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More varieties of hybrid inflation
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It is pointed out that hybrid inflation can be implemented with the inflaton field rolling away from the origin
instead of towards it. This “inverted” hybrid inflation has a spectral inaiex1, in contrast with ordinary
hybrid inflation which hasi=1, so a measured value ofsubstantially different from 1 would distinguish the
two. Other generalizations of hybrid inflation are also considdi®d556-282(196)00824-1

PACS numbds): 98.80.Cq
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The most attractive models of inflation at present are the
“hybrid” inflation models [1-19], in which inflation ends
due to the interaction of the inflaton field with other fields. The units areh =c=Mp=(87G) ?=1, and the potential
As the very first model§20], but in contrast with those pro- V and its derivatives are to be evaluated when cosmological
posed in the intervening years, hybrid models have the virtuscales leave the horizat e folds before the end of inflation,
that the relevant fields can be small on the Planck scale. AswahereN=50-25 and is given b= [(V/V')d¢. In models
result it has become possible, even in the demanding contextith a small field variation, including in particular hybrid
of supergravity [6,8,10,17—18 to construct reasonable- inflation modelsR is unobservably smaR7] andn is either
looking models of inflation which work with potentials simi- very close to 1 or is given by—1=2V"/V.
lar to those routinely proposed to describe particle physics At present, observation is consistent wRls 0, and with
beyond the standard model. The purpose of the present papihis value the Cosmic Background Explor@@OBE) mea-
is to propose some more versions of hybrid inflation satisfysurement of the low multipoles of the CMB anisotropy gives
ing these criteria, and to evaluate their predictions regardinf28] §,=1.94x10 °. The present constraint am is only
large scale structure. [29] 0.7<n< 1.4, though eventually one can expect a mea-

Inflation generates an adiabatic density perturbation angurement with an accuracn~0.01[30]. A future mea-
gravitational waves. The former is supposed to be the origisurement oh, and detection or nondetection Bf will dis-
of large scale structure and, together with a possible contrieriminate sharply between models of inflation.
bution from the gravitational waves, of the cosmic micro- In hybrid inflation the other field can either be fixed, as in
wave backgroundCMB) anisotropy. The spectrum of the the original model, or it can move slowly as it adjusts to
density perturbation is conveniently specified by a quantityminimize the potential at a fixed value of the inflaton field.
5E| whose scale dependence <$;§f><k"*1 where n is the  We shall call the former case “ordinary” hybrid inflation,
spectral index. The spectrum of the gravitational waves isnd following[10] shall call the latter case “mutated” hy-
conveniently specified by their relative contributiBrto the  brid inflation.
mean-square low multipoles of the CMB anisotropy seen by In practically all versions of ordinary hybrid inflation
a randomly placed observer. proposed so far, the inflaton field is near a minimum of the

Within the usual paradigm of a single slow-rolling fitld potential. In them the potential is convex anctan be sig-
(which includes most versions of hybrid inflation considerednificantly biggerthan 1 up to and beyond the observational
up to now, and we shall also restrict ourselves to this simpleipper limit, though in most of parameter space it is actually
cas¢ the predictions fors? [22,23, n [24,25, andR [26]  indistinguishable from 1. The two versiof%0,11] of mu-

are tated hybrid inflation proposed so far have a mildly concave
3 potential leading tm in the range 0.93-00.9@epending on
52(K) = L V_ (1) the value ofN). We are going to point out the existence of
H 75w V'?’ “inverted” ordinary hybrid inflation, which works near a
NICERY maximum of the potential so thatcan be substantialliess
n—1= 3(\/) +2V, (2

