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ON KILLING VECTOR FIELDS OF A HOMOGENEOUS
AND ISOTROPIC UNIVERSE IN CLOSED MODEL.

R. A. SHARIPOV

ABsTRACT. Killing vector fields of a closed homogeneous and isotropic universe are
studied. It is shown that in general case there is no time-like Killing vector fields in

such a universe. Two exceptional cases are revealed.

1. INTRODUCTION.

Killing vector fields (infinitesimal isometries) are used in building vacuum states
for quantum fields in a curved space-time (see [1] and [2]). We study a homo-
geneous and isotropic universe as an example of such a curved space-time. This
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universe is diffeomorphic to the
Cartesian product M = R x S3
(see §111 and §112 in [3]). Its
spinor structure was studied in
[4]. We use some technique from
[4] in present paper. In particu-
lar, we use the stereographic co-
ordinates 2z, 2!, 22, 2% and 9",
y', y2, y> as two local charts co-
vering the whole universe. We
call them North Pole stereogra-
phic coordinates and South Pole
stereographic coordinates respec-
tively. The domain of the North
Pole stereographic coordinates
20, ', 22, 23 is the whole sphe-
re S3 except for one point, which

is called the North Pole. Similarly, the South Pole stereographic coordinates are
defined on the whole sphere S except for the diametrically opposite point, which
is called the South Pole. Below are the transition functions relating the North Pole
and South Pole stereographic coordinates in the intersection of their domains:
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Here |z|> = (21)? + (22)? + (2®)? and |y|? = (y1)? + (¥*)? + (v*)?. The Minkowski
type metric g in M is given by the following formulas:

AR (de')? + 4 R? (d2?)? + 4 R? (da®)?

ds? = R? (dz°)?
(o2 +1)?

: (1.2)

5 4 R% (dy')? + 4 R? (dy?)? + 4 R? (dy?)?

ds® = R? (dy")
(ly2 + 1)

(1.3)

Looking at (1.2) and (1.3), we see that the formulas for metric in two different stere-
ographic coordinates are very similar. Therefore, we can derive some formulas in
North Pole stereographic coordinates and then transform them to South Pole coor-
dinates by substituting 3", y*, y2, > for 20, 2!, 22, 23 without use of the transition
functions (1.1). The parameter R in the formulas (1.2) and (1.3) is interpreted as
the radius of the sphere S in its realization as a hypersurface in the Euclidean

space R%. This parameter is not a constant:
R = R(2°) = R(y°). (1.4)
According to [3], the time variable ¢ is introduced through the following formula:
Rds® = Rdy’ = cdt (¢ is the light velocity). (1.5)

Then we can write (1.4) as R = R(t). If R(t) is constant, we say that the universe is
stable, if R(t) is an increasing function, we say that the universe is expanding, and
if R(t) is a decreasing function, we say that the universe is contracting. Oscillatory
regimes are also possible. The main goal in this paper is to study under which
conditions for the function (1.4) the universe M = R x S? has at least one time-like
Killing vector field.

2. CONNECTION COMPONENTS AND THE CURVATURE TENSOR.

The metric tensor g is determined by a diagonal matrix g;; in North Pole stere-
ographic coordinates. Its components are determined by the formula (1.2):

4 R?
= R2 = = = - 2,1
goo ) g11 = g22 = g33 (22 1 1)2 (2.1)

The dual metric tensor g is also given by a diagonal matrix:

oo _ 1 (|lz|* +1)2

TR 911 = g22 = ¢33 = T ARz (2:2)

Now we choose the following well-known formula in order to calculate the compo-
nents of the symmetric Levi-Civita connection:

3 ks
Loy 9" (0gis | O0gs;  0gij
Iy = — 2 (&ﬂ i ox? 3175) ' (23)
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Note that, unlike [4], here we do not use non-holonomic frames since we do not
need to deal with spinors in this paper. Applying (2.3) to (2.1) and (2.2), we get
the following complete list of the nonzero components of I‘fj:

o _ AR o _ AR o _ AR
U R(z2+1)2 27 R(|x]2 +1)2 BT R(|z)2+1)2
T 2 (") 1 2 (") L — 2(z")
11 |£C|2+17 22 |£C|2+1, 33 |£C|2+1,
(2.4)
2 — 2 (%) 2 — _ 2 (%) 2 _ 2(2?)
11 |.’II|2+17 22 |.’II|2+17 33 |£C|2+1,
2 (2?) 2 (2 2 (2?)
I = s, ="’ T G
U ) 2 Py B P+
2 (ah) 2 (a)
2, =r2-=--—-7 e, =3 — _ 2\t )
12 21 |$|2 + 17 13 31 |JI|2 + 15
2(a?) 2 (a?)
e, =, =--’ rlo—pt —_ 2\
23 32 |(E|2 + 1’ 21 12 |.’IJ|2 ¥ 1’
2(a%) 2 (a%)
Ny, =Tl =~ N2, =12, = -~ 2.5
31 13 |ZZT|2 ¥ 17 32 23 |$|2 ¥+ 17 ( )
R R
FgO:E, FélzI‘%O:E,
R R
I‘%QZF%O:E, F83:F§0:§-

Note that here we have 31 nonzero connection components, while in [4] in the case
of a non-holonomic frame we had 18.

