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It has been demonstrated that fluctuations in the new inflationary universe may be almost scale-invariant, but are un- 

fortunately too large. We show that supersymmetric inflationary models allow the fluctuations to be smaller. In a toy super- 

symmetric model, the perturbations are 0(104) is the Yukawa interactions are 0(10-6&zP) where p is the magnitude of 

the Higgs vacuum expectation value driving the inflation. It is therefore easier to have small fluctuations if inflation occurs 

close to the Planck epoch. 

There has recently been considerable interest in in- 
flationary scenarios for the very early universe [l-4]. 

The proposal is that there may have been an epoch of 
De Sitter exponential expansion driven by the vacuum 
energy tied up in a scalar field during or before the 
grand unified theory (GUT) phase transition. The hope 
[l] has been that such a model would solve in a natu- 
ral way many of the outstanding cosmologocal prob- 
lems such as the large-scale homogeneity and isotropy 
of the present universe, as well as its approximate flat- 
ness despite its great longevity (to = 1061tp). Infla- 
tion was also supposed to explain the low abundances 

of unseen particles such as monopoles [S] and more 
recently gravitinos [6]. It was unfortunately difficult 
to understand how the universe could have made a 
graceful exit from the original inflationary expansion 
[7]. A new inflationary scenario was then proposed 
[2] which evaded this difficulty by having the infla- 
tion occur while the scalar field was already “rolling 
over” into its low temperature global minimum. How- 
ever, achieving sufficient exponential expansion re- 
quired adjustments of the parameters of the scalar 
potential which seemed impossible or at best unnatu- 

1 Present address: SLAC, Stanford, CA 94305, USA. 

ral in conventional GUTS. These adjustments seem mucl 
more plausible in a supersymmetric theory [8], but it 
appears [9] that fine-tuning of the potential parame- 
ters is only avoided if the inflation takes place before 
the GUT epoch and closer to the Planck epoch (“Pri- 
mordial Inflation”). 

As already mentioned, a prime motivation for in- 
flation was the prospect of understanding the large- 
scale homogeneity and isotropy of the universe [ 11. 
These could for the first time be related, in principle, 

to considerations of microphysics. What spectrum of 
density fluctuations should one be seeking? Larger- 

scale perturbations have a longer time to grow because 
their scale comes within the horizon at a later epoch. 
Therefore, in order to ensure that perturbations have 
the same magnitude 6p/p when they enter the hori- 

zon, one must require that their initial spectrum 

‘PlPli - 1/z3n - l/m” has n = 213. In order to avoid 
individual initial perturbations from becoming sepa- 
rate Friedman universes, one needs n > 2/3 + e (E 
small) [ 10,111, while demanding that the initial per- 
turbations be strong enough to form galaxies subse- 
quently implies n < 2/3 + E’ [ 10,113. A scale-invariant 
value of 6p/p = O(10p4) for the magnitude of per- 
turbations when they enter the horizon, for all scales 
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smaller than the present horizon, would be compatir 
ble with upper limits on perturbations in the micro- 
wave background radiation and with the birth of 
galaxies [ 10,l I]. It has been shown [ 121 that density 
fluctuations in the context of GUT phase transitions 
are able to provide the desired scale-invariant spec- 
trum. More recently, the spectrum of density fluctua- 
tions in the new inflationary scenario has been studied 

[ 13,141, however with rather discouraging results. The 
good news is that the spectrum is scale-invariant to 

with slowly-varying logarithmic factors [ 151 * ’ . This 
result follows from the time translation-independence 
of the inflationary phase during which the scale factor 
expands exponentially: a(t2) = a(rl)exp[H(t2 - tl)]. 
Identical spectra of perturbations at different times 
ti get blown up by different exponential factors 
exp [H(ff - ti)] where ff is the time when the infla- 
tionary epoch finishes. This scale-invariance is main- 
tained until the perturbations come back inside the 
horizon at a much later epoch. The bad news is that 
the magnitude of the fluctuations 6p/p is much too 
large [ 13,141 in the conventional new inflationary 
scenario [2], and it has been speculated [ 131 that 
smaller perturbations might be possible in a supersym- 
metric theory. 

