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A NOVEL REGULARITY CRITERION FOR THE THREE-DIMENSIONAL
NAVIER-STOKES EQUATIONS BASED ON FINITELY MANY
OBSERVATIONS

ABHISHEK BALAKRISHNA AND ANIMIKH BISWAST

ABSTRACT. In this paper we present two results: (1) A data assimilation algorithm for the 3D
Navier-Stokes equation (3D NSE) using nodal data, and, as a consequence (2) a novel regularity
criterion for the 3D NSE based on finitely many observations of the velocity. The data assimilation
algorithm we employ utilizes nudging, a method based on a Newtonian relaxation scheme motivated
by feedback-control. The observations, which may be either modal, nodal or volume elements, are
drawn from a weak solution of the 3D NSE and are collected almost everywhere in time over a finite
grid and our results, including the regularity criterion, hold for data of any of the aforementioned
forms. The regularity criterion we propose follows from our data assimilation algorithm and is
hence intimately connected to the notion of determining functionals (modes, nodes and volume
elements). To the best of our knowledge, all existing regularity criteria require knowing the solution
of the 3D NSE almost everywhere in space. Our regularity criterion is fundamentally different from
any preexisting regularity criterion as it is based on finitely many observations (modes, nodes and
volume elements). We further prove that the regularity criterion we propose is both a mecessary
and sufficient condition for regularity. Thus our result can be viewed as a natural generalization
of the notion of determining modes, nodes and volume elements as well as the asymptotic tracking
property of the nudging algorithm for the 2D NSE to the 3D setting.

1. INTRODUCTION

Consider the bounded domain Q, with boundary 99, as a subset of R3. Assume € to be filled
with a viscous incompressible fluid modeled by the 3D Navier-Stokes equation

%—l—(u-V)u—uAu—kVp:f

(1.1) V-u=0
u|t:0 = Uup.

Foe simplicity, we take Q = [0, L]*> and the boundary condition is taken to be periodic. Here, u
is the unknown fluid velocity, p is the unknown pressure and f is a given external force. For the
purpose of this introduction, f is taken to be smooth (C*°(2)).

The question of well-posedness for system ([LI]) has been of great interest to mathematicians.
In his seminal paper [34] Leray proved the global existence of weak solutions for the system (I.II)
for all divergence free initial data uy € L%(€2). Furthermore, weak solutions that obey the energy
inequality (2.1I8]) are called Leray-Hopf weak solutions. The uniqueness of Leray-Hopf weak solution
was an open problem until recently. Results by Vicol and Buckmaster [9] and Albritton, Brué and
Colombo [12] demonstrated the non-uniqueness of weak and Leray-Hopf weak solutions respectively.
The question of whether all Leray-Hopf weak solutions with smooth initial data are regular is still
open to the best of our knowledge and is a millennium problem. A solution u is said to be regular
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if ||u(t)||g1 is uniformly bounded in time. As opposed to the case of weak solutions, the global
existence of a regular solution is still an open problem. We only know certain partial results. For
example, we have local in time existence of a regular solution with the time of existence depending
on the “size” of f and ug.

Despite this lack of well-posedness in the classical sense, several regularity criteria have been
found. Such results specify additional conditions under which a Leray-Hopf weak solution is regular.
The first important regularity criterion is due to Serrin [37]: If u is a weak solution that satisfies

3 2
(1.2) we L*(0,T; L), with 2<s<o0, 3<qg<oo, —+-<1,
q s

then u is regular on (0,7"). This result was further improved by showing that % + % < 1in (I2)

can be replaced by the weaker condition % + % < 1. The equality yields the largest class, providing
us with a more general regularity criterion : If u is a weak solution that satisfies

2
(1.3) we L*(0,T; L), with 2<s<oo, 3<¢q< o0, §+—:1,
g s

then w is regular on (0,7). The borderline case of ¢ = 3 and s = oo is excluded from(L3). One of
the first results in this direction was by von Wahl [41], who showed that the space C(0,T; L?) of
continuous L3-valued functions is a regularity class. In [28], it was shown that the space BV (0, T’; L?)
of L3-valued functions of bounded variation is also a regularity class. Further regularity classes
within L%°(0,T; L?) are given in [28], [I5]. See [27] concerning a uniqueness result in this space.
Kozono [29] was able to improve the last result by replacing L? by a larger Lorentz space. This
motivated mathematicians to look into more general Lorentz spaces [8] [30]. Expanding on this
idea, Sohr [38] was able to extend Serrin’s result by introducing Lorentz spaces in both time and
space. The space L°°(0,T’; L3) was finally shown to be a regularity class by Escauriaza, Seregin and
Sverak [39].
Another regularity class was proposed by Da Veiga [14] : If a weak solution u satisfies

3 3 2
- <g<oo, —+-=2
2 q s

we L0, T;WhH) with 1< s < oo,
then it is regular on (0,7"). Here W14 is the usual Sobolev space. The well-known Beale-Kato-
Majda [3] regularity criterion asserts that if the vorticity w = V x u € L([0,7]; L°(92)), then
the solution u is regular. This immediately implies that the broderline case ¢ = 0o, = 1 of
Daveiga’s result above. Regularity results based on conditions on the pressure have also been
established [7,11,[13|31[43]. Additionally, regularity results based on only one component of the
velocity for the 3D NSE on the whole space or with periodic boundary conditions have also been
formulated [101,24,[321[35],42].

