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Abstra t
We show that the gravitino-overprodu tion problem is prevalent among in ation
models in supergravity. An in aton eld  generi ally a quires (e e tive) nonvanishing auxiliary eld G(e ), if the Kahler potential is non-minimal. The in aton
eld then de ays into a pair of the gravitinos. We extensively study the osmologi al
onstraints on G(e ) for a wide range of the gravitino mass. For many in ation
models we expli itly estimate G(e ), and show that the gravitino-overprodu tion
problem severely onstrains the in ation models, unless su h an intera tion as K =
=2 jj2z 2 + h: : is suppressed (here z is the eld responsible for the supersymmetry
breaking). We nd that many of them are already ex luded or on the verge of, if
  O(1).

1 Introdu tion
The gravitino is the most important predi tion of uni ed theory of quantum me hani s
and general relativity su h as the superstring theory (i.e. supergravity (SUGRA) at
low energies) [1℄. However, the presen e of the gravitino leads to serious osmologi al
problems depending on its mass and nature. If the gravitino is unstable and has a mass
m3=2 in the range from O(100) GeV to O(10) TeV, the de ay of the gravitino destroys
light elements produ ed by the big-bang nu leosynthesis (BBN). To keep the su ess of
BBN the reheating temperature TR after in ation should be lower than O(106 8 ) GeV
suppressing the gravitino produ tion by thermal s attering. On the other hand, if the
gravitino is light as m3=2 < O(10) GeV and it is stable (that is, the lightest supersymmetri
parti le (LSP)), the reheating temperature should satisfy TR <
 O(107 ) GeV(m3=2=1 GeV)
for m3=2 >
 100 keV for the gravitino density not to ex eed the observed dark matter
density.
In a re ent arti le [2℄, we have pointed out that there is a new gravitino problem
beside due to the thermal produ tion of the gravitino. That is, an in aton eld  has
nonvanishing supersymmetry(SUSY)-breaking auxiliary eld G (or more pre isely G(e )
as will be de ned later) in most of in ation models in SUGRA, whi h gives rise to an
enhan ed de ay of the in aton into a pair of gravitinos, if the Kahler potential is nonminimal. Thus, we have stringent onstraints on the (e e tive) auxiliary eld G(e ) to
suppress the produ tion of gravitinos in the in aton de ay [2℄. This gravitino produ tion
in in aton de ay is more e e tive for lower reheating temperature, while the produ tion
by parti le s atterings in the thermal bath is more important for higher temperature TR .
Therefore, the dire t gravitino produ tion dis ussed in this paper is omplementary to
the thermal gravitino produ tion, and the former may put severe onstraints on in ation
models together with the latter.
The purpose of this paper is to dis uss this new gravitino problem in a broad mass
range of the gravitino in luding m3=2 ' O(100)TeV region suggested from anomalymediated SUSY breaking models [3℄. We assume, in the present analysis, that there is no
entropy produ tion after the end of reheating by the in aton de ay. However, we brie y
dis uss, in the last se tion of this paper, the ase that a late-time entropy produ tion
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takes pla e.
In Se . 2 we brie y review the gravitino problem in osmology and in Se . 3 we
al ulate the abundan e of gravitinos produ ed by parti le s atterings in the thermal
bath and show osmologi al onstraints on the reheating temperature TR. In Se . 4 we
dis uss the enhan ed de ay of the in aton into a pair of gravitinos and give osmologi al
onstraints on the (e e tive) auxiliary eld G(e ). In Se . 5 we expli itly al ulate the
pre ise value of G(e ) for in ation models in SUGRA to demonstrate how severe the new
onstraints are. The last se tion is devoted to on lusions.

2 Gravitino problem
The gravitino is the SUSY partner of the graviton in SUGRA and it a quires a mass
in a range of O(100) GeV O(10) TeV in gravity-mediated SUSY-breaking models #1 .
Su h a gravitino is likely unstable and its lifetime is very long be ause intera tions of the
gravitino are suppressed by inverse powers of the redu ed Plan k s ale MP . The gravitino dominantly de ays into the standard-model (SM) parti les and their superpartners,
whi h may produ e a large entropy and destroy the light elements synthesized in BBN.
As a result, the predi tions of BBN may be signi antly hanged unless the primordial
abundan e of the gravitino is suÆ iently small [6℄.
In gauge-mediated SUSY-breaking models [7℄, the gravitino is light (m3=2 <
 10 GeV)
and stable. In this ase the gravitino may give too mu h ontribution to the present
osmi density of the universe.
In the in ationary universe, the primordial gravitino is on e diluted but it is produ ed
during reheating epo h after the in ation. Thus, even in the in ationary models, we may
still have the gravitino problem [8℄. As shown in the next se tion, this leads to very
stringent onstraints on the reheating temperature TR sin e the gravitino abundan e is
approximately proportional to TR. The onstraints are given in [9, 10, 11, 12, 13, 14, 15, 16℄
for the unstable gravitino and in [17℄ for the stable one.
#1 Although the gravitino mass an be either mu h lighter [4℄ or mu h heavier [5℄ in no-s ale models,

