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In this paper, we study a system of equations that is known to extend Navier-Stokes
dynamics in a well-posed manner to velocity fields that are not necessarily divergence-
free. Our aim is to contribute to an understanding of the role of divergence and pressure
in developing energy estimates capable of both controlling the nonlinear terms, and
being useful at the time-discrete level. We address questions of global existence and
stability in bounded domains with no-slip boundary conditions. Through use of new
H' coercivity estimates for the linear equations, we establish a number of global
existence and stability results, including results for small divergence and a time-
discrete scheme. We also prove global existence in 2D for any initial data, provided
sufficient divergence damping is included. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4738637]

Dedicated to Peter Constantin, on the occasion of his 60th birthday.

. INTRODUCTION

The zero-divergence constraint and the associated pressure field are the source of both difficulties
and benefits in the study of the Navier-Stokes equations for the flow of viscous incompressible fluids.
On one hand, the divergence constraint complicates analysis and approximation in a number of ways.
For example, it produces a well-known inf-sup compatibility condition for mixed approximations
that makes it difficult to achieve high accuracy with simple kinds of discretization. On the other
hand, the incompressibility constraint is responsible for the energy inequality, an estimate which is
fundamental to global existence theory.

In this paper, we study global existence and stability questions for a non-degenerate parabolic
system that is known to extend Navier-Stokes dynamics in a well-posed manner to velocity fields that
are not necessarily divergence-free. This system appeared recently in Ref. 10, and begins to explain
the good performance of certain numerical schemes where the pressure is computed by solving
boundary-value problems.'? The idea to determine pressure by solving boundary-value problems
was also a feature of an earlier analytical study by Grubb and Solonnikov,>® and the system we
consider is equivalent to one of their several “reduced” models.

Explicitly, we study the initial-boundary value problem

ou+u-Vu+Vp—Au=0 in €, (1.1)

Vp=U—-P)(Au —VV - -u—u-Vu), (1.2)
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u=0 on 92, (1.3)

U = ug in 2, when r = 0. (1.4)

Here, u = u(x, 1) is the velocity field, p = p(x, f) the pressure, and P is the standard Leray projection
of L2(2, R¥) onto the subspace of divergence-free vector fields which are tangential at the boundary.
For simplicity, we have taken the kinematic viscosity to be unity and omitted body forces.

For the system (1.1)—(1.4), neither the initial data nor the solution are required to be divergence
free. Equation (1.2) defines the pressure gradient, and replaces the incompressibility constraint

V-u=0 in Q (1.5)

that appears in the standard incompressible Navier-Stokes system. However, if initially V -uq
= (, then the incompressibility constraint (1.5) holds for all time. This follows because (1.1)—(1.3)
show that V - u satisfies the heat equation with no-flux boundary conditions

oV-u=AV-uin Q,

9 (1.6)

—V.-u=0 forx € 0Q2,¢t > 0,

av
where % denotes the derivative with respect to the outward unit normal to d."5 Thus, if V - uq
=0, then the system (1.1)—(1.4) reduces to the standard incompressible Navier-Stokes equations, and
in this sense we say that the system (1.1)—(1.4) extends the dynamics of the standard incompressible
Navier-Stokes equations.

Of course, the dynamics of the standard incompressible Navier-Stokes equations could alter-
nately be extended by completely omitting the VV - u term from (1.2). However, the presence of
this term is crucial to the theory for two reasons. First, the diffusion term and Neumann boundary
condition for V - i in (1.6) are a direct result of the VV - u term in (1.2), providing exponential sta-
bility of the divergence-free subspace. Thus, from a numerical perspective, errors in the divergence
should be exponentially damped.

The second and perhaps deeper reason is the essential role played by VV - i in the well-posedness
results of Refs. 10, 5, and 6. Define the Stokes pressure gradient, Vp(u), by

Vpsuw) = — P)(Au — VV - u). (1.7)

In context we often use p, to denote ps(u). Givenany u € H 2(2, RY), the function p,(u) is determined
as the unique mean-zero solution to the boundary-value problem

Aps=0 inQ, v-Vp,=v-(A—VVu ondf. (1.8)

Without the V'V - u term, the boundary condition in (1.8) would not make sense for all u € H*(Q).
With the VV - u term, however, Au — VV -uis L? and divergence-free; hence a standard trace
theorem [Proposition 1.4 of Ref. 3.] makes sense of the boundary condition in H~"2(3R2). The
Grubb-Solonnikov™:¢ approach is based on using the boundary-value problem (1.8) to determine the
contribution of Vp,(u) to Vp, and proves well-posedness of (1.1)—(1.4) using a theory of parabolic
pseudo-differential initial-boundary value problems in L”-based Sobolev spaces.

The convergence arguments of Liu et al.,'” on the other hand, result in a comparatively simple
local well-posedness proof for (1.1)—(1.4) for initial velocity in H; (£2). This proof is based instead
on the expression of the Stokes pressure gradient as a Laplace-Leray commutator

Vps = (AP — PA)u. (1.9)
This follows directly from (1.7) using the fact that
VV.u= A — P)u. (1.10)

Even in this approach, the “extra” VV -u term in (1.7) is directly responsible for the commuta-
tor representation (1.9). The key idea used in Ref. 10 is to treat the Stokes pressure gradient as
the Laplace-Leray commutator (1.9), and show (Theorem 3.1, below) that it is dominated by the
Laplacian (cf. (3.1)) to leading order.'®
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While the methods of Refs. 5,6, and 10 effectively address local well-posedness of (1.1)—
(1.4), they do not address global existence or stability. For the standard incompressible Navier-
Stokes equations in three-space dimensions, global existence of strong solutions is a well-known
fundamental open problem.>* However, classical results establish global existence and regularity if
the flow is two-dimensional,’ or the initial data are suitably small.>-%-13

In this paper, we establish a few such global existence results for the system (1.1)—(1.4). The
main difficulty in proving a small-data global existence result for (1.1)—(1.4) is not the nonlinearity.
The root of the problem is that the linear terms are not coercive under the standard L? inner product.
We remedy this difficulty by using the commutator estimate in Ref. 10 to construct an adjusted inner
product under which the linear terms are coercive. This allows us to establish global existence for
small initial data in two or three dimensions, and unconditional global stability of a time discrete
scheme for the linear equations. This leads to an improved understanding of how the divergence and
pressure can be handled to obtain energy estimates capable of controlling the nonlinear terms.

In 2D, we can extend our small-data global existence results to initial data with small di-
vergence. For arbitrary initial data, we can add a sufficiently large divergence damping term to
(1.1)—(1.4) to obtain global existence. However, presently we are not able to prove global existence for
(1.1)—(1.4) for arbitrary initial data. The difficulty is that for the energy balance using the standard
[? inner-product, the nonlinear term is skew-symmetric, and does not contribute; however, the linear
terms are not coercive. On the other hand, for the energy balance using the adjusted inner products
we consider, the linear terms are coercive; however, nonlinearity is no longer skew symmetric, and
contributes non-trivially.

Coercivity of the linear terms (albeit under a non-standard inner product) allows one to treat
(1.1)—(1.4) as a non-degenerate parabolic system. While this has helped simplify existence theory
and the analysis of certain numerical approximation schemes, some other questions apparently
become more difficult. In particular, while global existence of the standard incompressible Navier-
Stokes equations is well known in 2D, the techniques here do not easily show 2D global existence
for (1.1)—(1.4) for general initial data.

Il. MAIN RESULTS
A. Coercivity of the extended Stokes operator

In the study of parabolic problems, an extremely useful (and often crucial) property is coercivity
of the underlying linear operator. For (1.1), the linear operator in question is the extended Stokes
operator, A, defined by

AuL —Au+Vp,(u)=—PAu—VV -u. (2.1)

Note that the last equality follows from the identity (1.10). Under periodic boundary conditions, the
extended Stokes operator A is coercive. Indeed, under periodic boundary conditions, PA = AP, and
SO

(u, Au) = || Vull., 2.2)

where (-, -) denotes the standard L? inner product on the torus.

Under no-slip (0-Dirichlet) boundary conditions, the situation is surprisingly more complicated.
The extended Stokes operator fails to be positive, let alone coercive, under the standard [? inner
product. To briefly explain why, observe that for u € H*> N Hj (2, RY),

(u,Au):/u~Au=/ |Vu|2—|—/u~Vps. (2.3)
Q Q Q

Now if V - u # 0, the second term on the right need not vanish. In view of the commutator relation
(1.9), one might expect ||V ps|lz2 to be dominated by ||Vu|| 2. This, however, is known to be false,
and control of the Stokes pressure p, requires more than one derivative on u. Consequently, if V - u
# 0, then the second term on the right of (2.3) can dominate the first, and destroy positivity of A.
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Since our primary interest in the extended Stokes operator is to study (1.1)—(1.4), and the
divergence of solutions to (1.1)—(1.4) is well controlled, one may hope to rectify non-positivity of A
by a coercivity estimate of the form

(u, Au) > €| Vull7. = CIIV - ull7.. (2.4)

But again, this turns out to be false.

