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Hyperbolic Ricci solitons on K-contact manifolds and its applications
in spacetimes

Gaurab Mitra?, Tarak Mandal®*, Avijit Sarkar®

?Department of Mathematics, University of Kalyani, Kalyani-741235, West Bengal, India

Abstract. The aim of the present article is delve into characterizations of hyperbolic Ricci solitons which
bear wave characters of K-contact metrics and associated curvatures of manifolds as self similar solutions
of a hyperbolic Ricci flow. Also, we investigate gradient hyperbolic Ricci solitons on n-Einstein K-contact
manifolds and construct an example to verify the deduced results. Finally we analyze hyperbolic Ricci
solitons in the framework of quasi-Einstein spacetimes.

1. Introduction

Kong and Liu [24] introduced hyperbolic Ricci flow in order to illustrate the wave nature of the metrics
and curvatures of manifolds with beautiful analogy between hyperbolic Ricci flow and wave equations.
This is novel and very natural to analyze certain interesting phenomena in the geometry of manifolds.
It possesses several interesting properties from Mathematics as well as in Physics. According to Kong
[25], hyperbolic Ricci solitons as self similar solutions of hyperbolic Ricci flow are of prime importance
as they are highly related with solutions of Einstein’s field equations in vacuum. Soliton theory becomes
further interesting by coupling with contact metric theory [5]. Solitons with contact metric was first studied
by Sharma [30]. Thus, we get natural motivation to study hyperbolic Ricci solitons in the framework of
K-contact manifolds.

In this connection it should be mention that in [21], Hamilton was introduced the notion of Ricci soliton
on a Riemannian manifold (N™, g), which is the generalization of the Einstein metrics defined by

£pg +28 = 27y, (1)

where £p denotes the Lie derivative operator along the potential vector field #, S the Ricci tensor of type
(0,2) and A is a constant. If = grad(, then the equation (1) can be rewritten as follows

S +HessC = Ag, 2)
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where Hess being the Hessian operator of the smooth function C. A Ricci soliton is the limit of the solutions

of Ricci flow evolution equation on (N, go) given by % = -285, 9(0) = go. Ricci solitons on different kind
of manifolds have been studied by several researchers [10, 12, 19, 22, 28, 31, 32]. A hyperbolic geometric
flow is defined by [24]

d*g

EY _ZS/ 9(0) = !70/

- = Ho, 3)

99
ot
where Hj is a symmetric (0,2)-tensor field on N. Recently, this types of flow are studied by various authors
in different perspectives [1-4, 8-11, 17, 18, 23].

A Riemannian manifold (N, g) is called a hyperbolic Ricci soliton (HRS, in short) if their exists a vector
field # on N such that

S+ Tfpg + %Ep(fpg) = /\g, 4)

for some real scalars 7 and A on N [20]. A HRS is called a Ricci Soliton if the potential vector field is
2-Killing [13-15] and 7 = 1. A HRS is said to be shrinking, steady or expanding according as A > 0, 1 = 0 or
A < 0. Also, a HRS is said to be a gradient hyperbolic Ricci soliton (GHRS, in short) if their exists a potential
function C such that $ = gradC. Thus the equation (4) takes the form

S +27(Hess() + £graqc(HessC) = Ag, (5)

where gradC denotes the gradient of the potential function C.

The present article is organized as follows: After the introduction, we give some preliminaries in the
Section 2. In Section 3, we investigate certain results of HRS on (2m+1)-dimensional K-contact manifolds.
In Section 4, we have studied GHRS on 7-Einstein K-contact manifold of dimension (2m+1). In Section 5,
we give an example to verify the deduced results. In the last section, we apply HRS in super quasi-Einstein
spacetimes.

2. Preliminaries

A differentiable manifold N?"*! is known as a contact manifold if there exists a global 1-form 1 such
that n A (dn)™ # 0 everywhere on N. For a given contact 1-form 7 there exists a unique Reeb vector field 6
such that dn(6, W) = 0 and n(6) = 1. Let (¢, 6,7, g) be a contact metric structure, where ¢, 6, 1 and g are,
respectively, a (1, 1)-tensor field, a (1, 0) type vector field, a 1-form and an associated metric of 7, such that

P*(W) = -W +n(W)0, (W) = g(W,0), dn(W,U) = g(W,¢pU), (6)
¢0=0, n¢=0 rank(p)=2m,

for every vector field W, U on N2"*1 [6]. The tensor h = 1£9¢ is known to be self-adjoint, where £ denotes
the Lie derivative operator that anti-commutes with ¢ and satisfies the conditions tr(h) = 0, tr(h¢) = 0,
where "tr” indicates trace.

