we work with the triadic cubes defined for every n € (0, co) by

32n 3211 3n 3n d
In = (_7, 7)’ Dn = (_?9 7) ) E]n = In XDI’!'

Note that the parabolic cylinder [, is evidently not a cube per se since its sides have a scaling which
matches the parabolic scaling. However, we note that for each m, n € N with m < n, we can write [, as
the disjoint union (up to a set of Lebesgue measure zero) of exactly 3+ =" cubes of the form z +[1,,,
with z € 327 x 3"Z.

We also use the following notation for parabolic cylinders: for each r € (0, oo] and (¢, x) € R x R4,
we define

I, :=(—=r%0], O,(t,x):=@x)+1,xB,, and 0Q,:=0,(0,0). (1-7)
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Function spaces. For every bounded Lipschitz domain U C R? with |U| < oo and p € [1, 00), we denote
the normalized L? (U) norm of a function f € L?(U) by

1 llLrw) == (]6 |f|”>” = U7 | fllrw)- (1-8)

For p = oo, we define || fllz=~w) := || fllz=w). We use similar notation to denote normalized (scale-
invariant) Sobolev norms: for every p € [1, o0) and f € W' (U),

1
I fllwir @y = U121 fllLe@) + IV FllLr ).

In the case p =2 we use the notation || f || g1 ) =l f llw1.2)- As usual, HOI(U) and WOI’p(U) respectively
denote the closure in H'(U) and W'?(U), respectively, of the compactly supported smooth functions
in U. The dual spaces to WLP(U) and Wol’p(U) are denoted by VT/_I*P'(U) and W‘l’p/(U), respectively,
where p’ := p/(p —1) is the Holder conjugate exponent of p. The normalized, scale-invariant dual norms
are respectively defined by

”v”W—W’(U) = Sup{][ uv . u e Wl’p(U), lullwrr@y < 1},
B U

L,
Ivllw-10 @y = sup{][ uv i ueW, Py, Nullwrr@y < 1}.
- U

Here we are abusing notation by denoting the natural pairing (1, w) between the two dual spaces (up
to a constant) by the normalized integral. This is done to emphasize the normalization that we wish to
enforce, which extends the action of an element w € C°(U) on whr(U) by u — fU uw. For p =2, we
also write || - || 1) = V12 and || - | -1 @) = Vliw-120)-

We next introduce function spaces designed for parabolic equations. For each n € N, bounded
Lipschitz domain U € R”, Banach space X and p € [1, 00), we denote by L?(U; X) the space of
Lebesgue-measurable mappings u : U — X such that

P
lullLrw:x) == (f IIu(X)Ilf(dX) < o0.
U

For every interval I = (I_, I,) € R and bounded Lipschitz domain U € R’ we define the function space
Hy, (I xU):={ueL*(I: H'(U)): du € L*(I; H~'(U))}, (1-9)
which is the closure of bounded smooth functions on / x U with respect to the norm

lullgr rxuy = lullL2q; mrwy) + 18l m-1w))- (1-10)

=L par

We denote by lear’u(l x U) the closure in lear(l x U) of the set of smooth functions with compact
support in (I, I;.] x U. In other words, a function in lear,u

I x 09U and the initial time {/_} x U but does not necessarily vanish at the final time.

(I x U) has zero trace on the lateral boundary
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We let lear oI x U) denote the completion of the set of smooth functions with compact support in

I x U with respect to the norm

”UHgéaLO([xU) = vll2gmrwy + ||atv||L2(1;Efl(U))- (1-11)

Note that compared with (1-10), here we require the time derivative d;v(t, - ) to be an element of H-! )
instead of H~!(U). In particular, for v € lear,O(I x U), the spatial average of d;,v over I x U is well-
defined, since constant functions belong to L*(I; H'(U)), while they do not belong to L*(I; HO1 ).
Moreover, the boundary condition imposes that for every v € lear,O(I x U),

/ dv=0. (1-12)
IxU

This identity is indeed clear if v is smooth and compactly supported in I x U, and we can then obtain the
general case by density.

In certain situations, it is useful to work with variations of H;ar(l x U) in which the exponent of
integrability is p € (1, co) rather than 2. So we also define the function space

WLP(I x U):={ueLP(I; WP (U)) : du € LP(I; W™ HP(U))}, (1-13)

par

which is the closure of bounded smooth functions on / x U with respect to the norm
”“”zvf,;]f(le) = IIMIIU(];WL;:(U)) + ||atu||LP(1;W—1=P(U))- (1-14)

Similarly to lear,u(l x U), we denote by Wy U(I x U) the closure in Wp P(I x U) of the set of smooth
functions with compact support in (/_, /1] x U. Finally, for every parabolic cylinder V, we denote by
p ar. loc(V) H! oar, 10c(V), and so forth, the functions on_V which are, respectively, elements of Wpar W)
and H, I (W), etc., for every subcylinder W C V with W C V.
We next turn to the deﬁnmons of the negatlve parabolic Sobolev spaces. We denote by
H . ~1(V) the dual spaces to H! (V) and H,
norms given by

par (V) and

,(V), respectively, with (normalized, scale-invariant) dual

par par

1l sy, = sup{][ Jw s we Hiy(V), wlgy vy < 1},
v (1-15)

1 gt = sup{f fw i we Hby (V). gy, ) < 1}.
- \%4

As explained above, the notation fv fw should be interpreted as the canonical pairing between f €

*I(V) or feH par 1(V), respectively, and w € Hpar(V) orweH ar ,(V), which extends the action of
bounded smooth functions on Hr} dr(V) or H (V). We similarly define the space Wpar (V) to be the
dual space of the Banach space ar,,_l(V) where p’ := p/(p — 1), and endow it with the (normalized,

de [l
scale-invariant) norm

. . Lp
1yt = sup{ ][V fw s we Wl LVl ) < 1}. (1-16)
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Recall that negative Sobolev norms arise naturally when one wishes to quantify weak convergence in L?
or positive Sobolev spaces; see [Armstrong et al. 2017b, Section 1.4]. This is indeed their purpose in this
paper.

The Oy notation. Since the random variables we encounter in this paper are very often the sum of a
deterministic quantity and a “small” random part, it is useful to work with the notation introduced in
[Armstrong et al. 2017a] for expressing the sizes of random variables (essentially, an alternative notation
for certain Orlicz norms). It is intended to remind us of “big-O” notation and is convenient because it
compresses some of our computations and makes our inequalities easier to understand at a glance.

If X is a random variable and s, k € (0, 00), then we write

X < Oy (k)

o)

Roughly, this means that “X is of order k with stretched exponential tails with exponent s.” More precisely,

as a shorthand for the statement

we can use Chebyshev’s inequality to see that
X <0O4k)y = forallr>0, P[X > Ak] <2exp(—Ar°). (1-18)
The converse of this statement is almost true: for every k > 0,
forall A >0, P[X > k] <exp(—A') = X< 03(2% ). (1-19)
This can be obtained by integration. We also use the notation
X=0sk) <<= X <O0Osk) and —X <O (k).

Similarly, we write X < Y 4 O;(k) to mean that X — Y < O(k) and X = Y + O,(k) to mean that
X —Y =0O(k). If s € [1, 00), then Jensen’s inequality gives us a triangle inequality for O(-) in the
following sense: for any measure space (E, S, i), measurable function K : E — (0, co) and jointly
measurable family {X (z)},cg of nonnegative random variables, we have

forallze E, X(2) <04(K(2) = /Xduf@s</l(du). (1-20)
E E

If s € (0, 1], then the statement is true after adding a prefactor constant Cs > 1 to the right side. For a
proof of (1-18)—(1-20), see [Armstrong et al. 2017b, Appendix A].

1D. Statement of the main results. We present two main results. The first provides an algebraic con-
vergence rate for the homogenization limit of the Cauchy—Dirichlet initial-value problem in a parabolic
cylinder I x U, where U € R? is a bounded Lipschitz domain. This is a parabolic counterpart of a
theorem proved in the elliptic setting in [Armstrong and Smart 2016]; see also [Armstrong et al. 2017b,
Theorem 2.16].
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Theorem 1.1. Fix s € (0,24d), a bounded Lipschitz domain U C By, an interval I :== (I_, 0) C (_le 0)
and an exponent 6 > 0. Put V := 1 x U. There exist an exponent 8(5,V,d, A) > 0, a constant
C(s,V,6,d, N) < oo and a random variable X satisfying

X =01(0)

such that the following convergence result holds: for each ¢ € (0, %] and initial-boundary condition f €
WL2+8 (V) defining

par
r x

at(t,x) = a(—2, —)

€2’ ¢

and taking u®, u € f + Hr}ar’u(V) to be the solutions of the Cauchy—Dirichlet problems

{B,ME—V-(aEVu8)=0 inV, » {aru—v'(w“)=0 inV, (1-21)

ut=f ond, |V, u=f ond,V,

we have the estimate
”VME_VM || ﬁl’—arl(v)—i—llasvus_t_lvu “1:1\p_arl(\/)+||u8_u ||L2(V) S CHVf” Wpldr2+6(v)(8ﬁ(2+d—Y)+X8Y) (1_22)

As well as estimating the homogenization error, notice that the estimate (1-22) quantifies the weak
convergence in L%(V) of the gradients and fluxes of u#® to those of u. The random part of the error,
namely X&* for an s arbitrarily close to 2+ d, is very small compared to the deterministic part, g#+4=5),
It is also important for applications to observe that X’ is independent of the initial-boundary condition f.

On the right side of (1-22), we have split the error into a possibly rather large deterministic part (large,
since we do not control the smallness of 8 > 0) plus a random error. While the typical size of the
error is estimated suboptimally, since 8 > 0 is small, the tail behavior of this random part is sharply
estimated. In particular, we see that the probability for the term (PPHd=9) 4 xe%) to be O(1) is smaller
than exp(—&~*/C), for arbitrary s < 2+ d. This estimate is sharp, in the sense that it would be false for
any s > 2+d. We refer to [Armstrong et al. 2017b, Remark 2.5 and Section 3.5] for similar considerations
in the elliptic setting.

The second theorem we present here is a large-scale regularity result, a parabolic counterpart to
[Armstrong et al. 2017b, Theorem 3.6]. In particular, we seek to classify all ancient solutions of the
parabolic equation which exhibit at most polynomial growth at infinity and backwards in time. This
requires us to introduce some additional notation.

We denote polynomials in the variables 7, x1, ..., x; by P(R x R¢). The parabolic degree deg p(w)
of an element w € P(R x R?) is the degree of the polynomial (¢, x) — w(r2, x). For each k € N we let
Pr(R x RY) be the subset of P(R x RY) of polynomials with parabolic degree at most k. For o > 0, we
say that a function ¢ : R x R? — R or ¢ : (—00, 0] x R¢ — R is parabolically a-homogeneous if

forall A e R, ¢ (A%r, Ax) = A% (2, x).

Any element of Py(R x RY) can be written as a sum of at most C(d, k) < oo many parabolically
homogeneous polynomials.
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We denote by A; (Qo) the set of @-caloric functions on Q. with growth which is strictly less than a
polynomial of parabolic degree k + 1:
A(Qo0) i={w € H, (Qoo) = limsup r~* Vw20 =0, dw—V-(@Vw) =0in Q).

par
r—00

It turns out that A;(Q) coincides with the set of @-caloric polynomials® of parabolic degree at most k.
That is,

A(Qo0) = {wlg,. : we PR xRY), dw—V-(@Vw)=0inRx R*}. (1-23)

The vector space of n-homogeneous a-caloric polynomials is isomorphic to that of n-homogeneous
polynomials of R. This can be shown by backwards uniqueness and the fact that this vector space is
spanned by products of homogeneous a-caloric polynomials depending only on # and one of the space
variables; see for instance [Widder 1961] or [Nualart 2006, Proposition 1.1.1]. In any case, we have
that dim(Ax Q) = (1) < 0.

In the next result, we generalize the parabolic Liouville theorem implicit in (1-23) to a(x)-caloric
functions. At the same time we provide a quantitative version of this Liouville principle, in other words,
a C*!-type regularity estimate. Define, for every parabolic cylinder I x U € R x R,

.A(I><U)::{wer1 (IxU):w—V-(@Vw)=0in I x U}

ar, loc

and, for every k € N,

Ak(Qo0) := {w € A(Qxo) : lim sup r*(k+1)||w||L2(Qr) =0}.

r—oQ

Note that these vector spaces are random since they depend on @ € Q2. The following theorem is a
parabolic analogue of [Armstrong et al. 2017b, Theorem 3.6].

Theorem 1.2 (parabolic higher regularity theory). Fixs € (0, 2+d). There exist an exponent 6(s, d, A) €
(O, %] and a random variable X satisfying the estimate

X; = Os(C(s,d, A)) (1-24)
such that the following statements hold, for every k € N:

(1) There exists C(k,d, A) < oo such that, for everyu € Ax(Qw), there exists p € Ar(Qso) such that
for every R > X,
lu = pllzz0e) < CR™IPIL2(0p)- (1-25)
(i), For every p € Ay (Qoo), there exists u € Ay(Qoo) satisfying (1-25) for every R > Xj.

(iii); There exists C(k,d, A) < oo such that, for every R > Xy and u € A(QR), there exists ¢ € Ar(Qoo)
such that, for everyr € [X;, R], we have the estimate

k+1
r
lu—=2llr20,) < C(E) lullL20g)- (1-26)

2g-caloric polynomials are often called heat polynomials in the literature, in the case a = I;.
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In particular, we have, P-almost surely, for every k € N,

d+k>. (1-27)

dim (A (Q o)) = dim(Ak(Qoo)) = ( d

Observe that, as in the elliptic case, even for & = 0 the third statement of Theorem 1.2 gives us an

important gradient estimate on solutions. Indeed, the combination of statement (iii), and the Caccioppoli
inequality yields that, for every R > X, u € A(Qg) and r € [X;, R], we have

IVullL2g,) = ClIVull 20

This should be seen as a C%!-type estimate and compared to pointwise gradient bounds for the solutions
of the heat equation.

The proof of Theorem 1.2 is obtained as a consequence of Theorem 1.1 and a routine adaptation of the
proof of [Armstrong et al. 2017b, Theorem 3.6], which is the statement of the analogous result in the
elliptic case. In Section 6, we explain the modifications required in the parabolic setting.

Soon after the first version of this paper was submitted and posted to the arXiv, a new preprint of
Bella, Chiarini and Fehrman [Bella et al. 2018] appeared which contains a large-scale regularity result
which has some overlap with Theorem 1.2. In particular, under qualitative assumptions, they obtain the
statement of Theorem 1.2 in the case k = 1 with the estimate (1-24) on X replaced by the qualitative
bound P[X; < oo] = 1.

1E. Outline of the paper. In the next section, we introduce the subadditive quantities inherited from
the variational structure of the equation and record some of their basic properties. For convenience,
the variational formulation of uniformly parabolic equations is recalled in a self-contained presentation
in Appendix A. In Section 3, we present several functional inequalities which are needed later in the
paper. Of particular interest are inequalities giving us control of certain weak norms of functions in
terms of the spatial averages of the functions in cubes as well as Caccioppoli-type inequalities giving
us control of strong norms of solutions in terms of weak norms. Section 4 is the heart of the paper,
where we prove the convergence of the subadditive quantities by an iteration over the length scales. In
Section 5, we demonstrate how to pass from control of the convergence of the subadditive quantities to
general homogenization results. Finally, in Section 6 we summarize the passage from the quantitative
homogenization results to the higher regularity theory (which is entirely analogous to the elliptic setting).
In Appendix B, we give local and global versions of the Meyers higher integrability estimate for gradients
of solutions. We remark that the statement of the global Meyers estimate we prove appears to be new and
somewhat sharper compared to what has previously appeared in the literature.

2. Variational structure and subadditive quantities

2A. Variational formulation of parabolic equations. As we now explain, the solution of a parabolic
equation can be obtained as the minimizer of a uniformly convex functional. This is an entirely determin-
istic statement, valid for an arbitrary fixed coefficient field a € Q2.

The following proposition states the solvability of parabolic equations. It relies on convex analysis and
calculus of variations, and is close to the main result of [Ghoussoub and Tzou 2004]; see also [Ghoussoub



QUANTITATIVE STOCHASTIC HOMOGENIZATION AND REGULARITY THEORY OF PARABOLIC EQUATIONS 1955

2009]. We provide a self-contained proof in Appendix A in the more general setting of maximal monotone
operators, and for a larger set of pairs (w, w*); see Proposition A.1.

