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Abstract: The goal of this paper is to present the Kaluza-Klein theory. In the first part we will discuss the 

theory elaborated by Kaluza and Klein, in a Riemannian space with five dimensions, which unifies the gravitation with 

electromagnetism. The second part debates the generalization of this theory in a space with 4+n dimensions. This is a 

mathematical product between the Riemannian 4-dimension variety and the G/H n-dimensional homogenous space. In 

the last part we will propose a theory Kaluza-Klein like in the fiber bundle space with 4+n dimensions. 

Every part is structured as follows: we will identify the metric tensor G�� for the gravitation and the potentials 

Yang-Mills; then we will deduct the equations of geodesics and the equations of the field. 

1. The Kaluza-Klein theory 

In the year 1916, Albert Einstein published “the generalized theory of gravity”. In this theory is considered that, 

in the presence of the gravitational field, the 4-dimensional space is a pseudo Riemannian manifold M4. In this space, a 

coordinate transformation has the form  

(x)x'x' áá =                                                               (1.1) 

where ),,,'( 432 xxxxx =  and 4,3,2,1=α  

From (1.1) results 

í·áí
í

á
á dxadx

x
x'dx' ν=

∂
∂=                                                   (1.2) 

Because ·á
ía  is depending on x, this will be local coordinate transform. The line element for the 4-dimensional manifold 

M4 is  
βα

αβ dxdxGds =2
                                                         (1.3) 

where αβG  is the metric tensor. In a pseudo Riemannian space the common derivative α∂ is replaced with the covariant 

derivative 

ααα Γ±∂=D                                                              (1.4)      

where the matrix elements )( β
ανα Γ=Γ  are connection coefficients. We can affirm that the presence of a gravitational 

field imposes the replacement of common derivative ν∂  with the covariant derivative νD . In a local coordinate 

transformation, αΓ  is transformed 

))(( 11
·

' −− ∂−Γ=Γ aaaaa νν
ν
αα                                                      (1.5) 
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where )( ·α
νaa = . From 0=αβν GD  results 

( )βνεενβεβν
αεα

νβ GGGG ∂−∂+∂=Γ
2
1

                                            (1.6) 

The motion equations on M4 are the geodesics’s equations.  

0=Γ+ νβα
βν

α uuu&   (1.7) 

The curvature tensor components are 
µ
βν

α
µε

α
µν

µ
βε

α
βνε

α
βεν

α
βνε ΓΓ−ΓΓ+Γ∂−Γ∂=R  (1.8) 

From (1.8) we obtain the Ricci’s tensor components 
µ
βν

ν
µε

ν
µν

µ
βε

ν
βνε

ν
βεν

ν
βνε ΓΓ−ΓΓ+Γ∂−Γ∂=R  (1.9) 

and the scalar curvature                                           βε
βε RGR =   (1.10) 

The equations of the gravitational field are Einstein’s equations: 

αβαβαβαβ
π JT
c

GRGR ==−
4

8
2
1

 (1.11) 

Here G is the gravitational constant and αβT  is the impulse-energy tensor for matter. These equations can be obtained 

from a variation principle by choosing ( ) ( ) xdLRGGcS m
413 16 +−= ∫−π . The term αβJ  is obtained from mL  

which is the lagrangian “density” for matter. 

In the year 1921, Kaluza suggested that the gravity and the electromagnetism can be unified in a pseudo 

Riemannian 5-dimensional space. Because the 5th dimension is not observable, Klein suggested that this is a circle S1 

with a small enough radius so it can’t be experimentally detected. So, the 5 dimensional manifold is M4 x S1. In the 

Kaluza-Klein theory is postulated that the line element for the M4 x S1 space is  

( )22 )( α
α

βα
αβ dxxkAdydxdxGdS +−=                                      (1.12) 

where yx =5  is the 5th coordinate. The k  constant is introduced in order that )(xkAα  to be dimensionless. Also y  

has length dimension. 

