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We discuss certain aspects of Lie-point symmetries in spherically sym-
metric systems of gravitational physics. Lie symmetries are helpful in solv-
ing differential equations. General concepts and a few examples are given:
perfect fluid in shearfree motion, the conformal Weyl theory and a higher
derivative gravity which is equivalent to General Relativity coupled to cer-
tain nonlinear spin-2 field theory.

PACS numbers: 04.20.—q

1. Introduction

Lie groups play an outstanding role in modern mathematical physics.
Origins of the theory comes from developing methods for solving nonlinear
differential equations by great mathematicians such as Gustav Jacobi and
Sophus Lie. Nowdays the Lie symmetries method is a powerful technique for
solving nonlinear ordinary (ODEs) as well as partial differential equations
(PDEs), or at least for detecting integrable regimes of systems of differential
equations (DEs). The method is based on a geometrical approach to a sys-
tem of N-th order DEs, which defines a solution submanifold in a N-jet space
representing all derivatives of the dependent variables up to N-th order.

For brevity, we do not discuss in details various methods of solving DEs
by the symmetry approach, sometimes it is helpful enough to know only
an analitic expression of a symmetry in order to discover an integration
strategy. Our aim is to present shortly a general scheme of the Lie method
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restricted to a recipe for computation of point symmetries of ordinary differ-
ential equations. The main algorithm is illustrated with interesting examples
of spherically symmetric systems.

1.1. Basic concepts

Let v be a vector field in a space of dependent and independent variables
v=E&(x,u)0, + Z ¢j(z,u)Oy, -
j=1
Let X be a system of ODEs
Zz{wl 2071/}2 :O-"7¢T :0} )

with one independent variable x and m dependent variables
u= (U, u2,...Un)

and with derivatives up to the N-th order {u,(fn), n< N } Let us consider

one-parameter Lie group of transformations
=V (z,u,e),
u =P (z,u,e),
under which X must be invariant. The group action is infinitesimally given by
¥ =z 4 ef(z,u) + O(e?),
ujzuj+sgbj(aj,u)+0(s2), j=1,....,m.

In order to determine the functions &, ¢; we require that the previous trans-
formation leaves invariant the space of solutions of X

Sy ={u:Y1=0,02=0...,¢, =0} .
This is equivalent to the following condition:

pr(N)'U(@bz)‘E = 0 fOr au 1= ]-7"'7r7 (1)

m m N
0+ $u + 3> 80 2)
k=1

k—=1n—1 F

where pr(N)v
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is a N-th prolongation of the vector field v (an extension of v to the N-jet
space) [1,2] and qbggn} is defined recursively by

o = Dagy — "V Dg, (3)

where D, is the total derivative with respect to x. The condition (1) yields
a system of linear partial differential equations for £, ¢;, called a determining
equations system, which has to be satisfied for all solutions of Y. Sometimes
such a system appears to be easier to solve then the original one. The above
steps form an algorithmic procedure which may be successfully implemented
in a computer algebra system.

The main application of Lie-point symmetries is searching for exact so-
lutions or testing integrability of differential equations in general. A N-th
order ODE which has a symmetry can be reduced to a N —1-th order ODE.
A classical Lie’s theorem says that if a N-th order ODE admits a N-dimen-
sional solvable Lie group (of point-symmetries) that acts transitively in the
space of first integrals then the solutions can be given in terms of N line
integrals [1]. It should be noticed that differential equations may have other
types of symmetries:

e generalized (or Lie-Backlund), &, ¢; depend on derivatives of depen-
dent variables.

e nonlocal symmetries, £, ¢; depend also on integrals of variables.

1.2. Examples

The simplest second order ODE u” = 0 has an eight dimensional group
of Lie-point symmetries, using (1) and (2) for X' = {«” = 0} one obtains
a system of determining equations, its solutions represent eight independent
generators of symmetries, the most general one is:

0

v = (a1 + asx + asu + agxu + a5a:2)
i

0
9y O
+(a6+a7x+a8u+a5xu+a4u )%,

where a; are arbitrary constants. One can show that every second order ODE
admits at the most an eight-dimensional Lie group of point symmetries while
a linear n-th order equation admits at least n-dimensional one. Next we give
an example of a second order ODE which has no Lie-point symmetries:

