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Abstract The Lie symmetries of the geodesic equations in a Riemannian space
are computed in terms of the special projective group and its degenerates (affine
vectors, homothetic vector and Killing vectors) of the metric. The Noether sym-
metries of the same equations are given in terms of the homothetic and the Killing
vectors of the metric. It is shown that the geodesic equations in a Riemannian
space admit three linear first integrals and two quadratic first integrals. We ap-
ply the results in the case of Einstein spaces, the Schwarzschild spacetime and
the Friedman Robertson Walker spacetime. In each case the Lie and the Noether
symmetries are computed explicitly together with the corresponding linear and
quadratic first integrals.
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1 Introduction

Geometrically the Lie symmetries of a system of differential equations are un-
derstood as automorphisms which preserve the set of the solution curves. In a
space with a linear connection there is an inherent system of differential equa-
tions defined by the paths (or autoparallels) of the connection. It is well known
that these curves (as a set) are preserved under the projective automorphisms of
the space. Therefore it is reasonable one to expect a relation between the projec-
tive collineations of the space and the Lie symmetries of the system of differential
equations of the paths.

A special case of the above scenario occurs in a Riemannian space in which
case the paths are the (affinely or not) parameterized geodesics determined by the
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metric. In this case one expects a close relation to exist between the Lie symme-
tries of the geodesic equations and the projective collineations (PC) of the metric
or their degenerates affine collineations (AC), homothetic Killing vector (HKV)
and Killing vectors (KV).

Indeed this topic has been discussed extensively in the literature. Classic is the
work of Katzin and Levin [[15;[2;|3;4]. Important contributions have also been done
by Aminova [55 65 [7; 8], Prince and Crampin [9]] and many others. More recent is
the work of Feroze et al. [[10] where the case of maximally symmetric spaces of
low dimension it is discussed.

Furthermore, because the geodesic equations follow from the variation of the
geodesic Lagrangian defined by the metric and due to the fact that the Noether
symmetries are a subgroup of the Lie group of Lie symmetries of these equations,
one should expect a relation/identification of the Noether symmetries of this La-
grangian with the projective collineations of the metric or with its degenerates.
Recent work in this direction has been by Bokhari et al. [11; [12] in which the
relation of the Noether symmetries with the KVs of some special spacetimes it is
discussed.

In the present paper we give a complete answer to both topics mentioned
above. In Sect. 2] we give a brief introduction concerning the autoparallels of a
symmetric connection. In Sect. [3| we determine the conditions for the Lie symme-
tries of the geodesic equations in covariant form and relate them with the special
projective symmetries of the connection. A similar result has been obtained by
Prince and Crampin in [9] using the bundle formulation of second order ordinary
differential equations (ODE). In Sect. [d] we apply these conditions in the special
case of Riemannian spaces and in Theorem |l| we give the Lie symmetry vectors
in terms of the special projective collineations of the metric and their degenerates.
In Sect. E]we give the second result of this work, that is Theorem E], which relates
the Noether symmetries of the geodesic Lagrangian defined by the metric with the
homothetic algebra of the metric and comment on the results obtained so far in the
literature. Finally in Sect. [§] we apply the results to various cases and eventually
we give the Noether symmetries and the associated conserved quantities of the
Friedman Robertson Walker (FRW) spacetimes.

2 Preliminary results

Consider a C* manifold M of dimension n, endowed with a F]‘k symmetri

connection. In a local coordinate system {x’|i = 1,...,n} the connection F;;(a,- =
V 0y and the autoparallels of the connection are defined by the requirement:
# (1) + Dy (x(0) () (1) = 9 (X' (1), i=1,....n, (1

where 7 is a parameter along the paths. When ¢ vanishes, we say that the autopar-
allel is affinely parameterized and in this case ¢ is called an affine parameter, that
is one has:

2 () + T (x(0)# () () =0, i=1,....n. 2)

' The coefficients F/’k in general are not symmetric in the lower indices. In the autoparallel

equation (1) the antisymmetric part of F[j.k] (the torsion) does not play a role.
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If X = X9d, is a vector field on the manifold the following identity holds (see
Yano [13] eqn. (2.16)]):

K =X5 +Th X + X4+ X — X 3)
We say that the vector field X is an Affine Collineation (AC) iff:
KT = )
In flat space equation (4)) implies the condition:
Xape =0 &)
the solution of which is:
X, =Bapx’ +C, (6)

where B, and C, are constants. The geometric property/definition of affine
collineations is that they preserve the set of autoparallels (i.e. paths) of the con-
nection together with their affine parametrization (that is, by an affine symmetry
an affinely parameterized autoparallel goes over to an afﬁnely parameterized au-
toparallel of the same connectlon) From (6) we infer that in an n-dimensional
space there are at most n+n* = n(n+ 1) ACs and, when this is the case, it can be
shown that the space is flat.

