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An Example of Self—Acceleration for Incompressible Flows

Jens Lorenz and Randy Ott

ABSTRACT: In this paper we consider the Cauchy problem for the unforced Euler
and Navier—Stokes equations for incompressible flows. We give an example of a
smooth initial velocity field of finite energy which is self-accelerating, i.e., the maxi-
mal speed increases for some time. The self-acceleration is due to the non—Bernoulli
part of the pressure generated by the velocity field.
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1. Introduction

Consider the Cauchy problem for the Euler or the Navier—Stokes ! equations:

nw+v-Vo+Vp = vAv, V.-v=0, (1.1)
v(z,0) = u(r), zcR>. (1.2)

Here v = 0 for the Euler equation and v > 0 for the Navier-Stokes equation. We
assume that the initial vector field, v(z,0) = u(x), is given by a smooth, bounded,
divergence—free function u(z) of finite energy. Then a smooth solution v(z,t) is
known to exist in some finite time interval 0 < ¢ < T. It is an open problem,
for both the Euler and the Navier—Stokes equations, if blow—up can occur in finite
time or if a smooth solution v(x,t) always exists for 0 < ¢ < oc.

2000 Mathematics Subject Classification: 35Q30, 35Q31, 35Q35, 76D05
1 We consider the equations in nondimensional form with density p = 1.
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Denote the spatial maximum norm by 2

|U('a 2‘:)|OO = Sup |U($a t)' :

We will use the following terminology:

Definition 1.1 The initial velocity field uw = u(z) in (1.2) is self-accelerating
for equation (1.1) if there is a time to > 0 so that

(-, 8)|oo > [uloo for 0<t<tg. (1.3)

We use the term self-accelerating since no forcing terms or inhomogeneous
boundary conditions are present in the problem. As we will see in the next section,
self-acceleration at time ¢ = 0, if it occurs, is due to the pressure term Vp in (1.1).
Here p = p(x) = p(z,0) is determined in terms of u by the Poisson equation *

3
—Ap= Y DiDj(uiu;), p(z) =0 as |z|—o0. (1.4)

ij=1

Interest in self-accelerating flows is motivated by the (open) blow—up problem
for the Navier-Stokes equation. *

For the Navier—Stokes equations, it is known (see, for example, [1] or [2]) that
if the maximal interval of existence of a smooth solution v(z,t) is 0 < ¢ < t* then

i o, 1)) = 00
Therefore, if blow—up occurs, self-acceleration must occur at some time ¢ less than
t*. What properties do self-accelerating flow—fields have? In Section 2 we give
some simple properties.

We could not find any example of a self-accelerating flow field with finite energy
in the literature. In Section 3 we give an explicit example for the Euler equation.
A simple scaling argument then shows how one can obtain an example for the
Navier—Stokes equation.

2. The Acceleration Term

Without loss of generality, we will assume that the maximal speed at time t = 0
occurs at the point z = 0:

2 With (a,b) = ¥7_, 1/2

ajbj and |a| = (a,a) we denote the Euclidean inner product and
norm on R3.

3 We denote D; = 0/0x;.

4 This blow—up problem is one of the Millennium Problems chosen by the Clay
Mathematics Institute. The official description by Charles Fefferman can be found at

www.claymath.org/millennium.
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u(0)] = fuloo -
Then, since the function ¢(z) = |u(z)[? is maximal at z = 0, we have
3
0= D;(0) = Y (wiDju:) (0)
i=1
and
3 3
0>D%(0) =Y (uiDJQ»ui)(O) + 3 (Dju)(0)
i=1 i=1

for j =1,2,3. The vector field u(x) is self-accelerating if

1d
A=—— 2} .
2dt|v(0,t)| _ >0
We have, at © =0,t =0:
A = <’U,’Ut>
= —(v,v-Vv)— (v,Vp) + v(v, Av)
= C+P+vV

Here the convection term is (at z = 0,t = 0):

C = — ZvjviDjvi = 0
0]

because of (2.5). The viscous term is (at © = 0,¢ = 0):

VvV = Z UZ‘D?’UZ'
(2%

Z D3¢(0) — > (Djui)*(0)

]

< 0
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(2.5)

(2.6)

2.7)

(2.8)

because of (2.6). Therefore, to obtain a vectorfield u(z) with A > 0 (see (2.7)) it

is necessary that the pressure term P in (2.8) satisfies

0< P = —(u(0), Vp(0)) .