2The exception is the polynomial potential studied[#®]. It is
claimed there that a value of substantially below 1 can be ob-
A more general slow-roll paradigii21] leaves the gravitational tained, but as pointed out later 3] the possible interruption of
waves unchanged but increas®s, so that Eq(1) becomes a lower inflation is not studied, and will restrict the allowed parameter
bound, Eq.3) an upper bound, and E¢R) is no longer valid. space.
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than 1 (though again indistinguishable from it in most of m

parameter spageWe are also going to write down a whole P< ¢C=—"’ (10

class of mutated hybrid models, and evaluate their predic- N

tions forn as well as the normalization @, . In all cases, i

we are going to indicate how the models can be justified irf?nd Will roll away from zero whenp becomes larger than

the demanding context of supergravity, using the schemé&c- This model could be realized in supersymmetry using

proposed i 8]. the superpotential
The outline of the paper is as follows. In the next section

we study inverted hybrid inflation, and in the following we W=

mention some generalizations of it. In Sec. IV we give the

mutated hybrid models, and in Sec. V our conclusions.

MI)Z\PZ)

A2+—Az— E. (11)

The corresponding globally supersymmetric scalar potential

is
1. INVERTED HYBRID INFLATION
L . . . )\(DZ\I,Z 2 2
In the usual models of hybrid inflatiog is rolling to- V=|A2+ |+ — (| D2+ V]| D2 V| E |2
wards zero. The potential is typically of the form A A 12
12
1
V=Vy+ §m2¢2+--~ (4)  Writing |®|=¢/\2 and|¥|=y/\2, minimizing with re-
spect to ar@?W¥2, and assumingg is held at zero, gives
and is dominated by the termi,. This term arises because N p2y2) 2 1
some other fieldy is held at the origin by its interaction with V= ( A%— > ) =A*— NP2+ - -, (13
¢. When ¢ falls below some critical valueb., the other 4A 2

field rolls to its vacuum value so thaf, disappears and

inflation ends. This model gives negligibl& and Adding soft supersymmetry-breaking massafsthe required

n—1=2m?/V,. sign gives
We consider instead the opposite case of “inverted” hy- 1 1 1
brid inflation, whereg rolls away from the origin and V=A% 5m§5¢2+ §m2¢¢2_ E)\¢2¢2+ s (19
1
V=V,— §m2¢2+ e (5)  An alternative way of implementing inverted hybrid inflation
is given by
1(¢)\? 1 1 1 1
_VO[l_E ? +-- (6) V:V0—§m$¢2—§m2¢¢2—§m§)(2+ E)\i(ﬁzxz
We again assume ths) dominates, and have introduced the E 2,2 2 E 2 4
parameter f2=V,/m?. This gives n—1=-2m?V, TN X N (15

=—2/f2. The present observational lower bound-0.7
[29] requiresf>2.6 and any future tightening will increase with m(2ﬁ<vos mj,mf(. Here, ¢ will be constrained to zero
the required value of. if x>m,/\,. The minimum ofy’s potential is at
In this model, gravitational waves are negligible and the

. . . 2

normalization is B \/mxz—x7¢¢
x=—5—"— (16)
Vo=7x10"8(1—n)?¢2exg ~(1-"NI, (7) '
assumingy=0 and¢<m, /N, . Therefore, for

where we have used the results of Sec. IV.

A complete model should specify the mechanism which ,/)\imz_)\meb
ends inflation. In ordinary hybrid inflation one considers a < ¢C:%, (17
potential ey

1 1 1 ¢ will be constrained to zero. Clearly,. we .re.quire
V=Vy+ _mi¢2_ MR+ SN (8 Aym>N,m,. Also, to ensure that the terms involvingin
2 2707 2 Eq. (15) make a negligible contribution to the effective po-
L 5 o _ o tential during inflation, we requiré ym <\ m,. The con-
with m<Vo=m;, One possibility for inverted hybrid infla-  tribution of the ¢ dependence of to the effective kinetic
tion is just to reverse the signs of all the terms terms during inflation can be neglectedhifh ,m, <\%m,.

V=V0—£m2¢2+ Em2¢/2—5>\¢>2¢,/;2+-.- )
2 ¢ 2 2 3Note that one would in general expeuf,~ ml/,~A2 but as we
haveV=|Wxz|? andW,=W=Z =0 we can use the method of Ref.