We say that a vector field X is a projective collineation of the connection if
there exists a one form @; such that the following condition holds [13;|14]:

“ jl){ = COj(S,ﬁ + (Dk6j’:. @)

Ina Riemannian space the form ' is closed, that is, there exists a function
f(x"), called the projective function, such that:

iﬂxrk—fﬁk"‘fk(s 3
In flat space condition (8) implies that:
Xap = Bap + (Acx) gap + CpXa- &)
which has the solution:
X, = Bapx? + (ApxP)xa +C, (10)

where again the various coefficients are constants. In an n-dimensional space there
are at most n> +n +n = n(n +2) projective collineations of the connection and
when this is the case, it can be shown that the space is flat. This holds in any space
irrespective of the signature of the metric and the (finite) dimension of space. In
case that the function f satisfies the condition f.;; = 0, that is, f, is a gradient KV,
the projective collineation is called special.

The geometric property/definition of the (proper) projective collineations
is that they preserve the set of autoparallels, but they do not preserve their
parametrization.
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3 Lie point symmetries of the autoparallel equations

We write the system of ODEs (1)) in the form ¥ = @' (x,%,t) where:
o (x,%,1) = =L (x)%/ 25 — 9 (1)1 (11)

The associated linear operator defined by this system of ODE:s is:

J .0 -
A - = ¢! = (I)l t J %! = .- 12
5 it (t,x7 % >8x’ (12)
The condition for a Lie point symmetry for the system of equations is [[L5]:
XU AT =A(xHA (13)

where X 1 is the first prolongation of the symmetry vector X = &(z,x)d; +
n'(t,x)d, defined as follows:

XU = E(t,x,9)9, +0'(,x,%)9 + G0, (14

and G!'/" are the coefficients of the first prolongation given by the formula:

d_; d i i i i
A Vi Al Tl o

i _
G dt

It is a standard result [15] that (T3) leads to the following three conditions:

—AE =1 (15)
G = Anf — HAE (16)
x(o) —AG) = —0'AE. (17)

For any function, f(t,x'),Af = df/dt = f,+ f & is the total derivative of f.
Using this result we write the symmetry conditions as follows:

dég
A=-=2 (18)
;_dn' d&
i — 4N _ .i4s
G TR (19)
xW(o") —a(GMH = —a)i%. (20)

We note that the second condition defines the first prolongation G!'l’. The
first Eq. gives the factor A. Therefore the essential symmetry condition is

Eq. (20).
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To compute the symmetry condition we have to compute the quantities
X (w') and A(GIF) — a)i% taking into consideration and . The result
of this formal calculation is:

xW(of) = (§0+ 19 + G 9) (~ T (x )xjx"—¢( )

= N0+ (=§0,8; — 00" 8 — LG — ML — o)+ 98,578
"‘(_51—&/ nZF’ nkl—il,) n,kl—{jz) +¢é,k6j+2é,t1—(‘kj))x i
+§(,¢1}§)xe i 1)

A(Gml)_wl‘% =n,’n+(2nft,-+¢n’,-—2¢€z5’>—5.n51-)xf
+ (0 oy = 284080 — Ml gy + 28414y — 208 ;67 )2/
(Cf, ‘sz +§,mFZ}5’- — & (b)) A l

Substituting into the symmetry condition (20) and collectmg terms of the same

order in &/ we find the following equations: (i = 1,...,n):
(x)° terms:
Mo +119 =0 (22)
(x)! terms:
5,1;5;*5%5} [TIzﬂan ] [0 +¢un* ] (23)
(x)? terms:

(=1 = ' nkrzj ML+ 05T +28,60) — 2086,
—ETj), = 0= LIy = =208 ;8 + 800, +28,;)) 24
(x)? terms:
(& = &1el{50)8) =0 (25)
Define the quantity:

?=E—9¢8. (26)

Then condition is written (note that ¢,; = 0):
Ll =298 = E T @7

If we consider the vector & = &, (which does not have components along 0;), we
find that:

Hence (27) is written as:

Iy =205, (28)
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where X = £, +n'(t,x)0d,i. We note that this condition is precisely condition
for a projective collineation of the connection F(’jk) along the symmetry vector X

with projective function @. Concerning the other conditions we note that (23) can
be written in covariant form (relevant to the indices a = 1,2,...,n) as follows:

@821’ =0 (29)

where n"llj = nl, it n-,];F(;cj) is the covariant derivative of the vector n ’t with respect
to F(;;j). Similarly condition li can be written as

&0y =0
Contracting on the indices i and j we find the final form:
Siw =0 (30)

This implies that & ; is a gradient KV of the metric of the space {x'}.

