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Abstract

We discuss the possibility that spontaneous breakdown of

conformal invariance due to the very existence of our universe

originates all the mass (or length) scales ranging from the

Planck mass (i.lO19GeV) to the Hubble constant (^10~42GeV) and

suggest that the photon may have a curvature-dependent mass

which is as small as 10 GeV. He also present a possible

clue to the Oirac's large number hypothesis.

1)

The origin of various mass (or length) scales in the nature

is one of the most fundamental subjects in physics. It is highly

desirable that there exists one and only one fundamental mass-

dimensional constant that completes a set of dimensions together

with the light velocity (c) and the Planck constant rfi) and that

determines all the other mass-dimensional quantities. Certainly,

the Planck mass G~1/2 (^1019GeV) is a candidate for such a

constant. Suppose that the Planck mass is the constant. Then,

it does not matter how large the Planck mass is. It can be

anything. What matters is how all the other quantities are

necessarily determined by the Planck mass. In our recent paper,J

we have shown that spontaneous breakdown of conformal invariance '

occurs naturally and originates not only the Newtonian gravitational

constant and the fundamental particle (subguark) mass but the

fundamental length (cutoff) in a model of pregeometry. In this

paper, we shall made a closer investigation of the origin of the

mass scales and propose that spontaneous breakdown of conformal

invariance occurs d«-s no the very existence of our universe. In

our previous paper, we have suggested that the photon may have

an extremely small non-vanishing mass since the case of an

absolutely vanishing mass is not acceptable in the model of

pregauge interaction. In this paper, we shall also suggest that

the photon may have a curvature-dependent mass which is as small

as the Bubble constant H (tlO~42GeV).

1. Let us consider the following model Lagrangian which

has been obtained as an effective Lagrangian from our model of

pregeoaetry :
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\ gpvS11*3v» + H
4 + iKekvlYkiDy-a*)* (1)

where $ is a scalar field, t|i a spinor field, R the scalar

curvature, e " the vierbein, D the covariant differentiation,

and X and a are constants. This Lagrangian is manifestly

invariant under the conformal (Weyl) transformation.

6)be gauged away by the transformation

ky . rv+Pi V̂ Je -*• I .. e and

The Lagrangian is then transformed into the usual Einstein's one

of gravity.

n<*> kl\ and fl(x)3/V (2) (6)

In this Lagrangian, the spinor field I|J represents symbolically

all the matter fields although in our original model of prsgeometry

it was the most fundamental (subquark) field that makes not only

the scalar • and the metric gvv but every matter field. In

order for this Lagrangian to describe our real world, -he constant

\ must vanish, which indicates the absence of the cosmological

term. Spontaneous breakdown of conformal invariance can then

occur as the scalar acquires a non-vanishing vacuum expectation

value v which can be anything, i.e..

with the identifications of

» v+p with <p> (3)

Then, the Lagrangian becomes

L = j | (v+p)2R - + *[ekUYkiOy-a(v+p) ]*. (4)

A "conformalon" p, the Nambu-Goldstone boson due to the spontaneous

breakdown of conformal invariance, appears as a ghost, but it can

and m = av. (7)

This simple exercise indicates that the scalar $ plays no role

except for leaving the scale for the Newtonian gravitational

constant G and the particle mass m.

2. First notice that this model of gravity with spontaneous

breakdown of conformal invariance described by the Lagrangian

(1) is a combination of the Hoyl-Narlikar model of "mass field"

and the Canuto-Adams-Hsieh-Tsiang model of scale covariant

gravity. Both of these models have been made in order to

accomodate the Dirac's large number hypothesis (LNH), ' especially

the predicted phenomenon of varying Newtonian constant ' as its

consequence, with the standard cosmology. In fact, our model

is consistent with the fact that the Newtonian gravitational

constant is varying with respect to the "atomic time", which we

shall show in the following. From the Lagrangian (1) follow the

coupled equations of motion.
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(8) which is guaranteed by (10). Let us now make the identifications.

and

where

with

4X+3 =

(ek>JTkiD)J-a*H( = 0.

T » T* + 0*UV UV UV

(9)

(10)

(11)

(12)

1 1 .,.2
I6?G = 12 <*>

and

(17)

(18)

where p and p are the energy density and presure of the universe,

respectively, and < >v denotes the expectation value in the

universe. It is then easy to derive the following two relations

from the Einstein field equations (8):

and

-»„•»«• -

(13)

(14)

- H] (19)

Notice that not all of these equations (8)-(10) are independent

because of the presence of conformal invariance. In fact,

multiplying (8) by guv yields

(15)

This equation is identical to (9) if

(16)

and

(20)

where • and •• denote the first and second derivative with respect

to the atomic time, respectively, k and R are defined by the

Robertson-Walker metric of

dT2 =-- dt2 - R2(t) I d r - + r2(d62+sin2ed((.2] , (21)
1-kr"1

and H and q are the Hubble constant and the deceleration parameter

defined by
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and q
(B)

