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The cosmological model with scalar, spin and torsion field (*)
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Summary. — In this paper the Brans-Dicke cosmological model with spin and
torsion field is considered. The effects of the spin and the scalar field on the
expansion rate and the types of inflation are discussed. Since the torsion field is
generated by the scalar field as well as by the spin, the torsion effect by the scalar
field still remains even if there are no spins. It is shown that the expansion rate is the
power law faster than the extended inflation. The bubble nucleation rates are the
same as in the usual Brans-Dicke case.

PACS 04.20 — Classical general relativity.

PACS 98.80.Cq — Particle-theory and field-theory models of the early Universe
(including cosmic pancakes, cosmic strings, chaotic phenomena, inflationary
universe, etc.).

PACS 01.30.Cc — Conference proceedings.

1. — Introduction

The Einstein-Cartan(EC) theory [1] is a natural extension of Einstein’s general
theory of relativity. It incorporates the spin properties of matter by including the
torsion and describes their influence on the geometric structure of space-time,
curvature and torsion. There had been a variety of cosmological models in the context
of the EC theory. In the seventies, the torsion was mainly used in order to remove the
initial singularity [2,3]. Later they were used to investigate their effects on the early
stage of the Universe [4]. It was shown that in the EC manifold the inflation can arise
without false vacuum energy [5]. In that model, the spin plays a dominant role in
causing the inflation. Guth’s inflationary model [6] was also extended to EC theory [7].
In that model the initial singularity is avoided and the minimal radius of the universe is
influenced by the false vacuum energy. Recently, a cosmological model with torsion
and spin under rigid rotation has been studied as a generalization of the Gddel
universe [8, 9].

(*) Paper presented at the Fourth Italian-Korean Meeting on Relativistic Astrophysics,
Rome-Gran Sasso-Pescara, July 9-15, 1995.
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Another extension of Einstein’s relativity theory is the Brans-Dicke (BD)
theory [10]. It is based on Mach’s principle and Dirac’s conjecture. The scalar field
introduced in the BD theory is the reciprocal value of the gravitational constant. There
are also several cosmological models using the scalar field [11]. Among the
cosmological models, the extended inflation model using the BD-type scalar field is one
of the most attentioned models, because of its power law expansion [12]. Even though
there remain several problems [13], the BD scalar field has been playing an important
role in cosmological models. Recently, perfect-fluid scalar-tensor cosmology is studied
for the case of field-dependent parameter [14].

The present rate of the gravitational constant G is about

G
(—) = —3H,= —t; 1~ 10 st
G /o

for Hy ~500 Km/s/Mpc. Since it is proportional to t ~1 there is no doubt that the effect
is dominant in the early universe. One can expect that spin effects are of equal
importance with mass terms whenever the number density N(= M/Khz) or the critical
mass density o (= M? /K#?) is achieved [7]. For example, ¢, = 10 g/cm?® for electrons,
and o= 10* g/cm3 for neutrons. Thus, the early cosmological standard model has to be
reconsidered by taking into account both the scalar and torsion fields.

As a unification of the EC theory and the BD theory, there was the BD theory in
space-time with torsion field [15]. The important thing in the unified theory is that the
torsion field can be determined by the scalar field as well as by the spin. Thus, even
though there are no spins, the torsion by the scalar field is crucial in cosmological
models. Therefore, it is most important to investigate the cosmology in the space-time
with torsion and BD scalar fields simultaneously. In this paper, we consider the
cosmological model in EC manifold with scalar field. The purpose of this paper is to see
the effect of two objects when they exist together, and compare their results with
others.