we do not onsider su h possibilities in this paper.
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3 Thermal produ tion of gravitinos and osmologi al
onstraints on the reheating temperature TR
In this se tion we show the abundan e of the gravitinos thermally produ ed after in ation
and derive onstraints on the reheating temperature.
During reheating the gravitino is produ ed through s atterings of parti les in thermal bath. The intera tions of the gravitino with a gauge multiplet (A ; ) and a hiral
multiplet (; ) are des ribed by
L = p21M D y    R p21M D L   
P
P
i    
[ ; ℄ F ;
(1)
8MP 
where F is the eld strength of the gauge eld. (Here, D denotes the ovariant derivative
and R satis es (1 5 )R = 0.) The thermally averaged ross se tion of the gravitino
produ tion for an SU (N ) super Yang-Mills model with nf pairs of fundamental and antifundamental hiral super elds is al ulated in Ref. [18℄ as
2
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o
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i
 (3) ln(T 2=m2g;th) + 0:3224 (N + nf ) + 0:5781nf ;
(2)
where mg~ is the gaugino mass and mg;th is the thermal mass of the gauge boson whi h is
given as m2g;th = (1=6)g 2 (N + nf )T 2.
Solving the Boltzmann equation with the above ross se tion, one an obtain the
gravitino-to-entropy ratio Y3=2 whi h is well approximated by [19℄
2
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0

m2g~ A5  TR 
12
4

Y3=2 ' 1:9  10
1+
3m23=2
1010 GeV




TR
TR  
(3)
 1 + 0:045 ln 1010 GeV 1 0:028 ln 1010 GeV ; ;
where we have taken N = 3 for QCD and mg~ is the gluino mass evaluated at T = TR .
Noti e that the gravitino abundan e is roughly proportional to TR.
For the gravitino of a relatively large mass >
 100 GeV, it likely de ays to the SM
parti les and their superpartners. In that ase, high energy photons and hadrons emitted
3

3
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in the gravitino de ay may destroy the light elements (D,3He, 4He, 7 Li,   ) and hen e
spoil the su ess of BBN. Sin e the gravitino abundan e is approximately proportional to
TR , we obtain an upper bound on the reheating temperature after in ation.
Energeti photons from the radiative de ay of gravitino (  ! + ~ ) de onstru t D,
whi h gives an upper bound TR <
 109 GeV for m3=2 ' 1 3 TeV. They also ause an
over reation of 3 He due to photo-disso iation of 4 He, whi h leads to the most stringent
onstraint on TR as TR ' 106 109 GeV for m3=2 ' 100 GeV 1 TeV.
However, it was found in Ref. [19℄ that the hadroni de ay gives a more stringent
onstraint on the abundan e of gravitinos and equivalently on the reheating temperature
TR be ause mesons and nu leons produ ed in the de ay and subsequent hadronization
pro esses signi antly a e t BBN. In parti ular, when the bran hing ratio into hadrons is
 1 as expe ted for the gravitino de aying into gluino and gluon, the e e t of the hadroni
de ay is mu h more serious than the radiative one.
In the ase of Bh = 1 (Bh : the bran hing ratio of the hadroni de ay), the upper bound
on TR for relatively light gravitino m3=2 ' 0:1 0:2 TeV omes from the overprodu tion
of 3 He as
6
TR <
 (1 4)  10 GeV

for m3=2 ' 0:1

Here we onservatively assume mg~  m3=2. For m3=2
du tion of 6 Li sets the very stringent onstraint as,

< 3  105
TR 

4  106 GeV

0:2 TeV

' 0:2

for m3=2 ' 0:2

(Bh ' 1);

(4)

1 TeV, non-thermal pro-

2 TeV

(Bh ' 1):

(5)

For larger gravitino mass the destru tion of D gives the stringent onstraint,

< 5  105
TR 

1  108 GeV

for m3=2 ' 2

10 TeV

(Bh ' 1):