The coordinate (symmetry) transformations that leave the line element 2dS  invariant are 

(x)x'x' áá =                                                                (1.13) 

)(xyy' ϕ+=                                                            (1.14) 

where ),,,'( 432 xxxxx =  and 4,3,2,1=α . Under these transformations the M4 line element 
βα

αβ xdxGds =2
 is 

invariant and )(xAα  it transforms  








∂
∂−=

νν
ν
αα

ϕ
x

x
k

xAaxA )(1)()'( ·
'                                                 (1.15) 

For a pseudo Riemannian 5-dimensional manifold the line element is 
ba

ab dxdxgds =2   5,4,3,2,1, =ba                                          (1.16) 

and is invariant under the coordinate (symmetry) transformations 
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)(' ' xxx aa = , ),,,,'( 5432 xxxxxx =                                        (1.17) 

In the basis },{ dydxα  for one-forms and in the dual basis








∂
∂

∂
∂

yx
,α  in tangent space, the line element (1.12) is : 

dydygdydxkAdxdxAAkGdS 55
22 2)( −−−= α

α
βα

βααβ                         (1.18)                    

In this basis, the metric tensor components are: 

βααβαβ AAkGg 2−= , 155 =g , ααα kAgg −== 55                                (1.19) 

The line element dS2  given by (1.18) is invariant under transformations (1.13) and (1.14) which are obtained by the 

symmetry “breaking” (1.17). In this case, the gα5 components of the metric tensor act as a vectorial gauge field, Aα 

which is considered to be the electromagnetic field potentials. 

Observation: Let )(xΨ  be a scalar field, which transforms  

)()()(' xxax Ψ=Ψ , )()( xexa ϕ=                                                (1.20) 

We have: )()())()()(()(')()(')(' '' xDxaxkAxxaxxkAxxD Ψ=Ψ+Ψ∂=Ψ+Ψ∂=Ψ αααααα    (1.21) 

which means that                                          ααα kAD +∂=                                                           (1.22) 

acts like a covariant derivative under the transformations (1.20). 

If for one-forms we choose the basis  

       αα dxdX = , α
α dxkAdydX +=5     (1.23)                           

then the dual basis in tangent space is: 

y
kA

x
e

∂
∂−

∂
∂= ααα , 

y
e

∂
∂=5                        (1.24)                                                                    

We have: 

c
c
abba eCee =],[ , cba ,, =1,2,3,4,5  (1.25) 

y
kFee

∂
∂−= αββα ],[ , 0],[ 5 =eeα , 0],[ 55 =ee  (1.26) 

( ) ( ) ( )( )bdcbcddcbdcbbdcbcdbcd CCCGeGeGe +++−+=Γ
2
1

 (1.27)  







−

=
550

0

g
G

G αβ
             (1.28) 

In this basis the line element is: 
55

55
2 dXdXgdxdxGdS −= βα

αβ            (1.29) 

Calculating the connection coefficients we get: 

0,
2
1

,
2
1

, 5
55

5 =Γ=Γ=ΓΓ=Γ β
α
β

α
ββνβνεβν

αεα
βν kFkFG          (1.30) 

The geodesics’s equations au 
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4,3,2,10

5,4,3,2,1,0
55 ==Γ+

==Γ+

α

αα

ba
ab

ba
ab

uuU

bauuu
&

&
 (1.31) 

By replacing  (1.30) in (1.31) we get 

05 =U&  (1.32) 

ν
αν

νβ
αβν

β
αβ ukFUguuuG 5

55=Γ+&   (1.33) 

By choosing 155 =g , 15 =U  and 2
0cm
qk =  we get 

  νβ
ν

ναβ
αν

β uF
cm

quuu 2
0

=Γ+&                                                           (1.34) 

where εαν
βεβ

αν Γ=Γ G , 






∂
∂

−
∂
∂

+
∂
∂

=Γ
ε
αν

α
εν

ν
εα

εαν x
G

x
G

x
G

2
1

for the gravitational field         (1.35)    

and    εν
βεβ

ν FGF = , ν
ε

ε
ν

εν x
A

x
AF

∂
∂−

∂
∂=      for the electromagnetic field                                        (1.36) 

 (1.34) is the motion equation for a particle with the mass at rest m0 and the charge q in the gravitation and 

electromagnetic field. 

