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Abstract

We propose a modification to the nonlinear term of the three-dimensional incom-
pressible Navier—Stokes equations (NSE) in either advective or rotational form which
“calms” the system in the sense that the algebraic degree of the nonlinearity is effec-
tively reduced. This system, the calmed Navier—Stokes Equations (calmed NSE),
utilizes a “calming function” in the nonlinear term to locally constrain large advective
velocities. Notably, this approach avoids the direct smoothing or filtering of derivatives,
thus we make no modifications to the boundary conditions. Under suitable conditions
on the calming function, we are able to prove global well-posedness of calmed NSE
and show the convergence of calmed NSE solutions to NSE solutions on the time
interval of existence for the latter. In addition, we prove that the dynamical system
generated by the calmed NSE in the rotational form possesses both an energy identity
and a global attractor. Moreover, we show that strong solutions to the calmed equations
converge to strong solutions of the NSE without assuming their existence, providing
a new proof of the existence of strong solutions to the 3D Navier—Stokes equations.
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1 Introduction

Is smoothing the only method to control the Navier—Stokes equations? A major obsta-
cle in proving global well-posedness for the 3D Navier—Stokes equations in fluid
dynamics is the rapid intensification of small length scales. Consequently, many
approaches have focused on mitigating this growth by introducing stronger diffusion,
or by mollifying or filtering the nonlinear term. These strategies essentially involve
some form of smoothing. However, derivatives can also grow via another mecha-
nism: multiplication, which can lead to the generation of smaller length scales'. In
this work, we introduce a novel modification to the incompressible Navier—Stokes
equations (NSE) that tempers the effect of the algebraic multiplication without intro-
ducing a smoothing operator. Specifically, we limit the advective velocity by smoothly
truncating it, a process we call “algebraic calming” or simply “calming,” since it effec-
tively reduces the algebraic degree of the nonlinearity. Calming was introduced by the
authors of the present work in Enlow et al. (2023) in the context of the 2D Kuramoto—
Sivashinsky equations (KSE). In the present work, we propose and study two calmed
versions of the 3D Navier—Stokes equations, which we call the “calmed Navier—Stokes
equations,” (calmed NSE).
Calming has several advantages over smoothing; namely:

e There is no need to modify the boundary conditions, the system is globally well-
posed, in both 2D and 3D, with standard homogeneous Dirichlet (i.e., “no-slip”)
boundary conditions.

e The system is of the same derivative order as the Navier—Stokes equations, as there
are no modifications to the derivatives introduced.

e The “calming” modification is an entirely local operation, which may be more
efficient than, e.g., mollification or filtering in computational settings, especially
in the setting of parallel processing. (There is also no auxiliary equation to handle,
such as in the case of the k — € or k — w models.)

e Solutions of a rotational version of the calmed model satisfy exactly the same
energy identity as that of strong solutions to the Navier—Stokes equations.

Specifically, in the present work, we prove that the calmed NSE are globally well-
posed in 3D with no-slip (i.e., physical) boundary conditions, and that their solutions
converge, as the calming parameter ¢ — 07, to strong solutions of the Navier—Stokes
equations on the time interval of existence and uniqueness of the latter. Moreover,
we propose a version of this calming modification in the context of the so-called
rotational form of the NSE, where the calming is applied only to the rotational form
of the nonlinearity. For this system, which we call the “calmed rotational Navier—
Stokes equations” (calmed rNSE), we prove that under an additional assumption on
the calming function, the resulting system satisfies exactly the same energy equality as
for strong solutions to the NSE, in addition to enjoying the aforementioned properties
of the calmed NSE. We then use this energy equality to prove that the calmed rNSE
has a compact global attractor. We also prove that solutions of the calmed system

! For example, consider g(x) = sin(x) + cos(x). It is straightforward to show that || % gllpoo = /2 for
alln € N, but || %g" [[zoo > n, and hence %g” grows without bound as n — oo.
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converge to strong solutions of the original Navier—Stokes system (at least, before the
potential blow-up time of the later). In addition to this, we show that there is no need
to assume the existence of strong solutions to the Navier—Stokes equations a priori. In
particular, via calming, we provide a new independent proof of the existence of strong
solutions to the 3D Navier—Stokes equations.

The three-dimensional (3D) incompressible constant-density Navier—Stokes equa-
tions (NSE) are given by

ou+ (u-Vyu+Vp =vAu+f in 2 x (0,7), (1.1a)
V.u=0 in Q2 x (0, 7), (1.1b)

ul,, =0 on dQ x (0, T) (1.1c)

u(x, 0) = up(x) in . (1.1d)

Here,u: 2x[0,T] — R3 is the fluid velocity, p : 2 x [0, T] — Ris the (kinematic)
pressure, and f : Q x [0, T] — R3isa body force. The domain 2 C R3 is a bounded,
open, connected set with smooth boundary.

Note that, using the vector identity

(u-Viu=(Vxu) xu+iviu? (1.2)

one may formally rewrite (1.1) in the following equivalent rotational form (rNSE),

oju+wxu+ Ve =vAu+f in Q2 x (0,7), (1.3a)
V.-u=0, in 2 x (0,T), (1.3b)

ul,, =0 on dQ x (0, T), (1.3¢)

u(x, 0) = up(x) inQ, (1.3d)

where we have denoted the vorticity by @ := V x u and the Bernoulli pressure (or
“dynamic pressure”) as 7 := p+ % |u|?. The term @ X u is sometimes called the Lamb
vector.

Using the techniques introduced in the recent paper (Enlow et al. 2023), we use a
bounded smooth truncation function—that we call a “calming function” when used
in this context—that approximates the identity as the “calming parameter” ¢ — 0.
We propose a calming-function approach to the 3D NSE. To make things concrete,
we consider several forms of calming functions (the first three of which were also
considered in Enlow et al. 2023); namely,

LX) = %e\r&l’ or
€ _ ;g(x) = ﬁ, or 14
£0= s5(x) = %arctan(ex), or 14
s5(x) = 6]5(|X|)ﬁ,
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where the arctangent in £ acts component-wise;
arctan ((21,22, Z3)T) = (arctan(z;), arctan(z»), arctan(z3))” ,

and for ¢§, we define £5(0) = 0, and

>
o
IA
~

(1.5)

A A
o M=

¢N=1-50-2 "+

3
2¢’

N A=
IV A

AN N

Note that £€(x) — x for all x € Q (i.e., pointwise) as € — 0T, and L5 e C! for
i = 1,...,4. We also require that, for example, £€ be bounded for € > 0 fixed. We
describe in detail the conditions we assume for ¢€ in Definition 1.2.

The idea is that, when used in the nonlinear term, a calming function allows for
control over the L°° norm that is otherwise unavailable. This permits a proof of global
well-posedness of the modified system without the need to modify boundary conditions
or add higher-order derivatives (as in, e.g., modifications based on adding higher-order
viscosity (Layton and Rebholz 2013)). Moreover, we can prove that, at least before the
potential blow-up time of the original PDE, solutions to the modified PDE converge to
solutions to the original PDE as € — 0. At least, this is the program that was carried
out in Enlow et al. (2023) in the context of the 2D Kuramoto—Sivashinsky equation.
In the present work, we extend this program to the 3D Navier—Stokes equations.