(6)

Sin e the gravitino of mass larger than 10 TeV de ays before the light elements are
synthesized, the stringent onstraint is not obtained from hadro-disso iation pro esses.
However, the mesons (mainly pions) produ ed at  1 se alter the proton-neutron ratio
and in rease the abundan e of 4 He, from whi h the upper bound on TR is obtained as

< (3 10)  109 GeV
TR 

for m3=2 ' 10
5

30 TeV:

(Bh ' 1)

(7)

For m3=2 >
 30 TeV the gravitino de ay little a e ts BBN in the ase of Bh = 1.
When the main de ay mode is not hadroni , the above onstraints be ome milder.
However, even if the gravitino dominantly de ays into a photon and a photino, the
hadroni bran hing ratio is non-vanishing sin e the quark-anti-quark pair an be atta hed at the end of the virtual photon line. In this ase, Bh is expe ted to be of order
O( em=4) ' 10 3 . Even su h small Bh makes the onstraint severer than that for pure
radiative de ay (Bh = 0) as
6
TR <
 1  10
8
TR <
 1  10
TR < 2  108



3  108 GeV

3  108 GeV

1  109 GeV

for
for
for

m3=2 ' 0:1 1 TeV

(8)

m3=2 ' 1 3 TeV

(9)

m3=2 ' 3 10 TeV

(Bh ' 10 3 )

(10)

where the upper limits on TR are imposed by 3 He overprodu tion, 6 Li overprodu tion and
D destru tion, respe tively. In the ase of Bh = 10 3 , no sensible BBN bound exists for
m3=2 >
 10 TeV.
The orresponding onstraints on Y3=2 whi h will be used later are obtained by substituting the upper bounds on TR into (3),

Y3=2

Y3=2

<


<



8
>
>
>
>
>
>
>
>
<
>
>
>
>
>
>
>
>
:
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>
>
>
>
<
>
>
>
>
:

1  10 16

4  10 17

7  10 17

6  10 13
1  10 16

2  10 14

3  10 14

6  10 16 for m3=2 ' 0:1

6  10 16 for m3=2 ' 0:2
2  10 14 for m3=2 ' 2

0:2 TeV
2 TeV
10 TeV

2  10 12 for m3=2 ' 10

30 TeV

5  10 14 for m3=2 ' 0:1

1 TeV

5  10 14 for m3=2 ' 1

2  10 13 for m3=2 ' 3

3 TeV

(Bh ' 1);

(11)

(Bh ' 10 3 ): (12)

10 TeV

For the heavy gravitino of mass >
 30(10) TeV with Bh = 1(10 3 ), no stringent onstraints are obtained from BBN. However, another onstraint omes from the abundan e
of the LSP produ ed by the gravitino de ay. Sin e the gravitino de ay temperature is
rather low, one LSP remains as a result of the de ay of one gravitino. The reli LSP
6

density is

mLSP   TR 
;
(13)
LSP ' 0:052
100 GeV 1010 GeV
where mLSP is the LSP mass, and we have onservatively negle ted the ontribution from
the thermally produ ed LSPs. A ording to the re ent WMAP result [20℄, the dark
matter density is DM h2 ' 0:11  0:01 (h: Hubble parameter in units of 100km/s/Mp ).
Requiring the LSP density smaller than the upper bound on the dark matter density at
95 % C.L., we obtain

mLSP  1
10
<
GeV;
(14)
TR  2:5  10
100 GeV
whi h is appli able for the unstable gravitinos. This bound is important espe ially for
the gravitino heavier than 30(10) TeV, whi h falls in the range suggested from anomalymediated models of SUSY breaking [3℄. In the anomaly-mediated SUSY breaking models,
~ and its mass is related to the gravitino mass
the LSP is mostly omposed of the wino W
as
mW~ = 2 m3=2 ' 2:7  10 3 m3=2;
(15)
g2
where 2 and g2 are the beta fun tion and the gauge oupling of SU (2)L . Sin e the
thermal reli of the wino LSP is less than the observed dark matter abundan e as long as
mW~ <
 2 TeV [21℄, we obtain

m3=2  1
9
GeV;
(16)
TR <
9
:
3

10

100 TeV
for m3=2 <
 7  102 TeV in the anomaly-mediated SUSY breaking models with the wino
LSP.
When the gravitino is light (<
 10 GeV) whi h is expe ted in gauge-mediated SUSY
breaking models, the gravitino may be the LSP and hen e stable. Sin e the osmi density
of the gravitino should be less than the dark matter density of the universe [17℄, we obtain
the onstraint

mg~  2  m3=2 
7 GeV
for m3=2 ' 10 4 10 GeV;
(17)
TR <
3

10

500 GeV
1 GeV
where we have omitted the logarithmi orre tions. For 1 keV <
 m3=2 < 10 4 GeV, the
upper-bound on TR is of the order of 100 GeV,


h2

3

TR <
 O(100) GeV

for m3=2 ' 1 keV
7

10 4 GeV:

