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ABsTRACT. We perform numerical study of the nearly self-similar blowup of the generalized axisymmetric
Navier—Stokes equations and the generalized Boussinesq system. Scaling instability is an essential difficulty
that prevents us from obtaining a stable nearly self-similar blowup for the Navier-Stokes. To eliminate
the scaling instability, we lift the space dimension above 3 and vary the space dimension dynamically to
ensure that the advection along the r and the z directions has the same scaling. We further introduce
a novel two-scale dynamic rescaling formulation which enables us to treat space dimension as an extra
degree of freedom to prevent formation of two-scale solution structures. For the generalized axisymmetric
Navier-Stokes equations with solution dependent viscosity, we show that the solution develops a one-scale
self-similar blowup with dimension equal to 3.188 and the self-similar profile satisfies the axisymmetric
Navier-Stokes equations with constant viscosity. Moreover, the dimension seems to approach to 3 as
we reduce the background viscosity. We also study the nearly self-similar blowup of the axisymmetric
Boussinesq system with constant viscosity. The generalized axisymmetric Boussinesq system preserves
almost all the known properties of the 3D Navier—Stokes equations except for the conservation of angular
momentum. We present convincing numerical evidence that the generalized axisymmetric Boussinesq
system develops a stable nearly self-similar blowup solution with maximum vorticity increased by 0(103°).

1. INTRODUCTION

The question of global well-posedness of the 3D incompressible Euler and Navier—Stokes equations
is one of the most important fundamental questions in nonlinear partial differential equations [33].
The main difficulty is due to the presence of vortex stretching. There has been some recent exciting
developments for the singularity formation of the 3D incompressible Euler equations in the presence
of boundary or with C% initial vorticity, see e.g. [28, 29, 14, 12, 30, 31, 11, 24, 23]. However, not
much progress has been made for the 3D incompressible Navier-Stokes equations with smooth inital
data in the interior domain. In two recent papers by the author [37, 38], we proposed a new blowup
candidate for the axisymmetric Navier—Stokes equations that develop a tornado like traveling wave
solution with maximum vorticity increased by a factor of 107.

One of the essential difficulties in obtaining finite time blowup of the 3D Navier-Stokes equations is
to overcome the scaling instability that could lead to a two-scale structure, which is not compatible
with the scaling properties of the Navier-Stokes equations. We develop a novel two-scale dynamic
formulation and introduce space dimension as a new degree of freedom to eliminate this scaling
instability. For other nonlinear PDEs such as the nonlinear Schrodinger or Keller-Segel system, one
can eliminate these unstable modes by using the symmetry properties of the solution and studying
the spectral properties of the compact linearized operator around an explicit ground state, see e.g.
[66, 21]. In our case, we do not have an explicit ground state and the linearized operator is not
compact. We need to enlarge the solution space by lifting the space dimension above 3, and varying
the space dimension dynamically to enforce the scaling balance between the advection along the r and
z directions. This effectively eliminates the scaling instability and leads to one-scale blowup.
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Inspired by the work [37, 38], we perform numerical study of finite time singularity of the generalized
axisymmetric Navier—Stokes and Boussinesq equations. Let u®, w?, and 4 be the angular velocity,
angular vorticity, and angular stream function, respectively. We define u; = u®/r, w; = w?/r and
1 = Y9 /r. Denote by T’ = ru? as the total circulation. It is well known that the total circulation satisfies
an important conservation property. In this paper, we propose the following generalized n-dimensional
axisymmetric Navier-Stokes equations formulated in terms of (T, w1, 1) as follows:

n—4 6 —2n
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where u” = —(r"2y%),/r""2, u® = (" 2Y?),/r""2 and n (n > 2 can be any positive real number) is
the space dimension. When n = 3, we recover the 3D axisymmetric Navier-Stokes equations. This
generalized version of the axisymmetric Navier-Stokes equations enjoys almost all the known properties
of the 3D axisymmetric Navier-Stokes equations, including the conservation of the total circulation
and the incompressibility condition (r"~2u"), + (r"~2u*), = 0. Moreover, we will show that the kinetic
energy f(|u1|2 + |V |)rdrdz = / |u|?r"*~2drdz is conserved for smooth solutions and a fixed n. To
the best of our knowledge, all the known non-blowup criteria also apply to the generalized axisymmetric
Navier—Stokes equations for a given constant dimension n.

1.1. Self-similar blowup of the generalized Navier-Stokes equations. We first investigate the
nearly self-similar blowup of the generalized axisymmetric Navier-Stokes equations with smooth initial
data and solution dependent viscosity. Denote by (R(t), Z(t)) the position where u;(t,r, z) = I'/r?
achieves its global maximum. Our solution dependent viscosity is given by v = v||u; (t)]|Z(t)? with
vo = 0.006. Note that this solution dependent viscosity is scaling invariant. This choice of solution
dependent viscosity is to enforce the balance between vortex stretching term and the diffusion term. We
choose the space dimension n to be n = 1 + 2R(t)/Z(t), which is also scaling invariant. This choice of
the dimension is to balance the advection along the r and gz directions since u" scales like (R(t)/Z(t))y
while u” scales like 1. By choosing n to scale like R(t)/Z(t), we ensure that u” and u* have the same
scaling as R(t) and Z(t) approach to zero, which prevents formation of two-scale structures.

Our study shows that the generalized Navier—Stokes equations with this solution dependent viscosity
develop a nearly self-similar blowup solution of the form:

A(t) r P4
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u(tr.s) = T-0" (t’ AT =10 AT - t)) ’

1

r Z
A(t)(T - t)3/2 . (t’ AT —1) AT - t)) ’

where A(t) = (T—t)%9233 and we normalize V; to satisfy V; (R(t), Z(t)) = 1. If we denote A (t)\/(T — t) =
(T — ), then we have ¢; = 0.5233 and v = vo||u1||Z(t)? = vo(T — t)2471 since Z(t) = (T — t)%. We
observe that the maximum vorticity has the same scaling as ||u; (t)||c. This implies that ||w(t) ||« scales

w1 (l_', r, Z) =
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like O((T — t)~1), which violates the Beale-Kato-Majda non-blowup criterion [1]. An interesting obser-
vation is that the self-similar profile (¥, V1, Q1) satisfies the self-similar generalized Navier-Stokes
equations with constant viscosity vo and n = 3.188 when we choose vy = 0.006.

This generalized Navier-Stokes equation can serve as an attractive model to attack the original 3D
Navier-Stokes equations. An important observation is that the space dimension seems to approach 3 as
we reduce the background viscosity coefficient, vo. This suggests a promising strategy to study the
potential blowup of the 3D Navier-Stokes by constructing a sequence of self-similar blowup profiles
using v as a continuation parameter. If we can construct a limiting profile with the scaling property that
ci(vo) = 1/2 and n(vg) — 3 as vy — 0, we can study the potential blowup of the 3D Navier-Stokes
by treating the viscous term as a small perturbation to the generalized Euler equations and analyzing
the stability of the limiting self-similar profile for the 3D Euler equations.

1.2. Generalized axisymmetric Boussinesq system. We also investigate a generalized axisymmetric
Boussinesq system with two constant viscosity coefficients by treating I' = ru® as density and removing
the (n — 3)1; ;w; term from our generalized Navier-Stokes equations. The generalized Boussinesq
system is transported by the axisymmetric velocity u = u"e, + u®e, with no swirl.

n—4 6 —2n
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where u” = —(r™2y?), /r™2, u® = (™ 2PP), /r™2 and m = (n + 3) /2. We show that for n < 7, the
generalized energy f (Ju®)? + @(|ur|2 + |u®|?)r"2drdz is conserved. This generalized Boussinesq
system enjoys almost all the known properties of the 3D Navier—Stokes equations, including the
incompressibility condition (r™2u"), + (r™~2u®), = 0, the conservation of "total circulation" (density)
I'. Moreover, when n = 3 and v; = v5, we can recover the 3D Navier—Stokes equations.

In our study, we use a small viscosity coefficient (v; = 0.0006) for I' to generate a sharp shock
like traveling wave for I' that propagates toward the origin. This sharp shock front produces a Delta
function like source term (I'2/r*), for the w; equation. To stabilize the shearing instability induced
by the sharp front of I', we apply a relatively large viscosity coefficient v, = 10v; in the w; equation.
This choice of viscosity coefficients generates a stable nearly self-similar traveling wave that produces a
tornado like singularity at the origin with maximum vorticity increased by 1.4 - 10%° by t = 155.

More specifically, we obtain the following scaling properties for the potential blowup solution:

A(t) r Z
hers = G (t’ AOVT —0) A(t)m)’
1 r Z
ntr2) = T-0" (t’}t(t)\/(T—t)’A(t)\/(T—t))’
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A()(T — )3/ ( AOVT =) AT - t))
where A(t) = (1+€| log(T—t)|)~'/2 for some small constant . We normalize V; to satisfy V; (R(t), Z(t)) =
1 and choose n(t) = 4R(t)/Z(t) — 1, which corresponds to m = 1 + 2R(t)/Z(t). We observe that the

dimension seems to settle to n = 4.73 by T = 155. This result is consistent with the finite time blowup
of a diadic model for the Navier—Stokes for dimension n > 4 by Cheskidov in [18]. Since the maximum

wi(t,r,z) =
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vorticity ||w(t)||« has the same scaling as ||u; ||, We conclude that ||w(t)|| scales like O((T —t)71),
which violates the Beale-Kato-Majda non-blowup criterion [1].
Denote & = L ., n= = . We observe that as t — T, the rescaled profile Q; becomes
§ oI 1T ToNTD P 1

increasingly flattened in an inner region centered at (€,n) = (R, Z,) where Q, achieves its maximum.
Moreover, we observe that —A g ;) Q1 roughly scales like A2(t)Qq, which implies that the nearly self-
similar profile enjoys a parabolic scaling within this inner region with domain size shrinking to zero
in a logarithmic rate A(t) as t — T. This scaling property plays an essential role in maintaining the
balance between the source term (I'?/r%), and the diffusion term for w;. Note that (I'?/r?), is the
only nonlinear source term in the w; equation. This makes it possible for the diffusion term of w; to
balance this Delta function like source term (I2/r%),.

1.3. The two-scale dynamic rescaling formulation. In order to capture the nearly self-similar blowup
of the generalized Navier—Stokes equations and the generalized Boussinesq system, we need to control
some unstable modes associated with the nearly self-similar blowup solution. These unstable modes
are induced by the scaling instability due to the change of the scaling in the r and gz directions, and the
change of amplitude in the rescaled profile V;. In order to control the scaling instability due to the
change of the scaling in the r and z directions, we need to fix the location (R(t), Z(t)) in which the
solution V; achieves its maximum. We can achieve this by introducing a two-scale dynamic rescaling
formulation, in which we rescale the r and z directions independently. This gives us an extra free
scaling parameter to fix the location of the maximum of V; to be at (£,1) = (Ro, 1).