(2.9)

The condition (2.9) is also sufficient for self-acceleration if v = 0, i.e., for the
Euler equation. In the next section we will give an example of a velocity field u(x)
which has maximal speed at the origin and satisfies (2.9). Thus, this vector field

is self-accelerating for the Euler equation.
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3. Example of a Self—Accelerating Velocity Field

In this section we use the notation

x = (z,y, 2)
for the space variable. Define the velocity field v := V x 1 where
4y
Wy, 2) = -+ [ g
Yy
It is clear that u is divergence free and u as well as all its derivatives lie in Lo.

Elementary calculations show that

x — 2xy® — 2x2

U(.T,y, Z) — e_(m2+y2+z2) —y— 8yz + 2x2y (310)
—5 4 222 + 8y?
which yields
0
u(0) = 0
-5

Furthermore, it is elementary to check that the function

1
(b(‘raya Z) = ilu(‘ma Y, Z)|2

has a gradient which vanishes at the origin and has a negative definite Hessian at
the origin:

~138 0 0
H=¢"(0) = 0 -258 0
0 0 —100

This implies that the speed |u(z,y, z)| has a local maximum at the origin. A field
plot of the velocity is shown in figure 1.
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Figure 1: A Self-Accelerating Velocity Field

In fact, the local maximum is a global maximum as can be verified by numerical
computations. See Figure 2.
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2

Figure 2: The function max ;| —, 3|u(z)|

For the above example, the pressure term P (see (2.9)) becomes

0
P=5 ap(za Y, Z)|m:y:z:0

where the pressure p is determined by the Poisson equation (1.4).
Let Q(z,y, z) denote the right-hand side of (1.4). Then we have

0
P =5 ap(z,yyzﬂxzy:z:o

el
_ i/ 5: Qz,y,2) dedyds
A Jrs (22 4 y2 + 22)1/2
) ZQ(ZC,y,Z)
- 2 dxdyd
4t Jgs (22 + y2 + 22)3/2 wayes
= J

Elementary computations, for which we applied Maple, show that the right—hand
side @ = 3" D;D;(u;u;) for the above example reads

Q(z,y,2) = gz, y, z)e” 2+
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where ¢ is the polynomial

q(z,y,2) = 2( — 4822y 2 + 62 + 24y°2 — 36272

— 3227 — 212y + 1 + 82222 + 44x?y® + 128222

1220 13250 + 8422 4+ 8a2yt + 8:c4y2)
The first four terms in the formula for ¢(x,y, z) are antisymmetric in z whereas
the remaining terms are symmetric in z. Therefore, noting the factor z in the
integrand of the integral J, only the first four terms of ¢(x, y, z) lead to a non-zero
contribution in J.

One obtains
J=J1i+ o+ J3+ Jy

where (see the Appendix)

5 .96 $2y222 672(12+y2+22)
J = — dxdyd
! 4 /]Rs (22 +y? + 22)3/2 reves
5-96 0057%2 TP 27r-2 2
= - r’e dr cos” 0sin” 0 df sin“ ¢ cos” ¢ do
am - Jo 0 0
B 4
T
Similarly,
5-12 22 2@ 4y’ +2%)
Jo = dxdyd
? 47 /Rs (22 4 y2 + 22)3/2 ravaes
= 5
548 Y222 e~ 2@ +y?+2%)
Js = dxdyd
’ A7 /]Rs (22 +y? + 22)3/2 ravas
= 2
572 2222 e~ 2@ 4y’ +2%)
Jy = - dxdyd
: ir /Rg (@2 + 2 + 2232 T
= -3
Therefore,

4 24
J=——+454+2-3="21>0.
7ToF 7

Lemma 3.1. Let u denote the velocity field (5.10). Then its speed |u(x)| is mazimal
at x =0 and if p is the pressure corresponding to u (see (1.4)) then
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P =—(u(0),Vp(0)) = % >0.