The regularity criterion that we propose for the 3D NSE in this paper is fundamentally different
from the ones mentioned above and is based on finitely many observations [2122]. The observations
that we consider are either finitely many Fourier coefficients {i(k,t),k = (k1, ko, k3) € Z3, k| < N}
[18], or finitely many nodal values {u(z;,t)}.; where {;} are points on an uniform grid covering
the domain 2, or finitely many volume elements [22]. It is intimately linked to, and motivated
by, the notion of determining functionals (modes, nodes and volueme elements) as well as data
assimilation. The concept of data assimilation arises in the context of forecasting using dynamical
systems. While dealing with biological or physical systems, one is often hindered by a lack of
adequate knowledge of the initial state and/or model parameters describing the system. In order
to compensate for this, one may utilize available measurements of the system, collected on a much
coarser (spatial) scale than the desired resolution of the forecast. An example of this occurs in
weather prediction where one has almost continuously collected data from sparsely located weather
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stations. The objective of data assimilation and signal synchronization is to use this coarse scale
observational measurements to fine tune our knowledge of the state and/or model to improve the
accuracy of the forecasts [1625].

Data assimilation algorithms can be broadly classified as probabilistic and deterministic. Many
of the classical data assimilation algorithms were probabilistic methods based on linear quadractic
estimation, also known as the Kalman filter. For nonlinear models, modified versions of the Kalman
filter have been employed, such as the Ensemble Kalman Filter (EnKF), Extended Kalman Filter
(EKF) and the Unscented Kalman Filter, (although, unlike the Kalman filter, these do not enjoy
the optimality property). Consequently, there has been a recent surge of interest in developing a
rigorous mathematical framework for these approaches; see, for instance, [1,23],125,26[33.36] and
the references therein. These works provide a Bayesian and variational framework for the problem,
with emphasis on analyzing variational and Kalman filter based methods.

A predominantly used deterministic approach to data assimilation is the technique of nudging,
which utilizes a feedback control paradigm via the Newton relazation scheme. This method is often
cheaper to employ and is based on the idea of existence of finitely many determining functionals
(nodes, modes and volume averages) for a dissipative dynamical system. A rigorous mathematical
analysis of this method in the context of fluid dynamics by incorporating observed data into the
model via interpolation operators was first performed by Azouani, Olson and Titi [2]. Due to this,
the nudging algorithm will henceforth be referred to as the AOT system.

A schematic description of the nudging algorithm is as follows. Assuming that the observations
are generated from a continuous dynamical system given by

%u = F(u),u(0) = uy,
the associated AOT system is given by
d
(1.4) ik F(w) — plp(w — u),w(0) = wy (arbitrary).

Here, Iu is an approximation of u constructed solely from observational data. We mainly consider
three types of observational data : modes (low fourier modes of u), nodes (pointwise measurements
of u) and volume averages (local averages of w). The approximation is constructed through the
use interpolation operators Ij, acting on the phase space (See subsection 2.2]). h refers to the size
of the spatial grid over which the observed data was collected. In case of the modal interpolant,
the reciprocal of h is proportional to the number of observed modes. Moreover, p > 0 is the
relaxzation/nudging parameter an appropriate choice of which needs to be made for the algorithm
to work, i.e. the system to be globally (in time) well-posed and for its solution to possess the
asymptotic tracking property, namely, ||w — u|| — 0 as t — oo in a suitable norm. This in turn
critically depends on the richness of the observation space and bounds on the system variables.
One of the first results that hinted a possible link between data assimilation and regularity for
the 3D NSE was given in [6] where the authors succeeded in applying the AOT data assimilation
technique to the 3D NSE for the modal case, based on certain conditions on the observed modal
data. The regularity of the data assimilated solution was crucial in demonstrating the tracking
property which was in turn achieved under specific conditions on the observed modal data. There
was hence a connection between the specific condition on the observed data and regularity. Now
the question was whether we could extend the idea to obtain a condition on the observed data that
would be sufficient to establish the regularity of the actual solution to the 3D NSE. We pursued
this line of enquiry in [4] to establish an observable regularity criterion for the 3D NSE on the weak
attractor, and based on observed data that were either modal or volume elements. The criterion
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was based on a condition on either the observed modes or the observed volume averages. It should
be noted that the case of nodal observations was not covered by the technique in [4].

