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Abstract

In this paper, flows of a viscid fluids on curves are considered. Symmetry algebras and the cor-
responding fields of differential invariants are found. We study their dependence on thermodynamic
states of media, and provide classification of thermodynamic states.

1 Introduction

Consider flow of an viscid medium on an oriented Riemannian manifold (M, g) in the field of a
constant gravitational field. Motion of viscous media are described by the PDE system consisting of
the Navier-Stokes equation, the laws of mass and energy conservation (see [2], [5] for details):

p(uy + Vyu) —dive —gp =0,

8(/7 Qg) o
o + Lu(py) =0, (1)

pT (st + Vus) — @+ k(AGT) =0,

where the vector field u is the flow velocity, p, p, s, T are the pressure, density, specific entropy,
temperature of the fluid respectively, k is the thermal conductivity, which is supposed to be constant,
and g is the gravitational acceleration. The stress tensor o depends on two viscousites, which are
alse considered constant.

In this paper, we consider the case, when M is a naturally-parameterized curve in the three-
dimensional Euclidean space

M ={z = f(a), y = g(a), z = h(a)}
In this case, vector g is the restriction of the vector field (0,0,g) on M, i.e.,
g =gh'0,.

First of all, we should note that two additional relations involving thermodynamic quantites are
needed to complete the system (). To obtain them, we apply the method described in the paper
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[3] in detail. The general idea behind this method is representation of thermodynamic states with
Legendrian, or Lagrangian, manifolds in a contact, or symplectic, space correspondingly.
So, by the Navier-Stokes system £ we mean the equations ([Il) together with two equations of the
thermodynamic state
L:{F(p,p,S,T):O, G(p7p737T):O} (2)

that meet the condition
[F,G] =0 mod {F=0,G=0},

where [F, G| is the Poisson bracket with respect to the symplectic form
Q=dsANdT + p~2dp A dp.
Moreover, the restriction of the quadratic differential form
k=d(TY) de—p2d(pT™1) - dp

to the manifold of thermodynamic state is negative definite, here € is the specific internal energy.

The paper is organized as follows.

In Section 2 we study symmetry Lie algebras of the Navier-Stokes system £ and their dependence
on the form of the function h(a). There are six different forms, besides the general case, of the
function h that correspond to different symmetry algebras.

In Section [B] we consider the case when the thermodynamic state admits a one-dimensional
symmetry algebra and find the corresponding Lie algebras. For such thermodynamic states, we find
an explicit form of Lagrangian surface in terms of two equations on the thermodynamic quantities
p, T, p and s.

In Section Ml we recall the notion of differential invariants and introduce Navier-Stokes and kine-
matic invariants. For these types we find the field of differential invariants.

A space curve can be represented as a lift of a plane curve. Connection between the function h
and a way of lifting curve was discussed in [4].

Most of the computations in this paper were done in Maple with the Differential Geometry
package by I. Anderson and his team [I].

2 Symmetry Lie algebra

Using the standard techniques for calculating of symmetries we find dependence of symmetry algebra
of system & on the function h(a) (see the Maple files hitp://d-omega.org).

To this end, we consider a Lie algebra g of point symmetries of the system ().

Let ¥: g — b be the following Lie algebras homomorphism

9: X s X(p)d, + X (s)0s + X (p)d, + X (T)0r,

where b is a Lie algebra generated by vector fields that act on the thermodynamic valuables p, p, s
and T.

The kernel of the homomorphism ¢ is an ideal g, C g, and we call the elements of g, geometric
symmetries.

Let b¢ be a such Lie subalgebra of the algebra h that preserves thermodynamic state (2I).

Then the following theorem is true (see for details [3]).

Theorem 1. A Lie algebra gsym of symmetries of the Navier-Stokes system & coincides with

0 ().