Proposition 2.1 (Failure of Coercivity): Let @ C R? be a bounded, simply connected C? domain.
For any e, C > 0, there exists a function u € Cz(Q) such that

u=00n0d%, and (u, Au) <8||Vu||iz—C||V~u||2Lz. (2.5)

The key idea in the proof is to identify the harmonic conjugate of the Stokes pressure as the
harmonic extension of the vorticity. Since this is independent of our main focus, we present the proof
of Proposition 2.1 in the Appendix, towards the end of this paper. We remark, however, that if u €
H? N H, where

HZ={elXQ)v=Pv)={velXQ)|V-v=0inL, andv-v =00n0Q},

then the second equality in (2.1) shows that the extended Stokes operator A reduces to the standard
Stokes operator — PA. In the space H*> N Hy N H coercivity of the standard Stokes operator is
well known. Namely, (2.2) holds for all u € H> N H} N H (see for, instance, [Chap. 4 of Ref. 3]).
Unfortunately, when we consider vector fields for which u & H, Proposition 2.1 shows that coercivity
fails for the extended Stokes operator.

The key to global existence results for the nonlinear system (1.1)—(1.4) is to remedy the negative
results in Proposition 2.1 in a manner that interacts well with the nonlinear term. This can be done
by introducing a stabilizing higher order term, and a compensating gradient projection term, as we
now describe.

For any u € H'(2) define Q(u), the primitive of the gradient projection, to be the unique mean
zero H' function such that

VOw)= (I — P)u.
Given constants &, C > 0, we define a H'-equivalent inner product {( -, - ). ¢ by
(u, v)e.c = (u, v) +&(Vu, Vo) + C(Q(u), Q(v)), (2.6)

where (-, -) denotes the standard inner product on L*(€2). Our main result shows that for all ¢
sufficiently small, we can find C large enough to ensure coercivity of A under the inner product
« B »8, C-

Proposition 2.2 (H'-equivalent coercivity). Let @ C R be a C? domain. There exists positive
constants €9 = €9(2) and ¢ = ¢(2) such that for any € € (0, g¢), there exists a constant C, = C¢(2)
> 0, such that for the inner product ( -, -), defined by

def

(e = (5 Dec

we have
Au), > ! Vul? 2 Vq|? 2.7
(u, u)a/z(ll ull7. + el Aully. + CellVqll72) 2.7)
forallu € H*N Hol. Consequently, there exists a constant C, = C.(g, 2) such that

1 1
(uvAI’t)S 2 _<u’u>8’ and <u’ Au)é‘ 2 E(vus vu)&‘s (28)
¢ &
forallu € H* N H.
We prove this proposition in Sec. III. The main ingredient in the proof is an estimate for the
Laplace-Leray commutator (1.9) that is proved in Ref. 10 and stated in Theorem 3.1 below. A couple
of further consequences of this Theorem are worth mentioning here. First, A is invertible on L? with
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compact resolvent (Lemma 3.3). And, due to Theorem 3.1 and the self-adjointness of the Laplacian,
an elementary result about sectorial operators [Theorem 1.3.2 of Ref. 7] directly implies that A is a
sectorial operator on L? with domain D(A) = D(—A) = H> N H.

The result of Proposition 2.2 raises the question of whether coercivity of A can be obtained in a
space with less regularity than H' by using an equivalent inner product. In this regard, we have two
remarks. First, in Proposition 3.5, we will describe an inner product (-, -), for which A is coercive
that is equivalent to the usual inner product on the space

Hygy={veL*Q)|V-ve L*(Qandv-v=0ondQ}.
Second, we expect that a bilinear form defined by
(u, v)! = (A72u, A7), (2.9)

determines an L2-equivalent inner product under which A is coercive. Coercivity for u € D(A) would
follow from Proposition 2.2, and L? continuity by well-known interpolation estimates. However, an
L2-coercivity bound (u, u)! > c||u||i2 appears not to be easy to prove — it may involve proving
A has bounded imaginary powers (see Ref. 1) in order to establish the expected characterization
D(A'?) = H].

In any case, unfortunately the inner products (-, -). and (-, -)7 do not seem to interact well
with the nonlinearity in (1.1). Thus, for questions of global existence and stability for the nonlinear
extended Navier-Stokes equations and their discretizations, it is more convenient to use the inner
product in Proposition 2.2. The rest of the paper can be read independently of Proposition 3.5 or its
proof.

B. Energy decay for the extended Stokes equations

A first step to global existence results for (1.1)—(1.4) is the study of long time behaviour for the
underlying linear equations. These are the extended Stokes equations

ou—Au+Vp(u)=0 in €,
u(x,t)=0 forx € 02, > 0, (2.10)
u(x,0) = ug(x) forx e Q.
A direct consequence of Proposition 2.1 is that the energy of solutions to (2.10) can increase, at least

initially.

Corollary 2.3: There exists uy € C2(2) with ug = 0 on 32, and ty > 0 such that the solution u
to (2.10) with initial data uy satisfies

llu(to)ll > > lluoll 2

The proof of Corollary 2.3 can be found at the end of the Appendix, following the proof of
Proposition 2.2.

In contrast to the extended Stokes equations, solutions to the standard Stokes equations (with
initial data in H) always have monotonically decaying L? norm. This follows because if u(t) € H,
then multiplication by u and integration by parts produces the standard energy inequality

1
S0l @Iz + [ Vull > =0, Q.11
The Poincaré inequality now yields strict exponential decay

w1, < e ™ uoll? (2.12)

for all solutions to the standard Stokes equations with initial data in H.

Despite the counter-intuitive initial energy increase, the extended Stokes system is a well-posed,
non-degenerate parabolic system. This was proved in Refs. 5 and 10, and is a direct consequence
of Theorem 3.1. Indeed, since A is sectorial it generates an analytic semigroup e ~4’, showing well-
posedness of the initial boundary-value problem (2.10). Because no eigenvalue of A has non-positive
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real part by Proposition 2.2, one can quickly show that while the L? energy of solutions to (2.10)
can increase initially, it must eventually decay exponentially. Explicitly, this means that solutions to
(2.10) must satisfy

lu()l|2, < Ce™ luol|2- (2.13)

for some constants C, ¢ > 0.

To digress briefly, we remark that with a little work, one can explicitly characterize the spectrum
of A. Indeed, if Ag denotes the (standard) Stokes operator with no-slip boundary conditions, and Ay
denotes the Laplace operator with homogeneous Neumann boundary conditions, then

0(A) =0(As) Ua(=Ay) —{0}.

Seeing o (A) is contained in the right hand side above is immediate. The reverse inclusion requires
a little work, and was communicated to us by Kelliher.'!

Unfortunately, an abstract spectral-theoretic proof of (2.13) is not of direct help for studying the
stability of time-discrete schemes, which was a primary motivation for introducing these equations.
Further, (2.13) does not recover (2.11) for solutions with initial data in H. For this reason, we search
for a direct energy-method proof of (2.13), and for an idea which also allows the study of time
discrete schemes.

Observe first that if we multiply (2.10) by u, integrate, use the commutator estimate (3.1)
and Gronwall’s lemma, we obtain exponential growth, not decay, of ||u ||iz. If we involve a higher
derivative, coercivity of A in Proposition 2.2 (or Proposition 3.5) and Gronwall’s lemma guarantee
eventual exponential decay of |[u||z: (or ||u| g, ). However, for (2.10), we can obtain a more
satisfactory decay estimate by considering non-quadratic form energies.

Proposition 2.4. Let u be a solution to (2.10) with ug € H'(Q). Then for any € > 0, there exists
constants ¢; = ¢1(2) and c; = (2, €), such that ¢y, ¢c; > 0 and

3 Eeper(u) + EL(u) <0, (2.14)

where &, ., and E! are defined by
Eerey@) Z [ull22 + 1 Vull 2 IV QI 12 + 2|1V Q)I32, (2.15)
Elw) = 2 = o)IVull2 + 1 Aull 2 IV Q@) 12 + A Q@)% (2.16)

The proof of Proposition 2.4 is in Sec. IV. While (2.14) does not imply eventual exponential
decay controlled only by the L? norm as in (2.13), it does provide an estimate that reduces to the
energy inequality for extended Stokes equations (2.11) when the initial data is in H. To see this,
note that if uy € H, then (I — P)u(f) = 0 for all > 0 because V - u satisfies the heat equation (1.6).
Consequently Q(u) = 0, and Eq. (2.14) reduces to

llull?s + (2 — &)V, <O0.

Thus, in the limit ¢ — 0, we naturally recover the energy decay for the Stokes equation (2.11) for
initial data in H.

