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ABSTRACT. In this paper we study the Fourier transform of the 3D-Navier-
Stokes-System without external forcing on the whole space R3. The properties
of solutions depend very much on the space in which the system is considered.
In this paper we deal with the space ®(a, ) of functions v(k) = c(k)/|k|
where & = 2 + ¢, € > 0 and c(k) is bounded, supjcpgs\o |c(k)| < co. We
construct the power series which converges for small ¢t and gives solutions of
the system for bounded intervals of time. These solutions can be estimated at
infinity (in k-space) by exp{—const v/t |k|}.

1. The spaces ®(a, a) and the ruling parameter for
the Navier-Stokes system in ®(a, o)

Consider 3D-Navier-Stokes System (NSS) on R? for incompressible free fluids.
After Fourier transform and an elementary transformation it becomes a non-linear
non-local equation for an unknown function v(k,t) with values in R? having the
form

¢
(1) v(k,t) :e*tlkl%(k,o)ﬂ'/ eIk (t=5) g / (k,v(k — K, 8))Pev(K, s) dk'.
0 R3

The function v(k,t) must satisfy the condition v(k,t) L k for any k € R3,
k # 0 and t > 0; Py is the orthogonal projection to the subspace orthogonal to k;
the viscosity is taken to be one, i.e., v = 1. Classical solutions of (1) on [0, o] are
functions v(k,t), 0 < t < tg, for which all integrals in (1) converge absolutely and
(1) becomes the identity.

There are several reasons by which it is natural to consider (1) in the spaces
of functions having singularities near k = 0 or kK = oco. In this paper, we restrict
ourselves to the spaces of functions v(k) = c(k)/|k|® where @« = 2 +¢, ¢ > 0
and sufficiently small, ¢(k) is continuous everywhere outside k¥ = 0 and uniformly
bounded, i.e., supyeps\o|c(k)| = || ¢ [[< oo (see [7], [1]). If the solution of (1)
belongs to ®(a, ) then v(k,t) = c(k,t)/|k]*, 0 <t < to, c(k,t) L k for any
k€R3\0,t>0,and c(k,t) satisfies the equation which is equivalent to (1):

t / / /
k,c(k —k Py c(k dk
(2) elh,t) = e e 0)+ilke [ g [ RAEZ T AL AL
0 RS |k — ke |k
It is easy to check that for typical ¢ € ®(a,«) the initial condition has infinite
energy and enstrophy.
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Assume that ||c(k, 0)|| = 1 and take a one-parameter family of initial conditions
ca(k,0) = Ac(k,0), where A is a parameter taking positive values. In [1] the local
existence theorem for solution of (2) was proven. Below we outline this proof and
show that if A = A-t¢/2 < Ao, where )¢ is an absolute constant which may depend
on «, then there exists the unique solution of (2) in the corresponding time interval.

Usual arguments are based on the classical iteration scheme. Put cff)(k, t) =
Ae= ¥t (K, 0) and

3) Pk, t) =

t k (n—1) k— k' P (n—1) % dk’
(0)(1{7 t) —I—Z|k‘a/ e—|k|2(t—s) ds / < »CA ( _’S,)Z kC,Aa ( >s) .
0 R3 |k — K| - |K]

The first step in the proof of the convergence of the iterations ¢ A)(k t) a
n — oo is to show that all c%)(k:,t) remain close to c;)(k,t) in the sense of the
norm in ®(a, ). If cff) = SUPg <s<¢, keR3\0 |cff)(k, s)| then we would like to show
that c(n) < 2c( ) = 24 for all n. By induction and with the use of ( ) we can write
(n) (0) a—1 —|k|? t)
(4) Scy + k:ﬁg\olkl (1 / |k — k'|a R
0<s<t

The last integral satisfies the inequality

dk’ By
< .
(5) \/]R3 |k _ k./|a . |k/|a — |k|20¢—3

Here and below the letter B with indices is used for various absolute constants
which appear during the proofs. These constants may depend on .
Now, we have to show that

sup [k[27(1 — e ) ()2 By < )
k

By induction cff_l) < 2052). Therefore we have to show that
stlip k271 — e_lklzt) 4 CEL?) <1.

Consider two cases.

(1) |k|?> < 1/t. Then

B2~ (1 — e Bty < gt g < T = g2
(2) |k|> > 1/t. Then
k27 (1 — e Rty < k2o < %2 = ¢/2,
Thus we can write
< A 4442 ()2 2By = A1+ 4A - t2By) = A(1 + 4By \).

We used the fact that ¢ = Cgo) < 1. If A < 1/(4By) then c(:) < 2052). This
argument shows how the parameter A\ arises.

