ANALYTIC SOLUTION OF THE N-DIMENSIONAL
INCOMPRESSIBLE NAVIER-STOKES EQUATIONS

NATHAN STRANGE

ABSTRACT. This paper presents an analytic solution of the incompressible
Navier-Stokes equations as recurrence relations for the solution’s derivatives,
addressing the Clay Mathematics Institute’s Millennium Prize problem on
Navier—Stokes existence and smoothness.

1. INTRODUCTION

This paper presents an analytic solution that addresses the Clay Math millen-
nium problem on the “Existence and Smoothness of the Navier-Stokes Equation”
[1]. This analytic solution is expressed as a recurrence relation for the derivatives
of the solution that may be used in a Taylor series.

The Cauchy—Kovalevskaya Theorem [2] tells us that a system of analytic dif-
ferential equations with analytic initial conditions will have an analytic solution.
With appropriate initial and boundary conditions, the Navier-Stokes equations
meet these conditions. Indeed, many of the numerical methods used in Compu-
tational Fluid Dynamics (CFD) solvers are derived in part using Taylor series ap-
proximations and, in 1986, Perry and Chong [3] successfully found local analytic
solutions to the Navier-Stokes equations using a computer algebra system to ex-
pand the Taylor series solutions. Such numerical methods are very powerful, but
do not provide the insight available from a general solution.

Rather than use computer algebra, the method in this paper provides arbitrary
order recurrence relations for the derivatives of the solution symbolically. These
relations can be used to generate Taylor series expansions wherever the initial and
boundary conditions are analytic. This approach is extremely useful for studying
the general properties of the solution and can be used to solve the Clay Math
millennium problem.

1.1. The Clay Math Navier-Stokes Problem. The Clay Math millennium
problem as stated in “Existence and Smoothness of the Navier-Stokes Equation”
by Fefferman [1] concerns the N-dimensional Navier-Stokes momentum differential
equations for 1 < j < N:

(1.1) 2u(t f)—&-f:u (t f)iu(t Z) = V%a—zu (t f)—i (t, @)+ f;(t, Z)
. ot g\l £ kE\Yy 8.I‘k g\ - k:1axi k\ly am]p ) g\
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with the divergence-free constraint for incompressible flow:
Y9

and the initial condition:
(1.3) u; (1, %) = ud(), FeRN

Above, the u;(t,¥) : RVt — R are the components of the fluid velocity at ¢ € R
and & € RN, f;(¢,%) : RN*! — R is the applied specific force, and p(t, Z) : RV+! —
R is the kinematic pressure (i.e. pressure divided by density).

The Clay Math problem asks for a solution that shows either the existence and
smoothness of solutions or breakdown of solutions in either of two problems:

(A) Existence and smoothness of Navier—Stokes solutions on R?:
Take v > 0 and N = 3. Let ug (t,Z) be any smooth, divergence free vector field
satisfying:

pllal Cok

1.4 — () < —3£

- o7 | = Ty

where « is multi-index notation (see section 2.1 below) for «a1,...,ay and Cyy is

a positive constant for any «; > 0 and & > 0. Take f(¢,Z) to be identically zero.
Then there exist smooth functions p(t,#) and f(¢,#) on R3 x [0,00) that satisfy
(1.1), (1.2), (1.3), and the following constraint on the flow’s kinetic energy:

(1.5) / @t D)|? < C, forallt>0
]Rii

(B) Existence and smoothness of Navier—Stokes solutions in R3/Z3:
Let u;(t,Z) be any smooth, divergence free vector field satisfying the following
periodic intial condition for €; € R3:

(1.6) W(Z+ &) =u)(@), p)E+e)=p)&), forl<j<3

Then there exist smooth functions p(t, %) and f(t,Z) on R3 x [0,00) that satisfy
(1.1), (1.2), (1.3), and:

(1.7) ui(t, 4+ ¢€;) =u;(t, %), pit,£+¢€;)=p;t ), forl1<;j<3

In this paper I will show that (A) is true and that (B) is true if the initial
conditions for velocity and pressure are analytic.