First of all, consider the general case, when h(a) is an arbitrary function. Then the Lie algebra
g° of point symmetries of the system () is generated by the vector fields

X1 =0, Xo = 0, X3 = 0s.
The pure thermodynamic part h° of the system symmetry algebra in this case is generated by
Y1 =0,, Yy = 0s.
The PDE system & has the smallest Lie algebra of point symmetries 9~1(h?), when the function
h(a) is arbitrary.
The special cases of the function h(a) are listed below.
1. h(a) = const

When the symmetry Lie algebra g* of sthe system (1) is generated by Xi, X2, X3 and by the
following vector fields

X4 =04, Xe=t0+a0, —p0y—p0,,
X5 =t0, + Oy, X7 =0a0,+u0y, —2p0, + 2T Or.
The Lie algebra g is solvable and the sequence of derived algebras is the following
gt = (X1, Xo,..., X7) D (X3, Xo, X3, Xy, X5) D (Xy) =0.
The pure thermodynamic part h* of the symmetry algebra is generated by the vector fields
Y1 =0,, Yy = O, Y3 =p0,+p0,, Yy=p0,—TOr.

Hence, the PDE system € admits a Lie algebra of point symmetries 9~1(ht).
2. h(a) =Xa, A#0

In this case the Lie algebra g* of point symmetries of the system (Il is generated by X1, X9, X3
and by the following vector fields

Xy =0, Xe=1t0+2a0,+udy, —p0, —3p0, +2T0r,

X5 =1t0, + 0y, X7:t8t+()\th2—I—a)aa—l-/\gtau—pap—pap.
The Lie algebra g* is solvable and its sequence of derived algebras is
9> = (X1, Xo,..., X7) D (X1, Xo, X3, X4, X5) D (X4) = 0.
The pure thermodynamic part h* of the symmetry algebra is generated by the vector fields
Y1 =0,, Y5 = O, Y3 =p0,+p0,, Yy=p0,—TOr.

Hence, the PDE system € admits a Lie algebra of point symmetries ¥~1(h?).
3. h(a) = Aa®, A #0

In this case the Lie algebra g3 of point symmetries of the system (Il is generated by the vector
fields X1, X9, X3 and, if A < 0, by the vector fields

Xy =sin(/2Agt) 0, + v/ 2Ag cos(v/2Ag t) Oy,

X5 = cos(v/2Agt) 0y — v/ 2Agsin(y/2Ag t) Oy,
Xe=a0, +uld, — 2p8p + 2T0r



and, if A > 0, by the vector fields

Xy = exp(v/—2Xgt) 8a + /=2 g exp(v/—2Agt) By,
X5 = exp(—\/=2Agt) 0a — /—=2Agexp(—/~2)g t) Do,
Xe =00, +u0y, —2p0, +2T0r.
The Lie algebra g3 is solvable and its sequence of derived algebras is
g’ = (X1, Xo,..., Xg) D (Xo, X3, Xy, X5) =0.
The pure thermodynamic part h3 of the symmetry algebra is generated by the vector fields
Y1 =0, Y, = 0, Y3 =p0,—T0r.
Hence, the PDE system & admits a Lie algebra of point symmetries 971(h?).

4. ha) = \a™2, Ay #0,1,2
The Lie algebra g4 of point symmetries of the system (II) is generated by the vector fields

X1, X5, X3 and by the vector field
2a Aot Ao+ 2 29
Xy=t - a — (T -
L vy L venp LUt L Tl van L s vou

The Lie algebra g# is solvable and the sequence of derived algebras is the following

T Or.

94 = <X17X27X37X4> D) <X17X27X3> =0.
The pure thermodynamic part h* of the symmetry algebra is generated by the vector fields
Yl :apa Yé :asy Y?3 :pap_ ()\2+2)p8p+2)\2T8T

Hence, the PDE system & admits a Lie algebra of point symmetries 9~1(h{).