The next step in the proof of the existence of solutions is to show that the
(n)

iterations ¢, ' converge to a limit. We have from (3)

t
(e, t) — &k, t)—z|k|a-/0 e~ kP (t=9) gg

/ (kP (k= H,8) = F k=K, s)) P 7 (K, 5) dk’
RS |k — K/ - k|
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. / (ky G2 (k= K, 8)) Py (7D (K, 5) — T2 (K, 5)) di!
- & — Ko |k
and
6) |7 (k,t) = Pk, 1))
<24 || — PR ket (1= eI / I —
— A A RS |k._k/|a_|k.l|a
(From (5) and (6),

1
k[

e = <2481 Y~ sup kT (1

The same arguments as before give that

sup [k[°1 (1 — e7IH)
kER3\0

€/2

Therefore, for some constant Bs,
HCSﬁ _ C(:—l)H < B\ HC‘(An—l) B CE‘;L_Z)H |

JFrom the last inequality it follows that if A is less than some absolute constant
then the iteration scheme converges and gives the desired solution. Thus A is really
a ruling parameter in the current situation. The main purpose of this paper is to
construct a general power series in A which provides the solution of (2) with the
given initial condition.

Write down the solution of (2) with the initial condition A-c(k,0), ||c(k,0)] < 1,
in the form

t
calk,t) = A<c(k,o) eIk +/ e~ R N2 (K, 5) ds)

0 p>1
(7) ] : .
A(c(k,O) DY Ap/ e~ (=3 gpe/2 b ( s) ds)
p>1 0

where now A = A - s¢/2. Substituting this expression into (2) we get the system of

recurrent relations for h,. Below we give the explicit formulas for hi, he and then
the general formula for h,, p > 3. We have

ot P ’ —slk—k'|>—s|k'|? g1/
(®) A25€/2h1(k,s)=iA2\k|a/ el = K00 P, 0) ¢ =*.
R? |k — k|- R

(9) A3shy(k,s) =
P43 - k| [/ sl 2ds, / (k, ha(k — K, 51)) Py c(k', 0) - e~ (msDIk=R P =slk7 g
1
0 R3

|k7k/|a,|k/|a
+/sz/2ds/ (k, c(k — k', 0)) Py h (', s5) e =3Ik =F P = (s=s2)lKI* g
I [k = K[ Th]e

and
(10)  APTLsP</2h (k,5) = i APTL . |k|°-

/ T /2 / (ks hy—1(k = K, 51)) P c(k/, 0)e~ =0 =P =sIW'1" g/
o 1 ! Jes |k — k' k]

¥ p=1)e koclk— k. 0)) P h,_1 (k. 0)eslk—kI=(s=s2)|k'|* gp/
+/ Sgp 1) /2d$2 < 7C( ) )> kItp 1( 5 )6
0 R® |k — K| [k
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+ Z / plé/?ds/ 526/2d32

p1,p2>1
p1+p2=p—1

/ (ky hp, (k= K, 51)) Py hp, (K, 55) e~ (=50 k=h P =(s=s2) [K']* g/
R EEARER

Use the following Ansatz: hy,(k,s) = s¢/2|k|*g,(ky/s,s) and in all integrals above
make the change of variables: s, = s- 51, s3 = 5 - 8, k\/5 = k, k'\/5 = k’. Thus
hy(k,s) = s/2|k|® gp(k,s). Instead of (8), (9), (10) we shall get the system of
recurrent relations for the functions g, (k, s):

e () e (5.0)

A26ka' /; _'A2.k04,6/< Vs Vs
S ) = AT e — e [
or
- k—k’ =R PR 2 7
g (B0 e ()
(1) gk, s) =i |
® Fm Rl e
A3g3€/2 ‘k|ag2(l~€ s) = iA3 . |/€‘as36/2
k g1 kf k)ﬁ7581)> (\f70) 67(1751)|]~c7]}’|27|];/|2dl;/
/ sldsl/
° [
12 )>91(k\/§ s5p) € b=k —(1=82)[K'|? g}/
/ 82d82/
R3 |k—k/|a
or

(12)  ga(k,s) =

1 (k,q1((k — k')\/31,5-51)) P; c(\f,O) e~ (=30 [k=K'|*=|k"|? gFs
/ §§d§1/
R3 k! |

. k k 0)>g1(k V32, 882) e~ IF=K P=(I=82) K" g/
/ SQdSQ/ .
R3 |k — k')