A contact metric structure is said to be K-contact if the characteristics vector field 9 is Killing vector
field. For a K-contact manifold, the following conditions hold:

Vb = oW,  (Vw)U = R(6, W)L (7)
QO =2m0, R(W,0)0 = W — n(W)6. (8)
VwnU + (VumpW =0, (VwnU = (W, U) = g(W, pU), )

where V, R, Q denote the Levi-Civita connection, curvature tensor and the Ricci operator of g respectively.
The contact structure on N is said to be normal if the almost complex structure on N X R defined by
JOW, f4) = (¢pW - 6, n(W)%), where f is a real function on N X R, is integrable. A normal contact metric
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manifold is called a Sasakian manifold. Sasakian manifolds are K-contact and 3-dimensional K-contact
manifolds are Sasakian. For a Sasakian manifold, we have

R(W, )6 = n()W - n(W)U. (10)

Also, it is well known that, an n-Einstein K-contact manifold of dimension (2m + 1) satisfies the following
curvature properties:

R R
SN W) = (- = DgW, L) + [2m +1) = = In(Wn(LD, an
which gives
S(U, 6) = 2mn(U). (12)

In addition, the manifold (N*"*!, g) is called nearly quasi-Einstein manifold [33] if S = a;g + @2&; for some
functions a1, a; and a non-vanishing symmetric (0,2)-tensor & on N 2m+1

Definition 2.1. [7] On a Riemannian manifold (N*"*, g), a vector field P is said to be concircular if it satisfies
Vw® = CW, (13)

for any vector field W and a real smooth function C on N. Also, a vector field P is called concircular Killing vector

field if it satisfies
(Epg)(W, U) = 2ag(W, L), (14)
for some real smooth function o on N.

Definition 2.2. [19] On a Riemannian manifold (N*"*1, g), a vector field P is said to be Ricci bi-conformal vector
field if it satisfies

Epg)(W,U) = 1gW, U) + LSW, U), (15)
and
EpS)(W, U) = ASW, U) + fog(W, L), (16)

for some non-zero smooth functions f1, f, on N.

3. Hyperbolic Ricci solitons (HRS) on K-contact manifolds of dimension (2m + 1)

Theorem 3.1. A K-contact manifold N*"*! admitting a HRS with the potential vector field P which is pointwise
collinear with the Reeb vector field O is nearly quasi-Einstein manifold.

Proof. Let (N, g,P,t,A) be a HRS whose potential vector field # such that # = 806, for a smooth function
8. With the help of Lie derivative operator and using (6) and (7), we get

£pg(W, L) = g(W, gradB)n(U) + (U, gradB)yj(W), (17)

for any vector field W, U and grad® denotes the gradient of 5.
By the definition of the Lie derivative operator and using (17), we infer

£p(Epg(W, 1)) = P.g(W, gradB)n(U) + g(W, grad BYP(n(LD) + P.g(U, grad B)n(W)

- 9(U, gradB)P(n(W)) — g(£pW, gradB)n(U) — g(U, gradB)n(£pW)
- g(EpU, gradB)n(W) — g(W, grad B)n(£pL). (18)
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Using (17) and (18) in equation (4), one can obtain
1 1
S(W, U) = Ag(W, U) - EPg(W, gradB)n(U) — Eg(W, gradB)P(n(U))
1 1 1
— 5P-9(U, gradB)n(W) — 5 g(U, gradB)P(n(W)) + 5 9(EpW, gradB)n(U)
+ 20EPU gradBI(W) + 3 9(W, grad B(EpU) + S9(U, grad B(Ex W)

- tg(W, gradB)n(U) — tg(U, grad B)n(W). (19)
We define a non-vanishing (0, 2)-tensor &; by
E(W,U) = ~5.g(W, gradB)n(Ll) ~ 590, grad BYP((LD) ~ 5 g(U gradBn(W)
— 30U grdBYP(IN) + 39(Er W, grad B)(U) + 50(EpU grad (W)
+ % g(W, gradB)n(£pU) + % g(U, gradB)n(EpW) — tg(W, grad B)n(U)
— tg(U, gradB)n(W). (20)
Using (20) in (19), we obtain
SW U) = AgW U) + &(W, U), (21)

which shows that N is nearly quasi-Einstein manifold.
This completes the proof. [J

Theorem 3.2. If N*"*1 is a K-contact manifold admitting HRS with potential vector field as the Reeb vector field O,
then the soliton is shrinking.