In this paper, we substantially generalize our result in [4] and propose a regularity criterion for a
Leray-Hopf weak solution of the 3D NSE which not only covers the case of finitely many observed
modes or volume elements, but also finitely many pointwise observations (nodes). The new criterion,
unlike the one in [4], doesn’t require the solution to be on the weak attractor, but is now formulated
on a finite interval [0,7]. Due to the fact that our regularity criterion is based on finitely many
observations, it is completely different from the classical ones described earlier.

Before stating our main result, we define the quantity Mj, ,, purely in terms of observed data as
follows:

2rN 1
2 s L
Iy ~ 3 Plack)P, =~ (Modal)
|k|l<N
1.5 M}, =esssup{ Ch o Vol
(1.5) h, 0§t<:lp Z |ta?, ’Qa‘ Qa (Volume)
ChY |u(za)l?, (Nodal)

M, plays a key role in making an informed guess on the upper bound of ||u||g1. Our proposed
regularity criterion is as follows:

Theorem 1.1. Let u be a weak solution to the 3D NSE given by (Z14]) such that w(0) € V' and M},
be defined by [B.1). If there exists an h > 0 such that

cW,‘f W f]
v3 2

+ M2,

v c
(1.6) max{y/\l, } < where WP = Y

= 4ch?’

then w is reqular and ||u|| < Wh,.

Here V is the divergence free subspace of H'(€) containing functions that obey the boundary
conditions prescribed in (LI]). To the best of our knowledge, this is the first regularity criterion for
the 3D NSE that requires knowing the solution on only finitely many points. Additionally, we were
able to apply the AOT algorithm to the 3D NSE for nodal data. In fact, our regularity criterion
follows as a natural consequence of the results we obtained for the data assimilation algorithm with
nodal data. Furthermore, we were able to prove that the criterion we obtained is both a necessary
and sufficient condition for reqularity.

The paper is structured as follows: Section 2 introduces the notation, the interpolation operators
and sets up the data assimilated system for the 3D NSE. Section 3 addresses the well-posedness of
the data assimilated 3D NSE and concludes with the proof of the tracking property (synchroniza-
tion). Section 4 states and discusses the regularity criterion. Section 5 discusses the conditions
under which a set of nodes are determining. Finally, the Appendix contains proofs of inequalities
that have been crucially used to prove results throughout the paper.
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2. PRELIMINARIES

2.1. Notation. The 3-D incompressible Navier-Stokes equations (3D NSE) on a domain Q =
[0, L] ¢ R? with time independent forcing (assumed for simplicity) is given by

%—I—(U'V)U—VAU—I—VPZJC

(2.1) Vou=0
u(t = 0) = uo.

Here u denotes the velocity of the fluid, p denotes the pressure, v is the kinematic viscosity and f
is the body force.
For simplicity, we assume periodic boundary conditions:

u is space periodic with period L in all variables with space average zero, i.e., / u = 0.

Q

Following [17,40], we briefly introduce the notations. For o > 0, H*(f2) is the usual L? based
Sobolev space. We denote the inner product and norm of L?(2) by (-,-) and | - | respectively and
the inner product and norm of H'(Q) by ((-,-)) and || - || respectively.
We define V as the space of L-periodic trigonometric polynomials from R3 to R? that are divergence
free and have zero average. H denotes the closure of V in (LQ(Q))3 while V' denotes the closure of
Vin (H'(2).

H is endowed with the inner products

3
(u,v) = ;/Qul(:n)vl(x)daz

172V is endowed with the inner product

and the norm |u| = (u, u)

3
(o) = 3 [ dud@ojuerts

i,j=1

1/2

and the associated norm |jul| = ((u,u)) We also denote by P, the Leray-Hopf orthogonal

projection operator from L2() to H.

2.2. Interpolant Operators. As part of our data assimilation algorithm, we will be considering
interpolation operators based on the spatial observations of the reference solution to the system
(2.1). We briefly introduce some important interpolation operators below. They can be broadly
classified into two categories: Type-I and Type-II.

A finite rank, bounded linear operator I}, : (Hl(Q))3 — (L2(Q))3 is said to be a type-I interpolant
operator if there exists a dimensionless constant ¢ > 0 such that

(2.2) 11,(v)] < clo| and |I,(v) — v| < chjv]| Vo € (H ().

Two important examples of type-I interpolation functions are:

e Modal interpolation: In this case Iu = Pg(u) with h ~ 1/)\},{/2, where Py denotes

the orthogonal projection onto the space spanned by the first K eigenvectors of the Stokes
operator A. Indeed, one can easily check that it satisfies (2.2):

L
A2

(2.3) |Px(v)] < |v| Yoe L*(Q) and |Px(v) —v| < lv]] Vv e (Hl(Q))3
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e Volume interpolation: In this case, () is partitioned into NV smaller cuboids @, where o €
J = {(j,k‘,l) ENXNxN:1<75,k1< W} Each cuboid is of diameter h = v/3L/V/N.
The interpolation operator is defined as follows:
(2.4) (In(©); = Y TiaXQu
acJ

where
1

z_}i,oz =
|Qa| Qa
and |Qq| is the volume of Q.. For v € V), we define Iyv = (I (v1), In(v2), In(vs)) , where
v = (v1,v2,03).