(18)

When the gravitino is lighter than 1 keV, no onstraint omes from the osmi density.
However, su h a light gravitino behaves as warm or hot dark matter omponent and
a e ts the power spe trum of the density u tuations through free streaming. This may
extend the bound (18) to m3=2  O(10) eV [22℄.

4 Gravitino produ tion in in aton de ay and its osmologi al onstraints
In this se tion we rst estimate the de ay rate of the in aton into a pair of the gravitinos
and larify a ondition under whi h this de ay hannel be omes e e tive. Then we dis uss
osmologi al onstraints on su h a de ay for a broad range of the gravitino mass: m3=2 =
1 keV 100 TeV, in order to show how severe this gravitino-oveprodu tion problem is.

4.1 In aton de ay into a pair of gravitinos
The relevant intera tions for the de ay of an in aton eld  into a pair of the gravitinos
are [23℄

e 1L =

1 
 (G   + Gz  z h: :)  
8
1 G=2
e (G  + Gz z + h: :)  [  ;  ℄
8


;

(19)

where  is the gravitino eld, and we have hosen the unitary gauge in the Einstein
frame with the Plan k units, MP = 1. We have de ned the total Kahler potential, G =
K + ln jW j2, where K and W are the Kahler potential and superpotential, respe tively.
Here and in what follows a subs ript i denotes a derivative with respe t to the eld i,
while a supers ript is obtained by multiplying with g ij  , the inverse of the Kahler metri
gij   Gij  . The SUSY breaking eld z is su h that it sets the osmologi al onstant to
be zero, i.e., Gz Gz ' 3 #2 , and we assume that z is a singlet under any symmetries as
in the gravity-mediated SUSY breaking models. In fa t, the existen e of a singlet (and

#2 Throughout this paper we assume that the D-term potential is negligible. In a broad lass of the
SUSY breaking
p models, the z eld may not be the only eld that has a sizable F -term, and jGz j ould
di er from 3. However, the following arguments remain virtually inta t as long as jGz j ' O(1); if Gz Gz

de reases by one order of magnitude, the onstraints on in ation models would be ome relaxed by the
same amount.
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elementary) eld z with a nonzero F-term of O(m3=2MP ) is a generi predi tion of the
gravity-mediated SUSY breaking models. This is true even in the ase of the dynami al
SUSY breaking [24℄, be ause the gauginos would be ome mu h lighter than squarks and
sleptons otherwise [25℄ #3 . Later we will give a omment on the ase that z is harged
under some symmetry as in the gauge-mediated and anomaly-mediated SUSY breaking
models.
It has been re ently argued that the modulus and in aton de ays produ e too mu h
gravitinos through the above intera tion [27, 2, 28℄. Taking a ount of the mixing between
 and z , however, the e e tive oupling of the in aton with the gravitinos is modi ed [29℄.
A ording to the detailed al ulation of Ref. [30℄, we only have to repla e G with G(e )
(the relation between these two is given in the next se tion). The real and imaginary
omponents of the in aton eld have the same de ay rate at the leading order [27, 30℄:
3=2 

jG (e )j2 m5 ;
( ! 2 3=2) ' 
288 m23=2MP2

(20)

where we have assumed that the in aton has a supersymmetri mass mu h larger than
the gravitino mass: m  m3=2. Thus the de ay rate is enhan ed by the gravitino mass
in the denominator, whi h omes from the longitudinal omponent of the gravitino #4 , as
emphasized in Ref. [27℄.
It should be noted that the above expression for the de ay rate annot be appli able
for H > m3=2. The de ay pro eeds only if the Hubble parameter H is smaller than
the gravitino mass, sin e the hirality ip of the gravitino forbids the de ay to pro eed
otherwise. Intuitively, the gravitino is e e tively massless as long as H > m3=2.
We should larify another important issue: what is the longitudinal omponent of the
gravitino (i.e. goldstino) made of ? A similar issue was dis ussed in the ontext of the
non-thermal `gravitino' produ tion during preheating [32℄, and it was on luded that the
in atino, instead of the gravitino in the low energy, is a tually reated [33℄ #5 . Sin e the