Proof. With the help of (7), we obtain

(Eog)(W, D) = 0. (22)
Also, from the definition of the Lie derivative operator, we obtain

£o(Eog(W, U)) = 0.£9g9(W, U) — £9g(£eW, U) — £9g(W, £6U) (23)
Substituting W = U = 0 in the above and using (6), we get

£o(£0g(0,0)) = 0. (24)
Again, putting W = U = 0 in (4) and using (24), we get

S(0,0) = A. (25)
Also, from (8), we get

S(6, 0) = 2m. (26)

Comparing the last two equations, we get

clearly, A is positive.
This proves the theorem. [
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Corollary 3.3. If an n-Einstein K-contact manifold admits HRS with potential vector field as the Reeb vector field,
then the soliton is shrinking.

Theorem 3.4. Let a (2m + 1) dimensional K-contact manifold N admit a HRS with potential vector field P. If P is
a concircular vector field, then
A =2m+P.C+20 + 210

Proof. With the help of (13), one can obtain

(Epg)(W, U) = g(VwP, U) + g(W, VuP)
= 20g(W, U). (27)

Also, from the definition of Lie derivative operator, we get

£p(Epg(W, L)) = 2P.Cg(W, U) + 4T g(W, U). (28)
Using (27) and (28) in (4), we obtain

S(W, 1) + 2tCg(W, U) + P.Lg(W, U) + 2C29(W, U) = Ag(W, D). (29)
Substituting W = U = 0 in (29) and comparing with (8), we get

A=2m+P.L+20 +21L. (30)
This completes the proof. [

Theorem 3.5. If an n-Einstein K-contact manifolds N*"** admits HRS with solenoidal vector field P, then the
soliton is shrinking and A = 2m.

Proof. from (4), we get
SW, U) = Ag(W, U) — t[g(VwP, U) + g(W, VuP)]
~ S1PLpg(W,U) ~ £pg(EpW, D) ~ £pg(W, £5D)]. &)
Contracting W and U in (31), one can obtain
R = A@2m + 1) — 2tDivP. (32)

Since P is solenoidal, DivP = 0.
From (12) and (32), we get

This proves the theorem. [

Theorem 3.6. Let an n-Einstein K-contact manifold N*"* admit HRS whose potential vector field P is concircular
and orthogonal to the Reeb vector field. Then a HRS is shrinking if and only if the manifold N is locally isometric to
EMIxSH, for any m > 1.

Proof. With the help of Lie derivative operator and using (6) and (7), we get
(£rg)(6,6) = 0. (33)
Since % is a concircular vector field on N, so for any vector field W and a real smooth function {, we have

Vw®P = CW.
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Using this, we get
(Epg)(W, U) = 2Cg(W, U).
Substituting W = U = 0 in the foregoing equation, we get
(Epg)(6, 0) = 2C. (34)

From (33) and (34), we get
c=0.

Which implies that P is Killing (C = 0) and hence the manifold N is locally isometric to &"*xS* in dimension
> 3. Also we have

Ep(Epg(W, L)) = P.L£pg(W, U) - £pg(EpW, U) — Epg(W, £pLD).
Then
£pg = £p(Epg) = 0.
Using the above in (4) and substituting W = U = 0 in (12) and (4), we get
A =2m.

This completes the proof. [J

4. Gradient hyperbolic Ricci solitons on (2m + 1)-dimensional 77-Einstein K-contact manifolds

Theorem 4.1. If an n-Einstein K-contact manifolds N*"*' admitting GHRS, then the Laplacian of the potential
vector field is constant.