A linear operator Iy, : (H2(Q))3 — (Lz(Q))3 is said to be a type-II interpolation operator if there
exists dimensionless constants c¢;, co such that such that

(2.6) 1n(v) — 0| < erh||vl + e2h?|Av| Vo € (H2(Q))°.

e Nodal Interpolation: In this case the domain is split into subdomains similar to the
volume interpolation case above and from each subdomain (), a representative point x,, is
chosen. This represents taking measurements at a finite number of points in the domain.
The function is given by

’L)Z'(ﬂf)dﬂf,

N
(2.7) Iv(:) = Iho(+) Zv (Ta)XQu (-
7j=1

where h = v/3L/V/N.

2.3. Mathematical Model. In order to prescribe (2.I]) as a precise PDE model, we introduce a

few operators. Let D(A) =V N (H2(Q))3 and A : D(A) — H be the unbounded linear operator
defined by

(2.8) (Au,v) = ((u,v)).

We recall that A is a positive self adjoint operator with a compact inverse. Moreover, there exists
a complete orthonormal set of eigenfunctions ¢; € H, such that A¢; = A\;¢;, where 0 < A\ < Ap <
A3 < ... are the eigenvalues of A repeated according to multiplicity.

We denote by H,, the space spanned by the first n eigenvectors of A and the orthogonal projection
from H onto H, is denoted by F,. We also have the Poincare inequality

(2.9) N2l < ol v € V.

Let V'’ be the dual of V. We define the bilinear term B : V x V — V' by
(B(u,v),w)vrv = (((u-V)v),w)

The bilinear term B satisfies the orthogonality property

(2.10) B(u,w,w) =0V ueV, weV.

We recall some well-known bounds on the bilinear term for velocity in the 3D case.

Proposition 2.1. Ifu,v € V and w € H, then

(2.11) |(B(u,v),w)| < ellull s | Vol gsllwl g2 < elfulll|ol'/?| Av['/?|uw]
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Moreover if u,v,w € V, then
(2.12) |(B(u,0),w)| < ellullpa||Voll 2wl < elul* |ul]**|lof|fw]*/*lw]**

We also recall the Ladyzhenskaya’s inequality for three dimensions :

1 3
(2.13) Jwl[ps < Clwlg [lwllg

We denote by P, the Leray-Hopf orthogonal projection operator from L?(Q2) to H. With the above
notation, by applying P, to (2.1), we may express the 3-D Navier-Stokes equation in the following
functional form:

ou

e + B(u,u) + vA(u) = f.

(2.14) V-u=0
u(t = 0) = uo.

where, by abuse of notation, we denote P,(f) by f. The data assimilation algorithm is given by
the solution w of the equation

88—1: + B(w,w) + vAw = f + p(lu — Tw)
(2.15) V.ow—0
w(t=0)=0.

In the above equation, w = wy, depends on h. For convenience of notation, we suppress the h
dependence of w. I is a smoothed nodal interpolation operator as defined in ([B:2]). The Galerkin
approximation of (2.15]) is obtained by applying P, and is given by

Oow - -
at" + B(wy, wy) + vAw, = P, f + puP,(Iu — Twy,)

(2.16) V- w, =0
wy(t =0)=0.

2.4. Well-Posedness.
Definition 1. u is said to be a weak solution to (21)) if for all T > 0,

e u € L®(0,T;H)NL*0,T;V)

e u satisfies, Vv € V, a.e.t

d
(2.17) a(u,v) + v((u,v)) + (B(u,u),v) = (f,v)
A Leray-Hopf weak solution additionally satisfies, a.e. s, and for all t > s, the energy inequality
t t
(218) uOF + [ viuo)Pdr < [u(s)F + [ (7). u(o))do

A weak solution is said to be a strong/regular solution if additionally
u € L®(0,T;V)NL*0,T; D(A)).

Remark 2.1. From the above definition, we see that a weak solution to the 3D NSE, u € L*°(0,T; H)N
L2(0,T; V). Hence there exists a M (ug) € R such that

(2.19) lu| < M.
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3. DATA ASSIMILATION WITH TYPE-II INTERPOLATION FUNCTION

In this section we will be discussing the well-posedness and the regularity of our data assimilated
system. Our end goal is to demonstrate that the data assimilated velocity asymptotically approaches
the actual velocity (synchronization).