1.4. Confirming the blowup solution using various blowup criteria. We observe that the maximum
vorticity for both the generalized Navier-Stokes with solution dependent viscosity and the generalized
Bouissinesq system with two constant viscosity coefficients scales like O(1/(T — t)). According to the
Beale-Kato-Majda blow-up criterion [1], this would imply that both these equations with our initial
data would develop a finite time singularity.

For the 3D Navier-Stokes equations, another quantity of interest is the growth rate of enstrophy
()| 22' For the generalized Boussinesq system in n-dimension, we consider a generalized enstrophy

| (t) ||’Ll,1__11. We observe a very rapid dynamic growth of the generalized enstrophy. A scaling analysis
implies that fot lw(s)[1],-,ds withq = 2((71”__21))
develops a self-similar blowup. We observe that fot | (s) ||zn_1ds grows roughly like log(1/(T —t) for
the generalized Boussinesq system with constant viscosity. This provides additional support that the
generalized Boussinesq system with constant viscosity develops a finite time singularity.

We have also examined a generalized Ladyzhenskaya-Prodi-Serrin regularity criteria [52, 71, 74]
that are based on the estimate of the L{L? norm of the velocity with n/p + 2/q < 1. We study

the cases of (p,q) = (4n/3,8), (2n,4), (3n,3), and (oo, 2) respectively. Denote by ||u(t)||zra =

must blow up if the solution of the Navier—Stokes equations

1/q
( /Ot lu(s) ”zp ( Q)ds) . Our numerical results show that ||u(t)||1,, blows up roughly with a logarithmic

rate, O(|log(T —t)|) for p large, e.g. p = 2n, 3n, co. This provides strong evidence for the development
of a potential finite time singularity of the generalized Boussinesq system.

We have further investigated the nonblowup criteria based on the L? norm of the 3D velocity due
to Escauriaza-Seregin-Sverak [32]. In the n-dimensional setting, we should consider the L" norm of
the velocity [69], which is scaling invariant. We observe a mild logarithmic growth of ||u(t)||;» for the
generalized Boussinesq system. Moreover, we examine the growth of the negative pressure and observe
that || — p|| and ||0.5|Vu| + p||c blow up like O(1/(T — t). This provides further evidence for the
potential finite time singularity of the generalized Boussinesq system.

For the axisymmetric 3D Navier-Stokes equations, there are two more non-blowup criteria. In
the work by Yau et al [10, 9] and Sevrak et al [55], they exclude finite time blowup if the velocity
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field satisfies ||u||co < \/% provided that ||ru"||e and ||ru®||. remain bounded for r > rg > 0. Our

numerical study shows that ||ru" || has a mild logarithmic growth in time. In the work by Wei [80]
(see also [57]), finite time blowup of the 3D axisymmetric Navier-Stokes is excluded if the condition
|log(r)|>2|T(¢t,r, 2)| < 1forr < 8y < 1/2. If we assume that their key estimate based on the Hardy
inequality still holds, their result should also apply to the generalized Boussinesq system. Our numerical
result shows that max, <5, | log(r)|*/?|T(t, r, 2)| can grow roughly like O(|log(T — t)|) as t — T. This
provides further evidence for the finite time blowup of the generalized Boussinesq system.

1.5. Review of previous works. For the 3D Navier-Stokes equations, the partial regularity result due
to Caffarelli-Kohn—Nirenberg [6] is one of the best known results (see a simplified proof by Lin [59]).
This result implies that any potential singularity of the axisymmetric Navier—Stokes equations must
occur on the symmetry axis. There have been some very interesting theoretical developments regarding
the lower bound on the blow-up rate for axisymmetric Navier-Stokes equations [10, 9, 55]. Another
interesting development is a result due to Tao [77] who proposed an averaged three-dimensional
Navier-Stokes equation that preserves the energy identity, but blows up in finite time.

There have been a number of theoretical developments for the 3D incompressible Euler equations,
including the Beale-Kato—Majda blow-up criterion [63], the geometric non-blow-up criterion due to
Constantin—-Fefferman—Majda [22] and its Lagrangian analog due to Deng-Hou-Yu [25]. Inspired by
their work on the vortex sheet singularity [8], Caflisch and Siegel have studied complex singularity for
3D Euler equation, see [7, 75], and also [70] for the complex singularities for 2D Euler equation.

In 2021, Elgindi [28] (see also [29]) proved an exciting result: the 3D axisymmetric Euler equations
develop a finite time singularity for a class of C1* initial velocity with no swirl and a very small a.
There have been a number of interesting theoretical results inspired by the Hou-Lou blowup scenario
[61, 62], see e.g. [54, 19, 20, 53, 13, 16, 15] and the excellent survey article [51]. We remark that
Huang-Qin-Wang-Wei recently proved the existence of exact self-similar blowup profiles for the gCML
model and the Hou-Luo model by using a purely analytic fixed point method in [48, 47].

There has been substantial progress on singularity formation of 3D Euler equations in recent years.
In [14, 12], Chen and Hou have established a computer-assisted proof of finite time blowup for the
2D Boussinesq and the 3D axisymmetric Euler equations with boundary and smooth initial data by
proving the nonlinear stability of the blowup profile in the dynamic rescaling equations. In [30, 31],
Elgindi-Pasqualotto established blowup of 2D Boussinesq and 3D Euler equations (with large swirl) with
C1 velocity and without boundary. In [24], Cordoba-Martinez-Zoroa-Zheng developed a new method
different from the above self-similar approach to establish blowup of axisymmetric Euler equations
with no swirl and with u(t) € C*(R3\0) N C»* N L2. In [11], Chen proved that such a blowup result
can also be established by the self-similar approach. By adding an external force f uniformly bounded
in C11/2~ up to the blowup time, the authors of [23] established blowup of 3D Euler with smooth
velocity.

There have been relatively few papers on the numerical study regarding the potential blow-up
of the 3D Navier-Stokes equations. We refer to a recent survey paper [72] by Protas on systematic
search for potential singularities of the Navier-Stokes equations by solving PDE optimization problems.
It concludes that "No evidence for singularity formation was found in extreme Navier-Stokes flows
constructed in this manner in three dimensions." There were a number of attempts to look for potential
Euler singularities numerically, see [35, 27, 2, 50, 42, 43, 61, 62, 3, 39, 40, 79]. We refer to a review
article [34] for more discussions on potential Euler singularities.

The rest of the paper is organized as follows. In Section 2, we derive the generalized Navier-Stokes
equation and perform the energy estimates for the generalized Navier-Stokes equations and the
generalized Boussinesq system. In Section 3, we introduce our two-scale dynamic rescaling formulation.
In Section 4, we investigate the self-similar blowup of the generalized Navier-Stokes equations with
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solution dependent viscosity. Section 5 is devoted to the nearly self-similar blowup of the generalized
Boussinesq system with constant viscosity. Some concluding remarks are made in Section 6.

2. DERIVATION OF THE GENERALIZED NAVIER—STOKES EQUATIONS AND ENERGY ESTIMATES

We first review the 3D axisymmetric Navier—Stokes equations. Let u?, w?, and 1° be the angu-
lar velocity, angular vorticity and angular stream function, respectively. We consider the following
reformulated axisymmetric Navier-Stokes equations derived by Hou-Li in [41]:

3
Uy +u'uy, + Uy, = 2upthr g + 01 (um + Uy UL (2.1a)
r 4 _ 2 3
w1, +u w1,r +u w1z = (u1)z +V3 w1,rr + ;wl,r + W12z > (2'1]3)
2 3 2 _
- ar + ;ar + 8Z l/)l = w1, (2.10)

where u” = =11, UF =21+, up = W/r, wy=w?/r, Py = 1/)9/r.

2.1. A brief review of the adaptive mesh computation. In [37, 38], the author studied the singular
solution of the axisymmetric Euler and Navier-Stokes equations using the following initial condition:

12000(1 — r?)'8 sin(272)
1+ 12.5(sin(rz))>?

The flow is completely driven by large swirl initially. The other two velocity components are set to zero
initially. Note that u; is an odd and periodic function of z with period 1. The oddness of u; induces
the oddness of w; dynamically through the vortex stretching term in the wi-equation. It is worth
emphasizing that the specific power 18 is important, which determines the ratio of the scales along the
r and gz directions and enforces a rapid decay near the boundary » = 1. This initial condition generates
a solution that has comparable scales along the r and z directions, leading to an one-scale traveling
solution moving toward the origin.

We will impose a periodic boundary condition in z with period 1 and no-slip no-flow boundary
condition at r = 1. Since u?, w?, y? is an odd function of r [60], u;, w1, is an even function of
r. Thus, we impose the following pole conditions: u; ,(t, 0, 2) = w1,(t,0,2) = P1,(t,0,2) = 0. To
numerically compute the potential singularity formation of the equations (2.1) with initial condition
(2.2), we adopt the numerical methods developed in [39, 40]. In particular, we design an adaptive
mesh by constructing two adaptive mesh maps for r and z explicitly. The computation is performed in
the transformed domain using a uniform mesh. When we map back to the physical domain, we obtain
a highly adaptive mesh. We refer to Appendix A in [40] for more detailed discussions.

We will study the nearly self-similar blowup of the generalized axisymmetric Navier—Stokes equations
using a novel two-scale dynamic rescaling formulation. We will use the late stage solution obtained by
the adaptive mesh computation in [38] at the time T; by which the maximum vortcity has increased by
a factor of 10°. We will rescale the solution at T; using the parabolic scaling invariant property and
apply a soft cut-off to the far field to obtain an initial condition for the dynamic rescaling formulation.

, w1(0,r,2)=0, r<l. (2.2)

up(0,r,2) =

2.2. Derivation of the generalized Navier-Stokes equations. We first derive the generalized Navier—
Stokes equations. In [45, 46], we performed numerical study of the finite time self-similar blowup of
the axisymmetric Euler equations with no swirl in 3 and higher space dimensions for C* initial vorticity
for a wide range of a. We first define the n-dimensional cylindrical unit vectors

e, = (cosBq,sinB cosBy,...,sinb,...cosO,_»,sinb;...sin6,_5,0),

eg, = (—sin6y,cosO;cosby,...,co801,...cos0,_2,cos0;...sin6,_3,0),
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eo,, = (0,0,...,—sinB,_3,cos60,_3,0),
e, = (0,0,...,1).

