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On spaces related to the Navier-Stokes equations
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Abstract. Some examples of multidimensional Riemann metrics related to the
Navier-Stokes and the Euler equations are constructed. Their properties are discussed.
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1 6D-metrics and the NS-equations

With the Navier-Stokes equations

OV (V-9) 7 =uaV Vs, V=0 (1)

where V = (U(Z,t), V(&,t), W (Z, )) is the fluid velocity, P(Z, ) is the pressure and
 is the viscosity, & = (x,y, z) presented as the conditions of compatibility

Hy(Z,t) — E,(Z,t) =0, H,(Z,t)— By(Z,t) =0, E,(Z,t) — By(Z,t) =0, (2)
where the functions H(Z,t), E(Z,t), B(Z) have the form
H(Z,1) = fo(@,1), B(@,0)=f,&1), B@,t)= [.(Z.1),
we can associate 6D-metrics

ds? = —2 B(Z,t)dt dv + 2 E(Z,t)dt dw + 2 H(Z,t)dv dw—

) </(%H(f, t)dz> dw? + dt dz + dv dy + dw dz (3)

having fifteen components.

Nine of them are equal to zero if the functions H(Z,t), E(¥,t), B(Z,t) satisfy
the conditions (2). The remaining six components Ry, Ryw, Ruyw, Rit, Riv, Riw
are expressed in terms of the functions H(Z,t), E(Z,t), B(Z,t) and their derivatives.

Properties of the 6-dimensional space with the metrics (3) can be used for the
study of properties of the N-S-equations.
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Example. The metrics (3) is Ricci-flat R;; = 0 if the velocity components of fluid
have the form

U(Z,t) = —1/2$%F(z,t), V(& t)=-1/2 (%F(z,t)) y, W(&,t) = F(z,t),

and the function F'(z,t) satisfies the equation (see [1])

Faut(2,t) = F(2, ) Fana (2, ) + i Fanaa(2,1) = 0. ()
In this case the functions H(Z,t), E(Z,t) and B(Z,t) have the form

B(#,1) = Fy(2,t) + F(2,)F2(5,1) — p e (5,1),

H(Z,t) = —1/22F,(2,t) + 1/4xF,(2,t)> = 1/22F(2,t)F..(2,t) + 1/2 p 2 F,..(2,1),
E(Z t)= —1/2szt(z,t)—|—1/4sz(z,t)2—1/2yF(z,t)Fzz(z,t)—l— 1/2pyF,..(2,t).

2 12D-metrics and the Euler equations

The Euler system of equations, which is the limit case u = 0 of the NS-equations,
is considered as a part of conditions R;; = 0 on the Ricci tensor of the Riemann
metrics of the 12D space in local coordinates (z,vy, z,t, u, v, w,p,&, N, X, p) :

ds* = dv dp + c(7,t)dp? + du dx + a(Z, t)dx>*+

+ ((V(:z, )2 — f(Z, t)) dp? + dz d€ + dy dp + dy dx + dt dn + 2 8(Z)dn dp-+
FOV(E, ) dp dp + 2W (Z, )V (T, 8)dp dE + 2U (T, )W (Z, t) dw dé+
F2U(F, V() dw dp + 2U(Z, t)dw dn + 2V (Z,8)dp dy + 2U(Z, t)dw dp-+
F26(Z)dy dx + 2 W (Z,6)d¢ dx + ((U(F,))? = F(7,1)) duw® +2b(F,t) dy dp+
+2U(Z,t)dw dx + 2V (&, t)dp dn + 2W (Z, t)dE dp + 2 W (Z,t)d€ dn + (&) dn?+
o dw + (W(Z,)) = f(7,1)) d€* + dz dp,

where f(Z,t) is the pressure of fluid.

Such a metric has 45 components of the Ricci tensor. 21 components from 45
are equal to zero on solutions of the Euler equations.

Let us consider some examples of solutions of the Euler equations defined by the
condition T = R, - R = 0 on scalar invariant of the metric.