We also notice that the “energy” & ., of solutions must in fact decrease exponentially. This
is because fQ Vu=0= fQ Q(u), and so the Poincaré inequality can be applied to both the terms
IVul .2 and || Q(u)|| 2. Thus, Eq. (2.14) immediately implies

gcl C2 (u@)) < e gcl C2 (uo),

for some small constant ¢ = c(cy, ¢z, €, 2). Unfortunately, however, for the extended Navier-Stokes
equations, the “energy” &, ., does not interact well with the nonlinearity.
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C. Uniform stability for a time-discrete scheme

Before moving on to the non-linear system (1.1)-(1.4), we study stability of a time-discrete
scheme for (2.10), of the type treated in Ref. 10. One main motivation for studying the system
(1.1)—(1.4), or the linear system (2.10), is that this kind of time-discrete scheme is naturally implicit
only in the viscosity term, and explicit in the pressure. We will show that the ideas used in the proof
of Proposition 2.2 give globally uniform stability estimates for such time-discrete schemes.

Given an approximation u” to the velocity at time n §¢, we determine Vp” from the weak-form
Poisson equation

(Vp", Vo) = (Au" —VV -u" + f", Vo) Vo e H'(Q). 2.17)

n+1

Now, we determine 1"+ by solving the elliptic boundary value problem

un+1 —u"

T A 4 Vp" = f"in Q,

Wt =0 on 8%,

(2.18)
a1 kDo N . . .
where " = & [ o f(s)ds is a time-discretized forcing term.

Proposition 2.5: Let Q be a bounded domain in R¢, d = 2, 3, with C* boundary. Then there
exist positive constants kg, &, C,, C, C, depending only on Q, such that whenever 0 < 8t < Kk, then
for all N > 0 we have

172 + ellVu 17, + Ce Vg™ 1172

=

1

+= (I1Vuk |2, + el Auk |2, + CollAGET)12,) 8¢

=~
Il
=}

02 042 02
< lutllz. +ellVurllp. + CellVg©llz-

N—1
+C 5t (nw‘)uiz +ellAullF + ||f’<||iz> (2.19)
k=0

and
V7. + el VU7, + CelIVg" I3
<A =Cs)" (1617 + el Vull7. + C.1IV4°l7.)

N—1
+C Y I fill7(1 = CanN e, (2.20)
k=0

The proof of this proposition is in Sec. V.

D. Global existence results for the extended Navier-Stokes equations

When one seeks an L? energy estimate for (1.1)—(1.4), multiplying (1.1) by u, the nonlinearity
produces the term

fu-(u Vu = —1/(V-u)|u|2. (2.21)
Q 2 Q

In general this is non-zero, but is morally harmless since V -u is a solution of (1.6) and is well
controlled. This is indeed the case in two dimensions, but under periodic boundary conditions
(see Proposition 2.9, and the remark following it). The key ingredient for proving global existence
for periodic boundary conditions is the coercivity (2.2) of the linear terms. Consequently, despite
the extra nonlinear term arising from (2.21), the L? energy balance closes and the well-known
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existence results for the standard incompressible Navier-Stokes equations continue to hold with
minor modifications.

The situation is more complicated under no-slip boundary conditions, however, since now
coercivity (2.2) fails. To get any mileage from the linear terms, we need to use an inner-product
under which the linear terms are coercive. Using the inner product in Proposition 2.2, and a “brutal”
estimate on the nonlinearity, we can obtain a two- or three-dimensional small-data global existence
result.

Theorem 2.6 (Small data global existence): Let d = 2 or 3, @ C R be a bounded domain with
C’? boundary. There exists a small constant Vo = Vo(2) > 0 such that if uy € HO1 () with

luollmr < Vo,
then there exists a global strong solution to (1.1)—(1.4) with
ue LX0, T; HH(Q) N H(Q) N H' 0, T; L*(Q)), (2.22)
forany T > 0. Consequently, u € C([0, 00); Hol) and V -u € C®((0, 00) x Q).

The proof of this theorem is in Sec. VI. Two-dimensional global existence, however, poses a
different problem. A key ingredient in 2D global existence for the standard incompressible Navier-
Stokes equations is the L? energy balance: the nonlinearity cancels, and does not contribute! Unfortu-
nately, for (1.1)—(1.4), the L2-energy balance does not close because of the higher order contribution
from the Stokes pressure gradient.

In the absence of an L? energy inequality, we are only able to prove a perturbative result. If
the initial data are divergence free, then (1.1)—(1.4) reduces to the standard incompressible Navier-
Stokes equations, for which 2D global existence is well known. Thus, for initial data with small
divergence, we can prove 2D global existence for (1.1)—(1.4).

Theorem 2.7 (Small divergence global existence in 2D): Let Q@ C R? be a bounded C* domain,
vy € HOI(Q) with V - vy = 0 be arbitrary. There exists a small constant Uy = Uy(2, ||v0||H01(Q)) >0
such that if

up € Hy(Q), Pougp=vo and ||V -ugl2@ < Uo, (2.23)

then there exists a global strong solution to (1.1)—(1.4) with initial data uy such that (2.22) holds for
all T > 0.

The operator Py above is the HO1 -orthogonal projection of HO1 (£2) onto the subspace of divergence
free vector fields, and is described in Sec. VII along with the proof of Theorem 2.7. One strategy to
avoid the small divergence assumption is to further damp the divergence. Namely, for arbitrary initial
data (in 2D), if we add a strong enough divergence-damping term to (1.1)—(1.2), we can guarantee
global existence.

Corollary 2.8 (Divergence-damped global existence in 2D): Let Q C R? be a C3, bounded
domain and uy € HOI(Q) be arbitrary. There exists a constant oy = oo(S2, |V - uollr2)) > 0 such
that if @ > oy, then the system

ou+ P((u-Vu)+ Au+a(l — Pu=20 in 2,
ux,t)=0 forx € 9Q2,¢ > 0, (2.24)
u(x, 0) = uo(x),
has a global strong solution u such that (2.22) holds for all T > 0.

The main idea in proving Corollary 2.8 is to verify that the divergence-damped extended Stokes
operator B, defined by

def

By £ A+a(l —P) (2.25)
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is coercive, with coercivity constant independent of «. Consequently, the proofs of Theorems 2.6
and 2.7 work verbatim for the system (2.24), with constants independent of «. Combining these
existence theorems, and using the added divergence damping gives Corollary 2.8, a better existence
result as an easy corollary. We devote Sec. VIII to the coercivity of B, (Proposition 8.1), and the
proof of Corollary 2.8.

So far, our two-dimensional global existence results under no-slip boundary conditions required
either a small initial divergence assumption, or an additional strong divergence damping term. Such
requirements are not needed under periodic boundary conditions, primarily because of (2.2). We
observe, then, that the identity (2.2) will still hold in domains with boundary, provided we consider
functions u with boundary conditions

Pu-7=00n0R2 and u-v=0o0naQ, (2.26)

where v and t are the unit normal and tangential vectors, respectively. These boundary conditions
(2.26) reduce to the usual no-slip conditions in the physically relevant situation where u = Pu.

Armed with (2.2), we obtain a 2D global existence result without a smallness assumption, or
any additional divergence damping.

Proposition 2.9. Let Q@ C R? be locally Lipschitz and bounded, and let uy € H'(2). There exists
a time-global strong solution to (1.1)—(1.2) with initial data uy and boundary conditions (2.26).

We prove the identity (2.2) and Proposition 2.9 in Sec. IX. The proof of Proposition 2.9 em-
phasizes another (analytical) advantage of the boundary conditions (2.26). Under all the boundary
conditions, we consider (no-slip, periodic, and (2.26)) the evolution equation for the gradient projec-
tion is always linear, self-contained, and decays at an explicitly known rate. The evolution equation
for the Leray projection (Eq. (9.2)), is coupled to the gradient projection; however, the coupling
terms are harmless. What causes trouble under the no-slip boundary conditions is that the evolution
of the Leray projection is also coupled to the gradient projection through boundary conditions!
This proves problematic in the case of 2D global existence. On the other hand, periodic boundary
conditions, or the boundary conditions (2.26) provide an explicit de-coupled boundary condition for
the Leray projection, which simplifies the analysis greatly. Unfortunately, the price paid is that the
boundary conditions (2.26) are much harder to implement numerically.

lll. COERCIVITY OF THE EXTENDED STOKES OPERATOR.

As mentioned earlier, the extended Stokes operator is not coercive under the standard L? inner
product. However, it is coercive under a non-standard, but H'-equivalent, inner product. This is
the main tool we use in studying the extended Navier-Stokes. The aim of this section is to prove
Proposition 2.2 (coercivity under the adjusted H' inner product). The main ingredient in the proof
is the following estimate on the Laplace-Leray commutator.

Theorem 3.1 (Liu, Liu, and Pegolo). Let Q be a connected, bounded domain with C* boundary.
For any § > 0, there exists Cs > 0 such that

1
IVps@ll7. < <5 + 5) | Aull, + CslVull3. 3.1

forallu e H* N HOI(Q).

We refer the reader to Ref. 10 for the proof of Theorem 3.1.
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A. H' equivalent coercivity on D(A?)