Proposition 2.1 (parabolic variational principle). Let J be defined below in (2-4). For each w €
lear(l x U) and w* € L*(I; H-'(U)), the mapping

w+ Hy, (I xU)—> R,
ur> Ju, w,

is uniformly convex. Moreover, its minimum is zero, and the associated minimizer is the unique u €
1 ; .
w + Hp,, (I x U) that is a solution of

a
@0 —V-aVu=w* inl xU. (2-1)
Equation (2-1) is interpreted as
for all ¢ € L>(I; HL(U)), / Vé-aVu = d(w* — du). (2-2)
IxU IxU
The left side of (2-2) can be more explicitly written as
/ Vo(t,x) -a(t,x)Vu(t, x)dt dx,
IxU
while the right side of (2-2) could be more properly written as

f[(d)(t’ ')7 (U)* - al‘u)(ta ))dt’

with (-, -) the duality pairing between HOl (U) and H~'(U).
We proceed to define the functional J appearing in Proposition 2.1. To start, we decompose the
matrix a into its symmetric and skew-symmetric parts:

$(t. x) = a(t, x)+a'(t, x)’ ) a(t, x) _at(t’x)’
2 2
and set
A(p, g, 1,%) = 3p-st,)p+3(q—m(t, x)p)-s~" (1, x)(g —m(t, x)p), (2-3)

so that the following lemma holds.
Lemma 2.2. There exists a constant C(A) < oo such that, for every (t, x) € R x R4,
(p.g)— A(p.q,t,x)— C71(|p|2 + |q|2) is convex,

and

(P.@) = A(p.q.1.x) = C(Ip* +1qI?) is concave.
Moreover, for every (t, x) € R x R? and p, g € R,
A(p.q.t,x) = p-q,
with equality if and only if ¢ = a(t, x)p.
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Proof. We briefly recall the proof; see also [Armstrong and Mourrat 2016, (2.6)]. The fact that (p, g) —
A(p, g, 1, x) is uniformly convex and C"! follows from the definition of © in (1-5). The second part of
the lemma is a consequence of the identity

A(p,q.t,x)—p-qg=3@t,x)p—q)s~'t, x)at, x)p—q). O

The functional J appearing in Proposition 2.1 is defined, for every u € lear(l x U) and u* €
L*(1; H~'(U)), by

Jlu, u*] :=inf{/ (A(Vu,g,-)—Vu-g):—V-g:u*—a,u}. (2-4)
IxU
In the infimum above, we understand that g € L>(I x U; R?), and the last condition is interpreted as
for all ¢ € L*(I; HL(U)), / Vo g = d(u* — du).
IxU IxU

In the integral on the right side of (2-4), the dot in the expression A(Vu, g, -) stands for the time-space
variable; that is,

/ (A(Vu,g,-)—Vu-g)://(A(Vu(t,x),g(t,x),t,x)—Vu(t,x)-g(t,x))dxdt.
IxU 1JU

2B. Subadditive quantities and basic properties. In this subsection, we define the subadditive quantities
and collect their basic properties. Although their definitions are actually very natural and intuitive,
many readers will not find them to be on first reading. In order to understand the motivation for
studying them, it is best to first have some familiarity with the elliptic case with symmetric coeffi-
cients, which is described in [Armstrong et al. 2017b]. Indeed, much of what appears below can
be compared to Chapter 2 of that book, and in fact this paper can be seen as a generalization of
Chapters 1-3 of that book to the parabolic setting. Now, since the subadditive quantities are endowed
from the variational structure of the equation, it is natural that the parabolic versions should be some-
what more complicated than the elliptic ones. A similar issue was encountered in [Armstrong and
Mourrat 2016], where subadditive quantities were defined and analyzed for “nonvariational” elliptic
equations.

In any case, the most convincing demonstration that these are the “right” quantities will have to wait
until Section 5, where we prove that quantitative information about the convergence of the subadditive
quantities can be translated directly into control of the first-order correctors and therefore into estimates
on the rate of homogenization.

Without further ado, we give the definitions of the subadditive quantities. For every Lipschitz domain
U C R% bounded interval I € R and p.q € R4, we define

I xU,p,q):= inf A Vv, h,-), 2-5
w( x U, p.q) (W’h)e%([w)fw (p+Vv.qg+h ) (2-5)
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where the infimum is taken over (Vv, k) ranging in the space

CoIxU):= {(Vv, h)e L*(IxU,RH)?:ve H. (IxU) and

par,

forall ¢ € L>(I; H' (U)), V¢-h=—/ ¢a,v}. (2-6)
IxU IxU

Since ¢ € L>(I; H'(U)) and 8,v € L*(I; ﬁ_l(U)), the last integral is well-defined, in the usual inter-
pretation as

/;<¢(t7 ')9 atv(tv ))dt’

where here (-, - ) denotes the duality pairing between H'(U) and H! (U). Testing the condition in (2-6)
against the function ¢ (¢, x) := p - x and integrating by parts in time, we see that any candidate & must

/ h=0. 2-7)
IxU

The dual subadditive quantity x* is defined, for every p*, ¢* € R by

satisfy

w* I xU,q" p*) = sup ][ (—A(Vu, g, )+q"-Vu+p*-g), (2-8)
(Vu,g)eC(IxU) JIxU

where the supremum is taken over (Vu, g) ranging in the space

C(IxU):= {(Vu,g) e L’ (IxU;RHD?:ueH! (IxU),

par

for all ¢ € L*(I; H} (U)), v¢.g=_/ ¢81u}. (2-9)
IxU IxU

Note that for each p € R and (Vv, h) € Co(I x U), we have (p + Vv, g +h) € C(I x U). Using also
(1-12) and (2-7), we thus deduce that for every p, g, p*, ¢* € R¢,

wIxU,q*p)=q*-p+p*-qg—uld xU,p,q). (2-10)

That is, the function (¢* p*) — u*(I x U, g% p*) is bounded below by the convex dual of the function
(p,q)— n( x U, p, q). As in the elliptic case, see [Armstrong et al. 2016, Lemma 3.1; 2017a], we
will combine © and p* into a master quantity denoted by J which monitors the defect in this convex
duality pairing. For concision, we set

V.=IxU, (2-11)

and define a 2d-by-2d matrix field A : R x RY — R?*24 by

—1 _1
At x) = (s(t,x) —m(t,x)s  (t,x)m(t,x) m(t,x)s (t,x))’

—s~(t, x) m(t, x) s, x)

a3 4()

so that
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This notation allows us to rewrite the definitions of x and ©* in (2-5) and (2-8) in more compact notation:
for every X, X* € R*, we have

w(V,X)= inf ][%&AS, (2-12)
SeX+Co(V) Jy

ps(V, X*) = sup ][(—%S-AS—i—X*-S), (2-13)
SeC(V) JV

and the inequality (2-10) can be rewritten as

WV, XH>X-X*—u, X). (2-14)
We now set
S(V):= {(Vv, h) eC(V) : forall (Vo, f) eCy(V), / <Vf¢> -A <th> = O}, (2-15)
1%
and for every X, X* € R4,
J(V,X,X*):= sup f(—%S~AS—X-AS+X*-S). (2-16)
Ses(v) Jv

The master quantity J can be rewritten in the following more explicit notation:

()G =z A GGG G G- (5)) e
q) \p Wogesvy Jv\ 2\ & g q g p g
The next lemma shows that J indeed monitors the defect in convex duality between p and w*.
Lemma 2.3. Forevery X, X* € R4,
JOV, X, X =V, X)+u*(V, X" — X - X", (2-18)

Moreover, the maximizer S(-, V, X, X*) in (2-16) is the difference between the maximizer of u*(V, X*)
in (2-13) and the minimizer of u(V, X) in (2-12).

Proof. We first argue that, for every X* € R*%,

w*(V, X*)= sup f(—%S-ASJrX*.s). (2-19)
Ses(V) JV

Let S* € C(V) denote the maximizer in the definition of 1*(V, X*). Note that, for every X* € R* and
SeCo(V),

][ X*-§=0. (2-20)
U
By the first variation for u*, we deduce that
for all §" € Cp(V), / S-AS*=0.
v

That is, $* € S(U), and thus (2-19) holds.
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Let X = (p, q) € R*? and
So=(Vv,h) € X +Co(V) (2-21)

denote the minimizer in the definition of w(V, p, g) = u(V, X). For every § € S(V),

M(V,X)—ir][V(X*-S—%S-AS)—X-X*:][V(%SO-ASO—%S.AS—I—X*«S)—X-X*. (2-22)

By (2-21), we have X = f, So. For each S € S(V),

][S-AS():][S-AX,
\% Vv

and this last identity holds true in particular for S = Sg. We obtain that the left side of (2-22) is equal to
][ (—3(S—S0) - A(S — So) — X - A(S — So) + X* - (5 — Sp)).
14

We compare this result to the identities (2-19) and (2-16) to obtain the lemma. O

The next lemma collects elementary properties of J and its minimizer. It can be compared with
[Armstrong et al. 2017b, Lemma 2.2].

Lemma 2.4 (basic properties of J). The quantity J(V, X, X*) and its maximizer S(-, V, X, X*) satisfy
the following properties:

o The mapping (X, X*) — J(V, X, X*) is quadratic.

e Uniformly convex and C'' in X and X* separately. There exists a constant C(d, A) < oo such that,
for every X1, X5, X* € R*,

1
clXi- X < 3TV, X, XH+ 3TV, X0, X =T (V. AX + 31X, X¥) < C1X - Xof (2-23)
and, for every X7, X3, X € R4,

ép{f — X3P <V X XD+ IV X XD - T(V X AXTHAXE) < CIXT - X315 (2-29)

e Subadditivity. Let Vi, ..., Vy CV be parabolic cylinders that partition V, in the sense that V;\V; = &
i i and
ifi#jan N
‘V \(Jvi|=0.

i=1

For every X, X* € R4 we have
5 Vil
IV X X)) I (Vi X X0, (2-25)
i=1

o First variation for J. For X, X* € R4 the Sfunction S(-, V, X, X*) is the unique element of S(V) such
that

forall T € S(V), ][ T-AS(-,V,X,X") = ][ (—X-AT+X*-T). (2-26)
14 14
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e Quadratic response. For every X, X* e R* and T € S(V),
%][V|T—S(-, V,X,X*)|2§J(V,X,X*)—][V(—%T-AT—X-AT—I—X*-T)
< c][v IT —S(-, V, X, X"~ (2-27)
o Formulas for derivatives of J. For every X, X* € R,
VxJ(V, X, X*):—][VAS(',V, X, X", (2-28)
Vx-J(V, X, X*):fvS(-,V,X,X*). (2-29)

Proof. Since these properties are easy to check and their proofs are almost the same of those of [Armstrong
et al. 2017b, Lemma 2.2], we omit the details. O

Remark 2.5. Since X* — p*(V, X*) is a quadratic form, we obtain from (2-28) and Lemma 2.3 that
f S("Vv X’O):VX*J(Vv X,O):_X, (2_30)
1%

a property which also follows directly from the definition of w in (2-12) and the identification of
—S(-,V, X, 0) as the minimizer in this definition. From (2-29) and Lemma 2.3, we also obtain the dual
identity

f AS(-,V,0,X*)=X".
14
In the next lemma, we relate the space S(I x U) with the space of solutions of the parabolic equation

and of its dual. Define the vector space .A(/ x U) to be the set of weak solutions u € lear(l x U) of the
equation

ou—V-(@Vu)=0 inl xU,
and the vector space A*(I x U) to be the set of weak solutions u* € lear(l x U) of the dual equation

du*+V-@vu*)y=0 inl xU.

Note that the direction of time is reversed in the dual equation. Precisely,

ar

A xU) = {uerl (I xU) : forall w e L*(I; HOI(U)), ) Uwatuz—/l UVw-aVu},
X X

A*(I xU) = {u* € H. (I xU) : forallwe L*(I; HOI(U)), w8,u*=/ Vw-atVu*}.
IxU IxU

par
Lemma 2.6. We have

S(V) :={(Vu+Vu*, aVu —a'Vu*) : u e A(V), u* € A*(V)}. (2-31)
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Proof. Recall that V = I x U, and denote by S’(I x U) the set on the right side of (2-31). The condition
[ 0. awom=o
IxU
appearing in (2-15) can be rewritten more explicitly as
/ (Vo -sVv+ (f —mVg)-s ' (h—mVv)) =0. (2-32)
IxU

We first verify that S(I x U) € 8’(I x U). The space {0} x L3, Lfol’O(U)) is a subspace of Co(I x U).
Hence, if (2-32) holds for every (V¢, h) € Co(I x U), then in particular

forall f e L*(I; L%, o(U)), f-s'(h—mVv)=0.
IxU

In other words, s ~' (h — mVv) belongs to the space orthogonal to L*([; Lgol,O(U)) in L*>(I x U). That
is, there exists w € L>(I; H'(U)) such that

s (h—mVv) =Vuw,

and we deduce that for every (V¢, f) € Co(I x U),
/ (Vo -(sVv+mVw) —w d;¢p) =0.
IxU
Denoting by A;,l the solution operator for the Laplace equation on U with null Neumann boundary

(I x U), the pair (V¢, VA;I (0¢¢)) belongs to Co(I x U).
The identity above therefore holds for arbitrary ¢ € lear,O(I x U), and we thus deduce that d,w €

L%(I, H~'(U)). We can then integrate by parts in time and obtain that

.. 1
condition, we observe that for each ¢ € Hio

for all ¢ € Hy,, (I x U), f (Vo - (sVv+mVw) + ¢ d,w) =0. (2-33)
IxU

This property can be extended to arbitrary ¢ € L2(I; Ho1 (U)) by density. The additional requirement that
(Vv,h) e C(I x U) gives

for all ¢ € Lz(l; HO1 w)), / (VY- sVw +mVv) + ¢ 0,v) =0. (2-34)
IxU

Setting

*

wi=1v+w), u*=i0v-w), (2-35)
we deduce that u € A(I x U), u* € A*(I x U), with
v= %(u +u*), h=aVu—a'Vu*

and this completes the proof that S(I x U) € §’'(I x U).
Conversely, given u € A(I x U) and u™ € A*(I x U), we set

v=u+u*, w:=u—u*, h:=aVu—a'Vu* =sVw+mVv,
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and observe that
aVu +a'Vu* =sVv+mVuw.

The identities (2-33) and (2-34) follow. This implies that the condition (2-32) is satisfied for every
(Vo, f)eCo(I xU), and hence that (Vv, h) € S(I x U). We have thus shown that S'(I x U) CS(I x U),
which completes the proof. ]

Remark 2.7. Note that for S = (Vu + Vu*, aVu — a*Vu*) € S(V), we have
AS = (aVu+a'Vu*, Vu — Vu®). (2-36)

Indeed, (2-36) is implicit in the proof of Lemma 2.6 above and can also be checked by a direct computation.
In particular, Vu can be written as one half of the sum of the first component of S and second component
of AS, and aVu can be recovered similarly. This observation is needed in Section 5 in the construction
of (approximate) correctors.

3. Functional inequalities

We collect here some functional inequalities which will be useful in the rest of the paper. The two
main results are a “multiscale” version of the Poincaré inequality, and a Caccioppoli-type inequality
for elements of S(C],). The proof of the latter is based on a parabolic version of the Helmholtz—Hodge
decomposition of vector fields, which is of independent interest.

We first recall a useful version of the Poincaré inequality, for functions of the space variable only.

Lemma 3.1. Let ¢ € L>(0,) satisfy
v =1.

On

There exists C(d) < oo such that, for every u € HY(@,),

u—][ uy

Proof. By the usual Poincaré inequality, all we need to show is that

][ u(l—=1v)

Let w be the solution of the Neumann problem

—Aw=1—¢ in[J,
n-Vw=0 on 0[],.

<Cl¥lizgylVul g-1q,)- (3-1
L>(0y)

= Clv i@ Vull -1, - (3-2)

Notice that this has a solution because fD (1 — ) =0, and we have the H? estimate, see for instance
[Armstrong et al. 2017b, Lemma B.18],

IVullgio,y <CI=Yll2@,) <CA+ 1Y@, < CllYlizg,)-
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Testing the equation for w by u thus yields

][ u(l—l//)'z

For every parabolic cylinder V and f € L'(V), we recall that we use the following shorthand notation

][ Vu - Vw‘ = ClIVullg-1gpVwllg g, = ClY g Vullg-1q,)- O
[n

for the spatial average of f over V:
Ny = f /. (3-3)
14
By the standard Poincaré inequality in 1 + d coordinates, we have
lu — W, 2@, < C3" VUl 2@y + C3 N0l 2y (3-4)

In the context of parabolic equations, it is natural to try to preserve a matching between the number of
times a function is differentiated in space and half the number of times it is differentiated in time. The
estimate (3-4) is not consistent with this scaling. The purpose of the next proposition is to obtain such a
bound — see also Corollary 3.4 below.

Proposition 3.2. There exists C(d) < oo such that, for every u € lear(Bn) and g € L*([p; RY) satisfying
oiu =V - g, we have

lu = We, 2@, = CUAVull 2o, 8-, + 181 a1 @)

Remark 3.3. In the statement of Proposition 3.2 (and similarly for Corollary 3.4 and Proposition 3.7
below), the condition d;u =V - g is interpreted as

for all ¢ € L*(I,;; Hy (), / Vo-g=— | ¢au.
n B)l

Equivalently, this amounts to saying that (Vu, g) € C((,). As an example, we can always take g =
VAEJ d;u, where Aii is the solution operator for the Laplacian in [J, with null Dirichlet boundary
condition.

