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UNIFORM-IN-TIME ERROR ESTIMATES FOR THE
POSTPROCESSING GALERKIN METHOD APPLIED TO A DATA
ASSIMILATION ALGORITHM*

CECILIA F. MONDAINIt AND EDRISS S. TITI#

Abstract. We apply the postprocessing Galerkin method to a recently introduced continuous
data assimilation (downscaling) algorithm for obtaining a numerical approximation of the solution
of the two-dimensional Navier—Stokes equations corresponding to given measurements from a coarse
spatial mesh. Under suitable conditions on the relaxation (nudging) parameter, the resolution of the
coarse spatial mesh, and the resolution of the numerical scheme, we obtain uniform-in-time estimates
for the error between the numerical approximation given by the postprocessing Galerkin method and
the reference solution corresponding to the measurements. Our results are valid for a large class of
interpolant operators, including low Fourier modes and local averages over finite volume elements.
Notably, we use here the two-dimensional Navier—Stokes equations as a paradigm, but our results
apply equally to other evolution equations, such as the Boussinesq system of Bénard convection and
other oceanic and atmospheric circulation models.
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1. Introduction. The purpose of data assimilation is to combine a forecast
model with observational data in order to produce an accurate prediction of the future
state of a physical system. Several methods have been developed with this goal. One of
them is the nudging (or Newtonian relazation) method, in which the original model
is modified by adding an extra term which has the purpose of relaxing the coarse
scales of the solution towards the spatially coarse observations (see, e.g., [4] and also
[6, 31, 32, 41, 42, 48, 53] for a connection with feedback control theory). Notably,
several authors have developed algorithms that combine the nudging approach with
other data assimilation methods with the aim of addressing some of its difficulties,
such as decreasing the effect of the relaxation term as the noise in the observations
increases (see, e.g., [1, 49, 506]).

However, we notice that most of the related works consider rather simplified
scenarios, e.g., in the context of finite-dimensional ordinary differential equations.
Here, we follow the nudging type approach introduced in [5], which consists of a
framework applicable to a large class of dissipative evolution equations, given as
infinite-dimensional partial differential equations, and various types of observables
from a finite coarse spatial mesh. Our goal is to consider a dimensionally reduced
version of the nudging equation represented by a numerical approximation given by
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the postprocessing Galerkin method (PPGM) [27, 28] and to obtain an analytical esti-
mate of the error between this numerical approximation and the full reference solution
of the original (infinite-dimensional) model corresponding to the measurements.

In [5], the authors consider, as a paradigm, a theoretical model given by the two-
dimensional (2D) incompressible Navier—Stokes equations and consider the simplifying
assumptions of continuous-in-time and error-free measurements. Here, we also con-
sider, for simplicity, the same setting. However, we remark that other works extended
this approach to more general situations: continuous-in-time data with stochastic
noise ([8]; see also [9, 39] for the context of the 3DVAR filtering method) and discrete-
in-time data with systematic errors ([23]; see also [34]). Moreover, several works con-
sidered different reference theoretical models [2, 14, 16, 17, 18, 36, 45]. Notably, the
works [14]-[18] dealt with the situation of incomplete data, i.e., observations of fewer
components of the state variables.

We now briefly provide the ideas behind the algorithm used in this paper. The
2D incompressible Navier—Stokes equations are given by

(1.1)%—?—yAu+(u-V)u+Vp:f, V-u=0, (x,t)€Qx][ty,o0) CR* xR,

where u = (u1,u2)(x,t) and p = p(x,t) are the unknowns and represent the velocity
vector field and the pressure, respectively, while v > 0 and f = f(x) are given and
denote the kinematic viscosity parameter and the density of volume body forces,
respectively. We assume that f is time-independent for simplicity, but similar results
are valid for a time-dependent f, whose L?(€)2-norm is uniformly bounded in time.

Our reference solution, whose exact value is unknown, is thus a solution u of (1.1).
The given measurements, corresponding to u, are observed from a coarse spatial mesh
and are assumed, as mentioned before, to be continuous in time and error-free. We
denote the operator used for interpolating these measurements in space by I, where h
denotes the resolution of the coarse spatial mesh of the observed measurements. Thus,
the interpolated measurements are represented by Ij(u). Since the initial condition
u(tp) for u is missing, one cannot compute u by integrating (1.1) directly. The idea
consists then in recovering the fine scales of u from the coarse scale measurements
Ij,(u) through a downscaling algorithm.

In [5], this is done by seeking for a solution v = (v1, v2) of the following modified
system for (x,t) € Q X [tg, 00):

(1.2) i VAV + (v -V)v+Vp =f — 3(I,(v) — In(u)), V-v=0,
where the unknown p is the pressure of the approximate flow v; v > 0 and f are
the same viscosity parameter and forcing term from (1.1), respectively; and [ is the
relaxation (nudging) parameter. The second term in the right-hand side of the first
equation in (1.2) is called the feedback control term, and its role is to force (or nudge)
the coarse spatial scales of the approximating solution v towards the coarse spatial
scales of the reference solution u, which is done by suitably tuning the relaxation
parameter (. In [5, Theorems 1 and 2], the authors prove that, provided j is large
enough and h is sufficiently small, both depending on given physical parameters,
the approximate solution v of (1.2), corresponding to an arbitrary initial data vy,
converges, exponentially in time, to the reference solution u of (1.1).
We rewrite system (1.2) in the following equivalent functional form:

ov
t

dv

(1.3) -

+VvAv + B(v,v) =g — BP,(In(v) — I (u)),
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where P, is the orthogonal projection of (L?(£2))? onto the phase space H associ-
ated to (1.2), which is endowed with the norm of (L?(2))?, |- |z2; A = —P,A is
the Stokes operator; B(v,v) = P,[(v - V)v] is a bilinear operator (see section 2 for
more detailed definitions); and g = P,f. Since A is a positive and self-adjoint oper-
ator with compact inverse, the space H admits an orthonormal basis of eigenvectors
{w;}ien of A. Then, for each N € N, we can consider the finite-dimensional space
Hy = span{wy,...,wy} = PyH, with Py denoting the orthogonal projection of
H onto Hy. A numerical approximation of the solution v of (1.3) can be obtained
by computing the Galerkin approximation vy € Py H, which satisfies the following
system of ordinary differential equations:

dVN
(14) W +vAvy + PNB(VN,VN) = Png — ﬂPNPU(Ih(VN) — Ih(u)).
Notice that since vy € PyH, the error committed in approximating v by vy
must be greater than or equal to the error associated with the best approximation of
vin PvH, Pyv, i.e.,

|V—VN|L2 > |V—PNV|L2 = |62]\/V|Lz7

where Qn =1 — Py.

The PPGM provides us with an efficient way of obtaining a better approximation
of v than vy. The idea consists in complementing the finite-dimensional approxi-
mation vy € PyH of v with a suitable part lying in the complement space QnH.
Adapting the algorithm introduced in [27, 28] to our situation, we can summarize it
in the following steps.

For obtaining an approximation of v at a certain time 7" > ¢,

(i) integrate (1.4) in time, over the time interval [tg, T], to obtain vy and compute
vy (T);
(ii) obtain qu satisfying vAqn = Qn|g — B(vn(T),vn(T))];
(iii) compute the new approximation to v(7T'), and hence to u(T"), given by vy (T) +
an-

The equation satisfied by qu in step (ii) is inspired by the definition of the
approximate inertial manifold introduced in [21], in which the authors obtain an
approximation of Qyu, with u being a solution of (1.1), given by

(1.5) Qnu = & (Pyu) := (vA) 'Qn[g — B(Pyu, Pyu)].

The graph of the mapping &, : PvH — QnH is called an approximate inertial
manifold. This approximation is obtained by applying the projection Qn to equation
(1.1) and, based on theoretical arguments, neglecting all lower-order terms, i.e., the
time derivative of @Qyu and the nonlinear terms involving Q yu, in comparison to the
remaining terms. Since our idea is to ultimately obtain an approximation of u, it is
natural to consider as an approximation of @) 5 v the same type of approximation used
for Qnuin (1.5), in which Pyu is replaced by vy, given that this is the approximation
of Pyu that we consider.