The field equations are Einstein equations in the space M4 x S1: 

5,4,3,2,1,,
2
1 ==− baJRGR ababab                                   (1.37) 

After calculating we get: 

αβαβαβαβ
π JT
c

GRGR =−−
4

44 8
2
1

                                                    (1.38) 

where 4 is an index that shows that 
4
αβR  is the Ricci’s tensor on M4 , R4 is the curvature scalar on 4M and 

( )



 +−= βε

ε
ααε

ε
β

ε
ν

ν
εαβαβ ε FFFFFFGT

2
1

4
1

0                                      (1.39) 

is the energy-impulse tensor for the electromagnetic field. In the chosen basis 05 =αG  and therefore 55 αα JR =  from 

which results 

αα
ε

ν
ν
εα

ε
α

ν
εν

ν
αν JJkFFF ==Γ−Γ+∂ −

5
12            (1.40) 

Using the covariant derivative ννν Γ±∂=D  equation (1.40) becomes 

α
ν
αν JFD =              (1.41) 

Also, is satisfied the identity 

0=++ αβνναββνα FDFDFD            (1.42) 

The equations (1.37) are the equations of the gravitational field for a pseudo Riemannian five dimensional manifold. By 

symmetry breaking, the equation (1.37) becomes (1.38) and (1.41) which are equations for the gravitational field and for 

electromagnetic field on the M4 manifold. 
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The field equations can be obtained from a variation principle by taken the action to be the gravitational action 

in the five dimensional spaces: 

∫ += xdLRg
LG

cS m
5

3

5 )(
·16π

            (1.43) 

After integrating over y results ∫ +−= xdLRG
G

cS m
4

3

4 )(
16π

                                          (1.44) 

where )det( αβGG −=−  , 224

4
1 FkRR −=  cu ε

ν
ν

ε FFF =2 and  
4

02 16

c
G

k
πε

= . 

2. The Kaluza-Klein theory in a M4 x Sn space 

On the space Sn transitively acts a group Lie G. This means that for two arbitrary points from Sn we have 
nSyyygfy ∈= ,'),('              (2.1) 

for Gg ∈ . Let nSy ∈0  and H the set of all G elements that let 0y fix: 

{ }),(| 00 yhfyGhH =∈=               (2.2) 

H is an isotropy subgroup of G. For every Gg ∈ we can define an equivalence class 

[ ] { }HhghgGgg ∈∀=∈= ,'|'               (2.3) 

 The manifold of all distinct equivalence classes is noted G/H. Let nSy ∈0  fixed. Any point nSy ∈  can be obtained: 

Ggygfy ∈= ,),( 0 . But ),()),(,(),( 000 ygfyhfgfyghf ==  for  any Hh ∈ . Results that there is a 

biunique correspondence between the equivalence classes [g] and the points nSy∈ . We will identify the space Sn with 

the coset space G/H so 

HGHG dimdim/dim −=                                                     (2.4) 

For a Kaluza-Klein theory of supergravity the number of supplementary dimensions must be maximum seven, 

therefore for the space Sn we have n≤ 7. If )1()2()3( USUSUG ××=  then )1()2( UUH ×=  and dim G/H=7. 

We choose the coordinate transformations on M4 x Sn  

4,3,2,1,)('' == ααα xxx  , ),,,( 4321 xxxxx =                                                (2.5) 

nkyxyy kk ,,2,1,)),(('' K== ω , ),,,( 21 nyyyy K=                                    (2.6) 

ω(x) are the parameters of the G group which acts on Sn. The symmetry is broken because the transformations (2.5) and 

(2.6) aren’t like  

naxxx aa +== 4,,2,1,)('' K                              (2.7) 

nnn yxyxyxxxxxxxx ==== +++++ 42241144144321 ,,,,),,,,,( KK  

The line element Kaluza-Klein, generalized for a space with cu 4+n dimensions, is  
kr

rk dXdXgdxdxGdS −= βα
αβ

2
                         (2.8) 

where we chose the basis one-forms  
αα dxdX = , α

α dxkNdydX rrr +=   (2.9) 
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k is a constant introduced in order that rkNα  be dimensionless. 

The basis vectors from the tangent space are 

 
r

r

y
kN

x
e

∂
∂−

∂
∂= ααα , kkk y

e ∂=
∂
∂=   (2.10) 

αβG  is depending on x, g sk is depending on y, and sNα  is depending on x and y. 

Let dS2 be invariant under transformations (2.5) and (2.6). It is seen that 
βα

αβ dxdxGds =2
 is invariant under 

these transformations. Because  

)()()()(
''

)'(' ·· ygyayayg
y
y

y
yyg ns

s
k

n
rnsk

s

r

n

rk =
∂
∂

∂
∂=                       (2.11) 

results sr
s

s
s

r
r dXyadX

y
ydX )(
'

' ·=
∂
∂=  therefore )),()((')','(' ·' α

α
α

α dxyxkNdyyadxyxkNdy ssr
s

rr +=+ . 