Proof of Proposition 3.2. Let ¥ € C2°(CJ,) be a smooth function of compact support in [J,, such that
fDn Y(x)dx=1,0<v¢¥ <2,and

37VY ey + IV e,y < C372 (3-5)

We write (u)g,,y = fDn u(x) Y (x)dx and (u)g, := fDn u(x) dx. Using the Poincaré inequality (in the
form given by Lemma 3.1) in time slices gives, for every ¢ € I,,

lu(z,-) = @, - Do,y g, = ClIVu@, Hlig-1o,)-
Thus

][In f 0 = e Pdxdr < f IVae O dr (3-6)
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Since ¢ € H& (U) and V¢ € H(}(U; R%), we have, for every t € I,

|3z(u(t,-))mn,¢|=‘][ ¥ (x) dyu(t, x) dx ][ Vi (x)-g(t, - )(x)dx
On .

<CIVYlgolgt lg-1oy <C3 g, My-1a,)-

Thus
sup (M(t,-))mn,w—][ Y (x)u(t,x)dxdt Sf [0, (u(t, ),y ldt
tel, I, x0, Iy

=03 [ gy dr =C f gty .
I, In

Combining this with (3-6), we obtain
.1,

Since

2
dx dt

2
< f VUt drt (][ g g dr) .
I, - Iy

u(z,x)—][ v (uls, y)ds dy
I, xy

u—(u =inf lu—c ,
lu = e, 2@, = nf | 2@,
this yields the announced result. U

Corollary 3.4. There exists C(d) < oo such that, for every u € lear(lj,,) and g € L*([,, R?) satisfying
atu =V. g,
lu — W, 2@, < C3"UIVull 2@, + 18ll2@,)- (3-7)

Proof. This follows from Proposition 3.2 and the inequalities
lll2,:m-1 @ = W02, a-1 a0 = €3 IVI2E,)- O

Remark 3.5. Recall from Remark 3.3 that in the statement of Corollary 3.4, we can take g = VAaj ol
Moreover, there exists C(d) < oo such that, for every f € L>(I,; H'(O,)),

-1 -1
C A asmr@ = IVAG, flle@,) = U 2a,; a1 @)

Indeed, by the standard Poincar€ inequality, the norm || - || 1, is equivalent to the norm u — [|Vu| 2,
on HOl (), and moreover,

sup{ fo ¢ el Hy (@), IVolo@, < 1}
[

=sup{][ Vo -VAZ f 1 ¢ € L2 (s Hy(@n). IVl 12, 51}

-1

In particular, on the right side of (3-7), we can replace the term [|g|| .2,y With [[0:ull 227 . m-1(0,))-
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The next proposition allows us to obtain a control of the Hp_m1 (V) norm of a function from knowledge
of its spatial averages over large scales. For each m,n e N, m < n, we set

Z, = [3""7) x 3" 7N E,. (3-8)

Although Z,, depends on n, we keep this dependence implicit in the notation, since its identity will be
clear from the context. This is a parabolic version of the inequality which first appeared in [Armstrong
et al. 2016, Proposition 6.1].

Proposition 3.6 (multiscale Poincaré inequality). There exists C(d, A) < oo such that, for everyn > 1
and f € L*((,),

n—1 2
171 gy < CIfll@,y +€ ) 3" (|zm|1 > v |2) .
m=0

€2,

Proof of Proposition 3.6. Recalling (1-15), we fix g € lear(Bn) such that

”g”ﬂfm@n <1, (3-9)
and decompose the proof into two steps.
Step 1. In this step, we show that there exists a constant C(d) < oo such that, for every m € {0, ..., n},
>l @aa P =cimizn (3-10)
ZEZm Z2+Cm

By Corollary 3.4 and Remark 3.5, the left side above is bounded by

2m 2 2
C3 ||Z|m| Z (”VgHLZ(ZJrEm) + ||a[g||1:2(10+1m»ﬂ_](Z/+Dm)))’

2E€EZ,
where we write z = (29, ) € Z x Z¢. The contribution of the first term is easily estimated, since by (3-9),
2 2
Bl 198y = [ 198 < B
ZE€EZy L

For the second term, we write

2
Z ”atg||L2(ZO+1,,,,ﬂ—'(z/+Elm))

€2,

2
= Sup{ Z ( b; atg> P9z € L2(ZO + I H()l (Z/ +0Om)), ||V¢Z”L2(Z+Dm) = 1}
Z+m

€2,

For ¢, satisfying the conditions in the supremum above, we have

2
Y (/HD ¢: atg> :7[5 atg< > ¢ 9 afg)

Z€Z, €2y
do¢ | oo

2€Zm Z+0Cn

< 0:gll2t,: 1))

L2(I; H' (@)
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Notice that, by (3-9), the first term on the right side of the previous inequality is bounded by 1. Moreover,
by the normalization of the functions ¢,

2 2 2
|CIm |
do¢|  ¢:0e <C|D> Ve | .og <C=" ¢: 0.2 -
€2, z+0n LZ(I";H] (Dn)) €2, Z+[Ln I:2(Dn) H]Vl | ZEZ, 2+
Combining the last three displays, we arrive at
2 |Dn|
Z ”8tg“1:2(20+1msﬁ_1(Z"Hjm)) S C ||:| |’
€2, m
and this completes the proof of (3-10).
Step 2. We aim to control fm fg, which we decompose into
f fe=1 f—@m)+ (N, @m,- (3-11)
n E'n
By the definition of the Hp}ar norm in (1-10), we have (g)g, < 3", and therefore, by Jensen’s inequality,
>
(P, @, <3"1(Hg,| < €3 (|zn1 7 1D F) : (3-12)
ZEZn,1

We then proceed to decompose the first integral on the right side of (3-11) recursively. For every
me{0,...,n—1}and z € 2,41, we have

/ (€= (®ztmun) = > / [ (&= (@)y+m,)
HEms1 Y+

yezmm(z+|3m+l)

FEl Y (@yrm — @ ztm) Dy, (3-13)

YEZnN(z+Tm1)

Summing over z € Z,11 and using Holder’s inequality, we get

o=@ = 2 [ Fe-@a)

Zezz1l+l 1 YEZy Y+

1
2

+|mm|( > |<g>y+m,,l—(g>z+mm“|2)2(Z|(f>y+m,n|2).

ZGZerl yEZm
YEZmN(z+Tm+1)

By Jensen’s inequality, we have, for each z € 2,11,

Y @ - @aaals Y f 8- @oaal)
y+E|m

YEZnN(Z+Tm+1) YEZnN(z+Tm+1)

and thus, by (3-10),

IEIn] om
Z |(g)y+E|m - (g)Z'Hz‘erl |2 S C P 32 .

ez | |
yEZm r_](Z“I‘E]m+l)
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Using also that | Z,,| = |[d,|/|Hm | and combining with (3-13), we obtain
1

> / £ @=(@mu)< Y f f-(g—<g>y+m,,,>+c|mn|3'"(|zm|12|<f)y+mm|2)2.
ZHEm+1

Z€EZpm41 YEZy, y+m YEZm

Summing over m € {0, ..., n — 1} yields

f(g (g>mn><2f [ (€= (@®:z4m0) + C |l Zsmoz 7D 1)y, )

€2 z+o y €2Zm

1

Hence, by Holder’s inequality and (3-10),
1

% n—l 2
f(g—(gmn)scmnﬁ(f Ifl2> +C 1 23’”<|zmr‘ > |(f)y+mm|2> .

Cln Cn m=0 YEZ,

Dividing by |[J,| and combining with (3-11)—(3-12), we obtain

1

fg<cnf||Lz@n)+czsm(|z S )y ) .

Cln yEZ
Taking the supremum over all g satisfying (3-9) yields the result. (Il

The name “multiscale Poincaré inequality” for Proposition 3.6 is best understood in conjunction with
the following statement.

Proposition 3.7. There exists a constant C(d) < oo such that, for everyn € N, u € par(Dn+ 1) and
g € L>(Tpy1; RY) satisfying d,u =V - g, we have

”u o (M)D” ”LZ(D”) - C”vu”H dr(BlH»l) + C”g”der(E'nJrl)

Remark 3.8. It is clear that the proof of Proposition 3.7 can be adapted to show that for every r > 0, there
exists a constant C(r, d) < oo such that, for everyn e N, u € par(D,,) and g € L?([,; RY) satisfying
oiu =V - g, we have

lu = @e, N2, ) < CIVEl g2 + Cligl gae,)-

Although one can expect that the estimate above still holds for r = 0, we leave it as an open question
here, and content ourselves with an interior estimate.

Combining Propositions 3.6 and 3.7 allows to estimate the (interior) L oscillation of « in terms of
spatial averages of Vu and g; see also [Armstrong et al. 2016, Proposition 6.1]. The estimate yields better
interior information than the “single-scale” Poincaré inequality provided by Proposition 3.2 as soon as
the spatial averages of Vu and g display nontrivial cancellations over large scales. This feature will be
crucial to our subsequent arguments.

Before turning to the proof of Proposition 3.7, we recall the classical H? estimate for solutions of the
heat equation. For simplicity, we state it using periodic boundary conditions in the space variable. We
denote the corresponding function spaces by H# ), lear’#(l x U), etc.
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Lemma 3.9 (H? estimate for the Cauchy problem). There exists C(d) < oo such that, for every n € N, if
fe L*(@,) and u € H;ar,#(Dn) solves the Cauchy problem

0= Du=[ inC,, 1)
u=>0 on {—32”/2} X Oy,
then Vu € Hp}ar,#(mn) and
3 gty + 1V @ < CF - (3-15)

Proof. By scaling, it suffices to prove the result for n = 0. For each s € Iy, we test (3-14) against the
function (¢, x) — 1,,u(¢, x) and get

/ (uatu—l-IVuIZ):/ uf,
(—%,S)XDO (—%,s)x[\o

1 2 2
UG, 122y, + f( AVl =l gy | 2y

—Z,S)XDO

which implies

Taking the supremum over s € Iy, observing that

sup [[u(s, 2oy = lullz2@y
sely

and using Young’s inequality, we obtain

lullz2@e) + 1VUull2@e) < CIf 2@y -

We now turn to the estimation of || V2u|| L2(my)- Ve first observe that by integration by parts, we have
||V2”||L2(mo) = || Aull 2(m,)- Moreover, using (3-14), we get

||Au||§2@0):/ Au(f +du) = fAu—/ Vu-9,Vu,
o Clo o
with
1 1 2
[ v a5 = 15 iy 20
0

and therefore
I Aull 2 < 1 L2y (3-16)

We also need bounds on the time derivatives of u and Vu. Note that
10:Vaull 22y 1 0y = S“P{/D V- F 1 F Nl 20, 1) gy = 1}
0

= SUP{/ Ou V- F 1 Fll 2010 1) gy = 1} < 10l L2y
Clo
and we can estimate the L2-norm of d,u using (3-14) and (3-16):

10l L2 ) = I + Aullp2@yy =20 2@y
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The obvious bound

||atu ||L2(102H#_1(|:|0)) < C ||8tu ||L2(E|O)
completes the proof of (3-15). (I

Proof of Proposition 3.7. By homogeneity, it suffices to show the result for n = 0. Let ¢ € C é?o([RHd ) be
a smooth function with compact support in [[]_, and such that || ri+e ¥ = 1. We decompose the proof into
three steps.

Step 1. Let n € CZ2°([;) be a smooth function with compact support in [-]3/4 and such that n =1 on [ /5.
In this step, we show that there exists a constant C(d, 1/, ) < oo such that, for every u € L*((;),

I —ux )l 5o @y < CUVEN ey + 181 7t ) (3-17)
For each n € N, we set

Wy o= 31CHD (3211 31y,

Since the function ¥_; — v is compactly supported and of mean zero, we can use, e.g., [Armstrong et al.
2017b, Lemma 5.7] (in 1 4+ d dimensions) to rewrite it in the form

Y 1 —vYo=0h°+V-H,
where h = (h°, h') € Cfo([R{Hd; R x RY) is supported in [J_, (with h° taking values in R and &’ in RY).
For each n € N, we define
(1, x) = (hy, h))(t, x) == 3"*TDR(3%1, 3"x),
so that
YUn1 =Y =3""h+37"V-h,.

Since u x Y, — u in L*([3 /4), we can use the triangle inequality to bound

+00
In@ —ux ¥l gorg,) < D Iy —ux ¥l g g, (3-18)
n=0

We next observe that, for every z € [13/4,

U * Y —u*wn><z>=/ UG 20,h2 437V )z — ) dy
h

= | G qu(h(z—y)+37"Vu(y) -h,(z—y))dy
[h

:3—"/ W(y).h;(z—y)dy—3‘2”/ g(y)-Vh,(z—y)dy.
h .

1

We fix f € lear(Dl), set f :=nf, and compute

/n(u*wnl—u*wn>f=3—"/ w(f*h;)—3—2"/ g (F* VD).
h h

[
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One can check that there exists a constant C(d, v, h) < co such that

||f*h:1||H1;ar(ml) +3_n”f*VhZ”Hp]ar(|]1) < C”f”Hp'ar(ml)-

Summarizing, we have thus shown that

s Y1 —ux Yl g oy < C37" UVl ot ) + 180 2 )

Summing over n € N in (3-18), we obtain (3-17).
Step 2. Define
c(u) == uxy(0).

In this step, we show that there exists a constant C(d, ¥, n) < oo such that

I = @)l 2@ < CUVEl go ey + 18172 @) (3-19)

This is an immediate consequence of the fact that there exists a constant C(d, ¥) < oo such that, for
every v, z € 3 /4,

ux (@) —ur ¥ ()| < CUVull gy + 18 2t ) (3-20)

The proof of (3-20) is very similar to the previous step, only simpler: we represent the function (- —z) —
Y (- —y) in the form

ah°+V - R,

with (ﬁ", % ) e CX (1 Rx R4), and then obtain (3-20) thanks to an integration by parts.
Step 3. For concision, we write

iu:=u—cu).

Let x € C2°(C1) be a smooth function with compact support in [J; 2 and such that y =1 on [g. In this
step, we show that there exists a constant C(d, 1, 1, x) < 0o such that

il 2 < CUVH ot @y + 181 2t ) (3-21)
Letw e H;}ar,#(ml) solve the Cauchy problem

{(BI—A)wzxﬁ in [, (3-22)

w=0 on{—%}xDl.

By Lemma 3.9, there exists a constant C(d) < oo such that

1wl oo+ 1VWIa1L @) < ClXil2a,): (3-23)
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Testing (3-22) against x# and integrating by parts gives
~n2 ~ ~
Xy = [ (Vw900 = wd (i)
G

- / (Vw - V(x@) + V(xw) - g — dx wii)
h

< IVwllgy UVl g+ 1V ) + 18 )
tlwlyy  Uglga ey 1AV 7o)

#,par([]])

Using the result of the previous step and (3-23), we obtain (3-21). This completes the proof of
Proposition 3.7, since

lu — @)l L2y < llu—c@ 2@y < X @ —c@) 2@y - 0
Finally, we prove a Caccioppoli-type inequality for elements of S([,).

Proposition 3.10. There exists a constant C(d, A) < oo such that, for everyn e Nand S € S((,+1),
ISz2@,) = €37 IS g -

In order to prove this result, we first describe more explicitly the structure of elements of ﬁp_arl (I xU).

Lemma 3.11 (identification of I/-I\I;rl). There exists a constant C(I,U,d) < oo and, for each u* €

L*(I x U), a pair (w, w*) € L*(I; H} (U)) x L*>(I; H~Y(U)) such that
u* = oyw + u)*, (3—24)

with

Iz mwy + 1w l2am-1wy < Cllu*llgzr g (3-25)
Let V. C V' C I x U be subdomains of I x U such that V.C V' If u* vanishes outside of V, then
there exists a pair (w, w*) € L*(I; HO1 (U)) x L*>(I; H-Y(U)) satisfying (3-24)—(3-25) for a constant
C(V,V' I,U,d) < oo, and such that w and w* vanish outside of V'
Proof. Denote by Aa: the solution operator for the Laplacian in [J,, with null Dirichlet boundary condition.
We observe that

vy~ + (U uv+Vu-Vo+ VA u- VA 9v)
IxU

is a scalar product for the Hilbert space lear(l x U). By the Riesz representation theorem, there exists a

unique u € lear(l x U) such that, for every v e le (I xU),

ar
][ utv = ][ (IU|"iuv+ Vu - Vo + VA, u- VAL B v),
IxU IxU
and moreover, by testing this identity with v = u, we obtain

il < Cla* gt (3-26)
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We set

w = A&la,u and w*:= |U|_§u — Au.

The estimate (3-25) follows from (3-26). For v € leaI(I x U) with compact support in I x U, we have

][ u*v=][ (w*v + 0w v).
I1xU I1xU

Since u* € L*>(I x U), we can argue by density to infer that w* + d,w € L?(I x U). The identity above
then implies (3-24).

If u* vanishes outside of V C I x U, then we select a smooth cutoff function n such that n=1on V
and n = 0 outside of V’, and we write

u* =nu* =n(@w+w*) =9 (w) +nuw* — wdn.
This decomposition yields the second part of the statement, by standard comparisons of norms. U

Proof of Proposition 3.10. By scaling, we may fix n = 0. In order to localize an element S € S([];) into
an element of Co([J;) and thus be able to use the orthogonality property in the definition of the set S([1),
see (2-15), we introduce a version of the Helmholtz—Hodge decomposition of S which is adapted to the
parabolic setting. In order to minimize difficulties due to boundary conditions, we work with functions
which are periodic in the space variable. In the course of the proof, we will use the elementary variant of
Proposition 2.1 for the standard heat operator with space-periodic boundary condition.

