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Fundamental Interactions in the Early Universe
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A unified approach to fundamental interactions as explored earlier is further
elaborated and its consequences for the early universe studied especially in
connection with the energy dependence of the coupling constants.

In recent papers (Sivaram, 1993a,b) several interesting interrelation-
ships between the coupling constants of the four fundamental interactions
with underlying links to cosmological parameters were pointed out.

For instance, we have the unified relation

2 2 h 2
GF=a2GNM§1(Ag’ ) =a2GNM§1af<7\—c~> )
QCD QCD

Here Gy is the universal Fermi weak interaction constant (=~1.4 x
10-* ergem®); Gy is the Newtonian gravitational constant (=~6.67 x
10~% cgs units); a ~ 1/137 is the electromagnetic fine structure constant;
Mp, = (hc/Gy) ' is the Planck mass; o, = g2 /hc ~ 0.12 is the strong quark—
gluon coupling constant; # and ¢ are Planck’s constant and the velocity of
light, respectively; Agcp =~ 180 MeV is the QCD energy scale. In Sivaram
(1993b), this equation was also written as Gp = a’GyMEH/2Myc)?,
M being the proton mass.

As is well known, grand unified theories (GUT) of strong and elec-
troweak interactions at lower energies reduce to effective four-fermion
interactions mediated by exchanges of superheavy bosons (mass M, ) with
an ‘effective Fermi constant’ given by

2
Gour =~ GFG:%V) ~2x 107 erg cm® (2)
X

(m, is the weak boson mass ~ 100 GeV).
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Again, analogous to the weak interaction case, where we have
gulmy ~ Gg (3
here we have
gsur/M% = Ggur (4

Again in earlier works (Sivaram, 1979, 1982, 1986a,b, 1993b) it was
pointed out that the Dirac equation for interacting fermions in a curved
space with background torsion has an effective four-fermion self-interac-
tion nonlinear spinor term of the form

3
Y+ (g hGeﬁ/c3)v“(il7v#v5¢)ysw =0 (%)

where the effective strong gravitational constant G.; is related to the
effective four-fermion constant Gg.q by

Ger = Grerr * €*/H* (6)

So in this picture all fundamental interactions arise through four-fermion
self-interactions in a -curved space with torsion (non-Riemannian or
Riemann—Cartan space), the curvature and torsion giving rise to such
interaction terms. Spin—torsion interaction terms arising from such a
background space (for the fundamental fermions present in it) give rise to
the observed effective interactions, including gravity.

This interaction constant G.z or Ggr has its value depending on the
energy scale at which the interaction is switched on, i.e., there is only
one unified coupling which scales with energy as G.g (or Gg.g) ~1/E>
In Sivaram (1990) this scaling was understood in terms of an energy-
dependent string tension, T scaling as E? (i.., T~ ¢*/G). At the Fermi
beta decay scale (E ~10°GeV), G.5= Ggrc?/h% at the Planck scale
(E ~10" GeV), G.r=Gy, the usual Newtonian constant [or (Gg), =
GnhPle? = 6 x 107 % erg cm?], at the QCD scale, Gz = G, (the strong grav-
ity constant ~10* Gy), giving an effective interaction strength g?/hc ~ 1,
and so on. Again as shown in Sivaram (1990, 1993b), the different strengths
of the various interactions as measured by (Gg)r arises from the distribu-
tion of the same universal quantum coupling constant fhc (f ~ 1) dis-
tributed over regions of space-time of different surface areas. Thus the
product (Bhc x area) gives (Gg)oy. If the area is the square of the beta-de-
cay length (Gg/hc)'?, then Bhc x area = Gg, the Fermi f-decay constant. If
the area is the square of the Planck length, then fhc x Planck area = (Gg),
giving the Newtonian constant Gy [through equation (6)]. For strong
interactions, the area is the proton Compton length squared, etc.
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In general
phc x area = (Gg)eg (7

From the uncertainty principle [also explained by energy-dependent
string tension as in Sivaram (1990)]

1 1 1
area oC 5 (Gg)eg € I or e (8)
where E or M is the energy scale and
Phe =g 9
is a universal constant characterizing the unified interaction strength. Thus
g ~(G 10
Mz - ( F)eﬂ" ( )

thus explaining equations (3) and (4).