Condition (22)) is obviously in covariant form.

The Lie symmetries of the autoparallel equations (TT) (not necessarily affinely
parameterized) for a general connection defined on a C* manifold are given by
the following covarian equations:

Ny +15¢ =0 31)
iy =0 (32)
P,8;—2n,; =0 (33)
LIy =296, (34)

where the Lie symmetry vector X = & (¢,x)0, +n'(t,x) .

In the following we restrict our considerations to the case of Riemannian con-
nections, that is, the F]’k are symmetric and the covariant derivative of the metric
vanishes. '

4 Calculation of the Lie symmetry vectors for a Riemannian connection

We compute the Lie symmetry vectors for the case of affine parametrization (¢ =
0) and the assumption F]lkz =01i.e. the Fj’k are independent of the parameter ¢. The
latter is a logical assumption because the Fj’k are computed in terms of the metric

which does not depend on the affine parameter ¢. Under these assumptions the
symmetry conditions (3I)—(34) read:

M =0 (39)

iy =0 (36)

é,tt5} - 2n,it\j =0 37
LnTh =28, 8- (38)

2 These are covariant equations because, if we consider the connection in the augmented
n+ 1 space {x',¢}, all components of I" which contain an index along the direction of ¢ vanish.
Therefore the partial derivatives wrt ¢ can be replaced with a covariant derivative wrt 7.
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The solution of this system of equations is given in the following Theorem.
The actual computations are given in the Appendix.

Theorem 1 The Lie symmetry vector X = &(t,x)0; +n'(t,x)0,i of the equations
of geodesics (2)) in a Riemannian space involves KVs, HKVs, ACs and special PCs
as follows:

A. The metric admits gradient KVs. Then
a. The function

E(t,x) = %(GJSJ +M)t* + [E;S + K]t + F;S + L, (39)

where G;,M,b,K,F; and L are constants and the index J runs along the
number of gradient KVs
b. The vector

n'(t,x) = A'(x)t + B (x) + D' (x) (40)

where the vector Al(x) is a gradient HKV with conformal factor
Y= %(G}S‘I + M) (if it exists), D'(x) is a non-gradient KV of the metric
and B! (x) is either a special projective collineation with projective function
E;S'(x) oran AC and Ey =0 in .
B. The metric does not admit gradient KVs. Then
a. The function

E(t,x) = %MtZJthJrL (41)
b. The vector
ni(t,x) = A'(x)t + B'(x) + D'(x), (42)

where Al(x) is a gradient HKV with conformal factor y = M, D (x) is

a non-gradient KV of the metric and B'(x) is an AC. If in addition the
metric does not admit gradient HKV, then

E(t) =Kt+L (43)

n'(x) = B'(x) + D'(x). (44)

5 The Noether symmetries of the geodesic Lagrangian

In a Riemannian space the equations of geodesics are produced from the
geodesic Lagrangian:

1 o
L= Eg,-jx’xf. (45)

A vector field X = &(t,x%)d; + n(t,x*)d,: is a Noether symmetry of this La-

grangian if there exists a smooth function }(t,x" ) such that [[15]]

@, _ds

xr =
+ dt dt’

(46)
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where X! = & (1,x)0; + n'(t,x)d.: + (dﬂi —x’%)ax,- is the first prolongation of
X. We compute:

1 g adnt o d
XL = 3 (nkgij,kX’xf + 2d—ntg,~kx’ — 2%/ df&j) :

Replacing the total derivatives in the rhs

d ;
dif =& +xk‘§,k
dr’i . ki
dt = n,lf +X n,l/('
we find that
[1] Lok . i i kor i ker i
XYL = 3 (17 ij k' X 42n' giix + ' gk X+ gu XX — 28 gijx'%
—2§7kgijx"x/ﬂ() .
The term

%L = % (é,t +Xk§,k> XX/ .

Finally the Noether symmetry condition (#6) is
—2f i+ (20! gij—2f ] & —& ygiji ¥/ 3
+ [nkgij,k+n§gik+n§gkj - g,-j{‘,’,] i =0.

