Gravitation & Cosmology, Vol.1 (1995), No.1, pp.12-21
© 1995 Russian Gravitational Society
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We study the quantization of some cosmological models within the theory of N=1 supergravity with a positive
cosmological constant. We find, by imposing the supersymmetry and Lorentz constraints, that there are no physical
states in the models we have considered. For the k=1 Friedmann-Robertson-Walker model, where the fermionic
degrees of freedom of the gravitino field are very restricted, we have found two bosonic quantum physical states,

namely the wormhole and the Hartle-Hawking state.

From the point of view of perturbation theory, it seems

that the gravitational and gravitino modes that are allowed to be excited in a supersymmetric Bianchi-IX model
contribute in such a way to forbid any physical solutions of the quantum constraints. This suggests that in a
complete perturbation expansion we would have to conclude that the full theory of N=1 supergravity with a non-

zero cosmological constant should have no physical states.

PACS numbers: 04.60.+ n, 04.65.+ e, 98.80. Hw

I. Introduction

Recently a number of quantum cosmological models
have been studied in which the action is that of su-
pergravity, with possible additional coupling to super-
matter [1-11,14,15,18,26-29,31-34,38,41]. In addition,
a review on this rather fascinating subject is under
preparation [12]. It is sufficient, in finding a phys-
ical state, to solve the Lorentz and supersymmetry
constraints of the theory [13,14]. Because of the anti-

commutation relations [SA, §A/} ~ Haas, the su-
+

persymmetry constraints Sq¥ = 0, S4T =0on a
physical wave function ¥ imply the Hamiltonian con-
straint Haa ¥ = 0 [13,14].

In the case of the Bianchi-I model in NV = 1 super-
gravity with no cosmological constant (A = 0) [8,43],
the quantum states are in the bosonic and filled fermi-

onic sectors and are of the form exp(—%h_%), where
h = deth;; is the determinant of the three-metric. In
the case of Bianchi IX with A = 0, there are two states,
of the form exp(41/h) where I is a certain Euclidean
action, one in the empty and one in the filled fermi-
onic sector [9,15]. When the usual choice of spinors
constant in the standard basis is made for the grav-
itino field, the bosonic state exp(—I/h) is the worm-
hole state [9,16]. With a different choice, one obtains
the Hartle-Hawking state [15,17]. Similar states were
found for N = 1 supergravity in the more general Bi-
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anchi models of class A [10]. [Supersymmetry (as well
as other considerations) forbids mini-superspace mod-
els of class B.]

It is of interest to extend these results, by studying
more general locally supersymmetric actions, initially
in Bianchi models. Possibly the simplest such gen-
eralization is the addition of a cosmological constant
in N = 1 supergravity [19]. On the one hand, the
appearance of a cosmological constant term in some
supergravity models is a consequence of the coupling
to matter. In particular, when one gauges internal
SO(2) or SO(3) symmetries in N=2, N=3 extended su-
pergravities [20] (coupling the spin-1 fields in a electro-
magnetic way to the gravitino) one needs at the same
time a cosmological constant and a mass-like term for
the gravitino in the action [20-24]. Such interesting
connection between spin-1 fields and a cosmological
constant has led to the suggestion that the electro-
magnetism might be due to a De Sitter space-time
curvature within a supergravity context [20]. Fur-
thermore, the action for our model presented in Eq.
(2.1) can be obtained from the O(2)-gauge extended
supergravity model when one eliminates from the la-
grangian the spin (%,1)—multiplet while keeping a non-
zero gauge coupling constant [25]. But, on the other
hand, our model can also be derived as an extension
of pure N=1 supergravity [19]. Further, little has been
written about extensions of pure supergravity to in-
clude R? terms, etc. The main idea in this extension
is based on the fact that as the presence of a non zero
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cosmological constant induces a constant curvature of
space-time independent of matter, the symmetry prop-
erties of such spaces will be in correspondence with
the De Sitter group rather than the Poincaré group.
The new action is determined by the prescription that
quantities such as the covariant derivative and cur-
vature terms which are characteristic of the Poincaré
group should be replaced in the field equations by new
ones which are charactristic of the De Sitter group.
Following this procedure, one concludes that even in
N=1 supergravity one needs a mass-like term for the
spin-% field if one adds a non-zero cosmological con-
stant even though there are no spin-1 fields.