2. PRELIMINARIES

Before attacking the Navier-Stokes problem, I need to clarify the notation that
I’ll be using, review some properties of real analytic functions, and describe the pro-
cess for multiplying and taking partial derivatives of Taylor series. In this section,
my goal is to provide some background for readers not familiar with multivariate
real analytic functions.
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2.1. Multi-Index Notation. As shorthand for IV position coordinates, x1,...,zn
I will use the vector £. When I use Greek indices such as «, they represent “multi-
index” notation [2] corresponding to ajas . ..an indices for these N coordinates.
Below are some examples of how multi-index notation expands for N = 3 dimen-
sions:

(2.1) fo= g
(2.2) loll = 14+ as+as
llell 91 §az  Has
2. ) =
( 3) 6fa f(ﬂj) ax?l amgQ 81'53 f(l'l, .'132’.173)
(2.4) al = oqlaslas!
(2.5) (-2 = (z1—a})™ (w2 — 23)* (3 — 23)*
(2.6) Y@ = 30 DT YT b0 (@)™ () (w3)*
a=0 a1=0 a2=0 az=0

(2.7) (D _ al%;ag'
(2.8) (u) _ palpalps!

041!012!043!
(2.9) (@) = ()™ (@) "2 ()0

2.2. Derivative Notation. I will use parentheses when raising a quantity to a
power, e.g. (z)", and superscripted indices to represent derivatives. I'll use greek
multi-indices for derivatives with respect to coordinates and latin indices for other
derivatives. For example:

m Hllell
o™ 9 t, %)

ma 30 =20\ __

0,50
When I don’t explicitly write the variables where these derivatives are evaluated,
they are implied:

mao ma (40 20
(2.11) ul' = u(t7,77)

With this notation, incrementing the superscripted index increases the order
of the derivative. Le., if f* = d"/da"f(x), then f"tt = d"*!/dz"t1f(z). To
increment one index in a set of multi-indices, I will use 95(f®) to increment the
kth a, by s, i.e.

(2.12) By (ue) =y st on
2.3. Taylor Sum Notation. Since the sum of - (¢t — 9)™ 1 (Z — %)% terms will
occur frequently in the following sections, I find it convenient to use the following
shorthand:

S0 = 1 . .
(2.13) Apa(t, @10, 2%) = m(t — to)ma(x — 70)«

As in (2.11), when the variables are omitted, they are implied:

2.14 Apme = Apmalt, 7:t0, 7°
( ) b b) b)
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For example, the Taylor series expansions of the velocity components and pressure
can be written as:

(2.15) uj(t, @) = ZZu;’m(to,fo)i(t—to)ma(fffo)“

(216)  p(td) = 3D P E) (1) (@ E)

2.4. Real Analytic Functions. I will use the following definition and properties
of real analytic functions from Krantz and Parks [2]. For the propositions, I have
provided outlines of alternate proofs that I hope are more accessible to readers with
engineering or science backgrounds.

Definition 2.1. A function f, with domain an open subset X C R™ and range R
is called “real analytic” on X, written f € C*(X), if for each x1,...,2y € X the
function f may be represented by a convergent power series in some neighborhood
of z1,...,znN.

Proposition 2.2. Let f € C®(U) for some U € RN. The function f is in fact
in CY(U) if and only if, for each x1,...,xny € U, there is an open ball V, with
T1,...,xny € V C U, and constants C > 0 and R > 0 such that the derivatives of
f satisfy:

(2.17) |f @ <cC V) eV

ol
"Rl
Proof. To derive (2.17), first convert a univariate geometric series into a multi-

variate series using the substitution r = Zévzl(:cj - :E?) /R and the multinomial
theorem:

S n_N~_C (el - —oya
(2.18) C(r)" = (@—2°)
Scor =3 o ()

a=0

Then via the comparison test with (2.18), the following series converges when
N
| 2= (5 — 29| < R:

