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The Euler equations describing motion of an incompressible ideal fluid are investigated with
symmetry point of view. We review some results on Lie, partially invariant, and nonclassical
submodels of these equations.

1 Introduction

Hydrodynamics partial differential equations are traditional objects of investigation by means
of methods of group analysis [1]. It is well known [2, 3] that the maximal Lie invariance algebra
of the Euler equations (EEs)

i+ (@-V)i+Vp=0, divi=0, (1)

which describe flows of an ideal incompressible fluid, is the infinite dimensional algebra A(FE)
generated by the following basis elements:

Oy Jap = a0y — 1500 + 1Dy — udya  (a < b),

D! = t9; — uOpa — 2p0,, D" = 2404 + u"0ya + 2p0p,

R(17) = R(7(t)) = m®(£)0 + mi(£)ua — miy(£)ay,

Z(x) = Z(x(t)) = x(t)0p. (2)

Such anomalously wide Lie invariance is typical for hydrodynamics equations of incompressible
fluids, which are written in the Euler coordinates.

In the following @ = {u®(t,%)} denotes the velocity of the fluid, p = p(t,Z) denotes the
pressure, & = {x4}, O = 8/0t, g = 8/0x4, V = {0y}, A = V - V is the Laplacian, m® = m(t)
and x = x(t) are arbitrary smooth functions of ¢ (for example, from C*((¢o,t1),R)). The
fluid density is set equal to unity. Summation over repeated indices is implied, and we have
a,b = 1,2,3. Subscripts of functions denote differentiation with respect to the corresponding
variables.

2 Lie invariant solutions of Euler equations

A number of Lie submodels of (1) have been already constructed. For example, in [4, 5, 6, 7] EEs
are reduced to partial differential equations in two and three independent variables by means of
using the Lie algorithm.

Using well-known Lie symmetry group of EEs, we describe all its possible (inequivalent) Lie
submodels. Namely, we find complete sets of inequivalent one-, two-, and three-dimensional
subalgebras of A(F). Then, we construct the corresponding ansatzes of codimension one, two,
and three as well as reduced systems of partial differential equations in three and two indepen-
dent variables and reduced systems of ordinary differential equations. Lie symmetry properties
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of the reduced systems of partial differential equations are investigated. There exists a number
of reduced systems admitting Lie symmetries which are not induced by Lie symmetries of the
initial Euler equations. (Existence of such symmetries was firstly proved by L.V. Kapitanskiy
[8, 9] just for the axially symmetric Euler equations.) The reduced systems of ordinary differ-
ential equations are integrated or for them partial exact solutions are found. As a result, new
large classes of exact solutions of EEs, which contain, in particular, arbitrary functions, are
constructed. Numbers of investigated objects are the following ones:

5 families of one-dimensional inequivalent subalgebras

5 families of ansatzes of codimension one (all the families of subalgebras can be used to reduce
the EEs by the standard method)

4 classes of reduced systems (two classes of reduced systems can be united)

2 classes of reduced systems that have non-induced Lie symmetries

16 families of two-dimensional inequivalent subalgebras

14 families of ansatzes of codimension two (14 subalgebras can be used to reduce EEs by the
standard method)

11 classes of reduced systems (there exist 3 pairs of classes of reduced systems, which can be
united)

2 classes of reduced systems are completely integrated

1 reduced system is linearized on a subset of solutions

45 families of three-dimensional inequivalent subalgebras

21 families of ansatzes of codimension three (only 21 families of subalgebras can be used to
reduce EEs by the standard method)

10 classes of reduced systems solutions of which are not solutions of completely integrated
reduced systems with two independent variables

Now we consider two stationary Lie submodels of codimension 3, which do not have analogs
in the case of viscous fluids as their construction essentially bases on specific invariance of EEs
with respect the time dilations generated by the operator D!. Moreover, integrating of these
nonlinear submodels can be reduced to solving of second order linear ODEs. Below we give the
corresponding subalgebras, ansatzes, reduced systems, and their solutions.