Our results show that the PPGM yields a better convergence rate than the stan-
dard Galerkin method, as also obtained in [28] (see also [43] for an explanation on
why the PPGM is actually the correct leading order approximating scheme and not
the standard Galerkin method as commonly believed). However, an important differ-
ence in our results is that our error estimate is uniform in time, while in [27, 28] it



POSTPROCESSING GALERKIN APPLIED TO A DA ALGORITHM 81

grows exponentially in time. This remarkable difference is due to the fact that sys-
tem (1.4) has a stabilizing mechanism imposed by the feedback control term, which
kills the instabilities in the large (coarse) spatial scales caused by the nonlinear term.
Consequently, as proved in [5, Theorems 1 and 2], under suitable conditions on the
parameters 3 and h, the solutions of (1.2), corresponding to arbitrary initial data, all
converge to the same reference solution u. This shows that, with appropriate condi-
tions on 3 and h, system (1.2) is globally asymptotically stable. Hence, the Galerkin
approximation vy of v converges to v uniformly in time, as N tends to infinity.
Such stabilizing effect was also observed by the numerical computations performed in
[3, 30], which also showed that the required conditions on the parameters 3 and h are
remarkably less strict than suggested by the analytical results in [5].

It is worth mentioning that the introduction of the PPGM was preceded by an-
other spectral method also derived from the standard Galerkin approach and inspired
by the idea of approximate inertial manifold, known as the nonlinear Galerkin method
(see, e.g., [13, 19, 35, 44] and references therein). This latter method presents a sim-
ilar convergence rate to the PPGM, but it has the disadvantage of being a lot more
computationally expensive and thus, in practice, less efficient (cf. [27, 28, 33, 43]).

This paper is organized as follows. In section 2, we provide a summary of the nec-
essary background concerning the 2D incompressible Navier—Stokes equations. Sec-
tion 3 contains the main results of this paper. The purpose is to show a uniform-in-
time estimate of the error committed when applying the PPGM described in (i)—(iii)
above to system (1.2) in order to obtain an approximation of the reference solution
u satisfying (1.1) (Theorems 3.8 and 3.12). We divide the presentation into two sub-
sections: subsection 3.1 deals with the case of an interpolant operator given by a low
Fourier modes projector, while subsection 3.2 deals with a more general class of inter-
polant operators satisfying suitable properties, for which an example is given by the
operator defined as local averages over finite volume elements, in the case of periodic
boundary conditions. Finally, in the Appendix, we show for completeness that such
an example of interpolant operator verifies the properties considered in subsection 3.2.

Readers seeking more elaborate details of the proofs given here may also want to
consult the arXiv version of this paper [47].

2. Preliminaries. In this section, we briefly recall the necessary background on
the 2D incompressible Navier-Stokes equations (1.1). For further details, see, e.g.,
[12, 20, 50, 52].

Consider a spatial domain 2 C R? and a time interval [ty, 00) C R. We assume, for
simplicity, that the forcing f is time-independent and lies in the space L?(£2)?. We re-
mark, however, that similar results are also valid in the case f € L ([tg, 00); L?(£2)?).

We consider two types of boundary conditions for system (1.1): periodic or no-
slip Dirichlet. In the periodic case, we consider the fundamental domain Q = (0, L) x
(0, L). Moreover, we assume that the velocity field and the pressure are periodic with
period L in each spatial direction x;, i = 1,2, and that f has zero spatial average, i.e.,

/S 2 f(x)dx = 0.

In the no-slip Dirichlet case, we consider 2 as a bounded subset of R? with sufficiently
smooth boundary 02 and assume that u = 0 on 9.

The definition of the space of test functions, denoted here by V, depends on the
type of boundary condition being considered. In the periodic case, V is defined as
the set of all L-periodic trigonometric polynomials from R? to R? that are divergence
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free and have zero spatial average. In the no-slip Dirichlet case, we define V as the
family of C> vector fields with values in R? that are divergence free and compactly
supported in .

We denote by H the closure of V with respect to the norm in L?*(Q2)? and by V
the closure of V under the H'()? Sobolev norm. Following the notation from [20],
we denote the inner products in H and V by (-,-)z2 and ((-, ) g1, respectively. They
are defined as

(u,v)rz = /Qu(x) -v(x)dx, VYu,v € H,

(a,v) g = /Z(“)u v dx, Vu,vevy,

ox; Ox;
. . 1/2 1/2
and the associated norms are given by [u|z> = (u,u)}%", [[ullz, = (v, u)) 4.
The fact that || - || g1 defines a norm in V' is justified via the Poincaré inequality,
given by
(2.1) M [ulpe < |lull; Vuev,

where A; is the first eigenvalue of the Stokes operator, defined in (2.3) below.

Given R > 0, we denote by By (R) and By (R) the closed balls centered at 0 with
radius R, with respect to the norms in H and V, respectively.

We also consider the dual spaces of H and V', denoted by H' and V', respectively.
After identifying H with its dual, we obtain V' C H C V', with the injections being
continuous and compact and each space dense in the following one. Moreover, we
denote the duality product between V and V' by (-, -}y v.

Let P, be the Leray—Helmholtz projector, i.e., the orthogonal projection of L?()?
onto H. Applying P, to system (1.1), we obtain its following equivalent functional
formulation:

d
(2.2) d—ltl +vAu+ B(u,u) =g in V|

where g = P,f € H, B: V xV — V' is the bilinear operator defined as the continuous
extension of the operator given by

B(u,v) =P,((u-V)v) Vu,vevy,
and A : D(A) CV — V' is the Stokes operator, defined as the continuous extension of
(2.3) Au=—-F,Au YueV,

with the domain of A, D(A), given by V N H?(Q2)2.

The Stokes operator is a positive and self-adjoint operator with compact inverse.
Therefore, it admits an orthonormal basis of eigenvectors {w,, } men associated with a
nondecreasing sequence of positive eigenvalues {\, }men, with A, — 0o as m — oo.

We also consider, for each N € N; the low modes projector Py, which is defined as
the orthogonal projector of H onto the subspace Hy = span{wy,...,wy}. Moreover,
we denote Qn = I — Py.

The bilinear operator B satisfies the following property:

(24) <B(U1, 112), u3>V’,V = 7<B(111, 113), u2>v/7\/ Yui,uz,uz € V.
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Recall the Brézis—Gallouet inequality [10, 22], given by

y 1/2
1+ log <)\1|/2U'|L2>1 YVu € D(A),

(2.5) [l < epllullm
Ml

where cp is a nondimensional (scale invariant) constant and || - ||p« denotes the usual
norm in L>()2.

We now recall some inequalities satisfied by the bilinear term B. Using the Brézis—
Gallouet inequality (2.5), we obtain that, for every u; € D(A) with u; # 0 and every

uz € Vandus € H,
A 1/2
1+ log (W)] .
A o[

We also recall the following logarithmic inequalities from [54].

For every uy,us,us € V, with ug # 0,
1/2
u
o )]
)\1 |U3‘L2

For every u; € V and every ug,us € D(A), with uy # 0,

(2.8)
Aus) 1/2
u
Ay lag| e
Also, for every up,us € V., we have

B(uy,u;) — B(ug,uz) = B (111 — Uy, 111_;112> + B (11142—112,111 - u2> .

(2.6) |(B(ur,uz),u3)rz| < cpllurl|g[|uz|gi|us|r-

(2.7)  [(B(ur,uz),u3) 2| < erllui g |luel g [us|ze

|(B(u1,u2), Aug) 2| < er||ui || g1 [[uz]| g1 |Aus| L2

Then it follows from the result in [12, Proposition 6.1] that, for every a > 1/2
and ui,us € V,

(2.9) A7 (B(uy,wi) = B(uz, u2))| < cal®]® 2 [[uy + 2 1 [ — sz,

where |Q] denotes the area of Q and ¢, is a positive constant depending on « through
the Sobolev constants from the Sobolev embeddings of H?*(R?) into L>°(R?) and of
H*(R?) into L4(R?), with 1 > s > (2 — 2a), and ¢ = 2/(1 — s). Thus, ¢, — 00 as
a— 3.

In this paper, we denote by ¢ a positive absolute constant or a nondimensional
positive constant depending on €2, whose value may change from line to line, while the
capital letter C' denotes a dimensional constant, depending on the physical parameters,
such as v, A\; and |g|z.

Finally, we recall some results concerning uniform bounds, with respect to the
norms in H and V, for the solutions of (1.1). It is well known that, given uy € H, there
exists a unique weak solution of (1.1) satisfying u(tg) = ug and u € C([tg,00); H) N
L2 (to,00; V), with du/dt € L% (tg,00;V’). From now on, whenever we refer to a

loc loc
solution of (1.1), we mean a solution in this sense.
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The proof of the next proposition can be found in any of the references listed
above [12; 20, 50, 52]. Recall the definition of the Grashof number, which is the
nondimensional quantity given by

_ 1%
1/2/\1 '

PROPOSITION 2.1. Letug € H, and let u be a solution of (1.1) satisfying u(ty) =
ug. Then there exists T = T (v, \1, |g|L2, [uo|r2) > to such that the following hold:
(i) In the case of periodic boundary conditions,

(2.10) u(t)|r: < 206G, |a®)|m < 2wA?G, ve>T.