Using the triad ADM canonical formulation we
shall see that there are no physical quantum states
in the cases of Bianchi type-I and IX (diagonal) mod-
els [26,27]. The calculations are described in Sec. II
and include some new corrections in the Bianchi type-
I case, allowing to obtain the right bosonic and filled
fermionic parts of the wave function [43]. We also
treat briefly in Sec. III the spherical k¥ = +1 Fried-
mann model, and find that there is a two-parameter
family of solutions of the quantum constraints with a
A-term. Nevertheless, as will be seen, the Bianchi-IX
model provides a better guide to the generic result,
since more spin—% modes are available to be excited
in the Bianchi-IX model, while the form of the fermi-
onic fields needed for supersymmetry in the k£ = +1
Friedmann model is very restrictive [6]. In Sec. IV
we briefly comment on how other different approaches
from the one presented in the previous sections allows
one to extract some similar results [4,5,28,29], [30-34].
Sec. V contains the Conclusion.

II. Quantum States for the Bianchi Mod-
els with a A-Term

Using two-component spinors [6,14], the action [19] is

/d4x[(2&2)_1 (dete) (R—3g%)
+ %6’“’” (EA;LeAA/UDP'L/)AU + H.C.)

- %g(dete) (wA#eAB/LeBB/”wBU—FH.c.)] (2.1)

S

or equivalently eA4"  The

Here the tetrad is e“ "

0
gravitino field <1/JA #,EA u) is an odd (anti-commu-
ting) Grassmann quantity. The scalar curvature R and
the covariant derivative D, include torsion. We define
k2 = 8m. Here g is a constant, and the cosmological
constant is A = %gz.

There are two possible approaches to the quantiza-
tion of this model. One possibility is to substitute the
Bianchi Ansatz, e.g.,

ds® = (N'N; — N?) dt*
+2N;dt dz’ + h”da:ldxj s (22)
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for the geometry A

,» where all metric components

—A'
are functions of time, and gravitino field (¢A o u)
into the action (2.1). The components ¥4,e55'# and

JA MeBBl“ are required to be spatially constant with
respect to the standard triad [35] on the Bianchi hy-
persurfaces. One finds that, in order for the form of
the Ansatz to be left invariant by one-dimensional lo-
cal supersymmetry transformations, possibly corrected
by coordinate and Lorentz transformations [6], one
must study the general non-diagonal Bianchi model
[35]. The reduced action could then be computed,
leading to the Hamiltonian standard form

H = ]\77‘{ + pASA + §A/ﬁA/
+ MapJP + My J4P (2.3)

Hence ‘H_is the generator of local time translations,
SA and SA” are the generators of local supersymmetry
transformations, and JA42 and JAB" are the genera-
tors of local Lorentz transformations; they are formed
from the basic dynamical variables (eAA,i,z/)Ai, 1:/;‘4;).
[At this point it is natural in the classical theory to
free 1/)’4; from being the hermitian conjugate of 14, ]
The quantities N,P4,Pa, Map and Ma g are La-
grange multipliers. The supersymmetry and Lorentz
constraints are imposed on physical wave functions but
they would be complicated because of the number of
parameters needed to describe the off-diagonal model.

The other alternative, taken here, is to apply the
supersymmetry constraints of the general theory at a
Bianchi geometry [9]. This is valid since the supersym-
metry constraints are of first order in bosonic deriva-
tives, and give expressions such as 0% /dh;y,(z) in
terms of known quantities and W. These equations can
be evaluated in the case of, e.g., a diagonal Bianchi-
IX geometry, parametrized by three radii A, B, C.
One multiplies (e.g.) by 6him(x) = Ohim/OA and in-
tegrates [d3z( ) to obtain an equation for OU/9A
in terms of known quantities. The need to consider
off-diagonal metrics is thereby avoided.

In general, it is only necessary to solve the quan-
tum constraints

SA¥ =0, SYW =0, JAPG =0, JYFV=0,
(2.4)

for a physical state ¥, since the anti-commutator of
S4 and S4 includes HA4', so that Eq. (2.4) implies
also HAY' W = 0. The wave function can (e.g.) be
taken as ¥ (eAA/i7@/JAi) or U (eAAIi,izA;). These rep-
resentations are related by a fermionic Fourier trans-
form [5, 9].

Classically, the supersymmetry constraints are

1 /
5, Ali B ijk sy B
Sa = gh2e, 'npap® 4+ € eap D,

1 i A
- §HQPAA’ wAi, (25)
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— . — B’ ..
Sa = ghre? yinapth ; + €7%equn Dyl
i A ,

+ §K2w ipAA’l . (26)
Here n4’ is the spinor version of the unit future-
pointing normal n* to the constant ¢ surface. It is a
function of the e44’,, defined by

nAA,eAA/i =0, TLAA/TLAA/ =1. (2.7)
In Eq. (2.5),(2.6), py4’ is the momentum conjugate
to eAA'i. The expression 3*D; denotes the three-
dimensional covariant derivative without torsion. Since
the components of ¢ i are taken to be constant in the
Bianchi basis, one can replace 35Dj1/JAk by wAijBk,
where w4 5 ; gives the torsion-free connection [14].