The next step is to calculate the components of the Riemannian curvature tensor
R. They are given by the well-known formula

orr orr 2
_ J4q 1q h h
R, = 3t — =y (T 1), ~ 17, T ). (2.6)
h=0

Applying (2.6) to (2.4) and (2.5), we derive the following expressions

R//R _ (R/)Q R//R _ (R/)Q
0 0 1 1
RlOl - _Rllo =4 R2 (|.’II|2 ¥ 1)25 ROOI - _ROlO - R2 ’
R//R _ (R/)Q R//R _ (R/)Q
R(2)02 = _RSZ)ZO =4 R2 (|.’II|2 ¥ 1)25 R(QJO2 = _R320 = R2 ’ (27)
R//R _ (R/)Q R//R _ (R/)Q
0 0 3 3
R303 - _R330 =4 R2 (|$|2 + 1)27 ROO3 - _R030 - R2 )
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(R/)2 +R2
R%lz = _R%21 = R%21 = _Rflz =4 R2 (|$|2 i 1)27
(R")? + R?
R§23 = _R§32 = R%BQ = _Rg23 =4 R2 (|CL‘|2 + 1)2’ (2'8)
5 5 L L (R/)Q +R2
Ry31 = —Rij13 = R3;3 = —Rg3 =4 —R2 (|x|2 ¥ 1)2'

Using the above formulas (2.7) and (2.8), we can calculate the components of the
Ricci tensor. Here is the list of nonzero ones of them:

3(R)2—3RR"  8R2+4(R)2+4RR"

Roo = R
00 R2 3 11 R2 (|l’|2 + 1)2 )
(2.9)
SRZ+4(R2+4RR" SRZ+4(R2+4RR"
Roy = 3712 2 ; R3 = 2172 2
RZ(Jz]2+1) RZ(Jz|2+1)
And finally, using (2.9), we calculate the scalar curvature:
6 6 R"
Rscalar = _ﬁ - R3 (210)

As we see, the scalar curvature given by the formula (2.10) coincides with the scalar
curvature calculated in [1] and [4] for this particular model of the universe.

3. DIFFERENTIAL EQUATIONS FOR KILLING VECTOR FIELDS.

Killing vector fields are also known as infinitesimal isometries. Local one-parame-
tric diffeomorphism groups generated by these vector fields are composed by isome-
tries — they preserve the metric g. Therefore, if X is a Killing vector field in M,
then the Lie derivative Lx, when applied to g, yields zero:

Lx(g)=0. (3.1)

In the coordinate form the equation (3.1) is written as follows:

3 3 3
891-- 0xXs 0X?*
X® = sj is—=— = 0. 3.2

Let’s replace the partial derivatives in (3.2) with the covariant derivatives:

99ij & &
6;55] = Vagij + > TE g + Y Tk gun, (3.3)
k=0 k=0
3
0X®
_ =V, X5 - % XF 3.4
Ot V. kzzo ik ( )
0x® 3
_\7.YS _ s k
57 =X kz:%rjkx . (3.5)
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Substituting (3.3), (3.4), and (3.5) into (3.2) and taking into account the symmetry
of g;; and Ffj with respect to the indices ¢ and j, we get

3 3
ngij + Z Jsj Vle + Zgzs VJXS = 0. (36)
s=0 s=0

Now let’s remember that the metric g is concordant with its metric connection T,
i.e. Vg =0. As a result the equation (3.6) is reduced to

3 3
> g5 VX4 i VX =0. (3.7)
s=0 s=0

In a metric manifold each vector field X is associated with some unique covector
field. This covector field is usually denoted by the same symbol X. The components
of such two associated vectorial and covectorial fields are related to each other
through the index lowering and index raising procedures:

3 3
Xi=3 0 X7, X'=3 ¢"X;. (38)
j=0 j=0

Applying (3.8) to (3.7) and taking into account that Vg = 0, we derive
ViX; +V;X; =0. (3.9)

The equation (3.9) is a basic equation for Killing vector fields we are going to
study in this paper. It is written in the covectorial form. Let’s denote

Vin = Y;j for i < J- (310)
In terms of (3.10) the equation (3.9) can be rewritten in the following form:

Y;; for i<y,
ViX; = 0 for i=yj, (3.11)
-Y;; for i>j.