In particular, we propose two modifications of the Navier—Stokes system. The first
is based on the form (1.1). Continuing the same approach we employed in Enlow et al.
(2023), we introduce the following system that we call the calmed Navier—Stokes
equations (calmed NSE).

du+ () - VYu+Vp =vAu+finQ x (0,7), (1.6a)
V-u=0 in Q2 x (0, 7T), (1.6b)
ul,, =0 on 32 x (0, T) (1.6¢)
u(x, 0) = up(x) in . (1.6d)

One can see (1.6) as a modification of (1.1) in the spirit of Leray (see, e.g., Leray
1934; Yamazaki 2012; Farhat et al. 2019; Cheskidov et al. 2005; Cao and Titi 2009;
Ilyin et al. 2006; Hecht et al. 2008; Cao et al. 2005; Chen et al. 1999 and many others),
except that our modification does not mollify the nonlinearity but is instead a local
truncation of the advective velocity.

While we show in the present work that the calming modification of (1.6) allows
for a proof of global well-posedness and other desirable properties, it is clear that such
a modification would have a different energy balance than that of Navier—Stokes, as
the nonlinear term does not vanish in standard energy calculations. Therefore, we also
consider a related modification of the rotational form (1.3) which locally limits the
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strength of the rotational term. Namely, we propose the following system, which we
call the calmed rotational Navier—Stokes equations (calmed rNSE).

du+ (Vxu) x&) +Vr =vAu+finQ x (0,7), (1.7a)
V.u=0 in 2 x (0,7), (1.7b)
ul,, =0 on 02 x (0, T) (1.7¢)
u(x, 0) = ug(x) in Q. (1.7d)

Due to the presence of the calming function, one cannot rewrite calmed NSE as calmed
rNSE using (1.2) as we do for NSE and rNSE. Thus, while they are both modifications
of the Navier—Stokes equations which are similar, we treat them as different systems.
However, system (1.7) is an interesting object to study in its own right. Thanks to the
well-known geometric identity for the cross product,

(AxB)-B=0, (1.8)

one discovers exceptional features of System (1.7) when £ € is suitably chosen. Namely,
when ¢€(x) can be expressed as a scalar multiple of x pointwise we deduce that (1.7)
possesses both an energy identity (Theorem 1.13) and its dynamical system has a
global attractor (Theorem 1.14).

Remark 1.1 Applying a bounded truncation operator to the nonlinear term in 3D
Navier—Stokes was also considered by Yoshida and Giga (1984) and by the authors of
Caraballo et al. (2000) in the study of the globally modified Navier—Stokes Equations
(GMNSE) (see also, Caraballo et al. 2008; Chai and Duan 2019; Deugoué and Tachim
Medjo 2018; Kloeden et al. 2007, 2009; Romito 2009; Marin-Rubio et al. 2011; Zhang
2009; Zhao and Yang 2017). In those works, the following system was studied.

au+mthwvw;}m-wu+Vp=uAu+ﬁnQxwjm

V-u=0 inQx (0,7),
ul,, =0 on Q2 x (0, T)
u(x, 0) = up(x) in Q.

For GMNSE, solutions converge to a solution of 3D Navier—Stokes as parameter N
tends to infinity. This system is similar to calmed NSE (1.6) in that it bounds the non-
linear term as the velocity u gets large in a certain sense. However, our modification has
several advantages over GMNSE. Namely, that the calming functions in the present
work are defined pointwise and only bound the solution u in regions where |u(x, t)|
is greater than approximately € ~!, whereas the modification in GMNSE affects the
solution globally. Also, whenever ||Vu||;2 — oo, the nonlinearity in GMNSE van-
ishes entirely, but for calmed NSE this would only cause the large values of |u(x, )|
to be truncated locally. Moreover, our calming parameter depends on u while the GM
function depends on Vu, hence the manner in which we control the nonlinearity is
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different. In a future work, we will examine differences between these two systems
computationally.

1.1 Main Results

The proofs of existence, uniqueness, convergence, etc., are essentially identical for
both equations (1.6) and (1.7). (The only phenomenological difference examined in
this paper is the rotational form (1.7) has an energy identity, but for (1.6), this is
unknown.) Therefore, we adopt a unified abstract notation which allows us to handle
both equations simultaneously. For either (1.6) or (1.7), the weak formulation can
be written as follows: Given ug € L2(O, T;H) and f € LZ(O, T;V"), find u €
L2(0, T; V) which satisfies

(0;u, v) + (VAu, v) + (B(;e(u), u), V) =(f,v) forallveV, (1.10a)
u(x, 0) = up(x), (1.10b)

where the Stokes operator A is defined by (2.2) and the nonlinear term B (-, -) is defined
in (2.24) in either advective or rotational form. We note that the uniqueness of weak
solutions is an open problem, similar to the situation regarding 3D Navier—Stokes.
Recently, Albritton et al. (2022, 2023) demonstrated the nonuniqueness of Leray—Hopf
weak solutions to the 3D Navier—Stokes equations with very special force. However,
their results do not apply to our case with a general given force.

First, we give precise conditions on the types of calming functions we allow.

Definition 1.2 We say ¢€ : R? — R3 is a calming function if the following three
conditions hold:

(1) ¢°€ is Lipschitz continuous with Lipschitz constant 1.
(2) For e > 0 fixed, ¢€ is bounded.
(3) There exists C > 0, @ > 0 and 8 > 1 such that for any x € R3,

le€(x) — x| < Ce* [x|P . (1.11)

For the energy equality, we also require:

(4) For any € > 0 and for each x € R3, there exists A€(x) € R such that f(x) =
A€ (x)x. That is, ¢€(x) is parallel to x.

Remark 1.3 The lower bound on f is necessary to satisfy condition 2 and inequality
(1.11) of ¢€. Using the triangle inequality and (1.11), we may write

x| < Ce” IxI” + |2 1o -

which, when |x]| is sufficiently large, fails to be valid for g < 1.

We indicate in the next proposition the extent to which our examples of a calming
function (stated in 1.4) satisfy the conditions of Definition 1.2.
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Proposition 1.4 Consider &{ as described in (1.4).

Fori =1,2,4, &5 satisfies Conditions 1-4 of Definition 1.2. Fori = 3, & satisfies
Conditions 1, 2, and 3 of Definition 1.2. In particular, the following explicit bounds
hold for e > 0.

(1) For &S,
1
I85] . = < and [£5(x) — x| < e |x|.
(2) For &5,
1
4501 = 5, and [£500 —x] < € P
(3) For &5,
3
1650 = % and |£5(x) — x| < €2 |xP.
(4) For &g,

3
||);j||Loo =5 and |§Z(x) —x| <ex|?.

Next, we begin by defining what we mean by weak and strong solutions.

Definition 1.5 (Weak solution) Let T > 0,ug € H and letf € L2(0, T; V'). We say
that u is a weak solution to calmed NSE (1.6) or calmed rNSE (1.7) on the interval
[0, T'] if u satisfies equation (1.10a) for all v € V in the sense of L2((0, T)) with
u e C(0,T]; H) and 8,u € L%(0, T: V’). Furthermore, we require (1.10b) to be
satisfied in the sense of C ([0, T']; H).

Definition 1.6 (Strong solution) Let T > 0,ug € V,andletf € L%0,T; H). We say
that u is a strong solution to calmed NSE (1.6) or calmed rNSE (1.7) on the interval
[0, T']if u is a weak solution and alsou € C([0, T']; V)NL2(0, T: H>NV) with time
derivative o;u € L2(0, T; H) and initial data satisfied in the sense of C([0, T']; V).

We now state our results on the global well-posedness of solutions to calmed
Navier—Stokes and calmed rotational Navier—Stokes.