3.1. Existence And Uniqueness Of Strong Solution. In order to discuss existence and unique-
ness of strong solutions, we will have to impose conditions on our data and look at the term ||Tul].
For the case of modal interpolation, in addition to satisfying (Z2)), I; also satisfies

1
(3.1) ol < | Pvull < ¢llvll Yo € HY(Q), N ~ 7

The piece-wise constant nodal interpolation operator (as in (2.7])) does not have enough regularity for
us to bound the term ||Tul|. In order to establish an inequality similar to (1)) and also an inequality
explicitly in terms of the data for nodal interpolation, we define a smoothed nodal interpolation
operator I as follows

(3.2) I(w)(z) = > v(za)palz), veH (Q)

acd
where
(33) gba = Pe * T;Z)Qaa pe(:E) = 6_3p (33‘/6) .
XQ. . foragé
3.4 =
(3.4) ¥Qa () {XQe,a , fora €&
Kpe ! for |z] < 1
(3.5) plx) = 0PN\ T2)
0 , otherwise
and

-1
Kot = / exp < > dx.
( 0) al<1 1_ 22

We set € = h/10. Repeating the calculations in the appendix of [2], we obtain that I is a type-II
interpolation operator. Additionally, repeating the arguments in the appendix of [4] and plugging
in u(z,) for v, in Theorem 6.2, we may conclude that
(3.6) [Tul* < Ch > Ju(za)

acd
Next, for a general Leray-Hopf weak solution u of ([2.14]), we define the quantity M, (= M}, 1) as

IPx@)? ~ Y wlPlack)?, NNE (Modal)
|k|I<N

2,u = Sup Chz |ua| Ug

Volume
=g (Volume)

Chz lu(zq)|?, (Nodal)
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where, \; is the k" smallest eigenvalue of the stokes operator A corresponding to the eigenvector
N

¢ and Py (u) =Y i(k)ox.
k=1
Combining (3.6]) and (3.7)), we obtain the bound

(3.8) sup ||[Tul* < cM?.
0<t<T

Theorem 3.1. Let u be as in (ZI4), w be as in (ZI0), I be the nodal interpolation function as in
B2) and Iy, be the volume interpolation function as in [2.4). Assume that there exists h > 0 such
that

4
cWy, v c

. — < — h 2 — 2+ M2
(3.9) max{l/)q, 3 } < g Where Wi y2)\1|f| + Mj
Let i be chosen such that

cW,‘f v
(3.10) max {1/)\1, 7} <u< o

Then w is reqular and ||w|| < Wh,.

Proof. We begin by establishing a priori estimates on the Galerkin system. Taking the inner product
of (2I6) with Aw,, we obtain

1d

— pllwn|* + p(Lu, Aw,) + (f, Awy,)
We bound each term below. First, applying (Z11]) and Young’s inequality, we have
c v
|(B(wn, wy), Awy,)| < cl|wn||*?|Aw, [*? < ﬁllwnll6 + ZIAwnIQ-

Next, from ([22), ([6.9]), Cauchy-Schwartz, Young’s inequality and the second inequality in (BI0),
we have
|(wn — Twy, Awy)| < plwy — Ihwn”Awn| + N|I~wn — Thwy||Aw,|

2 .52 4..1,6
ch ch v
E—llwn | + g llwn 2 + 7| Aw]?

IN

v
< Elwnl? + Sl Aw,
Applying (2.8) and Cauchy-Schwarz, we obtain
p(Tu, Awn)o < pll P + Fllewa 2
Lastly, applying Cauchy-Schwartz and Young’s inequality, we obtain
1 v
(7, Awn)] < 1| Awn] < 2 [F2 + %] w2

Inserting the above estimate into (3.11]), we obtain

d c v 2 ~
(3.12) w4 (1= Sglhwal*) fwnl? + 1 Aw ? < Z1£2 + 20] Lul?
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Let [0,77] be the maximal interval on which |w,(t)|| < W}, holds for ¢ € [0,7}] where W}, as in
39). Note that T} > 0 exists because we have w(0) = 0. Assume that 77 < T'. Then by continuity,
we must have ||w, (T1)|| = W},. Using B.10), for all ¢ € [0,7}], we obtain

d n v 2 ~
1 —lwn|I? + Zl|w|]? + =|Aw,|? < Z|FI? + 2ul|Tul.
(3.13) dtl!w | +2|!w|! +2\ Wy _V\f\ + 2p[ Tul|

Since w,(0) = 0, dropping the last term on the LHS and applying the Gronwall inequality we
immediately obtain

Wy, Vt € [O,Tl].

N =

4 _
(3.14) lwall? < == IfIP+4 sup ||[Tul* <
20N s€[0,7)

This contradicts the fact that ||w,(T1)|| = W}. Therefore we conclude that T} > T" and consequently,
lwn ()| < Wy, for all ¢ € [0,T].
Also, since ||wy,(t)|| < W), for all ¢t € [0,T], from (BI3]) we obtain that for s € [0,7 — 1]

s+1 4 1
(3.15) v [ (o) Pds < S17P + St}

The remainder of the proof of existence is similar to the proof of existence of strong solutions of the
2-D NSE.