Quantum-mechanically, in the representation

o (eAA/i7wAi)7 one has [9,14]

, s g B
Paa’ — —ZRW + LT g (2.8)
where
— A’ . / 1 8
wAi N —ZhDAAjih2 3¢A , (29)
J

where /04 ; denotes left differentiation [13], and

’ _1 ’ ’
DAY = —2ih 2€ABi€BB/jnBA

. (2.10)

We have made the replacement 6@/6¢Bj —

hz W /OB ;- This replacement is important when
considering space-time manifolds whose spatial sec-
tions are compact. The h® factor ensures that each
term has the correct weight in the equations, namely
when one takes a variation of a (compact) Bianchi ge-
ometry, multiplying by §/0h;; and integrating over the
three-geometry (see Eq. (2.21),(2.23), (2.24)). One
can check, e.g., that this replacement gives the correct
supersymmetry constraints in the kK = +1 Friedmann
model, where the model was quantized using the al-
ternative approach via a supersymmetric Ansatz [6].

The corresponding quantum constraints read, with
the help of [14],

—_— . ’ W
SA/\II = 77:7:Lgh%6AA/znAB/DBBﬁ <hé a >

aij
. 1 ow
+ szkeAA/iwAijBk\I/ - §hm2¢AiW =0,
(2.11)

' ov
Sa¥ = gh%eAAanA/wBi\Il —ihw, B, (h% 90P >

i 2 271 BA’ 1 0 ow
j i
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The constraints JABT = 0, JA'B'

that ¥ (eAA'i,wAi> is a Lorentz-invariant function.

U = 0 imply

One solves them by taking expressions in which all
spinor indices have been contracted together. As de-
scribed in [5], it is reasonable also to consider only
wave functions ¥ which are spatial scalars, where all
spatial indices %, 7,... have also been contracted to-
gether. To specify this, note the decomposition [11] of

A i A
Vipp =epp

2
VYapp = —2n° 5 Yapc + 3 (Banpp + Benap’)

— 2eapn” B, (2.13)
where Yapc = V(apc) is totally symmetric and e4p is
the alternating spinor. The general Lorentz-invariant
wave function is a polynomial of sixth degree in Grass-
mann variables:

o (EAA;, 1/1Ai> =Wo (hij) + (BaB?) Uau (hij)
+ (YapcVPC) W (hij)
+ (848%) (YBopY7P) War (hg)
+ (“VABC”YABC)QII’42 (i)

2
+(BaB?) (YBepYPEP) Wg (hyy) - (2.14)

Any other Lorentz-invariant fermionic polynomials
can be written in terms of these. Note that, for exam-
ple, the term (ﬁA7A30)2 = ﬁA’YABcﬂD’YDBC can be
rewritten, using the anti-commutation of the ’s and
Y’s, as

const - BEﬂEeAD’YABC’YDBC

= const - (ﬂEﬂE) ('VABCIVABC) . (215)
Similarly, any quartic in Yapc can be rewritten as a
multiple of (’Y A BCVABC)Q. Since there are only four
independent components of Yapc = 7V(aBc), only one
independent quartic can be made from Yapc, and
it is sufficient to check that (’YABC’YABC)2 is non-
zero. Now ’YABC/YABC = 270007111 — 671007011. Hence
(Va BC’YABC)2 includes a non-zero quartic term con-
st. 7000710071107111. Unlike the case of N = 1 su-
pergravity [5], here the nonzero g (or A) implies that
there is coupling between different fermionic levels.

Quantization of the diagonal Bianchi type-IX
model

We now proceed to solve the supersymmetry and
Lorentz constraints for the case of a diagonal Bianchi-
IX [29], whose three-metric is given in terms of the
three radii A, B, C by

hij = A’ELEY; + B’ E*E® + C°E%E% ,  (2.16)
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where EY, E% E3 are a basis of unit left-invariant
one-forms on the three-sphere [35]. In the calculation,
we shall repeatedly need the expression:

LA _BB'j _ i ¢ B A 1 1y
wapin” gie (AB+CA BO ELE
i A C B 2 12
+(Bc T aB CA>E &
i( B A C 3 3)
+Z(m + %_E)EJE . (2.17)

This can be derived from the expressions for w48
given in [9,13].