Theorem 1.7 (Global existence of weak solutions to calmed systems) Assume that
Q C R3 is bounded, open, connected, and convex with smooth boundary. Letuy € H,
T > 0,andletf € L>(0, T; V') be given. Suppose, fore > 0, £€ is a calming function
which satisfies conditions 1, 2, and 3 of Definition 1.2. Then, weak solutions to calmed
NSE or calmed rNSE (1.10) exist on [0, T'].

@ Springer



112 Page 8 of 33 Journal of Nonlinear Science (2024) 34:112

Theorem 1.8 (First-order regularity of calmed systems) Assume that @ C R3 is
bounded, open, connected, and convex with smooth boundary. Let T > 0. Suppose
thatuy € V and that £ € L%(0, T: H). Consider a weak solution u to calmed NSE or
calmed rNSE (1.10) on the interval [0, T). Then,u € C([0, T]; V)NL?(0, T; H*NV)
and d,u € L*(0, T; H).

Theorem 1.9 (Global well-posedness of strong solutions to calmed systems) Assume
that Q@ C R3 is bounded, open, connected, and convex with smooth boundary. Let
T >0,up,€V,andletf e L2(O, T; H). Suppose &€ is a calming function which
satisfies conditions 1, 2, and 3 of Definition 1.2. Then, there exists a strong solution
ue C(0,T]; V)N L0, T; H> N V) to calmed NSE (1.6) and calmed rNSE (1.7)
which depends continuously on its initial data and is unique in the class of weak
solutions.

For our calmed systems, we also have the convergence of (1.6) (resp. 1.7) to (1.1)
(resp. 1.3) on short time intervals.

Theorem 1.10 (Convergence) Assume that Q@ C R> is bounded, open, connected, and
convex with smooth boundary. Let T > 0, and let &€ be a calming function satisfying
conditions 1, 2, and 3 of Definition 1.2, where B > 1 is the minimal value for which 3
holds. Suppose

ueCq0,TI; V)NL*©,T; H*NV) (1.12)

is a strong solution to the 3D Navier-Stokes equation written either in its velocity
form (1.1) or rotational form (1.3) with initial data vy € V and forcing term f €
L%0,T; H). Suppose u¢ € C([0,T]; V)N L%(0, T; H?> N V) is a solution to the
3D calmed NSE (1.6) (resp. 3D calmed rNSE (1.7)) with the same initial data uy and
forcing term . Then,

lu—uf oy < Ke®,

where K > 0 is a constant depending onlyon Q, v, B, |[u||r<v, [|Au|l;2, T, and o, B
are determined by the choice of £¢€ and are as given by condition 3 of Definition 1.2.

In Sect. 6, we show that strong solutions to the calmed systems are Cauchy with
respect to the calming parameter € > 0 and that the limit point obtained from this
sequence is itself a strong solution to 3D Navier—Stokes.

Theorem 1.11 (Existence of Strong Solutions to Navier—Stokes) Assume that @ C R3
is bounded, open, connected, and convex with smooth boundary. For eache > 0, let £€
be a calming function satisfying conditions 1, 2, and 3 of Definition 1.2. Suppose that
B € [1, 3], where B is the minimal value for which 3 holds. Let u¢ be a strong solution
to calmed NSE (1.6) or calmed rNSE (1.7) with initial data ug € V and forcing term
f € L>(0, oo; L?). Suppose T > 0 is the maximal time for which

sup sup | Vu“()|,> < V2 Vuoll,2

e>00<t<T
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is valid. Then,

(1) The sequence {u€}¢~q is Cauchy in L°H N L?V.
(2) The limit point of the sequence, , is a strong solution to the 3D Navier—Stokes
equations (1.1) or (1.3) on the interval [0, T1].

While calmed NSE and calmed rNSE share the same properties of global well-
posedness, we can see a key distinction between the two in the next theorem when ¢ €
is assumed to be pointwise parallel.

Theorem 1.12 (Energy identity for weak solutions of calmed rNSE (1.7)) Assume that
Q C R3 is bounded, open, connected, and convex with smooth boundary. Let v > 0,
€>0,up e H,andf LZ(O, T; V') be given. Suppose &€ satisfies conditions 1, 2, 3,
and 4 of Definition 1.2. Let u¢ be a weak solution to calmed rNSE (1.7). Then, u¢
satisfies the energy equalities

1d
5 ap 1ol + o [ vut] = frwe). (1.13)
and

t t
w3 +2u/0 | Vus()]7, ds = lluoll? +2/0 (£(s), ue(s)) ds.  (1.14)

Remark 1.13 Combining Theorems 1.10 and 1.12, one can easily show that strong
solutions to the Navier—Stokes equations enjoy an energy equality, by passing to a
limit as € — O 1in (1.14). Hence, our approach can be seen as an alternate proof of this
well-known fact.

From these energy identities, we deduce the existence of a global attractor, under
the assumption that f is time-independent.

Theorem 1.14 (Existence of a global attractor) Assume that Q C R3 is bounded,
open, connected, and convex with smooth boundary. Let {€ be a calming function
which satisfies conditions 1, 2, 3, and 4 of Definition 1.2. Ifug € H and f € H then
the dynamical system on H generated by calmed rNSE (1.7) has a global attractor A
on H.

Remark 1.15 All of the above results hold, mutatis mutandis, in the case of periodic
boundary conditions, after suitable modification imposing a mean-free condition.

2 Preliminaries
In this section, we lay out some notation and preliminary notions that will be used later

in the text. We use standard notation and results which can be found in, e.g., Constantin
and Foias (1988), Temam (2001), Robinson (2001). We assume that 2 C R? is a
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bounded, open, connected set with smooth boundary. Furthermore, we assume €2 is
convex, so that there exists ¢y, ¢, > 0 for which

ct|Aufl2 < lulz2 < c2 [|Aull2, 2.1

where A is defined in (2.2) (see, e.g., Dauge 1989; Guermond and Salgado 2011). Let
C2°(€2) denote the space of smooth, compactly supported test functions from €2 to
R, and let H} (Q) = H{ denote the closure of C2°(2) in H' ().

We set

V={¢€Cf°(52): V~¢=O},

and let H and V be the closure of V in L%($2) and H' (), respectively.

We also denote the (real) L? inner-product and H™ Sobolev norm by
1
3 2

2
wv) =Y / w0 dx,  ulgn = > |Du| ] .
i=1 v lr| <m

where o = (a1, @2, @3) and D*u = 9} 85795 u. For brevity, we will use the notation
L*() = L? and H™(2) = H™ throughout the paper.

We denote by L? (0, T'; X) to space of Bochner integrable functions from [0, T'] to
X with norm given by

T 1/p
lall Lo = lullzrx = (fo ||u||§> .

We recall Agmon’s inequality for s; < 5 < 2,

0 1-6
allzee < Cllaff s Il 7y s

where % = 0Os1 + (1 —0)s2, 0 € [0, 1]. We also recall the Gagliardo—Nirenberg—
Sobolev interpolation inequality (see, e.g., (Tao 2006, p. 11)) for bounded domains
QCR*withl < p,q < o0,

0 1-6 I 0 1 o
lulls = il Dol 5 =2a-o(3-2).