(ii) In the case of no-slip boundary conditions,

4
(2.11) u(t)|re < 2G, |u@®)|m < ewA/?GeT, Vt>T.

In order to simplify the notation, we write the uniform bounds in the H and V'
norms from Proposition 2.1 by using constants My and M, respectively, i.e.,

(2.12) la(t)|r2 < Mo, |[u(®)|m <My, Vt>T.

Notice that the value of M; changes according to the boundary condition being con-
sidered.

The following theorem follows immediately from the result proved in [21, Theorem
1.1] (see also [55]).

THEOREM 2.2. Letuy € H, and let u be a solution of (1.1) satisfying u(ty) = uo.
Then there exists T = T(v, A1, |g|L2, [uo|r2) > to such that

(2.13) 1Qnu(t)]2 < Co N w>T, wNeN

ANT1

L

(2.14) 1Qnu(t)|| g < cleg, Vt>T, VNeN

)‘N+1
where

1/2
(2.15) Ly = [1 +log ()‘Nﬂ
A1
(2.16) Co=c (|QNgL2 + M12)
1%
 (1QNgl2 + ME | MoM?
(2.17) Cp=c +
' v V2

and My and My are as given in (2.12).

The next theorem was proved in [21, Theorem 2.1], and it provides uniform-in-
time estimates, in the H and V norms, for the distance between a solution u of (1.1)
and its vertical projection on the graph of the mapping ®4, given in (1.5).
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THEOREM 2.3. Let ug € H and let u be a solution of (1.1) satisfying u(ty) = ug.
Then there exists T = T (v, \1, |g|L2, [uo|rz) > to such that

L

(2.18) |®1 (Pyu(t)) — Qnu(t)|rz < CTJZ, Vt>T, VN €N,
N+1

and
L

(2.19) |21 (Pyu(t) — Quu()m < O N Wt>T, VYNEN,
N+1

where C is a constant depending on v, \y and |g|r2 but independent of N.

Remark 2.4. In the results of section 3, we will assume that the reference solution
of (1.1) has evolved long enough so that the uniform bounds from Proposition 2.1,
Theorem 2.2, and Theorem 2.3 are always valid; i.e., for simplicity, we assume that
T = ty. Notice that, in particular, the uniform bounds from Proposition 2.1, Theorem
2.2, and Theorem 2.3 are valid for any trajectory u = u(t) lying in the global attractor
of (1.1) for every t € R.

3. Main results. The purpose of this section is to establish analytical estimates
of the error that occurs when using the PPGM applied to the data assimilation al-
gorithm (1.2) in order to obtain an approximation of the reference solution u, which
satisfies the 2D Navier—Stokes equations (1.1). This means we want to establish an
estimate of the difference [(vy + ®1(vy)) — u] in some appropriate norm, where vy
denotes the Galerkin approximation of v, the solution of (1.2), in Py H. This is done
here for the norms in the spaces H and V.

We start by giving some of the main ideas behind our results. From now on,
we reserve the letter N € N for the number of modes in the Galerkin approximation
of (1.2), and we adopt the following notation for the low and high modes of the
reference solution u: p = Pyu and q = @Qyu, respectively. Moreover, we assume
that u satisfies the bounds from (2.12)—(2.19) for every t > t.

First, we rewrite the error in implementing the PPGM as

(3.1) (VN +@1(vy)) —u= (vy —p) + (21(P) — ) + (P1(vn) — D1(P)):

Theorem 2.3 provides estimates, in the L? and H' norms, of the second term in
the right-hand side of (3.1). Moreover, it is not difficult to see that the restriction
of ®; to the set PyBy(R), for any R > 0, is a Lipschitz continuous mapping with
respect to the norms in both H and V (see, e.g., [13, Appendix]). More specifically,
we have

(3.2) |®1(p1) — ®1(P2)|z2 < Ip1 — P2l VP1,P2 € PNBv(R)
and
(3.3) [®1(p1) — @1(P2)||ar < llp1 — P2llar VP1, P2 € PnByv(R),

where | = C)\;Vi/f, with C being a constant depending on v, A\; and R.

It follows from Propositions 3.2 and 3.9 below that, given a solution u of (1.1)
satisfying (2.12)—(2.14), for every t > tg, and given vo € By (M), under suitable
conditions on the parameters 5 and h, the solution v of (1.2), with vy (tg) = Pnvo,
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satisfies v (t) € By (3M;) for all t > ty. Thus, using (2.18), (2.19), and (3.2)—(3.3)
with R = 3Mj, we obtain from (3.1) that, for every ¢ > ¢,

(3.4) (v (t) + @1(va (1)) —u(t)|p2 < (1 +1D)|va(t) — p(t)|> + C?%
)‘N—H

and
Ly

35 Mvn(®) +P1(va @) —u@®)llar < A+ Dva () —p@)lla + C)\N+1 :

Moreover, we also have

(3.6) lva (&) = @)l < AV [va(t) = p(t)] 2.

Thus, using also (3.6), we see from (3.4) and (3.5) that it suffices to obtain an
estimate of |vy(t) — p(¢)|r2 in order to achieve our goal.
Applying Py to (2.2), we see that p = Pyu satisfies the equation

d
(3.7) dil; + vAp + PyB(p,p) — Pvg = —PnG,

where

(3.8) G(t) = B(u(t),u(t)) — B(p(t), p(t))
= B(p(t),a(t)) + B(a(t), p(t)) + Bla(t), a(t))-

Now, denoting w = vy — p and taking the difference between (3.7) and (1.4), we
obtain that

(3.9 Cll—v: +vAw + pw + Py [B(vy,vy) — B(p,p)] = PNG — 8PN Py [In(w) — w]
+ 8PN Py I1(q).

The terms vAw and Sw represent the dissipative terms in (3.9), which act on stabi-
lizing w. The term Aw has a stronger effect than Sw on the high modes of w for
small values of v, while Sw has a stronger effect than vAw on the low modes of w.

The estimate of |w|p2 follows by applying Duhamel’s (variation of constants)
formula to (3.9) and by using the smoothing effect of the operator e~ (=) APN+5PN)
with the finite-dimensionality of the operator Py also playing a crucial role. Moreover,
the estimates make use of suitable properties of the interpolant operator Ij,.

We consider two types of interpolant operators I, treated in two different sec-
tions. In the first one, section 3.1, we consider I}, as a low Fourier modes projector,
i.e., I, = Pg, K € N. In this case, we notice that we can commute Py with I}, = Pk,
and thus the last term on the right-hand side of (3.9) is zero, which simplifies the
analysis.

In section 3.2, we consider a more general class of interpolant operators, satisfying
suitable properties (see properties (P1)—-(P3) in section 3.2, below), which are, in
particular, satisfied by the example of a low Fourier modes projector considered in
section 3.1. Another particular example of such class of interpolant operators is given
by local averages over finite volume elements, which is illustrated in the Appendix in
the case of periodic boundary conditions. In this latter example, this approach can
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be viewed as a hybrid method in the sense that observations are acquired through a
finite elements method, while the approximate model is numerically solved through a
spectral method, the PPGM.

The proof of the estimate for |[vy — p|z2, in both cases, follows similar ideas to
the proof given in [28, Theorem 2], where, for a given initial condition u(ty) = ugp, an
estimate was obtained for |[uy — p|r2, with uy being the Galerkin approximation of
u satisfying uy (t9) = Pyvug. We remark, however, that an advantage of our result is
that the estimate for |vy —p|rz is uniform in time (see Theorems 3.5 and 3.10), while
the estimate for [uy —p|r2 given in [28, Theorem 2] grows exponentially in time. This
important difference is justified by the presence of the additional dissipative term Sw
in (3.9), which helps to stabilize the large scales of w when the parameter 3 is suitably
chosen. More specifically, § needs to be chosen large enough in order to stabilize the
large spatial scales of w but not too large so as not to destabilize the small spatial
scales of w as well, which are dissipated by vAw, for small values of v. For this
reason, we need, roughly, 3 < cv/h?.

Using the previous ideas, we prove in Theorems 3.5 and 3.10 below that, for
sufficiently large ¢,

—3/2
(3.10) v (t) = p()]zz < O(LAA)
in the case of an interpolant operator given by a low Fourier modes projector and
(3.11) vy () = p(®)|z2 < O(LNARYY)

in the general interpolant operator case.
Thus, from (3.4) and (3.5), it follows that, for ¢ large enough,

(3.12) (v () + @1 (viv(1)) — u()] 2 < O(LAARD)
and
(3.13) (v (8) + @1 (v (1) —u(t) | s < O(LAALY)

in the case of an interpolant operator given by a low Fourier modes projector (cf.
Theorem 3.8) and

(3.14) (v () + @1 (v (t) — u(t)|zz < O(LnALY)
and
(3.15) (v (t) + @1 (v (1)) — u(t)ll s < O(LnARY)

in the general interpolant operator case (cf. Theorem 3.12 below).