We decompose the proof into four steps. The first two steps are devoted to the construction of the
Helmholtz—Hodge decomposition of S, and its estimation in relevant norms. The last step uses this
representation to localize S to an element of Cy([];) and concludes the proof.

Step 1. We write S = (Vu, g) € S([11). We recall that since S([;) € C([];), we have d,u =V - g; see
(2-9). The function u is determined up to an additive constant, which we fix so that

][ u=0.
[3/4

Let n € C2°((J1) be a smooth function with compact support in [-3/4 such that 0 <n <1 and n =1
on [y /2. We set

u:=nu, and forall je{l,...,d}, g :=ng;.
Foreach j € {1, ...,d}, let Ty; € H;ar’#(Dl) be the unique solution of

{(3z —A)Tyj = gj —dy;u  in [y,

3-27
To; =0 on {—%}xDl. ( )

By Lemma 3.11 there exist (wj, w]’.k) e L*(I;; HO1 (O1)) x L2(I;; H~'(O),)) which vanish in a neighbor-
hood of d[]; and satisty

gj — Oyl = dw; + w7,
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with
lwjllz2cy: @y + 1wj gy m-1@y < €& — Ayl gt -

Since (w;, w;.‘) vanish in a neighborhood of d[J;, we can interpret this pair as an element of

L2(Iy; Hy (Ty)) x L*(Iy; Hy '@y)),

with the estimate

lwill 2y mp oy F1w5 2y o) < CIEG = 3l gt -

Since g; — oy, u € L?(@)), it is clear that dw; € L>(Iy; H#_1 (C11)), and we therefore deduce that w; €
H#,par,u(ml)' Moreover, by Proposition 2.1 applied to the standard heat operator, there exist a constant
C(d) <ocoand Ty; € H#, (3;) such that

par,Ll
(@ — ATy, = —Aw; +wh,
with
10,1 2@ + IV 2@y < CUwillaay:m @y + 1wi g m-1@n)
= C”gj - ax_,-ﬁ”ﬁl;trl(ml)-
‘We thus have
@ — M) (w; + Ty, — To;) =0,

(J1). Therefore,

with w; + T, — To;j € H;,parvu
T()j = Wwj + T()/j’
and
1Toj 2@y + IV Toj 2y < CIE; — Byl g -

It is clear that || g; ”Hp}l @ = Cllg; ||H1£r1 @) By Proposition 3.7, Remark 3.8 and the comparison

il ot oy = Nl = Ml = 1 = @yl 20,
we obtain
1Tojll 2 + 1V Tojll 2y < CUVEl 5ot ) + 181 2t ) (3-28)

Step 2. For each i, j € {1, ..., d}, we define T;; € H;ar’#(Dl) as the solution of

{(at —A)Tij =058 — 0 & InCdy,
T,; =0 on{—%}xljl.

The solution 7;; is well-defined since the right-hand side belongs to L*(I;; H, ! (C1)). We now estimate
the L2 norm of T} j using Lemma 3.9 and duality. We define ¢;; € lear’#(Dl) to be the solution of the
backwards heat equation

{—(31 +A)pij =T in[Jy, (3-29)

¢i; =0 on{%}x[h.
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By Lemma 3.9, we have
16511, o = CI Tl
Testing (3-29) against T;;, we get
1T, = /B (& 00— & D) < 190512 1872 -
1
Combining the two previous displays yields

1Tl 2y < CUE Nt o < 180720 (3-30)

Step 3. For notational convenience, for each j € {1, ..., d}, we set Tjo := —Tp;, do := 9, 9; := 0y;,

d
R() =1u —ZajTOj,
j=l1

and, foreachi € {1, ..., d},

j=0
In this step, we show that
IRoll 2@y + IV Roll 2@y < ClIVull gy + Cligl g2 (3-31)
and that forevery i € {1, ...,d},
IRill 2y < ClIVUl gy + ClEl 2 - (3-32)
Recalling that 9,4 = V - g, we note that
d
@ — ARy = (3, — A)ii — Y 0;(gj — ;i) =ud;n+g-Vn,
j=1
and, foreachi € {1, ...,d},
d
@ — MR = (B — Mg — 0,(& — 0i) — Y 0,38 — 9;81)
j=1

= (9;u)(9;m) + (u)(3:in) + (V- £)(9in) + (3;8) - Vn.
Moreover, it is clear from their definitions that 7j; and 7;; vanish in a neighborhood of the initial time slice
{—g} X [[;. The estimates (3-31) and (3-32) are thus obtained by following the steps to the derivations
of (3-28) and (3-30) respectively.

Step 4. We now select a cutoff function x € C2°([J1) such that x =1 on [y and x = 0 outside of [ 2,
and observe that .,
(Zj:l V9 (x*To))

€ Co(Eh),
Zj?zoaj(x“n,-)) o
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where we understand that the second component above denotes a d-dimensional vector field with
components indexed by i € {1, ..., d}. By the definition of S((];), we deduce that

V(x4 To,
[ BT a2
B Zj:O aj(X TlJ) g

In the display above, the first vector is of dimension 2d: the gradient appearing on the first row carries
the first d components, while the other d components are represented by the second row and indexed by
i e{l,...,d}. Applying the chain rule in the identity (3-33) yields a number of terms, one of which is

L () A= L () a G L () a ()
L) aG) L Ca) ()

We are interested in estimating the first term in this sum. By the uniform boundedness of A, the absolute
value of the second term in this sum is bounded by a constant times

d 1

Vu Vu\\?

(HVRoan@wZ||R,-||Lz@]))(/ x4( )A( ))
Ch g g

i=1
When applying the chain rule in the identity (3-33), the leftover terms are
4/ L (X9 Toj BV X 85 + x V) +2VTox 9x A(V”>
X . .
ol Yo Tiix 9x g

Using once more the uniform boundedness of A, we obtain that the absolute value of the quantity above
is bounded by a constant times

d d Vu Vu %
(Z(||T0j||Lz(D.>+||VT0,-||L2@1>>+Z||Tij||Lz<Dl>>(/ x“( )A( ))
j=1 j=0 e g &

Combining the previous displays with the estimates (3-28), (3-30), (3-31) and (3-32), we arrive at

1
Vu Vu\\?2
N = ~
</[|1 X ( g ) A ( g >> = CVullgr @) + 18l g0 @)

By the uniform ellipticity of A, the left side is an upper bound for [|S||.2,, up to a multiplicative
constant, and therefore the proof is complete. (I

4. Convergence of subadditive quantities

We obtain an algebraic rate of convergence for the limits of the subadditive quantities by adapting the
approach of [Armstrong and Smart 2016; Armstrong and Mourrat 2016], following the presentation of
[Armstrong et al. 2017b, Chapter 2].
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We let A be the 2d-by-2d matrix characterized by the limit
lim E[(Ca, X)]=1X - AX. (4-1)
n—oo

Note that the existence of the limit on the left side follows from the subadditivity of (-, X)=J(-, X, 0)
and stationarity, which together ensure that E[x((],, X)] is a nonincreasing sequence. The fact that
X +— u(p, X) is quadratic ensures that the limit is also quadratic in X and can therefore be represented
by a matrix. Moreover, by Lemma 2.4, there exists C(A) < oo such that

% Ly < A<C Iy, (4-2)

where I, is the 2d-by-2d identity matrix. It is convenient to define
J(X, X" =1X AX+iXx* A7'X*— X X"
The goal of this section is to prove the following theorem.

Theorem 4.1 (convergence of J). There exist an exponent (d, A) > 0 and, for eachs € (0,2+d), a
constant C(s,d, A) < oo such that, for every X, X* € By and n € N, we have

|J (G, X, X*) — J(X, X*)| < C37"PCH=9) L 0 (C37™). (4-3)

The next lemma, which should be compared to [Armstrong et al. 2017b, Lemma 2.7], allows us to
reduce Theorem 4.1 to an estimate on the quantity J ([, X, AX ). Note that, in view of Lemma 2.3, a
control on the size of infx« J(V, X, X*) can be interpreted as information on the “convex duality defect”
between the quantities u and ©*, quantifying how close these functions are to a convex dual pair.

Lemma 4.2 (reduction to minimal set). For each I" > 1, there exists a constant C(I', d, A) < oo such
that, for every 2d-by-2d symmetric matrix A satisfying

I 'hy<A<Tlhy (4-4)
and every parabolic cylinder V.C Rt we have
sup [J(V, X, X*)— (3X - AX+1X* A7'X* =X - X*)| <C sup (J(V, X, AX))?.  (4-5)
X,X*eB XeB;
Proof. Since the domain V plays no role in the argument, we drop the explicit dependence on V. Define
82 = sup J(X, AX).
XEBl
To avoid a conflict in the notation, we denote the Legendre—Fenchel transform (convex dual function) of

w by
H(X*):= sup (X X" — u(X)).
XeR2
It is clear from (2-14) that

H(X™) < u*(X™).
Thus, by (2-18), for every X € By,
0<uX)+HAX)—X-AX < u(X)+pu*(AX)— X -AX = J(X, AX) <& (4-6)
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This implies that, for every X € By,
u*(AX) — H(AX)| < 6°. (4-7)

For each X € R??, the minimum of the map X* +— u(X)+ H(X*)— X - X* is zero and it is achieved at
X* for which X* = Vu(X). By uniform convexity (quadratic response) and (4-6), we deduce that, for
every X € By,
IAX — Vu(X)|> < C82. (4-8)
Using the expression
p(X) =3 X - Vi(X)
we obtain, for every X € By,
|1X - AX — pn(X)| < Cs.
From this, uniform convexity and (4-4), we obtain, for every X* € By,
1X* A7'X* — H(X")| < Cs.
Hence by (4-7), (4-4) again,
[4x* A X - pur (x| < Cs.
The formula (2-18) now yields the lemma. U

We decompose the estimate for J((,, X, AX) into three steps. In the first step, we identify a
convenient finite-volume approximation of the homogenized matrix A. We next control the expectation
of J([,, X, AX) in Section 4B. We finally use the subadditivity of J in Section 4C to deduce a control
of the fluctuations of J((,, X, AX), and complete the proof of Theorem 4.1.

4A. The coarsened mapping. Recall that S(-, V, X, X™) denotes the unique maximizer in the definition
of J(V, X, X*); see (2-16). We let Ay € R24*24 pe the symmetric matrix such that, for every X* € R4,

E[J(V,0, X")]=1Xx* A,' X",
By (2-24), there exists C(d, A) < oo such that

%1211’ <Ay < C Iy,
and by (2-29),

[E[][ S(-,V,0, x*)} =A,'x*.
Vv

Recalling also (2-30) and the linearity of the mapping (X, X*) — S(-, V, X, X*), we thus see that the
matrix ZV is such that, for every X € R4,

E[][ S(-,V, X, XVX)} =0. (4-9)
\%

We note that by Lemmas 2.3 and 2.4, for each X € R?%, the mapping
X* > E[J(V, X, X)) =E[pnV, O]+ E[n*(V, X)] - X - X*
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is uniformly convex, and achieves its unique minimum at X* satisfying
E[Vxp*(V, X*)] =
Moreover, the latter condition is equivalent to X™* = Ay X. We thus deduce that for every X, X* € R4,
ELJ(V, X, Ay X)] <E[J(V, X, X")] < E[J(V, X, Ay X)]+ C|X* — Ay X|”. (4-10)

We use the shorthand notation
A=Ay, (4-11)

4B. Control of the expectation of J. The goal of this subsection is to prove the following proposition.

Proposition 4.3 (decay of E[J]). There exist §(d, A) > 0 and C(d, A) < oo such that, for everyn € N
and X € By (R*),
E[J (0, X, AX)] < C37F", (4-12)

The main step to prove this result is to control the size of J near (X, AX) in terms of the expected
“additivity defect” of J between successive triadic scales. We measure the latter using the quantity

t= sup (E[J(Chp, X, X )] — E[J @nt1, X, X9)]). (4-13)
X, X*eB,

Proposition 4.4. There exist a(d) < oo and C(d, A) < oo such that, for every n € N and X € B (R*?),
n—1

E[J (G, X, A, X)] <C 37" <1 + Z 3“krk>.
k=0
As will be explained below, Proposition 4.3 follows from Proposition 4.4 by iteration, in analogy with
an ODE argument. We focus for now on the proof of Proposition 4.4, and start by rewriting the quadratic
response (2-27) in a more convenient form.

Lemma 4.5 (quadratic response). There exists a constant C(d, A) < oo such that the following holds.
Let V, Vi, ..., Vk be parabolic cylinders such that {Vy, ..., Vi} forms a partition of V, up to a set of null
measure. For every X, X* € R*, we have

Z|V|||S( VX, X = S(, Vi, X, X9|? cZ' J'(J(V X, X —J(V, X, X")
|V| ] LZ(V) |V| Jr 2o » Dy .

Proof. Define T := S(-, V, X, X*). Applying (2-27) on the subdomain V; for each j € {1, ..., k}, we get

1
c) IT —S(-, Vi, X, X"I* < |V;| J(V}, X, X*)—/V(—%T-AT—X-AT—FX*-T).
i i
Summing over j and recalling (2-16) yields the result. ]

We next show that the spatial averages of S can be controlled by an expression involving the additivity
defects of J on all smaller length scales. We define

S (X, X*) :=[E[][ S(-,D,,,X,X*)].
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Lemma 4.6. There exist a(d) < oo and C(d, A) < oo such that, for everyn € N and X, X* € B (R*?),
n—1

we have
2
[E[ ] <3 (1 4+ Z S“krk). (4-14)
k=0

Proof. For any X' € By, m <n and z € Z,,, the first variation (2-26) gives

n

][ SC-, G, X, X*) =8

X/'f (S(’Dn’X7X*)_S(’Z+DmaX7X*))
+BITI
=f S(5Z+|:|m70’ X/)A(S(,DH,X, X*)_S(,Z+Dm,X, X*))
+Cm
Averaging over z € Z,, and using the Cauchy—Schwarz inequality yields

1Z 7" | X (SC-, B, X, X*) = S+, 24+ Em, X, X))

€2, z+Cm

2
Z2+0m

€2, 1

(|z ! Z][ LBl X, X*) = S(- ,z+mm,XX)|). (4-15)
+DITI

ZEZ,

The first term on the right side is bounded by a constant C(d, A) < co. We use Lemma 4.5 to bound the
second term and obtain

|Z |7 Zf ‘I,naX X)_S( 7Z+|:|m’

z€2,, ¢ ¢ m

— > (T @+En, X, X*) = T (@, X, X)),
mn 7€Z,

Now, we can estimate the variance of fm S(-, n, X, X*) using those at scale m:

ar[ ][ SC, B X, X*)] < 2var[3‘(d”)<”"”’ > f SC- 2+ B, X, X*)}
n ZGZm Z+Cm
+ CEL @, X, X*) = J (@, X, X)),

Form,n eN, m <n, we can decompose Z,, into a union of 24+1 «“checkerboard” subsets Z(V ..., Z @'
to ensure that for each i € {1, ..., 2114},

(2,2) e 29 = dist(z 4, 2 + ) > 1.
For example, to any i € {1, ..., 2‘“’1} we can associate (igp, ..., ig) € {0, l}d“, and then set
ZW = ((103%", 113", ..., 143™) +2((3*"Z) x (3"Z"))) N[, (4-16)

Thus, we obtain the bound
2d+l

var[Zf SC-, 24+ G, X, X*)} §C(d)Zvar|: Z ][
2+ m

S(' ’ Z+|:|m7 X: X*)]7
€2, " % i=1 zez Y ittn
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and by independence at distance larger than 1 and stationarity,
Var[ > ][ SC-. 2+ B X, X*)} < C3U@+D@e=m var|:][ SC-, B X, x*)}.
2€Zm Z+0m m

We can now estimate the variance of the spatial average of S at scale n by the variance at smaller scales:

var[][ SC-, Gy X, X*)]scr(f’“)("—'") var[][ SC-, B X, X*)]
+C[E[J(Dm,X,X*)—J(Dn,X,X*)]. 4-17)

@2t < 1

Selecting £ to be the smallest integer such that C3~ 3. We get

Var[f S('vElm-‘rf’Xv X*)]S
Elm+e

We introduce

Var[:f S( ) E]m, X’ X*)} +CIE[J(E|m7 X9 X*)_J(E]m-i-é’ X’ X*)]

Un ::Var|:f S(',Dn,Xa X*)}s

Q| —

and v, := u,¢. We have

né—1
Up = %vn—l +C Z Tk
k=n—1)¢
and, by induction,
n (n—i+1)€—1
[ 53_nM0+CZ3_i Z Tk
i=1 k=(n—i)t

Defining o := 1/¢€ (recall that £ only depends on d), we get

nl—1

vy < C(3_" + Z 3_“("€_k)tk>.

k=0
Thus, if n is a multiple of £, we have

n—1

u, §C<3_a"+23_a(n_k)fk>,

k=0

and for n = ¢n’ +m, with 0 < m < ¢, another application of (4-17) gives the same estimate, so finally

n—1
Var[][ S(-, B X, X*)] < C(3“” +Z3"‘<”")rk),

k=0
which is (4-14). ]

We can now sum the scales and deduce that S(-, [,, X, X™) is close to a constant in a weak sense,
provided that a weighted norm of (7t)x<, is small.
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Lemma 4.7 (weak control of §). There exist a(d) < oo and C(d, A) < oo such that, for every n € N
and X, X* € B;(R*),

n—1

< 2 2— k
E[ISC, B X, X = S0 (X, X ] = €307 (1 + ; 3 rk).