1. {0y, Ji2 + a1 D, R(0,0,1) + asD?), where (a1, az) # (0,0);

u' = (210" — 229?)et, P = (20" +219%)et, u =%, p=he,

where ¢ = —agr3 — oy arctan zo /1, w = (23 4 23)'/2, and new unknown functions ¢® = ¢%(w)
and h = h(w) satisfy the reduced system
wplpy — (g® +asp’)p! +(91)? = (9*)? +w thy, = 0,
wp' el — (19? + agp®)p? + 20" 9 — 201w~ %h = 0,
wepled — (
1 1 2 3y
wp, +2¢p° — (a1p” + agp”) = 0. (3)

19 + azp?)p® — 2ash =0,

If o' =0, then h = p? = app>® = 0 and we obtain a trivial solution of EEs. Let ¢! # 0. It
follows from system (3) that
2 _ an(wpy, +20") + azfwie! 5 _ aa(wpy, +2¢") — a1 fwie!

¥ = ¥ =
a3w? + af ’ a3w? + af ’

W teloh, — (weu)® —4p!)? | WP (of - aBw’)wgy, + 2000 (aafw? + 204)
2 adw? + a? 2 (@dw? + a?)?

)
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where ¢! = w™2(adw? + a?)/?(w), ¢ is an arbitrary solution of the second order linear ODE

1 2 2.2 2
Yow + D00 F (“3% i <5+ &> + (03w +al)(w ™ +9) | ¥ =0,

2.2 1 02)2 2.2 1 o2
azw? + af) asw? + af

B and ~y are arbitrary constants. For some values of parameters the general solution of the last
equation can be expressed via elementary or special functions. So, in the case ag =0

=2,/ +aiyw) if P+aiy#0, v=a1y/=7,
Y = C1w’ + Cow™ if B2+a2y=0, B0,
d}:Clh’lw—FCQ if /62’7:0

Here and below 7, is the general Bessel function of order v, W is the Whittaker functions, Cy,
C1, Oy, and (5 are arbitrary constants. In the case a3 =0

b =7Z1(1/B* + a3 w) if v=0,
1 62—}-(1% 1 2 .
= — ——= g/ — f )
w WW<4052\/—7’Y’2,C(2 ')’CL) 1 7#0
2. (0, D* + aD' + »Ji3 + R(0,0, ut) + Z(e1), R(0,0,1) + Z(g3)), where a # 0, u(a — 1) = 0,
61(04 — 1) = 62(20& — 1) = O;
wt =g — a4 ?), ut = e (4 ),

2

ud =r7%? £ plnr, p=1r2"2h+elnr +eoxs3

where r = (27 + 23)'/2, w = arctan zo/x; — s>In7, and new unknown functions ¢® = %(w) and
h = h(w) satisfy the reduced system

0oL+ (1= )’ + (1+5)9° 43001 ) (0 +560%) — 2(1—a) seh + (1436 hy, = 221,
00l + (1 - a)p*0® + pgp® + 2 = 0,

0l + (1 — )p’® — (' + 29°)* + 2(1 — )h — 3chy, + €1 =0,

ol +(2—a)p’=0. (4)

There exist three different cases of integration of system (4). If & = 2 then any solution of (4)
belongs to a family from the following ones

pl=¢?=0, ¢*=C1, h=-3(1+3*C%
pl=p*=h=0, ¢*=¢*w)
ol =01, @?*=0Cy ¢3=0, h= —%012;
pl=C1, @ =Colw+C3)7Y, 9P =—Ci(w+C3)7Y, h=(x(w+C3) = 3)CF
ot =C1, ¢©?=Cycos™H(Caw + Cy), ¢*= C1C3tan(Csw + Cy),
h=3CHC3(L+5%) — 1) — %Cr¢®;
_ &

31603“’ +BQe—ng’
h=—3CHC3(1+ 5% + 1) — 3Cr°.