(2.19) > ¢ (7 —z%)~
a=0

Rllall

The comparison test of a Taylor series: Yo f*(£°)/al(Z—2°)* with (2.19) yields
(2.17) and the limit comparison test shows the Taylor series converges if and only
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if (2.17) is true. Next, to show the Taylor series converges to f, consider the Taylor
series remainder with the constraint in (2.17):

afO
TC

T
al

oo

Z Rnau @~ 2%

(2.20) R, (-2 = )

a=v

The right side of (2.20) is the remainder of the geometric series in (2.19) which
tends to zero as v — oo. Therefore if (2.17) is true and f € C*°(U), the Taylor
series of f converges to f and f is real analytic. O

Proposition 2.3. Let U,V C RN be open. If f : U = R and g : V — R are real
analytic, then f + g, f g are real analytic on UNV, and f/g is real analytic on
uvnvn{z;:g(zi,...,zn) # 0}

Proof. An outline of the proof: use bounds from Proposition 2.2 with the same R
for both series (i.e. an R less than the radii of convergence for both series). For
addition, take the sum of two Taylor series satisfying the bounds in (2.17) and show
that the sum also satisfies (2.17). For multiplication, use the generalized Leibniz
product rule (see (2.27) below) to show the same also applies to products of Taylor
series and it follows that multiplying analytic functions yields analytic functions.
As division is the inverse of multiplication, if f(Z) = ¢(Z) - g(¥) is analytic and ¢(Z)
is analytic and nonzero, then ¢(Z) = f(Z)/g(Z) must be analytic. O

Proposition 2.4. Let f be a real analytic function defined on an open subset
X C RY. Then f is continuous and has real analytic partial derivatives of all
orders. Further, the indefinite integral of f with respect to any wvariable is real
analytic.

Proof. An outline of the proof: by comparison test, show that > o, RHaII (Ho‘lf‘jk) (Z)>
converges if and only if (2.18) converges. Then via comparison test with a Taylor
series, convert the condition in (2.17) into:

(el + &)

VIj e V,Vk € Ny

As differentiation of Taylor series increments indices (see 2.5 below), this is equiva-
lent to different values of k in (2.21) and the proposition follows for both derivatives
and anti-derivatives. O

2.5. Differentiation and Integration. If we take the derivative of each term of
a Taylor series for f(Z) with respect to zj, the f*(Z°) is not a function of ¥, and
the derivative of A, (%;#°) is found by decrementing the aj, index. Since we are
using the « indices as dummy indices in a sum, this is equivalent to incrementing
the aj, index on the f@(z°):

(2.22) ( )Zf”‘ () Aal# 70) = Zf%f”)a,i‘s)(Aa(f;fO))
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Similarly, to integrate on xj, we increment the oy index on A, (Z; %) and add F
constants of integration:

e [ Zf“ (7)Ao (#5°) (da)" =
Zfa(fo)a,z( (#2°) Z ZFC‘ (#°)An(T;
a=0

k) =0 =0

i*h
o
N~—

2.6. Multiplying Series. To solve the Navier-Stokes equations in terms of Taylor
series, we will need to multiply the infinite series. For this, we can use the Cauchy
product. This is found by multiplying the series and collecting like terms.

(2.24) c(t, @) = a(t,Z)-bt, :f)

(Z > aW (= %) :! (7 — fo)“>

p=0 p=0

(ZZW - Vl!(f—f%”)

q=0v=0

oo 0 0 oo

SYSY s 0yt (5 g0y

p=0 p=0 q=0 v=0 K

Introducing new indices m = p 4+ ¢ and a = u + v yields:

(2.25)  c(t, ) SN areptmerenm
p=0 p=0m=0 a=0
m! al 1 o
x t— )=
Pm—pl e —omd )
This can be rewritten with multi-index binomial coefficients and the A,,,, notation
from (2.14) as

(2.26) i i i za: < ) < ) arpm-pe—m A

m=0 a=0 p=0 =0

The coefficients of the Taylor expansion of ¢(t,Z) =Y~ _ > 07/ ¢™*A,q are:

(2.27) ZZ( )( ) aPip(m—p) (=)

p=0 p=0

The ¢™ in (2.27) correspond to the generalized Leibniz product rule for the deriva-
tives of the product of a(t, Z) - b(t, T).