#3 Note, however, that it is possible, though ompli ated, to generate a sizable gaugino mass by intro-

du ing extra hiral super elds in the adjoint representation of the gauge group, rather than a singlet [26℄.
#4 The de ay an also be understood in terms of the goldstinos due to the equivalen e theorem in
supergravity [31, 30℄.
#5 It should be noted, however, that the in atinos produ ed during preheating may be partially onverted to the gravitinos in the low energy, sin e G is generi ally nonzero in the true minimum [2℄ (the
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in atino de ays mu h earlier than the BBN epo h [34℄, the non-thermal `gravitino' (a tually, in atino) produ tion turned out to be harmless. The reason is that the `gravitino'
produ tion o urs in a rather early stage of the reheating just after the in ation ends,
during whi h the energy stored in the in ationary se tor signi antly ontributes to the
total SUSY breaking. In our ase, however, the situation is ompletely di erent; the de ay
into the gravitinos is e e tive, sin e we onsider a osmologi al epo h, H < m3=2, when
the SUSY breaking ontribution of the in aton is subdominant. Thus, the gravitinos
produ ed dire tly by the in aton de ay should oin ide with those in the low energy.
Let us now onsider the impli ation of (20). As we will see in the next se tion,
the e e tive oupling G(e ) is proportional to G , for su h non-minimal intera tion as
(=2)jj2 zz + h: : in the Kahler potential. The auxiliary eld G represents the fra tional
ontribution of the in aton to the SUSY breaking. One might suspe t that G (and
therefore G(e )) should be zero in the va uum and su h a de ay does not o ur at all.
However, as we will see in the next se tion, this is generi ally not true. To be sure, in
many in ation models, the minimum of the in aton potential preserves SUSY, as long
as the in aton se tor is on erned. But, on e we take a ount of the SUSY breaking
se tor, the minimum slightly shifts and non-vanishing G is indu ed. This means that we
need to onsider the s alar potential in luding both the in aton and the SUSY breaking
se tor eld, in order to evaluate G (and G(e )). Our next on ern is how large G(e )
an be. A ording to the general formula in single-in aton models to be derived in
Se . 5 (see (43)), it is at most  m3=2=m . In fa t, this is also true in the in ation
models with multiple elds. Therefore the de ay rate (20) an be omparable to that
obtained by the de ay via Plan k-suppressed dimension 5 operators. In other words, this
dire t gravitino produ tion be omes important espe ially when the total de ay rate of
the in aton is suppressed, i.e., the reheating temperature is low. Therefore the dire t
gravitino produ tion via the intera tion (19) is omplementary to the thermal gravitino
produ tion whi h be omes more e e tive for higher TR . Fig. 1 s hemati ally shows this
feature. This spe i hara ter enables us to put severe onstraints on in ation models.
in ation model adopted in Ref. [33℄ has vanishing G ). This e e t may further onstrain the in ation
models.
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Figure 1: Dependen e of the gravitino-to-entropy ratio on the reheating temperature TR .
The sold line represents the abundan e of the thermally produ ed gravitinos, while the
dashed line orresponds to that dire tly produ ed by the in aton de ay. See (3) and (22)
in the text.

4.2 Cosmologi al onstraints on G(e

)

In the following we assume that the reheating temperature satis es the bounds from the
thermally produ ed gravitinos dis ussed in Se . 3 #6 . The reheating temperature TR is
related to the de ay rate of the in aton into the SM parti les (and their superpartners)
by #7
!
 2g TR2
;
(21)
SM '
10
MP
where g ounts the relativisti degrees of freedom and hereafter we set g = 228:75.
When the Hubble parameter be omes omparable to SM , the in aton de ays. It is easy
to see that H  SM  m3=2 is realized at the de ay, if the reheating temperature
satis es the bounds from the gravitinos produ ed by thermal s attering (i.e., (4) (10),
(14), and (16) (18)). Therefore the in aton de ay into the gravitinos is e e tive. The
1
2

#6 As pointed out in Ref. [30℄, the mixing between the in aton and the SUSY breaking eld may enhan e

the reheating temperature. In luding the e e t of the mixing, we take the reheating temperature as a
free parameter throughout this paper.
#7 We have assumed 3=2  SM , sin e the standard osmology would be upset otherwise.
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gravitino-to-entropy ratio is then given by #8

Y3=2

3T
2 3=2 R ;
SM 4 m

'

m3=2
4:5  105 jG(e )j2
1 TeV

'