First consider the S 4V = 0 constraint at the level
! in powers of fermions. One obtains

3 1 i ki
Ehghi‘eBA,wBi\Ilgl L GAA/ijBkTZJBi‘Ifo
oWy,

+hl€ eBA’]w Z&h
iJ

=0. (2.18)

Since this holds for all ¥Z;, one can conclude

3 , o
1—6hgh%eBAf‘I'21 + ejkzeAA/ijBk\I'o

)
hik? / =0. 2.19
+he €BA Jé‘h” ( )
Now multiply this equation by eBA/m, giving

- 1—6hghlmh%‘l’21 + €ij€AA/j€BA mwABk\Ifo

oWy

— hi? =0. 2.20
S (2.20)
The second term can be simplified using [6]
’ ]_ ’
eAA/jeBAm = 7§hjm€AB + iejmnh%nAA/eBA "
(2.21)

One then notes, as above, that by taking a variation
among the Bianchi-IX metrics, such as

3hij
0A

Shij = =2AEYEY; (2.22)
multiplying by 6%o/0h;; and integrating over the
three-geometry, one obtains dV¥,/0A. Putting this
information together one obtains the constraint

DA

and two others given by cyclic permutation of ABC.
Next we consider the S4¥ = 0 constraint at order
1!, One uses the relations

8 (BaBA) JoUE, = —n P eppin?

hk + 1672 AV + 612hgBCTUy =0 (2.23)

and

0 ('YADC')/ADC) /8¢BL = —27BDpC TLCC/BDC/i

15

and writes out ,BA and Ygpc in terms of eEE/j and
PP ;- Proceeding by analogy with the previous calcu-
lation, one again ‘divides out’ by ;- One replaces
the free spinor indices AB by the spatial index n on
multiplying by n4 preBP /”, then multiplying by differ-
ent choices 0l = Ohim/O0A ete. and integrating over
the manifold, one finds the constraints

ov ov ov
21 2 o 21)

a1 B8 ac

ov ov ov
a-1 22 22 22
A (A 9A +B 9B +C )}

16

_ h_F"'Q 38\1122
3 0A

ih2,‘<2A_1 (A

A B
—167%29BCY, — n*hBC (— +—+ Q) Uy,

(2.24)

and two more equations given by cyclic permutation
of ABC.

Now consider the S 4 ¥ = 0 constraint at order 1.
It will turn out that we need go no further than this.
The constraint can be written as

1 ! j
Ehgh"‘@BA'j”cB epp’ Be (YoerPPF) Wy

+6ijkeAA/iwAijBk
X [(ﬂcﬂc) Uor + (VCDEVCDE) W]
1 ow
§h2n21/)‘4i {(5050) &Ti

0y
&AA,} —o.

The terms ¥Z, and 4, in the last two lines
can be rewritten in terms of §4 and Vpgg, using
Eq. (2.13). Then one can set separately to zero the
coefficient of 8 (YpprYPFF), the symmetrized coef-
ficient of Vpgr (BcB¢) and the symmetrized coeffi-
cient of Ypay (’YCDE VCDE). These three equations
give

+ (VCDEWCDE)

(2.25)

3 1 iy /
1 c k A B _CC
Zhghzn VY — ge“ eanriw’ gn” cie”  Wag

cp 0Wa

5 AA”

4
+§hn2nAB,e =0, (2.26)

cp 021

B’ ]
k*x21 — '3 BA’
deP

26”keAAziwABjnDB,ec hi*nP pe

+ (BCD — CDB) + (BCD — DBC) =

(2.27)
and Eq. (2.27) with Wy, replaced by Way. Contracting

Eq. (2.26) with no4 and integrating over the three-
surface gives

% (167%) hgABCW4; + % (167%) (A% + B>+ C?) Uy
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2 2 OWsag OWog 0Voo .
+ghn (A i B+ C ac)‘o' (2.28)

Contracting Eq.(2.27) with eP4 nccre, SN, multi-
plying by 0hg, = Ohg,/OA and integrating gives

ov ov ov ov
20V . o 21 21 21
3hk A hr“A (A 9A JrBaB JrCaC)

C B A

—167%BC (E + 5 2B—O> Uy =0, (2.29)
and two more equations given by permuting ABC
cyclically. The equation (2.29) also holds with ¥y
replaced by Was.

There is a duality between wave functions
v (eAA/Z-,wAi) and wave functions W (e44, 44),
given by a fermionic Fourier transform [14]. The Sy
and S 4/ operators interchange roles under this trans-
formation, and the roles of ¥y and Vg, W and Wy,
and Wos and W4y are interchanged. We shall proceed
by showing that Yoy, Wo; and ¥y must vanish for
g # 0 (or A #0), and hence by the duality the entire
wave function must be zero.