5. h(a) = )\16)‘2[1, )\2 75 0
In this case, the symmetry Lie algebra g> of the system (II) is generated by the vector fields
X1, X5, X3 and by the vector field

2
Xy =t0; — A—zﬁa—uﬁu—pﬁp+p8p—2T8T.

The Lie algebra g° is solvable and the derived algebras are the following
9> = (X1, X9, X3, Xy) D (X3, Xo, X3) =0.
The pure thermodynamic part h> of the symmetry algebra is generated by the vector fields
Y1 =0,, Yo = 0, Y3 =p0, —p0,+ 2T Or.
Hence, the PDE system & admits a Lie algebra of point symmetries 971(h?).

6. h(a) =Ina
The Lie algebra g° of point symmetries of the system (I} is generated by the vector fields
X1, X5, X3 and by the vector field

Xy =10 +a0, —p0y—p0,.
The Lie algebra g° is solvable and the sequence of derived algebras is the following
a® = (X1, Xo, X3, X4) D (X1, X,) = 0.
The pure thermodynamic part h® of the symmetry algebra is generated by the vector fields
Y1 = 0p, Y, = 0, Y3 =p0, +p0,.

Hence, the PDE system & admits a Lie algebra of point symmetries 971 (h?).
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3 Thermodynamic states with a one-dimensional sym-
metry algebra

In this section we consider the thermodynamic states, or the Lagrangian surfaces L, admitting a
one-dimensional symmetry algebra. The cases, when thermodynamic states admit a two-dimensional
symmetry algebra, can be studied in the similar way.

Let the thermodynamic state admit a one-dimensional symmetry algebra. Denote by

Z =mY1+pYo+ ... +%Ys

a basis vector of this algebra, then the Lagrangian surface can be found from the solution of PDE

(see [3] for details)
QL =0,
(tzQ)|L = 0.

This system in terms of specific energy can be written as

e=¢€(p,s), T=e, p= p26p.

Solving it, we find thermodynamic state L, which must also satisfy x|;, < 0.
Straightforward computations show that, for an arbitrary function h(a), there are no thermody-
namic states that admit a one-dimensional symmetry algebra.

1, 2. h(a) = const, h(a) = Aa
The pure thermodynamic part of the system symmetry algebra coincides with the thermodynamic

part of the 2d Navier-Stokes case. Thus, the classification of the thermodynamic states for these two
cases can be found in [3]. 3. h(a) = Aa?, A # 0

Let a basis vector of a one-dimensional symmetry algebra be

Y10y + 7205 +v3(p 0, — T Or),
then in the general case expressions for the pressure and temperature have the form

F/
p= EF’—F—E(lnp—lh r'=—, F=F<S+Elnp>,
V3 V3 P 3
where F' is an arbitrary function. The condition of negative definiteness of the differential form
leads to the relations , "
(o =) F"

V3

F'>0, F">0, F% > 0.

4. ha) = \a™2, Ay #0,1,2
Let a basis vector of a one-dimensional symmetry algebra be

Y10p + 7205 +73(p0p — (A2 +2)p 0, + 20T Or),

then in the general case expressions for the pressure and temperature have the form

2%
p 2t (1o F = 2093 F) m —

2
- . T =parp F:F<s+iln>,
13(A2 +2) 13(A2 —2) P 13(A2 +2) P

p:

where F' is an arbitrary function. The negative definiteness of the differential form x leads to the

relations
Ya(Ao + 2)F'F”

V3

F'>0, F'>0, 2(\—2)FF —4)3F? + > 0.



5. h(a) = \je?

The pure thermodynamic part of the system symmetry algebra coincides with the symmetry Lie
algebra of the Navier-Stokes system of differential equations on a two dimensional unit sphere. So,
the classification of thermodynamic states can be found in [3].

6. h(a) =Ina
Let a basis vector of a one-dimensional symmetry algebra be
Y10p + 7205 +3(p Op + p0p),

then in the general case expressions for the pressure and temperature have the form

—(yF' +C
po —EHCp F:F<S_Bmp>.
73 V3 3

The negative definiteness of the differential form x leads to the relations

F'+C
REFC
3

F'>0, F">0, 0

when s € (—o0, sg.