This relation is an identity hence the coefficient of each power of %/ must
vanish. This results in the equations:

Wi Er =0 47)
. 1

i Lygij =2 (2‘5,;) 8ij (48)
dinte = fi (49)
@) fi=0 (50)

Condition (7)) gives & =0= & =&£(1).
Condition (50) implies f(x) and then condition gives that 1 is of the
form:

ni = fit +Ki(x/). (51)

Then from follows that &, must be at most linear in 7. Hence & () must be at

most a function of #2. Furthermore from (48)) follows that 1’ is at most a CKV with
conformal factor yy = %(At + B), where A, B are constants. We consider various
cases.
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Case 1: Suppose & = constant = Cy. Then 1’ is a KV of the metric which is
independent of ¢. This implies that either f; = 0 and f = constant =
A =0 or that f; is a gradient KV. In this case the Noether symmetry
vector is:

X'=C10,+¢" (£t +K;(x)),
where K' is a non-gradient KV of g;;.
Case 2: Suppose & = 2t. Then i)' is a HKV of the metric g; 7 with homothetic
factor 1. Then 1, = Hi(xj),ﬂi =0 = f = constant = 0 where H' is a

HKYV of g;; with homothetic factor y, not necessarily a gradient HK'V.
In this case the Noether symmetry vector is:

X' =2wytd, +H' (x").

Case 3: () =t*. Then n' is a HKV of the metric g;; (the variable ¢ cancels)
with homothetic factor 1. Again f; is a gradient HK'V with homothetic
factor y and the Noether symmetry vector is

X' = wza, +gi-jﬁjt.
Therefore we have the result.

Theorem 2 The Noether Symmetries of the geodesic Lagrangian follow from the
KVs and the HKV of the metric g;; as follows:

E(t) = Gyr* +2Cpt 4 Cy (52)
n' =S+ CKVY 4 CpytS' + CH (&) + C3t (GHV)' (53)
f(&) =C1+C+Cr+Cr+ [CuyS’| + C3[GHV], (54)

where ST are the Cy gradient KVs, KVI". are the Cy non-gradient KVs, Hiisa
HKYV not necessarily gradient and (GHV )" is the gradient HKV (if it exists) of the
metric gjj.

The importance of Theorems [I] and [2] is that one is able to compute the Lie
symmetries and the Noether symmetries of the geodesic equations in a Rieman-
nian space by computing the corresponding collineation vectors avoiding the cum-
bersome formulation of the Lie symmetry method. It is also possible to use the
inverse approach and prove that a space does not admit KVs, HKVs, ACs and
special PCs by using the calculational approach of the Lie symmetry method (as-
sisted with algebraic manipulation programmes) and avoid the hard approach of
Differential Geometric methods. In Sect. [§] we demonstrate the use of the above
results.
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Table 1 Collineations and corresponding First Integrals

Symmetry  Condition First Integral
Kv Eijy =0 &l

Gradient KV 5;,-1- =0 &l .

HKV &ij=wgij, V=0 & il

Gradient HKVE;; = wg;j, w,; =0 &l

AC Ll =08 =0 Git'¥/

be Lér}lk =20, 5Ié) (&ij— 40 gij) X'/

Special PC LeIy =29,;8 . ¢ij = 0(&i,j — 498i)x's/

6 First Integrals of the geodesic equations and collineations

Consider a Riemannian space with metric g;;. As we have shown in Theorem |1}
the Lie symmetries of the geodesic equations of the metric coincide with the KVs,
the HKYV, the ACs and special PCs of the metric g;; (if they are admitted). For each
Noether symmetry one has the first integral

g df
x5 =24 55
T dr’ (53)
where, X!l is the first prolongation of X. In this section we study the relationship
between first integrals and corresponding conserved quantities of Noether sym-
metries.

We recall first some well-known definitions and results [[1]].

Consider the geodesic with tangent vector AK = ‘% where s is an affine pa-

rameter along the geodesic. An mth order First Integral of the geodesic is a tensor
quantity A,, ., such that:

Ay, A A" = constant (56)

1-I'm

or equivalently (because A;.; = 0):
P{A; s} A =0, (57)

where P{} indicates cyclic sum over the indices enclosed. Without restriction of
generality we may consider A, ,,, to be totally symmetric; for example for two
and three indices we have:

wIm

P{Aii} = (Aig +Aky)
P{Ajjx} = (Aijik+Axji +Aircj) -

Katzin and Levine [4] have proved the following results concerning First Integrals:
Table[Tl
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7 First Integrals of Noether symmetry vectors of geodesic equations

We know that, if X = & (x/,1)d, +n'(x/,£)d, is the generator of a Noether sym-
metry with Noether function f, then the quantity:

L L
_ ol _ [
is a First Integral of L which satisfies X¢ = 0. For the Lagrangian defined by the
metric g;j,i.e. L= %g,-.,-x’xf, we compute:
1 . .
¢ = E‘ggijxlx] —gijn'x’ + f. (59)

In (52), and we have computed the generic form of the Noether symmetry
and the associated Noether function for this Lagrangian. Substituting into (59) we
find the following expression for the generic First Integral:

¢ = % [C3yt? +2C, 1t + Cy ] g’ s/
— [C)S7 + CIRV + Ciyt ST + CoH (x7) + C3t (GHV )] gt
+C 1 +C+Cr+Cr+ [CuyS"| +C3 [GHV]. (60)
From the generic expression we obtain the following First Integral
C #0.