Proof. From (5), we get

SW, U) = Ag(W, U) - 27g(Vwgradl, U) — £gradg.g(ngradC, u. (35)
Contracting along the vector field W and U in (35), we obtain

R = A2m + 1) — 2tDiv(grad() — £gradc (AQ)), (36)

A being Laplacian operator. Since in a GHRS, the potential vector field is gradient of the smooth function
C, so by the definition of the Lie derivative, we get

(Egraacg)(W, U) = g(Vwgradd, U) + g(W, Vugradd). (37)
Putting W = U = ¢; and summing over i, we get

2m+1

Y Egradco)er i) = 2AC, (38)
i=1

where (g),i =1,2,.....,(2m + 1) is the orthonormal basis of the tangent space at each point of the manifold.
Taking Lie derivative operator on the equation (38), we obtain

2m+1

2£gradC(AC) = Z [gradC-Egrang(ei/ Gi) - 2£gradcg(£gradcei/ Gi)].
i=1
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Hence
Egradc (AT) = 0. (39)
Using (39) in (36), we get
R=A2m + 1) - 27ACL. (40)
Combining (40) and (12), we obtain

_ @m+1)(A - 2m)
= % )

AL (41)

which is a constant. []

5. Example

Let N = {(x,y,z,u,v) € R5 : z # 0} be a five-dimensional manifold, (x, Y,z,u,v) being the standard
co-ordinates in IR?, whose basis vector fields are given by

R A
€1 = ox y&Z’ € = €3 = 0 , €4 = €5 = .

oy’ u 0z
By direct computation, one can find
len, €] = =265, [e1,e3]=0, [er,e4] =0, [e1,65]=0,
le2,€3] =0, [e2,€4] =0, [ez,€5] =0,
l€3,€4] = —2¢5, [e3,e5]1 =0, [es,€5]1=0.
Let the metric tensor g be defined by
glei,€)) ={1, for i=jand O, for i# j}, wherei,j=1tob.

The 1-form 1 and the (1, 1) tensor field ¢ are, respectively, defined by n(U;) = g(U;, €5) for every vector field
U; on the manifold and

pe1=—€, Pex=€1, Pe3=—€, Qes=e3, ¢es=0.

Then we find that
nes) =1, §*W=-W+n(W)es,

g(@eW, oU) = g(W, U) — n(W)n(U),
dn(W,U) = g(W, pU)

for every vector fields W, U on the manifold. Thus (¢, €5, 17, g) defines a contact metric structure.
By Koszul’s formula, we can find

0 —€5 0 0 €2
es 0 0 0 -
Ve,.ej =|0 0 0 —€5 €4
0 €5 0 —€3

€ —€1 €4 —€3 0
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where i,j =1,2,3,4,5 and V denotes the Levi-Civita connection. Thus, we see that Viyes = —pW for every
vector field W. Hence N is a K-contact manifold. The components of the Riemannian curvature tensor are
given by

R(e1,€2)e2 = =3€1, R(e1,€2)e1 =362, Rley,€2)€3 = 264, R(er, €2)e4 = —2e3,

R(e1,€2)e5 =0, R(er,e3)e1 =0, R(e1,€3)e2 = €4, R(e1, €3)e3 =0,
R(e1,€3)ea = —€2, R(e1,€3)e5 =0, R(e1,€1)e1 =0, R(er,€x)er = —€3,
R(e1,€s)e3 = €2, R(€1,€s)ea =0, R(e1,€s)es =0, R(er, €5)e1 = —€s,
R(e1,€5)e2 =0, R(e1,€5)e3 =0, R(er,e5)es =0, Rler, €s)es = €1,
R(ez,€1)e1 = =362, R(ez, €3)e3 =0, Rlez, €4)€4 =0, Rz, €5)€5 = €2,
R(es e1)e1 =0, R(es e3)e3 =0, Rles €2)e2 =0, Rles, €s)es = —3e3,
R(es, e5)es = €3,  R(es, €x)er =265, Rles, €1)€1 =0, Ry, €3)€3 = —3€4,
R(es, €2)e2 =0, R(es, €s)es =0, Rles €5)€5 = €4, R(es,€1)€1 = €5,

R(es,€3)e3 = €5, Rles, €2)€2 = €5,  R(€5,€4)€4 = €5.
The non-zero components of the Ricci tensor are given by
S(€1,€1) =-2, 8(62, 62) =-2, 8(63, 63) =-2, S(€4, 64) =-2, 8(65,65) =4,

and S(ej, €j) =0, foralli # j;i,j =1,2,3,4,5. Thus we see that, the scalar curvature R is —4.

Let the potential vector field be the Reeb vector field es. Then, from (4), we see that A = 4. Thus the
soliton is shrinking. Hence Theorem 3.2 is verified.