Let us assume that the only nontrivial swirl velocity is in 0 variable, denoted as u®* and u® = 0 for
j=2,3,...n — 2. We call the velocity field u axisymmetric if it admits the following expression:

u=u(t,r,2)e + u” (t,r,z)eg, +U*(t, 1, 2)e,.
Using the calculus on curvilinear coordinate, we obtain

("), | (n=3)cor(®) 4, ("),

Vou= rn—2 r rn—2

We will denote 6 as 6 from now on. Similar to the 3D axisymmetric Euler or Navier—Stokes equations,
we introduce the angular vorticity w® and angular stream function 1 by defining w? = uf —ul and
— AP = w?. Using 1h?, we can define u" and u? in terms of 1 as follows:

n—2.1,0 n—2.1,0
D B Y 03

In order to satisfy the divergence free condition, we modify the velocity field as follows:
u=u'(t,r,z)e, +u*(t,r, 2)e,.

Moreover, we treat the total circulation I' = ru® as "density" and still define u; = u?/r, w; = @?/r and
1 = Y9 /r. Our generalized n-dimensional axisymmetric Navier-Stokes equations are given as follows:

n—4 6 —-2n
L +uT+u’T,=v (l"rr + ( )Fr + ( 5 )1" + Fzz) , (2.4a)
r T
n
Wi+ U w1+ Ww1, = (U])s — (n— 3101 +V (wl,rr + Wit wl,zz) , (2.4b)
n
- (af + -9, + aﬁ) 1 = wq, (2.4¢)
r

n—-2,r n-2.z
where u" = —rpy ;, u* = (n—1)1 +r1 . The divergence free condition V-u = (r rnfé by rn,uz )= —

is satisfied exactly. The generalized Navier-Stokes equations still conserve the energy, see the derivation
in the next subsection. When n = 3, we recover the 3D axisymmetric Navier-Stokes equations.

To derive the generalized Boussinesq system (1.2), we again treat I' as density and remove (n —
3)y1 ;w1 from the generalized Navier—Stokes equations. We define the velocity as u” = —rip; 5, u® =
(m— 1)y + 1, withm = (n+3)/2 and n = 4R(t)/Z(t) — 1. We will show that this generalized
Boussinesq system satisfies energy conservation in the next subsection. The blowup is driven by the
density variation of I', which develops a traveling wave with a sharp front approaching to the origin.

2.3. Energy estimates for the generalized Navier-Stokes equations. In this subsection, we will
derive the energy estimates for both the generalized Navier—Stokes equations and the generalized
Boussinesq system for a fixed dimension n. We first rewrite the I'-equation in terms of u; as follows:

n
r z
Wetuu+uUu = 2u11/)1,z + V1 (ul’,«r + ;ul,r + ul,zz) . (2.5)

To perform energy estimates for the generalize Navier-Stokes equations (2.4), we multiply the u;-
equation (2.5) by u;r"drdz and integrate over the whole domain. Similarly, we multiply equation
(2.4b) for w; and equation (2.4c) for Y by P1r*drdz, and integrate over the whole domain. Using
the divergence form of the diffusion operator,

n
n _ (T‘ ul,r)r
Ui rr + ;ul,r + Ul 2z = n + Ul zz | >
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we perform integration by parts to obtain

/ ug (ugr + Equ + U ;) rdrdz = —/ |Vuq |2 rdrdz,
r
n
—/ Y1 (Y1 + ;ll)u +1P14,) rdrdz = / |V |? rdrdz,

n
/ lpl(wl,rr + ;wl,r + wl,zz) rndrdz = _/ |Al/)1|2 r"drdz,

where we have used —A1; = w;. There are no contributions from the boundary when we perform
integration by parts since 1, u; and w; are odd function of z and even function of r. Using u" =
—(r" M), /2, uf = (X" 4y),/r" 2 and the incompressibility condition, we get

/ up (—u'uy, — u'ug 5 + 2Py gup)r'*drdz

1 n—-1 2 1 n—-1 2 2 2.n
= E(r 1.bl)z(u1)r - E(r ¢1)r(u1)z redrdz + 2¢1,zu1r drdz
= / Py u? rdrdz.

Similarly, we obtain by integration by parts that

/ Y1 (w1, — v w, + (u2); — (n = 3) 1 ,w;1)r"drdz

= / (1 (" 1)z — 1 (7 ) w1 5) rPdrds + / (—p1:uf = (n = 3)h1p sw1)r"drdz
= (1-3) [ w1 Pdrds = [ (1l + (0= 3y

= - / Py LUt rdrdz.

By adding the above two estimates, we observe that the right hand side terms cancel each other.
Thus, we have

1d
2dt /(u% + Vi [*)rdrdz = _V/(|VU1|2 +|Ap1|*) rdrdz.

In terms of the original physical variables, we get by a direct computation that
/ (u? + |V [*)r"drdz = / (18 + [ + u®|P)r"~2drdsz,

which is the familiar kinetic energy f |u|>s"2drdz in n dimensions. The damping term from the
viscous term can be shown to be equivalent to —v f (|Vu|?)r"—2drdz.

We can perform a similar energy estimate for the generalized Boussinesq system. As we can see
from our above energy estimate, the term —(n — 3)1; ;w; from the w; equation plays an important
role in canceling the contribution from the advection terms. Since we drop the term —(n — 3)1; ;w; in
the w1 equation in the generalized Boussinesq system, we need to change the weight in our energy
estimate to cancel the contribution from the advection terms. We proceed as follows:

/ up (—u'uy, — vty 5 + 2Py pup)r'tdrdz
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1 1
= / (E(rm—llpl)z(uf)r—E(rm—llpl)r(u%)z)r“-m+2drdz+ / 2y uirdrdz

G —2m) / lpl,zu% rdrdz = (7 ; n) / ll)l’zu% rdrdz.

Similarly, we obtain by integration by parts that

/ P1(—v'wr, —vw .z + (u%)z)r“drdz

:/ (lpl(rm_llpl)zwl,r _lpl(rm_llpl)rwl,z) rn_m+2drdz - / lpl,zu%rndrdz
=(2m-3-n) / P11 w1 rdrdz — / l,l)l,zu% r'dr = —/ l,bl,zu% rdrdz,

where we have used m = (n + 3)/2 to cancel the first term on the right hand side in the second to the
last step. Since we assume n < 7, we obtain the following generalized energy estimate by forming a
linear combination of the two energy terms to cancel the right hand sides

1d - —
EE /(u% + YU 4 ") |Vl[)1|2)r”drdz = —V1/ |Vu1|2 r‘drdz — V2(7 4 n) / |All)1|2 rdrdz.

We can further express [ (u? + (7+4H)|V1/)1|2)r”drdz as [((u%)?+ @(lurl2 + [u?|?)r"2drdz.

3. A NOVEL TWO-SCALE DYNAMIC RESCALING FORMULATION

In this subsection, we introduce a novel two-scale dynamic rescaling formulation to study potential
nearly self-similar blowup solution of the generalized Navier-Stokes equations. The dynamic rescaling
formulation was introduced in [65, 56] to study the self-similar blowup of the nonlinear Schrédinger
equations. This formulation is also called the modulation technique in the literature and has been
developed by Merle, Raphael, Martel, Zaag, Soffer, Weinstein, and others. It has been a very effective
tool to analyze the formation of singularities for many problems like the nonlinear Schrédinger equation
[76, 49, 66], compressible Euler equations [4, 5], the nonlinear wave equation [68], the nonlinear
heat equation [67], the generalized KdV equation [64], and other dispersive problems. Recently, this
method has been applied to study singularity formation in incompressible fluids [13, 28] .

We first define the following dynamically rescaled profiles and the rescaled time variable .

ui(t, €, 1) = Cu(Dur (t(1), Cir (1), Crz(T)1)
w1(t,§,1) = Cu(t)w1 (t(1), Cir(T)E, Crz(T)N)
P1(t,£,1) = Cy(Dhr (¢(1), Cir (1), Cia (D))
where &€ =r/Cy, n = 2/Cyy,

Culr) = eh 0%, ¢, (r) = eh %, (1) = eh O,

and
T T T
Cir(t) =e o O3 ¢ (1) =e b =3 ¢(q) =/ Cy(s)Crz(s)ds.
0

Here T is the rescaled time variable satisfying dt/dt = (C¢C1z)_1. Then, the generalized n-dimensional
axisymmetric Navier-Stokes equations in the ;, u;, w; variables can be described by the following
two-scale dynamic rescaling equations

~ V1C¢

El,r + Clrgﬂl,f + Clznﬂl,r] +u- V(f,q)ﬁl = Cuﬂ] + 2’1‘[11,[)1’,7 + A’L‘[,

Iz
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LYV
Iz

_ _ _ _ _ _ » ~ _ v

w1,z + €Wy g +cpnwyy +u- Vg w1 = cpwr + (u%),7 —(n=3)Py 01 +
~ n

—Al/J1 =wi;, A= 623; + 52565 + 8%

where § = C;,(7)/C;(7) and the rescaled velocity field is given by u = (if,d"), iif = —ftr,bwl),],
" = (n— 1)1 + &1 ¢, and the scaling parameters (ciz, ¢ir, Cy, Cus Co) Satisfy the rescaling relationship

Cp =Cyut+Clz, Co=Cy—Clge (3.1)

We refer to the excellent survey paper [26] for more discussion of high dimensional Euler equations
(see also [46]). In the case of the generalized Boussinesq system, we drop (n — 3)1/)1,,751 from the
@1 equation, and change the velocity field to u" = —(r™~21%),/r"=2, u* = (™ 2y?),/r™~2 with

=(n+3)/2.

We have three free scaling parameters c;,, ¢;; and ¢, to choose to enforce the normalization
conditions. Using the two-scale dynamic rescaling formulation and introducing space dimension
as a new degree of freedom are two key ingredients that enable us to eliminate the scaling
instability. If we use the traditional one-scale dynamic rescaling formulation with ¢;- = ¢,, we could
not eliminate this scaling instability. We enforce the normalization conditions that u; achieves its
maximum at (£,1) = (Ro, 1) with Ry = 3.6927 and ||u; ||~ being fixed to be 1. We remark that
(Ryw, Zy) converges to a fixed position (Ry,, Z,) as T increases.