On the other hand, from (2.13), (2.14), (3.6), (3.10), and (3.11), we obtain that
the error between the Galerkin approximation vy of v and the reference solution u
satisfies, for t large enough,

(3.16) V() —u(t)|z < [va(t) = p(®)[2 + la(t) 2 < O(LnAVY,)
—1/2

(3.17) v () —u@)lar < lva @) —p@)llar + llal®)lar < O(LnAy ()

in both cases of interpolant operators (cf. Corollaries 3.7 and 3.11 below).
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Comparing (3.12) and (3.14) with (3.16) and (3.13) and (3.15) with (3.17), we
see that, as mentioned in section 1, the PPGM indeed yields a better convergence
rate than the standard Galerkin method. Notably, this improved rate is achieved
due to essentially three facts: first, by using the Lipschitz property of ®; (cf. (3.2),
(3.3)); second, by exploring the fact that the error in the low modes, |[vy — p|r2, is
much smaller than the error committed in the high modes in the Galerkin approx-
imation, |q|z2 (cf. (3.10), (3.11), and (2.13)); and, finally, by complementing the
finite-dimensional approximation vy € PyH with a suitable approximation of the
high modes, given by ®1(vy) € QN H, which, due to the previous two facts, yields a
better approximation to q than 0.

Remark 3.1. We notice that the convergence rates with respect to N in (3.14)—
(3.15), obtained for the error committed when implementing the PPGM to (1.2) in
the general interpolant operator case, is not as good as the rate in (3.12)—(3.13) for
the case of an interpolant operator given by a low Fourier modes projector. In general
terms, as pointed out before, this is due to the fact that the former case concerns a
hybrid method, where the observations are acquired through, e.g., a finite elements
method, while the approximate model (1.2) is discretized in space through a spectral
method, the PPGM. On the mathematical side, this is represented by the possible
lack of commutativity between the operators P,I, and A, an issue that does not
occur in the case of an interpolant operator given by a low Fourier modes projector
and which introduces additional error to the estimates.

3.1. The case of an interpolant operator given by a low Fourier modes
projector. We consider an interpolant operator given by the orthogonal projection
on low modes of the Fourier domain, i.e., I, = Pg for some K € N. The data
assimilation algorithm (1.3) is given in this particular case by

d
(3.18) d—‘tf—l—VAv—i—B(v,v):g—ﬁPK(v—u).
For every N € N with N > K, we consider the Galerkin approximation system
of (3.18) in the space Py H, given by

(3.19) dg—tN +vAvy + PyB(vy,vy) = Pyg — BPx(vy — D),
with the initial condition vy (t9) = Pyvy, where v is chosen in a suitable space but
arbitrarily. We assume either periodic or no-slip Dirichlet boundary conditions.

The condition N > K is assumed here for simplicity purposes. Nevertheless, it is
a natural assumption since one would expect to have the resolution of the numerical
method to be greater than or equal to the resolution associated to the observations.

The following result provides a first uniform in time bound of the finite-dimension-
al difference vy — p in the H! norm under suitable conditions on # and K. Since
we assume that the reference solution u satisfies the bounds from (2.12)—(2.14), for
every t > tg, we also have in particular that p is uniformly bounded in V. Thus,
as a consequence of the following proposition, we obtain that vy is also uniformly
bounded in V, provided § and K satisfy the appropriate conditions.

In the statement below, we consider an auxiliary parameter m € N that is used
for one of the lower bounds needed for 8. More specifically, we choose 8 such that,
in particular, 8 > v\,,. This auxiliary parameter plays a more important role in the
proof of Theorem 3.5 below, but we also use it here in order to be consistent.
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PROPOSITION 3.2. Let u be a solution of (1.1) satisfying (2.12)—(2.14) for every
t > tg. Let vo € By(My), with My as in (2.12). For every N € N, let vy be the
unique solution of (3.19) satisfying vy (tg) = Pnvg. Consider m € N large enough
such that

A 2 2/3
(3.20) Am > max {;e,cc;lLfn, c <y§}1) L2 %,

If B > 0 and K € N are large enough such that

M? M

(3.21) £ > max {u)\m,cl 1+ log ( 11 )] }
v vA?
1
and
2

(3.22) Akl > 75
then, for every N > K,
(3.23) sup |[vn(®) — p(&)||gr < 2M;.

t>to

Proof. Projecting (1.1) onto Py H, we have

d
(3.24) d—‘t’ +vAp + PyB(u,u) = Pyg.

Denote w = vy — p. Subtracting (3.24) from (3.19), we obtain that

dw

(3.25) =

+vAw + Py[B(vy,vN) — B(u,u)] = —3Pxw.
Notice that

(3.26) B(vn,vn)— B(u,u) = B(vn,vn) — B(p+4q,p+Qq)
= B(vy,vn) — B(p,p) — B(p,q) — B(a,p) — B(q,q)
= B(w,p) + B(p,w) + B(w,w) — B(p,q) — B(q,p) — B(q,q).

Thus, from (3.25) and (3.26), we have

(3.27) (iTv: +vAw = —(3Pgw
— Py[B(w,p) + B(p,w) + B(w,w) — B(p,q) — B(q,p) — B(q,q)].

Taking the inner product in L? of (3.27) with Aw yields

(3.28)
1d

2dt
— (B(w,w), Aw) 2 + (B(p,q), AwW) > + (B(q,p), AW) 2 + (B(q, q), Aw) >.

w7 + vlAwl|i. = =Bl Prw|? — (B(w,p), AW)r2 — (B(p, w), Aw) 2



90 CECILIA F. MONDAINI AND EDRISS S. TITI

Now we estimate the terms in the right-hand side of (3.28).

:‘Sillg (2'5) EIl:l (2']‘2)’ € Obta‘iIl tlla’t
1/2

|A ‘ 1/2
WLZ
1H%<me)]'

N 1/2
1+ log <1|/2p|L2 >]
APl

2 02 L4
[Aw]|2 < 7|AW|L2 + 0*1 &

(329)  [(B(W,p), AW) 2| < cpM[|wl| g [Aw]| L

(3.30) [(B(w,w), Aw) 2| < cBHW||§{1|AW|L2

Thanks to (2.6), (2.12), and (2.14), we have

(3.31) |(B(p,q), Aw) 2| < cpl|plla lallm [Aw|L>

<epMCi—2 Ml'

1/2
J\{+1 AN+1
From (2.7) and (2.14), it follows that
1/2
A3/2W 2
@%I@@@AMMS@M%MMle%A%fj;
|AW|L2
L3 C4 LG
< erC? |AW|L2 |AW|L2 + c— 5
AN v AN
From (2.8) and (2.12), we obtain that
1/2
[Aw]| >
(3.33) [(B(p,w), AwW) 2| < cp M| w| g1 |Aw|r2 |1+ log 1/27 .
Nl
Moreover, (2.8) and (2.14) imply
1/2

(3.34) [(B(a,p), Aw) 2| < crllgll g ||pll a1 [AW] L2

1+10g < 1|/2p|L2 >
1Pl
L2 2 Cl L4 M2

S CTcl Ml‘AW|L2 < |AW‘ +c .
w P R
Also, observe that
(3.35)  — BlPxwllzn = —Blwl + BlQrwlli
Jé] v
< —Blwllin + ——lAw|i. < —Bllwllin + S Aw[L.,
AK 11 2

where in the last inequality we used hypothesis (3.22).
Plugging estimates (3.29)—(3.35) into (3.28), we obtain that
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d 2 v 2 2
(3:36) Wl + 2l Awla < —Alwl,

|A | 1/2
A% L2
: Hog( ”2||w|Hl>]

1/2
1+ log _Awle —|—CC£ Ly +CC—%7L?V M2
A2 w v Ay v AN

+ CMIHWHHl |AW|L2

+ cl|wllF [Aw] 2

Since v € C([tg, >0); V) [5, Theorem 5] and
[w(to)lle < |1Pnvollzar + lIp(to) [y < 2Mi,
then there exists 7 € (tg, 00) such that
[w(t)|| e < 3My, VtE Jto, 7).