The idea behind the proof of Proposition 2.2 is to use Theorem 3.1 and prove coercivity assuming
the “extra” boundary condition Au € H_. We will later use an approximation argument to prove the
proposition for all H*> N H, functions.

Lemma 3.2: For any € > 0 sufficiently small, there exists a constant ¢ = ¢(2), independent of e,
and a constant Cy = C4(2) > 0, depending on & and Q, such that (2.7) holds for allu € H* N Hol,
such that Au € HOI.

Proof. Observe first that there exists a constant C = C(2) such that for all u € H> N Hol, we
have

IVps@)ll> < CllAul 2. (3.2)

While this immediately follows from Theorem 3.1 and the Poincaré inequality, we can see it directly
from (1.7) because, due to elliptic regularity,

IVps@)l3: < C (lAulli. + IVV - ul3) < CllAul?.. (3.3)

Now let u € H> N H| be such that Au € Hy, and ¢ = Q(u) be the unique mean zero function
such that Vg = (I — P)u. Then,

(u, Au) = (u, —Au) + (u, Vp,) = |Vul?, + (Vq, V ;)
> IVul2, — Vg2 IV psllze = IVull2, — ClIVg 2]l Aull 2

&
> || Vull7, — RnAuniz —ClIVql3., (3.4

where the second last inequality followed from (3.2), and C, is some constant depending only on
and ¢.
Since Au = 0 on dQ by assumption, we can integrate the H'-term by parts. This gives

1
(Vu, VAu) = —(Au, —Au + Vp,) > §||Au||iz — Cy||Vul?, (3.5)

where C is the constant that arises from Theorem 3.1.

Thus, if £ < 2171, Egs. (3.4) and (3.5) give

1 g
(u, Au) + &(Vu, VAu) > 5||Vu||iz + RnAuniz — C:IVql3.. (3.6)

Now let r be the unique mean zero function such that Vr = (I — P)Au. Observe that
(I —P)Au=({U - P)(—PAu—VV-u)=—-VV -u.
Since fQ V.-u =0,wemusthave r= —V-u= — Agq. Thus,

{g,r) = (g, —Aq) = Vgl
Combining this with (3.6), we get (2.7) as desired. O

B. Properties of the extended Stokes operator

Consider the extended Stokes operator A as an operator from L?(Q) into L?(2) with domain
D(A) = H*N Hol. In this context, we recall that Proposition 2.2 asserts (2.7) for all u € D(A);
however, Lemma 3.2 only proves (2.7) for all u € D(A?). To address this gap, and finish the proof of
Proposition 2.2, we need a few basic properties of the extended Stokes operator.
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Lemma 3.3 (Regularity and invertibility): The extended Stokes operator A has a compact inverse.
Furthermore, there exists a constant ¢ = ¢(2) > 0 such that

1
;||u||H2 < |Aullz2 < cllullyz, forallu € H*N H,. (3.7)

Proof. Our first step is to obtain estimates for the operator A + AJ with X large enough. For an
arbitrary u € H> N Hy, let f= (A + ADu. Multiplying by — Au and integrating gives

)»IIVullsz—i-IlAuIIiz =/Vps-Audx—/ fAudx
Q Q
< l”Au”z, + 1||pr||22 + inAun% + 413,
2 L+ 2 siL 16 L L
1 3 1 2 ) )
<=4+ =) lAulli. +clVulli. + 41 £,

2 8 16

where the last inequality followed from Theorem 3.1, and ¢ = ¢(2) is a constant. This gives
2 1 2 2
A = OlVulps + fellAully < 41LFI1L-

Thus, when A > ¢, we immediately see

lullgz < Clfllz = CI(A+ADull2, whenu € H* N Hj. (3.8)

One can use the last relation to check that A is closed. We claim further that A 4+ Al is surjective
for some large enough A. This can be proved by a Neumann-series perturbation argument based on
the identity

A+ Al = + BT — A), (3.9)
where B = Vp, o (\I — A)~!. That is,
Bu=Vpyv), v=GI—-A)"u.

It suffices to prove that the operator norm of B on L? is strictly less than one, if A is positive and
large enough. By easy energy estimates, we have that A||v||;2 < |l#|/;2 and ||Av]|| 2 < |Ju]|.2. Then
due to Theorem 3.1 and interpolation, we have

IBullz. = / IVps)I* < BllAvlz: + Collvllz: < (B + Cpr™2) llullza,
Q

and the coefficient on the right is less than 1 for A large enough. Thus, I 4+ B is an isomorphism on
L?,hence A + Al is surjective.

Further, the Rellich-Kondrachov compact embedding theorem and the bound (3.8) imply that
A 4+ Al has compact inverse. Since we have shown that the resolvent of A contains at least one
element with a compact inverse, the spectrum of A consists only of (isolated) eigenvalues, of finite
multiplicity (see, for instance, [Theorem I11.6.29 of Ref. 8]. Thus, to prove invertibility of A, it
suffices to show that 0 is not an eigenvalue of A.

To see this, suppose u € D(A) is such that Au = 0. Then — PAu=VV-u € L*(2). Since the
range of the Leray projection (by definition) is orthogonal to gradients, we must have VV - u = PAu
= 0, and hence V - u must be constant. Since fQ V.u= fasz u - v =0, this forces V - u = 0. Thus,
u = Pu, and is orthogonal to gradients. Since Au = 0, we have

O:fwAudx:—/u-Audx—i—/ Pu - Vpu)dx = |Vul7, +0,
Q Q Q

forcing u = 0. Hence, O is not an eigenvalue of A, and we conclude that A is invertible.
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It remains to establish (3.7). The upper bound follows immediately from (2.1) and (3.2). To
prove the lower bound, observe first that boundedness of A~ 1 implies

IA™ ull 2 < Cllull 2, (3.10)

for some constant C = C(2), which we subsequently allow to change from line to line. Thus, using
the operator identity

A=A+ A (T +2A7Y
and the inequalities (3.8), (3.10), we see
IA  ullge = 1A+ 2D (T +2A™ ) ull
SCI(I+2A Y ull 2 < CA+CH)ul 2

proving the lower bound in (3.7). O
Lemma 3.4: For the extended Stokes operator, D(A?) is dense in D(A).

Proof: Let u € D(A), and v = Au. Since v € L*(Q), we can find v, € H> N H; such that
(v,) — v in L*. Since D(A) = H> N H] by letting u, = A~'v,, we have u, € D(A?). Finally, by
Lemma 3.3 we see

lun —ullpe < cllAup — Aullr2 = cllvg — vl2 = 0,

concluding the proof. |

C. H'-equivalent coercivity on D(A)

Lemmas 3.2 and 3.4 quickly imply Proposition 2.2.

Proof of Proposition 2.2: Let u € D(A). By Lemma 3.4, there exists a sequence u, € D(A?) such
that (u,,) — u in H>. By Lemma 3.2, there exist constants c(€2), C¢(£2) > 0 such that

1 2 2 2
(Un, Auy)e > E (”VMHHLZ + 8||A”11||L2 + Ce”VCIn”LZ) >

where g, is the unique, mean-zero function such that Vg, = (I — P)u,. Since (4,) — u in H?, taking
limits as n — oo yields (2.7). Now using the Poincaré inequality, (2.8) follows. O

D. Hgiv equivalent coercivity

We conclude this section by proving coercivity under an Hg;,-equivalent inner product. The rest
of this paper is independent of this result and its proof.

Proposition 3.5 (Hy;,-coercivity): Let Q@ C R? be a C* domain. There exist positive constants
&p > 0 and ¢ = ¢(2) such that for all ¢ € (0, g¢), there exists a constant C, = C,(2) > 0 such that
the following hold.

(1) Let (-, -), be defined by
(,v). = (u,v) +&(V-u, V-v)+ C(A u, A7), —
—(u, Vp(A™'0)) — (Vps (A" w), v),  (3.11)

where (u, v) is the standard inner product on L*(2), and (-, - ). denotes the inner product
from Proposition 2.2. Then

] /
“llullz + eV - ull7: < (w,u), <c(1+ Collullz + eV -ull7s (3.12)

forany u € L*(Q) with V - u e L(Q)andu - v=0o0ndQ.
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(2) Foranyu e H>N HO1 with V -u € H', we have

&
(u, Au). > | Vul3, + 10AA ull (3.13)
1
and (u, Au), > —(u, u).,. (3.14)
C

Proof: We begin by proving (3.12) for all u € D(A). Density of D(A) in L? and a standard
approximation argument will now establish (3.12) for all ¥ € Hgy. We will assume C, and c are
constants that can change from line to line, provided their dependence on parameters is as required
in the proposition. Let u € D(A), and v = A~'u. Then from (3.11) we have

(u, u). = (Av, Av) — 2{Av, V p,(v)) + &llV - ull3. + Ce(v, v).
= (—Av + Vp,(v), —Av — V() + &llV - ul, + Ce (v, v)e
= [ Av|I7. — IVps)72 + &llV - ull72 + Ce (v, v)e

1
> ZnAvniQ —clvll7. +ellV - ull7. + Ce(v, v)e, (3.15)

where the last inequality followed from Theorem 3.1 and interpolation. Now since Av = u, we
immediately see
Il = I=PAv = VV - v]7. < e[| A7

Finally, by definition of (v, v),, we have (v, v), > ||v||22. Thus, if C, > ¢, the lower bound in
Eq. (3.12) will hold for all ¢ > 0.
For the upper bound in (3.12), observe that by definition of Vp,, and Lemma 3.3 we have

-1 -1
IVPs(A™ w2 < cllA™ ullpe < cllullze.