4 Differential invariants

As before in [3], we consider two group actions on the Navier-Stokes system £. Specifically, the
prolonged actions of the Lie algebras gm and gsym.
Recall that a function J on the manifold & is a kinematic differential invariant of order < k if

1. J is a rational function along fibers of the projection 7 o: & — &o,

2. J is invariant with respect to the prolonged action of the Lie algebra gy, i.e., for all X € gpn,
xX® () =o, (3)

where & is the prolongation of the system & to k-jets, and X *) is the k-th prolongation of a vector
field X € gn.

Note that fibers of the projection & — &y are irreducible algebraic manifolds.

A kinematic invariant is an Navier-Stokes invariant if condition (3] holds for all X € ggym.

We say that a point z3, € &£ and the corresponding orbit O(xy) (gm- or gesym-orbit) are regular,
if there are exactly m = codim O(z) independent invariants (kinematic or Navier-Stokes) in a
neighborhood of this orbit. Otherwise, the point and the corresponding orbit are singular.

The Navier-Stokes system together with the symmetry algebras gy or gsym satisfies the conditions
of Lie-Tresse theorem (see [6]), and, therefore, the kinematic and Navier-Stokes differential invariants
separate regular gy and gsy, orbits on the Navier-Stokes system & correspondingly.

By a g or ggym-invariant differentiation we mean a total differentiation

d d
A— + B—
& "
that commutes with prolonged action of algebra g, or gsym. Here A, B are rational functions on the

prolonged system & for some k > 0.



4.1 Kinematic invariants

Theorem 2. 1. The field of kinematic invariants is generated by first-order basis differential in-
variants and by basis invariant differentiations. This field separates reqular orbits.

2. For the general cases of h(a), as well as for h(a) = A\1a*?, h(a) = \1e*?® and h(a) = Ina, the
basis differential invariants are

a, u, P, S, Ut, Uq, Pa> St, Sa,

and the basis invariant differentiations are

d d
dt’ da’

3. For the cases h(a) = const, h(a) = Aa the basis differential invariants are
Py 8, Ug, Ut + UlUgy, Pay Sa, St T+ USq,

and basis invariant differentiations are

4 4 4
a " "da’ da

4. For the case h(a) = \a? the basis differential invariants are
Py 8, Ug, U+ UUg—2Aga, pPa, Sq, St + USg,

and basis invariant differentiations are

4, a 4
dt da’ da’

5. The number of independent invariants of pure order k equals 5 for k > 1.

4.2 Navier-Stokes invariants

In this subsection we study the thermodynamic states that admit a one-dimensional symmetry
algebra generated by the vector field A.

Considering the action of the thermodynamic vector field A on the field of kinematic invariants
and finding first integrals of this action we get basis Navier-Stokes differential invariants of the first
order.

Below we list basis Navier-Stokes invariants for the different form of function h(a).

1. h(a) = const
When the thermodynamic state admits a one-dimensional symmetry algebra generated by the
vector field

E1 X0+ X3+ 63X+ 6, X7 = flap +§285 —l—fg(t Or+ad,—p Z?p —p 8,,) +§4(a Og +1u 0y — 2p 8p +2T E?T),
then the field of Navier-Stokes invariants is generated by the first order differential invariants

3 3 2
s+ & In p, uap_ﬁ7 Papﬁ_{ p\Ut T Ula) (ue + uua)7 @7 St + USa
§3 + 284 Palla Pa Uq

and by the invariant differentiations

—5%a (4 1 d —ata d
3 4 — 3 4 .
P a U , P d

da a
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2. h(a) =Xa, A#0
When the thermodynamic state admits a one-dimensional symmetry algebra generated by the
vector field