Define

[tU’T]

(3.37) t = sup {7’ € (tg,00) : max ||w(t)||g < 3M1} .
t

Suppose that ¢ < oco. i
Then, from (3.36), we obtain that, for all ¢ € [tg, t],

d v
(338) TIwlin + 2lAwl < —Blwl3

1/2
|Aw| 2 ct LY C} Ly . -
1+ log 71/2 +c—)\2 +c —/\ M7
||w|| g V AN+1 V AN+1

+ CMlHWHHl |AW|L2

Observe that

1/2
A
(339)  Z|Aw[Zs — My [wllm [Awlz [ 1+ log [ A%l + 5wl
4 )\}/2| 2

W[ 1
1/2
I/)\l ‘AW'%Q Ml |AW‘L2 |AW %2
= —||w|| —c 1+log | ———
4 THINIWIEL A2 A2 AllwliZ
25
V)\l '
Define
(3.40) o(r) =712 — pr(1 +log(r*) /2 + M, r>1,
where
M, 23
3.41 — oL _ 2
(3.41) P IR »y

Notice that

7’(5@’2) + M)+ p(1+ 10g(7"2))1/2
r+ p(1 + log(r2))1/2

(3.42) o(r) =

3
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where ¢(r) = r — p*(1 + logr).
One easily verifies that

(3.43) min ¢(r) > —p” log(p?).

Thus, from (3.42) and (3.43), it follows that if

(3.44) M > p*log(p®),
then
(3.45) o(r) >0 vr>1.

Now, by the definition of p and M in (3.41), we see that (3.44) follows from
hypothesis (3.21) on S.

Using (3.45) with r = \AW|L2/()\1/2||WHH1) > 1, we conclude that the right-hand
side of (3.39) is nonnegative. Thus, from (3.38), it follows that

C4 L6 c? 4
||w||H1+ -+ + e+ 2N M2

d v
3.46 —||w]|? ~|Aw|?
(3.46) dtIIWIIHHrLL\ w72 < v 2, Ao

Ignoring the second term on the left-hand side of (3.46) and integrating from tg
to t € [to, ], we obtain that

_B
(3.47) W) < w(to)|[7 e 20710

04 L6 Ol L;lv M ( g(t—tﬂ)).
ﬁ v )‘?VH vV ANg1

Notice that the functions fi(z) = (1 + logz)3/2? and fa(z) = (1 + logx)?/x are
both decreasing for > e. Since N > K and, by hypotheses (3.20), (3.21), and (3.22),
we have

Avit o Axin o 28 > 2mos e
A M V/\l /\1 -

it then follows that
L6 L6 L4 4
(3.48) N < c—5+ and <=
ANl A2, AN A

Using the estimates from (3.48) into (3.47) and using hypothesis (3.20) with a
suitable absolute constant ¢, we obtain that

(3.49) W) < Iwlto) |3 e 2070 1aMZ(1 — e~ 30-400) < A2, Vt € [t 1],
Thus,
(350) ||W(t)||H1 <2M; Vte [to,ﬂ.

In particular, |[w(#)||g1 < 2M;, which, by the definition of £ and the fact that w €
C([to, 00); V'), contradicts the assumption that ¢ < co. Therefore, the above argument
implies that |w(t)|| g1 < 2M; for every t > t. 0

Next, we present a technical lemma.
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LEMMA 3.3. Assume that y : [tg,00) — [0,00) is a continuous function satisfying

(3.51) y(s) <ae PG yt) 44 sup y(r)+e Vs>t >t
t<7t<s

withe >0, a>0,b>0 and v € (0,1) such that

(3.52) f=a <e‘v§1 +1_77> <1
Then
(t—to)vri—1 a c
(3.53) y(t)<aMy(t0)+((1_9)(1_7)+1> T Yt > to.

Proof. Taking the sup on both sides of (3.51) over s € [t,t + (vA1)7!], it follows
that
sup - y(s) <ay(t)+v  sup  y(r) +e.

t<s<t+(vAi)~1 t<7<t+(vi;)—?!
Thus,
(3.54) sup  y(1) < ——y(t) + ——.
t<r<t+(vA1)~1 1—7 1—7

Using (3.54) in (3.51) with s =t + (vA1) 7L, t > ¢, yields
€

(3.55) y(t+ (A0) ™) < By(H) + 7

with 6 as defined in (3.52).
For each n € N, let t,, = to +n(rvA;)~L. Since (3.55) is valid for every t > to, in
particular,

(3.56) Y(t) = y(ta1 + (A1) ™) < Oy(ta_i) + ﬁ V¥n e N.

Hence, by induction, one has

n 9

Using (3.57) in (3.54) with ¢t = ¢, it follows that

€

(3.58) sup  y(s) <a a=oa-> + 1) T

tn<s<tni1 1-

vaM-F<

Notice that, for every t € [ty, tni1],
(359) n = (tn+1 — to)l//\l -1 Z (t — to)l/)\l — 1.

Since 0 € [0,1), by hypothesis (3.52), it then follows from (3.58) and (3.59) that,
for every t € [tn, tnt1]s
g(t—to)vri—1 a c
A )=
(1=0)(1—-7) -~

Since (3.60) is valid for any n € N, (3.53) follows. d

(3.60) y(t)< sup  y(s) sa—
tn,SSSthrl 7’7

vieo) +
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The following proposition is a direct consequence of the result proved in [28,
Lemma 1] (see also [55]).

PROPOSITION 3.4. Let u be a solution of (1.1) satisfying (2.12)—(2.14) for every
t > tg. Then the following inequalities hold

(3.61) |A~'PyB(p,q)|r2, |[A~'PyB(q,p)|r2 < cMiLy||qllv-,

(3.62) |A™' Py B(q,q)| > < cLnlal7e,

with L as defined in (2.15).

Using the results of Lemma 3.3 and Propositions 3.2 and 3.4, we can now obtain
a uniform-in-time estimate for |vy (t) — p(t)|z2. The proof below follows similar ideas
to the proof of [28, Theorem 2]. We use the notation || - |[z(x) to denote the operator
norm in the space £(X), the space of bounded linear operators on a Hilbert space X.

THEOREM 3.5. Let u be a solution of (1.1) satisfying (2.12)—(2.14) for every
t > tg. Let vo € By (M), with My as in (2.12). For every N € N, let vy be the
unique solution of (3.19) satisfying v (to) = Pyvo. Fiz o € (1/2,1), and consider
m € N large enough such that
(3.63)

Me C o2 \*?
Am > max ;e,cylLfn,c<V]\/1[1) Lil,

1

o Qle-2an 17"
cca<1+e >|| ’ 1] )

l1—« v

where cq, s the constant from (2.9).
If B > 0 and K € N are large enough such that

M? M
(3.64) B> max < vAm, c—= |1+ log 711/2
v VA
and
2
(3.65) Ak+1 2 75,

then there exists 6 = 0(8) € [0,1) and a constant C' = C(v, A1, |g|r2) such that, for
every N > K,

4
In
3/2 -
N+1

(3.66) v () = p(t)] 2 < UM vy (to) — p(to)2 + C
Proof. Denote w = vy — p. Subtracting (3.24) from (3.19) yields

(3.67) (iTv: +vAw = —Py[B(vn,vN) — B(u,u)] — fPxw
= —Py[B(vNn,vn) — B(p,pP)] + PnG — BPxw,
where

(3.68) G(t) = B(u(t),u(t)) — B(p(t), p(t)) V= to.
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Using that Pyw = w, we can also rewrite (3.67) as

(3.69) % + [VAPN -l-,BPK]W = —PN[B(VN,VN) — B(p,p)] + PyG.

Using Duhamel’s formula, it follows that, for every s >t > ¢,

(3.70)  |w(s)|p2 < |e”(TOWAPNHEPR) w(1)|

+/t ‘e—(S_T)(”APN*BPK)PN[B(VN(T),VN(T)) - B(p(7),p(7))]

S
o
¢
We now estimate each term on the right-hand side of (3.70).
Notice that, for every s >t > t,

dr

L2

e~ (5= (vAPN+5PK) PyG(T) ‘L2 dr.

(3.71) | e~ (mOWAPNHEPR) w(1)| 1» <

< (” o (s—t)(vAPK+(Px) ||£( —(s—t)vAPNQK ”L(

Px Qi) [W(t)|L2

= [( max e_(s_t)(”)‘ﬁﬂ)) + ( max e_(s_t)”‘ﬂ)} |w(t)| L2

Py H) + ” €

| ax K+1<j<N
_ (eg(sftqu1+ﬁ)%_e‘<S*tN”AK*4)>IVV(tNl?
< 2e” I8 |w(t)| 2,

where in the last inequality we used that vAx1 > 20 from hypothesis (3.65).
Using (2.9), we obtain that

(3.72) ‘e’(S’T)(”APN”PK) Pn[B(vN(7),vn (7)) = B(p(7), p(7))]

L |y a0 e mnWwAPN £8P g=a Py B (v (), vy (7)) — B(p(7), p(7)

VO(

L2

L2
Q ai% (07 o« —(sS—T)(V
< o2y 4 e mIOARNEIR) | [ () 4 L) s ()

By Proposition 3.2, we have that
(373) HVN(T)"‘p(T)HHl <3M;, Vr>ty, VN >K.