The equations (3.11) look like a Pfaff system of first order PDE’s if we treat Y;; as
new undetermined functions. However, in this case we need to write the differential
equations for these functions. For this purpose let’s differentiate (3.9):

Vi ViX; + ViV X; = 0. (3.12)

Then we triplicate the equations (3.12) by means of the cyclic transposition of
indices: i — j — k — . As a result we get other two copies of the equation (3.12):

ViV Xy, + ViV X; =0, (3.13)
V;Viel X + V;V; X3, = 0. (3.14)
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Now let’s add (3.13) and (3.14), then subtract (3.12) from them. As a result we get
ViVij + VjViXk = (VkVi — VNk)Xj + (VkVJ — VJVk)Xl (3.15)

In order to transform the equality (3.15) we use the following well-known identity:

(ViVj — V; Vi) X = — ZR,W (3.16)

s=0

Here Rj,; are the components of the Riemannian curvature tensor R (see (2.6),
(2.7), and (2.8) above). Applying (3.16) to (3.15), we derive

3
2V, Vi X =—> R, X, ZRJ,WX ZRZ,U (3.17)
s=0 s=0
Now let’s recall the following identities:

RS ik + R,ij - 0, RS ik + RkZJ + RJSkZ - 0 (318)

These are the well-known identities for the components of the curvature tensor.
Their proof can be found in [5]. Applying (3.18) to (3.17), we get

ViV Xy = ZRW (3.19)
s=0

If we remember the notations (3.10), then (3.19) can be rewritten as

3
ViV =Y R X (3.20)
s=0

Both (3.11) and (3.20) form a complete system of Pfaff equations for ten functions
Xo, Xl, XQ, Xg, Y()l, YOQ, }/03, Y12, Ylg, }/23. The fOHOWiIlg theorem is an immedi-
ate consequence of this observation.

Theorem 3.1. A four-dimensional space-time manifold M can have at most ten
linearly independent Killing vector fields.

The actual number of isometries depends on the so-called compatibility condi-
tions for the Pfaff equations (3.11) and (3.20). In order to derive these compatibility
conditions, let’s calculate V;V; X, — V;V; Xy, and V;V;Y,, — V;V;Y,, on the base
of the Pfaff equations (3.11) and (3.20). The inequalities in (3.11) produce many
special cases that should be studied separately. In order to avoid this inconvenience
we extend the definition of Y;;. In (3.10) they are defined for ¢ < j. Let’s set

Vi — 0 for i=yj;
ij = C (3.21)
-Y;; for i>j.

Due to the extension (3.21) of (3.10) we can write (3.11) as

V. X; =Y (3.22)
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for all 4 and j, but we should keep in mind that only 6 of 16 components of the
skew-symmetric tensorial field Y are independent. Due to the skew symmetry
R}, = — R}, the extension (3.21) of (3.10) and the extension (3.22) of (3.11) are
compatible with (3.20). Now for V;V; X}, — V;V; X}, we have

ViV, Xk — V;ViXg = ViYji — V, Vi (3.23)

Applying the equation (3.20) to the right hand side of (3.23) and applying the
identity (3.16) to its left hand side, we derive

3 3 3
“> Ry Xo=) R X.—> R X (3.24)
s=0 s=0 s=0

It is easy to see that the compatibility condition (3.24) is fulfilled identically due
to the properties (3.18) of the curvature tensor R.

Now we proceed to the compatibility conditions derived from V;V;Y,,, —V;V;Y,,.
In this case, applying the equation (3.20), we get

3

ViVYpq vvypq_Zv tg Xo) = Y Vi(Rs,, X (3.25)
s=0 s=0

The left hand side of the equality (3.25) is transformed by means of the identity
VVJ prq VV}/;D(I - ZRPU sq Zqu] (326)
s=0

The identity (3.26) is a tensorial generalization of (3.16). Applying (3.26) to (3.25)
and taking into account (3.22), we transform (3.25) as follows:

Z RPZJ sq Z R‘IU ps — Z v JPQ
+ Z ijq is Z Vj R'qu X Z RZZD‘I Jjs-
s=0

The equality (3.27) is a non-trivial compatibility condition for the system of Pfaff
equations (3.22) and (3.20). In the next section we shall study this equality for our
particular case, where M = R x S5,

(3.27)