7i ! !
W =zut+e¥ +e .
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2. Perfect fluid in shearfree motion
Assume the line element
g = —e2h g2 4 2A) [dr2 + r2d(22} . (4)
Energy momentum tensor is given by:
T% = (u +p)uug + pé“s,

where u® is a 4-velocity of the fluid, u is mass density and p is pressure.
Kustaanheimo and Qvist 3] showed that for the metric function

u(z, t) = e D, r =7’

)

the field equations reduce to one ordinary differential equation
u” = F(z)u?. (5)
The second metric function is then

) — ) o0

where f(t) is an arbitrary function connected with the freedom of scaling ¢.
The function F'(x) depends on the equation of state of the fluid, and mass
density p as well as pressure p can be computed from A and f.

2.1. The symmetry approach

Using the procedure (1), (2) one finds that for given F(x), the equation
admits a symmetry if there exists B(x) which satisfies

F<gB'+c>+BF’:0, B" =4(dx +e€)F ,

where ¢, d and e are arbitrary constants [4].

For the symmetry approach to the differential equation u” = F () u? we
encounter two different tasks. The first to determine all functions F' (z) for
which v’ = F(z)u? admits a symmetry, the second: for given F(z), solve
the differential equation.

The first task: two cases have to be considered:

1. v’ = F(x)u? admits one symmetry. All functions F' belonging to
symmetries with either ¢ = 0 or dx + e = 0 are known and given by

B — B—5/2
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for ¢ = 0, and by

B = oz’ + 28z + 7,

dx
= _5/2 — -
F B exp( c/ B>

for dx + e = 0; for the general case ¢ (dz + e) # 0 no solution is known
which admits only one symmetry.

2. u" = F(z)u? admits two symmetries. All these functions F are
known; they satisfy

9 [F—4/5 (F—l/s)”} ! _ 35 [(F—l/s)"r

The second task: F'(z) is given and one solves the differential equation.
Then three main cases can occur:

1. v’ = F(z)u? does not admit a symmetry. Then the symmetry ap-
proach does not help.

2. u" = F (z)u? admits one symmetry. Then v” = F (x) u? can be trans-

formed into Y = —2¢Y + Y240, Y +by by means of the transformation

Y = constu(z) +v(z), XY =0, u(w)z%exp(—/%dw),

1

1
U(IL’) = _ZBB” + g (B/)2 —|-2)0,

s:/dg, Xs=1.

If the symmetry has ¢ = 0, then this equation can be solved by quadra-
tures. For ¢ # 0, no solution of u” = F (x) u? is known.

and

3. v’ = F(x)u? admits two symmetries. Then its general solution can be
given in terms of quadratures by standard group theoretical methods,
or by transforming u” = F(x)u? using the symmetry with ¢ = 0
and then performing some quadratures. In the two-symmetry case F'

satisfies
1 2
4 F6/5 <<F—1/5) > —0.

/
o f—2/5 {F‘2/5 (F—3/5 (F—1/5>”> }

/
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3. Weyl Conformal Gravity
The Lagrangian density for the Conformal Gravity [5] is given by

L= —% i OO = éR2 — R, R™ — %LGB : (6)
where Copg,,, is the Weyl tensor and Lgg = RQWVRO‘W” — 4R, R" + R?,
the Gauss—Bonnet term, is a total divergence in four dimensional spaces,
i.e. it does not contribute to the field equations. The Bach equations which
follow for the Lagrangian (6) are satisfied by all Einstein vacuum metrics
and any conformally related metrics, they read

avevic t o+ RPC M, = B*, =0, (7)

where B*, is the Bach tensor.
For the sake of simplicity we use a kind of isotropic coordinates:

g = —e2@gr? 4 2V(@)=al@)) [dz? + 2%d2?] . (8)

The only nonvanishing components of the Bach tensor for the metric (8)
read

4(a—v) .
B — € ; {20/”’—!— <40/+§> o + 3a 2—204/2@”—&/4
T

202 4+ 22d/a” 5
+ + 2t
x x

4(a—v) 1 2 6 /3
Bll _ € {2 <O/ N _> al/l —a T+ 20/20// . 0/4 4 «
3 x x

40" + 9% 4d/
22 z3 (7

da-v) 1 " 11a/a” + 4o’

20" +2a% 2/
22 3

By direct inspection one finds that there is a simple Lie symmetry

0 0
v = dla_a +d2(az)$,
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which appears to be the conformal symmetry of the field equations. The
Bach tensor is trace free

B*, =B+ B' +B%+B% =0, B%=B%,
conformally covariant of weight —1 i.e. if £2? is a conformal factor
G — G = 2% g
then
By — By = 272B,, .