Combined with the estimate ||A~'u| ;> < c||u||;2, which is also a consequence of Lemma 3.3, we
immediately obtain the upper bound in (3.12).

Finally, it remains to prove the inequality (3.13). We will prove (3.13) for u € D(A?); since
D(A?) is dense in D(A), the same approximation argument from the proof of Proposition 2.2 will
show that (3.13) holds on D(A). In keeping with the above notation, we again set v = A~'u. This
gives

(u, Au); = (u, Au) — (u, Vps(w)) — (Vps(v), Au) +&(V -u, V- Au) + C. (v, Av),.

We deal with the terms on the right individually. Combining the first two terms, the dangerous term
involving the Stokes pressure cancels. This gives

(u, Au) — (u, Vps(u)) = (u, —Au) = [|Vul,.
For the third term,
—(Vps(v), Au) = —(Vps(v), (I = P)Au) = (Vps(v), VV - u).
For the fourth term, observe that if u € D(A?), then Au = 0 on 3. Thus, integrating by parts gives
(V-u,V-Au)=—(VV -u, Au) = [|[VV - u|%..
Combining these identities, we have

(u, Au), = [Vull2s + (Vps(v), VV - u) + el VV - u|l, + Ce{v, Av),
> IVulPs + SIVY - ul? —iuv W3 + Ce (v, Av)
= L2 2 L2 28 pS L2 & ’ &

2 € 2 c 2
> IVulzz + 51V - ullis = < IAVIL + Ce(v, Av)e

eC,
2C1

& c C
> | Vullp: + SIVY - ul: + ( - ;) IAVIZ: + (v, Av),
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where the last inequality followed from Proposition 2.2, and c; is the constant in (2.7). We note
that Proposition 2.2 guarantees that c; is independent of ¢. Now we choose C, large enough so that
& _c 1 o« e

5c- — ¢ > 1, giving

& C
(u, Au). > || Vull, + 1AL ull7. + | Av||7, + 7"<v, Av),, (3.16)

from which inequality (3.13) follows.
Finally for (3.14), observe that from (3.15) we have

(,u). = |Av[I7: = IVps)lI72 + llV - ull72 + Ce(v, v)e
< ol Avl[7: +llV - ull7: + Celv, v)e,

for some constant ¢; = ¢»(f2). Now using Proposition 2.2 and (3.16), the inequality (3.14)
follows. o

IV. DECAY OF A NON-QUADRATIC FORM ENERGY.

This section comprises the proof of Proposition 2.4, addressing the long time behaviour of
solutions to the extended Stokes equations (2.10). The result and proof are independent of the rest
of this paper.

Proof of Proposition 2.4: In this proof, we use C to denote an intermediate constant that depends
only on 2 whose value can change from line to line. We use Cy, C5, ... to denote fixed positive
constants that depend only on €2, whose values do not change from line to line.

As usual, let ¢ = Q(u) be the unique mean zero function such that Vg = (I — P)u. We begin
by establishing the energy inequalities

dllulls +20Vulz, < CillVali |l Aull e, 4.1
2 1 2 < 2

0IVullz: + Z I Aulz: < ClIVul., 4.2)

Vgl + 2V -ul3. <0. (4.3)

Before proving the above inequalities, we remark that the L? balance (4.1) does not close by itself.
On the other hand, the H' balance (4.2) closes, but does not give decay. A combination of the norms,
however, gives us the desired exponential decay.

For the proof of (4.1), multiply (2.10) by u and integrate over €2 to obtain

1
Eazllulliz + IVulj. = —/ u-Vps = —/ Vq - Vps < CillVall 2l Aull 2,
Q Q

where we used (3.3). This establishes (4.1).
Turning to (4.2), we multiply (2.10) by — Au and integrate over €2 to obtain

1
SOl + 1Al = f Vp. - Au. (44)
Q

Using Theorem 3.1, we know that for any § > O there exists a constant Cs = Cs(2) such that

146
IVpslz < (T) Il Aull7> + Csll Vul| 7.

Hence,

/Vps-Au
Q

Eq. (4.4) reduces to (4.2) as desired.

1 1 346 1
< §||Vpx||iz + 5||Au||iz < (T) IAull3, + 5canwniz. 4.5)

Choosing § = %



115605-15 lyer, Pego, and Zarnescu J. Math. Phys. 53, 115605 (2012)

Finally for (4.3), we apply (I — P) to (2.10) to get
Vg + (I — P)(—Au+ Vps;(u)) =0.
Since V -u = Ag and
(I —P)—Au+Vpsw)=(U— P)YPAu—VV-u)=VV . .u=VAg,
we see
Vg — AVg =0,

z}nd hence d;g — Aq = C(#), where C is constant in space. Now, since u = 0 on 9€2, we must have
%4 — ( on 3$2. This means fQ Aq = 0; since fQ q = 0 by our choice of g, we must have C(f) = 0.

v
Thus, we obtain

d
dq—Ag=0 inQ  with_—g=0forxcdQ. (4.6)
V

Multiplying by — Ag and integrating over €2 gives (4.3) as desired.
Now we combine (4.1)—(4.3) to obtain the desired exponential decay. First from (4.2), (4.3) and
the Poincaré inequality, we have

1
Vgl + =1IVgl: <0,
G

1
0 IVull2 + C—||AM||L2 < G3l|Vu|| 2.
>
Thus,
1
o (IIVull211Vall2) + C—||AM||L2||V6]||L2 < Gl Vull 2 IVl L2,
>

where Cy = C3 — Clz Using this in (4.1), we see

3 (lull. + C2(Cy + DI Vull 21|Vl 2)
+2(Vullz2 + 1Aull 2 Vg 2 < Csl|Vull 2l Vgl 2,
where Cs = C2(C; + 1)Cy4. Now letting ¢; = C(Cy + 1), and ¢; = ¢(£2, ¢) to be chosen later, we

see that
3 (Ilull7 + et Vull21Vgllz2 + el Vgll.)

C2
20 Vulg: + [ Aull 21 Vgl 2 + 262llV - ulljs < ellVullg, + 521V - ull7,

2K18
where A, is the best constant in the Poincaré inequality
2 2 2
MlIValz. < 1Agllz. = IV - ullp..

c

Thus, choosing ¢, = s

+ 1, we obtain (2.14). u|

V. GLOBAL STABILITY OF TIME DISCRETIZATION FOR THE EXTENDED
STOKES EQUATIONS

We devote this section to proving Proposition 2.5. The main idea again is similar: to introduce
a stabilizing, high order term in the definition of the energies.

Proof of Proposition 2.5. In the following, we use C, C», ... to denote fixed positive constants
that depend only on €2, whose values do not change from line to line and a generic constant C whose
value might change from one line to the next, depending only on €.
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Let p be the Stokes pressure for #" hence Vp, = (AP — PA)u" and thus

/ Vpi Vo= /(Au” —VV.-u")- Vo, Vee H\(Q).
Q Q
Using (2.17) with ¢ = p” and combining it with the last relation, we obtain

IVP Il <IVPSlle + 11" Ml (5.1

We derive first the discrete H' estimate just as in Ref. 10. Taking the L? inner product of (2.18)
with — Au"*! gives
g (Va2 = 1V 72 + V"™ = Vi 17) + | Au" 17
< Au™ Mz IS e + 1V P2 2)
&1 n+1y2 2 nn2 1 n+1y2 ny2
S S 1AL + E—lllf Iz> + SAACTL: + 1V pelize)

for all &; > 0. This implies

1 1
m (IVu" 7. = IVall7.) + gnvw‘ — Vu"|7.