Consider first the equation (2.29) and its permuta-
tions for W9y and Woy. One can check that these are
equivalent to

\\ \\
B2 (Aaajl _ Ba@§1> — 1672 (BQ _ A2) Uy,
(2.30)

and cyclic permutations. One can then integrate
Eq. (2.30) along a characteristic AB = const., C =
const., using the parametric description A = wie”,
B = wee™ 7, to obtain

82 9 9

\1121 = hl(AB,C)exp _% (A +B ) . (231)

Replacing A, B for B,C in Eq. (2.30) gives the solu-
tion

82 9 9

K

Egs. (2.31) and (2.33) are only consistent if WUy has
the form

2
Uy = F(ABC) exp [—SL (A2 +B%+ 02)] .

hk?
(2.34)
Similarly
8 2 2 2
K
(2.35)

Substituting Eqgs. (2.34),(2.35) into Eq. (2.24), one
obtains

16729V = —2n°h(ABC) ™! (A? + B + C?) (exp)F
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3
+ —h?k*(exp) F’

16
2
+ g(167r2‘)h(ABC)—1(2,42 — B% — C?)(exp)G
(2.36)
and cyclically, where
2
exp = exp | — (A*+ B*+C?) (2.37)

h2k?

Now ¥, should be invariant under permutations of
A,B,C. Hence G = 0. Le.

Tpy = 0. (2.38)

The equation (2.36) and its cyclic permutations, with
Poo = 0, must be solved consistently with Eq. (2.23)
and its cyclic permutations. Eliminating ¥, one finds

33k -
16 (1672g) 8¢

h?k? (A*4 B*+C?)
ABC

h2k? 1

49 B2(C?

hk? (A*+B* +C?)
8¢ (ABC)?

FI

+6m%hgF —

F=0 (2.39)

and cyclic permutations. Since F' = F(ABC) is in-
variant under permutations, the (BC)~2F term and
its permutations imply F' = 0. Thus

Wy = 0. (2.40)
Hence, using Eq.(2.36),
Uy =0.

Then we can argue using the duality mentioned
earlier, to conclude that

Uy =V =0g=0. (2.41)

Hence there are no physical quantum states obeying
the constraint equations in the diagonal Bianchi-IX
model. This result will be discussed further in Sec.V.

Quantization of the Bianchi type-I model

The same conclusion can be reached for the case of a
(non-diagonal) Bianchi type I model. Following Ref.
[26], one can use the averaged ordering [5], with

pAA'%Ai — % (iAipAAli +pAAf%Ai) )
VApaa’ — 2 (WMpaat +paai?) . (2.42)

With this ordering, there is a certain symmetry be-
tween the operators S4 and S as viewed in the two

representations ¥ (eAA/4 wAi) and ¥ <€AA/' {/;A;')7

(2 (2

provided one changes ¢ — —g. However, the final
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result is not an artefact of the symmetric factor order-
ing (2.42) used here. One can repeat the calculations
using a general factor ordering

pAA’i'lZ)A;‘ — (% +3) &A;pAA/i + (% — ) PAA/if/;A; ;
VApaa — (3= 8) v paa’ + (3 + ) paa’v?s,
2 2
(2.43)

to reach the same conclusion. B
Let us begin with the constraint S,/ ¥
Y. This gives [26,43]

= 0 at order

ov

<——hg\1121 + = fL/‘\l h2 h”aT
z]

—hx ‘I’0> naa Bt

o0V,
8]12*]*

7%633/14’&0]3 BAA/j'Y AB = 0, (244)

for all g4 and YABC.
efficient of Y4BC¢ =

AA'  BC' C
et n €~ crg to get

Take the symmetrized co-
Y(ABC) and contract it with

ov
hiehi;) =—— =0 .

(Bhikhje — hy;

(2.45)

Since the a h = h h¥, the general solution of (2.45)
may be taken in the form

Uy=A f(u), u=B h™, (2.46)
where A, B, m are constants. Taking now the 34 part
of Eq.(2.44) and using Eq. (2.46) we get
3 / 1
—Zﬁgqlgl + 4hk2Af Bmh™t2 — he?Af =0, (2.47)
where (') denotes a derivative with respect to the u
variable. In the case ¢ = 0 (A = 0) one would get a
bosonic as well as a filled fermionic sector of the form
exp(—3h~2). The other intermediate sectors will be
absent [8,43]. However, in the case of g # 0 one gets
as solutions
4 / 1
Ty = ggflAHQ(zlf Bmh™ 2 — f). (2.48)
The constraint S4¥ = 0 at order ¥' can be shown
to yield

0V

Qgh2\IIOﬁA— —h2 *h™ 2h” .
ij

Ba

— §h2m2h_5\1122ﬁ,4 — —hQﬁ Vo184

+35 L OWs Z*224CDE
ahzk

c’ m
— 4€AA/kD ]lnE eDC/ GBCh

(2.49)

for all 34 and Y¢PE. From the Y¢PF part of Eq.(2.49)
one gets an equation for Wyy like Eq.(2.45) and then
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the solutions Wy are of the form of Eq.(2.48). Now
let us consider the S4 ¥ = 0 at order ¥3. This reads