dc, = %gijx"xf (61)

G, #0.
9c, = 1ygijx'x — gi;H'x +Co (62)

C3 #0.
dc, = %tzl//gi A% —t(GHV) i¥' + [GHV] (63)

C #0.
oc, =KV/i' - (64)

Cy #0.
9c, = 8ijS"'% —C; (65)

Ciy #0.
¢y =1gi;8" % — 8. (66)

We conclude that the First Integrals of the Noether symmetry vectors of the
geodesic equations are:
a. Linear, the ¢y, ¢;, 015
b. Quadratic, the ¢.1, @2, @53.
These results are compatible with the corresponding results of Katzin and Levine

[4].
3 GHV stands for gradient HKV.
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8 Applications
8.1 The Lie symmetries of geodesic equations in an Einstein space

Suppose X“ is a projective collineation with projection function ¢ (x%), such that
IxIE = ¢,8¢ + ¢ .6 For a proper Einstein space (R # 0) we have Ry, = %gub
from which follows:

n(l—n)

Lx8ab = O.up — Zx (InR) g . (67)

Using the contracted Bianchi identity [R” — $Rg'/].; = 0 it follows that in an
Einstein space of dimension n > 2 the curvature scalar R = constant and
reduces to:

n(l—n)

LX8ab = O.ap-

It follows that if X“ generates either an affine or a special projective collineation,
then ¢.,, = 0. Hence X“ reduces to a KV. This means that proper Einstein spaces
do not admit HKV, ACs, special PCs and gradient KVs [17;18]].

The above results and Theorem [I|lead to the following conclusion:

Theorem 3 The Lie symmetries of the geodesic equations in a proper Einstein
space of curvature scalar R # 0 are given by the vectors

X = (Kt +L)9, + D' (x) 0
where D' (x) is a nongradient KV and K, L are constants

Theorem 4 The Noether symmetries of the geodesic equations in a proper Ein-
stein space of curvature scalar R # 0 are given by the vectors:

X = L9, + D' (x) d;, f = constant

Theorem 3|extends and amends the conjecture of [10] to the more general case
of Einstein spaces.

We apply the result to the case of the Euclidean 2 dimensional space. The
metric g;; of this space admits:

a. Two gradient KVs, the Y! and Y? generated by the functions ¢, 0y

b. One nongradient KV, the Y37
c. One gradient HKYV, the Y 4 (with homothetic factor 1).

Therefore the generic Noether symmetry vector is:
X =C10,+C (200, +Y*) + C3(t20, + Y*t) + CurY ' + CstY?
+CY' + Y2+ CsY3.
where (see Table[2)
Y'=0, Y?’=09,, Y)=yd,—xd,, Y*=x0,+yd,.
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Table 2 The conformal algebra of a flat n-dimensional metric

CKV  Components # v (&) Fop(&) Comment

P o n 0 0 Gradient KV

TAB 23§x3] o4 "("5 D) NABab Nongradient KV

H X0, 1 (b=1)1 0 Gradient HKV

K; R2xpxd — 88 (xx*)|0y n (b'=6j)2x;  —4my.xp  Nongradient SCKV

8.2 The Noether symmetries of Schwarzschild metric

We consider the Schwarzschild metric

ds® = <1 - 2’{"> dt* — (llzm)drz —1*(d6* +sin? 0d¢?) .

r

The geodesic Lagrangian is:

LAY 1 . .
L= (1 - m> P P = 2607 — Psin” 97
r (1=

r

The Noether symmetries have been computed in [[11]] as follows:

X = asa Xo = at

X3 = cos¢dg —cotOsingd,
X4 = sin¢dg +cotBcos Pdy
X5 = 89.

It easy to check that X,,X3,X4 and X5 are KVs of the Schwarzschild metric
and, since this metric does not admit any gradient KVs or a HKV, these are the
only Noether symmetries, a result compatible with Theorem [2] above.

The first integrals of the geodesic equations of the Schwarzschild metric are:

a. The metric integral:

. 2 1 . .
s = gijx't = (1 - :ﬂ> i — =] i —1?6? — r*sin” 09>

I3

b. The linear integrals defined by the KVs:

¢ =i

¢3 = (cos9) O — (cotBsing) ¢
¢4 = (sing) 6 + (cotOcos ) ¢
¢5s=6.