2

m 4  TR  1
;
1010 GeV
106 GeV

(22)

where we have negle ted the gravitino produ tion from the thermal s attering.
First let us onsider the osmologi al bound on the gravitino abundan e for stable
gravitinos of m3=2 <
 10GeV. The gravitino abundan e should not ex eed the dark matter
abundan e;

m3=2 Y3=2  DM <
4:7  10 10 GeV;
(23)
s 
where  is the riti al density, and we used DM h2 <
 0:13 at 95% C.L. in the se ond
inequality. Combining (22) and (23), we obtain

jG(e )j

<

3:2  10 11



m3=2 
1 GeV

1 
2

m   2  TR 
;
1010 GeV
106 GeV
1
2

(24)

for TR satisfying (17) or (18). To further redu e this bound, we need to substitute the
largest allowed value of TR given by (17) and (18). Then we arrive at

jG(e )j
for m3=2 ' 1 keV


m3=2 
16
<
 O(10 ) 1 keV

1 
2

m  2
1010 GeV

(25)

100 keV, and

jG(e )j <

1:9  10 10



mg~  1  m3=2   m  2
500 GeV
1 GeV 1010 GeV
3

(26)

for m3=2 ' 100 keV 10 GeV. It should be noted that the onstraints on G(e ) be ome
severer for lower TR , as learly seen from (24) (or Fig. 1).
Next we onsider unstable gravitinos. The gravitino abundan e is severely onstrained
by BBN as dis ussed in Se . 3. We an similarly derive the onstraints on G(e ) from (4)
#8 Here we assume that the entropy omes solely from the perturbative de ay of the in aton.
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(12), and (22):

jG(e )j <

8
>
>
>
>
>
>
>
>
>
>
>
>
>
<
>
>
>
>
>
>
>
>
>
>
>
>
>
:

for Bh ' 1, and

(2

10)  10 12



m  2
1010 GeV

for m3=2

'

0:1

0:2 TeV

m  2
for m3=2 ' 0:2 2 TeV
1010 GeV
(27)

m  2
11
8
for m3=2 ' 2 10 TeV
(2  10
2  10 )
1010 GeV

m  2
(0:6 6)  10 6
for m3=2 ' 10 30 TeV
1010 GeV

1  10 11

8
>
>
>
>
>
>
>
>
<



(2  10 12

6  10 9 )

m  2
for m3=2
1010 GeV
2
for m3=2


'

0:1

1 TeV

m 
' 1 3 TeV (28)
>
>
1010 GeV
>
>

>
>
m  2
>
7
>
: (0:1
2)  10
for m3=2 ' 3 10 TeV
1010 GeV
for Bh ' 10 3 . For m3=2 larger than 30(10) TeV, the onstraint omes from the LSP
abundan e produ ed by the gravitino de ay. Using (3), (14), and (22), we obtain

jG(e )j

<


jG(e )j
for m3=2 ' 30(10)

6  10 9



mLSP  1  m3=2   m  2
;
100 GeV
100 TeV 1010 GeV
100 TeV. In parti ular, this an be rewritten as

< 5  10 5




(29)

m  2
;
(30)
1010 GeV
for the anomaly-mediated SUSY breaking with the wino LSP, where we have used (15).
In Figs. 2 - 4, we show the upper bounds on G(e ) together with predi tions of new,
hybrid, smooth hybrid, and haoti in ation models to be derived in Se . 5, for representative values of the gravitino mass: m3=2 = 1 GeV, 1 TeV, and 100 TeV, respe tively.
From these gures one an see that the bound is the severest in the ase of m3=2 = 1 TeV
due to the stri t BBN bounds. The bounds are slightly relaxed for either (mu h) heavier
or lighter gravitino mass. Note that the onstraints on in ation models do not hange
for the stable gravitinos with m3=2 ' 100 keV 10 GeV, sin e both the upper bound and
the a tual value of G(e ) in the va uum are proportional to m3=2 ( f. (26) and (43)). The
smooth hybrid in ation is ex luded for a broad region of the gravitino mass, unless  (see

jG(e )j

< 2  10 5
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Figure 2: Upper bound on the (e e tive) auxiliary eld of the in aton G(e ) as a fun tion
of the in aton mass m , with m3=2 = 1 GeV. We set mg~ = 500 GeV. TR is set to be the
largest allowed value, and the bound be omes severer for lower TR . The typi al values of
G(e ) and m for the multi- eld new, hybrid, smooth hybrid, and haoti in ation models
with  = 1 are also shown. The haoti in ation an avoid this bound by assuming Z2
symmetry (see the text for details).
3