For general gp(l;:, s),p >3,

p+1 p+1

A;D-H .g 7 € |k|oz 3 p(];;’S) — iAp+1 .z € ‘kla
~ ~ 7(1751)“}7];/'27“'6/‘2 >
/15,1,6/2 d/ (ko gy ((F — KWL - 50)) Pre (3,0) ¢ i
0 R3 |k.l|a

v <k c (k*’“ : 0) > Prgp1 (K /53, 555) e~ =K P=(=2) K g
+/ ghe/ dgg/ : B
0 R? |k — K|~

S

+ Z / ~(p1+1)e/2 d3, / ~gp2+1)e/2d§2 /RB<I~€agp1 ((];7—];/)\/57851)>

p12>1,p2>1
Icgm(k V'S 2;882) ~(A=8)k=FP = (1=52) K17 dl%/]

p1+p2=p—1

or
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(13)  gp(k,s) =

~ ~ ~ - - ./ —(1—35 22 .7
/1 ~pe/2 ds / <kvgp71((k - k/) \% 81,881)> Pfcc (Lsa()) e= I=S)Ik=RT =R gy
S S1 =
0 R3 |k/|a

i

1 <ic,c (’“*f’,o)>P,~€g 1 (R, 552) e R P=(-82)IF' P gy
+/ 536/%52/ Ve S
0 R? |k — k'

1 1
- / sprrDe/2 d§1/ stV d§2/ <’%79p1 ((F— F)v/a,s- gl)>
0 0 R3

p1,p2>1
Pigp, (;;/ /52,352) e—(l—él)|1%—/5’|2—(1—52)|1%’Qd;;/l '

p1+p2=p—1

These recurrent relations allow to express each g,(k+/s, s) through the initial con-
ditions c¢(k,0). It is easy to see that this expression will be the sum of not more
than b 4p-dimensional integrals containing products of ¢(+,0) with different values
of the arguments where b is some constant. We shall discuss the related questions
in another paper.

Write down the inequality

lgp(E, 5)| < Cy f(|k]) e K/ D) — @ (|k]) e~ FP/ (D)

0<z<I1,
f(x)Z{x LotE

"t x>1.

The main result of this paper is the following theorem.

where

Main Theorem: The numbers C), can be chosen in such a way that

_ A (D2 +1)
(14) Co=B3 CnCrn =005

We prove the main theorem in the next section. First we analyze p = 1,2,3
and then the general case p > 3. We use the identity

a102
a1 + ao

ay
a1 + as

(15) arlk — K> + aqlK' > = k]2 + (a1 + a2) [k —

valid for arbitrary k, k’.
It follows easily from (14) that the C, grow no faster than exponentially (see
§2), C), < b1bh for some constants by, by < co depending on .

Corollary: If At¢/? < b;l then the series (7) converges for every k € R?\ 0.

It is interesting to remark that all but one of the terms of the series (7) have
finite energy and enstrophy.

Other expansions for the Navier-Stokes system which are formal can be found
in the monographs [4], [5]. General approach to the existence problem for the
Navier-Stokes System is discussed in [3].

2. The discussion of the results

First we show that the constants C}, grow not faster than exponentially. Denote
C, = Cp(p+1). The numbers C;, satisfy the relation

/ / /
C,=B Y C,C,.
p1,p22>0
p1+p2=p—1
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Using the induction, let us prove that C), < (B)?-(p+1)~3/2 for any p > 0 and

some constant B. For p = 0 we can choose B. Assuming that the last inequality is
valid for all ¢ < p we can write

~ 1 ~ 1
C! < B-(B)P! <B-B-BPF'—.
’ o P TP (0 + 1)
p1+p2=p—1

Take B =B - B;. This gives the result.

Now we see that the series (7) converges if A = A - t/2 < (B)~L.

In many estimates done for the NSS system, people assumed that solutions
v(k,t) at infinity in k satisfy the inequality |v(k,t)| < e=/®I* which is different
from the diffusion-like asymptotics. If this asymptotics represents the true decay
of solutions, it is an interesting question how does it appear. The series (7) sheds
some light on this question. We can write

~ 1 2
v(k,t)] < Const )220 p— L
o) < Comst 35

The usual asymptotical method shows that the largest term in this last sum is
when £|k|?/(Pmax +1)% = —In(baA), i.e., pmax = V1 - |k|//— In(b2A) and the whole
sum behaves as e2Pmaxn(b2X) — =2vi/=In(22)- k| Thig is the asymptotics which
was mentioned above. It also shows that in the domain of convergence of the series
the enstrophy of the solution is finite for ¢ > 0.

This type of decay of solutions in various situations was obtained earlier in the
works [2], [6].
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