In this paper we investigate the spectrum of per- 
turbations in our toy supersymmetric inflationary 
model [9]. We show that in this model the spectrum 
is also approximately scale-invariant, albeit with loga- 
rithmic corrections which differ in detail from those 
found [13,14] in the new inflationary scenario [2]. 
Fluctuations 6p/p = 0( 1 O-4) can be achieved if the 
supersymmetric chiral superfield coupling is sufficiently 

small. This requirement becomes increasingly stringent 
the longer the onset of inflation is delayed after the 
Planck epoch. Thus we acquire another motivation for 
primordial inflation to supplement our previous argu- 
ments [9] about the avoidance of fine-tuning. 

We first recall relevant features of our toy model 
for supersymmetric inflation [9]. It is characterized 
by a tree-level zero temperature potential 

V(G) = (Y@ - 043 + r@ + P(0) 3 (1) 

which can be obtained from the superpotential 

It@, X, Y) = ax@@ - /J) + bY(@2 - c12), (2) 

*I We understand that a development of this work is in prepara- 
tion [ 161. We have also received private communications on 
this subject [ 171. 
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with the identifications 

a=a2+b2, fi = 2a2p, y = (a2 - 2b2)p2, (3a,b,c) 

V(0) = b2p4. (34 

Notice that the appearance of a $3 term in the poten- 
tial I’(@) (1) is unavoidable in our model if the effec- 

tive (mass)2 parameter y (3~) is to be very small as is 
required [9] if there is to be sufficient inflation: 

a2/b2 - 2 = G(‘/~~/rn;). 10 (4) 

This fine-tuning is technically natural in a supersym- 

metric theory, but it is unappealing and this was one 
of our previous motivations [9] for making inflation 
primordial: fi + mp. In the work of Guth and Pi [ 141 
no $2 term was included in the effective potential. 
This assumption was technically unnatural, and we 
see that removing it in a natural way introduces a 
novel G3 term in the effective potential (1). 

We analyze the spectrum of perturbations along 
the lines pioneered by Lifshitz [ 181 and by Olson [ 191 
followed by Guth and Pi [ 141. The homogeneous 
background field Go(r) evolves according to the equa- 
tion 
. . . 
Go + 3H90 = -3 I’/%Q,=,o . (9 

Neglecting the go term in eq. (5) we find that 

3H$, = -[4& - 3&] , (6) 

and it is easy to verify that the first term on the right- 
hand side of eq. (6) is also negligible so that 

Go(t) = -HI@, (7) 

where the time c is measured starting from t = --oo. 
Position-dependent perturbations 64(x, t) on the ho- 

mogenous background #,(t) have the first order effect 
of producing a position-dependent time delay &r(x) 

in the evolution of G,(t) at large times: 

&7(x) = -6@(x, f)/io(‘) . (8) 

It has been suggested [ 141 that the fluctuations 64(/r, t) 
of wave number k are to be determined by the quan- 
tum theory of a free massless scalar field in De Sitter 
space: . 

6flk, t) = H/41r~j~ (9) 

Strictly speaking, the estimate (9) is only applicable 
when t Q t*, where t* is the time at which the two 
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terms on the right-hand side of the equation 

SF+ 3H6$ 

= -a2 v/aG2 IG=o,crp~ + exp(- 2Hf)#W (10) 

are equal: 

t << t* z -ln(Hk-l)/H, (11) 

where the relevant values of Hk-l are very large. On 

the other hand, the estimate (8) is strictly valid only 
when t % t*. We follow Guth and Pi [ 141 who boldly 
assume that the expressions (8) and (9) are both ap- 
proximately valid when t = O(t*). From eqs. (7) and 

(11) we deduce 

io(t*) = H/fltz = H3/p ln2(Hk-l). (12) 

Using the estimates (9) and (12) we find that 

ST = /3 ln2(Hk-1)/4n3/2H2. (13) 

Guth and Pi [ 141 have shown 

6plp * 2fiHCir. (14) 

In our toy potential (1) one deduces from eq. (3d) that 

H = ($r)“2(~2/mp)b = ($~)~/~(p~/rn~)a, (19 

in which case 

= ~(mp/ll)(a/n2)1n2[(~,)1/2(C12,/,p)k-1]. (16) 

It should be noted that this spectrum, like that of Guth 
and Pi [ 141, is almost scale-invariant. However, it has a 
slight difference in the power of the logarithm ln(Hk-l). 
This is directly traceable to the crucial G3 term we found 
in the supersymmetric potential (l)-(3). 