From here results 







∂
∂−= νν

ν
αα x

y
k

NaaN
s

rs
r

s '1·
·

'
            (2.12) 

Let the coordinate transformations  
αα xx ='              (2.13) 

)),(('' yxyy kk ω=             (2.14) 

For )(xω  infinitesimal the transformation (2.14) can be written 

0
00

·
0

'
' n

n

r
rr

n

yyy δω
ω ω =∂
∂+=  (2.15) 

Noting r
n

r
nn

r

KyKy
n 0000

)(
0

'

==
∂
∂

=ωω
, we have 

0

0

' nr
n

rr Kyy δω+=             (2.16) 

The operators r
r
nn yKX ∂= )(

00
             (2.17) 

are called the generators of the transformations group G which acts on Sn , transformations given by (2.14). It can be 

showed that 

[ ]
0

0

0000
, r

r
mnmn XCXX =             (2.18) 

where 0

00

r
mnC  are the structure constants of the group. From (2.18) results 

s
i

i
ln

s
nr

r
l

s
lr

r
n KCKKKK

0

0

000000
=∂−∂              (2.19) 

If the transformation (2.14) is an isommetry 
n
iK
0

will be solutions of the Killing’s equations  

0
000

=∂+∂+∂ n
ikrn

n
irknrkn

n
i KgKggK            (2.20) 

n
iK
0

 are called Killing’s vectors. In particular, the equations (2.20) are satisfied if we choose 
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2·)()()(
00

−= LyKyKyg s
i

r
i

rs
            (2.21) 

Here L is a constant with length dimension introduced in order that g rs
 be dimensionless. We choose 

1)()(),(
0

0 −= LyKxAyxN r
s

sr
αα             (2.22) 

in a transformation (2.16) the fields )(0 xAn
ν  transforms  

( )0000

00

00 1' nrsn
rs

nn LkACAA δωδω νννν ∂−+= −
 (2.23) 

This is an infinitesimal gauge transformation for the gauge fields 0nAν (x). 

The connection coefficients are obtained from 

( ) ( ) ( )( )bdcbcddcbdcbbdcbcdbcd CCCGeGeGe +++−+=Γ
2
1

          (2.24) 

where: 







−

=
rkg

G
G

0

0αβ
             (2.25) 

  [ ] c
c
abba eee C, = ,  a,b,c,=1,2,...,4+n (2.26) 

[ ] r
r

r
r
n

n CKkFee ∂=∂−= αβαββα 0

0, , [ ] r
r
sr

r
sr

r
ns

n
s CCKkAee ∂−=∂=∂∂= αααα 0

0, ,     [ ] 0, =sr ee   (2.27) 

  00 nn FGF αβ
ναν

β =   , 0

00

00000 1 n
si

sinnn CAAkLAAF αναννααβ
−+∂−∂=  (2.28) 

After calculating results: 

              sr
s
n

n
rrr gKFkLG

0

01

2
1 α

βεβ
αεα

β
α
β

−−=Γ=Γ=Γ  ,    r
n

n
s

rsr KFkLg
0

01

2
1

αβαβαβ
−−=Γ=Γ   

  εβν
αεα

βν Γ=Γ G  ,     
r
ns

n
ns

rnr
s KAkLg

0

01 ∂=Γ=Γ −
ααα ,     0=Γ=Γ sn

rnr
s g αα   (2.29) 

    ( )sknnksnsk
rnr

sk gggg ∂−∂+∂=Γ
2
1

  ,     0=Γα
rs  

The geodesics’s equations are  

02 =Γ+Γ+Γ+ νβ
ν

βανβ
να

β uUUUuuu r
r

sr
rs&   (2.30) 

0=Γ+Γ+Γ+Γ+ srk
rs

sk
s

sk
s

kk UUuUuUuuU α
α

α
α

βα
αβ

&  (2.31) 

Using (2.29) in (2.30) and (2.31) this becomes 

0
0

01 =∂+Γ+ − ν
ν uUKAkLUUU sk

ns
nsrk

rs
k&   (2.32) 