Let P, : L?(Q) — H be the Leray-Helmholtz orthogonal projection of L?(2)
onto H. Define the Stokes operator A : D(A) C H — H as

A= —PyA 2.2)

with domain D(A) := H?(2) N V. The operator A is known to be positive-definite,
self-adjoint, and with compact inverse A~! in H. From the Hilbert—Schmidt theorem,
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we obtain a sequence of eigenfunctions {w }?O: (Oof A™ ! which are also eigenfunctions
of A, with corresponding eigenvalues {2 ;} = such that {w j}?il is an orthonormal
basis of H and the sequence {A} ol is positive, monotone increasing, and tend toward
infinity, so that Aw; = A;w; withO < A1 <A <A3 <--- andlimj_ o A; = +00.
For further discussion see, e.g., Constantin and Foias (1988), Robinson (2001), Temam
(2001). Due to the divergence-free condition, we can define a norm on V by

(Au,u) = |A2u] 2 = [Vul3, .
We also recall the following Poincaré inequalities,

i, <7 Val?,  forallue V,

IVul2, < 27" [Au3, forallu € D(A).

Denote by P, the projection onto the first m eigenfunctions of A,

m
P,u = ZMjo.
Jj=1

This yields the following estimate: foru € H*(2), s > 0,

I = Pu)ull?s < 4, llulgs - (2.3)

Foru € C2°(2) and v € V, we define the nonlinear term B (u, v) by

B(u,v) =P, (u-V)v) in system (1.1), or (2.24a)
B(u,v) := P; (Vxv) xu) insystem (1.3). (2.24b)

For either case, the term B(-, -) can be extended continuously to a bounded bilinear
operator B : HO1 x V — V’. Similarly, we can define a trilinear operator b : H(; X
VxV — Rby

b(u,v,w) = (B(u,v), w)
forallu e HOl andv,we V.
To recover the pressure term found in Systems (1.6) and (1.7), we will use a result
of de Rham, which states for f € C2°(2),

f = Vp forsome p € CSO(Q) if and only if (f,v) =0 forallv € V. (2.25)

See, e.g., Temam (2001), Wang (1993).

Lemma 2.1 Suppose that &€ is a calming function which satisfies condition 1 of Defi-
nition 1.2.
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(1) Ifu € LP(Q), p € [1, 00], then £€(u) € LP() and &€ is Lipschitz in LP ()
with Lipschitz constant Cp.
(2) The mapping I : L*>(0, T; H) x L>(0, T; V) x L>(0, T; H) — R defined by

T
I(u,v,w) =/ b(¢€(u), v, wdt
0

is linear and continuous in its second and third components.

Proof The proof is straightforward and can be found in Enlow et al. (2023) in the case
b(& (), v, W) = (P ((¢°(u) - V) v), w).
The proof for the case
b (), v, W) = (Ps (V x V) x £ () , W)

is nearly identical. O

3 Existence of Weak Solutions for Calmed NSE

We will prove the existence of solutions to (1.10) via Galerkin approximation. For
uy € H, the system

{8,um = —vAu, — P, B (uy), uy) + Puf, (3.1a)
u, (0, x) = Puup(x) (3.1b)

is locally Lipschitz in P, (H), provided that ¢€ is Lipschitz (see Enlow et al. (2023,
Lemma 3.2)). So for each m € N, there is some 7, > 0 for which a unique solution
to (3.1) exists.

3.1 Proof of Theorem 1.7

Let u,, be a solution to (3.1) on some maximum interval of existence [0, T,] with
T,, > 0. Taking the inner-product of (3.1) with u”, we obtain

1d
T a3 + v IV, = — (PuBE (W), W), W) + (Puf, up)
= - (B(Ce(llm), W), um) + (f,uy).
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Now, using Holder’s inequality and Young’s inequality,

2 2
5 75 Il + v 1 Va3

IA

16 oo 1Vl 2 Wl 2 + 11y V0012

v 2
> IVunli72 + Co 2] o0 i3z + Co IE1, -

IA

Rearranging terms yields the inequality

d 2
Jo e v IV I, < Co 6] o 72 + Co I - (3.2)

Dropping the term v || Vu,, ||i2 from the left-hand side of the inequality and applying
Gronwall’s inequality yields

€2 ! _ €2 _
I (D175 < eI, (0)[17, + /0 e OIS Lm0 1813, ds
€2
< O i T (gl + IF12,y,) (3.3)
In fact, we can apply a standard bootstrapping argument to obtain that givenany 7 > 0,

(3.3) remains validif 7, = T forallm € N. Thus, u,, is boundedin L>°(0, T'; L%(T?))
independently of m. Integrating (3.2) in time ¢ on the interval [0, 7], one obtains

T
(D175 = lum )17, + v / IV, 7, dt
0

T
2
< G2y, + C 2 / 12 dt
0
2 €2
< Collfll7 2y + Co |6 | o0 TeCHIE i T (||uo||iz + ||f||izv/) :
Rearranging this inequality and applying (3.3) then yields, for a.e. t € [0, T'],
2 €2
w32y, = Co (14 67 TeSI8 0T (Irugls + 161221, )

Therefore, u,, is bounded in L2(O, T; V) independently of m.
Now we check that 8,u,,, is bounded in L2 (0, T; V') independently of m.Letw € V
with || Vw]|| ;2 = 1. Taking the action of d;,u on w yields

(0w, W)| < v [(Auy,, W) + |(PmB(CE(um)s uy), W)| + |(Pnf, W)
= [(Viy, YW)| + [(BE W), up), Paw)| + |(E, Pyw)].

Note that

VIV, VW) < v [V |2 [IVWI2 = v [V 2,
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and
(B ), wn), Puw)| < C 89 o IVl 2 VW2 = C 86 e VU2,
and also
|(E, Paw)| < [IElly IWlly < lIflly -
From this we deduce that
18t 2yr < Coe (Il 2y + 1€ 2y )

hence 9;u,, is bounded in L2(0, T; V') independently of m.

By the Banach—Alaoglu theorem and the above bounds, there exists u e

L®0,T; H)N LZ(O, T; V) and a subsequence (which we will relabel as u,,) such
that

W, —~u weak-% in L0, T; H), (3.4)
u,,—u weakly in L>(0, T; V), (3.5)
dyu,,—d,u weakly in L2(0, T; V). (3.6)

Moreover, using the Aubin-Lions lemma one obtains another subsequence (still
labeled as u,,) such that

u,, — u strongly in L2(O, T; H). (3.7

Now we wish to show that passing to the limit in (3.1) yields (1.10a). Let w € V,
and set v,, = u — u,,. We will show that u is a solution to (1.10a) by showing that

<alu9 W> + v (Vuv VW) + b(;é(u)’ u, W) + (f’ W)
- (atums W) -V (Vums W) —b (Ce(um)s W, me) - (me’ W)

tends to 0 as m — oo. This expression can be rewritten as follows.

(01 Vi, W) + v (VVy,, VW) + b(ge(u)’ Vins W)
+ (b(ce(u)a Wy, W) - b(cé(“m)» Uy, W))
+ b€ (W), U, (I — Py) W) + (I — Pp)f, ).

Note that from (3.5) and (3.6),

T
lim (0; Vi, W) + v (Vvy,, VW) dt =0

m—00 0
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and

T
limf b(¢c (), vy, w)dt =0
m-—00 0

by Lemma 2.1 and (3.5). Now, using the Lipschitz property of ¢ €, Holder’s inequality,
and the Gagliardo—-Nirenberg—Sobolev inequality, we bound the fourth and fifth terms
as follows:

T
/0 B(EE (@), U, W) — BE (), U, Wt
T
5/0 Wl 3 [V 2 1] 6

T 1 1
< C [ vl 17l U902 9wl
0
3 3
<C| VW||L2 Vi ”L2L2 Vv ”L2L2 IV, ll2p2.