Then ¢ will be constrained to zero for [8] to allow mz<AZ.
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Previous author§31-35 considered the potenti@b) in rolling away from the origin and it triggers the GUT Higgs
the context of a single-field model, and assumed that it holdgransition at or before the end of inflation. The potential for
until ¢=f, after which¢ settles down to the minimum lo- this model is very complicated and it is not clear whether the
cated at a value somewhat bigger thfarSince observation Higgs potential is supposed to dominate the energy density.
requiresf>1 (the Planck scale in our unjtsthis places the If there is a regime of parameter space in which it does, then
model outside the regime of ordinary particle theory so thathe model would represent the first version of inverted hybrid
one can hardly justify the form of the potential. It has beeninflation (and, in fact, the first version of hybrid inflation of
suggested thap might be identified with one of the super- any kind.
string moduli[32,34,35, but attempt$32,34,36,3T to con-
struct a specific model using this idea have not been |v. GENERALIZATIONS OE MUTATED HYBRID
successfuf. INFLATION

We have avoided these difficulties by ending inflation ear- ] )
lier using the hybrid inflation mechanism. An alternative Here, we consider potentials of the form
would be to keep the single field, but to suppose that its
potential steepens soon after cosmological scales leave the V=V,y— fl/,er El//q & (20)
horizon so that inflation again ends at some vadke<f. p q

Such a proposal is not unreasonable, though it does postulate ] ] ] )
a lot of structure in the single potentis ¢). with p#q. The opposite case @f=q simply gives an ordi-
nary or inverted hybrid inflation model whekg is held at

zero during inflation. In mutated hybrid inflati¢m0], and its
generalization$11] considered hera is held close to zero,
but not at zero, during inflation. An effective potential for the
Instead of assuming that the inflationary potential is quainflaton =¢ is then generated from the couplings without
dratic, one can consider the possibility that it is of higherrequiring any additional term and, as we shall see, it can take
order. This might be because the quadratic term is absent, sinusual forms. In the case that this contribution to the effec-
it might be because one is not close to the origin though iriive potential is not the dominant one, it will not determine
that case there is no reason to suppose that a single terfhie spectrum but may still determine when inflation ends.
dominates. If the quadratic term is absent one might have = We assume)>0 and¢>0. Then, to get a model which,
for fixed ¢, has a minimum aty= ¢, with , >0, we re-
quire oA>0 and @—p)o>0. See Eqgs(21) and (23), re-
spectively below.c>0 corresponds to a generalization of
mutated hybrid inflation with the inflatog rolling towards
This form could arise from one of the generalizations ofzero, whilee<0 corresponds to a general inverted mutated
mutated hybrid inflation considered in the next section, andybrid inflation model with¢ rolling away from zero.
we use the results derived there. F¢f>V,/(2N\) the Now,
predictions are independent @f and are the same as those - i
for the nonhybrid case; 2n=3/N with negligible gravita- Vy=—oyP Ny (21
tional waves and the normalization o6, requiring
A~10 2independently o¥/,. In the opposite case,An is
reduced by a factorﬁﬁ/[vol(ZNA)] and the value ol is

Ill. GENERALIZATIONS OF INVERTED HYBRID
INFLATION

1
v:vo—zx¢4+---. (18)

and soV,=0 wheny=0 (for p=2 andgq=2), or

1a—p)
reduced by this factor cubed. y=, = ( E) - ra-p, (22)
Including both a quadratic and a quartic term, one could A
have
Now,
1 242 1 4 p-2
V=Vo— 5m?g?+ 2h et (19) Vigly=y, =(A—poyl *. (23

If inflation (after the observable Universe leaves the horizon qu S|mpI|(.:|ty, we will assume t'haVW| y=y,> Vo SO that
takes place near the maximum it reduces to the quadrati¢ is held firmly aty= ¢, during inflation. Then,
inverted hybrid inflation that we started out with. If it takes
place near the minimum it reduces to the usual version of V], = _(ﬂ
hybrid inflation, and in the intermediate case one gets some- p=i N0 pq
thing different.