4. SIMPLIFYING THE COMPATIBILITY CONDITIONS.

Note that the compatibility equations (3.27) contain the covariant derivatives
of the curvature tensor. Therefore, we begin our study of (3.27) with calculating
these covariant derivatives. They are given by the formula:

3
P __ qZ] P h h P h D h D
VRQU - +ZF wa ZFSQRMJ ZF th] ZF quh
he
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We substitute (2.4), (2.5), (2.7), and (2.8) into this formula and get the following

list of nonzero components VsRZi ; in North Pole stereographic coordinates:

v0R(1)01 = _VOR(l)IO = vOR(z)oz =

= —VOR(2)20 = V0Rg03 = —V0R330 -

(4.1)
B 16 (R’)3 —20R"R'R+4R" R?
N R3 |z +1)2 ’
v01%01 = _VORéIO = v0R(2J02 =
= _VOR%20 = V0R803 = _V0R830 = (4.2)
4 (R’)3 —5R"R' R+ R" R?
= R3 5
VOR%IQ = —VOR%m = VOR%ZI = _VOR%H =
VOR?2)23 = —VOR?2)32 = VORggz = —VORgzs =
V03?31 = —VOR§13 = VOR%lB = —VOR:%,31 = (4'3)
- —16 (R’)3 +8R"R' R—8R' R?
B3 (|zf* +1)? ’
leng = _VIR(2J21 = V2Rg23 = _V2Rg32 =
v3R(1J31 = _V3R(1J13 = leng = _legu =
VaRYyy = —=VaRY 1y = V3Riyy = —V3Rooy = (44)
- 32 (R’)3 — 16 R" R' R+ 16 R’ R?
N R3 (Jz|> + 1)* ’
le(2)12 = _le%m = V2R323 = _V2R332 =
VBR(l)sl = _VBR(1)13 = leng = _V1R831 =
VaRgyy = —=VaRgp = VaRigy = —VaRios = (45)
- S(R’)3 —4R'"R'R+ 4R R?
B R3 (|2 +1)? ’
Vi R%zo = _V1R502 = V2R§30 = _V2R§03 =
v3113:1)’10 = _VSR:I’Ol = V1R§30 = _V1R§03 =
(4.6)

v23%10 = _V2R%01 = V3R§20 = —V3R§02 =

8(R)*—4R'R R+4R R
R3 ([z]? + 1)2 ’
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v1R%02 = _lefzo = v2R§)03 = _V2R§30 =
VBR%Ol = _V3R§10 = VIR?% = _le?BO =
v2R%01 = _V2R%10 = V3R§02 = _V3R§20 =

8(R)3—4R"R R+ 4R R?
RS (|22 +1)2

Now we substitute (4.1), (4.2), (4.3), (4.4), (4.5), (4.6), and (4.7) into (3.27). We
also substitute (2.7) and (2.8) into (3.27). As a result we obtain a series of linear
algebraic equations for the functions Xy, X1, X2, X3, Y01, Yoo, Y03, Y12, Y13, Yo3.
Since the expressions in both sides of (3.27) are skew-symmetric with respect to i
and j and with respect to p and ¢, we could have at most 36 mutually independent
equations. However, in our particular case the number of mutually independent
equations is 5. Here is the list of these five equations:

(4( R//R/R+ R///RQ)XO_O

(4.8)
R (2(R')?> - R'R+ R*) X, =0,
(2(R")?> - R'"R+R*) (R X, — RYy) =0,
(2(R)? — R" R+ R?) (R' X5 — RYp,) =0, (4.9)
(2(R')? = R” R+ R?) (R' X3 — R Yy3) = 0.

As we see the compatibility equations (4.8) and (4.9) depend essentially on the
function (1.4) and its derivatives. These simplified equations will be studied in the
next two sections.

5. SPACIAL ROTATIONS.

Note that the functions Yio, Y13, Ya3 are not presented in the equations (4.8) and
(4.9). This fact reflects the spherical symmetry of our universe M = R x S3. It is
known that the sphere S has a 6-parametric group of isometries. These isometries
produce 6 linearly independent Killing vector fields corresponding to 3 meridional
and 3 equatorial rotations. Now we write these vector fields explicitly.

Meridional rotation in the plane z'Oz*. This rotation induces a Killing vector
field X in M expressed by the formula

2(z1)2 — |22 +1 0 )

x = 2T @) 60 g + 0D Y (1)

in the North Pole stereographic coordinates. Applying the index lowering procedure
(3.8) to the components of (5.1), we get the covectorial components of X:

4(x)2 = 2|z* +2
(> +1)2

.)(0:07 X1:—

(5.2)
1 2 1 3
1) @) o X AE)E)

Xy = —— 75 R?,
SN (RN (|22 +1)2



10 R. A. SHARIPOV

Then, using the formula (3.10), we calculate the functions Yy1, Yoz, Yo3, Y12, Y13,
Ya3 associated with the Killing vector field (5.1):

C2RR(2(a") — |z + 1) 4RR (z%) (2?)