Therefore, since ||V, |22 and Vv, |22 are bounded and v, — O strongly in
L>H,

T
lim/ (b (u), upy, W) — b(E (), Wy, W)) dt =0
m—00 0

as a consequence of (3.7). Finally, by (2.3) we obtain

T
lim ‘/ b€ (uy), uy, (I — P,)w)dt
m—00 0

. ~12
< lim |¢€ sup |lu (A w )
= lm ||§ ||Loo mdlz] lwull g2y (A "~ W g

=0

and

T
lim (I — Pp)f,w)dt =0.

m—0Q 0

Thus, we deduce that a subsequence of solutions u,, of (3.1) converges to a solution
u of (1.6). It remains to be shown that u is continuous in time and satisfies the initial
data. It is an immediate consequence of the Aubin-Lions Compactness Theorem (see,
e.g., Robinson (2001, Corollary 7.3)) thatu € C([0, T]; L?). To show that the initial
data is satisfied, one carries out the procedure performed in, e.g., Enlow et al. (2023),
Temam (2001). O

Remark 3.1 1t is not known if weak solutions are unique for calmed NSE or calmed
rNSE. Indeed, if u; and up are weak solutions with same initial data ug, one can write
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the difference equation (4.4) and obtain the energy equation (4.5) as we do in the case
of strong solutions. However, for weak solutions it does not seem possible to attain an
upper bound for the term

b(¢€(up) — £€(uy), up, 1) using the techniques seen in this paper.

4 Strong Solutions
In this section, we prove the first - and second - order regularity of weak solutions to
the calmed NSE (1.10) for the purpose of showing that strong solutions are unique.

To this end, we will apply the Aubin—Lions Compactness Theorem (Robinson 2001,
Corollary 7.3).

4.1 Proof of Theorem 1.8

Here, we work formally, but the results can be made rigorous using the Galerkin proce-
dure as in the proofs of the previous theorem. Suppose uy € V andf € L?(0, T; H) for
some T > 0. Taking the action of (1.10) with Au and then using the Lions—Magenes
Lemma, Young’s inequality, and Holder’s inequality yields

1d
Sar IVull7, + v [[Au?, = bz (u), u, Aw) — (f, Au)
< [¢°) o 1Vull 2 Al 2 + [I£ll 2 [| Aull 2
2 Vv
< Co[[¢] e IVRIZ2 + Co IfIZ2 + 5 A,

Rearranging these terms yields the inequality
d 2 2 €2 2 2
< IVl +vilAullz, < Co 6] VUl + Co Il - @.1)

We now remove the viscosity term and apply Gronwall’s inequality to obtain for a.e.
t €0, 7],

€2 ! _ €2 _
IVu@®)|2, < eI et | vug )2, + C, / e Ol Lo =D £ (5) (12, ds.  (4.2)
0

Thus, u € L°°(0, T; V) wheneveruy € V and f € L2(O, T; H). Returning to (4.1),
we integrate in time to obtain

T T
2
v / lAul?, dt < | Vuol?, + C, / 1€ o IVRlT2 + 1172 d2. (4.3)
0 0
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From estimates (4.2) and (4.3), we deduce thatu € L2(0, T; H>N V). It remains to be
shown that 9,u € L?(0, T'; H). This follows immediately from the calculation below:

T T
2
/0 ||a,u||§2dr=f0 [vAu + B(&€(u), u) + £, dr

T
2
< c/ vilAulZ, + €]~ IVulZ, + [1£12, dr
0

< Q.

Therefore, d;u € L2(O, T; H). By the Aubin-Lions compactness theorem, we con-
clude thatu € C([0, T]; V). O

We now proceed in showing the global existence and uniqueness of strong solutions.
With the existence of such solutions already known from prior results, this theorem
focuses on uniqueness and continuous dependence on initial data.

4.2 Proof of Theorem 1.9

From Theorems 1.7, 1.8, and from (2.25), we deduce the existence of strong solutions
to calmed NSE (1.6) and calmed rNSE (1.7) satisfying the hypotheses of Definition 1.6.
Suppose u; and uy are strong solutions with respective initial data u(l), ug € V and
forcing term f € L2(0, T; H). Letdi = u; — wp and i = u(l) — u%. When we take the
difference of the two equations, we obtain

O —vAl = B (wp) — & (u)), wp) — B(E (uy), 0). “4.4)

We now take the inner-product with u, which yields

o I3, + v Va3,
= b(¢€(w2) — £€(uy), up, @) — b(LE (uy), i, ). (4.5)

For the first term, using Holder’s inequality, the Gagliardo—Nirenberg—Sobolev
inequality, condition 1 of Definition 1.2, and Poincare’s inequality, one obtains

b(&€ () — &€ (uy), up, )|

< [l 1Vl o 1l 2
3 1
< C a2 IVal2, [Auz,2

LR Voosn2
= Gy llAuzl;, ol + 1 Vall;,.
While for the second term, one obtains

b ). .0 = € ¢ 115 + 5 1Vl
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Inserting these bounds into estimate (4.5) then yields

d - 2 4 -
a7 ||ll||iz +v ||Vll||iz <C, <||C€HLOC + ||A112||Zz> ||u||%2 .

Since u; is a strong solution to calmed NSE (1.6), we have the containment u, €
L2%(0,T; H>N V), hence

T 4
ANT) = CU/O (Hcéniw + ||Au2||,§2> dt < oc.

Using Gronwall’s inequality, it follows that,
~o2 ~ 00
@17, < e Jiogl7 -

We conclude that strong solutions to (1.6) are unique and depend continuously on
initial data. o

5 Convergence to Strong Solutions of the Navier-Stokes Equations
In this section, we prove that strong solutions u¢ to calmed NSE will converge to a

strong solution u to NSE on sufficiently small time intervals when ¢€ is known to
satisfy condition 3 for some minimal value g > 1.

5.1 Proof of Theorem 1.10

Set w¢ = u — u€. We then take the action of the difference of (1.1) and (1.6) with
Aw€ and use the Lions—Magenes Lemma to obtain

1d
EE”VWGHZ%—UHAWGHZ =N, 5.1
where the nonlinearity N is rewritten as

N =b(& () —u,u, AW®) — b(Z(u), w°, Aw®)
— b () — & (u), u, AWS) + (5 (n) — £ (u), w, AwF)
= N1 + N2 + N3 + Ny.
For N, to bound [¢€(u) — u| we first apply Inequality (1.11) from Condition 3
of Definition 1.2, Agmon’s inequality, and Inequality (2.1) to write [€(u) —u| <

Ce® ||u||‘zOO < Ce¥ ||u||'f;12 < Ce* ||Au||€2. Then, using Cauchy-Schwarz and

@ Springer



Journal of Nonlinear Science (2024) 34:112 Page190f33 112

Young’s inequality,

IN1| < / |¢€(u) —u |Vu| |Aw¢| dx
Q

< Ce” ||Au||'zz/ |Vul| |Aw¢| dx
Q

< Ce” | Aull?, IVul 2 | Awe |,
2B 113112 2, Y €2
= Gy llAull; llullzocye™ + 2 |Awe |7, (5.2)
For the remaining N;, we use a combination of Agmon’s inequality, Inequality (2.1),
and Poincare’s inequality, as well as Holder’s inequality, the Gagliardo—Nirenberg—
Sobolev inequality, and Young’s inequality, to derive bounds which are integrable in
time. For N,, we obtain
|N2 | 5/ || |[Vwe| |Awe| dx
Q

< llullz | VW HL2 | Awe ”L2

= CllAullzz VW] o [Awe]
=y lAul, [ Vw7 + 2 | aw .. (53)

where we use the additional fact that |£€(u)| < ||ul|;~, which follows from Condi-
tions 1 and 3 of Definition 1.2. For N3,

INslsf |w| [Vul [Aw¢| dx
Q
< IVullgs [ we] 6 AW 2
1 1
< CIIVulj, Aul7, VW] o AW

< Cullullzsy llAulz | Vo< 7 + = [awe]7. (5.4)
and similarly, for N4, we deduce

Ny] < / Iwe| [Vwe] [Awe]| dx
Q
< [ wel s [vwell s [Awe]] 2
3 1
< [vwe ]2 we e awe]] 2
3 3
< C|vw L [awe ;.