Equation (7) [giving rise to equation (10)] can also be elaborated
through a recent work (Sivaram, 1993¢,d) where it was shown that for a
torsion-supported self-gravitating system the equilibrium radius is given as

G hZ 1/3
R~ <—ﬁf—7> x const (11)
c
This gives
Mc?R® = Gogh?/c® = (Gp)eg (12)

[through equation (6)] or
ER® = (Gg)en (13)

which can be written ER : area = (Gg ). (as area o r?).

From the uncertainty principle ER =~ he, giving finally fhc x area =~
(Gg)or, which is the same (f &~ 1) as equation (7). Essentially equation (13)
suggests that energy E squeezed into a volume V gives a (Gg)y that is
dependent on energy owing to quantum effects. As in equation (13),
R oc 1/E (for quantum systems), (Gg)eq is proportional to 1/E? or 1/M?, or
defining Phc as g2 [equation (9)], we have gZ;=(Gp)rE? Now in
equation (10), it is assumed that g4 is a constant with energy and only
(Gg).g scales as 1/M? (since g2; = Bhc is a universal constant). Since

gir=(Gp)exr - M? = const (14

However, in the usual GUT scenario, g.¢ also slowly grows with energy as
log M. Thus the renormalization group equation

M(dg?/dM) = 2/3n(g?)?
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yields
N g(M)
M) = e 00) o113, ()
or
8w~ g5/In(M /M) (16)
or from equation (10)
2 LGy M
geff—(GF)eﬁln(M/Mo) (17)
where
M. 2
(GE)er = (GE)o ('ﬁo> (18)

[also G = Go(M,/M)?.

While the torsion of the background space was seen to give rise to
relations like equations (10) and (18), the logarithmic variation with energy
of gZ; can be considered as an effect of the curvature of space. It has been
shown by Calzetta et al. (1985) that in a general curved space-time the
effective value of the gauge coupling constant gZ; can decrease logarithmi-
cally with curvature K as

2 g6

geﬂ"—(an/Ko),_”z (19)
which translates into g% >~ g3/In(M/M,) as in equation (16) (as M?« 1/K,
M o 1/radius of curvature). Thus we naturally get equation (17), where
(Gg)egM? =~ const = Bhc (B =~ 1). Asymptotic freedom is implied in both
equations (16) and (19), as M — o0, K — oo gives g2; —0. This implies that
the unified coupling constant tends to become vanishingly small in the
early universe, when energies and curvatures become infinitely large, i.e.,
(GF)eH-*O’ ggﬂ‘_)oa and Geﬂ'_'o'

At Planck energies G.g— Gy, g2¢— he (gravity behaves like a strong
interaction). Equations (10)—(19) imply that all energy variations of the
effective coupling constant [gZ; or (Gg )] arise from the geometrical effects
of torsion and curvature of the background space.

In Sivaram (1990, 1993b) it was argued that below E,, equations
(18)—(19) hold and string tension T = ¢?/G 4 scales as E? [equation (18)].
This accounted for the strong electroweak and gravitational couplings. A
space-based experiment to test this was also suggested in Sivaram (19934).
At E > Ep, it was argued that T and G,y remain constant (Sivaram, 1990,
1993h) while (Gy)er— Geog - h2/c? scales as 1/M* (M scales as R) since h
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scales as 1/M?. Thus the effective coupling g2;— Bhc vanishes as M — oo or
R -0 (K- ). In fact above E > Ep, the gravitational action is replaced
by a Born—Infeld type of theory nonlinear in curvature and expanded as
(Sivaram, 1986a,b)

R 1
— 4.0 N\ 1/2 24— 3
Leﬂ' J‘d x( g) [—I_GﬂG + AR -+ c (Gp)eﬁ*R ae . ]

This has solutions with no singular behavior as M — . At E < Ep
one has the usual Hilbert action for gravity (Sivaram, 19864, 19924).

It must also be remarked that equation (11), which arises as an exact
solution of the Einstein—Cartan theory modified to include internal quan-
tum numbers, has a wide applicability. (It has a 3/8 factor inside brackets)
(Sivaram, 1979). For M = m, the electron mass, and G.;z— G, = Gy - 10°®
{(the strong gravity constant), it gives

2\ 1/3
R =<3th ) =14x10"Bcm (20)

4
8m,c

(the classical electron radius).