We now address uniqueness. Let w; and wa be two regular solutions of ([2.I5]) with u satisfying
B9). Let w = wy — wa. Since w; and wy are regular, so is w. W satisfies

(3.16) Cfl—‘t“ + VAW, + B, w1) + B(wa, ®) = —plp® = p(d — Iyd) — p.

Taking the inner product of (3.16) with @, we obtain

1d, . ~ - - - _ N~
(3.17) 55\1012 + ||| + plal* < (B, wi),d])| + [p(@ — I(@))[[a].

We bound each term on the RHS.
First, applying ([2.12]), Cauchy-Schwartz, Young’s inequality and (51I), we obtain

- _ - - c . v,
|(B(@, w1),®|)| < elw]"/?|[d]*?|Jw: | < ﬁMfZ,i\WIQ + §HwnH2'
Using Cauchy-Schwartz, Young’s inequality and (5.I]), we obtain
(@ — Ip(@))[[] < peh®|[a||* + =
Applying the above estimates and (5.1]), we obtain
d, . W
3.18 —|a]? + Z|w)? < 0.
(3.18) dt‘w‘ +2]w\ <0
Now using Gronwall’s inequality on the interval [0, ] and using the fact that @w(0) = 0, we obtain
(3.19) |w(t)]? = 0.

We hence have uniqueness.
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3.2. Synchronization. We now show that the data assimilated velocity asymptotically approaches
the actual velocity.

Theorem 3.2. Let u be as in (214) such that w(0) € V, My, be defined by [B.1) and w be as in
2I5). Also, let w = u — w. Assume that there exists h > 0 such that

Wi Wy f] v
(3.20) max{y)\l, 5 < ek

where W} = 26)\ + M3
v

Let i be chosen such that

cWh Wil fl
(3.21) max{y)\ 33 <u< 1

Then 0 is reqular and ||w(t)|| < ||u(0)|le=**/2. In particular, if we have T = oo, then
Jim [ ()] = 0.

Proof. Note that since u(0) € V, we have existence of strong solution up until some time Tj.
Subtracting (21)) from (2I6) and taking the inner product with Aw, we obtain

1d 9 9 - N -
wl||* + v|Ad B(w,w), Aw) — (B(w,w), Aw) — (B(w,w), Aw
oy gl AT = = (B, Aw) — (B(2.) Aw) — (Bl 0). Au)

+ (@ — Io, Ad) — | |*

We bound each term below. First, applying (2.11]) and Young’s inequality, we have
CWh

[(B(w, w), Aw)| < CII@DIIIIWIll/QIAwll/QIAﬂ)I < —=||@|*|Aw| + 2 |Aw|2.
(B, ), Ad)| < cl|d|*/*| Ab|*? < || @|° + §|Aw|2.

W4
KB@mw%A@HSCWMWwW”M%MWQSE;%M@W%-QAwP

Next, from ([22), ([6.9]), Cauchy-Schwartz, Young’s inequality and the second inequality in (BI0I),
we have

u( — T, Aw)| < plid — Ip||Ad] + p| T — I,|| A

212 4,76
poch® o pch® o v
< THU’H + THU’H + Z'AU)'
< Ll + JlAaP
Inserting the above estimate into (3.22)), we obtain
d, . [ cWry, - -
(3.23) I+ (= 5ol - Zlaul) [alP + vidap <o

Let [0, T1] be the maximal interval on which ||1D(t)|| < 2[|u(0)]| holds for ¢ € [0,T7]. Note that T} > 0
exists because we have w(0) = ||u(0)|| € V. Assume that T} < T. Then by continuity, we must
have ||@w(T1)|| = 2||w(0)||. Using B.21]), for all ¢ € [0,T}], we obtain

d., . wo Wy -
24 —|w]?+ (= Aw 2<o.
(3.21) Sl + (4 - riau) 1ol <o
Applying the Gronwall inequality, (3.I5]) and (BID), we immediately obtain

2
_WiVE _ cWhlf|

(3.25) lw(®)]* < Hﬁ)(O)He_t(“ v ) < [[@(0)le™*2 < u(0)[| V¢ € [0,T3)-
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This contradicts the fact that ||w(71)|| = 2||u(0)||. Therefore we conclude that T3 > T and conse-
quently, [|@(t)| < 2||u(0)|| for all t € [0,T]. O

4. REGULARITY CRITERION FOR THE 3D NSE

From Theorem B.1] we obtain regularity of w while Theorem provides us with the regularity of
w = u — w. Both of these results are obtained when the data obtained for the mesh size h satisfies
certain conditions. Using the triangle inequality ||u|| < ||w — u|| + ||w]||, we can combine the results
to obtain a regularity criterion for the solution u of the 3D NSE, which is stated below:

Theorem 4.1. Let u be a weak solution to the 3D NSE given by [214) such that u(0) € V. Let
My, be defined by [B7). If there exists an h > 0 such that

Wi Wy f] <V
v3 7 2 = 4ch?’