It then follows from (3.72) that

(3.74)  |e” T WAPNTEPI) Py[B(v(T), va(T)) — B(p(7), p(T))] L
Qo2 My
<3co———

[ A e (mDWAPNEEPIN | 2 gy fw ()] 2.
Notice that, by using hypotheses (3.64) and (3.65), we have

VAK+1

(3.75) > 08> vAin,

which implies in particular that K > m.
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Now, we write

(376) e—(s—T)(uAPN-l‘ﬁPK) — e—(s—T)(VAPm-&-BPm) +e_(3_7')(VAPKQm+3PKQm)

+ ef(sz)uAPNQK )

Therefore,

(3.77) / | nEAR 980 Py Bvi(7), v (7)) ~ Bp(r), D)) dr

Q ai%M ° —(s—71)(v
< 3604‘ | . 1 < sup |W(7_)|L2> / ||1/O‘Aae ( )(vAPN+BPk) ||[,(PNH)dT
v t<7<s t

Q=2 My
<3cq———

sup |W(T)|L2> (/ v A o~ (E=) (VAP +BPp) |l 2By dE+
t

t<7t<s

+/ v A e~ (=) (VAPKQm+BPxQm) Hz:(PKH)df
t

+/ ”VaAa e~ (E—t)vAPNQx ||E(PNQKH)d£> ,
t

where in the second inequality we used (3.76) and applied the change of variables
E=s—T1+1.
Notice that

a pa —(E—t) (VAP +BPn, Ao o —(E=t)(vA;+P6)
(3.78) ||[v*A%e (vA;)%e

Nepom = pax

<e DA max  g¥e (670

vA1<z<vAn,
(PAm)* e ET0Am i ¢ <t 2
= (€08, AP ift+ -9 <e<t+4+ -
- (£ _ t)a ) VA — > — VA1)

(V)\l)a e—(i—t)v)\l7 if&>t+ Vih'

Let us decompose [t, s] as the union of the intervals

(3.79) I, = [t,H— a} Alt,s), I= [t+ 2y Vi} AL, s,
1

VAm VA

We then have
(3.80) [ A% = EmOWAPmEBER) || 1 p gy dE <
I

o (vAm)™ _ap_
< VA )" e~ E=An+S) e = M (1 _ 6" 0T vAm
= /t ( ) ¢ VA + ﬁ( )
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(3.81) [ veA% e EOCAPHIPD |1y ae <
Iz
457 a® t+o5y
< / e~ e—(f—t)ﬁ de < (V)\m)a e—a/ e—(f—t)ﬁ d¢
o (5 - t)a o
_ Wm;e(— o)
and
(382) [ orare € 0APIE | g < [ e 00 g
I3 o5y
= (A1) e~ e AT
vA1+ 03 .

Notice that the estimate in (3.82) is smaller than the absolute value of the negative
term in (3.81). Thus, from (3.80)—(3.82), it follows that

(3.83) / [ A% e COEAPREEEm) | 1 pydE <
t
« « [e%
< (#Am)? (1—e e %hm) + () e e Tm < (¥ Am)
VAm + g B
Now, similarly as in (3.78), we have that
(3.84) |lv¥A° e~ (E—t)(WAPKkQm+BPKQm) |£(PKQmH) <
(Vg )® e (7D AR if & <t+ 2,
< e (€08, (giit)ae*a, it 4 o8- <E<t4 2,
(V)‘m+1)a e_(g_t)VAMJrla if 6 >t u/\jwrl :

We decompose [t, s] as the union of the intervals

« «
3.85) Ji=|t,t+—| N[t Jo= [t 4+ —.1
R R v il N R e

|ntes,

J3 = {t—i—a oo)ﬂ[t,s].

V)\m+17
We have
(3.86) [ A e~ (EDUAPKOmEBPIQn) || 1 py o 1y dé <
J1
e 1—e@
< Ap)¥e DAk qe — — =
> /t (V K) £ (V)\K)l_“
(3.87) [ A e (EDUAPKOmEBPIQn) || 1 py oy dé <
Ja2

G vy « —a 1 1
S/ + a® o de — ae ( - : )
£t (E—t) 1—a \(WAns)t—  (vAR)I—@

a
VA K
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and

(3.88) ; HVO(AO‘ e_(f_t)(yAPKQTrLJFBPKQWL) ||£(
3

PrQnidE <

—Q

e

< h VA YT AmIL e =
_/t ( m+1) £ (l/)\m+1)1ia

a
vA m—+1

Thus, summing up (3.86)—-(3.88), we obtain
S
(389) / ”VaAoc o~ E—t)(VAPK Qm+BPKQm) Hﬁ(PKQmH)d€ <
t
e
<

1 @ 1 n e 1 < e 1
- 1—a) WAr)'  1—a@WAp)—@ 1—a) WAmy1)t—e’
where in the last inequality we used the fact that

-«

e
3.90 1-— 0 Vv 0.
( ) 1 a < o>
Moreover, analogously to (3.84)—(3.89), one obtains that
S —x 1
3.91 a go g~ (E-HVAPN QK e < [ .
o [ prace lermanmé < (=4 ) prmi s

Now, let us estimate the third term on the right-hand side of (3.70).
Notice that

(3.92) / eI CAPN BP0 PG| dr =
t

1 S
== / ‘VA e~ (TN WAPNEBPK) A=1pyG(r)| dr <
v/, L2

1 s
S */ ‘ll/Ae_(s_T)(VAPN+ﬁPK) Hﬁ(pNH)|A_1PNG(T)|L2dT.
vV Ji

By Proposition 3.4 and (2.13), it follows that

(393) |47 PyGlie < MLyl +cLylafZs < MLy D2 4 cLylgf2 < Oy,
N+1
where
L2 L
(3.94) Cn = Co—y <M1 - Col/];’> :
A A
N+1 N+1

with Cy as defined in (2.16).
Now, similarly as in (3.78)—(3.83), one obtains that

(3.95) / ||VA e—(s—r)(yAPN-‘rBPK) ||£(PNH)dT
t

:/t ||VAe_(5—t)(VAPN+ﬁPK)HC(PNH)df

VAN
~ VAN + 5

__8_ A __8_ A __8
(1—ete ) +log ()\N) e le PN —I—L e te 2
1
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Hence, from (3.92), (3.93), and (3.95), we have

(3.96) /t )

with Cn as defined in (3.94).
Now, plugging estimates (3.71), (3.77), (3.83), (3.89), (3.91), and (3.96) into
(3.70), we obtain that, for all s > ¢ > t,

2
o—(s—T)(VAPN+BPx) PnG(7) , dr < CCNLN’

14

(3.97)  |w(s)|p2 < 2e" D |\w(t)|p2+

Q22 M, (
706 +
1%

(VAm)® n e 1
B 1= o (VAmgr)'—®
e @ 1 + CCNL?V.
1—a(WAgs)t—@ v

sup |w(7)|p2
t<7t<s

+ 3¢,

_|_

Since K > m (cf. (3.75)), we have that

(vAm)“ n e 1 n e 1
B L—a@App)t™  1—a@WAgy)™>

e ¢ 1
142 .
( " 1 - a) (VAR )~

(3.98)

Hence, from (3.97), we obtain that

(3.99)  |[w(s)|p2 <2e” D8 \w(t)|p2+

e ¢ |Q‘a_%M1 CNL?\I
+eca | 14+ sup |w(r +c )
( 1a) AL tSTI_<)s| el
Let
e\ Qe 2 M,
3.100 —ceq (1
(3.100) y=eea (1) B
and

92<e_”§1+’y).
1—v

Using hypothesis (3.63) with a suitable absolute constant ¢ and also hypothesis
(3.64), we obtain that v < 1 and 6 < 1. Therefore, (3.66) follows from (3.99) and
Lemma 3.3 with y=|w(-)|z2, a=2, b=/, 7 given in (3.100), and e=cCn L3 /v. 0

Remark 3.6. We notice that, by using an explicit form of the constant ¢, from
(2.9) (see, e.g., [7, 40, 46]), one could obtain an optimal choice of & by minimizing the
coefficient of sup,«,«, |[W(7)|r2 in (3.99) with respect to . Thus, in this case, the
values of , 6, and the condition (3.63) on \,, would be given explicitly in terms of this
optimal value of . However, we chose not to deal with these technical details here.