Yo1 = Yoo = —

(lzf> +1)2 7 (lz[>+1)*
4RR (x') (2?) 8 R? (2?)
Yoy = —o W) \T) Yip = — o 7). 5.3
N S FEEE I
8 R? (z3)
Yoy = 0, Yig = - )
23 13 P+ 1)
Let’s substitute x! = 2% = 2% = 0 into (5.2) and (5.3). As a result we get
X 0
X(f Yy You —2RER Yio 0
=1 | Yol =1 o |, Yis | =lo]l. (5.4)
X, 0 Yo3 0 Ya3 0

The quantities listed in the formulas (5.4) can be treated as initial data for the
Pfaff equations (3.20) and (3.22).

Meridional rotation in the plane z20z*. This case is very similar to the
previous one. Here is the formula for the Killing vector field in this case:

o 2@ —|z*+1 0 0
2y (] 2y (.3
X—(I)(‘T)%+ 5 92 (I)(‘T)%- (5.5)
Below are the covariant components of the vector (5.5)

_ _ 4 (z%) (&) o

Aot SR (RS ER
(5.6)

4(2*)? —2[zP +2 , 4(2?) (2%) o

Xy = — R?, Xy= - W) g2,

: (2 +1)% (R

Substituting (5.6) into (3.10) we obtain the functions Yp1, Yoo, Yos, Yio, Y13, Yas:

Yo, _ _4RR (2) (2" Y02:_2RR’ (2(2?)? — |z|* +1)
(e[ + 1) (> + 1) ’
4RR (2?) (2?) 8 R? (z1)
Yoy = — 2 Vig = 2 5.7
N FEESE 2= P+ 1y o0
8 R? (z3)
Yog = — o 2 Vi3 = 0.
23 (|$|2 + 1)3 13
By setting ! = 22 = 23 = 0 in (5.6) and (5.7) we derive
§0 8 Yo 0 Yi2 0
Xl =1l _o g2|| Yoo || = || -2RR'||, Yis||=]0]. (58)
’ Yo3 0 Yag 0

X3 0
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Like (5.4), the quantities (5.8) are initial data for the equations (3.20) and (3.22).
Meridional rotation in the plane z20z*. This case is also very similar to the
previous cases. Here is the formula for the Killing vector field in this case:

0 0 2(x3)? —|z[?+1 0
— (3) (] 3y (.2
Below are the covariant components of the vector (5.9):
4(2?) (1) oo
Xo =0, Xi=——75— R,
’ (R
(5.10)
X2:_4($23) (‘T2) 27 X3:_4(x3)2_2|x|2+2R2
(> +1)2 (> +1)2
NOW, substituting (510) into (310), we find Y()l, YOQ, }/03, Y12, Ylg, }/23:
4RR (z3) (z1) 4RR (z3) (z?)
Yoo = ———o 22l Yoo = ———tt 27
(Jz> + 1) (Jz> + 1)
2RR (2(2%)? — |z|? + 1)
Yo3 = — Yio=0 5.11
03 (|$|2 + 1)2 ) 12 ) ( )
2 (2 2 (1
Y23:8R(I), Y13:8R(x).
(lz[> +1)° (lz[> +1)°
By setting ! = 2% = 2% = 0 in (5.10) and (5.11) we obtain
§O 8 Yo1 0 Yo 0
Xl = 0 ) Y02 - 0 5 Y13 ={0}. (512)
X; o2 Yos —2RR Yos 0

The quantities (5.12) are initial data for the equations (3.20) and (3.22).

The next three cases are produced by the equatorial rotations. They are some-
what different from meridional ones.

Equatorial rotation in the plane z'0z2. The Killing vector field in this case
is given by the following formula:

X = (2?) % — (z1) i. (5.13)

Ox?
This formula is more simple than (5.1), (5.5), or (5.9). Here are the covariant
components of the vector field given by the formula (5.13):

4 R (:102) 9

_X :O7 X e S——— R
0 T (22 1)2

(5.14)

4 R? (z1)

—— " R? X3 =0.
(JzP+1)2 ’

Xy =
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Substituting (5.14) into (3.10), we calculate the functions Yp1, Yoo, Yos, Y12, Yis,
Ya3 for the vector field given by the formula (5.13):