Let C = ae* + b satisfies the GHRS, where g, b are real constants. Then gradC = (C — b)es. Thus

Ve gradC = (C - bey,
Ve,gradC = —(C —D)ey,
Ve, gradC = (C — b)ey,
Ve,gradC = —(C - b)es,
Ve,gradC = (C — b)es.

Therefore 5
AT =) g(Vegradl,e) = (C - b).
i=1
In view of (35), we obtain the following
A==2,
A —=21(C-b) =4.

Again, from (36), we have
5A —=21(C—-b) = —4.

Solving the last two equations, we obtain A = -2 and (- b = —
potential vector field is constant.

3

2, a constant. Thus, the Laplacian of the
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6. Hyperbolic Ricci solitons on super quasi-Einstein spacetimes

The notion of a generalized quasi-Einstein manifolds was introduced in the paper [16]. According to
the author, a non-flat Riemannian manifold (N, g) (m > 3) is called generalized quasi-Einstein if its Ricci
tensor S of the type (0,2) is not identically zero and satisfies the condition

SW, U) = a1g(W, U) + bim (W) (U) + cr(m(W)n(U) + mU)n2(W)), (42)

where a1, by, c1 are associated scalars of which b; # 0 and ¢; # 0 and 71, 12 are two non-zero 1-forms such
that

mW) = gW, u1) and - n2(W) = g(W, 12),

and 1, po are two unit vector fields perpendicular to each other. This paper also deals with super quasi-
Einstein manifolds. A Lorentzian manifold (N, g) (m > 4) is called super quasi-Einstein spacetime if its
non-zero Ricci tensor S satisfies

SW, U) = arg(W, U) + bym(W)n(U) + c1(m(W)na(U) + ni(U)n2(W)) + d1Y (W, U), (43)
where a1, by, ¢1,d; are non-vanishing smooth functions and 1, 1, are two non-zero 1-forms such that
mW) = gW, ) and - ma(W) = g(W, 12),
for any vector field W. Here u; and y, are unit timelike vector field and unit spacelike vector field

respectively such that g(u1, y2) = 0 and Y is a symmetric (0, 2)-tensor with zero trace such that Y(W, 1) = 0.
In the absence of cosmological constant, the Einstein’s field equation is given by

SW U) = &, (W, U) + %g(w, u), (44)

where «k, &, and R are respectively gravitational constant, energy momentum tensor and scalar curvature.
Further the energy momentum tensor &,, is given by

En(W,U) = pg(W, L) + (p + Y)mW)m(U) + m(W)nz(U) + m(U)n2(W) + Y(W, D), (45)

for some isotropic pressure p and energy density y. From the equation (44) and (45), we have the following
[16]:

2K
R = —m((m -Dp-) (46)
and
SWU) =« ((:1__2)) gW,U) + x(p + y)m(W)mU) + x(n(W)n2(U)
+m(U)n(W) + YW, U)). (47)

For more details about super quasi-Einstein spacetimes, please see the paper [16, 26, 27, 29].

Theorem 6.1. If a Ricci recurrent super quasi-Einstein spacetime of dimension m > 4 with a covariantly constant
symmetric (0,2)-tensor Y and a closed non-vanishing 1-form 1y admits HRS whose potential vector field is the unit
timelike vector field 111, then the sum of isotropic pressure and energy density is zero.
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Proof. Taking covariant differentiation of (52) with respect to any vector field £, we get

(VpS)W, U) = VpSW, U) = S(VeW, U) - S(W, VpU)

=y~ Vepgon ) + L g 1)

+ k[(Vey + Vep))m(W)ni(U) + (p + YI(Ven)(W)n(U)
+ (Ven)(Wm W] + x[n2(UD)(Ven) ) (W) + n2(W)(Ven)(U)
+mW)(Ven)(U) + ni(U)(Ven2)(W) + (Ve )(W, U)], (48)

for every vector fields W, U and # on the manifold N.
Inserting W = u; and U = u» in the above equation, one can obtain

K(p +1)9(Veu1, w2) + x[g(Veu1, 1) — g(Veua, u2)l. (49)

Since S is Ricci recurrent, i is orthogonal to i, and (VeY)(W, U) = 0.
Again since, (Vom)uz = g(Vou, t2),  (Vem)ur = g(Veua, i),

(Vem)uz = g(Vpuo, u2)  and  g(ur, u1) = =1, gz, u2) = 1.
Using the above to the equation (49), we get

k(p +1)9(Ve, p2) = 0.
If we consider P as potential vector field, then the above equation becomes
k(o + )9V i1, p2) = 0. (50)