X0+ & X3+ 63X+ 6 X7 = 518,, + &0 + §S(t O: +2a0, +udy, — pap —3p 8,) + 2T(9T)+
Agt?
& <t8t + ("T + a> O+ Mgty — Dy — pap> :
then the field of Navier-Stokes differential invariants is generated by the differential invariants

s+ 752 In P, uap_ 355334;5544 , pap3535—§r§4_27 p2(ut T Ulla )\g) , &7 5t + USa
365 + &4 Palla Pa Ua

of the first order and by the invariant differentiations

_ &3+& d d _263+€4
p 363+&4 E + , 1) 383+864 — |

u@ da

3. hia) =Aa®>, A #£0
If the thermodynamic state admits a one-dimensional symmetry algebra generated by the vector
field
§1Xo + 6 X3+ X =610, + £20s +&3(a 0, +u 0y, —2p0, + 2T07),

then the field of Navier-Stokes differential invariants is generated by the first order differential in-
variants )
62 Pa

2
s+ %, Inp, we plu+ uug — 2Aga)?, i

and by the invariant differentiations

sa
—, St tUSq
p

d 1 d

@ Y P Cae

4. h(a) = \a™, A\ #0,1,2
If the thermodynamic state admits a one-dimensional symmetry algebra generated by the vector
field

2a Aot Ay +2 29
X X X4 =£&0, 0 to — O0q — O —pOp+——=p0y — ——=T0
§1Xo+8 X3+83 Xy = §10p+82 s+§3< s v 1 Sl wans LBt LS Tl w102 Al wan A A
then the field of Navier-Stokes differential invariants is generated by the first order differential in-
variants ) 5
s+ M Ina, a_)‘2u2, aup, %, aua, azupa, @, asg,
2€3 u? u u

and by the invariant differentiations

A2-2 d -2 d

Ao+2 Ao+2

PR P e

5. h(a) = A\e?2®
If the thermodynamic state admits a one-dimensional symmetry algebra generated by the vector
field

2
§1 X9 + & X3+ 63Xy = 10, + &0, + &3 <t5t - A_zaa —u0y —pOp+p0, — 2T5T> ;

then the field of Navier-Stokes differential invariants is generated by the first order differential in-

variants Mot
2G2 —Xoa, 2 U Ugq St
5+ 2—61, € u-, o up, o —5 UPa, D) Sa
& U U U



and by the differentiations

6. h(a) =Ina
If the thermodynamic state admits a one-dimensional symmetry algebra generated by the vector
field
§1Xo + § X3+ 63Xy =10, + 6205 + &3 (0 + a0y —pOy — p0,),

then the field of Navier-Stokes differential invariants is generated by the first order differential in-
variants

§2 | 2
s — & na, u, ap, aui Glg, G- pPg, GSt, ASq
and by the invariant differentiations
. d 1 d
Prae P da

Appendix

The following table summarizes relations between the function h and the symmetry algebra of the
system (), see Section 2] for details.

X1 =0,
h(a) is arbitrary Xo = 0p,
X3 =0;s
Xy = 0O,
h(a) = const X5 =106+ Ou,
Xe=t0+a0, —p0y —p0,,
X7 =0a0,+u0y, —2p0, + 2T Or
Xy = 0Oq,
X5 =10q + Oy,
h(a) = Aa, A # 0 Xe=1t0+2a0, +udy, —p0d, —3p0, + 2T Or,

Agt?
X7 :t8t+(T +a) 0, +Agt Oy —p0Op — p 0,

Xy = exp(v/2Ag ) 8a + v/2Xg exp(v/2Ag ) Do,
h(a) = Xa?, X #0 X5 = exp(—+/2Agt) 0y — V2 g exp(—+/2Agt) O,
X6 =a0, +u0, — 2p8,, + 2T Op,

2 2 2T
h(a) = \a?2, hy £ 0,1,2 | Xy = 16 — —22 g, — 22U 8u—pap+A2—+pap—A—2
No — 2 N2

Ny — 2% Ny —2 Or

2
h(a) = Me® D #£0 | Xy =10 — 10— udy —pOy+p0, — 2T dr
2

h(a) =Ina Xy =t0+ad, —pdy,—p0,
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