Yoo — 4RR (2?)
N (PN E,
}/03:05

8 R? (z3) (!
vy L SR @)

(lz> +1)3

By setting ' = 22 = 23 = 0 in (5.14) and (5.15), we obtain

Xo 0 Yo, 0
X1 0

= ) }/02 =10 )
Xo 0 v 0
X 0 03

_4RR (a")
(> + 1)
4 2 2 3\2 _ 2 1
(lz[* + 1)
8 R? (23) (2?)
(2P )3
Yio 4R?
Yis||=] 0 |. (5.16)
Yo3 0

The quantities (5.16) are initial data for the equations (3.20) and (3.22).
Equatorial rotation in the plane 22023. This case is very similar to the
previous one. Here is the formula for the Killing vector field in this case:

0

X = (2*) 57 (z%) 57 (5.17)

Below are the covariant components of the vector (5.17):

4R?(2%) ,

Xy = ——7——5 R,
2T T (22 +1)2

X3 =

(5.18)
4 R2 (:102) 5
(CEE R

Substituting (5.18) into (3.10), we calculate Yy1, Yoz, Yo3, Y12, Y13, Yo3:

Y'Ol - 07
.. _ARE (z2)
2 (2P + 12
4R?(2(zM)? — |z|> + 1)
Yoz =

(> + 1) ’

ARR (%)
(Jz2 +1)2’
B 8 R? (z1) («?)
Yo = e
8 R? (z1) (2?)
(|=> +1)3

Yoo = —

(5.19)

Yiz =—

By setting 2! = 22 = 23 = 0 in (5.18) and (5.19), we obtain

Xo 0

x| o Yo1
Xl " |l0]|”

X, 0 Yo3

Yisll = |[4R2|.  (5.20)
Yo3 0
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The quantities (5.20) are initial data for the equations (3.20) and (3.22).
Equatorial rotation in the plane z20z!. The Killing vector field in this last
case is given by the following formula:

0 0
O N n_9
X =—(x )8x1 + (x )8333' (5.21)
Below are the covariant components of the vector (5.21):
4 R?% (23)
Xy =0, X, =———"" R?
’ R CEEEE
(5.22)
4 R?% (2?)
X2 =0, X3=——>—""2 R%
: P (P2

Substituting (5.22) into (3.10), we find the functions Yo1, Yoo, Yos, Y12, Y13, Yos:

4RR (%)
2

}/01 3 }/02 = 07
(2P +1)2

4R R (Il) 8 R? (2?) (2?)

Yoz = , Yig = o~ ) 5.23
N (I 2= T Gp 1y 52

8 R? (z?) (a1) 4R%(2(x*)? — |22+ 1)

Yog = ————5——5—, Yis = — 5 3
(lz[*+1) (lz[*+1)
By setting 2! = 22 = 23 = 0 in (5.12) and (5.23), we obtain

§0 8 Yo1 0 Yo 0
XlZO’ Yoo Il =101, Yis || = 0 . (5.24)
X, 0 Yos 0 Yag —4R?

The quantities (5.24) are initial data for the equations (3.20) and (3.22).

6. ANALYSIS OF THE COMPATIBILITY CONDITIONS.

Six linearly independent Killing vector fields (5.1), (5.5), (5.9), (5.13), (5.17),
and (5.21) do always exist regardless to the function (1.4). However, all of them
are space-like vector fields since Xy = 0 for them. It is known that time-like Killing
vector fields are more important for quantum field theories. For this reason we look
for the solutions of the equations (4.8) and (4.9) with

X #0. (6.1)

Under the assumption (6.1) the second equation in (4.8) produces two mutually
exclusive options for the function R = R(z°) in (1.4):

R=0 o 2(R)-R'R+R*=0. (6.2)

We study these two options in (6.2) as two different cases.
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The first case: R’ = 0. In this case R = const and R > 0, i.e. R is a positive
constant. Applying the condition R’ = 0 to (4.8), we find that both of the equations
(4.8) are fulfilled identically in this case. As for (4.9), here we have
2(R?-R'R+R*=R*>#£0. (6.3)
Due to (6.3) and due to R’ =0 from (4.9) we derive

Yo1 =0, Yo = 0, Yo3 = 0. (6.4)

Now let’s write the differential equations (3.22), taking into account (6.4). For the
function Xy we get the following equations:

6X0 6X0 6X0 a~XO

930 _y 930 _y 920 _y 720
020 ’ Ox! ’ 0x2 ’ ox3

=0. (6.5)
The equations (6.5) mean that Xy is a constant function:

Xo = const.