the next se tion for the de nition) is suppressed. Similarly, for   O(1), a signi ant
fra tion of the parameter spa e in the hybrid in ation model is ex luded, and in parti ular, it is almost ex luded for m3=2 = 1 TeV, while the new in ation is on the verge of.
Even though the onstraints on the hybrid in ation model seems to be relaxed for smaller
m , it is then somewhat disfavored by WMAP three year data [20℄ sin e the predi ted
spe tral index approa hes to unity. The haoti in ation model is also ex luded unless 
is suppressed due to some symmetry.

5 Expli it al ulation of G(e ) for several in ation models
In estimating the e e tive oupling of the in aton  with the gravitino, the mixings with
the SUSY breaking se tor eld is important, as pointed in Ref. [29℄ for spe i ases. In
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Figure 3: Same as Fig. 2 ex ept for m3=2 = 1 TeV. The typi al values of G(e ) and m
for the single- eld new in ation model with  = 1 are also plotted. The solid and dashed
lines are for the hadroni bran hing ratio Bh = 1 and 10 3 , respe tively.
fa t one an rigorously estimate the oupling in a rather generi way [30℄. In this se tion,
we would like to show how to obtain G(e ), based on the argument of Ref. [30℄.
The point is that the in aton eld  does not oin ide with the mass eigenstate after
in ation due to the mixings with the SUSY breaking se tor eld z . There are three sour es
for the mixings: (i) kineti terms (or equivalently, the Kahler metri ); (ii) non-analyti
(NA) mass terms; (iii) analyti (A) mass terms. Although the mixing in the Kahler metri
an be important for the reheating pro esses [30℄, we negle t it here sin e it does not a e t
the oupling with the gravitinos. In the following we fo us on the mixings in the mass
terms.

5.1 Single- eld in ation model
Let us rst onsider a single- eld in ation model, with the Kaler metri gij  = Æij . In the
Einstein frame, the SUGRA Lagrangian ontains the s alar potential, V = eG (Gi Gi 3).
The non-analyti (NA) and analyti (A) mass terms are written as

Mij2  =


 2V
G r G r Gk
=
e
i k j
'i'yj
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Rij  k` Gk G` + gij  ;

(31)

Figure 4: Same as Fig. 3 ex ept for m3=2 = 100 TeV.

Mij2 = Mji2 =



 2V
G r G + r G + Gk r r G ;
=
e
i
j
j
i
i
j
k
'i'j

(32)

respe tively, where we have assumed the vanishing osmologi al onstant, Gi Gi = 3, and
used the potential minimization ondition, Gi rk Gi + Gk = 0 in the va uum. The gravitino
D
E
mass is given by m3=2 = eG=2 . Here Rij  k` is the urvature of the Kahler manifold,

de ned by Rij  k` = gij  k` g mn gmj  ` gn ik . Also the ovariant derivative of Gi is de ned
k G , where the onne tion, k = g k` g  , and r g  = 0 is satis ed.
by ri Gj = Gij
k ij
ij`
ij k
ij
We assume that the in aton  is heavy due to a large supersymmetri mass, m 
G=
je 2rG j  m3=2, and that M2 dominates over the other elements of the mass terms.
Then the NA mass terms an be diagonalized by the following transformation:


Z




 + z;
z

;

(33)

where  represents the mixing angle. Here we have assumed jj  1 and negle ted those
terms of O(2 ). Sin e M2 dominates over the other omponents in the mass matrix, the
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mixing angle is given by the ratio of M2 to the o -diagonal omponent:

'

Mz2
:
M2

(34)

As emphasized in Ref. [30℄, the NA mass eigenstates (; Z ) do not ne essarily oin ide
with the true mass eigenstates. In fa t, the analyti mass terms generi ally provide further
mixing between  and z y. The true mass eigenstates are therefore
~

Z~




 + z + ~z y;

(35)

 ~y;

z

(36)

where the mixing angle ~, whi h is assumed to be mu h smaller than unity, is given by
~

'

M2z
:
M2

(37)

Below we show that the oupling with the gravitinos is suppressed in the NA mass eigenstates, but it is not the ase in the true mass eigenstates if the Kahler potential is nonminimal.
In the NA mass eigenstates, the o -diagonal element of the non-analyti mass term is
zero by de nition:

M2 Z = eG



r G rZG + rGZ rZ GZ



RZij
  Gi Gj = 0;