If the scaling parameters converge to a constant value as T — oo,

(CZZ (T), Clr(T); Clll(r)> Cu(T): Cw (T)) - (CZZ9 Cir, Cll); Cu, Ca));
we can obtain the actual blowup rate in the physical time variable by inverting the mapping from

T back to t. To simplify the derivation, we assume that (ci; (1), cir(T), ¢y (), cu(T), ¢ (T)) are time
independent. Then we obtain the following asymptotic scaling results:

Cyp(T) = €', Cpp(t) =e T,
which implies that
(elewa=)T _ 1),

t(r) = /O 90 ()ds = -

By inverting this relationship, we obtain

1 ( 1 )
T= log ,
Iz — Cy T -t

log(T
CZ - By substituting T = W back to Cy, Cy, Ci; etc and using ¢y = ¢, + ¢; and
z

Cw = Cy — C15, We obtain the following scaling formula:
Ciz(1) = (T = )%, Cp(1) = (T - ),

where ¢;; = ¢1;/(ciz — ¢p) and ¢ = ¢/ (c; — ¢y). The blowup rates are given by

— Clg

where T =

11 11 11
Cu(t) (T—t) Cult) (T-0)*@ Cp(r) (T -t)-0’
where ¢y, = ¢ /(c1z —cp) = 1 -1 and ¢y = cl,,/(czZ —¢y) = =147z, In our computation, we monitor

closely these normalized scaling exponents ¢, c¢, ¢l and ¢, to study their scaling properties.
As we mentioned before, We will use the conservative (T, w1, Y1) formulation in our computation.
Using the relationship I' = r?u;, we can obtain an equivalent dynamic rescaling formulation for
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(T, w1, Pq) as follows:

~ ~ ~ ~ ~ V1C,1b ~
I + Clrfrf +cpnly +u- V(g,n)l—' =crl'+ AT,
Iz
—~ ~ ~ ~ ~ ~ ~2 i —_~ VZCIl} —_~
W1+ Créwy g + Ny +U- Vg w1 = cuwq + (U7, + (3 —n)ipy 01 + ; Aw,
Z
-~ _[s242 , o2 2
—Al/)l—a)l, A—(6 a$+6 §a§+an),

where cr = ¢, + 2¢;r = 2(¢ir — ¢z) and

n-4_~ 6—2n-~ -
Tagr +8° e T+32T].

We still choose ¢;- and ¢, to enforce that u; achieves its maximum at (§,1) = (Ro, 1) and choose ¢, to

fix the maximum value of u; to be 1.
In the case of the generalized Navier—Stokes equations with solution dependent viscosity v(t) =

vollullZ(t)?, we note that ||u1||wZ(£)* = [|t1 || = Ci5/Cyp. Thus, we have % = 1. As a result, the
dynamic rescaling formulation is the same as that for the generalized axisymmetric Navier—Stokes
equations with a constant viscosity vq. If ¢;; — ¢; and ¢ — ¢;, then we have §(t) — Ag. In our
computation, we obtain Ay = 0.914. If the dynamic rescaled solution converges to a steady state, we
can rescale the £ variable to £/ to obtain an one-scale solution with § = 1 and ¢;» = ¢;; = ¢;. If the
solution of the dynamic rescaling equations converges to a steady state, the steady state satisfies the

following self-similar equations:
(ci&,cm) - V(E’,})’f+ u- V(fﬂ)i: = VOZF, (3.2)

(C[f, CZT]) . V(f,,])ﬁl,,, +u- V(f’n)al = cw51 + (ﬂ?)n — (Tl — 3)1;51,,751 + V()Aa, (3.3)

AT = (5Za§'f+ &

~ _~ n
—Al/)l =w;, A=- (0; + 585 + 03) , B4

where we have used cr = 2(¢;» — ¢;;) = 0. In our study, we observe that ¢; and n decrease as vg
decreases. It would be interesting to solve the self-similar equations directly with v as a continuation
parameter. Due to the total circulation conservation of the generalized Fuler equations, we expect
to have ¢; — 1/2 as vy — 0. We also observe that the dimension n decreases toward n = 3 as we
decrease v, but the solution suffers from the Kelvin-Helmholtz instability when v is below certain
threshold.

3.1. The importance of resolving the far field solution. We remark that capturing the correct far
field decay rate is essential to capture the correct scaling properties of the solution. Resolving the
far field solution also plays an important role in capturing the slow growth rate of the L" norm of
the velocity and the dynamic growth of ||ru"||. On the other hand, resolving the near field is also
important since we need to compute accurately the location of the maximum of V; and its amplitude
in order to enforce our normalization conditions. It is also worth emphasizing the importance of using
the conservative (T, w1, 1) formulation in our two-scale dynamic rescaling formulation. This enables
us to capture the nearly self-similar blowup.

In our computation, we expand the domain size by R(t)*/®> and Z(7)~'/° in the r and z directions,
respectively and apply the homogeneous Neumann boundary conditions for the stream function 1, r
and w;. In the case of the generalized axisymmetric Boussinesq system with two constant viscosity
coefficients, we have (R(t),Z(1)) = (3.3 -107'%,6.2 - 107!6) by the end of our computation. The
domain size has increased to [0, 3 - 107] X [0, 1.65 - 107] from the initial domain size of O(10%).
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3.2. The operator splitting strategy. We will adopt an operator splitting strategy developed in [45]
to enforce the normalization conditions. To enforce the normalization conditions accurately at every
time step, we utilize the operator splitting method. We denote by v = (f, w1). We will split the time
evolution of v into two parts:
Ve = F(v) + G(v),

where F(v) contains the original terms in the generalized Navier-Stokes equations and G(v) contains
the linear terms that control the rescaling, i.e. G(V) = —c;-&Ve — c1zv,; + cyv. We view 12;1 as a function
of w; through the Poisson equation. The operator splitting method allows us to solve the dynamic
rescaling formulation by solving v; = F(v) and v; = G(v) alternatively. We can use the forward Euler
method to solve v; = F(v). In the second step, we can obtain a closed form solution to v; = G(v) as
follows:

V(T) SJ 77) = CV(T)V(OJ Clrf: Cer,)y
where Cy = exp (fOT cv(s)ds), Cir = exp (— fOT clr(s)ds) and C;; = exp (— for clz(s)ds). In the first
step, solving v, = F(v) will violate the normalization conditions. But we will correct this error in
the second step by solving v, = G(v) with a smart choice of Cy, C; and C;,. In other words, at every
time step when we solve v, = G(v), we can exactly enforce the normalization conditions of fixing the

location of the maximum of u; to be at (Rp, 1) by rescaling the £ and n coordinates. We could also
adopt Strang’s splitting method to improve the splitting scheme to second order accuracy.

4. BLOWUP OF THE GENERALIZED NAVIER-STOKES EQUATIONS WITH SOLUTION DEPENDENT VISCOSITY

In this section, we will investigate the asymptotically self-similar blowup of the generalized Navier-
Stokes equations with solution dependent viscosity. It turns out that the choice of the viscosity coefficient
plays a crucial role in generating a stable and self-similar blowup of the generalized Naver—Stokes
equations. In our study, we choose v = vol|u;||eZ(t)? with vo = 0.006. Here (R(t), Z(t)) is the
position where u; achieves its maximum. Note that ||u;||eZ(t)? is scaling invariant. This choice of
viscosity is to enforce the balance between the vortex stretching terms and the diffusion terms for both
the u; and w; equations. Another way to interpret this solution dependent viscosity is that it is chosen
such that the cell Reynolds number is finite and independent of the small scales of the physical solution.

An important consequence of this choice of viscosity is that the self-similar profile of the blowup
solution satisfies the generalized self-similar Navier—Stokes equations with constant viscosity coefficient
Vo. This explains why we can maintain the balance between the vortex stretching term and the diffusion
term in the self-similar space variables & = r/C;, and n = 2/Cy;.

4.1. Rapid growth of maximum vorticity. In this subsection, we investigate how the profiles of
the solution evolve in time. We will use the numerical results computed on the adaptive mesh using
resolution (ny,ny) = (1024, 1024). We have computed the numerical solution up to time T = 185
when the solution is still well resolved.

In Figure 4.1(a), we plot the dynamic growth of the maximum vorticity as a function of T. We observe
a rapid growth of ||w||«. By the end of the computation, the maximum vorticity has increased by a
factor of 9 x 102, To best of our knowledge, such a large growth rate of the maximum vorticity has not
been reported for the 3D Euler or Navier—Stokes equations in the literature. In Figure 4.1(b), we plot
the time integral of the maximum vorticity fot [[w(s)||cods = /()T |l (s")||ds’. We observe a perfect
linear growth of the time integral of the maximum vorticity with respect to T. Since T = co|log(T — t)|,
this implies that ||w||c ~ ﬁ This violates the Beale-Kato-Majda blowup criterion [1]

In Figure 4.2 (a), we compare the growth rate of the maximum vorticity using two different
resolutions, 768 X 768 vs 1024 X 1024. A zoomed-in version is provided in Figure 4.2 (b). We can see
that the maximum vorticity computed by the resolution 1024 x 1024 grows slightly faster than that
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Figure 4.1: Left plot: Dynamic growth of the maximum vorticity as a function of 7. Right plot: The
growth of fOT ||w||=ds as a function of T. The perfect linear fitting implies that ||w(t)||z~ = O (ﬁ)

Max vorticity with n = 768 vs n = 1024 o Max vorticity with n = 768 vs n = 1024

- R ——
, —n = 1024 1 L | =1024

T T

Figure 4.2: Left plot: Comparison of ||w(T)||z~/||w(0)||z~ in time, n = 768 (blue) vs n = 1024 (red).
Right plot: Zoomed-in version.

computed by the resolution 768 x 768. This indicates that the higher resolution captures the growth of
the maximum vorticity more accurately, but their difference is very small, indicating that the solution
is well resolved by the 1024 x 1024 grid.

In Figure 4.3, we present the 3D solution profiles of (u7, w1, T, l:bvl’n) at time T = 185. By this time,
the maximum vorticity has increased by a factor of 9 x 102! as we can see from Figure 4.1. We observe
that the singular support of the profiles travels toward the origin with distance of order O(107%°).
Note that the position (R, Z) where u; achieves its maximum has been fixed to be at (Rg, 1). Due to
the viscous regularization, the profile of u; remains relatively smooth near (R, Z). Moreover, the thin
structure for w; that we observed for the 3D Euler equations in [37] becomes much smoother. The tail
part of u; and w, is quite smooth and decays rapidly into the far field.

Due to the relatively small viscosity v for T, we observe that the total circulation T' develops a
traveling wave with a relatively sharp front, propagating toward the origin. The diffusion term in the
w1 equation regularizes the nearly singular source term due to the sharp traveling wave profile of T and
generates a regularized Delta function like profile for w;. We observe that 1, , achieves its maximum
value at 1 = 0 near £ = Rq. This property is crucial in generating a traveling wave that propagates
toward n = 0, overcoming the destabilizing effect of the transport along the n direction.