4
+(1 —eplau)7. < €—||f"||iz + VP27 (5.2)
1

Fix any B € (%, %). By Theorem 3.1, we have
3 2C
IVPLIE < SAIAW" I + =21 Vu" 7.
Using this in (5.2) and dividing by 2Cp, we get
1
oot (Va7 = IV 172 4+ IV = Vu"[17,)

(1—e)
2C,

(2—-2¢ -3B)

Aun 2
4C; A7

+ (HAu 172 = 1 Au"i72) +

2 n 1 n
< mllf ||iz+§||w 172, (5.3)

and we may assume that &; > 0 is small enough so that 1 — ¢; — %,B > 0.
We continue by obtaining the discrete L? estimate. We dot Eq. (2.18) by #"*! in L? and obtain

1

25t |

12 2 1 2
WG = a1 4 " = u"17,)

—~

2 2
Va7 + 3 (Va2 = IVu"1172) + §||Vu"lliz

W[ =

+

:-/(fn_vpn).un-‘rl:/(an)'un+l_/Vps(un).vqn-ﬁ-l
Q Q Q

<N Nzl e 4+ 1V @l 2 1Vg" 2
2 — 281 — 3ﬂ
8Cs

Ao
< ~v ”un+l ”i2 +

3 1AW 172 + Ll F" 172 + 11Vg" 172, (54

where ¢"+ ! = Q(u"*1), and A is the principal eigenvalue of the Laplacian on  with zero Dirichlet
boundary conditions.
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Since p" = p" + Q(f™), by applying I — P to (2.18) we find that ¢" satisfies the time-discrete

inhomogeneous heat equation
1
5_ (anrl _ qn) _ Aanrl — p;z+1 _ [7;’~
t
Then we find after testing with — Ag”*! that, as above (and as in p. 1477 of Ref. 10),
1
m (Ivg" 15 = 1Vg"172) + 1Ag" 7 < it = Pl
Also, since p" satisfies a Neumann boundary value problem, we have the estimate

1 3
1 2 1 b 1 2
g™ = Pl < Cllu™ = w1 ™™ = a7,

Now choose C; large enough to ensure
n Cronn
CulIVg" 7. < S 18g" 1L,
and ¢, small enough so that 4, < 1 — ¢; — B. Combining (5.6) and (5.7), we obtain

1
5 (IVg" 2. = Vg™ 132) + lAg™ 12,

&2 1 2 +1 n)2
< Au — Aut ||, + Csllut —u”
S 36,6, l 7 3l 7
€2 1 2 +1 ny2
< Au" — Au ||, 4 C4|| VU — Vu
S 36,6 l 7> + Call 72

for large enough constants C; and Cjy.

(5.5)

(5.6)

(5.7)

(5.8)

Assume that 87 is small enough so that (2CgC,C4)8t < 1. Multiplying (5.8) by C;, and adding

it to (5.3) and (5.4) then gives

C2 n n C2 n 1 n n
m (Ivg" 7. = IVg"117-) + - I1Aq g+ o ("7 = Nu1172)

2 1
+ (g +3) 191 = 19 + 519
1

_81 n n
5o (lAu" 2, — [ Au"|12,) +
B

2—2¢ — 3B

Au" 2
8C; lAu"l7-

€
< 2

2
<36 (lAu™ M7 + A" 17.) + (— + cl> I3
B

81Cﬁ

(5.9)

Now summing fromn =0to N — 1 the last inequality gives (for small enough §¢, and for a suitable

constant C > 0) the claimed inequality (2.19).
We rearrange (5.9) and obtain

1 A
m (Ivg" I3 — (1 = CaD)lIVg"117-)

1 A 1 A
5 ("7 = (1 = Canllu™I72) + 5 (IVu"* 17 = (1 = Ca | Vu"|I72)

+ (Va7 — A = Esn)|Vu"|3.)
+(1 4 80) (Ilau" 2, — (1 = Csn) |l au"|13,)
+(I1Ag" ™17, — (1 = Con)IIAG"17.) + (1 — CsD) | Ag" 17 < CIIf" 1132

provided that 8 is small enough, for suitable constants C and C. Defining

(5.10)
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def

a, = lnw"niz + inu"niz + lnvw’niz
ot ot ot
FHIVU 72 + A+ 8D Au™(|72 + 1 Ag" 172
(5.10) becomes
a1 — (1 = C8t)a, < C|l fll7-- (5.11)

Solving this recurrence relation yields (2.20). m|

VI. SMALL DATA GLOBAL EXISTENCE FOR THE EXTENDED
NAVIER-STOKES EQUATIONS

This section is devoted to the proof of a long time, small data existence result
(Theorem 2.6) for the system (1.1)—(1.4). As bounds for the linear terms have already been established
(Proposition 2.2), we begin with a bound on the nonlinear term. When obtaining energy estimates for
solutions to (1.1), the explicit, exponential decay of V - u allows sharper estimates for many terms.
However, in order to exploit coercivity of the linear terms, we are forced to use a H'-equivalent
inner product. In this case, the “worst” term that arises from the nonlinearity is not aided by decay of
V - u, and must be estimated brutally. Consequently, estimating the remaining terms similarly does
not weaken the final result. Thus, we begin with a lemma that provides a “brutal” estimate on the
nonlinearity.

Lemma 6.1: Let f,g,h € H*N Hol(Q) with Q@ C R?,d = 2,3 a bounded domain with C?
boundary. Then there exists a constant C = C(2) > 0 such that'”

KPS - V) hel = CllLf Lt IVE,, 1 AR 2.

Proof: Observe first that
(P((f-V)g) h)e = (P((f - V)&, h) +&(VP((f - V)g), Vh),
since (I — P)P((f - V)g) = 0. Thus, to prove the lemma, it suffices to show the estimates
(P(Cf - V)@ I < CILf Il Vgl 1 IRl 2, (6.1)
and
KVP(f-V)g), VIN| < ClifllarIVEll, 1 AR L2, (6.2)

for some constant C = C(£2).
The inequality (6.1) follows directly from the Sobolev embedding theorem. Indeed, for any
three functions fi, f>, f3, we know!®

/Qflfzfs

provided 0 <s; <3,s51 + 52 + 53 > % and at least two of 51, ..., s3 are non-zero (see, for instance,
the proof of Proposition 6.1 in Ref. 3). Choosing s; = 1, s, = 1/2, and s3 = 0, we have

(P - VIR, bl = [((f - V)g. PR) < ClLf Il Vel s IRz,

< CllAllas L2l m 1 f3ll s (6.3)

proving (6.1).
For (6.2), we first integrate by parts and observe AP is a regular differential operator (identity
(1.10)). Now we can integrate by parts again to obtain the desired estimate. Explicitly,

(VP((f-V)g), Vh) = —(AP((f - V)g). h)
=—((A=VV)(f-V)g),h)=—((f-V)g (A—VV)h),
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where all boundary integrals vanish because f, g, h € Hol. Now using (6.3) with s; = 1, s, = 1/2,
s3 = 0, and elliptic regularity we have

(KVP((f - V&), VIl = {(f - V)g. (A = VV ) )| < Cll flluar IVEll, 1 AR 2.
This concludes the proof. m|

We now return to the proof of Theorem 2.6.

Proof: We assume there exists a smooth solution u of (1.1)—(1.4) on the time interval [0, 77 for
some 7 > 0. We will find appropriate a priori estimates for the norm of u (see relation (2.22), below)
in terms of the initial data and 7. Now a standard approximating scheme (e.g., the one constructed
in Ref. 10) will prove global existence of solutions.

Fix ¢ > 0 to be small enough so that Proposition 2.2 holds, and ( -, - ). denote the H 1 equivalent
inner product from Proposition 2.2. Then

1
S rllully + (P - Vou), u)e + (u, Au)e = 0. (6.4)
where

vl =V (v, v)e.
By Lemma 6.1, for any ¢y > 0, we can find a constant C = C(e, ¢y, 2) > 0 such that

[(P((u - Vu), u)el < Nlullpgr IVullge || Aull 2

3/2

3/2
2 L2

< ClIVull;

12 I1Au]]

£
< CIVull$, + 8—C)||Au||iz. (6.5)
(

We will subsequently fix ¢y to be the constant ¢ that appears on the right of (2.7).
Using Proposition 2.2 and Egs. (6.4) and (6.5), we obtain

3, lull? 2 Vull2 € 2 2\ < ClIvull®
el + o Vullz. + zllAulle + CelIVqg)liz2 ) < ClIVull.,
where C, is the constant in (2.7). Allowing the constant C = C(e, ¢, £2) to change from line to line,
and using the Poincaré inequality, we obtain

ol + = (19ul2 + E1Aaul?, + CIVawl2) < LT
lullz, + . IVull;. + 2IIAMIILz-ir NIVa@)l7.) < Cllullz, - el s
L3 O € ] 3
for some constant ¢; = ¢;(g, ). Thus, if at time # = 0 we have

1
< _
luoll < tosia

then for all > 0,
1 [ e
()l + 5[0 (1Vuli: + S1AulE: + C.IVg@IE: ) ds < luolly

Now using the local existence result in Ref. 10, and the fact that ||-|| g1 is equivalent to the usual H !
norm, we conclude the proof of Theorem 2.6. O

VIl. TWO-DIMENSIONAL SMALL DIVERGENCE GLOBAL EXISTENCE FOR THE
EXTENDED NAVIER-STOKES EQUATIONS

The aim of this section is to prove Theorem 2.7. We recall first the HO1 -orthogonal projection
onto divergence free vector fields. For u( € HOI (2), we define vy, wy € HOl (£2) to be solutions of the
PDEs

—Avy+ V¢ = —Auy in Q, —Awyg+ V¢ =0 inQ,
V-yy=0 in , and V.owy=V-uy in €, (7.1)
v=20 on 0€2, wy =0 on 0%2,
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respectively. Note that u( € HOI(SZ) guarantees the required compatibility condition fg V.uy=0,
and so the existence of vy, wy satisfying (7.1) is well known (see, for instance, [Sec. 2 of Ref. 14].
Clearly, uy = vy + wy, and orthogonality of vy and wy in HO1 follows from the identity:

(v0, o) ey = (Vvo, Vawg) = (v, —Awpg) = (vg, =V¢) = 0.
Let v be the solution to Egs. (1.1)—(1.4) with initial data vy. As shown earlier, V - vy = 0 implies
that V - v = 0 for all time, and consequently v is a solution of the 2D Navier-Stokes with initial data
vo. Let w = u — v, and observe

oow + P((w - V)w)
+P((v-VYw)+ P((w-V)v) = Aw — Vpg(w) in £, (7.2)
w=20 on 9L2.