The extra Lie symmetry is sd;.
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Table 3 The projective algebra of the 2-d Euclidean sphere

Type ¢ Vector
K.V 0 XI'=09,
K.V 0 X2 = cotycosxdy + sinxdy
K.V 0 X3 = —cotysinxd, + cosxd,
Pr.Col —sinysinycosx X* = sinysinxcosydy — (2 cos>y — 1) cosxdy
Pr.Col —sinysinysinx X3 = —sinycosxcosydy — (2 cos’y — 1) sinxdy
Pr.Col —sin® ycos?x X% =2 sin?ycosxsinxd; — 2 cos? xsinycos yd,
Pr.Col —cosxsinxsin®y X7 = (=2 cos?x+ 1)sin? yd, — 2 sinycos ysinxcos xdy
Pr.Col +cos?xsin?y X® = —2 sin? ycos xsinxd, — 2sin® xsinycos yd.
8.3 The First Integrals of the Euclidean sphere of dimension 2
The metric of the Euclidean sphere of dimension 2 is:
ds%F = sin® ydx® + dy® (68)

The collineations admitted by the 2-d Euclidian sphere (space of constant curva-
ture) are three KVs and five proper PCs as shown in Table 3] [16]:

Hence there exist three Line First Integrals due to the KVs (dot over a symbol
indicates % ,§ being an affine parameter

4 For example:

I = gi;X'W = g1 X'%' + g0X%i? =sin’y- 1-%+1-0-y =sin’y-x.
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Table 4 The conformal algebra of the 1 + 3 metric for K = =+1

K CKVs of ds3 w3 #CKVs of ds 4 Vi3
1 H=x%, vy (H)=U(1— 1x%q)1H = —y, (H)costd; + Hsint  y.(H)sinT
1 H=x%0, Vi (H) =U(1 - 3x%x¢)1H =y (H)sintd; +HcosT . (H)cosT
1 Cu= (8~ FUxux") 0 1[/+(C“) = —Ux* 30 =~y (Cy)costdr +Cysint Y (Cy)sint
1 C = (8 - —Ux,lx") Wi (Cy) = —Ux“ 30,3 =¥+ (Cu)sintds +CucosT Y (Cu)cost
—1H = x%0,, V_(H) =U(1+ 1x%x¢)1H = y_(H)coshtd; + Hsinht  y_(H)sinhT
—1H =x%0dy lp (H)=U(1+4 3x%x¢)1H, = y_(H)sinhtd; +Hcosht  y_(H)cosht
—1C, = (67 + %Ux“x“) o W_(Cy) = UxH 30, = y_(Cy)coshtd +Cysinht  y_(Cy)sinht
—1C, = (8¢ + FUxux") gy (Cy) = Uxt 30,3 = Y- (Cyu)sinh7d; + Cy coshty_(Cy) cosht

Iy = xsin’y (69)

I, = Xsinycosycosx +ysinx (70)

I; = —xsinycosysinx +ycosx (71)

and five Quadratic First Integrals corresponding to the special PCs:
Q) = 4ysinxsin’y (ycotxcoty —x)
Q> = 4ycosxsiny (x+y tanxtany)
Q3 = 4 (xksinycosx+ ycosysinx)” — 4x*sin®y — 4y% cosy

2

Q4 = 4sinxcosx (i sin®y — y* cos?y) +4xysinycosy(1 —2cos®x)

Qs = —4 (xcosxsiny —i-ysinxcosy)2

8.4 The 1 + 3 decomposable metric

We consider next the metric which is a 1 + 3 decomposable metric:
dsy = —d7* + U §,pdx®dxP (72)

where Greek indices take the values 1, 2, 3. It is well known [[16]] that this metric
admits 15 CKVs (it is conformally flat). Seven of these vectors are KVs (the six
nongradient KVs of the 3-metric ry,I; plus the gradient KV d;) and nine proper
CKVs. The vectors of this conformal algebra are shown in Table 4]

According to Theorem [2]this metric admits the following Noether symmetries
(see also [4]]):

s ,l‘uwlp,t% : f = constant

Sa‘[ : f ==
with Noether conserved quantities:
1 ..
o5 = Egiﬂé’x’ (73)
O =1 (74)
Orp1 =sT—7T (75)
¢ = Lx' (76)

¢r = I'(AB)l_xj. (77)
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8.5 The Noether symmetries of the FRW metrics

In a recent paper Bokhari and Kara [12] studied the Lie symmetries of the confor-
mally flat Friedman Robertson Walker (FRW) metric with the view to understand
how Noether symmetries compare with conformal Killing vectors. More specifi-
cally they considered the conformally flat FRW metricﬂ

ds? = —di* +13 (d® +dy* +d2?)
and found that the Noether symmetries are the eight vectors:
as ) SJ7 T'AB; H

where S; are the gradient KVs d;dy,d. and rap are the three nongradient KVs
(generating SO(3)) whereas the vector d; counts for the gauge freedom in the
affine parametrization of the geodesics. The vector

H = 659, + 319, +x0 + yd, + z0.

where 319, + xdx + yd, + zd; is a non-gradient HV. Therefore they confirm our
Theorem [2] that the Noether vectors coincide with the KVs and the HKV of the
metric. Furthermore their claim that *...the conformally transformed Friedman
model admits additional conservation laws not given by the Killing or conformal
Killing vectors’ is not correct.