<G VWS, + % |awe]7, . (5.5)
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Here, we note the presence of the higher-powered term C,, | Vw¢ ||g2 in the bound

of N4. We want to bound this term above by C,, || Vw*¢ ||i2. To this end, we will assume
that for sufficiently small €,

|vwe®|,. < 1. (5.6)

This ansatz is made rigorous in Sect. 10.2 of the appendix by the use of a bootstrapping
argument (Lemma 10.1).

Now, we apply (5.6) to estimate (5.5), then insert the bounds (5.2), (5.3), (5.4), and
(5.5) into estimate (5.1) which yields

d 2 2
yri A PRl A P

2 2
= Cu Al ulifoye® + €, (IAul2; + ully 1 Aul 2 + 1) Vo< [

Since we assumed sufficient regularity of u in Assumption (1.12) of Theorem 1.10 we
infer that each term on the right-hand side is integrable on [0, 7']. Now we set

t 2 . t
Ko(®) :CueCnfo(|AMI|L2+|ll|Loov||Au||L2+l)dA/ JAuR: fuleyds ()
0

Since [[VW(0)]|;2 = 0, we can use Gronwall’s inequality to obtain, for all ¢ € [0, T'],
2
[vwe@ ;> < Kot)e™. (5.8)

From estimate (5.8), we can verify that the bootstrapping argument is valid (see 10.2 in
the Appendix for further details). Therefore, we conclude thatu® — win C ([0, T]; V)
ase — 0. mi

6 Existence of Strong Solutions to 3D Navier-Stokes

To prove Theorem 1.11, we begin with a lemma establishing higher-order bounds that
are independent of the calming parameter. We assume a uniform-in-time bound on
£, namely f € L°°((0, 00); L?). This hypothesis could likely be weakened, but for
simplicity of presentation, we do not pursue this here.

Lemma 6.1 Let v > 0. Suppose, for each € > 0, u€ is a strong solution to calmed
NSE (1.6) or calmed rNSE (1.7) with initial data wg € V and f € L*®((0, 00); L?).
On the interval [0, Ty], where

-2 _
(IVaol?, + M) — Hivuoll ¥
Ty = G (6.1
v
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1

and M := ||f||zoo((0 o) L2 the following inequalities are valid:
2
sup sup [ Vu“()] . <2 Vuol?, 6.2)
€>01€[0,Tp]
and
fo 2 2 2 2\?
sup {v/ | Au¢ ||L2} = IVold, + CTo (21Vuol}, + M%) (63)
e>0 0

where C, is a positive constant that depends on the domain 2 and v and may change
from line to line.

Proof Following similar steps as before in showing higher-order regularity, we take
the action of (1.7) on Au€, integrate by parts, and apply the Lions—Magenes Lemma,
to obtain

L e By o e s = biu u, u) + 8, Aw)

Now we use the Gagliardo—Nirenberg—Sobolev inequality, the Cauchy—Schwarz
inequality, (2.1), and Young’s inequality, which yields

1d
S lvut [+ v | Au]
< [ Vu|| s [u] o 1Al 2 + Ifll2 | Auc]
3 1
= C | vu|| o o7 [ Aut] 2 + 112 [ Auc]
3 3
< C [Vl A 7o + UFl 2 [ Auc]
< € [V + CultIs + 5 4w,
<G| Vu s + MO + § | w2
3
= € ([ vurfg + M)+ 5 ..
We now rewrite this inequality as

d 3
T vut e oA < ¢ (Ivue |7 +m?) (6.4)

which, after making the substitution n = || Vu* IIi2 + M? and removing the diffusive
term, becomes

d 3
EnfCun .
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From this inequality we derive, for all ¢ € [0, Tp],

=

10 = (102 -n)

or

Nl—

2 -2 -
|Wmhﬁ4ﬂs(@ww§+Mﬁ —am) =2|Vwl2, (65

for Ty as in (6.1), thus proving (6.2).
We now return to estimate (6.4), integrate in time on the interval [0, Tp], and apply
estimate (6.5) to obtain

To 2
o [ 4w s
0
To 3
2 -
sww@+a/(wa+M§m
0
2 2 2\?
< IVuoll3> + CuTo (2 Vuoll3, + M?) . 6.6)

This proves (6.3). O

Our lemma guarantees that for nonzero initial data up € V and forcing term f €
L*>(0, oo; L2), there exists a positive time Ty for which, given any € > 0, u€ is
bounded in L*°(0, Tp; V) N L2(0, To; H>N V). We now proceed to show that, on the
time interval [0, Tp], {u¢}.. ¢ is Cauchy.

6.1 Proof of Theorem 1.11

Let u¢ and u® be strong solutions to calmed NSE (1.6) or calmed rNSE (1.7) with
initial data ug € V and with respective calming parameters € > 0 and § > 0. From

the results of Lemma 6.1, we ascertain the existence of a maximal time 7 > 0 for
which

2
sup sup [[Vu(@)| 2 < 2[Vuoll7, . (6.7)
€e>01€[0,T]

From Lemma 6.1, we ascertain that 7 > 41'1 IIVuOIIZ§1 > 0.Setd = u¢ — ul. The
system for @ can be written as

8[ﬁ + VAﬁ
= —B(¢°@’), ) — B@@, u) + B @) —u’, u) + Bu® — ¢ (uc), u).
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We then take the inner-product with @ to obtain
ld - 12 T PN
S— . +vivaly, < [ [Val|¢’ @) a) dx
2dt Q
+/ ld)? |Vu©| dx
Q
+/ [vue||¢® @®) — v’ Jii] dx
Q
+/ |Vu||¢€ ) —ue| [u| dx.
Q
Now, applying condition 3 of ¢€ yields
ld -2 ) S8 <12 [ p€
sl +vival, < [ [Val e fal dx+ [ [a]*|Va| dx
2 dt Q Q
+caa/ vu| o) Jal dX+C6“f V| [uel? 18] dx.
Q Q

Using Holder’s inequality, Agmon’s inequality, Poincaré’s inequality, (2.1), and
Young’s inequality, for the first term we obtain

/me £’ @] 8] dx < Va2 [u’], o I8l 2

< ClIVal g [0 4 ]2
< C|Vill2 | Aw®| . 1] .