(4.1) max q Vg, where WP = L|f|2 + M?,
2\

then w is reqular and ||u|| < Wh,.

Remark 4.1. The exact same proof strategy for Theorem B.I] and Theorem [3.2] can be used to obtain
the regularity of w and @ when I is a type-I interpolation operator. Hence, we can obtain an
analogous regularity criterion for the solution u of the 3D NSE in the type-I interpolation operator
case.

We have shown that if u satisfies the criterion given in Theorem HI] then it is regular. Now
the question arises : what about the converse? Will a regular solution to the 3D NSE satisfy the
regularity criterion? The answer, as it turns out, is yes. We prove this in the theorem below. We
now proceed to prove the theorem.

Theorem 4.2. Let u be a regular solution to the 3D NSE by @2Id)and My, be defined by (B.1).
Then there exists an h > 0 such that u satisfies (A1)

Proof. Looking at (4.1]), we may say that since v\; and |f| are fixed and bounded for a given
problem, it is sufficient to show that regularity of u implies that Mj, is finite. Then the criterion can
be satisfied by choosing h sufficiently small. Recall that our domain is divided into smaller cubes

@4, indexed by a. Also, each cube @, has side length h.
First, using Proposition [6.2] Holder’s inequality and Gagliardo-Nirenberg-Sobolev inequality, we

obtain
EO; [u(z4)|? ZEO; <\Q—1a! . u(:na)dx>2
= Za: (@ . u(za) — u(w)ldw>2 + Za: <@ s |u(:v)|dx>2

1 1
+2%:<’Qa’ . |u(xa)—u(x)|d:17> <‘Qa’ . |u(:v)|dx>
< g2 [, o)~ @R+ 53 Il

4 Za: % (/Q () — u(g;)de) v 3 (/Q ]u(x)\2da:> v

«

1
< clull|Aul + - [lul?
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From (B.17) and the above estimate, we have

Mg =ch sup > |u(za)? éc(h sup |[lu(?)[|[Au(t)| + sup ||u(t)||>
te[0, 7] 7, te[0,T te[0,7

Since w is regular, sup [u(t)| is bounded. Also, from [20], we have that sup |Au(t)| is bounded.

te[0,T] t€[0,T]
Hence M, is finite and its value decreases with h. Hence, by choosing a small enough h, condition
(41) can be satisfied. O

Remark 4.2. Theorem [A.]] gives us a regularity criterion for the 3D NSE based on finitely observed
data. All the other existing regularity criteria for the 3D NSE, to the best of our knowledge, require
knowing u or p almost everywhere in the domain.

Additionally, Theorem [£.1] and Theorem together prove that condition ([41) is both necessary
and sufficient for the regularity of wu.

5. DETERMINING NODES

Lastly, we look into the asymptotically determining aspect of nodal interpolation. Using argu-
ments similar to the uniqueness part of Theorem B.I] we observe that if h satisfies (4.]), then h is
asymptotically determining.

Theorem 5.1. Let uy and ug be two weak solutions of (ZI4)) and let My ; be defined by B1) for
ui, 1 = 1,2. Assume that there exists h > 0 such that

Wi Whilf| v c
(5.1) max{l/)q, 1/3’ ) 1/’2 < ISR where W}%Z = 1/2)\1|f|2 —|—M,%Z
If
(5.2) Jim T (u1 — u2)| =0,
then

lim |u; — ug| = 0.
t—o00

Proof. Let wy and ws be the solution for the data assimilated equation (2.I5]) corresponding to wu;
and wug for p satisfying (B3.21) for both u; and us. From Theorem B2 and (2.9]), we obtain that

1
s () — e ()2 < T W () — a0 ($) |2 —
(5.3) tli>nolo ui(t) — wi(®)]” < tllglo A [Jui(t) — wi (2] 0.
Now, let w = w; — wg. Then, from (5.3)), it is sufficient to show that tli)m |w(t)| = 0. w satisfies
dw .
(5.4) d_’l;) + vAw,, + B(zb,wl) + B(wg,’lf)) = /L(Ih(ul — UQ) — [h(ﬂ)))
Taking the inner product of (5.4) with @, we obtain
1d, . . . . . . g~ ~ .
(5:5) 5@l + v@l + pld* < (B, wn), @)] + [ — In(@))|[0] + plIn(ur = ua)[|D].
Bounding each term as in the the proof of uniqueness for Theorem B.Iland applying (5.1]), we obtain

d
dt
Now using Gronwall’s inequality on the interval [0, t], we obtain

(5.6) [0 + £ < 2| (w1 = u2)].