Proof. We decompose the proof into three steps.

Step 1. To begin, we show that there exists a constant C(d, A) < oo such that, for every m,n e N, m <n,
and X, X* € B1(R*),

n—1
1S:(X, X*) =5, (X, X =C Y u (4-18)
k=m
Indeed, recalling the definition of Z,, in (3-8) (which depends implicitly on n), we use Jensen’s inequality,
Lemma 4.5 and stationarity to get

‘ﬂz[‘f S('»E’n’ X7 X*)_IZm|_l Z f S(’Z+E’M7Xa X*)}
Cn z+0m

2

€2,
2
s[E[|zm|—IZ][ SC-, By X, X*) = S, 2+ Es X, X¥) ]
€2 z+0m
n—1
<CUEn X, X)) =J(@n, X, X)) <C Y 7,
k=m

and this implies (4-18).

Step 2. In this step, we show that there exists a constant C(d, A) < oo such that, for every m e N, m <n,

m n—1
[E[|Zm|_1 D SCL B0 X, X9) o = Su(X, x*)|2] < c(3—°”" +) 3 Y zk>. (4-19)

€2, k=0 k=m
By Lemma 4.5, we have
Y USCLEn X X = SCL 24 B X X2y,
ZE€EZy

<C Y (J(@n X. X*) = T+ X, X)), (4-20)

€2,

Taking expectations, using stationarity and Jensen’s inequality, we deduce that

[E|: Z |(S( ’ Dnv X’ X*))Z-H]m - (S( ’Z+|:|m’ X’ X*))Z'H:’m

€2,

n—1

2} <ClZul Y . (4-21)
k=m

Moreover, by stationarity and Lemma 4.6, we have

[E[|Zm|1 D ISC 2+ B X X))ot — Sm(X, X¥) |2] < C(3“’" +> 3“<km>rk). (4-22)

€2y, k=0
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Since
o 2
|(S( ) El}% X7 X*))Z'H]m _Sn(Xv X*)| = 3|(S( ) IZII’lv X! X*))z+EIm - (S( 7Z+|Z|m’ Xv X*))Z-H:lm

+3|(SC- 24 By Xo X)) evmy — S (X, X5
+318:(X, X*) — S (X, XH)I%,

2

we obtain (4-19) by combining (4-21), (4-22) and (4-18).

Step 3. We now combine Proposition 3.6 with the result of the previous step to obtain

_ n—1 1 2
1SC B X, X7) = Su(X Xy ) < C<1 + <Z 3'"2,31) ) (4-23)
m=0
where Z,, is a random variable satisfying
m n—1
E[Zn]1<C (3‘“’" 4+ 3y 4y m). (4-24)
k=0 k=m

By Holder’s inequality, we have
n—1 | 2
(S
m=0
Taking expectations and using (4-24), we get
n—1 N\ 2 n—1 m n—1
[E[(Z 3'"2,31) ] <C3 Y 3 (3—“’” + ) 3etkemg 3" rk).
m=0 m=0 k=0 k=m
For the last two terms, we reverse the order of the sums to find

n—1 m n—1 n—1 n—1
Z 3m Z 3a(k7m)_[k — Z 3aktk Z 3(17am) < C3(17a)n Z 3ak_rk’
m=0 k=0 k=0 m=k k=0

n—1 n—1 n—1
Z 3’“) ( Z 3m zm) <C3" Z 37, (4-25)
m=0 m=0

m=0

and
n—1 n—1 n—1 k n—1
)IED BEE 3) SELATS S =
m=0 k=m k=0 m=0 k=0

The second sum is bounded by the first; thus combining the above displays yields

n—1 N\ 2 n—1
[E[(Z 3’”2,,%) } < C3@on <1 +23“krk>. 0
m=0

k=0
We next complete the proof of Proposition 4.4 and then of Proposition 4.3.

Proof of Proposition 4.4. According to Lemma 4.7, Proposition 3.10 and (4-9), we have

n—1

E[ISC-, Eas X, AnX) 172, )] < €37 (1 +> 3%).
k=0
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By Lemma 4.5, we deduce

n—1

k=0

Recall that (z +[J,—1);ez,_, is a partition of [-J,, up to a set of null measure. Moreover, by stationarity,
the previous display implies that, for every z € Z,_1,

n—1

E[1SC 2+ Bt X, AnX) 2y, )] < €37 (1 +y° 3akfk).
k=0
Applying Lemma 4.5 once more and summing over z € Z,_;, we obtain the result. ]

Proof of Proposition 4.3. We denote by B the set of canonical basis elements of R*¢, and observe that
there exists a constant C(d) < oo such that if X + B(X) is a nonnegative quadratic form over R??, then

sup B(X) <C Y B(X). (4-27)
XeB XeB
Indeed, a quadratic form is associated to a nonnegative symmetric matrix with largest eigenvalue bounded
by its trace; this trace is equal to the right side above.
By the definition of t,, see (4-13), and Lemma 2.3, we have

T < sup (EL (Gns X)] — E[pe(@at1, X)) + sup (EL* (@, X )] — Bl (g1, XH]).

Since X — E[u(V, X)] and X* — E[u(V, X™*)] are nonnegative quadratic forms, and since this property
is stable under linear changes of coordinates, it follows from (4-27) that

T < C Y (Eln(@n X)) = Elu(@ns1. X))+ C Y (Elp* s A X)] — El* @t A, X)),
XeB XeB

and thus by Lemma 2.3,

T < C Y (E[J (@ X, Ay X)] = E[J (@11, X, A, X))).
XeB
By (4-10), we have

ELJ (st X, An1 0] < B (@1, X, An X1,
and therefore
T <C Y (ELJ @ns X, AnX)] = ELJ @1, X, Ay 1 X)]). (4-28)
XeB
This motivates the definition of

D, := E E[J (Cns X, Anx)]
XeB
Proposition 4.4 asserts that

n—1

D, < C3™ " (1 + Z 3k rk>.

k=0
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Setting .
D, :=37%") 33Dy,
k=0

we deduce that

n m
B,z cs i Y3 (143
m=0 k=0

<C3 eIy Y g gy o cs—%n(l " 3%kfk).
k=0 m=k k=0
Since Dy < C, we also have
n
Dy = Dyt 2375 ) 35Dy = D) — €373,
k=0
Combining this with (4-28) yields
n
Dy— Dy =C7'37" ) 3 — 37,
k=0
From this and (4-29), we obtain that there exists an exponent 8(d, A) € (0, %) such that
Dpy1 <37PD, +C375";
introducing v, := 3" D, and multiplying the previous identity by 3#+D" gives
Ung1 < vp + €3,
Summing this inequality over n yields
< g+ ¢
vy S v+ ————-
ST )
That is, v is bounded; i.e.,
D, <C37%".
By (4-28), we also obtain
T, < C37Pn,
By the definition of A,, we have
|IKn - Xn—',—ll <Crt,,
so that, setting
A:= lim A,, (4-30)

n—oo
we get
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Combining the last displays with (4-10) yields

sup E[J ([, X, AX)] < C37P".
XeB

By an application of Lemma 4.2, we can verify that the matrix A defined in (4-30) coincides with that
defined in (4-1). O

4C. Control of the fluctuations of J. In this subsection, we prove Theorem 4.1. In view of Lemma 4.2,
the main point is to obtain a control on the fluctuations of J ([,, X, AX), which we do using subadditivity.

Proof of Theorem 4.1. Step 1. In this first step, we show that there exists an exponent 8(d, A) > 0 and a
constant C(d, A) > 0 such that, for every X € B (IRM) and m,n € N, m <n, we have

3-C+D0=m 1og Elexp(C~ 3O 1 (13, X, AX))] < €37 (4-31)

For m,n € N, m < n, recall that the cube [],, is partitioned into a union of 2441 “checkerboard” subsets,
see (4-16), to ensure that for each i € {1, ..., 2!},

2,7 €2V = distiz4+Ep 7+, > 1.

In particular, for each fixed i € {1, ..., 2!*¢}, the random variables (z + [J,,)
subadditivity, for each X € B (R and t > 0, we have

.cz® are independent. By

log E[exp(:3%+D¢=m j (@, X, AX))] < log [E|:exp (z Z J(z+Cm, X, AX))i|,

€2,

and by Holder’s inequality and independence, the latter is bounded by

21+d
<273 "log E[exp (r21+d > I+ O X, AX))]
i ezl

<270+ 3 log Elexp(12' ™7 (z + D, X, AX))].

€2,

By stationarity, the summands above do not depend on z € Z,,. Since
J(Ens X, AX) = Cd, D),
we can choose 7(d, A) > 0 sufficiently small and use the elementary inequalities

exp(s) <1+42s forall0<s <1,

log(14+s)<s foralls >0
to obtain

log E[exp(C~13@FD@=m j g, X, AX))] < C3*HDO—mE 1 (@, X, AX)].

Inequality (4-31) then follows by an application of Proposition 4.3.
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Step 2. Set

Pon = sup J(Cy, X, AX).
XeB

In this step, we show that there exists an exponent 8(d, A) > 0 and, for every s € (0, 2+ d), a constant
C(s,d, A) < oo such that, for every n € N,

pn < C37PCH=In L 0 (€375, (4-32)
By (4-27) and Holder’s inequality, the relation (4-31) can be improved to
3= @D 0=m) 150 Flexp(C13EFD0=m 5 )] < C37FM, (4-33)
By Chebyshev’s inequality, for every ¢ > 0,

Plp, > 1] < exp(—C~13C+D@=m) ) Flexp(C~13G+D=m) ; 4]
< exp(—C13C+DO=—m) 4 3@+ —m—pmy

Replacing ¢ by C37A" 41 gives

Plo, > C37P" 4+ 1] < exp(—C~13ZFDt=mly,

2+d-—s
m:=|———n
24+d

Plon > 3P 4 1] < exp(—C~13%"r).

Choosing

yields

By (1-19), this is (4-32), up to a redefinition of 8(d, A) > 0.
Step 3. We now combine Lemma 4.2, (4-33) and the elementary inequality

foralla,b>0, (a+b)? <a?+ia b (4-34)
to get

sup |7 (@, X, X — (AX-AX +1x% A7 x* — x - x7)|
X,X*eB) 5
< 3—7(2+d—s)n + Ol (C3_(S_§(2+d_s))n). (4_35)
For every s € (0,2 +d), if we set
2"+ B2 +d)
o 2+

then the right side of (4-35) can be rewritten as

€(0,244d),

37 EH= 4 0 (€375,

We have thus obtained (4-3), up to a redefinition of 8(d, A) > 0. [l
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Proposition 4.8. There exist C(d, A) < oo and a matrix a € R4 satisfying

forallg €RY, &> LI and |ag| < Clel (4-36)
such that, for every p, q € R% we have the equivalence
2 (5)4(0) ‘
5 ‘A -pq=0 =ap. (4-37)
) (q g P-q q p

Proof. Step 1. We show that, for every p, g € R¢,

A(p,q) :=%(§)-5(Z)2p-q- (4-38)

By Lemma 2.2, we have for every S = (Vu, g) € Co(I x U) and p, g € R? that

][A(erVu,qug, )= ][(erVu)-(qug) =p-q.
By the definition of u in (2-5), we deduce that

uwld xU,p,q)>p-q,

and thus (4-38) follows from (4-1).
Step 2. We show that, for every ¢*, p* € R,

1 * - * " .
{(5) o ()or o

Fix p* € R?. For every u € £, + H;ar’u(l x U) and g € L>(I x U; RY) satisfying —V - g = —d;u, we
have (Vu, g) e C(I x U), as well as
][ Vu = p*
IxU

][ (P*—VM)'g=i][(M—€p)220.
IxU |I| U

and

Therefore, for every ¢* € R?,

IxU
Zf (—A(Vu, g, )+q"-p*+Vu-g)
IxU

=q*-p*—f (A(Vit, g.) = Vi - g).
IxU

By the solvability of the Cauchy—Dirichlet problem (Proposition A.1), for every p* € R¢,

par,

Ozinf{f (A(Vu, g, )—Vu-g) iuecly+H., (IxU), geL*(IxU;R?, —V~g:—8,u}.
I1xU
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Combining the above yields
W IxU,q" p*)=q"-p"
According to Theorem 4.1, we have the P-a.s. limit
im0 (@, X) = 5 X7- ATIX

We therefore obtain (4-39).
Step 3. We argue that, for every p € RY,

inf (A(p,q) —p-q) =0. (4-40)

qeR4

We have already shown in (4-38) that the infimum on the left is nonnegative. The infimum is attained, by
the quadratic growth of ¢ — A(p, q). To see that it is equal to zero, we fix p € R? and select g € R?

()=

Let g* € R? denote the “x” in the previous line, so that

()=0)

Then using (4-41), we find that
* _ * _ /
() ()= () (2) 2 (0) ()
2\p P) Ly gerd q q
=(5) ()2 ()
2 \4q q
By the previous inequality and (4-39), we discover that

<) 050 ) or-30)4C)

Rearranging, this yields A(p, ¢) < p - g, which in view of (4-38) allows us to deduce that A(p, q¢) =p-g

achieving the infimum. Then

(4-41)

l\)l'—*

DM

and completes the proof of (4-40).

Step 4. We define a to be the matrix associated to the linear mapping taking p to the g achieving the
infimum in (4-40). That the infimum is achieved at a unique minimum point is a consequence of the
uniform convexity of g — A(p, ¢). That this mapping is linear is due to the fact that g — A(p, q) is
quadratic. The bounds (4-36) are a consequence of (4-2). This completes the proof of the proposition. [J

5. Quantitative homogenization of the Cauchy-Dirichlet problem

In this section, we demonstrate the passage from the convergence of J to the homogenization of the
parabolic operator. In particular, we complete the proof of Theorem 1.1 on the quantitative homogenization
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of the Cauchy-Dirichlet problem. The argument is completely deterministic in the sense that the only
probabilistic ingredient is the appeal to Theorem 4.1. The argument proceeds in four steps: (i) we show
that convergence of J implies convergence of S and AS in H~!; (ii) we use Remark 2.7 to show that
there are “finite-volume correctors” which can be found hiding in S and AS and we obtain estimates
on them; (iii) we use the finite-volume correctors and a quantitative version of the standard two-scale
expansion argument to pass from estimates on the correctors to estimates on the homogenization error for
a general Cauchy-Dirichlet problem.

5A. Convergence of J maximizers. We use the multiscale Poincaré inequality (Proposition 3.6) to obtain
information about the weak convergence of S(-],,, X, X*) as n — oo. It is useful to define the quantity

EWV):= sup |J(V, X, X*—J(X, XY,
X, X*eB,

which keeps track of the convergence of J. We also define, given X, X* € R%,

S(X, X" :=A"'X*—X.
Note that § = Vy«J and therefore, by (2-29) and the fact that J and J are quadratic, we have, for every
X, X* e R,

‘S<X, X*) — f SCL V. X, XH)| = |VxJ(X, X*) = V= J(V, X, X*)|
\%4

< CUX[+IX"DEWV). (5-D
Similarly,

‘ZS‘(X, x*)—][ AS(-, V, X, X = |VxJ(X, X*) = VxJ(V, X, X")|

Vv

<CUX|+IX"DEWV). (5-2)
That is, we can control the spatial averages of S(-, V, X, X*) and AS(-, V, X, X*) in terms of the

random variable £(V'). The combination of this observation and Proposition 3.6 yields the following
result.

Proposition 5.1 (weak convergence of (S, AS)). There exists C(d, A) < oo such that, for every X, X* €
By andn e N,

n—1 ]

_ 2
37NSC L B X, X = 8 X goa ) <C37+C Y 3" (|zm|—1 Y€+ mm») (5-3)
B m=0 ZEZ,
and
n—1 %
37NASC, By X, XD —ASX, X g1, SC3"+C Y 3" (|Zm|—1 > (5(z+mm))) . (5-4)
m=0 €2,

Proof. We fix X, X* € B; and, since it plays no role in the argument, we drop explicit display of the
dependence on (X, X*). According to Proposition 3.6,
n—1 1

— — _ 2
IS¢, B0 = Sl gy, < CISC L Ea) = Sl +€ ) 3" <|zm|1 D IS Bz, — S|2) :

m=0 €2,
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To estimate the first term on the right side, we just observe that
IS¢, ) = Sll2@,y < ISCH Bl 2@, + 181 < C.
We next estimate the second term. By the triangle inequality, (5-1) and Lemma 4.5,

Z |(S( s Dn))z+l],,l_§|2 <2 Z (|(S( ,Z+E|m))z+|]m_*§|2+||s(' , Bn) —S(-, Z‘H]m)”zZ(H_gm))

ZEZy ZEZy,

<C DY E@HEHC Y (J@+En) — T ()

ZEZy, ZEZ,
<C Y (EG+HTm+EG).
€2,
Thus
n—1 % n—1 %
Y 3 (|zm|—1 D IS B et — SF) <Ccy 3" (cs(mn) +1Za7H ) (€ +mm>>)
m=0 €2, m=0 €2,
n—1 1
2
<Cc) 3" (lZm|_1 PIRCIE +Bm))) :
m=0 €2y,

Combining the above yields (5-3). The estimate (5-4) is obtained similarly; we just need to use (5-2)
instead of (5-1). O

We next give an estimate of the random variable appearing on the right side of (5-3) and (5-4), which is
a straightforward consequence of Theorem 4.1. This is the only place in this section where Theorem 4.1
or any other stochastic ingredient is used.