2. — Brans-Dicke theory with torsion

We start from the gravitational Lagrangian

. PP L
1) ly=[d'xV—g —¢>R+wT ,
where
(2) R= eaﬂevaab,uv = eaﬂebv(wab,u, v wabv,/l + wacvab,u - waquwav)

is the scalar curvature. The tetrad field e* and the spin connection w®, are

independent variables. Here, the BD parameter w is defined as the positive value. The
metric is given by g,, = nabea‘uebv with 4, =diag(—1, 1, 1, 1) and g =det(g,,). The
torsion tensor is defined as

(3) Fé,=¢e% ,—¢% ,toe’—owf

C
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The matter Lagrangian is given as
(4) =167 [ dX V=0.2m(ed", 0’ 1)

The field equations for each variable can be obtained by varying the total action
independently with respect to ¢, e/, and w 4. The field equation for ¢ is

%gbyﬂgb,ﬂ—i_zw% _Z%F”}L‘ugj)ij:or

where the generalized d’Alembertian in the EC manifold is defined by

®) R-

(6) A¢:¢"u;/4:¢“u,,u+rﬂly¢’l'

Here I';, denotes the linear affine connection which is written as

(7) r‘uiv = [/‘:t ] - K”Ml

14

where the quantity If ] the Christoffel symbol computed from the metric tensor g,,,,
v .

is familiar. The contortion tensor K#,, is given by

1
©)) K = 5 (—F“% +FS+FRS)
relating F*;, with
(9) FIMM = Fu/lv - rﬂv/l = eaﬂ F a/h/'
The field equation for e} is
8x w (1
(10) G‘,ﬁ?ﬂﬂ—? E¢,r¢"5f¢—¢,ﬂ¢" ,

where the Einstein tensor G*,=R*,— (1/2) ;R is asymmetric in general and the
canonical energy-momentum tensor is defined by

(V—-9L,) = tiﬂ + rl‘u .

(11) T4 = ! e, 0

©oVEg o o

The first term t,, is the symmetric part and the second term 7, is the antisymmetric
part due to intrinsic spin.

The field equation for w®, is given by
2 u =X OLEL , = 87 u 1 o Y
(1) F’aﬁ—i_ ﬂFﬂ.a_ (1F/l[)’_?0aﬂ+g( a¢,ﬁ_ ﬂ¢,a)'

This is not a differential equation but an algebraic relation. The spin angular-
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momentum tensor is defined by

1 0
(13) O"ua/f = \/_—g (eaaebﬁ - eaﬁeba) 6(,()—6“) ( V _gfm)
u
and is related to 7,
(14) Tw= V: (O-a,uv - Ouva + OVﬂa) '

where the modified divergence is
(15) VEAr= A" —F A"
By appropriate rearrangements,

8 1
(16) Fhop= ?Zﬂaﬁ+ g(é’gcpya—é’;qb,ﬂ),
where X¥,; is given by
1
(17) Zﬂaﬂ = O'Maﬁ + E (6/(; OJ‘/M - 573 Ojal) .

Note that the fluctuation in the scalar field can also act as a source of the torsion
field.
The field equation (5) can be rewritten as

4aT . ,  A4AaT 8m B 3 3
(18) Ap=—— +Flpi= —— + — 39+ —¢ 9"
w W 1) 2¢

Here the contracted curvature tensor

8aT W
(19) R=——+—¢ 0"

¢ ¢
is used. The conservation laws for the energy-momentum tensor and the spin
angular-momentum tensor are

1
(20) VETH, —F9, T + 5 0%, R, =0,

(21) V;’f O“uaﬁ - (Taﬁ - Tﬂa) =0.

3. — A cosmological model

Any physical cosmological model needs some basic assumptions about the
space-time and the matter. We assume k=0 (flat) Friedmann-Robertson-
Walker (FRW) model for the space-time, since our space-time is nearly flat. Therefore,
the scalar field can also be assumed to be time-dependent only, according to the
space-time structure.

As the matter part, the perfect-fluid model is used and the spins are randomly
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distributed. Thus, the average value of spins vanishes, while that of the quadratic term
of spins does not [3,5,9],

22) (0)=0, (0?)=0.