We observe that the rescaled profile w; decays rapidly in the far field with boundary values of
0(107'®), Similar observation also applies to u; whose boundary values are of order O(1072). The
rescaled profile {/)1 also has a fast decay in the far field with boundary values of order O(107°). On the
other hand, a portion of T in the near field is transported to the far field, resulting in O(1) values of T
in the far field. We note that T contributes to the generalized Navier-Stokes equations only through
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the vortex stretching term (I'2/ &%), which is extremely small with order O(107*) at the far field
boundary. Therefore, we do not need to enforce the decay of I in the far field. Moreover, the boundary
values of the transport terms for I' and @, are of order 10~ and 10™2°, respectively.

up at 7 =185 wy at T =185

(a) Rescaled profile for u7 (b) Rescaled profile for w1
[y at 7 =185 Y1, at T = 185

(c) Rescaled profile for T (d) Rescaled profile for 1211'1,7

Figure 4.3: The local view of rescaled profiles at time T = 185. (a) u7; (b) w1; (©) T; (d) {51,,,.

4.2. The streamlines. In this subsection, we investigate the features of the velocity field. We first
study the velocity field by looking at the induced streamlines. Interestingly the induced streamlines
look qualitatively the same as those obtained for the 3D Navier-Stokes equations in a periodic cylinder
[38]. In Figure 4.4, we plot the streamlines induced by the velocity field u at T = 185 for different
initial points. By this time, the ratio between the maximum vorticity and the initial maximum vorticity,
i.e. [|w(t)||z~/|lw(0)||z~, has increased by a factor of 9 x 102!,

The velocity field resembles that of a tornado spinning around the symmetry axis (the green pole). In
Figure 4.4(a) with (ro, 29) = (4, 1.5), we observe that the streamlines form a torus spinning around the
symmetry axis. In Figure 4.4(b) with (rg, z9) = (2, 0.25), the streamlines go straight upward without
any spinning. In Figure 4.4(c) with (rg, z9) = (6, 2.5), the streamlines first go downward, then travel
inward and upward, finally travel downward and spin outward. In Figure 4.4(d) with (rg, 29) = (6, 2),
the streamlines first spin downward and then outward. The solution behaves qualitatively the same as
what we observed for the axisymmetric Navier—Stokes equations in a periodic cylinder [38].

4.3. The 2D flow. To understand the phenomena in the most singular region as shown in Figure 4.4,
we study the 2D velocity field (u", u?). In Figure 4.5(a)-(b), we plot the dipole structure of w; in a local
symmetric region and the hyperbolic velocity field induced by the dipole structure in a local microscopic
domain [0, Rp| X [0, Zp] at T = 185. The dipole structure for the generalized Navier—Stokes equations
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3D Streamlines 3D Streamlines
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@ro=4,20=2 (b) rog =2, 20 =0.25
3D Streamlines 3D Streamlines

(©)ro=6,29=0.5 (d)ro=6,2)=2.5

Figure 4.4: The streamlines of (u'(t),u®(t),u*(t)) at time T = 185 with initial points given by (a)
(ro, 20) = (4, 2), streamlines form a torus; (b) (rg, 20) = (2, 0.25), streamlines go straight upward;
©) (ro,20) = (6,0.5), streamlines first go downward, then travel inward, finally go upward; (d)
(ro, 20) = (6, 2.5), streamlines spin downward and outward. The green pole is the symmetry axis r = 0.

look qualitatively similar to that of the 3D Navier—Stokes equations in a periodic cylinder [38]. As in
the case of the 3D Navier—Stokes equations in a periodic cylinder, the negative radial velocity near n = 0
induced by the antisymmetric vortex dipoles pushes the solution toward £ = 0, then move upward
away from n) = 0. This is one of the driving mechanisms for a potential singularity on the symmetry
axis. Since the value of u; becomes very small near the symmetry axis & = 0, the streamlines almost do
not spin around the symmetry axis, as illustrated in Figure 4.4(b).

We also observe that the velocity field (u"(t), u*(t)) forms a closed circle right above (R, Z). The
corresponding streamlines are trapped in the circle region in the £n-plane, which is responsible for the
formation of the spinning torus that we observed earlier in Figure 4.4(a).

We can also understand this hyperbolic flow structure from the velocity contours in Figure 4.6
(a)-(b). As we can see from Figure 4.6(a), the radial velocity u” is negative and large in amplitude
below the red dot (R, Z) where u; achieves its maximum, pushing the flow toward the symmetry axis
& = 0. But it becomes large and positive above (R, Z), pushing the flow outward. Similarly, we can see
from Figure 4.6(b) that the axial velocity u” is negative and large in amplitude to the right hand side
of (R, Z), pushing the flow downward toward n = 0. But it becomes large and positive on the left hand
side of (R, Z), pushing the flow upward away from nj = 0. This is the driving mechanism for forming
the hyperbolic flow structure near the origin.

In Figure 4.7(a)-(b), we demonstrate the alignment between 1:51,, and u; at T = 185. Although the
maximum vorticity has grown a lot by this time, the local solution structures have remained qualitatively
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Figure 4.5: The dipole structure of w; and the induced local velocity field at T = 185. Left plot: the
velocity vector. Right plot: the velocity vector with the w; contour as background. The red dot is the
position (R, Z) where is 7 achieves its maximum.
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Figure 4.6: The level sets of ié (left) and @" (right) at T = 185. The red point is the maximum location
(R, Z ) of El .

alignment between %; and 1);1,,,

alignment u; and 1;1.,,

Figure 4.7: Left plot: Alignment between alignment u; and 151,,, atn = Z as a function of £ at T = 185.
Right plot: Alignment between alignment 7 and ¥, at £ = R as a function of ) at T = 185.

the same in the late stage of the computation. This shows that the viscous effect has a strong stabilizing
effect that enhances the nonlinear alignment of vortex stretching. We also observe that 1:51,, is relatively
flat in the region {(£,17)|0 < £ < 0.9R, 0 < n < 0.5Z}. This property is critical for u; to remain large
between the sharp front and £ = 0, thus avoiding developing a two-scale structure.
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We observe that the large, pos1t1ve and relative flat 11)1,7 near 7 = O induces a large growth of u;

through the vortex stretching term 21[)1,7u1 in the u;-equation (2.1a). We also note that 1/)1,7 is positive
to the left hand side of ) = Z and negative to the right hand side of n = Z. Thus the nonlinear vortex
stretching term 1y,1; generates a traveling wave that pushes the solution toward n = 0, overcoming
the destabilizing effect of the transport along the i direction, which tries to push the solution outward
away from 7 = 0. Due to the oddness of u; as a function of 1), the large growth of u; nearn = 0
generates a large positive gradient of ﬂ? in the n-direction between n = 0 and n = Z. The vortex
stretching term (u )y in the w;-equation (2.1b) then induces a growth of ;. This in turn generates

growth of 1,[)1,, near i1 = 0. The whole coupling mechanism forms a positive feedback loop.

4.4. Alignment of vortex stretching. Due to the viscous regularization, the solution becomes smoother
and is more stable. We are able to compute up to a time when (R(t), Z(t)) is very close to the origin.
This is something we could not achieve for the 3D Navier-Stokes equations in a periodic cylinder [38].
In Figure 4.8(a), we observe that the positive alignment between u; and 1y, converges to a constant
as T increases. This indicates that the generalized Navier-Stokes equations with solution dependent
viscosity achieves a self-similar scaling relationship. We observe some mild oscillations in time for
the alignment and the normalized coefficients in Figure 4.8. This is due to the rapid decay of the
solution dependent viscosity v(t) in time (see Figure 4.9(b)), which is not strong enough to stabilize
the shearing instability induced by the sharp front of I in the generalized Euler equations.

the ratio ¢1,/u1 at (§,1) = (R(7), Z(1)) o Normalized scaling exponents ¢, vs ¢,
0.185 T T T T T T T T T T T T T T T T i
Clz/(clz - C'z/;)
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0.175 4 0.55
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017 AAﬁAA- A
LALAALS
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Figure 4.8: Left plot: The ratio between 12;1,,, and uy at (§,n) = (R, Z) as a function of t. Right plot:
The normalized scaling exponent ¢, /(ci; — ¢y) and c¢;-/(c;; — ¢y) as a function of 7.

In the Figure 4.8(b), we plot the normalized scaling parameters ¢, = ¢1;/(ciz — ¢y) and ¢ =
cir/(c1z — ¢yp). We observe that they converge to the same constant ¢; = 0.523 as T increases. If we
kept the space dimension n = 3 for all time, we observed that c¢;, and ¢; did not converge to the same
value as t increases. It would generate a potential two-scale blowup, which is not compatible with
the scaling properties of a Navier—Stokes blowup. However, when we vary the space dimension as
n(t) = 1+2R(t)/Z(t), we observe that c;, and c;, magically converge to the same value as T increases.
This shows that using the space dimension as an extra degree of freedom can eliminate the scaling
instability and generate a one-scale self-similar blowup. Since ||u1||co = 1/(T —t) and Z(t) = (T — t)4,
the solution dependent viscosity is given by v = vg||u; (7)||eZ(t)? = vo(T — t)2471 = po(T —)°1272,
4.5. Balance between vortex stretching and diffusion and self-similar profile. In this subsection,
we study the balance between the vortex stretching terms and the diffusion terms for both u; and

w1 equations. Using the scaling relationship ¢, = ¢y — ¢, given by (3.1), we can easily show that the
solution dependent viscosity satisfies

v(t) = V0||ul||o<>Z(f)2 =voCi;/Cy,
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which exactly cancels the scaling factor Cy/Cy, in front of the rescaled diffusion term. This is why we
obtain constant viscosity V¢ in the dynamic rescaling formulation for both u; and w; equations.

In Figure 4.9(a), we plot the ratio between the vortex stretching term 2{51,,7'111 and the diffusion term
—voAu; at (R, Z) where uj achieves its maximum. We observe that this ratio converges to a constant
value 5.22 as T increases. This shows that the vortex stretching term dominates the diffusion term. In
the same figure, we also plot the ratio between (fo),7 and —voAw; at (Ry, Z,) where w7 achieves its
maximum. We do not include the contribution from the term (n — 3){/;1,,751 since (n — 3)17)'1,,,&51 is
only 7% of (i2), at (Ry, Z,). We observe that the ratio of these two terms converges to a constant
value 2.4 as T increases, which again shows that the vortex stretching term dominates the diffusion,
but the diffusion term has a nontrivial contribution as the solution develops a self-similar blowup. The
balance between the vortex stretching terms and the diffusion terms is crucial in maintaining the robust
nonlinear growth of the maximum vorticity in time.