B el c DEF
hge A,-eBC?nC V8" VperY
2 BC AE2 ACD
— hk h2 TL c€ KkEBA'j 77— a ﬂE’yACD’y

2,5 E _FC'
+ 2hk h2n c€ | eBaj

oW o
X ( 2L 3ABAYEp + 278 7 A CD“YACD)

Ohji Ohji
— inK? ( naa VPPV ppp A
4
—gnPA/ﬂD'VFDPﬁF)‘I’m

ACD
YABD -0

8 B
g’I’LCEA/ﬂB’Y DA
—2n" 4,847BDA

1
= KTz
+4n® 478 5 74PV eBE

(2.50)
for all 34 and YBP. Taking the part

8\1/22

ACD
T VeV acDY

4Tm2h2n e f €BA’j
2 FE B ACD
—2hK" " 4V p A YeBeYa22 =0

and substituting the solution for Wss of the form of
Eq.(2.46), we get that the term in V2,57 4cp VAP is
zero and so Wy = 0. Using this result back into Eq.
(2.49) together with Eq. (2.46) and (2.49) we obtain
the following equation for f:

1,
2gARf + %Tm“g‘lAf — 2hktg P ABmh" 2 f

h2m+%f/l — O
(2.51)

— Ahk*g P ABmMAR™ f — ARk AB*m?

Expanding f, f/ and f// in a power series with respect
to the u-variable and substituting back into Eq.(2.51)
one concludes that for the constraint to be satisfied
at any moment of time one needs that A = 0, this to
say that Uy = Wy; = 0. Using the duality mentioned
earlier, we again argue to conclude that ¥ ; = Uy =
Vs = 0. Hence, there are no physical states in the
Bianchi - I case either.

III. Quantization of the k£ =
Model with a A-Term

+1 FRW

The k = 41 Friedmann model without a A term has
been discussed in [2,6]. There are two linearly inde-
pendent physical quantum states. One is bosonic and
corresponds to the wormhole state [16], the other is
at quadratic order in fermions. The Hartle-Hawking
state [17] is also found [15]. In the Friedmann model
with A term, the coupling between the different fermi-
onic levels ‘mixes up’ this pattern [4].
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In the Friedmann model, the wave function has the
form [6]

U = Uo(A) + (BcBY) Ta(A) . (3.1)

As part of the Ansatz of [6], one requires ¥4, =
eAAliz/)A/ and ¥4, = eAA/iwA; this is in order that
the form of the one-dimensional Ansatz should be
preserved under one-dimensional local supersymme-
try, suitably modified by local coordinate and Lorentz
transformations. Thus the gravitino field is truncated
to spin % Note that 4 = %nAAlz/JA/.

One then proceeds as in Sec. II to derive the con-
sequences of the S4 ¥ = 0 and S4¥ = 0 constraints
at level !, by writing down the general expression
for a constraint and then evaluating it at a Fried-
mann geometry. Note that it is not equivalent to set
A =B = C in Egs. (2.23) and (2.24); the coefficients
in the constraint equations are different. Omne then
obtains

dv
hﬁd—; + 4872 AV + 187°hg AWy =0 (3.2)
and
2 20V 2 2 42
hk A~ 4837 h AV, — 2567°g ATy =0 . (3.3)
These give second-order equations, for example
d*¥ 4%
dA? dA
487> (48)%7? 9 x 512792
— A— A3 A% Ty =0.
‘{ fik? h2kt * h2kt 0

(3.4)

This has a regular singular point at A = 0, with in-
dices A = 0 and 3. There are two independent solu-
tions, of the form

Uy = ag+ asA? + asA* + ...,
Uy = A® (bo + baA> +b,A*+..) ,  (35)

convergent for all A. They obey complicated recur-
rence relations, where (e.g.) ag is related to a4, a2
and ag.
One can look for asymptotic solutions of the type
\Ifo ~ (BO —+ ﬁBl —+ h2B2 + .. ) exp (71/71), and ﬁnd
2

I=+5

G —24%4%) (3.6)

for 2g2A%? < 1. The minus sign in I corresponds to
taking the action of the classical Riemannian solution

filling in smoothly inside the three-sphere, namely a
portion of the four-sphere S* of constant positive cur-
vature. This gives the Hartle-Hawking state [17]. For
A? > (1/2¢?), the Riemannian solution joins onto the
Lorentzian solution [36)

3
2

T~ cos{h_l [W - Z]} ENGR)
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which describes the de Sitter space-time.