(22)

These relations indicate that G/G and G/G do not vanish in general

and are of orders of H (i-6xio yr at the present) and H2,

respectively, unless a miraculous cancellation takes place in

the right hand sides of the equations (19) and (20). Certainly,

they are consistent with the experimental observation of

Van Flandern12' who found G/G ^ -8xio"11yr"1. This completes

the purpose of this section, which is only to confirm some results

of Royl-Narlikar and Canuto et al. in our Lagrangian model. A

main point is the identification (18), which will become essential

in later discussion on the origin of mass scales. It can be

more coinpactified into the relation.

p-3p (23)

3. What we can learn from the above exercise is that an

extremely small mass scale such as the Rubble constant appears

as an initial condition for a solution of the Einstein field

equations (8) although the coupled equations (8)-(10) are all

conformal invariant. This is another typo of spontaneous breakdown

of conformal invariance. More precisely, the non-vanishing value

of the Hubble constant defined in (20) in the present universe

breaks the conformal invariance possessed by the Lagrangian (1).

Also, the expectation value of the stress energy tensor of the

matter field defined in (16) in the present universe breaks

conformal invariance spontaneously. This does not mean that

conformal invariance is broken as the stress energy tensor is

not traceless in the present matter-dominated universe (where

p >> 3p). In fact, the relation (23) indicates that whether

there exists conformal invariance in the universe has no relation

with whether the stress energy tensor of the matter field is

traceless as in the radiation dominated universe (where p = -̂ p).

That conformal invariance is broken in our universe is obvious

simply due to the fact that there are non-vanishing dimensional

quantities such as the Hubble constant and the energy density.

It is then natural to ask what is the use of insisting that

conformal invariance is spontaneously (and not explicitly) broken.

In the case of spontaneous broken conformal invariance, there is

a characteristic feature that several very different physical

quantities appear with the same order of magnitude. In the first

section, we have already seen such an example in which the

Newtonian constant and the mass of matter field appear simultaneous-

ly. In the following, we shall present another such mechanism

in which an extremely small mass scale of order of the Hubble

constant appears due to the sponteneous breakdown of conformal

invariance. Let us consider the conformal invariant Lagrangian.

which contains an additional scalar field X'

L1 = L + E(- (24)

where L is the Lagrangian given by (1) and z = +1 or -1 depending

on whether x has a positive or negative metric, respectively.
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Suppose that the vacuum expectation value of 41 appears spontaneous-

ly as in (7) and that the scalar curvature R is also spontaneously

given by the initial condition for the Einstein equations (8).

Then( the second term in L
1, « x K/ c a n D e taken as the mass

term for the additional scalar x* The magnitude of the mass,

/R/6, is of order of the Hubble constant since

6[(l-q)H2 + *-*• ] .
B

(25)

An important point is that not only the mass of x o ut the vacuum

expectation value of x can be as small as the Hubble constant.

In fact, for s = +1 (-1), if the scalar curvature R is negative

(positive) and if the constant A' is positive (negative) and of

order of unity, the static solution for x is given by

" Y24X1 ' (26)

LNH. We have already discussed a consequence of the hypothesis,

the varying Newtonian constant in the section 2. The "atomic"

mass scale m of order of 1 MeV ̂  1 GeV which can represent lepton

and quark masses and the "atomic" force strength a of order of

YQQ •>• 1 which can represent the strong and electroweak gauge

coupling constants, together with the "cosmological" scales of

the Hubble constant H and the energy density of the universe p

can make the following Eddington's large numbers:

m
aH and

3mH
(27)

40 40
l'he magnitudes of these numbers are of order of 10 , 10 and
80

10 , respectively. The LNH states that these large numbers are

not independent but related with each other as

and (28)

which is of order fo the Hubble constant. Once such a small but

non-vanishing vacuum expectation value is acquired by the scalar

X, it can present the small mass scale to other physical quantities.

For example, if x is charged, the photon can acquire the non-

vanishing mass of e<x> Ne/R) which is of order of the Hubble

constant H (i,10~42GeV). A different but somehow related origin

of the possible non-vanishing mass of the photon will be discussed

later.