Now from (4), we get

SOWU) + tlg(Vaqps, U) + Vg, W] + 33t £, 908, L)

= £,V W = Vi, U) = £, 9(W, VU = V)] = Ag(W, D). (51)
Substituting W = p and U = p, in the above equation, we obtain

S(ur, p2) + tlg(Vy pa, p2) + 9(Vypa, )]

+ 31600V a1, 2) + £, 9(Vpopi, )] = 0. 62)

Assuming that g(VM fi, H2) = 0and g(Vszl, u1) =0, we get

S, 1) = 0. (53)
Again, Inserting W = uy and U = y; in (47), we get
S, ) = . (54)

Comparing (53) and (54), we obtain
x =0. (55)

Thus, we arrive at a contradiction, since the gravitational constant « > 0. Therefore, our assumption is
wrong. Hence from (50), we get

p+y=0. (56)

This completes the proof. O
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Theorem 6.2. If a super quasi-Einstein spacetime of dimension m > 4 admits HRS with conformal Killing vector

field, then the manifold is Einstein and the gravitational constant x is given by

_m(m —2)(2a* +2Ca + Pa - M)
- 2[(m—-1)p -1

Proof. Taking Lie derivative operator on (14),we get
£p(Epg(W, LD) = [2P(@) + 4a]g(W, LD).

Using (14) and (58) in (4), we obtain
SW,U) = [A - 2Ca — P(a) — 2a*]g(W, LD).

Contracting (59) along the vector fields W and U, we get
R = [A = 2La — P(a) — 2a*]m.

Comparing (46) and (60), we obtain

_m(m —2)(2a* + 2Ca + Pa - A)
- 2[(m-1)p -yl

which gives
A =2Ca—-Pa)-2a* =C,
where C = —%, a constant.
Combining (59) and (62), we get
SW, 1) = Cg(W, L)

This proves the theorem. [

(57)

(58)

(59)

(60)

(61)

(62)

(63)

Theorem 6.3. If a super quasi-Einstein spacetime of dimension m > 4 admits HRS with Ricci bi-conformal vector

field, then the manifold is Einstein and

(m=2)2fit + P(fi) + fi* + foi? —2A]
[((m=1)p+m=3)1[2+2f1f2 +21fo + P(f)]

Proof. Using (58) and (15), we obtain
Ep(Epg(W, 1)) = [P(f1) + fi* + L2 1g(W, U) + [P(f) + 2f.L1S(W, LD).

Inserting the value of (15) and (65) in the equation (4), we get

[1+fo+ 5P(R) + FiaRSIN U + i3 P() + (2 + 7) ~ AlgW ) =0,

which gives

[fit+3P(R) + 3(A° + £7) = Al
[1+ 1+ 3P(f) + fifo

Substituting W = U = p in (67) and (47), we obtain

S( ) = AT+ 1P+ 3P+ £ - A
H1 1 1+1f, + 1P(f) + fifs

SW,u) = - g, ).

(64)

(65)

(66)

(67)

(68)
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and

K

S, ) = m[(m - 1Dp+(m-3)y], (69)

since, g(u1, p1) = —1 and 1»(p1) = 0. Comparing (68) and (69), we get

(m—2)[2fit + P(fi) + fi* + fo7 — 2]

= [n-Dp + m-3)I2+ 2 fs + 2/ + PRI 70)
Which gives
AT+ 3P(R) J; ST+ =N e 1)
1+ ’L’fz + Ep(fz) + f1f2
where C = — 5 [(m — 1)p + (m - 3)y], a constant.
Combining (67) and (71), we get
S(W, U) = Cg(W, ). (72)

Hence, we have the theorem. [

Corollary 6.4. If a super quasi-Einstein spacetime of dimension m > 4 admits HRS with Ricci bi-conformal vector
field, then

T= gl e 5P 73)
Proof. Substituting W = p, U = u, in (66) and (47), we get

[1 + sz + %P(fz) + flfz]S([,ll, [.12) =0, (74)
and

S(p, o) = —x. (75)

Combining (74) and (75), we obtain

[1 + sz + %P(fz) + f1f2]1< =0. (76)

The above equation gives

~Elfifs 3P 77)

as the gravitational constant « > 0.
Thus we obtain the result. [

T =
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