Proposition 5.2. There exists B(d, A) and, for every s € (0,24 d), a constant C(s,d, A) < 0o such
that, for every n € N,

n—1 3

2
2.3 (Izmr‘ Yo (EG+ mmD) < 37T L 0 (C37). (5-5)
m=0 2€EZy,

Proof. Fix s’ := %(ZS +2+d)and s := %(s +2(2+d)) sothat s < s’ <s” <2+ d with equally sized
gaps between these numbers. By Theorem 4.1 and (1-20), we have

12017 D (EG@+Ew) < €370 1 o037,
Z€EZy,

Using the elementary inequality (4-34), we deduce that
-1 % _ 2+4d—s" 24d—s" _ P
<|Zm| Z (E(Z—f-Dm))) <C3MPTT L o (C3PTT ),

€2,

Redefining 8 to be smaller if necessary, we get

1

2 , ,
<|zm|1 Y (EG+ mm))) < €37 L 0y (C37).

€2,
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As the left side of the previous line is bounded by C, we can apply [Armstrong et al. 2017b, Lemma A.3]
to obtain

1 2 __mB ms’
(|zm Y e+ mm») < C37FT + 04 (C37 ),
ZEZy,
Since s'/(d +2) < 1 — ¢, we may apply (1-20) again to obtain
1

= m—n -1 2 __nB _ns’
S 3 (127 D EGHTW)) < C3F 4+ 0442(C37 ),
m=0

ZEZy,

We conclude by observing that, for any nonnegative random variable X,
X <3P L 0, (C37 ) = X < 3T L 0 (C37™), (5-6)

where 8(d, A) in the second statement may be smaller than in the first. To see this, we compute
X < X 437 PCH=9)(+d) < 3npQtd—s)(1+d) (x| 3-nPQ+d=s5))2+d
< C3n,3(2+d—S)(1+d)(X2+d + 3—"/3(2+d—s/)(2+d))
< C3nﬁ(2+d—s>(1+d)(C3—nﬁ(2+d—s)(2+d) + OI(C3—ns’))
< C3—n,3(2+d—S) +01(C3—ns)’

provided that 8 is small enough that B(2 +d —s)(2+d) < s’ —s. It suffices to require 8 < 1/(3(2+d)).
This completes the proof of (5-6) and of the proposition. O

5B. Construction of finite-volume correctors. We next give the construction of the (finite-volume)
correctors. The usage of the term “corrector” in stochastic homogenization is typically reserved for a
function with stationary, mean-zero gradient which is the difference of a solution of the equation in the
full space and an affine function. For our purposes, it is more convenient to work with a finite-volume
approximation of the corrector which will be defined on a large cylinder [-J,, because this is what comes
most easily and naturally out of the estimates we have already proved above. These correctors will be
obtained in a simple way from S(-, X, X*) and AS(-, X, X*) and Remark 2.7; the estimates we need
for them will be easy consequences of (5-3) and (5-4). The fact that these correctors are not stationary
functions defined in the whole space does not create any complication in the proof of Theorem 1.1.

The corrector with slope e € R? on the cylinder [, with n € N will be denoted by ¢, ,. We define it
from the maximizers of J((J,,, X, 0), studied in the previous section. We first must make an appropriate
choice of X, depending on e. This is a linear algebra exercise using Proposition 4.8. We set

e (i)

AX, = — (‘_’e) . (5-7)

e

and observe from (4-37) that we have
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To check the previous line, we note (see Proposition 4.8) that the map

1 (e — (e . .. -
qr—)i(q>-A<q)—e-q attains 1ts mmimum at g = ae

and the map

p= % (;;) A (;e) — p-ae attains its minimum at p = e.

Differentiating in p and g, respectively, gives (5-7).
We next take u, , € H! (,41) tobe the element u € A([, 1) in the representation of S(- , [J,41, X, 0)

par
given in Lemma 2.6, with additive constant chosen so that (. ,)s, = 0. Equivalently, in view of

Remark 2.7, we can define u, , to be the function on [],41 with mean zero on [], with gradient given by
Viten =5 (m1SC-, Datt, Xe, 0) + 1 AS(-, Hg1, Xe, 0)), (5-8)
where 7 and 7, denote the projections R*? — R? onto the first and second d-variables, respectively (that
is, my(x,y) =x and mp(x,y) =y forx, y € [Rd). Note that, by Remark 2.7, we also have the formula
aViue, = 3(m12SC, ust, Xe, 00+ 11 AS(-, Hyt1, Xe, 0)). (5-9)
By Proposition 5.1, (5-7), (5-8) and (5-9), we have

—n —~ —n o —
3TN Vuen —elgi@,, T3 laVien —aelgq, 1

<c3m 4y 3 (|zm|—1 > EG+ mm>>)2. (5-10)

m=0 2€2Zm

Since u, , € A((Jy+1), we have that u, , is a solution of
Ohen —V - (@Vien) =0 1inClyyg. (5-11)
The approximate first-order corrector ¢, , is defined by subtracting the affine function x — e-x from u, ,:

Gen(X) := e pn(x) —e-x.

Summarizing, we therefore have that ¢, , is a solution of

0 Pen — V- (ale+Ve,n) =0 inlyy, (5-12)
and satisfies the estimates

37 (Ve b, (e + Ven) —ael g, , )

<C3"4C )y 3 (|Zm|‘1 D (EG+ Dm>))2- (5-13)

m=0 ZEZ,

By the previous two displays, Proposition 3.7 and (¢,,,), = 0, we also have

1

" 2
37 el 2,y SC3T"HC Y 3" (|zm|1 Y (EG+ mm») . (5-14)
m=0

2EZ,
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5C. The proof of Theorem 1.1. The main step in the proof of Theorem 1.1 is the following proposition.
It is a deterministic estimate of the homogenization error in terms of the error in the convergence of the
correctors defined in the previous subsection. Since we have already estimated the latter in (5-5), (5-13)
and (5-14), this is sufficient to imply the theorem. It is convenient to define, for every m € N,

d

E'm):=3"" Z(||¢ek,m ”LZ(D,,,) + IVerm ”g@lr(lﬂm) + lla(ex + Ver,m) — dek”ﬁ;;\lr(lﬂm))'
k=1

We also set, for each ¢ > 0,

g2’ ¢ g2’ ¢

t X r x
a®(t, x) :=a<— —) and ¢j’n(t,x):=8¢e,n( —). (5-15)

Proposition 5.3. Fix a bounded interval I :== (I_,0) C (—}1, 0), a bounded Lipschitz domain U C [y, a
small parameter ¢ € (0, %], an exponent § > 0 and an initial-boundary condition f € W;Z;rZJF‘S(I x U). Let

u' u € f+Hpy (I xU)

respectively denote the solutions of

out —V-(a*vVuf) =0 inl x U, (5-16)
ut=f on o (I xU),
and du—V-@vu)=0 inlxU
iu—V-(aVu) = inl xU, (5-17)
u=f ond (I xU).

Let n € N be such that 37" < & < 37"tV Then there exist B(8,d, A) > 0 and C(1,U, 8,d, A) < 0o
such that, for everyr € (0, 1), we have the estimate

”VMS — VM”I?Q(IXU) + ||a€Vu8 _‘_lvu”ﬁl;}(IxU) + ”Mg — M”LZ(IXU)
1
B /
= Cllfllyiz+ g xuy (r et (n)). (5-18)

Proof. With n fixed as in the statement of the proposition, we let ¢, = ¢, , denote, for each e € RY, the
(finite-volume) corrector defined in the previous subsection (we will not display its dependence on n).
We also use the notation ¢; = ¢; , as in (5-15).

We will argue that u? is close to its modified two-scale expansion suitably cut off near the boundary.
The latter is defined by

d
w(t, x) 1= u(t, %) +£4,(6, %) Y g uu(t, X)be, (8’_2 ’ﬁ)

€
k=1

d
=u(t,x)+ 5 (t,x) Y dgult, ), (¢, x), (5-19)

k=1
where r € (0, 1) is the free parameter (representing a mesoscopic scale) given in the proposition, and we
define
U, :={x eU:dist(x,dU) >r} and I, :=(I_+r> 1),
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where the cutoff function ¢, is selected so that
0<¢ =<1, &=1 inl xUy,
=0 in(IxU)\U xU,), (5-20)
forallk,l eN, |V¥3!z,| < Crpqr®+2D.
Note that the constant C,, here depends on (/, U, d) in addition to m € N.

Step 0. We record some standard estimates from the deterministic regularity theory for uniformly
parabolic equations that are needed below. The global Meyers estimate (see Proposition B.2) gives
us 6o(U, d, A) > 0 such that § < §y implies

VUl 2o xvy + 1Vl 25 vy < C”f”Wp';\?”(le)' (5-21)

We henceforth assume without loss of generality that § < &y so that (5-21) holds. We also need pointwise
derivative estimates for constant-coefficient parabolic equations. These can be found for instance in
[Evans 2010, Section 2.3.3.c] (note that estimates for the operator d; — V - aV are implied by estimates
for the heat equation by a simple affine change of variables), and they yield, for every m, [ € N,

i _m—2] —2xd
19, V7 ull oot xv,) < Conprr ™7 r ™ 2 lull 21 xw)
o _2+4d
< Conpr "2 NV 2 ey - (5-22)

Here C; depends only on (d, A) in addition to k € N.
The main step in the proof is to obtain an estimate on ||u® — w?|| HL (IxU)> which is stated below
in (5-25).

Step 1. We plug w?® into the heterogeneous equation and estimate the error. The claim is that we can write
(0; — V -a®V)w? in the form
0 —V-a*Vyw® =9,F +G,

where F € HI} u(I xU)and G € L*(I; H-Y(U)) satisfy the estimates

ar
5 5 2
IF Nl 2wy + 1Gll 2 -1y < Cras +r737 72 5/(”))||f||wg53+5(1xU)- (5-23)

We begin by computing

d d
V' =g Y (ex+ VE) dnu+ Y 95 V(& du) +(1— &) Vu,

k=1 k=1

d d
dw® =+ Y 0ypf, dyu+ Y ¢F, 0L Oy u0).

k=1 k=1

According to (5-11), the map #5(z, x) :=e - x + ¢ (¢, x) is a solution of the equation

oty —V-(a®Vui)=0 inlxU.
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Therefore we find that

d d
Bw® — V- (@ VW) = 8+ Y G, 8(& D) — Y V(& D) - @ (e + V)

k=1 k=1 d
_v. (as (Z ¢E Y (Er Dgut) + (1 — mw)).
k=1

Since u satisfies the homogenized equation, we have furthermore that
d

du=V-aVu=y V(& dyu)-ae,+V-((1—¢)avu),
k=1

and this gives us the identity

d d
dw® — V- (@ Vw) =Y ¢f (G dyu) — Y V(& gut) - (@ (ex + Vf,) — @ex)
k=1 k=1

d
-V (as Z¢§kv(§r 3xku)> —V-((@ —a)1—=¢)Vu).
k=1

According to Lemma 3.11, we can find v € L*(I; H(} (U)) and v* € L2(I; H'(U)) such that
d

fri= =) V&G ) - (@ (ex+ VE) —aey) = v +v* (5-24)
k=1
and

lollz2cmwy + 1 gm0y < CIL gt axo)-
The lemma allows us to take v and v* to vanish in a neighborhood of the parabolic boundary of / x U.

Since the left side of (5-24) belongs to L*(I; H~'(U)), we have also that v € lear,u(l x U). Therefore
we obtain

w® —V.-(@Vw®)=0,F+G,

where
F:=v
and
d d
Gi=v"+ ) 0(& ) = V- (as PBALS axku>) ~ V(@ —a)(1 =) Vu).
k=1 k=1
It is clear that
VEll 2wy NG 2 m-1wy)
d d
< C Y 11650 )l 2y + € Y IV Byu) - @ (ex + V) —@er)ll g o
k=1 k=1
d
+Cla" > ¢ V(& ) +Cla* —a)(1 =) Vull 2 xw)
k=1 LZ(IXU)

=T+L+T:+1;.
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We will now show that each of the four terms 7; can be estimated by the right side of (5-23), using the
definition of £'(n) and the bounds (5-20), (5-21) and (5-22). For T}, we use (5-20) and (5-22) to find that,
for each e € 0 B;,

¢z, 0 (&r A )l 21 vy < ClIB (& ) |l o1 x| B | 21 xr)

_3_24d ,
<Cr T E Wl axo).
For 7>, we have

V(& axku) : (ae(e + V¢j) - &e)”ﬁlgrl(le) <CIIV( axku)”WLm(le)”ae(e + V¢§) - de”[f];rl([XU)

_3_24d
< Cr e g axo).
For T3, we use (5-20) and (5-22) again to get
la®d;V (&r O )| 21 xv) < CIV (& D) Lo s 105 121 w0
_p_24d
<Cr 7 El(n)”f”lem.(le)'
Finally, for 74, we use (5-20), (5-21) and Holder’s inequality to get
_ S
I@® —a)(1 = ) Vulp2gxpy = Clix € I x U g (x) # BF23 [[Vull 245 1<)
5
. <Cr#xs ”f”Wpl;;?M(IXU)'
This completes the proof of (5-23).
Step 2. We deduce that

5 g 24
lu® = well 2wy < C(r# s +r 73772 5/(”))||f||wg€;3+5(1xU)' (5-25)

This is an immediate consequence of the estimate (5-23) proved in the previous step, the fact that
u® —wt, F e le ru(d x U) and the estimate (A-12) proved in Appendix A.

al
At this point, we have succeeded in comparing u® to w®. What is left is to compare w® to u by showing
that the second term on the right side of (5-19) is small. This is relatively straightforward to obtain
from (5-13) and (5-14).
Step 3. We show that
= w2y + 1V0 = VOl g gy + 1@V = @ Vsl g,

<C(rws +r—3—¥g/(n))||f||W;ﬁa(,xu). (5-26)

‘We use the formula

d d
. _ X X
Vuwt(t, x) — Vul(t, x) _e;V(Q 8xku)(t,x)¢ek(82, 8) + (2, x) ;axku(z,x)wek(ez, 8)
to get

1V = Vol gt

d
< IVE@G V) loaxn € Y bz )+ ClEVulwieuxuy
k=1

<Cr 2 £l axo) € @)

par

wou(3)

Hpat (IXU)
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For the fluxes, we find it convenient to use coordinates. We have

(@ Vw®);(t, x) = Xd: 6t x) @b (8 x) D u(t ) (850 + 0 o [ =, 5
i\l - r\t, ij\*s Xk s ik xj Pey 82,8

k=1

d
r x
+¢ Z at;(t, x) Oy, (¢ ) (1, X) B, (8—2 ;),
j.k=1
Thus

(@*Vw®);(t,x) — (@Vu);(t, x)

d
= Z {r(t’-x) axku(t’x)<afj(t9x)(8jk+ax,'¢ek <L29 f)) _dl'k)
’ & &

Jrk=1

d d
+ Y (=G (t, ) @i et X) & Y afj (1, %) Oy (& D) (2, ) ¢ek(§, g)

Jk=1 Jik=1

We can easily estimate the last two terms on the right side using (5-20), (5-21), (5-22) and the Hoélder
inequality. We have

d
Z (1= &raix Ox ull 2 xvy < ClIVull 2 xona, xu,))
e < Cras |[Vull posgreuy < Crom | fllyies g,
and
d d
e Y |laf; o, (& By 1), (42, i) < CIVEGVDl~axv) & Y e 2o,
= e &/ Mraxu) k=1

2+d

= Cr 2 Iflu),axv E'(n).

For the first term, we have

r axk’/t(afj (Csjk+an¢ek <8_2’ : ) _&ik>

d
<C Y NG dgullwrsgx
jk=1

d

2

J-k=1

™ |

Hyl (IxU)

at; (ajk + By, e, (?2 g» — a

d
73 et
< Crl fllmy,axu) Z la®(ex + Vo) —aexlig.i o,
k=1

_12_2+d
<Cr37 T f g axon€ ().

par

Hyl (IxU)

Combining the previous four displays, we obtain

— b _3_24d
”ang‘8 _avu”ﬁ@}(IxU) <C@r+»+r 2 5/(n))||f”Wp12;r2+6(l><U)'
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Pa (— ;)

Finally, for the estimate of w® — u, we have
d
lw® = ull 2 xvy < CIVUl L= @xvnaxU0E Y

k=1
24d

<Cr~ _T”f“lear(IxU)g/(n)'

This completes the proof of (5-26).