In Figure 4.9(b), we plot the solution dependent viscosity v(T) = vol|u1||«Z(T)? as a function of .
We observe that this solution dependent viscosity decays to zero as T increases with v(185) = 1.3-107°.

%10

, V(1) = l|lur(T Z(r)?inT
Ratio between stretching and diffusion 0 . ( ) . OH i )HOC ( ) —

J — 21/ (—AT)
— (ﬁ%)n/(*Awl)

0 20 40 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200

T T

Figure 4.9: Left plot: Ratio between the vortex stretching term Zl;b'l,,,ﬂl and the diffusion term —voAt;
at (R, Z) (blue) and ratio between the vortex stretching term (ZD,% and the diffusion term —voAw; at
(Rw, Zy) (red) in 7. Right plot: Viscosity v(t) = vo||u; (1)||Z(7)? in T with v(185) = 1.3 - 107°.

Ratio between Z(7) and R(7) Space dimension n(7) =1+ 2R(7)/Z(T)
T T T T T T T T 3.4 T T T T T T T T T

09F

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
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Figure 4.10: Left plot: Ratio of Z(7)/R(t) as a function of t. Right plot: The space dimension
n(t) =1+ 2R(t)/Z(t) as a function of T with n(185) = 3.188.

In Figure 4.10(a), we plot the ratio between Z(t) and R(t). We observe that the ratio Z(t)/R(T)
converges to a constant value of 0.914. This shows that we have an one-scale blowup. In Figure 4.10(b),
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we plot the space dimension n(t) = 1+ 2R(t)/Z(t) as a function of T. We observe that the space
dimension is relatively flat and seems to settle down to a constant value n = 3.188 by T = 185.

In Figure 4.11, we plot the contours of u; and w; as a function of (&, n) for three different time
instants, T = 159, 172, 185 using resolution 1024 X 1024. During this time interval, the maximum
vorticity has increased by a factor of 1029. We observe that these contours are almost indistinguishable
from each other. This shows that u; and w; develop a self-similar blowup with scaling proportional to
Cis ~ (T — )% and C; ~ (T — )% (¢; = 0.523).

Contours of u; at 7 = 159, 172, 185 Contours of w; at 7 =159, 172, 185

S - / |
' ~ Y, ~ |

Figure 4.11: Left plot: Contours of u; with respect to (£, n). Right plot: Contours of w; with respect to
(&,n) at T =159, 172, 185 during which the maximum vorticity has grown by a factor of 1029.

5. BLOWUP OF THE GENERALIZED BOUSSINESQ SYSTEM WITH CONSTANT VISCOSITY

In this section, we will investigate the nearly self-similar blowup of the generalized Boussinesq
system with two constant viscosity coefficients. If we choose the two viscosity coefficients to be the
same constant viscosity vg, we find that the solution of the generalized Boussinesq system either
develops a turbulent flow if v is too small or becomes a laminar flow if v is too large. After performing
many experiments, we find that v; = 6 - 10 and v, = 6 - 107> seem to give robust one-scale nearly
self-similar blowup. This choice of viscosity coefficients produces a stable nonlinear alignment of vortex
stretching and nearly self-similar scaling properties. We use a stronger cut-off to cut off the far field
tail of the solution obtained by solving the 3D Navier-Stokes using an adaptive mesh. The modified
initial data behave like a pair of anti-symmetric vortex rings circled around the symmetry axis.

5.1. Rapid growth of maximum vorticity. In this subsection, we investigate how the profiles of the
solution evolve in time. We will use the numerical results computed on the adaptive mesh of resolution
(n1,n2) = (1024, 1024). We have computed the numerical solution up to time = 155.

In Figure 5.1, we present the solution profiles of (u7, w1, F, Y1) at time T = 155. By this time, the
maximum vorticity has increased by a factor of 1.4 - 10%°. We observe that the singular support of the
profiles travels toward the origin with distance of order O(1071%).

The solution profiles look qualitatively similar to those for the generalized Navier-Stokes equations
with solution dependent viscosity. Due to the relatively small viscosity v; for T, we observe that the
density T forms a shock like traveling wave profile, propagating toward the symmetry axis £ = 0. This
sharp shock like profile induces a Delta function like source term for the w; equation. The relatively
large viscosity v, then regularizes this nearly singular source term and generates a regularized Delta
function like profile for w;. We observe that l:[)vl’n achieves its maximum value at 1 = 0 near £ = Rg. As
we commented earlier, this is a crucial property that overcomes the destabilizing effect of the transport
along the n direction, which pushes the solution upward away from n = 0.
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'dl at T = Tﬁtga@@@@\ﬁu\ &31 at 7 = 155
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(a) Rescaled profile for u7 (b) Rescaled profile for w1
T at T =155 Y1, at 7 = 155
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(c) Rescaled profile for T (d) Rescaled profile for 151,,

Figure 5.1: The local view of rescaled profiles at time T = 155. (a) u3; (b) @1; (©) T; (d) 12;1,,,.

We observe that the rescaled profile w; decays rapidly in the far field with boundary values of
0(10721). The rescaled profile 12;1 also has a fast decay in the far field with boundary values of order
0(1078). Although the boundary values of T are O(1), the vortex stretching term (T'2/ £%), is extremely
small at the far field boundary of order 0(1073°). Moreover, the boundary values of the transport
terms for I’ and @; are of order 0(10713) and 0(1073%), respectively.

Growth of [|w(7)]|s Growth of [ [|w(s)l|ocds

2
[y u—
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Figure 5.2: Left plot: the amplification of maximum vorticity relative to its initial maximum vortic-
ity, || (T)||z~/]|w(0)||z as a function of time. Right plot: the time integral of maximum vorticity,
llo(0) |l /OT |[@(s)]|z~ds as a function of time. The solution is computed using 1024 x 1024 grid. The
final time instant is T = 155.
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= Max vorticity with n = 768 vs n = 1024 = Max vorticity with n = 768 vs n = 1024

—n = T68 —n = 768
—n = 1024 1 2 —n = 1024

Figure 5.3: Left plot: Comparison of ||w(T)||;~/||w(0)||;= in time, n = 768 (blue) vs n = 1024 (red).
Right plot: Zoomed-in version.

We observe that the solution develops rapid growth dynamically. In the left subplot of Figure 5.2, we
compute the relative growth of the maximum vorticity ||w(t)||z~/||w(0)||z~ as a function of T. We can
see that the maximum vorticity grows extremely rapidly in time. We observe that ||w (t) ||z /||w(0) ]|z
has increased by a factor of 1.4 - 103° by the end of the computation. To best of our knowledge,
such a large growth rate of the maximum vorticity has not been reported for the 3D incompressible
Navier—Stokes equations in the literature.

In the right subplot of Figure 5.2, we plot that the time integral of the maximum vorticity in the
rescaled time T, i.e. fOT |[@(s)||z~ds as a function of T. We observe that the growth rate is roughly
linear with respect to T. This implies that the growth rate of the maximum vorticity is proportional
o) (T%t) The rapid growth of fot |[w(s)||r~ ds violates the well-known Beale-Kato-Majda blow-up
criterion [1], which implies that the generalized axisymmetric Navier-Stokes equations develop a finite
time singularity.

In Figure 5.3 (a), we compare the growth rate of the maximum vorticity using two different
resolutions, 768 X 768 vs 1024 x 1024. A zoomed-in version is provided in Figure 5.3 (b). We can see
that the two curves are almost indistinguishable with the 1024 X 1024 resolution gives a slightly faster

growth. This indicates that the maximum vorticity is well resolved by our computational mesh.

5.2. Alignment of vortex stretching. Due to the viscous regularization, the solution becomes smoother
and is more stable. We are able to compute up to a time when (R(t), Z(t)) is very close to the origin
with distance of order O(107!°). This is something we could not achieve for the 3D Navier-Stokes
equations in a periodic cylinder [38]. _

In Figure 5.4(a)-(b), we demonstrate the alignment between 1, and u; at T = 155. Although
the maximum vorticity has grown so much by this time, the local solution structures have remained
qualitatively the same in the late stage of the computation. We observe that the viscous effect actually
enhances the nonlinear alignment of vortex stretching. Although we use two constant viscosity
coefficients here, we observe qualitatively the same phenomena as we did for the generalized Navier—
Stokes equations with solution dependent viscosity. In particular, 1:51,7 is relatively flat in a local region
near the origin. This is an essential property that prevents the formation of a two-scale structure.
Moreover, we observe the same qualitative positive feedback mechanism as we observed for the
generalized Navier-Stokes equations with solution dependent viscosity.

In Figure 5.5(a), we observe that the positive alignment between u; and 1, is almost flat in time with
a mild increase in the late stage of the computation. This indicates that the generalized axisymmetric
Boussinesq system achieves a nearly self-similar scaling relationship.

In the Figure 5.5 (b), we plot the normalized scaling exponents c;,/(c;; — ¢y) and ¢;r/(ciz — cy)
as a function of . We observe that they seem to approach the same value 0.5 as T increases. This is
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alignment between ; and 1,

alignment u; and {/;1-,71

Figure 5.4: Left plot: Alignment between u; and 151,,, atn = Z as a function of £ at T = 155. We
observe a sharper front along the £ direction due to the fact that we use a smaller viscosity v;. Right
plot: Alignment between u; and 1, at £ = R as a function of  at T = 155.

the ratio 1/7“,/%11 at (&,n) = (R(7), Z(7)) Normalized scaling exponents ¢, vs ¢,

_Cl:/(clz — Cw>
065 *C!r/(clz - Cu,v) |

Figure 5.5: Left plot: The ratio between ﬁl’,, and u; at (§,17) = (R, Z) as a function of . Right plot:
The normalized scaling exponent ¢, /(ci; — ¢y) and c¢;-/(c;; — cy) as a function of 7.

again due to the stabilizing effect of varying the space dimension to eliminate the scaling instability.
If we kept n = 3, the solution developed a two-scale solution structure. Using two different viscosity
coefficients seems to play an essential role for us to obtain nearly parabolic scaling property in the
sense that c;;/(c;; — ¢p) and ¢/ (c1z — ¢y) approach to 0.5 as T increases. This is something that we
could not have accomplished if we used the same viscosity coefficients for both I' and w; equations.