2 ~ % ~
< G A [ 1815 + 2 IVaIZ, (6.8)
and similarly for the second term, using also (6.2),

/Q|ﬁ|2 |Vue| dx < Jill s | Vu< ] Il o

1 3
< C il ?, IVuoll 2 Vil 2,

4 =02 v ~ 12
< Cy IVuollj2 18132 + 5 IV, 6.9)
Using the same inequalities for the third term, we deduce that
Cs® / v '] 1] dx < C5% [ Vuc] s [u® |y il
Q

1 1
= €8 [ut | o 0?25 1802, 1V

1 1
< 8% | Au | [u® s 102, 1V,
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For B € [1, 3], from the Gagliardo—Nirenberg—Sobolev inequality and (6.7) we have
B
[wl]}2s < CplIVuollt,
We insert this bound into estimate (6.8) and apply Young’s inequality to obtain
5 / vu| o’ |? Jal dx
< Cpu8™ IIVuoll HAu ”Lz +Cy a7, + < ||VU||L2 (6.10)
We follow the same procedure for the final term:
Ce® / ’Vu5| |u6|ﬂ lal dx
Q
< Cpoe™ IIVUOII | Au HLz +Cy 7, + IIVUIle (6.11)
Invoking (6.8), (6.9), (6.10), and (6.11) yields the upper bound
d . -
T8I + VA,

<cv(||Au3||Lz+||Vuo||L2+1) 6132 + Cpo V00135 [ 4w 5 (82 + )

<K IIﬁlle + K> (82"‘ +e ") , (6.12)

where K and K> depend on v, 8, T and || Vug|| 72, but not € or §, and are determined
by Lemma 6.1. Now, we apply Gronwall’s inequality to obtain, for all ¢ € [0, T,

162 < K3 (32“ n EZa) ,

where

K= K2 (eKlT - 1) (52“ +62°‘).
K

Therefore, we see that ahm ||u —u’ ||L2 = 0, hence {u}c.¢ is Cauchy in L*H

with respect to the calming parameter. If instead we integrate (6.12) on [0, T'], we can
derive the upper bound

T T
v/ IVil?, dr < K, / I§2, dr + Ko T (52“ + 62“)
0 0

< KiT|liill o2 + KoT (32“ n 62“) ,
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hence {u€}¢~ is also Cauchy in L2V . Therefore, there exists u € L¥H N L%V for
which

u — ustrongly inu € L*H N L*V (6.13)
as € — 0. We now show that this limit point u is in fact a solution to 3D rNSE
(1.3). First note that, owing to Lemma 6.1, the equivalence (2.1), the Banach—Alaoglu
Theorem, and the usual uniqueness of limits, it follows that

ue L®VNL*H>NV). (6.14)

Set u* = u® — u, and take the action of (1.3) against an arbitrary test function w €
CC1 ([0, T'); V) and integrate by parts in time (noting that w| et =0),

T T T
—/ (ue,a,w) dt+v/ (VUE,VW) dt+/ b(Z€(u),u¢, w)dt
0 0 0
T
= (wo, W(0)) + / (£, w) dr.
0

By (6.13), the first two terms converge to their Navier—Stokes analogues. For the
nonlinear term, we estimate

T T
‘/ b(Z€ (), u, w)dt —/ b(u,u, w)dt
0 0

T T T
5/ |b<cf(u6>—u6,uf,w>|dz+/ |b<u*,uf,w)|dr+/ lb(u, u*, W) dr
0 0 0

T
< /0 (cEa [ [ [V 2 1o

] V0] o Iwilzo + ullzs [ Vu® ] wl e )dr

r 1 1
< [ (co 1vuons 19uc] s Laue | 19w,
1 1
el Vel Ve 2 1vwies

T 1 1
+/ IIHIIzz IIVUIIZZ HVU* ”Lz VWil 2 > dt
0

B

< Cpe® | Vuol

2 ||A“€||L2L2||W||L2V

1

1 1 T
+ Cllu*(|; 2 0" [ ooy I|Vllo||L2/ Vw2 dt
0

1 1 T
+ IIHIIEmLzIIUIIZooVIIH*IILooLz/ IVwl 2 dt,
0
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where the three terms are bounded as a result of (6.6) and (6.14) and vanish as € —
0% as a consequence of (6.3) and (6.13). Hence, sending ¢ — 07 and choosing
w e C((0,T), V), we obtain

du+vAu+ B(u,u) =f, (6.15)

holding in the distributional sense in time with values in V, i.e., in the sense of
D'((0,T), V'). But then, as in, e.g., Temam (2001), Chapter 3, Lemma 1.1, since
the other terms in (6.15) are in L2H, it holds that 9,u € L2 H, and moreover, (6.15)
holds in the sense of 9;u € L?H. A standard argument (see, e.g., Constantin and Foias
1988; Temam 2001) shows that the initial data is satisfied in the sense of C ([0, T']; V).
That is, u is a strong solution to the Navier—Stokes equations. O

7 An Energy Equality for Weak Solutions

In this section, we focus only on the calmed rotational Navier—Stokes equations
(1.7). We also assume that ¢€ satisfies condition (4) of Definition 1.2, so that
((V x u) x £€(u)) - u = 0 in the L2-sense thanks to (1.8).

7.1 Proof of Theorem 1.12

Suppose f € L2(O, T;V"). Let u be a weak solution to calmed rNSE as in Defini-
tion 1.10, with the nonlinearity given by B(u,v) = P, ((V x v) x u). Taking the
action of the equation in V’ with u and using the Lions—Magenes Lemma?® and the
fact that 9,u € L2(0, T; V'), we obtain

1d
o lull, +vi[Vul?, = (f,u).

Integrating in time and using the fact that u € C([0, T]; H), we find that, for any
t >0,

t t
a3, +2v / IVu(s)|[7, ds = lluoll7, +2 / (£(s), u(s)) ds.
0 0
Therefore, Egs. (1.13) and (1.14) are valid, proving Theorem 1.12. O
Remark 7.1 Let us briefly compare system (1.7) with the 3D NSE. For the 3D NSE, it
was shown in Buckmaster and Vicol (2019), Luo and Titi (2020) that weak solutions

are nonunique, but it is currently a major open problem to show whether weak solutions
that satisfy the energy inequality (called Leray—Hopf solutions) are unique. Recently,

2 As is well-known, the Lions—Magenes Lemma is not known to apply in the setting of weak solutions to
the 3D NSE, since for those solutions, it is only known that d;u € L3, T v, preventing a proof of
an energy equality for weak solutions of the 3D NSE. This seems to be an important distinction of system
(1.7) from the 3D NSE.
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Albritton et al. (2022, 2023) demonstrated the nonuniqueness of Leray—Hopf weak
solutions to the 3D Navier—Stokes equations with very special force. However, their
results do not apply to our case with a general given force. In contrast, weak solutions
of (1.7) are not known to be unique, but we have just shown that they satisfy not
only an energy inequality, but an energy equality. Hence, (1.7) is an example of a
system which is very similar to the 3D NSE (especially given the convergence in
Theorem 1.10), where an energy equality is known for weak solutions but for which
a proof of uniqueness of weak solutions remains elusive.

Remark 7.2 1t may be worth studying analogues of so-called “suitable weak solu-
tions,” proposed for the 3D NSE in Duchon and Robert (2000), for which a local
energy inequality holds. This would be especially interesting for system (1.7) under
assumption (4) in Definition 1.2 due to the pointwise vanishing of the nonlinear term.
However, we postpone this study to a future work.

8 A Global Attractor

From the existence of the energy identity (1.13), we are able to prove the existence
of a global attractor for the dynamical system generated by solutions of calmed rNSE
(1.7).