Later we omit the bracket of the average operation as a matter of convenience.

To estimate the curvature tensor in this model, we should calculate the scalar effect,
spin effect, and the spin-scalar effect, from the torsion field to the curvature. However,
the spin-scalar terms are vanished by averaging procedures, because all the terms are
first order in spin. Since the spin effects are well known in various papers about the EC
manifold, it is necessary to calculate only the scalar effect.

The metric in the flat FRW space-time is given as

(23) ds? = — dt? + R2(t)(dx2 + dy? + dz?).

The non-vanishing Christoffel symbols are

I (R
HARRER

where the dot means the differentiation with respect to time t. u
When the Einstein tensor calculated by the Christoffel symbol ] is noted as
G({}), the Einstein equation is vA

H )

8
(25) G, ({}) = ?”(TW +0,,)+

where 6, is the spin effect by torsion as the difference between G,,({}) and G,, [5].
The additional ®,, is the scalar effect arising during the calculation of curvature tensor
in flat FRW model,

1 3\ ¢ b
26) @,=(—= V+6°6‘3)( +—)—— w0500 — +
26 @ (Zgﬂ 0t 0+ 3 ) 55 @ oton g

+ %(ZéLéLRZH —3g,,H) (no summation on i).

When all the source terms except the scalar field are averaged out,

@7) (t.)= (e +P)u,u, +Pg,,
(28) <T/w> == %02 u,u u,,

4 2
(29) <0,uv> = %02 uﬂ u, — ?f[oz gmu
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where u,=(-1,0,0,0) is the velocity in the comoving coordinates. The energy-

momentum tensor is separated into two terms as eq.(11). The spin fluid is
Weyssenhoff-fluid type [16] whose spin density and spin current density are defined as

1
(30) o?= >SwS" 0t =us

Using the above assumptions for space-time and matters, the equations of motion
are obtained as

yv)
(31) szg—n(Q—z—noz)+£(w+E)¢L+H£,
») '2 .o
(32) E=_4_ﬂ(9+3p—8—n02)—i(w+i)—+£2,
Lo A 8
(33) ¢+3¢HE—(Q—3P——02),
® ¢

There are also conservation laws for the matter and the spin. As usual, we adopt the
conservation laws separately [9]:

i 3 i 3y — 5=
(34) ™ (eR )+Pdt (R3 =0 0 3H(o + P),
(35) L0 RY) 402 L(RY) =0 (57) = —6Ho.
dt dt

As a constraint, there is the equation of state that relates the energy density to
pressure as P = ko.

4. — Properties of the cosmological model

To solve the field equations easily, we will try to cancel the spin term because o2 has
the R ~®-nature from the conservation law eq. (35), which arises the complexity of the
equation. But it is not easy to get rid of the spin term in the equations. Apparently
though it looks as if the effective density and effective pressure o =0 — (271/¢) o2,
Pet =P — (27/9) o? of ref. [9] can screen the spin term in eq. (31) and eq. (32), the spin
term still appears in eq. (33).

If matter can be described as a liquid of unpolarized fermions with spin #/2, the spin
can be represented in terms of o as

2 2
(36) 02= %<n2>= %AKZ/(1+k)Q2/(1+k)EakQZ/(1+k)

from the conservation law. Here n is the particle number density and Ay, is a
dimensional constant depending on k.
As you can see, it is very hard to get the rigorous solutions analytically. For
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example, even if H—0 and g, P, ¢ are constants, the field equation (33) becomes
(37) pp+Ap+B=0

and the solution to this equation is the integral form at best as

" __ d¢
38) vatee _J\/—Bloggb—Agb—C’ ’

where C’' and C” are integration constants. Thus now we can try to analyze the
cosmological model approximately at special regions.
When the model approaches the state of H=0, egs. (31) and (33) become

8T, 2w L)1 3) 4
(39) 0= p (QO ¢00)+2(a)+2)¢2,
(40) ¢E4—ﬂ(00_3po_8—naé)-
w ¢

Here the matters including spin are assumed to be nearly constant at that time because
the scale factor will cease to expand. The approximate solution to eq. (39) near H=0
(the bouncing time) is

(41)

o= ( 4700 )mzm% (H=0).