In the following we compute all the Noether symmetries of the FRW space-
times. To do that we have to have the homothetic algebra of these models [19]].
There are two cases to consider, the conformally flat models (K = 0) and the non-
conformally flat models (K # 0).

We need the conformal algebra of the flat metric, which in Cartesian coordi-
nates is given in Table 2]

Case A: K #0

The metric is:

1
dS = R2 (T) —dfz —+ m (dx2 +dy2 +dZ2) . (78)
+ 1 Kx'x;

For a general R(7) this metric admits the nongradient KVs P;,r,y (see Table
and does not admit an HKV. Therefore the Noether symmetries of the geodesic
Lagrangian

1 1 R(1)

L=—-R*(1)t+ — (P47 +2)
2 2 (1 =+ %Kx’x,-)
of the FRW metric are:
astIar/Jv

5 The second metric ds? = —¢~ 3 d* +dx* 4+ dy* + dz? they consider is the Minkowski metric
whose Lie and Noether symmetries are well known.
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Table 5 The special forms of the scale factor for K = 41

K Proper CKV # Conformal Factor R(7) for KVs R(z) for HKV
i P =0 I (lnRg),r ¢ exp(7)
1 HT 1 - q:;é;-) (R(T) COs T)?T corsr ﬂ
1 HY 1 ad (R(r)sin). e ?
Y 3 ‘%ﬁr);” (R(D)cost)e g i
L S R@ID. g :

_ —(H c
—1 Hl 1 WR(T)) (R(T) COShT),T coshtT ﬂ

_ (| ; ¢
1w 1 S R@sinnn,: g i

B —(C c
—1 Qu 3 WRE‘E)#) (R(T) COShT)7T cosht ﬂ

_ C . C
GG 3 Sk, G 3
with Noether integrals

1 i i o)
0= gt G =PlE, 6 =riup . 79

2

Concerning the Lie symmetries we note that the FRW spacetimes do not admit
AC:s [20] and furthermore do not admit gradient KVs. Therefore they do not admit
special PCs. The Lie symmetries of these spacetimes are:

asvsaSvPIarIJV'

For special functions R(7) it is possible to have more KVs and HKV. In Table[3]
we give the special forms of the scale factor R(¢) and the corresponding extra KVs
and HKV for K = £1.

From Table [5] we infer the following additional Noether symmetries of the
FRW-like Lagrangian for special forms of the scale factor:

Case A(1): R(t) = ¢ =constant, the space is the 1+3 decomposable.

Case A(2) K =1,R(t) = exp(7). In this case we have the additional gradient
HKYV P; generated by the function % exp27. Therefore for this scale
factor the Noether symmetry vectors, the Noether function and the
conserved Noether quantities are:

ds,Pr, vy, 250 +Pr @ f = constant
s20;+ 5P f = %exp (271)
with Noether Integrals
00 01,0r,0c = sgii's) gl Pt and 9oy = 3 g0
—sPLx; + % exp2T.
The Lie symmetries are:

aS7saS7P17r/.LV7P‘L'7SZaS +SP‘L"
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Case A(3a) K =1,R(T) = . In this case we have the additional non-gradient

KVs H f“ , Qﬁ. Therefore the Noether symmetries are:

s, P ¥y, Hi", Q)+ f = constant
with Noether Integrals
0, 01.0r 9y = (H'), &' and 95 = (Q)) &
The Lie symmetries are:
a.s‘asamPhr[.lV)HlJerZ

Case A(3b) K = 1,R(T) = 5 In this case we have the two nongradient KVs
HT Q+ )
202 u+3"

The Noether Symmetries are:
as,Pl,l'uv,Her,Q;H : f = constant

with Noether Integrals

— (g+) _(o+ i
¢sa¢[>¢h¢[—[2+ - (H2 )i-xl and ¢Qz+3 - < 'u+3>i'xl'
The Lie symmetries are:
as;sa57P17ruV7H;aQ:+3'

Case A(4a) K = —1,R(1) = 5~ In this case we have the two additional non-

gradient KVs H;", Qy,.
The Noether Symmetries are:
95, Pr,ruy, Hy , Oy @ f = constant
with Noether Integrals
¢sa¢[7¢r’¢[—1r = (Hf),xl and ‘PQ; = (Q;)lxl
The Lie symmetries are:

asusaS7P17r/JV7H177Q;1'