L2(IxU)

Step 4. We summarize and conclude the argument. According to (5-25), (5-26) and the triangle inequality,

we have
” u u”Hp_arl(IxU) = ” u w “H;Elrl(le) ” w ;uHHp_arl(le)

< Cllu® = w2, 10wy + IVW© = Vull gt axu
5 _3_24d ,
<C@r#» +r & (n))||f||Wp'ér2+5(1xy)~
Similarly, for the fluxes we have
la®Vu® — qullﬁp;rl(le) < |la®Vu® — aSVwS||ﬁ[;U1(IxU) + la®Vw?® — t_lVl/t”I’_I‘p—arl(IXU)
< Cllu® = w2 1wy + lla*Vw® — avVull g1 xu)
8 _3_24d _,
< CO™5 + 17 E DIl yazos ey
and, for the homogenization error, we have
lu® —ull 2 xuy < u® —will 2 <o) + lw® = ull 2%

5 —3-Hd oy -
<C@r®=» 4r 2 £ (n))”fllwpla?”(le)'

To complete the proof of Theorem 1.1, we just need to estimate the random variables on the right side
of (5-18) using Proposition 5.2 and the estimates (5-13) and (5-14) for the correctors.

Proof of Theorem 1.1. Fix s € (0,2+d) and put s’ := 1s + (2 +d) and s” := 15"+ 1(2+ d). Thus
s <s' <s” <2+4d and the gaps are at least of size ;{(2 +d — 5). Observe that (5-13) and (5-14) imply

n—1 7
Em=C3m+Cy 3" <|z,,,|—1 Y e+ Dm))) :

m=0 €2,
Thus, by Proposition 5.2,
g'(n) < €37+ L 0, (Cc37).
Hence
3% (€' (n) — C3"PH=") | < 0,(C37"6" ).
By (1-20),
X =) "3 (E () — €37 L < 04(0).

neN
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Proposition 5.3 yields therefore that, for every ¢ € (O, %] and r € (0, 1),

”vua - v””ﬁ;ﬂ'uxu) + “‘levwS - dv””ﬁpjm!(lxy) + ””8 - MHLZ(IXU)

1 " /
g BQ+d—s") | '
= CllAlwir ) (r t Saan ¢ ted ))'

We now select r € (0, 1) as small as possible (it must be no larger than a positive power of ) such that
F3m @D/ 2gs" < o5 and p3-@HD)/2 < o =FQ2Hd=5")/2 We can take for example

ro= 8ﬂ(2+d—s”)/(3+(2+d)/2) v 8(s’—s)/(3—|—(2+d)/2).

Recalling that 2 +d — s” > 5(2 +d—s)and s’ —s > 4—11(2 +d — s), we obtain the theorem. O

6. Regularity theory

In this section, we sketch the proof of Theorem 1.2, following along the lines of the argument given in
the proof of [Armstrong et al. 2017b, Theorem 3.6] in the elliptic case. We do not give full details, since
this would involve an almost verbatim repetition of the proof of the latter.

We begin by reformulating Theorem 1.1 in a slightly different way in terms of caloric approximation,
which is more convenient for its application in this section. The next statement can be compared to its
elliptic analogue in [Armstrong et al. 2017b, Proposition 3.2].

Proposition 6.1 (caloric approximation). Fix s € (0,2 + d). There exist an exponent a(d, A) > 0, a
constant C (s, d, A) < 00, and a random variable X : Q — [1, oo] satisfying the estimate

X, = 0,(C) (6-1
such that the following holds: for every R > X; and weak solution u € lear(Q R) Of
ou—V-(@aVu)=0 in Qg, (6-2)

there exists a solution u € Hp}ar(Q r/2) of the equation

u—V-(@Vu)=0 in Qg
such that
= )l 20y < CR™CF N — ) g ll 2 0,- (6-3)

Proof. This is a simple application of Theorem 1.1 combined with the parabolic Meyers estimate. The
argument is almost the same as in the elliptic case presented in [Armstrong et al. 2017b, Proposition 3.2];
we just need to replace the elliptic interior Meyers estimate with its parabolic analogue proved in
Proposition B.1 below. The latter gives us 6 (d, A) > 0 and C(d, A) > 0 such that, for every u lear(Q R)
satisfying (6-2), we have Vu € L*T(Qg ,2) and the estimate
C

||Vu||L2+5(QR/2) = EHU — W) orllL20p)- (6-4)
Following the proof of [Armstrong et al. 2017b, Proposition 3.2], using (6-4), substituting Theorem 1.1 in
place of Theorem 2.16 there and making obvious changes to the notation, we obtain the proposition. []
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We next state a parabolic counterpart of [Armstrong et al. 2017b, Lemma 3.5].

Lemma 6.2. Fixaa €[0,1], K > 1 and X > 1. Let R > 2X and u € L*>(Qg) have the property that, for
everyr € [X, R], there exists w, € H!

par

oyw, —V-(@Vw,) =0 in Q,p

(Qr/2) which is a solution of

and satisfies

lu —wrllL2cg,,) < Kr™*llu— o, llL2g,)- (6-5)

Then, for every k € N, there exists 0(a, k,d, A) € (0, %) and C(a, k,d, A) < 0o such that, for every
r € [X, R],

inf - lu = plig,) < 56°17F  dnf flu—plg, + CKrllu—wo,li2q,  (6-6)
PEA(Q) Eem =4 PeAi(Q) Een Een
Proof. The proof is essentially the same as that of [Armstrong et al. 2017b, Lemma 3.5]. We just have
to substitute balls for parabolic cylinders and use Proposition 6.1 in place of its elliptic version. These
changes cause no additional complexity in the proof. U

With Lemma 6.2 in hand, the proof of Theorem 1.2 is now completed in the same way as the one of
[Armstrong et al. 2017b, Theorem 3.6], by following the argument almost verbatim and making only
obvious modifications. We refer to that book for the details.

Appendix A. Variational structure of uniformly parabolic equations

The aim of this appendix is to show that the solution of the parabolic equation (2-1) can be obtained as
the minimizer of a uniformly convex functional. We will prove this result in the more general context of
uniformly monotone operators, since this causes no modification to the proof. Although our statement
differs in detail, it is close to the main result of [Ghoussoub and Tzou 2004]; see also [Ghoussoub
2009]. The proof we give is also relatively close to that of [Ghoussoub and Tzou 2004]; we hope that the
reader will appreciate the short and self-contained presentation in this appendix. The fact that a parabolic
equation can be cast as the first variation of a uniformly convex integral functional was first discovered in
[Brezis and Ekeland 1976a; 1976b].

Let I := (0, T) CRand U C R be a bounded Lipschitz domain. For a given right-hand side w* and
boundary condition (both of which will be made precise below), we study the solvability of the parabolic
equation

ou—V-(@Vu,-)=w* inl xU, (A-1)

where the dot represents the time-space variable in I x U € R, and @ € L (R? x R!™; R?) is

Lipschitz and uniformly monotone in its first argument. That is, we assume that there exists a constant
A < oo such that, for every pp, po € R? and 7 € R+,
la(p1, 2) —a(p2, 2)| < Alp1 — pal,

A-2
(a(p1,2) —a(p2, 2)) - (p1 — p2) = 27 p1 — pal? (A-2)
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As a first step, we introduce a variational representation of the mapping p — a(p, z), for each z € R!*<.
This idea is often attributed to Fitzpatrick [1988], although it actually appeared in [Krylov 1982] several
years earlier.

By [Armstrong and Mourrat 2016, Theorem 2.9], there exists A € LIOC?C(R‘I x RY x R1*¥) satisfying
the following properties for A := 2 + 1 and for each z € R'*:

» The mapping
1 .
(P.q) > A(p.q.2) = 5 (IpI*+1q|*) is convex. (A-3)
» The mapping

A .
(p,q) — A(p,q.2) — 5<|p|2 +1g|? is concave. (A-4)

« For every p, g € R?, we have
A(p.q.2)=p-q, (A-5)
and
A(p.q.2)=p-q <= q=a(p,2). (A-6)
In the particular case when p +— a(p, z) is linear, we can define the mapping (p, g) — A(p,q, 2)
according to (2-3); see Lemma 2.2. Another familiar example is when a( -, z) is the gradient of a

uniformly convex Lagrangian L(p, z); thatis, a(-,z) = V,L(-, z), where p — L(p, z) is uniformly
convex. In this case, we can take

A(p,q,2):=L(p,2)+L"(q, 2),

where L* is the Legendre—Fenchel transform of L. We remark that the choice of A is in general not
unique.
We define the function space
Z(I xU) :={(u,u*):u e L*U; H'(U)) and (u* — d,u) € L*(I; H~'(U))},
with norm
1, ) zaxvy = Null 2wy + 10— 0wl L2, 110y -
The function space lear(l x U) is defined in (1-9)-(1-10). We denote by lear,u(l x U) the closure in

HI}H(I x U) of the set of smooth functions with compact supportin (0, 7] x U. Forevery (u, u™) e Z(I xU),
we set

Jlu, u*] = inf{f (AVu,g,-)—Vu-g):—V-g=u*— B,u}. (A-7)
IxU
In the infimum above, we understand that g € L*(I x U; R?), and the last condition is interpreted as

for all ¢ € L*(I; HY (U)), f Vo -g= & (u* — du). (A-8)
IxU I1xU
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Note that the set of candidates for g is not empty; indeed, denoting by AEI the solution operator for the
Laplacian in U with a null Dirichlet boundary condition, we verify that

g= VA{,I(u* — 0;ut)

is a suitable candidate, by the assumption of u* — d,u € L>(1; H~'(U)).
The goal of this appendix is to prove the following proposition.

Proposition A.1. For each (w, w*) € Z(I x U), the mapping
w+Hp1 IxU)—R,

ar, LI

(A-9)
u> Jlu, w*l,

is uniformly convex. Moreover, its minimum is zero, and the associated minimizer is the unique u €

w+ HL (I x U) solution of (A-1), in the sense that

par,Ll

forall ¢ € L*(I; H} (U)), f Vé-a(Vu,-) = & (w* — d,u).
IxU IxU
Remark A.2. By the inclusion
Ho, (I x U) x L*(I; H'(U)) € Z(I x U), (A-10)

Proposition A.1 ensures in particular the solvability of the parabolic equation (A-1) for every right-hand
side w* € L*>(I; H~'(U)) and every boundary condition w € H;ar(l x U); the solution thus obtained
then belongs to Hy, (I x U).

More generally, for every w* of the form

w*=8f+v, fel*I;HyU)), velL*(I; H'(U)), (A-11)

we have (f, w*) € Z(I x U) and hence Proposition A.1 yields the existence of a unique solution u €
f+ lear’u(l x U) of (A-1) which satisfies the estimate

e = fllgg axvy < CUS g mwy + lw* =3 fll 2. -1 wy))- (A-12)

In other words, we have identified a mapping
W f+ve f+P(fv), (A-13)

where f e L*(I; HO1 (U)), ve L*(I; H~'(U)), and P is a bounded linear operator from L*(I; HO1 U)) x
L*(I; HY(U)) to lear’u(l x U). If we moreover restrict our attention, say, to the set of functions f
which vanish in a neighborhood of {0} x U, then this mapping provides us with a notion of a solution
of (A-1) with null Dirichlet boundary condition on the parabolic boundary of I x U. This additional
regularity assumption on the behavior of f near the initial time can of course be weakened as desired.
Note that every w* of the form (A-11) belongs to ﬁl,;rl (I x U), but the latter space is strictly larger
than the set of such w* This may at first glance appear at odds with Lemma 3.11; however that lemma
required that u* belong to L>(I x U). This hypothesis rules out certain singular distributions which

belong to HF;H] (I x U) but cannot be written in the form (A-11).
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Remark A.3. One may wonder if, in analogy with the elliptic setting, one can identify a reflexive
subspace E of the space of distributions such that the standard heat operator (3; — A) maps E to its
dual E* surjectively. This is however not possible, as we now explain briefly. Observe first that by
Proposition A.1, the heat operator is a bijective mapping from Hl}m’u(l x U) to L2(I; H~'(U)), and
that L>(I; H~'(U)) is strictly smaller than the dual of lear’u(l x U). Indeed, the dual of lear,u(l x U)
contains all elements of the form 9, v for v e L*(I; HO1 (U)). Hence, the space E should be strictly between

the spaces lear’u(l x U) and L*(I; HO1 (U)). Using the decomposition of the solution operator in (A-13),
one can then verify that such a space E does not exist.

Before turning to the proof of Proposition A.1, we first recall the following continuity result for elements
of a space intermediate between lear’,_,(l x U) and lear(l x U) where the null boundary condition is
only imposed in the space direction. We refer to [Temam 1979, Section I11.1.4] for a proof.

Lemma A4, Let u € L*(I; Hy(U)) be such that d,u € L*(I; H~'(U)). There exists it € C(I; L*(U))
such that, for almost everyt € I, we have u(t,-) =u(t, -).

From now on, whenever a function u satisfies the conditions of Lemma A.4, we identify it with its
continuous representative.
Proof of Proposition A.1. We decompose the proof into four steps.

Step 1. We show that the mapping in (A-9) is uniformly convex. We will in fact prove the stronger
statement that the mapping

(u, g)— i U(A(Vu,g,-)—Vu-g), (A-14)

defined over all pairs (u, g) in the set

(. 8) e w+Hy, (I xU) x L*(I xU; RY) and — V- g =w* — d,u}, (A-15)

ar

is uniformly convex. We first show that the mapping

(u, g) — — Vu-g
IxU

is convex over the set defined in (A-15). By (A-8) (with u* replaced by w*), we have

—f Vu-g:—/ Vw-g—i—f (w —u)(w* — 0,u)
IxU IxU IxU

=—/ Vw-g+f (w —w)(w* = w) + 31l @ —w)(T, )72y (A-16)
IxU IxU

This expression is clearly convex in the pair (1, g). We now complete this step by showing that the
mapping

(M,g)l—) A(Vl/t,g,)
IxU
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is uniformly convex over the set defined in (A-15). By (A-3), for every (u, g) in the set defined in (A-15)
and
(v, h) € Hy, (I xU) x L*(I x U; RY)  such that V- i = 9,v, (A-17)

we have
LACV@+©), g +h, )+ EAT@—0), g —h, ) = A(Vu, g, ) = 5=Vl + H),

Moreover, by (A-17),

19:vll 2 -1y = SUP{ ¢ v : el I; Hy(U)), IVPll20xu) < 1}

IxU
= sup{fwwb ‘b ¢ e LI Hy(U)), Vol 2gxu) < 1} < Ikl 21 xv)-
We have thus shown that
/I U(%A(V(u +v),g+h, ) +3ANVw—v),g—h,-)—A(Vu,g,))
x

= ox UVl gy H 100 1y + IR )
so the proof of uniform convexity is complete.

Step 2. By the result of the previous step, there exists a unique pair (uq, go) in the set defined by (A-15)
which minimizes the functional in (A-14). In order to complete the proof, it suffices to show that

[ g0~ Vo g =0. (A-18)
IxU
Indeed, by (A-5), the identity (A-18) implies

go=a(Vug,-) ae.inl xU,
and moreover, by (A-15),
V. go=w"— duo,
so that u( indeed solves
dup— V- (@Vug, -)) = w*

in the weak sense. Our goal is therefore to show (A-18). The fact that the left side of (A-18) is nonnegative
is immediate from (A-5). There remains to show that this quantity is nonpositive; that is,

inf Jlw+u, w]<0. (A-19)

ue€Hy, ,(IxU)
In order to do so, we consider the perturbed convex minimization problem defined for every u* €

L2(I; H-'(U)) by

Gw"*) = inf (j[w +u, w* +u] +/ u u*).
IxU

u€Hpy, ,(IxU)
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Note that (A-19) is equivalent to the statement that G(0) < 0. By the computation in (A-16), for every
u* € L>(I; H-'(U)) and

(u,g) € Hy, (I xU) x L*(I x U; RY)  such that — V- g = w* +u* — 3, (w +u), (A-20)
we have
/ (A(V(w—i—u),g,-)—V(w—i—u)-g)—i—/ uu*
IxU IxU

- /IxU(A(V(“’ ) g ) — Vg —u(w* — dw)) + Lu(T, gy, (A21)

and hence the function G is convex over L2(I; H~1(U)). Moreover, one can check that it is also locally
bounded above, which implies that G is lower semicontinuous, by convexity; see, e.g., [Ekeland and
Temam 1976, Lemma [.2.1 and Corollary 1.2.2]. Denoting by G* the convex dual of G, defined for every

ve L*(I; H(U)) by
G*(v) 1= sup (—G(u*) +/ v u*),
wreL2(I; H-1(U)) IxU

and by G** its bidual, we deduce that G = G**, see [Ekeland and Temam 1976, Proposition 1.4.1], and
in particular,

G0) =G (0) = sup (=G*(v)).
veL2(I;HL(U))

The statement (A-19) is therefore equivalent to
for all v € Lz(l; HO1 @), G*(v)=0. (A-22)

The proof of this fact occupies the next two steps.