RVEEY 00

This solution also must satisfy eq. (40). By putting the solution eq. (41) into eq. (40), the
bouncing time t,_, is obtained by

2
, LY 3(1+K)
) oo(w+3/2) w+3)2
(42) th_o= 5 » .
Qo Y y(1-3k)
w+3/2

For normal matter of the equation of state k>0, the right-hand side of eq. (42)
becomes negative which means the non-existence of the bouncing time. If we consider
w+9/2

the special matter that satisfies the equation of state k < — Y
w

exists. At that time the scalar field is approximately

, the bouncing time

“3) b= o= 803 w+3/2
T 0y 20+ (1-3K)(w +3/2)

and the minimum scale factor is

(44) Ry~ 05 /309,
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Equation (32) can be rewritten as

R 47r( 87 2) 1( 3)'2 1 ¢
) —=-—"—lo+3P- —a?|-Zlo+=- |+ =
R 3¢ ¢ 3 2 2 ¢

271[(2 1) ( 3) 8:1(2 2) 2] 1( 3)<}>2 3 ¢
=2 -Z)o+[2+ 2 |P- == -2 -Z|o+tZ )| = -ZHZ.
3pI1\3 o » o \3 3 2] ¢ 2 ¢

The sign of R is important to see the temporal change of the cosmological model. For
any equation of state, the scale factor has the property of R <0, if w is very large or
approaches zero. It is a non-accelerated cosmological model, that is, it is not an
inflationary model. If w has the proper finite value that does not approach infinity or
zero and the spin is very large, then R > 0, inflation arises. It means that the spin also
plays the role of triggering the inflation. _

For the inflation type of the model, the sign of H should be determined. Equation
(45) can be rearranged as

" . .
(46) Hz—%(g+P—%oz)—%(a}+g)?+%%JFSH%:
. .
:_2_”[(2_i)Q_(2+i)p_g_”(l_i)(;?]_i(w+§)g_EHQ_
@ w w ® w 2 2/ ¢* 2 ¢

If we look at the equation, we can compare the value of spin with the scalar field. If spin
is very large, then H > 0, that is, the inflation is faster than the exponential inflation. If
the scalar field dominates spin and w is very large, then H <0, that is, the power
inflation is slower than the exponential inflation. This result reminds us of the
extended inflation model [12] in which the power inflation is due to the BD scalar field.

5. — Inflation models

For the case of vacuum equation of state (o = —P), eq. (31) and eq. (33) can be
combined to remove the matter term including spin as

(47) H2=3£+(3+1)H2+3(a}+3)¢i.
6 2 o 6 2] ¢2

¢
By setting y =R ~4/(2*® ¢ then eq. (47) becomes

‘2 %2 s
(48) y Z‘i[u 8o ff],

3D%(w + 2)? b &
where D(w) =1+ (4(2w + 3))/(3(w + 2)*) > 1. When o is very large,

4w ¢

(49) 3D(w + 2)? ;

EiDgi
]
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to the first order of w ~*. This gives the relation

(50) R~ ¢,

where a = ((w +2)/4)(1+D) and = +w/3D(w + 2). The plus/minus signs are given
to a and S simultaneously. Since D is the order of unity, a ~O(w) and g~ O(1).
From the conservation law eq. (34) one has

(51) o =const=g,,

the false vacuum energy density. By combining egs. (32) and (33) again to cancel the
spin term,

12

E(aZ—a-i-wa—l—%a))%+(2aﬁ+a+%+w’6 ¢

¢

Here the coefficients are given to the order of w and w? neglecting the constant terms
(O(1)). The vacuum energy o, is not so small that it cannot be negligible compared with
the w-term. The exact solution to eq. (52) is