Proposition. On the solutions of the Euler equations
1. (Shanko [2])

y—x+tx

ty+y—2x
2z -

U(x7 y? Z? t) = t2 9

V(z,y,z,t)
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z 1'2 +y2 22
W(x,y,z,t)z—?;, f($7y7z7t):_P0_1/2T+3t—27
U(z,y,z,t) = —cos(z)cos(z), V(z,y,zt) = —2 cos(z)sin(z),

W(z,y,z,t) = —sin(x)sin(z), f(z,y,2,t) =1/4 cos(2x) —1/4 cos(2z) + Py(t);
3. (Aristov, Polyanin [1])

B sin(kx) B sin(ky)
Ul@,y,2,1) = A (cos(kz) cos(ky) — 1)’ Viw,y,2,t) = A (cos(kz) cos(ky) — 1)’
f(z,y,2,t) = — ! W(z,y,2,t) =0

A2 (cos(kx) cos(ky) — 1)’
the invariant T = 0.

3 14D-metrics and the NS-equations

Proposition. With the full system of the NS-equations we can associate the 14D
space in local coordinates

x* = [z,y,2,t,u,0,w,p,§,1, X, s q, 0]

equipped with the Riemann metrics of the form
ds® = — / Vi(Z,t)dyde® — /Wt(f,t)dzdn2 + dv dg + s(Z,t)dg*+

2 K(E,£)d6% + o(&,t)dp? + 2 ((U(a?, D)2 — pU(,t) — f(Z, t)) dp dp+

+2U(Z,t)dp dx — / Uy(Z, t)dxdp? + 2 e(2,t)dg d6 + 2 h(Z,t)dp do+
+27(Z,t)dp dg+ 2 W (Z,t)dx dd + 2V (Z,t)dx dg + 2U(Z,t)dx dp+
2o puWL(Z,t)— f(Z,1)) dn d5+2 (V(Z,)W(Z,t) — pV.(Z,t)) dn dg+
W (Z,t) — pU(Z,t)) dndp + 2 (V(Z, )W (T, 1) — p W,(Z, 1)) dé do+
+2 (V(Z,1)* — pVy(Z,t) — f(Z,t)) d€ dg + 2 (U(Z,t)V(Z,t) — pUy(Z, ) dé dp+
+2 (U(Z, )W (Z,t) — p Wa(Z, 1)) dp d6 + 2 (U(Z, )V (Z,t) — u Vi(Z, 1))
+2W (&, t)dn dx + dy d§ + 2V (Z,t)dE dx + dt dx + dw do+
+dx dp + dz dn + du dp. (5)

[
—~
— i
~
SN— S~— —

dp dg+

It has 56 components of the Ricci tensor. 28 from them are equal to zero on
solutions of the NS-equations.
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Proposition. Due to the condition (2) the simplest scalar invariant of the metric
(5) T = R;j- RY =0, but the invariant S = R;;x - R¥*! of the metrics (5) is not
equal to zero and has the form

S = 5 U (%, 1)> =4 Uy (Z, ) Uy (Z, 1) +2 / Viat (2, )dy / Uyt (%, t)dz—
—4 V(T 1) / U (%, t)dx—4 / Varr (Z,8)dyUyy (T, ) +8 Vit (Z, ) Uyt (Z, )+
12 / Wt (7, 1)d / Us(F, 1) — A Wi (1) / Uit (7, £)d—
4 / Wit (F, ) d2U, o (7, )+ 8 W (7, 1)U, (7, )45 Vi (&, £)2 =4 Vi (&, 6) Vi (7, 1)+
+2 / W07, 1) dz / Voo, £)dy— AW, (7, 1) / Vi (&, £)dy—

—4 /Wytt(f, 1) A2V, (Z,t) + 8 Wy (Z, 1) Var (X, 1) + 5 W (Z, )2 —AW,.(Z, )Wy (T, 1).
On solution of the NS-equations

y—x+tr — K(zt)tsin(t™h)

U($7y7z7t) = o) ’
Vie,y, 2 t) = L5 ty — 2z — K(Z,t)tSitI;(t_l) — cos(t—l)K(Z,t)t7
2 2 2
W(x,y,z,t):—Z%, f($7y7zat):—P0—1/2x ;;y _|_3j_2’

where the function K (z,t) satisfies the equation

DK (z,t 2
Z"’Zf(z’) —I—,ua—K(z,t) +J(t)

0
—K(z,t) =2 5.2

ot

24
with arbitrary J(t), the invariant S takes the form S = 96 ot 6

with the metrics (5) is not Ricci-flat, but its scalar curvature R = 0 and invariant
T=0.

and the space
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