Moreover, taking into account (6.4), from (3.20) and (3.22) we derive:

0x, 90Xy 0X;
90 = 0, 90 = 0, 920 = 0, (6.6)
Y12 0Yaz oY1z

90 =0, 90 =0, 0x0 (6.7)

The equations (6.6) and (6.7) mean that the functions X7, Xo, X3, Y12, Y13, Yo3
actually do not depend on the variable 2°. As appears, other equations in (3.20) and
(3.22) in the case of R" = 0 do not contain Xy and form complete system of Pfaff
equations for six functions X1, X2, X3, Y12, Y13, Ya3 with respect to three variables
2!, 22, 23. These equations have at most six linearly independent solutions. These

solutions are exhausted by six Killing vector field considered in section 5.

Theorem 6.1. In the case of R’ = 0 the spherical universe M = R x S with the
metric (1.2) admits exactly one linearly independent time-like Killing vector field

0

in addition to siz space-like Killing vector fields (5.1), (5.5), (5.9), (5.13), (5.17),
(5.21) produced by the rotations of the sphere S3.

The vector field (6.8) is orthogonal to the sphere S® in M. It commutes with
other six Killing vector fields, which are tangent to S°.

The second case. In contrast to (6.3), in this case we have the following
equality for the function R = R(2") in (1.4):

2(R)*~R'R+R*=0. (6.9)
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Due to the equality (6.9) the compatibility conditions (4.9) and the first compati-
bility equation (4.8) are fulfilled identically. Moreover, we have

_(2(R/)2 _R//R+R2)/+2R/ (2 (R/)Q _R//R+R2) —
=4(R)*-5R"R' R+ R" R%. (6.10)

Due to (6.10) the first compatibility equation in (4.8) is also fulfilled identically.
Thus, the equation (6.9) is the only compatibility condition derived from (3.27) in
the second case.

Note that the equation (6.9) can be integrated up to the first order differential
equation. Indeed, since R # 0, it can be written as follows:

(%) - % (6.11)

Let’s multiply both sides of (6.11) by the fraction

RI

= (6.12)

As a result we get the equation with the pure derivatives in both sides:

1 (R\2Y R 11y
— = = = —-==—. 1
G(&))-5-(w) 619
Integrating the equality (6.13), we derive
(R')? =CR*- R?, (6.14)

where C is a constant of integration. Note that R’ can vanish at some points, it is
not identically zero in this case. The same is true for the fraction (6.12). Therefore
the equation (6.14) is equivalent to the initial equation (6.9) at all point except for
those, where R’ = 0.

It is clear that C in (6.14) is a positive constant. Let’s denote C' = 1/a?. Then
R is a function with the values ranging in the interval

R € [a,+00).

The equation (6.14) itself can be written as follows

1YV\2 1 1
- = — . 1
())& = 619
Let’s denote uw = 1/R for a while. Then we transform (6.15) to
(W) =1/a* —u? (6.16)

The equation (6.16) can be integrated. Its general solution looks like

w(z?) = cos(z¥ + b), (6.17)

a
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where b is a constant of integration. Without loss of generality we can take b = 0.
Then from (6.17) we derive the following formula

R(z°) = COS((I:EO). (6.18)

Having defined the function (1.4) by means of the formula (6.18), now let’s define
the time variable ¢ by means of the differential equation (1.5):

dz” cdt

= —. 6.19
cos(aV) a (6.19)
Integrating both sides of the equality (6.19), we obtain:
1 + sin(z° t
In (&@) _ct (6.20)
cos(zV) a

Transforming (6.20), we pass from logarithms to exponentials. As a result we get:

1 0 ct
1+sin(@?) o (6.21)
cos(aV)

Now we square both sides of the equality (6.21). This yields

1+2sin(z®) +sin®(2%) 242 sin(z0) — cos?(2¥)  zet

=e * . 6.22
cos?(xz0) cos?(z0) ‘ (6:22)
The equality (6.22) can be transformed to the following one:
L o2
1 +sin(2?) = —i—Te cos?(x°). (6.23)

Note that the left hand side of (6.23) coincides with the numerator of the fraction
in the left hand side of (6.21). Substituting (6.23) back into (6.21), we get

ct

2ea 1
cos(z) = ——— = . (6.24)

l1+e o cosh(%t)

Substituting (6.24) into (6.18) we find the dependence of R on the time variable ¢:
R(t) = a cosh(<).
Moreover, substituting (6.24) into (6.21), we derive the following formula:
sinh(<t)
sin(2”) = ———— = tanh(<). (6.25)
cosh( %t)

Now, relying on the above calculations, we introduce the modified stereographic
coordinates especially for this particular case:

o_ ct 1 1 2 2 3 3 (6.26)
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3

The metric (1.2) in these coordinates u°, u', u?, u? is written as follows:

du')? + (du?)? + (du?)?