The strategy to prove Theorem 2.7 is as follows. First, standard existence theory for the 2D
Navier-Stokes equations implies that for any initial data vy € Hol, with V - vg = 0, we have global
existence of a strong solution v. Further, after a long time 7), the solution v becomes small. Now
making uo — vg is sufficiently small, we can guarantee that w, a solution to (7.2) with initial data
Uy — vo, both exists on the time interval [0, Ty], and is small at time T,. Thus, u = v+ w is a
solution to (1.1)—(1.4) defined, which is small at time 7. Now a small data global existence result
(Theorem 2.6) will allow us to continue this solution for all time.

We begin with a Lemma concerning the existence and smallness of solutions to (7.2).

Lemma 7.1: Let Q C R? be a bounded C? domain, and vy € HOI(Q) with V - vy = 0. Let
ug € HO1 (2) be such that Pyug = vo. Then, for any Ty, §9 > O there exists a (small) constant
Wo = Wo(S2, llvoll g1, To, 8o) such that if

lwollgy < Wo,
then there exists a solution of (7.2) on the interval [0, Ty] and
lw(To)ll a1 < So-

Momentarily postponing the proof of the lemma, we prove Theorem 2.7.

Proof of Theorem 2.7: We let V) be as in Theorem 2.6, and let v be the solution to the
2D Navier-Stokes equations with initial data vg = Pyug € Hol. It is well known (see, for instance,
Refs. 3 and 14) that there exists 7 large enough, so that [[v(To) [l < %Vo. Indeed, from the standard
L? energy identity we can choose T to satisfy TO(% Vo)? < |lvo ||i2 .

By Lemma 7.1, there exists Wy > 0 small enough so that if initially

lwollmr < Wo, (7.3)

then the solution w to (7.2) exists up to time Ty, and further ||w(Tp)| g1 < % Vo. From (7.1), we know
lwollzr < ¢V - ugll2 (see [Sec. 2 of Ref. 14]). Since the norms ||-||z and ||-|| 41 are equivalent,
making Uy small enough will guarantee (7.3), thus allowing to apply Lemma 7.1 and obtain the
existence of w on the interval [0, Tj]. Then we obtain that (1.1)—(1.4) has a solution # = w + v on
[0, Tp] and moreover |u(To)|lg: < lw(To)|lg + lv(To)||lgr < Vo. Applying Theorem 2.6, we can
continue the solution u on the interval [T}, 00).

It remains to prove the lemma.

Proof of Lemma 7.1. As with the proof of Theorem 2.6, it suffices to obtain an a priori estimate
for ||w|| y1. Fix &€ > 0 to be small enough so that Proposition 2.2 holds. Then

Ji

1
Eat”w”égl + (P((w - VIw), w)s + (w, Aw),

= — (P((v- VIw), w): — (P((w - V)v), w),, (7.4
N NE
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where ( -, -). denotes the inner product defined in Proposition 2.2, and ||-|| 1 the induced norm.
We estimate each term individually. The term 7; is identical to the term that appears in the
proof of Theorem 2.6, and thus

1 € 1
Tz (vl + S1awl: + C.1Vq3.) - (czuwni,g - ;nwn%ﬁ) ,

where ¢ is the unique, mean-zero function such that Vg = (I — P)w. As before, ¢y is the constant
that appears in (2.7), and ¢; = ci(¢, Q), ¢z = cz(g, 2) are positive constants.

Using C = C(g, ) > 0 to denote an intermediate constant that can change from line to line,
Lemma 6.1 bounds [/, and 73 by

|\l + 1751 < C (vll IVwll gz | Awll 2 + w1 Vol | Awllz2)
&
< EnAwuiz + e (Il + 1VuliZe) Twli,

for some constant c3 = c3(¢, 2).
Combining our estimates,

1 1 €
SolwlZy + — (IVwlZ. + Z1Awl + ClValZ.)
2 € Co 4

1
< ollwllb, - (F —cs (vl + ||Vv||§,]/z)) lwl?:. (7.5)
& l £

Since v is a strong solution to the 2D incompressible Navier-Stokes equations with initial data
vy € Hol, we have (see, for instance, [p. 78 of Ref. 3]) that

o0
sup [[v(®)|3;: +/ lv)NI3 ds < C
>0 0

for some constant C depending only on 2 and ||vg||g:. Using this in (7.5) will prove local well-
posedness of (7.2). Further, for any Ty, ¢ > 0, Eq. (7.5) will also show that the solution to (7.2)
exists up to time 7y, and ||w(7p)|| g1 < 8o, provided ||wp| x1 is small enough.

Viil. DIVERGENCE-DAMPED EQUATIONS

The aim of this section is to prove coercivity of B, (defined in (2.25)), with constants independent
of «, and 2D global existence with strong enough divergence damping (Corollary 2.8).
Proposition 8.1. For any a > 0 and u € D(B,,), we have

(u, Bott)e = {u, Au)e + (IVO@I7: + Cl Q)72 + e AQ)I72) - 8.1

Proof: By linearity,
(u, Byu)e = (u, Au), +afu, (I — Pu),. (8.2)
For the second term on the right,

(w, (I = Pyu)e = (u, (I = Pu) + Cc(Qu), Q((I — Pu)) + &(Vu, V(I — P)u).

2

72, respectively. For the

The first two terms on the right are equal to ||(/ — P)u||i2 and C.|| Q)|
last term,

(Vu, V(I — P)u) = —(u, A(I — P)u) +f uii (I — P)u);
O

—(u,VV -u)+0

IV-ullzo— [ (V-wu-v=]|V-ullj..
Q2
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Consequently,
(u, (I = Pyu)e = (I = Phullg. + Ce[| Q)17 + &IV - w7, (8.3)
and using (8.2), we obtain (8.1). O

Before moving to the proof of Corollary 2.8, we digress briefly to remark that we can also
consider higher order divergence damped operators of the form

; def

B, 2 A—aVvV.

The results we obtain for (1.1)—(1.2) with a zeroth order damping term will also apply when we add
the second order damping term above. However, while the operator B, has a stronger (second order)
damping term, it is not as easy to deal with numerically. The zeroth order damping terms in B, on
the other hand, can easily be implemented numerically, and has a strong enough damping effect to
give a better existence result (Corollary 2.8). We now return to prove Corollary 2.8.

Proof of Corollary 2.8: Since Theorems 2.6 and 2.7 work verbatim for (2.24), there exists a time
To = To(llug|l g1, €2), independent of «, such that there exists a solution u of (2.24) on the interval [0,
Tol, with ||u(Ty)|| z1 bounded, independent of . Let Uy be the constant from Theorem 2.7. Observe
that (2.24) implies that V - u satisfies

oV-u+aV-u=AV-u in ,

b
—V.u=0 forx € 0Q2,¢t > 0.
av

Consequently,
IV - a7 < eV - uol 72,

where A; > 0 is the smallest non-zero eigenvalue of the Laplacian with Neumann boundary condi-
tions. Thus, there exists ag > 0, such that

IV - u(To)ll> < Uo,

for all @ > op. Now, by Theorem 2.7 the solution to (2.24) also exists and is regular on the time
interval [T, 00). O

IX. EXISTENCE RESULTS UNDER COERCIVE BOUNDARY CONDITIONS.

The aim of this section is to show that the extended Stokes operator is coercive under the
boundary conditions (2.26), and prove Proposition 2.9. We begin with coercivity.

Proposition 9.1: If either u and v are in H'(T?) and periodic, or if u and v are in H*(Q) and
satisfy the boundary conditions (2.26), then

(Au,v) = (u, Av) and (u, Au) = / |Vu|2. 9.1
Q

Proof: In the periodic case, PA = AP. Thus, Vp;, = 0,A = — A, and both equalities in (9.1)
follow easily.
Suppose now u, v satisfy (2.26). In view of (2.1), we have

(Au,v) = —(PAu,v) — (VV -u,v) = —(PAPu,v) — (VV - u,v)

d(Pu);
= (VPu,VPv)+(V-u,V-v) —/ [(Pv); —(V-u)v-vi|.
90 v

Observe that Pv = 0 on 92, because Pv - v = 0 by definition of P, and Pv - T = 0 by (2.26). Thus,
both the above boundary integrals vanish, giving

(Au,v) = (VPu, VPv) + (V-u,V-v).
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A similar calculation shows
(Av,u) = (VPu,VPv) +(V-u,V-v)

proving that A is self-adjoint.
Now because Pu = Pv = 0 on 9€2, a direct calculation shows that

(VPu,VPv) =(V x Pu,V x Pv) = (V xu,V xv).
Consequently, we see
(Au,v) = (Vxu,Vxv)+(V-u,V-v)=(Vu, Vu).