Finally, we should point out that a related model of infla- and the kinetic terms evaluated alowg- i, are
tion was proposed a long time a§®8]. In it, the inflaton is »

*

@

oy (24)

1

. (9. 25)

* ( qa-p
4Referen(:e[37] claims to have been successful but an analytic
calculation shows that their Eq.(7) gives a potential Assumingo ! <V, so thatV, dominates the energy density
V(¢)=—4.3-0.01cos(12) for the canonically normalized field and i, <¢ so that the kinetic terms are approximately ca-
proportional to In® after minimizing with respect to R nonical, we get the effective potential during inflation
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V()=Vo(l—nd™ ), (26)
where
— a/(q—p)) —P/(a=p)
:(qpqp)(r Vo =0 @)
and
r
a=" 2o, (28)
q—p
Now,
\A R
v oamnd (29
and
—=—ala+Dudp * 2 (30

\Y,

The number o folds to the end of inflation is given by

¢a+2

\%
sz'vd(ﬁ:m, a>0 or a<—-2, (31

- - 27\0{\_ 7|a\ _
a2 Tapu'#e "¢ 72RO
32
=—%In§c, a=—2. (33

The COBE normalizatiof29] gives

V3/2 B Vé/2¢a+ 1

5.3<10 4=—+=
V, aM
:|a|—1/(a/+2)|a+2|a+1/(a+2)N(a+1)/(a+2)
X/L_l/(a+2)Vé/2,
a>0 or a<—2, (34)

12

%
:ﬁ[d,gf\a\_|a|(2_|a|)MN]7<|alfl>/<zf|al>,

—2<a<0, (35
eZMNVéIZ
ZW, o= —2. (36)
c

The spectral index is given by

7189
" a+1\1
n21+2v=1—2 m N, a>0 or a<—2,
(37)
2|a|(la|-1)u
=1- —2<a<
T a2 faheN 2T
(39
—1-4u, a=-2. (39)

Note thatn<<1 in all cases except 1<a<0. However,
to gete in this range would require either<1 or at least
one ofp, g, orr to be negative. The cagse= —2 is the one
considered already in Sec. Il, and for this as well as other
a in the range-2< <0 we needed to specify that inflation
ends at$= ¢.. If inflation ends becaus¥, stops dominat-
ing the energy density, we will haveé.~ x'*, but higher-
order terms neglected in ER0O) may end inflation before
this which would permit the desirabl¢.<1.

Potentials of the form(20) can be straightforwardly de-
rived from supersymmetry along the lines of Réf0] for the
caseo>0 (corresponding tax>0) and as in Sec. |l for the
opposite case. In both cases, the superpotentials involved
will be compatible with the method of R€i8] for avoiding
fatal supergravity corrections.

In supersymmetry, one would prefgrandr to be even if
>0, andp to be even ifo<<0. Particularly natural possi-
bilities areoc~Vy andp=1 or 2, andoe~—Vy andp=2,
with thep=1 andp=2 cases corresponding, respectively, to
a generic soft supersymmetry, breaking term for a singlet
and for a nonsinglet.

The three simplest possibilities compatible with these
ideas are the following.

(1) p=1,9=2,r=2, leading toa=2. This is the origi-
nal mutated hybrid inflation mod¢L0].

(2) p=2,9g=1, r=1, leading toa=—2 which is the
inverted hybrid inflation model of Sec. II.

(3) p=2, g=1, r=2, leading toa=—4 which is the
quartic inverted hybrid inflation model of Sec. Ill.

V. CONCLUSION

The most important new model that we have discussed is
inverted hybrid inflation. In contrast with all other known
hybrid inflation models it can give a spectral index
significantlybelow 1. The other models we have discussed
either reproduce already-known possibilitiggough with a
different prescription for the field value at which inflation
ends, or else add to the list of models which give a spectral
index slightly below 1. A future measurement ofwill be a
powerful discriminator between hybrid inflation models.
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