B 2
(53) ¢=(\/2+4At+va),

where

8710,
(52) e

a’—a+ wa+ Ew

A= and B=
2aﬁ+a+%+a)ﬂ 2aﬁ+a+%+wﬁ

8o,

The initial value of ¢(t) is given as ¢, The t2-dependence for ¢ is the same as the
previous extended inflation.
Thus, the scale factor becomes

(54) R~t2¢%h
For large value of w, the power is
5
o+ —,
(55) 20+~ 3
-1.

But the case of —1 can be discarded because this is neither the expansion nor the
inflation type. If this result is compared with that of the extended inflation model
(R~t“*1/%[12], it is shown that our modified model inflates faster than the previous
extended inflation model. For large w, however, two kinds of power expansion are
similar to each other.

Later at the time of t>>%/mc? = 10~**s when the spin effect sufficiently diminishes
and the inflation is already finished (inflation era: 10~ % ~10~%*5s), then there is still
the scalar effect by torsion field. By the equation of state k =0, the solutions in the
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matter-dominated era become

(56) (p o tf(w),

(57) R o t27f(w)/3,
4ot?

(58) T o) o,

where f(w) =4[3Vw?+40+2— 3w — 5]/(6w — 7). As w— «, f(w) —0 which goes
to the standard model [17].
In the spinless case, the equations become

=2 _)ﬁ ?
(59) H 3¢Q+6 w+2 ¢2+ 5’
R 4x 1 3\ ¢ 1 ¢
(61) $+3pH=""(0—3P).
w

Since the space-time is still EC manifold, they are different from the usual BD
cosmological models. Even though there are no spins, the torsion effect by the scalar
field still remains.

For the case of vacuum density with equation of state o = — P,

¢ = x(t+0),
R=y"?(t+0)",

where y =8mo, /w(1+3n), n=1+w/2+ (w?/4+ 2w +2)"? and 6 = V¢, /%
The initial value of the ¢-field is ¢  ~ m/. The power of R is n which is larger than
w +1/2 of the usual BD theory [12]. For large o,

(62)

(63) n=w+3,
(64) ¢ ~t2,
(65) R~t"3

(cf. R~t“*1/2 in BD).

The probability of a point remaining in the false-vacuum phase during a bubble
nucleation process beginning at time tg, that is, the bubble nucleation rate converting
from false vacuum to the true-vacuum phase is[18]

where A(t) is the nucleation rate per unit time per unit volume, approximately constant
during the inflationary phase.

In exponential-type inflation, the exponent of the probability is ~ —(t — tg), while
in power-type inflation, the exponent of p(t) is ~ —(t* — ta) independent of the value of

(66) p(t) = exp —jdt'z(t')m(t/)%”l %
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the power n. It means that as time goes on p(t) <<1 for power law expansion. Thus the
probability in our case is the same as that in the usual BD case. The probability is
decreasing much faster than the volume is increasing. The universe is dominated by
true vacuum and exits from the false vacuum. It is the well-known solution to the great
exit problem in the extended inflation [12].

6. — Conclusion

We discussed about the properties and the solutions of the cosmological model with
BD scalar field and torsion in modified EC manifold. We analyzed the qualitative types
of expansion, inflation, and after inflation. The spin plays an important role in the
inflation model and the scalar field affects the inflation-type model to the extent that it
transforms the model from exponential type to power expansion. We also calculated the
inflation model with spin and torsion field. It is shown that the cosmological model
expands faster than the extended inflationary model. In another paper we will discuss
in detail about the inflation-type model and remaining problems to be adjusted.

For the spinless case, there are still torsion effects by ¢ left. The results are never
exactly identified with those of the BD theory. However, for ¢ =const, the results do
naturally approach the results of the EC theory.

* * *
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