IV. Other Approaches: oc—Model Su-
persymmetric Extension and Ashte-
kar Canonical Quantization

In this section we describe briefly other approaches
to study the quantization of cosmological models with
supersymmetry, which allows one to extract similar
conclusions.

The o—model supersymmetric extension in quan-
tum cosmology has been developed by R. Graham
and collaborators [4,5,28,29]. As is well known, the
geometrodynamics of the Bianchi models reduce, for-
mally, to the Hamiltonian dynamics of a particle with
coordinates ¢ in a three or two dimensional poten-
tial V(¢") [35]. In this approach, quantum models are
constructed by coupling additional fermionic degrees
of freedom to the purely gravitational ones (the min-
isuperspace vielbein) in such a way that the coupled
system acquires a larger symmetry, namely local su-
persymmetry. The supersymmetric extension of a par-
ticle motion in a potential well is treated by supersym-
metric quantum mechanics [28]. The case of dynamics
on a curved manifold with metric ds? = g,;gdqﬁdq’j ,
where g is the minisuperspace metric, has been stud-
ied in the N=2 supersymmetric model c—model [28].
Supersymmetry than requires that the potential V' (¢#)
must be derivable from an underlying superpotential
D(q") as

0® 0P
A7 gt dg?
Such conditions were verified for the Bianchi type I, II,
VII, VIII, IX, Kantowski-Sachs, Taub and Taub-Nut
models.

It is important to note that this supersymmetry ex-
tension of Hamiltonian dynamics of a particle only
leads to a N=2 supersymmetry. By contrast, from
(14-3) dimensional N=1 supergravity a dimensional re-
duction allows one to obtain a (140)-dimensional the-
ory with N=4 supersymmetry [28,29]. (The extension
of R. Graham’s approach to N=4 is non-trivial but
such an extension has been provided for the case of a
Bianchi type-IX without matter [29]). One may con-
sider the N=2 supersymmetry as a subsymmetry of the
larger N=4 supersymmetry obtained from supergrav-
ity and an attempt to clarify that connection explicitly
would be interesting. In particular [28], while in the
N=2 supersymmetry extension it is possible to con-
struct solutions in all fermionic sectors, this is differ-
ent from N=4 supersymmetry minisuperspace models,
in which an additional internal rotational symmetry
inherited from the Lorentz invariance of supergravity
rules out all states except those in the empty and filled
fermionic sectors. It is also curious to mention, even
if not yet clear, that if the minisuperspace metric is

V(g") =

J (4.1)

N
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Wick-rotated (i.e., the scale factor is complexified) this
leads to the same restrictions of physical states as the
requirement of all the symmetries included in the N=4
supersymmetry models.

The application of the oc—model supersymmetry
extension programme to a general non-diagonal Bian-
chi type-IX model with a cosmological constant term
is given in Refs.[5, 28]. The complete Hamiltonian
and the classical constraints of the model are then de-
rived. The system is quantized & la Dirac, replacing
brackets by commutators or anti-commutators and the
canonical momenta by appropriate derivatives with re-
spect to the canonical coordinates. However, this su-
persymmetry framework was then applied to the par-
ticular case of a closed Friedmann-Robertson-Walker
case. The wave function of the Universe can be writ-
ten as

W) = (Wg 4 Wucl + Tanchel +ach)0),  (4.2)

where cf cj\ stand for a set of creation operators that

replace the fermionic partners in a Fock state repre-
sentation; |0).

From the N=2 supersymmetry constraints R. Gra-
ham obtains that the admissable solution is of the
form

PUo=Uur=0, (4.3)

2A —1/2y1/2
WBK __ 2

6ma’ 2A
X eXp (—%/ duy /1 — 9?11), (4.4)
0

which in the limit a — 0 gives ¥, — 0; ¥, —
exp(—®) where ® is the superpotential previously de-
scribed and ® = 3wa? . For 6ma? > [2A/(97%)] 7! the
exponent in (4.4) is oscillatory. These results point
to the wave function as being in the the initial state
found by Vilenkin [37], apart from the appearance of
additional Grassmann variables.

Now, let us make some brief comments about
canonical quantization of supergravity using Ashte-
kar variables. Recently Ashtekar has presented a new
formulation of Einstein gravity. One of the remarkable
features of this formalism is that the constraints of
gravity are simple polynomials of the canonical vari-
ables. So the constraints are more manageable than
the ones expressed in the metric representation. One
may hope that this feature persists in the canonical
quantization of N = 1 supergravity. This turns out
to be true: the supersymmetry constraints are again
simple polynomials of the canonical variables.