 
νβ

ν
ναβ

αν
β uPKFkLuuu r

r
n

n
0

01−=Γ+&  (2.33) 

Observation: the operator r∂  corresponds to the medium value L-1Pr. Results that the factor 
1

0

−LPK r
r
n  is the medium 

value of the operator 
00 nr

r
n XK =∂ . Assuming that 

0nqX  is the “field’s charge” operator, then its medium value 

1

0

−LPqK r
r
n is noted 

0nQ . Because ,0=Γ−Γ− α
α uPUPP s
s
r

k
s

s
rkr

&  the condition 0
0

=nQ&  implies 

0
000

=Γ+Γ+ α
α uKUKK s

n
r
s

ks
n

r
sk

r
n
& . With this (2.33) becomes 
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νβ
ν

ναβ
αν

β uF
cm

Q
uuu nn 00

2
0

=Γ+&             (2.34) 

    Observation: We define the Yang-Mills field 

                                                 ( )
0

0, n
n XAyxY αα =              (2.35) 

If 
a

bnX
0

 are the elements of the generators representation matrix 
0nX then )()(),(

0

0 yXxAyxY a
bn

na
b αα = . Let 

),( yxcΨ  the components of a vectorial field in the representation space. They transform: 

),(),(),(' · yxyxayx bc
b

c Ψ=′Ψ , ( ) 0
0

,· n
n Xc

b eaaa ω==  (2.36) 

The field transformation a
bYα  is obtained from (2.23) 

111' )( −−− ∂−= aaLkaaYY ααα           (2.37) 

The covariant derivative in the representation space is  

αα gYDx ±∂=   and 
ba

b
aa gYD Ψ+Ψ∂=Ψ ννν                     (2.38) 

Where 11 )(2 −− == hcqkLg π  so αgY  has a dimension of (length)-1 . 

The curvature tensor components for M4 x Sn are  

e
cd

d
ba

d
ca

e
bd

d
cb

e
ad

e
cab

e
cba

e
cab CR Γ+ΓΓ−ΓΓ+Γ∂−Γ∂= ,   a,b=1,2,...,4+n  (2.39) 

From (2.39) we obtain the components of the Ricci’s tensor a
cabcb RR =  which gives αβR  and ksR . The curvature 

scalar is 22
/

4

4
1 FkRRRgRGR HGks

ks −+=−= αβ
αβ . Here R4 is the scalar curvature of M4, HGR /  the scalar 

curvature for G/H and 00

00

2 mnj
m

i
nij FFKKgF ε

ν
ν
ε= . 

The field equations of M4 can be obtained from a variation principle. We choose the action on n4 S  M ×   

                        ∫∫ +−−=+
nS

n
m

M
un xdLRgxdG

GV
cS )(

16 4

4
3

4 π
  (2.40) 

where ∫ −=
nS

nn xdgV , ( )αβGG det−=− , )det( rkgg −=−  

After that, we integrate on Sn and results: 

             ( )∫ ∫ −−+Λ+−=
4 4

00 4044
3

4 4
1

16
M M

nn
m xdFFG

c
xdLRG

G
cS ε

ν
ν
ε

ε
π

  (2.41) 

where Λ=−∫ n

S

n
HG VxdRg

n

. The field equations obtained from S4 are: 

                                      ( ) αβαβαβαβ
π JT
c

GRGR =−Λ+−
4

44 8
2
1

                                       (2.42) 

0000 nnnn JFFF α
ν

ε
ε
αν

ε
α

ν
εν

ν
αν =Γ−Γ+∂                                             (2.43) 

where ( )



 +−= 000000

2
1

4
1

0
nnnnnn FFFFFFGT αν

ν
ββα

ν
α

ε
ν

ν
εαβαβ ε  is the energy-impulse tensor for the field 0nFν

α . 
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3. The Kaluza-Klein theory in a fibre bundle space 

We will consider a fibre bundle space for which the basis space is the differential variety 4M , and the typical 

fibre nF is the set of all vectorial fields { })()( xx kΨ=Ψ  k=1,2,...,n. In every point ( )4321 ,,, xxxxx =  of the 

manifold 4M  we have a fibre n
xF , which is a vectorial space. A vector in this space is  { })()( xx kΨ=Ψ  for x fixed. 