With M =m, the proton mass, and G.;= G,, equation (20) gives
the proton Compton length, i.e., R ~ 10~ ¥ cm. With M = M, the weak
boson mass and G.;= Gg - c?/h? it gives the f-decay length, ie., R~
7 x 1077 ¢cm. With M = My, the Planck mass and G,z = Gy it gives the
Planck length R ~ 1073%cm, etc. The 3/8 factor would imply a gJ ~ phc
with f§ ~ 0.1 for quarks and 0.3 for gluons.

The relation ER?~ (Gg)eg = G5 - h*/c? [see equation (13)] also has
implications for macroscopic (astronomical) objects where % is replaced by
the intrinsic angular momentum or action J of the system. (For such
systems of course G4 = Gy.)

Thus we can write (Sivaram, 19935)

ER?~ BGrJ?c? 1

As examples: For a neutron star J~10°cgs, E~10*ergs and R =
10% cm, and for the universe (Sivaram, 1993b) J ~ 10%% cgs, E ~ 10”7 ergs,
and R ~10® cm and equation (21) is satisfied. It also holds for other
systems if ¢ is replaced by a typical velocity characteristic of the system.
Interestingly BGy/c? is the inverse of the superstring tension (Sivaram,
1987). In Sivaram (19935), it was shown how (Gg).q as defined above for
macroscopic bodies implies magnetic moments for such systems. We again
have a framework for effectively describing a whole hierarchy of scales in
the universe from the Planck length to the Hubble radius.

The behavior of the effective coupling at £ < Ep, is also consistent with
the model given in Sivaram (1986a,b, 1987a,b, 1990). There it was suggested
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that at energies > Ep, the action must be described by a quantity quadratic
in the field strength (equivalently curvature) which is invariant under both
general coordinate transformations and local scale transformations (ST)
and which has a dimensionless running coupling constant o,. A suitable
action which is renormalizable and asymptotically free with all these
properties is the Weyl action

%y jd“x( — &) PCPC ey (22)

The action (22) was used in another context in a strong gravity version
of QCD which is a scale invariant and renormalizable theory (Salam and
Sivaram, 1993).

Here equation (22) describes ‘gravity’ which also includes all interactions
at £ > Epy, i.€., at such energies we have only one unified interaction with
a dimensionless coupling o,, which is asymptotically free, «, -0, at
E — 0. As shown in the above papers, the Weyl action implies M oc R, i.e.,
confinement of energy, like the linearly rising potential confining color in
QCD. As argued in Sivaram (1990), this implies a constant string tension
(T = ¢*/Gog, Gy = Gy =const) and energy ~T x Roc R. Thus GM %z oc
R?, ie. g2y = Phc ~ G M? scales as R?, vanishing at R — 0, which implies
asymptotic freedom. Thus the interactions tend to vanish as R —0. The
action (22) for the unified description of gravity and GUTs at energies
> Ep, can also be written as (Sivaram, 19874.,b)

1
2% J“Vd4X( _g)l/z( w2 — Z Fwafw> (23)
where W is the Weyl curvature scalar, related to the Riemann scalar as
W =R —6(A*, up — A*A,) (24)

where A4 is the Weyl four-vector gauge transforming as Ay - A% + 4, 4,
with A the scale parameter. The index a is the Yang—Mills field strength
and can take values depending on the groups and multiplets considered.
Scale invariance can be broken (there is no energy scale, «,, =0 as E — o0)
at the Planck scale, where we can set W = Ap,. Using the relation connect-
ing W and R and the transformations 4/, = (Ap) ~'?4, and F;, = (Ap) Y
2F,,, we have a natural separation of gravity and GUTs below Ejp,

O | (—@)'*(KR + agur FIaF™ — Ap 3+ 64,4%) =0

with k a dimensional constant now related to Ap, and fixing the Newtonian
G- Including the fundamental fermionic sector, through actions leading to
equation (5), one gets a coupling of the effective a1 to the torsion and
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curvature of the space-time leading to the scaling relations governed by
equations (10)—(19).
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