5.2.1. The streamlines. In this subsection, we investigate the features of the velocity field. We first
study the velocity field by looking at the induced streamlines. In Figure 5.6, we plot the streamlines
induced by the velocity field u(t) at T = 155. By this time, the ratio between the maximum vorticity
and the initial maximum vorticity, i.e. ||w(t)||z~/||@(0)||z~, has increased by a factor of 1.4 - 10%°.
Surprisingly the induced streamlines look qualitatively the same as those obtained for the generalized
Navier-Stokes equations with solution dependent viscosity. We will use a similar set of parameters
to draw the streamlines to compare with the streamlines obtained for the generalized Navier-Stokes
equations that we reported in the previous section. In Figure 5.6(a) with (ro, 29) = (4, 1.5), we observe
that the streamlines form the same type of torus spinning around the symmetry axis. In Figure 5.6(b)
with (rg, 29) = (2, 0.25), we obsevre that the streamlines go straight upward without any spinning. In
Figure 5.6(c) with (rg, z9) = (6, 2.8), the streamlines first go downward, then travel inward and finally
go upward. Note that this starting point is different from the corresponding case for the generalized
Navier-Stokes equations with solution dependent viscosity where we used (rg, 20) = (6,0.5). This
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3D Streamlines

@ro=4,20=2

3D Streamlines
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3D Streamlines

(b) rg =2, 20 = 0.25

3D Streamlines

23

©)ro=6,29=2.8

(d)ro=6,29=2.2

Figure 5.6: The streamlines of (u'(t),u®(t),u*(t)) at time T = 155 with initial points given by (a)
(ro, 20) = (4, 2), streamlines form a torus; (b) (rg, 20) = (2, 0.25), streamlines go straight upward;
©) (ro,20) = (6,2.8), streamlines first go downward, then travel inward, finally go upward; (d)
(ro, 20) = (6, 2.2), streamlines spin downward and outward. The green pole is the symmetry axis.

explains why the two sets of streamlines look different. Finally, we plot in Figure 5.6(d) the streamlines
that start with (rg, 20) = (6, 2). We can see that the streamlines first spin downward and then outward.
It is also interesting to note that the solution behaves qualitatively the same as what we observed for
the 3D axisymmetric Navier-Stokes equations in a periodic cylinder [38].

5.2.2. The 2D flow. To understand the phenomena in the most singular region as shown in Figure 5.6,
we also study the 2D velocity field (u", u*). In Figure 5.7(a)-(b), we plot the dipole structure of w; in
a local symmetric region and the hyperbolic velocity field induced by the dipole structure in a local
microscopic domain [0, Rp] X [0, Zp] at T = 155. The dipole structure for the generalized Boussinesq
equations with constant viscosity looks qualitatively similar to that of the generalized Navier-Stokes
equations with solution dependent viscosity. The negative radial velocity near n = 0 induced by the
vortex dipole pushes the solution toward £ = 0, then move upward away from n = 0. This is the main
driving mechanism for the flow to develop a hyperbolic structure. Since the value of u; becomes very
small near the symmetry axis £ = 0, the streamlines almost do not spin around the symmetry axis, as
illustrated in Figure 5.6(b).

We can also understand this hyperbolic flow structure from the velocity contours in Figure 5.8
(@)-(b). Although the velocity contours look qualitatively the same as those for the generalized Navier-
Stokes equations with solution dependent viscosity, a closer look shows that there are some subtle
differences in the local solution structure, especially in the shape of vorticity contours of w; if we
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compare Figure 4.5(b) with Figure 5.7(b). From Figure 5.8(a), we observe that the radial velocity u" is
negative and large in amplitude below the red dot (R, Z), which pushes the flow toward the symmetry
axis £ = 0. The axial velocity u” is negative and large in amplitude to the right hand side of (R, Z),
pushing the flow downward toward n = 0. On the left hand side of (R, Z), it becomes large and positive
on the left hand side of (R, Z), which pushes the flow upward away from n = 0. This is very similar to
the flow structure of the generalized Navier-Stokes equations with solution dependent viscosity.
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Figure 5.7: The dipole structure of w; and the induced local velocity field at T = 155. Left plot: the
velocity vector. Right plot: the velocity vector with the w; contour as background. The red dot is the
position (R, Z) where is 7 achieves its maximum.

level sets of u¢ at 7 = 155 level sets of 4" at 7 = 155

15

Figure 5.8: The level sets of @15 (left) and " (right) at T = 155. The red point is the maximum location
(R, Z ) of J] .

As in the case of the axisymmetric Navier-Stokes equations in a periodic cylinder, the velocity field
(u"(t),u*(t)) forms a closed circle right above (R, Z). The corresponding streamlines are trapped in
the circle region in the £n-plane, which is responsible for the formation of the spinning torus that we
observed earlier.

5.3. Scaling properties of the nearly self-similar blowup. In this subsection, we study the blowup
scaling properties. We observe that all the scaling parameters ci;, ¢, ¢y, Cw, and cy, all converge to
a constant value as T increases. By the discussion in Section 2, we know that we should study the
normalized scaling parameters defined by ¢,/ (c1z —cy), cir/(c1z —cy), cyp/(c1z —cy), ete. In Figure 5.9
(a), we plot the space dimension n(t) = 3+ 4(R(t)/Z(t) — 1) as a function of 7. As we can see, n(7)
remains relatively flat in the late stage with n(155) = 4.73. In Figure 5.9(b), we plot Cy(7)/Ciz(T) as
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a function of T. We observe that Cy(7)/Ciz(7) roughly has a linear growth with respect to T with a
very small slope € since the growth of Cy(7)/Ci;(7) is very small over a long time.
From the discussion in Section 2, we know that

T = colog (TL_) , Clo= (T —t)%, Cyp=(T—t)1"% .
If we assume that
Cyp(0)/Cua(T) = 1 e,
for T large, then we would obtain
(T—t)'"%% =1 +er,
which implies

=35 2T

Thus, we obtain that the convergence of ¢;; to 1/2 with a logarithmic rate only. Moreover, if T is not

log(1+4€t) . G
% into Cj, = (T — t)“z, we

- 1 log(l+
= _ 1 log(1+er)

large and € is small, we get ¢;; ~ 1/2 + €/2. By substituting ¢;, = % +

further obtain
Clz 1 1

VT—t Viter V1 + coe| log(T — t)] .
Since ¢, = ¢,/(c1z —¢y) = —1, we conclude that C, = (T —t) and ||u1]|e = O(1/(T —t)), which implies

ol =0 (i) .

At) =

T -t

55

n(r) =3+ 4(R(7)/Z(r) —1) in 7

C@/Clz in 7

a5k

35

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
T T

Figure 5.9: Left plot: The space dimension n(t) = 3 + 4(R(t)/Z(t) — 1) as a function of T with
n(155) = 4.73. Right plot: Cy(t)/Ciz(7) inT.

5.4. Checking against various blowup criteria. In this subsection, we apply various blowup criteria
to confirm the finite time blowup of the generalized Boussinesq system with two constant viscosity
coefficients. Our studies show that the nearly self-similar blowup satisfies almost all the generalized
blowup criteria that have been established for the 3D axisymmetric Navier—Stokes equations with
smooth initial data.

5.4.1. Non-blowup criteria based on enstrophy growth. We first study the growth rate of a generalized
enstrophy. For the 3D axisymmetric Navier—Stokes, the enstrophy is defined as f |w(t)|*rdrdz. In the

n-dimensional setting, we define a generalized enstrophy, / lw(t)|"~1r"2drdz. Using scaling analysis,

one can show that if the generalized Boussinesq system develops a self-similar blowup, fOT || (t) ||an1 dt
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with q = 2(:__21) will blow up in finite time. Since ||w(t)|| = O(1/(T —t)) and C;, and C;, scaled like

(T — t)1/2, we expect that ||w(t) ||(11‘n71 roughly scales like (T — t)~!. In Figure 5.10 (a), we observe that
q

||cu(t)||’L1n__11 develops rapid dynamic growth. In Figure 5.10 (b), we plot /OT ()| -1

of T. We observe that fOT || (t) ||%Hdt grows slightly slower than linear growth with respect to .

dt as a function

ot growth of generalized enstrophy

" 1P growth of fUT o(s)][%,.ds

Figure 5.10: Left plot: The dynamic growth of the enstrophy / lw(t)|""tr"~2drdz as a function of T.

Right plot: The dynamic growth of for [|@(s) ||Zn_1ds with g = %

0 growth of [ 0(5) I3 4,0 ot growth of [ [|a(s)||%..ds
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Figure 5.11: Left plot: The dynamic growth of fOT [[a(s)]|

4
12n

ds as a function of T. Right plot: The

dynamic growth of /OT [[u(s)||7,,ds as a function of T. The nearly linear fitting implies that ||u(t)|| 204 =

o(t!/*).

5.4.2. The Ladyzhenskaya-Prodi-Serrin regularity criteria. Next, we study the Ladyzhenskaya-Prodi-
Serrin regularity criteria [52, 71, 74], which state that if a Leray-Hopf weak solution u for the 3D
Navier-Stokes equations [58, 36] also lies in L{LY, with 3/p + 2/q < 1, then the solution is unique
and smooth in positive time. The endpoint result with p = 3, g = oo has been proved in the work of
Escauriaza-Seregin-Sverak in [32]. In the n-dimensional setting, one can derive a similar result by
studying the LILL norm of u with n/p +2/q < 1.

In Figure 5.11, we plot the dynamic growth of ||u||§4n 156 and [[ul] We also plot ||u||§3n’3 in Figure
5.12(a). We can see that they all grow rapidly in time. For larger p with p = 2n and p = 3n, the growth
rate is almost linear in . This suggests that |[u||;z.s ~ O(t'/#) and [Ju|[;zn: ~ O(t'/3).

In Figure 5.12(b), we plot the dynamic growth of fot [[u(s) ||%m. The L2 norm of the maximum
velocity is one of the endpoint cases in the the Ladyzhenskaya-Prodi-Serrin regularity criteria with
p = oo and q = 2. We observe that this quantity grows almost perfectly linear in 7. This suggests

4
12n,4°
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growth of fOT [a(s)||3s.ds growth of foT [[8(s)[I7~ds
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Figure 5.12: Left plot: The dynamic growth of /OT ||'ﬁ(s)||§3nds as a function of . The almost linear
fitting implies that ||u(t)||;z=s ~ O(t'/%). Right plot: The dynamic growth of /OT [u(s)||?.ds as a
function of . The almost linear fitting implies that ||u(t)||~ ~ O(t/?).

that ||u(¢t) ||~ roughly scales like 1/(T — t)}/2, which provides further evidence for the finite time
singularity of the generalized Boussinesq system with constant viscosity.

Rescaled pressure p at 7 = 155
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Figure 5.13: Left plot: The minimum of the original pressure p as a function of T. Right plot: The
profile of the rescaled pressure p at T = 155.