3. SERIES SOLUTION OF THE NAVIER-STOKES EQUATIONS

In this section, I will develop recurrence relations for derivatives of the analytic
solution of the Navier-Stokes equations in (1.1) and (1.2). In the next section, I
will use this solution to address the Clay Math problem. Although the Clay Math
problem may be the hook that brought you to read this far, I think the recurrence
relations for the analytic solution in this section are the more interesting result.
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I start with candidate series for real analytic functions u, (¢, &) and p(t, Z) from
(2.15) and (2.16), and with a real analytic function for applied force: f;(t,Z) =
f"*Apmea. 1 will then substitute these series expansions into (1.1) and (1.2) and
solve for the derivatives of the unknown analytic functions.

3.1. Divergence-Free Constraint. Substitute the Taylor series expansion of u; (¢, ¥)
from (2.15) into (1.2) using the derivative index increment notation in (2.12):

N a N
(3.1) > aTjuj(t, E) =)0} (ul") Apa
j=1 j=1

As the A, are orthogonal functions, this yields a constraint on the derivatives of

U (t, f)
N
(32) >_0; (up

j=1

3.2. Pressure Poisson Equation. Even if given a velocity initial condition, u; (10, 7),
that satisfies the divergence free condition in (1.2), u;(t,Z) must meet this con-
straint for ¢ > t°. As an alternative to (1.2), this condition can be enforced with
pressure and the pressure Poisson equation.

To derive the pressure Poisson equation, first take sum the 9/0z; derivatives of
the Navier-Stokes momentum equations (1.1) :

Y9 (o a )
(33) ;67% <6tuj(t’x) +ZUk(t,$)al‘kuj(t7x)> =

Y92 d
Z 5y |V 20 g D)~ g )+ £5(6D

k=1 "k

Assuming u(t, £) and p(t, £) have continuous second derivatives, their second deriva-
tives are symmetric and their 9/0x; derivatives can be reordered:

giauui iiu (1) 2ty (4, 7) + () e S 24
ot Ox ‘—~ Jx; R TR A R ok = ox;

32
— Jx? 2P ®) + Z 81‘J

This assumption is justified later when I show that u(¢, ) and p(t7 Z) are analytic.
Per (1.2), cancel the Z;Vﬂ Ou;/0xz; = 0 and (3.4) becomes the following pressure
Poisson equation:

92 N oo NN oo B
(3.5) 8x2p g 67 (t, %) — Z Z T Wk 8a:k u;(t, 7)

j=1 "7 j=1k=1 "1

Equation (3.5) consists only of derivative, multiplication, and addition opera-
tions, therefore, with Propositions 2.3 and 2.4, it may be used to show that pres-
sure is analytic with analytic initial conditions. It also can be used to provide a
recurrence relation for pressure derivatives.
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Lemma 3.1. For the Navier-Stokes equations in (1.1) and (1.2), if the velocities
u;(t, %) € C¥(X) and forces f;(t,7) € C*(X) fort,# € X CRNTL then p(t, %) €
C¥(X) and the derivatives of pressure, p™®, satisfy:

N N m « m a ( Y )
DYy o )3t ()
3 \Uk ) Ok
: = (p) <u) !

Proof. By Propositions 2.3 and 2.4, if u;(t,Z) € C*¥(X) and f;(t,Z) € C*(X) for
t,7 € X CRN*1 then the right hand side of (3.5) is analytic and p(t, ¥) € C¥(X).
Substituting in Taylor series for wu(t,Z) and p(t,Z) into (3.5) and applying the
multiplication rule from (2.27) yields:

N

51 L (TSR0 | am -3 5 (So ()

m=1a=1 \j=1j=1 m=1la=1 \j=1

SEEE () (5o

As the A, are orthogonal functions, matching A,,, coefficients then yields the
relation for the pressure derivatives in (3.6). O

3.3. Solving the Momentum Equations. Substituting candidate Taylor series
for velocity and pressure into (1.1) provides the analytic solution for the Navier-
Stokes equations.