Step 3. For each v € L*(I; HJ (U)), we have G*(v) € RU {+oo0}. In this step, we show that

G*(v) <+00 = dvel*U; H ' (U)). (A-23)
‘We note that

G*(v):sup{/ (v—wu*—ANVw+u), g )+V(w+u)-g):
v u* e L2(I; H-Y(U)), (u, g) satisfy (A—20)}. (A-24)

Restricting to u™ = d;u and to a fixed g € L*(I x U; R?) satisfying —V - g = w* — 9, w (which can be
constructed as the gradient of the solution of a Dirichlet problem) yields the lower bound

G*(v) > sup / (vou—ANV(w+u), g, ) +Vw+u)-g)—5llu(T, -)||§2(U) cu€ Hy, (I x U)}.
IxU

The assumption of G*(v) < oo thus implies

sup f[ ; vou U E lear’u(l x U), Vullpzgxoy <1, u(T, 2wy = 1} < 00.
X
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Denoting the supremum above by C < oo, we infer that for every smooth test function u# with compact

/ Matv
IxU

By density, we deduce that d,v can be identified with an element of the dual of L3(I; HO1 (U)). Since this
dual space is L*(I; H(U)), the proof of (A-23) is complete.

support in I x U,

=< C||VM||L2(1><U)-

Step 4. In this step, we show that
veL*(I; H(U)) and dve L*(I; H'(U) = G*(v)=>0. (A-25)

Together with (A-23), this would complete the proof of (A-22) and therefore of the proposition.

The fact that G*(v) > 0 would follow immediately from (A-24) if we could choose u = v and then
ensure the equality of the last two terms under the integral. The difficulty we face is that the function u is
allowed to range in lear’u(l x U), while the function v does not belong to this space in general, due to
the boundary condition at the initial time. We therefore wish to argue that this constraint on u can be
relaxed.

Replacing u* by u* + 0,u in the supremum in (A-24), we can rewrite G*(v) as

G*(v):sup{/ ((v—u) (u*+8,u)—A(V(w+u),g,-)—i—V(w—I—u)-g)}, (A-26)
IxU

where the supremum is taken over every u™ € L*>(I; HY(U)), u e lear’u(l xU)and g € L*>(I x U; RY%)
satisfying
—V.-g=w"+u"—ow. (A-27)

Integrating by parts, we can rewrite the term involving d,;u on the right side of (A-26) as

/ wﬂmw=—/ MM%/MUJMﬂd—ﬂMﬁN@wy
IxU IxU U

The functional under the supremum in (A-26) can thus be decomposed into the sum of

Li(u,u® g2) :=/ ((v—u)u*—uatU—A(V(w—i-u),g, -)+V(w+u)-g) (A-28)
IxU
and

hWGJ%=LMKJNK&—ﬂMﬁN@M- (A-29)

Moreover, for each given u™* € L*>(I; H'(U)) and g € L*(I x U; R9), the mapping u — Iy (u, u*, g) is
continuous for the topology of L*(I; H'(U)). For any given b € HO1 (U)and it € L*(I; HO1 (U)), one can
find elements of the space

{ue Hy (I xU):u(T,-)=Db)
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which approximate & with arbitrary precision for the topology of L2(I; H'(U)). Hence, for each given
u*e L?>(I; H'(U)) and g € L?>(I x U; R?), we have
sup{ly (u, u*, g) + Lw(T, ")) :u € Hy, (I x U)}

> sup{/;(u, u*, g) + L(b) :u € L*(I; Hy(U)) and b € Hy (U)}.

Moreover, the mapping b > I(b) is continuous for the topology of L?(U), and thus we have in fact

sup{l (u, u*, g) + Lw(T, ")) :u € Hy, (I x U)}
= sup{I (u, u*, g) + Ly(b) :u € L*(I; H} (U)) and b € L*(U)}.

Selecting u = v and b = v(T, - ), we have thus shown

G*(v) > sup{%HU(T, -)||%2(U) +/1 (—v hv—ANVw+v),g,-)+V(w+v) .g)},

xU
where the supremum is taken over every u* € L>(I; H~'(U)) and g € L>(I x U; R%) satisfying (A-27).
Note that

%nv(T,-)niz(U)—/ 030 = § 1000, )2y, > 0.
IxU

Selecting u™* such that
—V-(a@aVw+v), ) =w"+u"—ow,
and then
g=a(V(w+v),-),

ensures that the constraint (A-27) is satisfied, and by (A-6), that
/ (AV(w+v),g,-)—V(w+v)-g)=0.
IxU

The proof of (A-25) is therefore complete. O

Appendix B. Meyers-type estimates

In this appendix, we present local and global versions of the Meyers improvement of integrability estimate
for gradients of solutions of linear, uniformly parabolic equations with measurable coefficients.

The interior Meyers estimate in the parabolic case was first proved in [Giaquinta and Struwe 1982].
We follow their argument to obtain Proposition B.1 below, which is included for completeness and since
the same ideas are needed to prove the global version in Proposition B.2. The statement of the latter will
certainly not come as a surprise to experts, but we do not believe it has appeared before. Global versions
of the Meyers estimate in the parabolic setting have been previously considered in [Parviainen 2009], but
the statement of Proposition B.2 is stronger than the results of that paper since we do not require any
additional regularity of the boundary condition in time — a modest technical improvement, but it gives a
more natural statement and one which is useful for the application in this paper.
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In what follows, we use the same notation for parabolic cylinders as in Section 6; see (1-7). That is,
for (1, x) € R x R?, we define

I, :=(—=r%0], O,t,x):=@x)+1,xB,, and O,:=0,(0,0).

We fix a coefficient field a = a(t, x) satisfying (1-2) for every (¢, x) € R x R4, and consider the linear
parabolic equation
u—V-(alt,x)Vu) =u*. (B-1)

We remark that the argument we present only makes mild use of linearity and can be adapted to give
similar estimates for solutions of nonlinear parabolic equations like the ones considered in Appendix A.
We first present the interior Meyers estimate. Recall that the space Wplgrp is defined in (1-13) and (1-14).

Proposition B.1 (interior Meyers estimate [Giaquinta and Struwe 1982, Theorem 2.1]). Fixr >0, p>2
and suppose u € H! (0,,) and u* € LP(Ir,; WP (By,)) satisfy (B-1) in Q,,. There exist an exponent

par

8(d, A) > 0 and a constant C(d, A) < oo such that u € WplérpA(ZH)(Q,) and we have the estimate
||Vl/t ||L/7A(2+8)(Qr) < C(||Vu ||L2(Q2r) + ||l/£>’< ||L,)A(2+5)(12r;W—l,pA(Z-HS)(Bzr))). (B-Z)

We next give a global statement of the Meyers estimate with respect to a Cauchy—Dirichlet initial-
boundary condition.

Proposition B.2 (global Meyers estimate). Fix p > 2. Let U € R? be a bounded Lipschitz domain, I C R
a bounded interval and set V := 1 x U. Fix f € Wplgl{’(V), u* e LP(1; W=LP(V)) and suppose

e f—+Hy (V)
is the unique solution of the Cauchy—Dirichlet problem
{Btu —V.-(@Vu)=u* inV,
u=f ond V.
There exist §(V,d, A) > 0 and a constant C(V,d, A) < oo such that u € WplérpA(erS)(V) and we have
the estimate
”””WQJ“”‘”(V) < C(||f||WplérpA<2+6>(V) + U™ | Lorcts (1 w-1ncro (vy))- (B-3)

The Meyers estimates are consequences of the Caccioppoli inequality, the most basic regularity estimate
for divergence-form equations.

Lemma B.3 (parabolic Caccioppoli inequality). Suppose u € Hp]ar(QQ,) and u* € L*(Ir,; H'(Bo,))
satisfy
u—V-(@vu) =u* in Q.

Then there exists C(d, A) < oo such that
||VM||L2(Q, = cr! ||M||L2(Q2,) + C”u*”LZ(IZ,;H*l(Bz,)) (B-4)

and
sup lu(s, )25,y < CllVull 200, + Clu™ | 21, -1 (Byy)) - (B-5)

sel,
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Proof. We take n, € C2°(Q2,) to be a test function satisfying
0O<n<l, n=1 onQ,  lanl+|Vy><Cr
We test the weak formulation

for all ¢ € L*(Ip,; Hy (Bay)), G —du) = / Vé-aVu
Q2r Q2r

with the function ¢ := nfu € L%(Iy,; HO1 (B2,)). We estimate the right side from below by

1
/Vq&-aVuzX/ n§|Vu|2—Cf 11V |u| |Vl
Q2r QZV Q2r

1 2 2 2012
> — 071 Vu| —C/ IV, | ul
2A Q2r ' Q2r
1 2 2 ) 2
> n;IVul|”—=Cr |ul
2A Q2r ! Q2r
and the left side from above by
2 2.2 2 7 2
/ ™ —dyu) < — / o (Ln2u?)+ / 1o 1 1+ f 102 (4, ) 1y N0 g1y
Q2r Q2r Q2r —4}“2
1 _
5—5/ n2(0, x)u*(0, x) dx+Cr 2/ M2+C||773”||L2(12,;H1(32,))||14*||L2(12,;H71(32,))-
By, Q2r
Using that
Inzull 2,11 (Boyyy < CF el 21y, x By F ClN VUl 201y x By )
we get

2
Cllmull 2ty 1 oy 107 | 213,118, )) |
-2 2 2 * (12
=7l g,y T g VUl L2, iy T CN N2y 118,
Combining the above, we get

1 2 2 1 2 2 2 2 112
= 0 0 d — \Y% <C C _ .
2/32,’“ WO v+ o | nvul < cr /er|u| + CI s 18

This yields (B-4).
By repeating the above computation, using instead the test function ¢ := nful{Ks} for fixed s € I,
and estimating the right side of the weak formulation from below differently, namely

/ Vo -aVu = —Clin,Vuljsy, , — CIV Vil 20, luns 120,
Q2r
> —C|Vulljag,, — 167 / nyu’
Q2r

> —ClVulirp,) — 3 sup/ np(t, x) u?(t, x) dx,
Boy

tel,
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we get the bound

1

2 4

tel,

1
—/ nF(s, x)u’(s, x) dx < C||Vulljop, , + sup/ ny(t, ) (8, %) dox + Cllu* (1 108,00
BZr BZr

Taking the supremum over s € I, and rearranging, we get (B-5). ]

In the following statement, what is important is that ¢ < 2. It is convenient to use the Sobolev
exponent g := 2., although the choice ¢ =1 in d = 2 causes technical problems so in that case we just
57
take q € (Z’ Z)

Lemma B.4 (reverse Holder inequality). Suppose u € lear(Q4r) and u* € L*(I4; H'(By,)) satisfy
u—V-(@ax)Vu) =u* in Q4.

Setq:=2,=2d/(2+d) if d > 2 or let q be any element of(f—P 47'1) if d =2. Then there exists C(d, A) < oo
such that, for every a > 0,

C
IVl oo,y < SNV Loy + VU2, + CH I, 15, ) (B-6)

Proof. By subtracting a constant, we may suppose (u)g, = 0. Let § € C2(B,) with [, Bré =1 and
|VE| < Cr~!. Define

v(t, x) :=u(t,x)—w(), w) :=/ Eu(t, y)dy.
B,
Then v satisfies

9;v—V-(@Vv) =u"—o,w.

Applying (B-5) to v, we find that

1 1
2 2
/ |v|2§(sup/ Iv(s,x)lzdx) /(/ Iv(t,x)lzdx) dt
Qo s€lp J By Iy \J By, |
2
SC(||VM||L2(Q4,)+||M*—3zw||L2(14,;H1(34,)))/ (/ |v(t,x)|2dx) dt.
by By

Denote by ¢’ the Holder conjugate exponent to ¢ and notice that ¢’ =2* ind > 2 and ¢’ < oo ind = 2.
Using the Holder and Sobolev inequalities, we find that

1 1 1
2 2% ) 7
/(/ |v(t,x)|2dx> dts/ (/ |v(t,x)|qu)q<f (. x)[9 dx)q dt
I, B, b By, Boy
1 1
2q 4
< crirti-d) (/ |Vv(t,X)|qu)q<f |W<r,x)|2dx) 1
Iy By, By,

Qq)

1
1_ 1 1 KN @q)
5Cr1+d(4—zq)||Vv||zq(Q2r)(/ (/ |Vv(t,x)|2dx) d;) v
12)' BZr
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As %(261)’ < % < 1, we can use Holder’s inequality in time and then (B-4) and Lemma 3.1 to get

N ) 3
(/ (/ |Vv(t,x)|2dx) dt) < Crow z(// |Vv(t,x)|2dxdt>
by B, I, J By,

2 1
< Cre 2(Vullz2g,) + 1w = 3wl 21, 51 (Byy))-

Let k := a’(;lt - ﬁ) + (2%), + %. Combining the above, we get

1
2 3 3
101720,y < CriliVullzeg,, (IVullL2c0,) + 14" — 0wl 21y, 1084 )) -
Combining (B-4) and the previous inequality, we obtain
2 k-2 3 x 3 « 2
” Vv ||L2(Qr) = Cr ” Vv ||iq(Q2r)(|| Vv ||L2(Q4,)+”u _atw ||L2(I4V;H’1 (B4r))) 24+C ||I/£ _atw ||L2(I4r;H_] (Bar))"

Normalizing the norms, we find that this is the same as

1
1V0I2200,) < 101000, VO L2000y + 18* = 8wl 21y -1 Bo)? + Cll™ = 8w 1201, 150 -

Applying Young’s inequality, we obtain, for every o > 0,
1901220, < SIV0I30(g,) +@lVVIaq, )+ Cllu® = 3l (B-7)
L2(0)) = o L9(Q4r) L2(Q4r) TN L2 (L HV(Bar))

It is not difficult to show, by using the equation and the definition of w, that

10wl L2z, 11 (Bayy < CUVUll L1 04 + 10| 221, 51 (Boy))-

Combining the previous two displays yields

1990200,y = IV + IV g+ ClE 12 0y -1
Since Vv = Vu, this completes the argument. U

To complete the proof of the interior Meyers estimate, we need the following version of Gehring’s
lemma for parabolic cylinders which states that a reverse Holder inequality implies an improvement of
integrability. This result is standard and so we do not give the proof here. See for instance [Giaquinta
and Modica 1979, Proposition 5.1], where the statement is given in cubes rather than parabolic cylinders
(which makes no difference in its proof).

Lemma B.5 (Gehring-type lemma). Assume that R >0, g > 1, F € L'(Q4r), G € L1(Q4r), me(0,1)
and A € [1, 00). Suppose that, for every (t,x) € Qr andr € (O, %R],
I L0yt = A(”Fm”Ll(Q4 ton TNGIL1 Qs xp) T ENF L1 Q4 1.0

en there exists o(d, m) € such that € < go implies the existence of an exponent 8(s, A, m, €
Then th (d, m) € (0, 1] such th plies th f an exp S(e, A,m, q,d)
( , 2] and C(e, A, m,d) < oo such that F € L'*®(Qg) and

IEN L+ 0ry < CUF N L1 (@4p) T NG L1450 45)-
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The statement of Proposition B.1 can now be obtained as a consequence of Lemmas B.4 and B.5
and a routine covering argument. Indeed, any element of W17 (U) can be represented as the diver-
gence of an element of L?(U; R?) by the Riesz representation theorem; see [Adams and Fournier
2003, Theorem 3.9]. This allows us to obtain the estimate (B-2). The statement that o,u belongs to
LPACHD ([ w—1.pACH) (BL)), with an appropriate estimate, follows from (B-2) and (B-1).

We next give a sketch of the proof of Proposition B.2, which requires us to first revisit the proof of the
Caccioppoli inequality to obtain a global version.

Lemma B.6 (global Caccioppoli inequality). Let U € RY be a bounded Lipschitz domain and define
V =1, x U. Suppose f € HI}M(V), uef+ Hr} (V) and u* € L*(I; H~Y(U)) satisfy

ar, L
hu—V-(ax)Vu)=u* inV.
Then there exists C(V,d, A) < oo such that, for everyr € (0, 1) and (t,x) € I x U,
IV — Ollizzco, @x0nvy
<CrYu— Fle2cs a.nvy + CIV fll20¢onvy + Clu* L2+ b0 B By 0wy (B-8)
and

sup [ — ), )2, @n)
se(t+1)NI

< CIV@— Hllir2osa0nv) + CIV fll20m vy + Cllu | 2t bynn: -1 By onwy) - (B-9)

Proof. By replacing u by it :=u — f and u* by u* :=u*— (3; — V-aV) f, we may assume without loss of
generality that f = 0. The lemma is then obtained by repeating the argument of Lemma B.3 and making
obvious adjustments to the notation. U

Following the proof of Lemma B.4, we obtain a global version of the reverse Holder inequality.

Lemma B.7 (reverse Holder inequality). Let U € RY be a bounded Lipschitz domain and define V :=
I x U. Suppose f € H},(V), u € f+ HJ,. (V) and u* € L*(Ip; H™'(U)) satisfy

par pa
u—V-(ax)Vu)=u* inV.

Set q =2, =2d/2+d) if d > 2 or let q be any element of (%, %) if d = 2. Then there exists
C(V,d, A) < oo such that, for everyr € (0,1), (t,x) € I1 x U and o > 0,

2 C 2 2
19~ DBy i < NV@ = D Bagy o) T@IVE = DI, o)
2 *112
TV 204 0oy T CN N2 1y A 51 8y, 000

Proof. The argument is omitted, since it is an easy adaptation of the proof of Lemma B.4. U

Proposition B.2 is now a straightforward consequence of Lemmas B.5 and B.7.
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