Minimum of rescaled pressure p in 7 Growth of [|0.5|Va|? + bl in T

Figure 5.14: Left plot: The minimum of the rescaled pressure p as a function of 7. Right plot: The
growth of ||0.5|V1|? + || as a function of t.
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5.4.3. The blowup of the negative pressure. Another blowup criteria is based on the blowup of the
negative pressure [73]. In Figure 5.13(a), we plot the minimum of the original pressure p as a function
of T. We observe that the minimum of the pressure approaches to negative infinity. In Figure 5.13(b),
we plot the rescaled pressure profile. We observe that the minimum of the rescaled pressure p is
negative with its global minimum close to the origin. In Figure 5.14 (a), we plot the dynamic growth
of the global minimum of the rescaled pressure p as a function of time. In Figure 5.14 (b), we plot
the ||| % [t|?2 + p||z~ as a function of time. We can see that both of these two quantities stay bounded
and seem to approach to a constant value as T — oo. Since the original pressure variable p scales like
llu1]|eop, and ||u1]|co = 1/(T —t), we conclude that the minimum of the pressure goes to minus infinity
with a blowup rate O(1/(T —t)) ast — T. Similarly, we conclude that

1 1 1
0=0|—1], |=IVul+pllo=0(—].
Il (T_t) I519ul + pI (T_t)
The rapid growth of these two quantities provides additional evidence for the development of potentially
singular solutions of the generalized Boussinesq system with constant viscosity [73].

5.4.4. The growth of the critical L" norm of the velocity in n dimensions. We now study the L" norm
of the velocity field. As shown in [32], the 3D Navier—Stokes equations cannot blow up at time T if
|[u(t)]|;2 is bounded up to time T. In n dimensions, we should monitor the growth of ||u(t)||z», which
is scaling invariant. In Figure 5.15 (a), we plot the dynamic growth of ||u(t)||z» as a function of time
in the late stage. We observe that ||u(t)||;» experiences a mild logarithmic growth. Here we only plot
the growth of ||u(t)||z» in the late stage.

We remark that the non-blowup criterion for 3D Navier-Stokes using the ||ul|;3 estimate is based
on a compactness argument. As a result, the bound on maxp<.<7 ||[u(t)||;3 does not provide a direct
estimate on the dynamic growth rate of the 3D Navier-Stokes solution up to T. In a recent paper
[78], Tao further examined the role of the L? norm of the velocity on the potential blow-up of the 3D
Navier-Stokes equations. He showed that as one approaches a finite blow-up time T, the critical L>
norm of the velocity must blow up at least at a rate (loglog log ﬁ)c for some absolute constant c.
This implies that even for a potential finite time blow-up of the Navier-Stokes equations, ||u(t)||;s may
blow up extremely slowly. Morever, the blow-up rate could be even slower for higher dimensions. We
refer to [69] for a generalized result for dimension n > 4 by Palasek who showed that ||u(t)||;» must
blow up at least at a rate (log log log log ﬁ)c for some absolute constant c.

Growth of [|[log(r)[*/*T(7) ||
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Figure 5.15: Left plot: The dynamic growth of ||u(t)||;» as a function of T. Right plot: The dynamic
growth of ||| log(r)|*/?T (t,r, 2) ||~ as a function of T.

We also examine another non-blowup criteria based on the bound of ||| log(r)|>/2T(¢) || L (r<ro) by D.
Wei in [80] (see also a related paper by Lei and Zhang in [57]). In Figure 5.15(b), we plot the dynamic
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growth of ||| log(r)|¥/2T ()| 1= (q(r) over our expanding computational domain Q(t). Note that since
we only expand the domain by a factor of Z(t) />, the actual domain in the original physical space is
actually shrinking in time. We observe that this quantity grows roughly linearly in T in the late stage.
This implies that the non-blowup condition stated in [80, 57] is also violated.

Another important non-blowup result is the lower bound on the growth rate of the maximum
velocity for the axisymmetric Navier—Stokes equations. The results in [10, 9, 55] imply that the 3D
axisymmetric Navier—Stokes equations cannot develop a finite time singularity if the maximum velocity
field is bounded by |Ju(t)||z~ < C(T — t)'/2, provided that |ru(t, r, z)| remains bounded for r > rq for
some ro > 0. These results are based on some compactness argument. In Figure 5.16, we plot the
growth ||ru”||;~ and ||ru®||;~ as a function of T. We observe that ||ru”||;~ develops a mild linear growth
in the late stage of the computation, which violates the non-blowup conditions stated in [10, 9, 55].

Growth of ||ru”(7)| 1~ Growth of ||ru®(7)|| =
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Figure 5.16: Left plot: The dynamic growth of ||ru” (t)||.~ as a function of T. Right plot: The dynamic
growth of ||ru®*(t)||r~ as a function of T.

5.5. Balance between the source term and the diffusion term. In this subsection, we study the
balance between the nearly singular Delta function like source term and the diffusion term in the
w1 equation. Since the density T satisfies a conservative advection diffusion equation, the nonlinear
growth of maximum vorticity is mainly driven by the nearly singular source term in the w; equation. It
is important to monitor whether the source term and the diffusion term remain balanced throughout
the computation.

In Figure 5.17(a), we plot the ratio between the source term (ff%),7 and the diffusion term —v,(7)Aw,
at (Ry, Z,) where w; achieves its maximum. Here va(t) = v2Cy(7)/Ci5(T) With v, = 0.006. We
observe that the ratio of these two terms has a mild increase in time and settles down to 2.04 at T = 155.
This shows that the vortex stretching term dominates the diffusion throughout the computation. Since
the vortex stretching comes from the w; equation only and there is no vortex stretching in the T’
equation, the balance between the vortex stretching term and the diffusion term in the w; equation is
crucial in maintaining the robust nonlinear growth of the maximum vorticity in time.

Recall that Cj, and Cj, scale like A(t)VT — t. In Figure 5.17(b), we plot the contours of w; as a
function of (A(7)(€ — Ry), A(T)(n — Z,)) for three different time instants, T = 139, 147, 155 using
resolution 1024 X 1024. During this time interval, the maximum vorticity has increased by a factor of
1554. We observe that these contours are almost indistinguishable from each other. This shows that w,
actually enjoys a parabolic scaling property within the inner region centered at (R, Z,,) with local
scaling proportional to C;;/A(t) ~ VT —t and C;./A(t) ~ VT — t. This explains why we can achieve
the balance between the source term (43), and the diffusion term v, (t)A@; within this inner region
centered at (Ry, Z,) with domain size shrinking to zero at a rate A(t).
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Ratio between (u3), and —v2(7)AD at (R., Z.) 14

)‘(T) (77 - Zw)

~2

u
1

(Rw, Zy) as a function of T, where v5(t) = v2Cy(7)/Ci;(T). Right plot: Contours of w; with respect to

((§ =Ru)A(1),(n — Zy)A(T)) at T = 139, 147, 155 during which ||w||« has increased by 1554.

Figure 5.17: Left plot: Ratio between the source term (uj), and the diffusion term v,(7)Aw; at

6. CONCLUDING REMARKS

We proposed the generalized Navier—-Stokes equations with solution dependent space dimension
and presented strong numerical evidence that they developed a nearly self-similar blowup with smooth
initial data and solution dependent viscosity. Due to some scaling instability, a traditional numerical
method would only allow us to get close to the potential blowup of the 3D Navier—Stokes equations, but
we could not get arbitrarily close to the blowup time. For other nonlinear PDEs such as the nonlinear
Schrodinger equation or the Keller-Segel system (see e.g. [66, 21]), one can eliminate some unstable
modes by using the symmetry properties of the solution and study the spectral properties of the compact
linearized operator around an explicit ground state. In our case, we do not have an explicit ground
state and the linearized operator is not compact. Our strategy is to enlarge the solution space by lifting
the space dimension above 3 and use the space dimension as an extra degree of freedom to eliminate
this scaling instability and obtain an essentially one-scale blowup.

A novel contribution of this paper is to introduce a two-scale dynamic rescaling formulation. The
two-scale dynamic rescaling formulation enables us to enforce scaling balance between the advection
along the r and z directions by varying the space dimension, thus prevents the development of a
two-scale solution structure.

An important consequence of using a solution dependent viscosity is that the self-similar blowup
profile satisfies the self-similar equation for the generalized Navier—Stokes equations with constant
viscosity vg. Since the generalized axisymmetric Euler equations enjoy total circulation conservation,
we expect that the normalized scaling exponent ¢;; — 1/2 as vy — 0. Indeed, we observed that the
space dimension seems to approach 3 as we reduce the background viscosity coefficient vo. Thus,
studying the self-similar blowup of the generalized Navier-Stokes equations provides a promising
approach to study the potential blowup of the 3D Navier-Stokes equations. In our future work, we
would like to solve the self-similar equations directly by using the background viscosity coefficient v as
a continuation parameter. By studying a sequence of self-similar profiles and analyzing the stability of
the limiting profile as vy — 0, we hope to find a self-similar blowup of the original 3D Euler equations
with scaling exponent ¢; = 1/2. If this could be done, it would provide a promising strategy to study
the potential blowup of the 3D Navier—Stokes by treating viscous term as a small perturbation to the
3D Euler equations and studying the stability of the self-similar profile of the 3D Euler equations.

We have also investigated the nearly self-similar blowup of the generalized Boussinesq system
with two constant viscosity coefficients. The generalized Boussinesq system preserves almost all the
known properties of the 3D Navier-Stokes equations with the exception of the angular momentum
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conservation. To the best of our knowledge, all known blowup criteria can be applied to the generalized
Boussinesq system. We have applied several blow-up criteria to study the nearly self-similar blowup of
the generalized Boussinesq system with two constant viscosity coefficients, including the L™ norm of
the velocity, the Ladyzhenskaya-Prodi-Serrin nonblowup criteria, and some non-blowup criteria that
are specially derived for the axisymmetric Navier-Stokes equations. All these blowup criteria confirm
the potential finite time singularity of the generalized Boussinesq system with constant viscosity.

It would be extremely interesting to develop a computer assisted proof to verify the findings obtained
in this paper. Since we expect to obtain an asymptotically self-similar blowup for the generalized
Navier-Stokes equations with solution dependent viscosity, we may be able to extend the method of
analysis developed for the Hou-Luo blowup scenario in [14, 12] to this new blowup scenario.

It would be more challenging to analyze the blowup of the generalized Boussinesq system due
to the logarithmic correction. Nearly self-similar blowup with a logarithmic correction has been
observed in other nonlinear PDEs (see e.g. [66, 21]). We need to extend the method of analysis
to accommodate nearly self-similar blowup with a logarithmic correction. We have recently made
some preliminary progress in extending the method of analysis to analyze the stable blowup of the
semilinear heat equation [44] and the complex Ginzburg-Landau equation [17] without using any
spectrum information or a topological argument. We are currently extending this technique to other
more challenging nonlinear PDEs.
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