On the typical fibre nF  acts a transformation group G: 

)()()(' · xxax rk
r

k Ψ=Ψ   (3.1) 

Noting E the total space, the coordinates on E are nyyyxxxx ,,,,,,, 214321 K . A coordinate transformation on E is  

)('' xxx αα =  (3.2) 

rk
r

k yxay )(' ·=  (3.3) 

If ke  is a base for nF , then a vector from nF  is written: 

)()( xex k
k Ψ=Ψ  (3.4) 

The coordinates ky are defined for each fibre n
xF . The variation of ky  in the fibre n

xF  is kdy . When we 

pass from a fibre n
xF  to another fibre n

xF '  the variation of ky  is α
α dxkNk  where ααα xxdx −= ' and kkNα  are the 

connection coefficients which are depending on x and y. The total variation of ky  is  

α
α dxyxkNdyDy kkk ),(+=    (3.5) 

The “position” vector in nF can be written k
k yey =  and the variation of this vector is k

k DyeDy = . 

The corresponding variation on 4M will be α
αdxedx = . An infinitesimal movement on E is  

k
k DyedxeDydxdX +=+= α

α   (3.6) 

The line element on E will be 
kr

rk DyDygdxdxGdS −= βα
αβ

2
     (3.7) 

where αββα Geeg =),( , 0),( == kk Geeg αα  and rkkr geeg −=),( . 

Under the transformations (3.2) and (3.3), the line element of 4M , 
βα

αβ dxdxGds =2
 is invariant. Results 

kr
rk DyDyg  must be invariant under these transformations. The invariance condition 

kr
rk

kr
rk DyDygDyDyg =''' and the transformation conditions sn

n
k

s
rrk gaag ··

' =  give srs
r DyyDa =′·  from which 

results 









∂
∂

−=′ s
r

ssr
s

r y
x
a

kNaaNk νν
ν
αα

·
·

·    (3.8) 

Let the infinitesimal transformations 

αα xx ='    (3.9) 

rk
r

k
r

k yxy ))((' ·ωδ +=  (3.10) 
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If )(0

0

·· xq nk
rn

k
r ωω =  then  

rnk
rn

kk yxqyy )(' 0

0

· ω+=     (3.11) 

From (3.11) we see that the Killing’s vectors are 
sr

sn
r
n yqyK ·

00
)( = and the  (3.3) transformations generators are 

r
sr

snr
r
nn yqKX ∂=∂= ·

000
. We choose 

sr
sn

nr
n

nr yqxAkLyKxAkLyxkN
0

0

0

0 )()()(),( 11
ααα

−− == . 

Observation: a) The Yang-Mills is r
sr

sn
n

r
r

n
n yqALNXAY ∂=∂==

0

0

0

0
αααα . Therefore exists a linear 

connection 
r

sn
nr

s qxgAxK
0

0 )()( αα = . From (3.8) with the notations )( r
sKK αα =  and )( ·r

saa =  results 

( )( )11
·' −− ∂−= aaaaKaK νν
ν
αα  (3.12) 

The covariant derivative is ααα KD ±∂=  and )()()()( xxKxxD sr
s

rr Ψ+Ψ∂=Ψ ααα .If for the generators 

r
sy ∂  we choose the representation j

r
s
i

j
ir

sy δδ=∂ )(  then )(xKgY j
i

j
i αα = . 

 b) If the field )(xkΨ  is a self-interacting field, then from the Higgs mechanism can be obtained at 

rest masses for the field quanta 0nAν . 

Forwards the theory develops like in the second part  but ry are coordinates in “states space” (Fn) and 

rkrkg δ= . From a physical point of view, the states space it isn’t a space like ctx =4  it isn’t a space. We will 

consider that rr yy 0λ=  where λ  has a length dimension and ry0  is dimensionless. 

            The connection coefficients will be 

sr
s
n

n
rr

r
s

r
s gKFkLKG

0

01

2
1

,, α
β

α
β

α
βααεβν

αεα
βν

−−=Γ=Γ=ΓΓ=Γ  (3.13) 

After calculating, the geodesics equations become 

νβ
ν

ναβ
αν

β uF
cm

Q
uuu nn 00

2
0

=Γ+&  (3.14) 

0=+ ν
ν uUKU sr

s
r&  (3.15) 

Using (3.13) the curvature scalar is 2224

4
1 FLkRR −−= . The field equations on 4M  have the same form 

as in (2.42) and (2.43) but Λ  is zero. 
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