Therefore, u is self-accelerating for the Euler equation.

Scaling argument for Navier—Stokes. Let A > 0 denote a scaling parameter
and let u denote the velocity field (3.10). We set

ux(x) = u(x) .

Then the pressure determined by wy is px = A?p and the term corresponding to P
(see (2.9)) is Py = \*P. If

V)\ = (u,\(O), AU)\(O»

denotes the viscous term corresponding to uy (see (2.8)) then Vi = A\*V. Therefore,
the acceleration term (see (2.8)) corresponding to uy is

Ay =NP+uAV .
Since P > 0 it follows that Ay > 0 for sufficiently large \.

Theorem 3.1. Let u denote the velocity field (5.10) and let ux(x) = Iu(x). If
A > 0 is large enough, then uy is self-accelerating for the Navier—Stokes equation.

4. Remarks on the Pressure Equation

If p is the pressure in the Navier—Stokes equation then

-Ap = V-(u-Vu)
= > (Diuy)(Dju;)
= D DiDj(uiuy)
:Q

Using the vector identity
V(F-G)=F -VG+G-VF+Fx(VxG)+Gx (VxF)
with F' = G = v and taking the divergence yields
1 2
V~(U~Vu):§A(|u| )+ V- (wxu).

Therefore,

~Ap=Q= A + V- (@ xw),
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ie.,
Lo
—A(p+ §|u| )=V (wxu).
If one defines g(x) by

—Ag=V-(wxu), ¢x)—=0 as |z|]— 0,

then

Lo

p=—5lul"+q.
One may call
1
pB = *§|u|2
the Bernoulli—part of p and
q = PnB

the non—Bernoulli-part of p. (Note that we have nondimensionalized the Navier—
Stokes equations and assumed the density to be one. In dimensional variables one
has pp = —5|u|* where p is density.)

The Bernoulli-part pg = — é |ul? of p is irrelevant for determining the crucial
quantity P (see (2.9)): If the speed |u(x)| has a maximum at any point = x,
then the gradient of pp is zero at x = xy.

For the non—Bernoulli part ¢ = p,p we have

—Ag = V- (wxu)
= u-(Vxw)—|w?

showing the importance of vorticity for self-acceleration.
5. Appendix: Some Elementary Integrals
The evaluation of Vp(0) leads to integrals of the form
Jrim = / x2kq2lp2mp—3 e’ dxdydz
R3

where
P2 =% y2 12

and where k, [, m are nonnegative integers with

N:=k+Il+m>1.
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In spherical coordinates:

r = rsinfcoso
= rsinfsin¢
z = rcosb
AV = r?sinfdrdfde

Therefore,

oo T 27
2
Jrim = / r2N=le=" gr / sin?k 241 g cos®™ 0 df - / cos?k ¢sin® ¢ dg .
0 0 0

Here

_ _ 2
rP2N=le=m" gp

=

=

Il
ﬁ

1 oo

= Z / T2N_2(4T€_2T )dT (2T2 =S, 47’d7’ = ds)

0

1 o N—-1 —s

= Z (s/2) e ds
4 /o
I(N)

= 2N+1

In particular,
1 1

Jr(l) = JT(Q) = JT(S) = ]

Za
The angular integrals lead to Euler’s Beta—function,

w/2
B(a,p8) = 2/ sin?* ! scos? 1 sds
0
_ r@r)
(o + )
One obtains
Jo(k,l,m) = /sin2k+2l+16’cos2m9d9
0

w/2
= 2 / sinZ* 21 9 cos®™ 0 do
0

1
= B(k+l+1,m+§)
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and

Js(k, 1)

Therefore,

)
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2m
/ sin? ¢ cos?* ¢ dg
0
/2
4 / sin? ¢ cos?* ¢ dg
0

5

1
2B(l+ =,k
(+2, +3

where

Jkim = 5N

In particular,

Joo1

Jo11

Jii

N=k+Il+m.

| =
N
5
=
L\\:lc:u

IR Wy = ol b
R 1= !:‘

s
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