With the result of Theorem 3.5, we can obtain an estimate for the error committed
when applying the standard Galerkin method to (1.2) in order to obtain an approx-
imation of the reference solution u of (1.1). The proof follows as in (3.16)—(3.17).
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COROLLARY 3.7. Assume the hypotheses from Theorem 3.5. Then there exists
T=T(v,\1,|g|r2, N) > to such that, for every N > K,

L
(3.101) sup [V (t) — u(t)|p2 < C—X
t>T AN+1
and
L
(3.102) sup |V (t) — u(t)|| g < C 1,
t>T /2
= N+1

where C' is a constant depending on v, \y and |g|r2 but independent of N.

Finally, we now state the result about the error associated with the PPGM applied
to (3.18) relative to the reference solution u. Compared to the result from Corollary
3.7, the estimates show that the PPGM has a better convergence rate than the stan-
dard Galerkin method. The proof follows immediately from the result of Theorem 3.5
and (3.4)—(3.6).

THEOREM 3.8. Assume the hypotheses from Theorem 3.5, with u satisfying, in
addition, (2.18) and (2.19) for every t > to. Then there exists T = T (v, A1,|g|rz2, N)
> to such that, for every N > K,

4
(3.103) sug [[vn(t) + P1(vn ()] —u(t)|z < C 5/1\2[
2 N+1
and
L4
(3.104) sup |[[vn (t) + @1(va ()] — u(®) || g < C’)\ N_
t>T N+1

where C' is a constant depending on v, A\ and |g|r2 but independent of N.

3.2. A general class of interpolant operators. We now consider the class of
linear interpolant operators Iy, : L?(Q)? — L?(2)? satisfying the following properties:
P1. There exists a positive constant ¢y such that

(3.105) o= In(@)]12 < cohllplli Ve € H(Q)2.
P2. There exists a positive constant c_; such that

(3.106) lp — In(@)ll— < c_1hlplps Vg € LAQ)2.
P3. There exists a positive constant ¢g such that

_ |3/

N+1

As one easily verifies, the example of interpolant operator given by the low Fourier
modes projector Px, N > K, considered in subsection 3.1, satisfies properties (P1)—
(P3). In particular, property (P3) is immediately verified since I;(q) = Pxq = 0.
Indeed, the only reason for assuming property (P3) is that, as will be clearer in the
proof of Theorem 3.10, we do not assume P, I;, to commute with A, a property that
Py satisfies. This is the key difference between the proofs of Theorems 3.5 and 3.10.
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A more physically interesting example of operator I, satisfying properties (P1)-
(P3) is given by local averages over finite volume elements. For illustrational purposes,
this is proved in the Appendix.

The next results follow a similar outline from the ones in subsection 3.1. We again
assume either periodic or no-slip Dirichlet boundary conditions. As before, we start
by obtaining a uniform estimate of the V norm of vy — p.

PROPOSITION 3.9. Let u be a solution of (1.1) satisfying (2.12)+(2.14) for every
t > tg. Let vo € By (M), with My as in (2.12). For every N € N, let vy be the
unique solution of (3.19) satisfying vn(to) = Pnvo. Consider m € N large enough
such that

/3 2

Me G, [ CENP L, o\,
1 > —.,c—1L — L — | L .
(3.108) )\m_max{ 5 ¢, Lmsc A e A, .

If 8 > 0 is large enough such that
2 M
1+ log —1
(Vki/ 2)] }

M
(3.109) B > max {mm, c—+
14

and if h is small enough such that

1/2
1 (v
3.110 h<—(Z) |
(3.110) ) (ﬂ)
where cq is the constant from (3.105), then, for every N > m, we have
(3.111) sup lvn(t) — p(t)|| g < 2M;.
t>to

Proof. Denote w = vy — p. Subtracting (3.24) from (1.4) and using (3.26), we
obtain that

dw

112
(3.112) —

+vAw = — 0w — 8PN Py [In(w) — w] + 8PN Py [In(q) — q]
— Py[B(w,p) + B(p,w) + B(w,w) — B(p,q) — B(q,p) — B(q,q)].

Taking the inner product in L? of (3.112) with Aw yields

(3113) 5 LIWl3 + vl Aw[s = ~(B(w,p), AW}z — (B(p, w), Aw)
— (B(w, w), AW)z2 + (B(p, q), AW)z2 + (B(q, p), AW)2 + (B(, Q) Aw) 12

= Blwlli + B(w — In(w), Aw) 2 — B(q — In(q), Aw) 2.

Using property (P1) of I, we have

(3.114) |B(w — Inw, Aw) 2| < coBh||w| g1|AW| Lz
c23h?
2

<8

|AW|%2 =9

J6] v
< Djwlizn + Wl + 54wl

where in the last inequality we used hypothesis (3.110).
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Now, using property (P1) of I, and (2.14), we have

(3.115)  [B(a — In(q), Aw) 2| < coBhllql m [Aw] L

CQﬁhQ
< Bllalf: + =5 —lAwlz. < 5C?

LY
AN+1

14

The remaining of the proof follows analogously as in the proof of Proposition 3.2,
but now using estimates (3.114) and (3.115). 0

Using the results of Proposition 3.9, Lemma 3.3, and Proposition 3.4, we can now
obtain a uniform in time estimate of |vy — p|gz.

THEOREM 3.10. Let u be a solution of (1.1) satisfying (2.12)-(2.14) for every
t > tg. Let vo € By(My), with My as in (2.12). For every N € N, let vy be the
unique solution of (3.19) satisfying vy (to) = Pnvo. Fiz o € (1/2,1), and consider
m € N large enough such that

/3 2
)\16 Cl 2 012 2 2 CVl 2

11 > ——.c—L L — | L
(3.116) )\m_max{ 5 ,cy e moa e

where cq, 18 the constant from (2.9).
If 8 > 0 is large enough such that

2

1
v

(3.117) ﬂZmax{z/)\m,cM

M,
1+log | ——
(VAV 2)] }
and if h > 0 is small enough such that

1/2 1/2
(3.118) h< cmin{<;> ,”Ag’ }

then there exists 0 = 0(3) € [0,1) and a constant C = C(v, Ay, ||z, 1/h?) such that,
for every N > m, we have

)Ny — L
(3.119) V() = P12 < O vy (1) — plto)| g2 + O
N+1
Proof. We recall equation (3.9) satisfied by w = vy — p:
dw
(3.120) 5 + [VAPy + 8Py]w = —Py[B(vn,vy) — B(p,p)] + PnG

— BPN P [In(W) — W] + 8PN Py In(q),
where

(3.121) G(t) = B(u(t),u(t)) — B(p(t),p(t)) Vt > to.
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Using Duhamel’s formula, it follows that
(3.122)  |w(t)|p2 < |e Ut WAPNEOPN) g (40)], o

dr

L2

+/t ‘e_(t_T)(VAPN+ﬁPN)PN[B(VN(T)yvN(T))_B(p(7>7p(7))]

t
“
to

t
e~ (=TCAPNEOPN) Py P [T (w(r)) — w(7)]

to

o~ (=T WAPN+BPx) PNG(T)‘Lz dr

+ 0 dr

L2

t
to

The estimates for the first three terms in the right-hand side of (3.122) now follow
by writing

(3.123) e~ (=T WAPN+BPN) _ o= (t=T)(WAPn+BPm) | o= (=) (VAPNQm+BPNQm)
and proceeding analogously as in the proof of Theorem 3.5.

In order to estimate the fourth term on the right-hand side of (3.122), we use
property (P2) of I}, and obtain that

L2

t

(3.124) B / ‘e*“*f)(”APNWPN)PNPU[Ih(w(T))—w(T)] dr
to

/ || 1/2A1/2 —(t—7)(vAPN+BPnN) HC(PNH)|A 1/2P [Ih( ) W]led’T

= ,/1/2

h sup fw(r)] / [M/2A1/2 g~ (=) WAPNHBPN) ||

Sc195 172
Bh [ (WAm)? ez
<c_y VE 3 +2 sup |[w(7)|rz,

(V)\m—&-l)% T>t0

where in the last inequality we used again (3.123) and similar calculations from
(3.78)—(3.83).