4. In dincussing the origin of mass scales, one can not go

without considering the profound philosophy lying in the Dirac's

where c's are constants of order of unity. How to explain these

coincidences or to find a more fundamental theory in which the

hypothesis turus out to be a consequence seems to be one of the

most profound problems in physics. In terms of these large numbers,

the relation (19) can be rewritten as

<£H)'
- 1]. (29)

In this relation, it can be seen that NJ/N-^NJ = 1/2 in the usual

Einstein theory of general relativity with the non-varying

Newtonian constant (G = 0) if k = 0 (i.e., flat universe), which
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is well known. In the usual theory, the approximate relation

Jj> L jjrGpl j, i (30)
N1N2 l $Hl> l

holds even for k = +1 (i.e., closed universe) or -1 (i.e., open

universe) unless there occurs an accidental coincidence of

8uGp/3H2 * 1/(RH)2. If such an accidental coincidence occurs,

it indicates another approximate relation

-2 - 1
5 , (31)

which is equally valuable. In any case, that either the relation

(30) or the relation (31) holds is not a mere coincidence but

a necessary consequence in the usual Einstein theory. In a theory

of gravitation with the varying Newtonian constant such as the

one discussed in this paper, however, neither one of these relations

is a necessary consequence. In order to derive relations of this

type, we must have a deeper understanding of the relation between

the "atomic" time and the gravitational (or cosmological) time

or the relation between the "atomic" scale and the cosmological

scale. What is asked in trying to explain the other relation,

N1^ N2' *s t n e m o r e direct connection between the two different

scales since it indicates

m3 H
(32)

A possible clue to enlightening on these relations seems to lie

in the equation (18) since it is the only x'lace where the "atomic"

(and, therefore, microscopic) quantities such as the matter field

if and the cosmological (and, therefore, macroscopic) quantities

such as the energy density in the universe P meet with one another

in a theory. To be more specific, let us make a drastic assumption

that the expectation value of the stress energy tensor of the

matter field in the universe should be equal to the vacuum expecta-

tion value of it in the Hilbert space i.e.

'uv U
(32)

This means, in other words, that breaking of conformal invariance

in the "atomic11 world induces that in the universe, and vice versa.

We can then content ourselves with finding that it will become

possible to explain the LNH once the vacuum expectation value

is calculated in a "microscopic" theory. Such an example will be

presented in the following section concerning the cosmological

origin of the possible non-vanishing mass of the photon.

5. In the previous paper, we have suggested in a subquark

model of pregauge and pregeometric interactions that the photon

mass (m ) can be as small as "the nature wants" but never vanish

precisely. The experimental upper bound on my obtained by Davis,

o 1 3' ~25Goldhaver and Nieto13' is m < 6*10~25 GeV. If a more restrictive

estimate of in < 2*10~35 GeV made by Yamaguchi ' is taken seriously,

an non-vanishing value for the photon mass is allowed only to be

of the cosmological mass scale. An important question which then

arises is, "How small value of the mass can "the nature make" if

it is non-vanishing, at all?" Suppose that the universe is a
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four-dimensional box with a size of the inverse of the Hubble

constant H~* (̂  2xlO'1'0 yr) and that the space-time is flat, both

of which are, of course, wrong. The principle of uncertainty then

tells that the minimum energy allowed in such universe is of

order of the Hubble constant H C\.10~42GeV). How can we transform

this rough picture into a more realistic one in the universe?

Another important question which arises concerning the non-vanishing

photon mass is, "What is the meaning of the universal constant

c ?" The usual meaning of the constant velocity of the light

in the vacuum would be lost if the photon is not massless. Special

relativity theory would still be mathematically meaningful but its

realization in the nature would become misterious. In order to

answer these two questions, we propose the curvature-dependent

mass for the photon whose Lagrangian is given by

(34)

where F = A ~A
U.V

 i s t h e field strength and K is a dimensionless

constant. Notice that this Lagrangian is scale-invariant. Since

the equations of motion for A are

"+KHA, = 0, (35)

space but is massless in the flat space. The constant c has,

therefore, a definite meaning which is the velocity of the light

in the flat space of vacuum. In the curved space of our universe,

this photon mass becomes of order of the Hubble constant if < is

of order of unity. Since the stress energy tensor of the photon is

]'
 l37)

(38)

the gravitational mass is given by

gravitational 1

the (kinetic) mass of the photon is given by

It is not surprising that the Einstein's equivalence principle is

violated in this model of the photon mass. How to find physical

effects of such a small mass of the photon and of the violation

of the equivalence principle is an important problem but not a

subject in this paper. In the rest of this paper, we shall

discuss how this cosmological origin of the photon mass gives

a clue to the Dirac's LNH.

Verv lately. Freund15' has pointed out that in N = 3

supergravity electric charge conservation can be violated. He

has estimated the photon mass induced by such charge non-

akinetic (36)

In this case, the photon has a non-vanishing mass in the curved

(39)
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where m is the mass scale for leptons, quarks, and Hiqqs scalars.

If one takes his estimate seriously and if one accepts that the

photon mass is the minimum non-vanishing mass of order of the

Hubble constant that is allowed in our universe, one will find

that the LNH relation (33) can be derived. This is precisely

an example of ways of explaining the LNH discussed in the previous

section. To see whether this clue to the LNH will turn out to

be a real one needs further investigations.
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