The Ashtekar formalism of the N = 1 supergravity
has been formulated by Jacobson [31]. Capovilla and
Guven [38] have successfully carried out the quantiza-
tion of all the Bianchi type A models using this for-
malism. They obtained similar results to D’Eath [9].
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Recently Capovilla and Obregon [33], Sano and Shi-
raishi [32] have also studied the quantization of the N
= 1 supergravity with a cosmological constant. In
[32] they found a semi-classical solution in the full
theory. It has the form of exponential of the N =1
supersymmetric extension of the Chern-Simons func-
tional. They applied this semi-classical wavefuction to
the FRW universe using WKB approximation. The
general line element is

ds? = —dr? + %dQQ , (4.5)

They have considered four cases: 7 :real, o < 0; 7 :
imaginary, o > 0; 7 :real, ¢ > 0; 7 :imaginary, o <
0. They try to find the classical solution of o under
these 4 cases. In the first case, the universe has the
form of an Euclidean hyperbola. In case 2, the uni-
verse is a 4-sphere. In case 3, it is an open universe.
In the last case, there is no solution.

The reality condition on the gravitino is the Ma-
jorana condition. Their solution does not satisfy this
condition in general. To obtain the real solution, they
must transform the solutions by the transformations
corresponding to the symmetries in the theory. They
did not solve this problem in [32] and will consider it
on another occasion.

In [33], the quantization of the class A Bianchi
Models was studied. In the following, we describe
briefly the work of Capovilla and Obregén.

The canonical variables are

&QB7AiAB>1/)iA77}iA ) (46)

where 4,48 is a self-dual connection, 6% is a densi-
tized SU(2) soldering form where
. 1 .

Ghp =ih2n*e'By, (4.7)
and det(q)g”? = 64857, 5. Here 74 is the momen-
tum conjugate to ;4.

In class A Bianchi Models, a triad of basis vectors

satisfies _ _

[Xa, Xp]"' =Cyp ° X7, (4.8)
where C; & = eapeM<4 denote the structure constant
and M = Mbe,

The Jacobson phase space variables may be ex-
panded with respect to the triad vectors and their du-
als x¢

AiAB = AaABX;L ) (49@)
4B — det(y)o 1B X! (4.9b)
it =9, (4.9¢)

74 = det(x)m*AXE | (4.9d)

The fundamental Poisson brackets are given by
)
V2
7

V2

{o*P, Ao} = —=006'6p)

6304

{r*4 pp} =
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Because of the use of the self-dual connection as a
field variable, we need to impose the reality condition
[39] for the construction of the inner product of the
physical wave function. However, we will not need it
in here because one finds that the only physical wave
function is the trivial one. In quantum theory we get
from the triad representation

AAB = %%, (4.12)
Ty = %% (4.13)

Using this ansatz, one obtains
54 = 16723 +i2V2m (0%, (4.14)

2009500, 4
§4 = —%Gabdec(Uanlbc)A
G O RGP
(4.15)
where A = —4m?.

The last terms in S4,54 are the contributions
from the cosmological constant. The supersymmetry
constraints here are simpler than those in the met-
ric formulation. Using the same decompositon of the
gravitino field and the same ansatz of the wavefunc-
tion, one again obtains a set of equations. The only
solution which satisfies this set of equations is the triv-
ial solution: there are no physical states. The simple
polynomial form of the constraints suggests that the
study of the full theory with a cosmological constant
term might be easier in this formalism.

V. Conclusion

The results hereby present as well as the ones in Ref.
[26,27,43] and the ones of Capovilla and Obregon [33]
indicate that for Bianchi models in N = 1 Super-
gravity with a A-term there are no physical quantum
states. The physical states found in Sec. III for the
k = +1 Friedmann model, where the degrees of free-
dom carried by the gravitino field are (34, disappear
when the further fermionic degrees of freedom VY apc
of the Bianchi-IX model are included.

One could also study this from the point of view
of perturbation theory about the k = 41 Friedmann
model. As well as the usual gravitational harmonics
[40], gravitino harmonics can be used [41]. For ex-
ample, the Bianchi-IX model with radii A, B,C close
together describes a particular type of ‘gravitational
wave’ distortion of the Friedmann model; similarly for
the Yapc of the Bianchi-IX model, which describes a
particular ‘gravitino wave’ distortion. Quite generally,
in perturbation theory [40,42] one expects to find a
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wave function which is a product of the background
wave function W(A) times an infinite product of wave
functions v, (perturbations) where n labels the har-
monics. And one further expects that the perturbation
wave function corresponding to the Bianchi-IX modes
must be zero, by a perturbative version of the argu-
ment of Sec. II. [It will be interesting to investigate
this.] Hence the complete perturbative wave function
should be zero; then physical states would be forbid-
den for a generic model of the gravitational and grav-
itino fields with A-term. This suggests that the full
theory of N = 1 supergravity with a non-zero A-term
should have no physical states.
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