Case A(4b) K = —1,R(7t) = ==, we have the nongradient KV H,, 0143

sint?
The Noether Symmetries are:

asa P[y r‘LlVaH; 5 Qh+3 . f = constant

with Noether Integrals

00,01,0n 0 = (Hy), ¥ and 0 = (0ps) ¥,

n+3
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Table 6 The special forms of the scale factor for K =0

#  Proper CKV Conformal factor y R(7) for KVs  R(7) for HKV
1 P,=0; (InR(7)) ¢ c exp(7)
3 Mgy =xq0;+ Ty xo(InR(7T)) ¢ ¢ 3
1 H=P;+x0, T(InR(7)) +1 c/t 3
1 Ke=2tH+(xx.—7%)d;  —(InR(7)) (—7? # 3
+x2 +y* +22) +2et
3 Ky=2xH—(xx.— 1)y 2xu[t(InR(7))c +1] c/t !

The Lie symmetries are:

as;saS»Plvr,uV,HZ_’Q;l+3'

Case B:K =0
In this case the metric is:

ds =R (1) (—dt* + dx* + dy* +dz*)

and admits three nongradient KVs P; and three nongradient KVs r4p. Therefore
the Noether symmetries are:

0s,Pr,rap : f = constant

with Noether Integrals:

1 o , .
S Egijxlff’ , op =Pl and  @p = (rap);i'.
The Lie symmetries are:
5,505, Pr,¥ap.

Again for special forms of the scale factor one obtains extra KVs and HKV as
shown in Table[6l
From Table [6] we have the following special cases.

Case B(1): R(t) = ¢ =constant. Then the space is the Minkowski space.
Case B(2): R(t) =exp(t). Then P; becomes a gradient HKV (y =1, gradient
function 3 exp(27)). Hence the Noether symmetries are

05, P1,xap,250s + P : f = constant
5205 + sP; f = %exp (271)
with Noether Integrals
s, Opy, O, Op, = sgijx'x) — gij (P2)' %/ and
Oyi1 = %szgijxixj—s(Pf)ixi—FPf.
The Lie symmetries are:

aYasaYaplyrABapfvszaY +SPT'
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Case B(3): R(t) =t~ . Then we have four additional nongradient KVs, the H,
and K;, and the Noether symmetries are:

8S,P1,rAB,H,K“ . f = constant
with Noether Integrals
9,0, 0F on = (H); &/ and ¢k, = (Ku), &'
The Lie symmetries are:

aSasaSaPhrABaH7Ku'
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Appendix
Proof of Theorem/T]
Equation (33)) implies:
n'(t,x) = A'(x)t + B (x) (80)

where A’(x), B!(x) are arbitrary differentiable vector fields.
The solution of Eq. (36) is:

&(t,x) = Cy(t)S’ (x) +D(1) (81)

where C;(t),D(t) are arbitrary functions of the affine parameter ¢ and S/ (x) is a
function the gradient of which is a gradient KV, i.e.:

Sj(x)‘(i,j) =0. (82)

The index J runs through the number of gradient KVs of the metric. Condition

gives
24(x)(; = [Cr(1) .87 (x) + D (1) ] 8. (83)

Because the /hs is a function of x only we must have:

1
D(t)y =M= D(t) = EMIZ + Kt + L, where M, K, L are constants (84)

1
Cy(t),; = Gy = constant = Cy(t) = 5Gjt2+E]t+F],

where Gy, E;, Fy are constants. (85)
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Substituting into (83) we find that
i J i 1 J
M@J:mﬁU%Mﬂ@éAmm:ﬂQS@+Mkm (86)

where we have lowered the index because the connection is metric (i.e. g;jjx = 0).
The last equation implies that the vector A(x)’ is a conformal Killing vector with
conformal factor ¥ = 3(G;8/(x) + M). Because A(x) i:j) = 0, this vector is a
gradient CK'V.

We continue with condition and replace ' (¢,x) from (80):

.,%AF]-’}J+$B17}< _ 2571(.j51£) -2 [(Gjt+E])Sf(x)+Mt+K]‘(j 5;§)
=2(Gyt +E;) S (x) ;80 =
AT =26,57(3) 8, o0
LT = 2E;5 (x) ;8- e

The last two equations imply that the vectors A’(x) and B(x) are special pro-
jective collineations or affine collineations of the metric (or one of their specializa-
tions) with projective functions G;$”(x) and E;S’ (x) or zero respectively. Because
Al is a projective collineation and a CKV it must be a gradient HKV with homo-
thetic factor p + %M . Furthermore implies that

. 1 . .
A= (p+§M)x’+L’,

where L' is a nongradient KV.
Using the above results we find for & (7, x):

1
é@ﬁ%:QUWAHXQziﬂby+WOﬂ+ﬂﬁy+Kﬁ+Ey+L.
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