Finally, for the last term in the right-hand side of (3.122), we use property (P3)
of I, and (2.13) to obtain that

t
(3_125) ﬁ/ ‘e—(t—r)(uAPN+BPN) PNPUIh(q(T))’LQ dr <
to

~ Q|3/4 t ey
<eé |2 |1/4 ﬂ/ ||e (t—7)(vAPN+BPnN) ||L(PNH)|Q(T)|L2dT
AN Tt
~ Co|QP7*B Ly (v
< ¢ T 571 / e (t—7)(vAPN+BPN) Hﬁ(P H)dT
N+1
zgw Ly max e~ (-TENTB) 4 < M Ly
0 h? A\3/4 [, 1<<N h2 \B/A
N+1 Yto Nt

The remainder of the proof follows analogously as in the proof of Theorem 3.5. O
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The result of Theorem 3.10 now yields, as in (3.16)—(3.17), an estimate of the error
associated to the Galerkin approximation of (1.2) relative to the reference solution u
of (1.1), in the general case of an interpolant operator satisfying properties (P1)—(P3).

COROLLARY 3.11. Assume the hypotheses from Theorem 3.10. Then there exists
T=T(v,\,|g|r2, N) > to such that, for every N > m,

L
(3.126) sup [vy(t) —u(t)|p2 < =X
t>T AN+1
and
L
(3.127) sup [V (t) — u(t)||g < C— -,
t>T /2
= N+1

where C is a constant depending on v, A1, |g|r2 and 1/h? but independent of N.

Finally, we now obtain an estimate of the error committed when applying the
PPGM to system (1.2), in order to obtain an approximation of the reference solution
u of (1.1), in the case of an interpolant operator satisfying properties (P1)—(P3). The
result shows that the convergence rate of the PPGM in this case, although not as
good as the one obtained in Theorem 3.8, is still better than the convergence rate
of the standard Galerkin method. The proof follows immediately from the result of
Theorem 3.10 and (3.4)—(3.6).

THEOREM 3.12. Assume the hypotheses from Theorem 3.10, with u satisfying, in
addition, (2.18) and (2.19), for every t > to. Then there exists T = T (v, \1,|g|r2, N)
> to such that, for every N > m,

(3.128) sup [V (t) + 1(va ()] —u(t)|r2 < C%
t>T N+1
and
(3.129) sup [V () + @1(v (£))] —u(t)[ar < C%’
> AN+1

where C' is a constant depending on v, A1, |g|r2 and 1/h* but independent of N.

Remark 3.13. We emphasize that the main purpose of the postprocessing step
applied to the Galerkin method is to improve the accuracy of the numerical approx-
imation of v, solution of (1.2), and thus u, solution of (1.1). The fact that the
numerical approximation of v given by the PPGM yields a uniform-in-time error es-
timate is actually due to the fact that the Galerkin approximation vy of v yields a
uniform-in-time error estimate. Indeed, the latter is valid for an even more general
class of interpolant operators than the one considered in subsection 3.2, namely, the
family of operators I, : H'(Q)? — L?(2)%, which are only required to satisfy property
(P1), and also the family of operators I, : H*(Q)? — L?(Q)? satisfying (see [5])

le = In(@)llm= < erbllollm + bl Vo € H?(Q),

where ¢; and ¢ are positive constants and || - ||g2 denotes the usual Sobolev norm
of the space H2(2)2. A physically relevant example of interpolant operator of this
latter type is given by measurements at a finite set of nodal points in ).
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It is not difficult to show that (using, in particular, similar ideas from the proof
of Proposition 3.9), under the appropriate conditions on the parameters § and h and
for both types of interpolant operators, there exists T' = T'(v, A1, |g|r2, N) > to large
enough such that

L2
sup [[vac(t) — u(t)]l s < O,
t2T ANF1
where C'is a constant depending on v, A; and |g|r2 but independent of N. Moreover,
for the former class of interpolant operators, one can also show that

L
sup [viy (t) = u(t)] 2 < O,
t>T AN+1

where, again, T = T'(v, A1, |g|r2, N) > tg and C = C(v, A1, |g|L2)-

Appendix A.

The aim of this section is to show that the example of interpolant operator given
by local averages over finite volume elements (see, e.g., [26, 37, 38]), assuming periodic
boundary conditions, satisfies properties (P1)-(P3) considered in subsection 3.2.

Let Q = (0,L) x (0,L) C R? be a basic domain of periodicity, and consider a
partition of  into K squares with sides of length h = L/vK. Let

A={(,) eN’:1 <1< VK},
and, for every a = (4,1) € A, let Q,, be the volume element given by the square
Qo =[(j = Dh, jh) x [(I = 1)h,lh).

Consider the interpolant operator I, : L*(Q)? — L?(2)? given by

(A1) In(p) = Y Paxq. Ve L(Q)?
aEA

where @, is the local average of ¢ over the volume element Q,, i.e.,

_ 1
Po = ¥
“ |Qa| Qa

The fact that I, defined in (A.1) satisfies property (P1) follows from the calcu-
lations in [37, Appendix]. Thus, it only remains to verify properties (P2) and (P3).
In fact, we show that this particular example of I sastisfies a stronger property than
(P3) with respect to the (L°°(£2))%-norm.

Notice that, in the present case, |Q| = L2

PROPOSITION A.1. Let I}, : L?>(Q)? — L%(Q)? be the operator defined by (A.1).
Then the following holds:
(i) There exists a positive constant c_y such that

(A.2) (y)dy.

(A.3) l = In(@)llm-1 < c-1hlplr: Vo € L*(Q)*.

(ii) There exists a positive constant ¢y such that

L1/2
(A.4) [n(@)llLe < c——7lalz: Va € QnH.
h2AY
N+1
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Consequently,
_ L3
(A.5) [In(@)|L2 < Go——7-lale Vae QnH.
h2 )\
N+1

Proof. From its definition, it follows immediately that I is a symmetric operator,
ie.,

(A.6) (In(p),¥) = (0, In(¥)) Vo € L2 ()%

Thus, using (A.6) and property (P1), we obtain that

(A7) e =In(@)lg-— = sup [(¢—In(e),¥)| = sup |(v,% — In(¥))]

YeH ()2 YEH ()2
1Yl =1 Il =1
< sup cohlolrz|¥llar = cohlelre,
YEHE(2)2
Il =1

which proves that (i) is satisfied with ¢_1 = ¢y.
Now let us prove (ii). Let q € QN H, and consider its Fourier expansion, given by

(A.8) qly) = Z 0, ™Y Wy e Q,
|k|>KN
where
L 12
(A.9) KN = g)‘]\ﬁl'

From (A.8) and the definition of I; in (A.1), we have that

=> > IQa </a62”5‘ydy> XQ. (%)-

a€A k| >kN
Thus,
(810 @601 < 3 3 ol | [ @ dy|na. () = (51504521,
a€A [k|>ky |Q°‘ Qo
where

Z Z |Q ||uk|/ eQﬂi’Z‘de‘XQa(X)v

Q€A |k|>rpy
k1= 0

=2 2 |'“’“|

CKGA\R\>K

B @mu

aEN  |k|>k
k1 #0, kzﬁéo

/ 27Ti§'ydy‘x@a(x),
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Notice that

.k
(A1) Si60= % 3 ol / / 2 dyydys| o, (¥)
Q€A k|>ry | O Dh
k‘l—
L i 2 nik2
=2 2 2| ag|h MQZ 21— e ) xg, (%)
Q€A |k|>kpy
k1=0
h 2 It ’“'lk(ZXQ“(X)> DO k||k|
\k|> 0 acA \k\>mN
1
1/2 1/2 1/2
L A2 1 L ‘q|L2 1
< — < =
=Th Z |uk| Z |k‘2|2 = h |Q|1/2 Z \k2|2
Ikl >k |kl >k LN
k1=0 k1=0 k1=0

1/2

1 1 <€ 1 < ¢ 1
= ﬁM\L? Z W = E|Q|L2 v hL1/2|Q|L2 N

|k|>rn 2 N N+1
k1=0
Analogously,
c 1
(A12) SQ(X) S hL1/2|q‘L2 A1/4 .
N+1
Moreover,
lh Jh kg kg
i) $09=3 5 ginl| [ [, @ dndn v, 09
b=y S \Qa (1=1)h J G=1)h
k1= 0
1/2
< L2 Z |A | 1 < L2 ‘q|L2 Z 1
a L
S £ Hkillko = w22 [QP2 | &~ k3K
1 0, k20 170, k2 %0
1/2
1 1
< 2h2|qle Z L2k2 + Z 12L2
N S T N A D G S T
1/2
L 1 1 1 1
< —pzlales Yooz X =)t =2 =
R |ko|>1 2 ko> 20 72 |ky>1 1
1 L1/2 1
h2|q|L2 1/2 = h,2 |q|L2 4
AN-‘,—l

From (A.10)—(A.13), we obtain that
1/2 1
(A.14) [n(a)(z)| < C?ML? NCE vx € 0,
N+1

which proves (A.4).
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