Theorem 3.2. For the Navier-Stokes equations in (1.1), if the forces f;(t,%) €
C¥(X) and initial velocities u;(t°,¥) € C¥(X) for t,t°,F € X C RNt then
u(t, @) € C¥(X) and p(t, %) € C¥(X). Additionally the time derivatives of velocity,

u™, satisfy:
N
(3.8) ul™V =132 — 0} (") + £
k=1
ety a9} ()
;g( ) () ()

Proof. By Propositions 2.3 and 2.4, if u; (t°, Z), f; (¢, Z), p(t°, T) € C*(X) for t°,¢, % €
X C RN+ then the right hand side of (1.1) is analytic and u(t,Z) € C*(X). By
Lemma 3.1, p(t°, 7) € C¥(X) if the force and initial velocity are analytic. If (3.8)
is also true, then the time derivatives of u(t,Z) and p(t,Z) are consistent with
Proposition 2.2 and u(t, %), p(t, ¥) € C¥(X).

To solve (1.1), I will substitute in Taylor series for w;(¢, %), p(t, Z), and f;(¢, Z),
and then write it in a form summing terms of like orders. I.e, transform (1.1) into
this form:

(39) A;maAma + B;WOZAmO‘ = C]maAmoz - DgnaAma + f;’ﬂaAma
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First, find A} by substituting (2.15) for u;(t, ¥):

— (m+1 a mao m+1)a
(3.10) 78tuj (t, J)) = E E u — Aj = u;

m=0 a=0

For the next term:

(3.11) Zuktx uj(t, %)

Using the multiplication rule from (2.27):

oo o0 m [0}

@ S S () () St (i)

m=0 a=0 p=0 p=0

C* is the Laplacian of ug(t, ¥):

N 82 oo 0o N
(313) V;aixzuk(t,f) = Z Zyza )Ama

m=0a=0 k=1

N
(3.14) Cr =vy o (ug)

D7 is the partial derivative of p(t, 7):

0
(3.15) o ZZG} ") A

m=0 a=0

o0 o0
(3.16) Do ="% "0} (o)
m=0 a=0
Equation (3.8) is then found from the A} B**,C7*, and D' in (3.9) rear-
ranged to give a recurrence relation for time derivatives of u;(t, Z) from lower order
derivatives of u;(0, %), f(t,Z), and p(t, Z). O
Equation (3.8) provides the u§m+1)a(t0 Z) derivatives from the order m time
and order « spatial derivatives of velocity, pressure, and applied force. If given
analytic functions for applied force, pressure, and initial velocity, (3.8) is enough to
find u;(t, Z). However, if p(t, ) is not available, then the solution in Theorem 3.2
and (3.8) is underdetermined. At first this may seem unsatisfying, but a physically
meaningful solution needs to give different results with different boundary condi-
tions. (E.g. a brick should have different flow characteristics than an airplane.)
Where given the time derivatives of velocity, e.g. for steady-state flow or on
no-slip boundaries, only initial conditions for velocity are needed and (3.8) can be
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solved for the spatial derivatives of p(t, Z):

N
(317) 0} (") = vy OF (up) —u{" DY 4 prmo
k=1

_ZZ( )( >Zupu81( o)

p=0 pu=0

If given f;(t,Z) and the time-dependent velocity on a boundary, (3.17) with the
zero divergence constraint (3.2) may be used to get the spatial derivatives of pres-
sure needed in (3.8). For example, the boundary velocity u; (¢, 29, z2, x3) provides

mOagag and (3.17) provides p"™®23. Then (3.8) with p™!®2%s provides uj*2*3
and uy™**% which in (3.2) yields u}"'****. Now with umlaws repeat this process

m20¢2a3

to get u; and so on.

3.4. Total System Energy. Since C¥(X) C C*°(X), when the conditions of
Theorem 3.2 are met, (3.8) provides the smooth pressure and velocity solutions
sought in the Clay Math problem, but for version (A) of the problem I also need to
show that the kinetic energy of the solution is bounded with the given constraints
on velocity.