Turning now to the numerical evaluation of the 
perturbations (16) we see that 

0(10-4) = 0.124(mpa/~)ln2[2.05(~2a/mp)k-1](17) 

if 

a = O( 1 o-6)C(/mp . (18) 

Thus if c1 is of the order of the GUT scale of 0(10-3 
to 10e4) mp, the parameter a in the superpotential 
must be considerably smaller than any of the “known” 
chiral couplings, of which the smallest one known is 
gH& = O(m,/mw) = 0(1 0m6). On the other hand, a 
can be considerably larger if one adopts the hypothe- 

sis of primordial inflation [9] which we discussed ear- 
lier: /J = O(mp) requires a = 0(10m6) which is within 
the “observed” range. This may be taken as another 
motivation for primordial supersymmetric inflation * *. 
The values of the superpotential parameters a, b that 
we find in this analysis are comfortably consistent with 
the upper bounds we obtained previously [9]. It is 
amusing to recall at this point that Harrison [IO] pro- 
posed originally that his scale-invariant perturbations 
might have been geberated around the Planck epoch. 

Thus we have seen that supersymmetric inflation 

[8,9], unlike the conventional new inflationary sce- 
nario [2], can indeed yield an acceptable fluctuation 
spectrum which is approximately scale-invariant with 
6p/p = 0( 1 O-4). We have found that the required 
values of the superpotential parameters are larger if 

inflation takes place closer to the Planck epoch. This 
observation, together with our previous remark about 
the amount of fine-tuning necessary to ensure suffi- 
cient inflation pushes us in the direction of primor- 

dial supersymmetric inflation [9]. 

We thank participants in the Nuffield Workshop on 
the Very Early Universe, especially A.D. Linde, for 
useful conversations. This work was supported in part 
by K.A.O.‘s NATO/NSF postdoctoral fellowship. 

** We note in passing that if there had been no 0 term in the 

potential (I), then a = 0(10-‘2) would have given &p/p 

= O(lO+), independent of the scale at which inflation 

took place. 

REferences 

[II 
[21 
[31 

[41 
[51 
[61 

[71 

[f31 

[91 

[lOI 
[Ill 

A.H. Guth, Phys. Rev. D23 (1981) 347. 

A.D. Linde, Phys. Lett. 108B (1982) 389. 

A. Albrecht and P.J. Steinhardt, Phys. Rev. Lett. 48 

(1982) 1220. 
S.W. Hawking and I.G. Moss, Phys. Lett. 110B (1982) 35. 

J.P. Preskill, Phys. Rev. Lett. 43 (1979) 1365. 

J. Ellis, A.D. Linde and D.V. Nanopoulos, Phys. Lett. 

118B (1982) 59. 
S.W. Hawking, LG. Moss and J.M. Stuart, DAMTP Cam- 

bridge preprint, to be published in Phys. Rev. D (1982). 

J. Ellis, D.V. Nanopoulos, K.A. Olive and K. Tamvakis, 

Phys. Lett. 118B (1982) 335. 

J. Ellis, D.V. Nanopoulos, K.A. Olive and K. Tamvakis, 

CERN preprint TH-3404 (1982). 

E.R. Harrison, Phys. Rev. Dl (1970) 2726. 

Ya.B. Zel’dovich, Mon. Not. R. Aston. Sot. 160 (1972) 

1P. 

333 



Volume 120B, number 4,5,6 PHYSICS LETTERS 13 January 1983 

W.H. Press, Phys. Ser. 21 (1980) 702. 
SW. Hawking, Phys. Lett. 115B (1982) 295. 
A.H.GuthandS.-Y. Pi,Phys. Rev. Lett.49(1982) 1110. 
See also: P.J. Steinhardt and M.S. Turner, Spontaneous 
creation of Scale-Free Density Perturbations in an in- 
flationary universe, University of Pennsylvania/University 
of Chicago preprint (1982), unpublished. 

[ 161 J.M. Bardeen, P.J. Steinhardt and M.S. Turner, in prepa- 
ration (1982). 

[ 171 A.D. Linde and from A.A. Starobinski, private com- 
munication (1982). 

[ 181 E.M. Lifshitz, J. Phys. (Moscow) 10 (1946) 116. 
[ 191 D.W. Olson, Phys. Rev. D14 (1976) 327. 

334 