(5.7) i (t)[* < (o) |Pe™ 5 + 4 sup T (ur —up)].
te(o,t]
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First letting t — oo, and then applying (5.2]) while letting o — oo , we obtain
. ~ 2
(5.5) lim f(®)? = 0
O

Remark 5.1. In simpler words, the above theorem states that if you choose to observe two velocity
function at sufficiently large number of points and they approach each other asymptotically at these
points, then they approach each other asymptotically everywhere. This means if you construct an
approximation of the actual function by observing it at sufficiently many points, the approximation
must asymptotically approaches the actual function. This is the central idea of data assimilation.

6. APPENDIX

We utilize this section to establish a few key inequalities regarding the nodal interpolation oper-
ator.

In order to prove the next proposition, we first state and prove the following lemma which is a
modification of Proposition A.1. in [5].

Lemma 6.1. Let 0 < | and Q be a cube [0,1]> C R3. Then for ¢ € H*(Q) and (x1,y1, 21), (x2, Y2, 22) €
Q, we have

[$(z1,91,21) — B(22,92, 22)| < C| VB[ 155 00 [48]157 -

Proof. First consider ¥ = ¢(z,y,2) € C*°(Q) and let g,z € [0,I] and Z € [0,1]. Without loss of
generality, assume ¢ and Z are closer to 0 than [, i.e.,

(6.1) G<l—7 and 2<1—%
Then, for every = € [0,1], y € [y, h] and z € [Z, h], we have

Y 2 z 2 ~
(6:2) V3(2,5,2) = V32,9, 2) - /y e / e g5) g,
Integrating with respect to z, y and z over [0,1] x [g,] x [Z,!], we obtain
(6. 3)
81/1 i oy ||?
L2 (Q “ 2 @)

Using (IB:[I), we observe that
l—§>1/2>0 and [ —2>1/2>0.

Therefore

! . 4 4
(6.4) /0 92,9, e < 9l + 719l

0 4
Y e

1)

L*(Q) LQ(Q

For the case | — gy < [, we choose y € [0, 9] instead and proceed analogously. Similarly, for | — 2z < [,
we choose z € [0,Z]. Also, since ¢ € C*(Q), by density, (6.4) is also valid for every ¢ € H*(Q).
Now, let ¢ € C*°(Q) and (x1,y1,21), (T2,y2,22) € Q. By triangle inequality,

|p(z1,y1,21) — d(w2, Y2, 22)| < |P(1,91,21) — d(w1, Y1, 22)| + |P(21, Y1, 22) — A1, Y2, 22)]

6.5
(6.5) +[p(21,Y2, 22) — P(T2, Y2, 22)|-
Note that
z2 a 8
(6.6) |o(z1, 91, 21) — d(z1, 91, 22)| = / a¢ ‘ <12 ¢
2 2@
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Hence applying (6.4]) to ([6.6]) with ¢ = d¢/0z, we obtain
4 , 8 , 1/2
(6.7) [9(z1,y1,21) — B(@2, Y2, 22)| < <l_2||V¢HL2(Q) +71IVelra g ||A¢||L2(Q)>

Similarly, we obtain

4 ] 1/2
[¢(21, 1, 22) — D@2, 2, 22)| < <Z_QHV¢H%Z(Q) +71IVellzz () |’A¢Hi2(Q)>
(6.8)

3 1/2
or,m:20) - Sanm ) < ( 190lxg) + V6@ 1401

Combining (6.H), (6.7) and (6.8) and using the density of C*°(Q) in H*(Q), we have

C 1/2
olarn, ) - danm ) < (FIVelg + Vol l0lin) )

Now applying the fact that ||V¢|[12g) < Cl||A¢||12(q), we obtain the statement of the theorem.

Proposition 6.2. Let I be a type-1I interpolation operator and I, be as in (2.4]). Then
(6.9) 1w — Iyul7aqy < CR|lull| Au|.
Proof. Using (2.7)), we note that

fuLu=Y <u<xa) - 5 u(w)dw) Yo

aced
1
=Y (g [, (0w o) ) v
aceJ al JQa
Now, using (6.10), Lemma (6.I]) and the fact that

0  ifa#p
XQ. if a=p,

(6.10)

(6.11) XQaXQg::{

we obtain

fu—[hu 2oy < fu—Ihu,fu—Ihu
L2(Q)

_Z/ o </ (u(xa)—u(s))ds>2da;

aced

< Qo uxa —u(s)|?ds | dz
|Qal?

aeJ " we @
<Y 1Qal (CHVU’”LQ(QQ)”AUHLZ(Qa))

aced
< Ch3 Z IVull 2oy llAul| L2 (@.)

acJ
1/2 1/2
S(ﬂﬁ<§:HVM@m%J <§:HmM§@@)
aeJ acJ

< Ch|Jul|| Aul

15
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