The total system specific energy, &(t, Z, ), is the sum of the internal energy of
the fluid, e(t, 7, £°), and the kinetic energy of the fluid:

(3.18) Et,7,7°) = e(t / Z (u;(t, 7)) di

We can substitute Taylor series for the u; (¢, Z) into (3.18):

(3.19) &(t, & e(t, @

oo

Z f: f:f: ( ) ( ) iuﬁ“uﬁm’p)(a*“%ma .

m=0 a=0 p=0 u=0 j=1

The integral in (3.19)

i N
L[ 2 e
(3.20) 5/50 jE:l (uj(t, @) dz =
(o) o0 m «

Yy

m=0 a=0 p=0 p=0

(p)< )Z“W P OTIA L )

The derivatives of the specific energy are then given by:

(3.21) gmlectl) — gmlatl) 4 = ZZ( >( )Zuw (m—p)(a—p)

pOMO

By Propositions 2.3 and 2.4 we know that (3.21) is consistent with an analytic
total energy function so long as the internal energy and velocity are also analytic.
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3.4.1. Bounds on Kinetic Energy. As the kinetic energy integral in (3.20) is analytic
with a convergent Taylor series, it is bounded when ¢, Z are finite, but version (A)
of the Clay Math problem seeks bounded energy with unbounded ¢ and &, but
with bounded velocity derivatives u;(t,Z). In this section I will show for bounded
velocity derivatives, kinetic energy’s derivatives are also bounded.

Let’s start by looking at the kinetic energy derivatives from (3.21):

(3.22) Tmlectl) _ ZZ( )( )Zuw (m-p)a-m)

PO/LO

Next, where the u;(¢, ¥) are analytic, they are bound by Proposition 2.2:

(3.23) fu;"‘" < mla!

U
(R)(m+llelD
Using this bound in the right side of (3.22):

e~ v U U
(3:24) 522 <p>( >N(R)<p+|u|>p!“!(R)<m+||a|—p—|u|>(mp)!(o‘“)!

=0 u=0

which simplifies to:

-2

Ryemtap (7 + Dt 1!

We can change th4 a+1 index to a on boht sides, and, as in (2.21), the comparison
with (m + k)! is the same for an k, so this simplifes to:

ma N(U)?
(3.26) |7 < Wm!a! < Wm!a!
Where C > N(U)?/2 and Proposition 2.2 also holds for the kinetic energy. We also
could have deduced this result from the Cauchy—Kovalevskaya Theorem, that an
analytic differential equation with analytic initial conditions will have an analytic
solution. But now we also have a relation between the bounds for velocity and
kinetic energy.

4. CLAY MATH EXISTENCE AND SMOOTHNESS PROBLEM

I now have what is needed to prove version (A) of the Clay Math problem:

Corollary 4.1. Takev >0 and N = 3. Let u;(t, ) be any smooth, divergence free
vector field satisfying:

—

ollell Cok
— Y < v
o7 | = T e

where Cqy, is a positive constant for any o and k > 0. Take f(t,Z) to be identically
zero. Then there exist smooth functions p(t, &) and f(t,¥) on R?x[0, 00) that satisfy
(1.1), (1.2), (1.3) and the following constraint on the flow’s kinetic energy for some
constant C' > 0:

(4.2) / |@(t, )||2dE < C, Yt>0
R3

(4.1)
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Proof. The initial velocity condition in (4.1) is consistent with Proposition 2.2:

gllell
oz

Caok U

- = T < e

u?(fo)

Therefore the initial condition u;(t°, %) = u(Z) is analytic for any & € RY. As

force is identically zero, by Theorem 3.2, u;(t, %), p(t, %) € C*(RY) C C=(RY).
To show that kinetic energy is bounded, first expand w(t,Z) as a univariate

Taylor series in t alone:
(4.4)

Zu (t°, ) A (t;1°),  where: uf (10, 7) = (i) u;(t, Z)

m=0

t=t0

The integral in (4.2) can be written with this series as:

as) [ awska = 3 ([ jemesar) ante) = A,
m=0 y

Next, let Cy, = limsup,_, ., Cra and assume the bounds on the u°* derivatives
also hold for the u™* derivatives:

(4.6) Ju (10, &) <

Then (4.1) with (3.6) from Lemma 3.1, yields an upper bound on the pressure
derivatives:
(4.7)

s ii oo () () =~ (o)

Using (4.6) and (4.7) with (3.8) from Theorem 3.2 provides:

N m
(W8) @D <v 2 e g N<(1+|Ifll)’“>
C p Ch (m—p)
+ZZ (1+x||>> (<1+||f||>k)

This is consistent with the assumption in (4.6):

— Ck Ck m /
19) w5 < vN—F 4N (4) S
@) g D] < N axiEE) S aeiE

Putting this constraint into (4.5) yields:

m G\
(4.10) T ({t% < N g ((1+||IZ?H)’“) di
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However this bound means the integral in 7™ (t°) evaluates to a constant, as in this
improper integral:

— 00

1 _ \(1-2k) (1—2k)
= T Uil DY (S Ul by 2
2k—1 a—-o 2k —1 b— oo 1-—2k 1-—2k 2k —1

4.11 — | dy= 1l ——dy + 1i —d
am [ <<1+|y|>k> y= i Gyt T

Therefore, T™(t) < C where C' > 0 for all m if k > 1, and the flow’s kinetic energy
in (4.5) is bounded. O

Theorem 3.2 can be also used to prove version (B) of the Clay Math problem,
but only for analytic initial conditions:

Corollary 4.2. Let u;(t,Z) be any smooth, divergence free vector field satisfying:

(4.12) u(F+ &) =u)(D), pHT+e)=p)E), forl<j<3
Jor u9(), pY(Z + €;) € C¥(X) and t,Z,€; € X CRNTL. Then there exist smooth
functions u(t, Z) and p(t,T) that satisfy (1.1), (1.2), and:

(4.13) ui(t,Z+¢€;) =u;(t, @), p;(t,T+€)=p;t,x), for1<j<3

Proof. By Theorem 3.2, u;(t,%),p(t,¥) € C*(X) C C*(X). We set ' = 7%;.
In (3.8), if u**(t%, @) = w*(t°,2°) and p™(t°,2") = p™*(t°, £°), the resulting
Taylor series are equivalent. O

5. NUMERICAL APPLICATIONS OF THIS SOLUTION

The solution in Theorem 3.2 can be used to generate Taylor series solutions, but
the convergence of these solutions is limited by the radius of convergence of these
series (e.g. the upper bound on R in the Proposition 2.2 derivative test). Although
velocity and pressure derivatives taken before reaching this limit could then be
used with Theorem 3.2 to build an analytic continuation of the solution, this ap-
proach may be more computationally intensive than existing numerical techniques
for solving the Navier-Stokes equations. However, even when a numerical technique
is more computationally efficient, it can have convergence issues that Proposition
2.2 and Theorem 3.2 can help resolve.

From Proposition 2.2, a multivariate Taylor series for velocity or pressure will
converge when |t + Z;V zj| < R. So as time increases, the | Zjv x| that reaches the
radius of convergence decreases. This may be the cause of “blow up time” issues
in numerical solvers mentioned by Fefferman [1].

In addition, the recurrence relation (3.8) from Theorem 3.2 is underdetermined
without the sufficient boundary conditions, and can also be overdetermined with
incorrect boundary conditions. When using an iterative CFD solver, such under-
determined or overdetermined boundary conditions would lead to numerical insta-
bilities. In these cases, the recurrence relations in (3.2), (3.6), and (3.8) could be
used to detect and resolve such conflicts.
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6. CONCLUSION

The series algebra techniques that I used here to find the analytic solution of
Navier-Stokes equation can be used to solve a wide variety of ordinary and partial
differential equations, especially when combined with Faa di Bruno’s formula [2]
for the generalized chain rule. I have previously done this with the three-body
problem [4] and the motion of a particle in an arbitrary potential field [5]. Even
when such analytic solutions are less computationally efficient than existing numer-
ical methods, then can provide valuable insights into the properties of the general
solution.
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