8.1 Proof of Theorem 1.14

Consider again the calmed rotational Navier—Stokes equations (1.7), under condi-
tions 1, 2, 3, and 4 of Definition 1.2. Take f € H to be time-independent, and for
agiven R > 0,let B = {u € H : |Ju|l;2 < R}. Now choose uy € Bg. On the
right-hand side of (1.13), we use Holder’s, Poincaré’s, and Young’s inequalities to
obtain

1 2 v 2
I, w)] < ot IEll7 > + 3 Vally, .

We insert the second estimate into the first and rearrange the terms, which yield

IA

d
2 2
= JullZ, + v IVul,

1
r Jﬂw;. (8.1)

We apply Poincaré’s inequality once more,

d 2 2 1 2
— |u VAl |ju < —|Ifll5,,
gr T2 + vl < o I
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then we apply Gronwall’s inequality:

A

_ 1 _
lu@7, < e Jugll;, + o (1—e M) JIf113,

IA

1
—v}»ltRZ 1— —VvArt f 2
e + o (1= M) I
We now set
1 2
to = — In(1 + R?),
VA

so that
max {e*“",e*“”Rz} <1
for all t > 9. Then, we obtain
la(@)112, < po (8.2)

for all t > 1, where pp = 1 + uM IF112

If instead we integrate (8.1) on the 1nte1rva13 [t—1, ] forsomet > fy+ 1, we obtain
) t
la@)l1?, + vf IVallgs < lut = DIFs + —— ||f||L2 :
—1
from which we deduce, by (8.2),

t
/ IVull;,ds < p1, (8.3)
t—1

where p; = %po + i ||f||iz. Now, we take the action of (1.7a) with —Au, and use
the Lions—Magenes Lemma to obtain

1d
3 IVal?, + v aul?,

= ((V xu) x £°(w), Au) — (£, Au)
< Co[|g°] e IVUlF2 + ColIEN72 + 5 IIAuII

We then rearrange the inequality above which yields

d
- IVull2, +vilau)?, < C |9 IVull?, + Cy lIF3 . (8.4)

3 Here the “1” in “¢ — 1” has dimensions of time. Instead, one could consider the interval [ — T, ], where
T = but we use a unit interval to simplify the presentation.
U)»]
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Now, select s and ¢ suchthatt > tg +1and ¢t — 1 < s < ¢t. We remove the viscous
term from the left-hand side, then integrate (8.4) on the interval [s, #] and apply (8.3)
to obtain

IVa@®) |12, < [IVus)lI2, + Co £, + Cy [ 26|, o1- (8.5)

Integrating once more in s on the interval [t — 1, ¢] and again using (8.3), it follows
that, for t > 19 + 1,

IVu@®)|?, < p2, (8.6)

where pp = p1 + C, ||f||iz + C, 1€€]l ;00 p1. From this inequality we deduce that
B,, = {u€ H : |ul2 < p2} is bounded in V. Since V is compactly embedded in
H, we deduce that B, is a compact absorbing set in H. Applying Theorem 10.5 of
Robinson (2001), we conclude that there exists a global attractor in H. O

Remark 8.1 Observe that the upper bounds in (8.4), (8.5), (8.6) each depend on
€€ . Therefore, these upper bounds do not remain valid as € — 07, since

lim ] = 00

9 Conclusions

We proposed two modifications of the 3D Navier—Stokes equations: one involved
a modification to the advective velocity term of Navier—Stokes (with kinematic
pressure), which we refer to as “calmed Navier—Stokes,” and the other involves a
modification to the Lamb vector of Navier—Stokes (with Bernoulli pressure), which
we term “‘calmed rotational Navier—Stokes.” We have successfully demonstrated the
existence of weak solutions for both of these calmed systems, although the question of
whether these solutions are unique remains open. Furthermore, we have established the
global well-posedness for strong solutions in both cases. Moreover, we demonstrate
that calmed strong solutions do converge to strong solutions of the Navier—Stokes
equations on sufficiently small time intervals, provided suitable conditions on the
calming function and suitable regularity of the solution to Navier—Stokes.

In the context of the calmed rotational Navier—Stokes Equations (for suitable calm-
ing functions), we also establish the existence of an energy identity and the presence
of a compact global attractor within the function space H.

10 Appendix
10.1 Proof of Proposition 1.4

For ¢{ and &5, the proof follows from direct computation. For ¢, we first note

. . T
that ¢5(x) is increasing toward (;—6, 3 g—e) as x1, x3, x3 get large. It follows that
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H 5 H Lo = % For the estimate on pointwise convergence, we begin by noting that,

for x = (x1, x2, x3)7,

< e2x?

d (1
— | — arctan(ex;) — x;
dx,' €

fori =1, 2, 3. Thus,

1
'— arctan(ex;) — x;j| <
€

) T
and since ‘(xf x3, x33) ‘ < 3|x|3, we have

|§§(x) - x| < 2%,

For ¢4, determining the upper bound is trivial. Following a similar procedure as above
for obtaining our pointwise convergence estimate, one checks that for all r > 0,

< 2er

d €
‘E(q (r)—r)

for g€ (r) defined in (1.5). It follows that |¢€ (r) — r| < €r?, hence

le5x) — x| < e|x*.

10.2 Convergence Bootstrapping Argument

Here, we include the details of the bootstrapping argument used to conclude the proof

of Theorem 1.10. We first state the bootstrapping lemma that is being applied. More

information about this lemma can be found in, (e.g., (Tao 2006, p. 20)).

Lemma 10.1 Let T > 0. Assume that two statements C(t) and H(t) with t € [0, T]

satisfy the following conditions:

(a) If H(t) holds for some t € [0, T, then C(t) holds for the same t;

(b) If C(ty) holds for some ty € [0, T], then H(ty) holds for t in a neighborhood of
fo,

(c) If C(t,,) holds for t,, € [0, T] and t,, — t, then C(t) holds;

(d) H(t) holds for at least one t € [0, T].

Then, C(t) holds for all t € [0, T].

To justify the use of Ansatz (5.6) in Proof 5.1, it will suffice to apply Lemma 10.1
where the hypothesis H () is given by

[vwe@)],. <1
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and the conclusion C () is given by

1
[owe o, < 1.

Under the assumptions listed in Theorem 1.10 and using the estimates derived in
Proof 5.1, we will now show that C(¢) holds on [0, T].

Condition (a)

Assume that H(t) is valid. From this (and from the assumptions listed in Theo-
rem 1.10), it follows that (5.8) is true. Now, we set

€0 = (4Ko(T) %

and observe that for all 0 < € < €p, C(¢) is true as a consequence of (5.8).

Condition (b)

Assume that C (#p) holds. Then, clearly H (fy) is also true. It follows from the contain-
ment of w€ in C([0, T']; V) that H (¢) is valid in a neighborhood of #,.

Condition (c)

Assume that C(t,,) holds for each m. Then, (5.8) is true at each time t,,,. By the triangle
inequality and Inequality (5.8), we may write

[vwe ]2 = Ve @) = YW @) | 2 + (VEoltn) = VEo(T)) € + VKo,

Note that the second term is bounded above by 0 due to the monotonicity of Ko(z).
Taking the limit as m — 0o, we obtain

1
[vw )] 2 = (VEo®) = VEo(D) € + VKo = VKDl < 5.

Thus, we have shown that C(¢) is true.

Condition (d)
Since ||Vw€(0) |2 = 0 by assumption, this condition is immediately verified.
It then follows from invoking Lemma 10.1 that C(¢) holds on [0, T']. Moreover,

this implies that (5.6) is true. Thus, we are done. O
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