ds? = a® (du®)? — 4a* cosh? (u°) ( 5
(lul*+1)

, (6.27)

where |u|? = (u!)? + (u?)? + (u3)2. Let’s consider the following four functions of

the modified stereographic coordinates u°, u', u?, u:

2u! 2u?
2! = A cosh(u®) L, 2% = A cosh(u®) “ ,
lul +1 lu| + 1 (6.28)
2u3 -1 '
2% = A cosh(u®) M%, 27 = A cosh(u®) :u: e

As it was shown in [4], the functions (6.28) determine an embedding of the sphere
52 into the four-dimensional Euclidean space R*. Let’s complement the functions
(6.28) with one additional function

2% = A sinh(u"). (6.29)

Then the functions (6.28) and (6.29) taken together determine an embedding of
our universe M = R x $2 into the five-dimensional space R®. If we equip this space
with the sign-indefinite metric

ds® = (d2°)? — (dz")? — (d2%)? — (d23)* — (dz*)?, (6.30)

then we find that the metric (6.30) induces the metric (6.27) in M under the
embedding given by the functions (6.28) and (6.29).

Calculating the curvature tensor for the metric (6.27), we find that our universe
M =R x S in this case is a manifold of constant negative sectional curvature

1
It is known that any four-dimensional constant curvature manifold has exactly ten
linear independent Killing vector fields (compare this fact with the theorem 3.1).
Six of them are given by the formulas (5.1), (5.5), (5.9), (5.13), (5.17), (5.21).
These fields are associated with meridional and equatorial rotations of the sphere
53, Other four fields are determined by the hyperbolic rotations of M itself.
Hyperbolic rotation in the plane z'Oz". This rotation induces the Killing
vector field X in M expressed by the formula

2(ut) 0 lul> =2 (u')? +1 sinh(u’) 0

- [ul2 +1 dud 2 cosh(u0) dul
sinh(u®) 9 sinh(u’) 0 (631
~ (W) cosh(u®) du? (uh)(w?) cosh(u®) dud”

Hyperbolic rotation in the plane z202°. This rotation induces a Killing vector
field in M very similar to the previous one. The Killing vector field X for this case



18 R. A. SHARIPOV

is expressed by the following formula:

2?9 9., 1, sinh(u®) 9
T u210u0 (W) )cosh(uo) our t 6.32)
6.32
P —2(?)? +1 sinh(w®) 9 ) sinh(u®) 9
2 cosh(u®) du? w R cosh(u%) du3’

Hyperbolic rotation in the plane 2302z". This rotation induces the Killing
vector field X in M expressed by the formula

2(u3) 0 () (u! sinh(u?) 0
|u|2 +1 oul cosh(u?) du! (6.33)
() () sinh(u®) 9 N ul> =2 (u*)? + 1 sinh(u®) 9 .
cosh(u%) du? 2 cosh(u%) du3’

Hyperbolic rotation in the plane z#*Oz°. This rotation produces the Killing
vector field X in M expressed by the formula

_uP-1 9 +( )smh(uo) d N
CJul24+1 0ul " cosh(u®) dul (6.3)
6.3
(u?) sinh(u?) 0 (u?) SR() Slnh(uo) 0
cosh(uY) du? cosh(u?) Ou3’

Using (6.26), (6.20), (6.24), and (6.25), one can easily transform the above four
vector fields to the initial North Pole stereographic coordinates x°, x!, x2, 3. Note
that none of the vector fields (6.31), (6.32), (6.33), (6.34) is purely time-like. They
are build by time-like vectors at some points of M and by space-like vectors at some
other points.

Theorem 6.2. In the case of 2(R')?> — R" R + R?> = 0 the spherical universe
M =R x S3 with the metric (1.2) admits four linearly independent Killing vector
fields (6.31), (6.32), (6.33), (6.34) in addition to siz space-like Killing vector fields
(5.1), (5.5), (5.9), (5.13), (5.17), (5.21). Neither of these ten Killing vector fields,
nor any linear combination of them with constant coefficients is a purely time-like
vector field in M.

7. CONCLUSIONS.

The main result of this paper is that in general case a homogeneous and isotropic
closed universe M = R x S2 has no time-like Killing vector fields at all, i.e. it is
non-stationary in the sense of [1] and [2]. For this reason it is a good model for
to study various quantization procedures for the matter fields in the presence of a
non-stationary gravitation field as a background. The theorems 6.1 and 6.2 specify
two exceptional cases. In the first of them the universe M = R x S? is stationary
in whole, while in the second case is is piecewise stationary, i.e. it is broken into
stationary and non-stationary fragments.
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