With help of (9) one can find the general solution, which in a slightly different
parametrization [6] reads

1
_ 2 2 2 23502
g = —a(z)b*(x)dr* + a(a;)dx + x*df2”,

c . .
a(r) = ¢ + 24 csx + cqz? | with a constraint 1 — c% + 3coc3 =0,
T

b = const.

We did not detect other Lie symmetries of the above system.

4. Higher-derivative gravity

Higher-derivative gravity theories given by Lagrangian £ = R + aR? +
bR, R* are dynamically equivalent to Einstein’s General Relativity coupled
to certain scalar and spin-2 field theories [7]. We restrict here only to the case
when a = 1/(3m?) and b = —1/(m?), such a theory by means of a specific
Legandre transformation may be recast to the Hamilton picture where it
describes a spin-2 field interacting to the standard Einstein gravity.
Euler—Lagrange equations read

1 ey 1 a pb
G+ — {—DR"V + 2R PR + SRR,
1 ) 1 2
+6(DR — R?)o*, + gv*‘VVR + gRRMV =0 (10)

i.e. Einsten tensor + 1/n? Bach tensor — 0.
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The trace of this system implies vanishing of the Ricci scalar (since the
Bach tensor is traceless):

R=0,

therefore, the terms in the bracket may be easily reduced. For the line
element

g=—e®@dr? 4+ @ g2 4 22402, (11)

where * = mr, 7 = mt are dimensionless G'; + Bl = 0 with help of
R=0, R =0, R" =0, reduces to

z 2

by 1 v 1— e
2\ 2\

” 12 ’or l—>\/ 1 2
—26_2>\{I/ +v —vA —1—21/ —|——2}—|——2:0.
X

’ ’ 127 It 12 ’y7 12
v 1 " 1/3—|—1/2)\—21/)\2 —%I/ + v A —l—%)\
R DY +

ZT ZT

Solving the system of partial differential equations from (1) one obtains that
the only one symmetry vector field is

v = const N

which can be found immediately since there is no variable v in the equations
of the system but only v and v/". This does not help to solve our equations.
A system with no Lie-point symmetries may have nonlocal symmetries or
generalized Lie symmetries, which could provide the only way to find the
general solution. The above system does not possess generalized symmetries
depending on second order derivatives. We studied also third and fourth
order subsidiary systems obtained from the original field equations and found
no further symmetries.

5. Conclusions

When a direct approach to differential equations fails one can use the
Lie symmetry method, which is one of the most powerful. In case of perfect
fluid or conformal gravity existence of symmetries appears to be helpful for
solving those difficult equations.
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In the higher derivative theory of gravity the field equations have a triv-
ial Lie-point symmetry, but one expects there exist non-local symmetries,
however, they are more difficult to detect. We even could not decouple
successfully the system of equations in contrary to the other two examples.

The main advantage of the computational recipe for Lie-point symme-
tries is that it can be used for any systems of differential equations, though
sometimes its groups of Lie symmetries turn out to be trivial, nevertheless
shedding some light on solvability of a given system.

REFERENCES

[1] H. Stephani, Differential Equations: Their Solutions Using Symmetries, Cam-
bridge University Press, New York 1989.

[2] P.J. Olver, Applications of Lie Groups to Differential Equations, 2nd Edition,
Springer Verlag, New York 1993.

[3] P. Kustaanheimo, B. Qvist, A note on some general solutions of the Einstein
field equations in a spherically symmetric world, Soc. Sci. Fennica, Commen-
tationes Physico-Mathematicae 13, 12 (1948).

[4] H. Stephani, T. Wolf, Class. Quantum Grav. 13, 1261 (1996).
[5] H. Weyl, Space-Time Matter, Dover Publ. 1992.
[6] S. Deser, B. Tekin, Class. Quantum Grav. 20, 4877 (2003) [gr-qc/0306114].

[7] G. Magnano, L.M. Sokolowski, Ann. Phys. (N.Y.) 306, 1 (2003)
[gr-qc/0209022].