Setting u = v, the second assertion in (9.1) follows. O

Finally, we turn to Proposition 2.9. Before presenting the proof, we remark that if we instead
impose periodic boundary conditions, Proposition 2.9 and its proof (below) go through almost
unchanged. The only modification required is the justification of the Poincaré inequality that will
be (implicitly) used in many estimates. For this justification, observe that with periodic boundary
conditions, the mean of solutions to (1.1)—(1.2) is conserved. Thus, by switching to a moving frame,
we can assume that the initial data, and hence the solution for all time, are mean zero. This will
justify the use of the Poincaré inequality in the proof. With this, we prove Proposition 2.9.

Proof of Proposition 2.9: Let v = Pu, and ¢ = Q(u). Since
P((Vq - V)Vq) = P(V|Vq|*/2) =0,
applying P to (1.1) gives

{ v —PAV+P((v- VY0 +Vg)+(Vg-VIv) =0 inQ,

v=20 onos2, ©.2)

where the boundary condition on v comes from (2.26). The point is that energy estimates can be
used directly to estimate v, since it satisfies explicit boundary conditions.
Since Pv = v, multiplying (9.2) by v and integrating yields,

1 1
oIz + 1Vl = —/ |v|2Aq—f v (v V)Vg)
2 2 Jo Q
< IVl < Clloll Vol 1 Agl e
1 2 2 2
< S IVOI + VI IV -ul ©.3)

Here, we used elliptic regularity to control ||V2g|/;> by ||Aq||z2, which is valid since g—?} =0on
d€2. We also used the (2D) Ladyzhenskaya inequality || v||i4 < Cllv|lz2 IVl L2, which is valid since
v =0o0n 9.

Since V - u is a mean-zero solution of (1.6), we know that

o0
1
/ IV - u@®?dt < =V - uoll%,
0 20

where A; is the smallest non-zero eigenvalue of the Laplacian with Neumann boundary conditions.
Thus, Gronwall’s lemma and (9.3) give the closed estimate

t
lv®)l7. + / IVu(s)ll7. ds < exp (CIV - uoll72) llvoll- (9.4)
0

Since Pv = v, regularity of the (standard) Stokes operator tells us that the norms ||—P Av]| ;2
and |lv||y> are equivalent (see, for instance, [Chap. 4 of Ref. 3]). Multiplying (9.2) by —PAuv,
integrating by parts, and using (6.3) to bound the nonlinear term in the usual way gives

1
Vol + ;nAvniz < C (I IVVllT + IVV - ullF. + 1V - ullf.) VVll3..
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Using Gronwall’s lemma, Egs. (9.4) and (1.6), we obtain

1 t
IVo@)li7. + E_/ IAv()II7. ds < K[| Vol 9.5)
0

for some constant K = K (2, ||V - ug|l 12, [voll.2). In fact, one can bound K above by
K < Cexp (C (exp (CIIV - uoll72) vollz2 + IV - uoll72 + IV - uoll72))

for some constant C = C(2).

Finally, we consider a Galerkian scheme for (1.1)—(1.2) using eigenfunctions of the Stokes
operator (with no-slip boundary conditions), and gradients of eigenfunctions of the Laplacian (with
no-flux boundary conditions). It is easy to check that these Galerkian approximations satisfy the
same energy estimates (9.4) and (9.5). A bound for d,u will then follow from (1.1), and standard
techniques will prove global existence. m|
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APPENDIX: FAILURE OF COERCIVITY UNDER THE STANDARD INNER PRODUCT

Most of this section is devoted to the proof that Stokes operator is not positive under the standard
L? inner product (Proposition 2.1).

Proof of Proposition 2.1: As mentioned earlier, the key idea in the proof is to identify the
harmonic conjugate of the Stokes pressure as the harmonic extension of the vorticity. We begin by
working up to this. Since

Aps =V -Vp, =V - (AP — PA)u =0,

the Poincaré lemma guarantees the existence of g, such that

¢ [ —0
Vp, = Vig, & 245 ) Al
P q (3% (AD
Observe that both p; and g, are harmonic. Indeed,
Ag; =V x Vig, =V x Vp, =0. (A2)

We remark that Egs. (A1) and (A2) above show that — ¢, is the harmonic conjugate of p;.
To obtain boundary conditions for g, let T = — v be the unit tangent vector on 9<2. To clarify

. L v df D
our sign convention, if v = (U; ), then T = (_2‘)1 ). Now observe

aps
=Vqs-t=Vqu-v=ai=v~(AP—PA)u
v

ot

1 Jw
=v-(Au—VV-u)=v-V qu:t-Vw:a—,
T
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where, as before, V. x u =0 u; — 9,u; is the two-dimensional curl, and w =V x u. Thus, adding
a constant to gy, we may, without loss of generality assume

4= ondQ. (A3)
A direct calculation shows

[weau= [ wut s [ vpou= [ @+ 1vat)- [ a0
Q Q Q Q Q

where we used the boundary condition # = 0 on 92 to integrate by parts. Thus, to prove
Proposition 2.1, it is enough to produce a function u, satisfying the required boundary conditions,
such that

f gs@ = lloll7> + (C + DIV - ull7.. (A4)
Q
We prove the existence of such functions separately.

Lemma A.1: For any C > 0, there exists u € HO1 (2) such that (A4) holds. As usual, w
=V X u, and q; is the solution of the Dirichlet problem

Ag; =0 in ,
{ gs =w ondf. (AS)
The lemma immediately finishes the proof of Proposition 2.1. m|

Proof of Lemma A.1: We look for u of the formu = v+ VpwithV.v =0inQandv-v =0
on 0€2, where v denotes the outward pointing normal vector on the boundary. Then there exists ¥
on Q so that v = V4. The boundary condition v - v = 0 becomes % = 0 where t denotes the
tangential direction on 9<2.

We note that u = 0 and v - v = 0 on 92 imply

a—pz—vw:—%, a—pzo, vy = 8w =0.
at av av 9t

As % = 0 and ¢ is determined up to a constant we can assume without loss of generality that

¥ = 0 on 92 and then for a given u the stream function v is uniquely determined as the solution of
the Dirichlet problem

AYy =w in Q,
Y =0 on 9.

Then, we have

a aq;
/qsa)dxzquAwdx=/ Aqswdx—i—/ —wqxdo—/ q Ydo
Q Q a0 ov ov

and (A4) becomes

/Q 5, Avdo > 1AV 172 +(C + DIApI. (A6)
a

Summarizing it suffices to find ¥, p such that (A6) holds together with the boundary conditions

a 0 d
v=0. P _0 ad Z2__ % isq (A7)
av ot av
Fix some point xy € 92 and let s — X(s) be an arclength parametrization of the (C® boundary 9€2,

such that x; = £(0) and oriented so that the outward unit normal $(s) at £(s) satisfies D(s)* = £/(s).



115605-26 lyer, Pego, and Zarnescu J. Math. Phys. 53, 115605 (2012)

Then the map (s, r) > x = X(s) — rd(s)is C?andis locally invertible near xy, providing orthogonal
coordinates x > (s, 7) € (— ¢, &) x (0, &) in some neighborhood of xj in €.

We fix p to be of the form p(x) = a(s)B(r) where o and § are in C°((—¢, €)) and B(0) = 1,
B(0) = 0. We will then choose ¥ of the form ¥ (x) = o’(s)y (r) where y € C°((—¢, ¢)) with y(0)
=0and y’(0) = 1. Then (A7) will hold, and direct calculation shows

/ W Ay do = / " 2" (0) + k() ds,
]

Q dv —&

where «(s) = Ar(x(s)) is the curvature of the boundary. The right-hand side of (A6) on the other
hand, is easily computed to be bounded by C + C ||y||i12, with a constant C independent of the
choice of y. It is clear that y can be chosen to make y”(0) arbitrarily large while ||y ||le2 remains
bounded. Thus, (A6) holds for some i and p. O

Finally, to conclude this section we turn to the proof of Corollary 2.3. Of course the proof is
immediate from Proposition 2.1, and we only present it here for completeness.

Proof of Corollary 2.3: Choose ug € C%(Q) to be such that (2.5) holds, and let u be the solution
to (2.10) with initial data uy. By continuity in time, we must have

/ u(t) - Au(t) <0
Q

for all ¢ in some small interval [0, #y]. Thus, 0, ||u||i2 =— fQ u - Au > 0 on the interval (0, zy] which

immediately completes the proof. O
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