Blng,w — Bze_c3w
31603"” + 326_03“”

ol =01, ¢? O = —C1C;3

In the case a = 1 we obtain that eo = 0, p? = pln ' +Co, ©* = —L, h, = #(plel,—(pL)?),
and (14 s2)pl,, — 230l + ! = g1(p1) 71, If additionally £; = 0 then
w W 1C%+C3 2w
ex =—= ex
1+52) P12 2 142 P14s2

gpl = (C'1 cos _v + Cysin + Cs.

14 22
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Let a & {1;2}. Then ey = =0, £2(2a — 1) =0, ¢* = —(2 — a) "Ly},
1/ —2x 1+ 2 1-a
h—_= 1.1 112 12 1y25=2
2(2-&" ¢w+(2_a>2(%) +(¥) (1_a)(2_a)(90) :
l-a _3-2a
p? = (ph) e (Cs +e2 ()™ T dw),
(14 5%) o — 222(2 = @)ip, + (2 — @) 9" = Co(p') 25

The last equation is easy solved if Cy = 0.

3 SO(3)-partially invariant solutions of Euler equations

The concept of partially invariant solutions was introduced by Ovsiannikov [1] as a generalization
of invariant solutions, which is possible for systems of partial differential equations (PDEs). The
algorithm for finding partially invariant solutions is very difficult to apply. For this reason it is
used more rarely than the classical Lie algorithm for constructing invariant solutions.

In this section we describe the process of constructing SO(3)-partially invariant solutions of
the minimal defect which is equal to 1 for the given representation of so(3) generated by the
operators Jg; from A(E) (2) (see [10] for detail).

A complete set of functionally independent invariants of the group SO(3) in the space of
the variables (¢, Z, 1, p) is exhausted by the functions t, |Z|, Z - @, |d|, p, so any SO(3)-partially
invariant solution of the minimal defect has the form

uft = o(t, R), v’ = w(t, R)siny(t, R, 0, p), u? = w(t,R)cosy(t, R, 0,0), p=p(t,R). (5)

Hereafter for convenience the spherical coordinates are used. Substituting (5) into EEs (1), we
obtain the system of PDEs for the functions v, w, 9, p :

vt+vvR—R*1w2+pr =0, wy + vwr + R ow =0,
w(thy + v + R wig sin + R~ 1w cos ) (sin 9)_1(1% —cosf)) =0,
Ruy + 20 + wipg cos 1 — (sin6) 1w sin (v, — cos ) = 0. (6)

It follows from (6) if w = 0 that v = nR™2, p = n,R~! — %7]21%_4 —+ X, where 1 and x are
arbitrary smooth functions of ¢. The corresponding solution of EEs

rR_ T
= 52

is invariant with respect to SO(3). Note that flow (7) is a solution of the Navier-Stokes equations
too, and it is the unique SO(3)-partially invariant solutions of the minimal defect for them.

Below w # 0. Then two last equations of (6) form an overdetermined system in the function ).
This system can be rewritten as follows

Vg + Rw ™ sintp(vy + vipr) = —G cos 1,
Y + Rw ™t cos (¢ + vipr) sin @ = G'sinysin @ + cos 6, (8)

2
U uezu“":O, p=———4Y% (7)

where G = w™!(Rvg + 2v). The Frobenius theorem gives the compatibility condition of (8):
Gy +vGr=R'w(1+G?). (9)
If condition (9) holds, system (8) is integrated implicitly and its general solution has the form

F(QI7QQaQ3) = 07 (10)
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where F' is an arbitrary function of {21, 9, and (3,

sin @ sinvy — G cos 6 cos Y
1 V1t G2 ’ 2= tarc ancosﬂsingl)+Gsi1r19’ 3 (&),

h = h(t,R) is a fixed solution of the equation h; + vhr = 0 such that (h¢, hr) # (0,0). Equa-
tion (10) can be solved with respect to ¢ in a number of cases, for example, if either Fg, = 0 or
Fq, = 0. Equation (9) and two first equation of (6) form the “reduced” system for the invariant
functions v, w, and p. It can be represented as the union of the system

R2ftR+ffRR_ (fR)2 =9, R29t+ng:0, f = R2U) g = (RU))Q, (11)

for the functions v and w (this system can be also considered a system for the functions f and
g) and the equation

pr=—vy —vogr — R™'w? (12)

which is one for the function p if v and w are known. Therefore, to construct solutions for EEs,
we are to carry out the following chain of actions: 1) to solve system (11); 2) to integrate (12)
with respect to p; 3) to find the function ¢ from (10).

Theorem 1. The mazimal Lie invariance algebra of (11) is the algebra
A= (8;, D' = ROR + v, + wdy,, D' = td; — v0, — wdy ).

A complete set of A-inequivalent one-dimensional subalgebras of A is exhausted by four
algebras (0; ), ( D), (9, +D%), ( D'+ xD®). In [10] we constructed the corresponding ansatzes
for the functions v and w as well as the reduced systems arising after substituting the ansatzes
into (11). Two first reduced systems were integrated completely. We also found all the solutions
of system (11), for which f and g are polynomial with respect to R.

4 Nonclassical symmetries of Euler equations

In this section we give results on @-conditional symmetry [11, 12] of (1) with respect to single
differential operator Q = £°(t, %, i, p) Oy +£%(t, &, @, p) O +n(t, T, i, p)Oua +1°(t, T, @, p)Dp, which
were firstly presented in [13].

Theorem 2. Any operator Q of Q-conditional symmetry of the Euler equations (1) either is
equivalent to a Lie symmetry operator of (1) or is equivalent (mod A(E)) to the operator

Q = 85 + C(t, x3,u®)Bys + X (t)30,, (13)

where (3 # 0, (3+ (Cus =0, G+ (W3¢ + x23)Cs + ()?+ x = 0.

It follows from Theorem 2 that there exist two classes of the possible reductions on one
independent variable for EEs, namely, the Lie reductions and the reductions corresponding to
operators of form (13). Lie reductions of EEs (1) to systems in three independent variables were
investigated in [5]. An ansatz constructed with the operator Q has the following form:

u =v, u° =0, u3:x3213+1p(t,1)3), p:q—l—%x(t)xg,

where v® = v4(t, 21, 22), ¢ = q(t, 21, 2), the function ¥ = 9)(¢,v3) is a solution of the equation
Py — ((03)2 4+ X)¥ys + v3¢ = 0. Substituting this ansatz into (1), we obtain the corresponding
reduced system (7,7 = 1,2):

+0v® =0.

vi%—vjv;»—i-qi =0, vf+vjv?+(v3)2+x:0, Ug
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The analogous problem for the Navier-Stokes equations (NSEs)
4 (@-V)i+Vp—vAi=0, divi=0 (v#0) (14)

describing the motion of an incompressible viscous fluid was solved by Ludlow, Clarkson, and
Bassom in [14]. Their result can be reformulated in the following manner: any (real) operator Q
of nonclassical symmetry of (14) is equivalent to a Lie symmetry operator of (14). Therefore, all
the possible reductions of NSEs on one independent variable are exhausted by the Lie reductions.
The maximal Lie invariance algebra of NSEs (14) is similar to one of EEs (see [15, 16]):

A(NS) = (84, Jap, D'+ 3D%, R(m(t)), Z(¢(1)))-

The Lie reductions of NSEs were completely described in [17].

It should be noted that non-classical invariance of hydrodynamics equation (in particular,
the Euler and Navier-Stokes equations) with respect to involutive families of two and three
operators have not been investigated. The complete solving of this complicated problem would
allow to describe all the possible reductions of the equations under considerations to systems of
PDEs in two independent variables and to systems of ODEs.
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