(38)

whi h leads to


RZij
  Gi Gj
(39)
rZ G ' r G ;
 
where we have used jr G j  jrZ GZ j. On the other hand, the potential minimization
ondition for  reads
(40)
G r G + GZ r GZ + G = 0;

whi h an be solved for G :

G

r GZ G :
' r
Z
 G

Substituting (39) into (41), we arrive at

jG j '

p jRZZ
 Z j
jr G j2 ;

3 3
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(41)

(42)

p

where we have used jGZ j = jGZ j ' 3. Thus G is always proportional to m23=2=m2  1.
For the minimal Kahler potential, G is exa tly zero in this basis. In the mass-eigenstate
basis, therefore, the e e tive oupling of the in aton ~ with the gravitinos dominantly
omes from the mixing in the analyti mass terms:

jG(e )j ' j~ Gz j ' 3jgzz j mm3=2 :


(43)

For instan e, let us onsider ÆK = (1=2)jj2 zz + h: :, whi h is expe ted to be present
if z is singlet under any symmetries. For the non-minimal Kahler potential, the e e tive
oupling be omes
(44)
jG(e )j ' 3 hi mm3=2 ;

where hi denotes the va uum expe tation value (VEV) of . Therefore, G(e ) is proportional to G  hi m3=2=m [2℄, for this hoi e of the intera tion between  and z .
Here let us omment on the ase that the mass of the SUSY breaking eld Z~ , mz , is
larger than m due to the non-SUSY mass term. Su h situation may be realized in the
dynami al SUSY breaking models [24℄. Then the jG(e )j be omes of O(hi m3=2=m ) even
if the Kahler potential is minimal [29, 30℄. To be onservative, however, we assume that
m > mz in the following dis ussion.
As a on rete example, here we study the new in ation model [35, 36, 37℄. In the new
in ation model, the Kahler potential and superpotential of the in aton se tor are written
as

k
K (; y) = jj2 + jj4 ;
4
g n+1
2
 :
W () = v 
n+1

(45)

where the observed density u tuations are explained for v = 4  10 7 (0:1=g )1=2 and
k<
 0:03 in the ase of n = 4 [37℄. After in ation, the in aton  takes the expe tation
value hi ' (v 2=g )1=n . In this model the in aton mass is given by m ' nv 2= hi, and
the gravitino mass is related to v as m3=2 ' nv 2 hi =(n + 1), sin e the in aton indu es
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the spontaneous breaking of the R-symmetry. Thus, (43) leads to #9

jG(e )j '

3
v2
j
gzz
 j
n+1
g

!2

n

:

(46)

For the intera tion ÆK = (1=2)jj2 zz + h: :, this be omes

jG(e )j '

3 v 2
n+1 g

!3

n

:

(47)

In the ase of n = 4, jG(e )j ' 8  10 10  and m ' 4  109 GeV for m3=2 = 1 TeV, while
jG(e )j ' 8  10 8  and m ' 2  1010 GeV for m3=2 = 100 TeV. Note that m3=2  1 TeV
annot be realized unless g  1. We plot these results with  = 1 in Figs. 3 and 4. We an
see that the new in ation model is on the verge of being ex luded for m3=2 = 1 TeV #10 ,
while it is lose to but slightly below the bound for m3=2 = 100 TeV. This single- eld new
in ation model will be dis ussed in detail in Ref. [39℄.

5.2 Multiple- eld in ation model
Next we onsider an in ation model with multiple elds, for whi h the formula (43) annot
be simply applied as it is. Although we generi ally need to evaluate G(e ) for ea h in ation
model, there is an important lass of models des ribed by the following superpotential:

W (; ) = f ( );

(48)

where f ( ) is a fun tion of . The potential minimum in the global SUSY limit is lo ated
at

h i
h i

= 0;
=

0;

(49)

where 0 satis es f ( 0 ) = 0. Note that the true minimum is slightly displa ed from (49),
on e the SUSY breaking eld is taken into a ount [2, 40℄.
#9 The relation (43) remains virtually un hanged in the presen e of the quarti

oupling in the Kahler
potential.
#10It may survives if  ' 10 2 as suggested in the large- uto SUGRA [38℄. We thank M. Ibe and Y.
Shinbara for useful dis ussion.
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For instan e, the above lass of the models in ludes a new in ation model [41℄ and a
hybrid in ation model [42, 43, 44℄, des ribed by

2

W (; ) = 

n

!

;
Mn 2

(50)

where  determines the in ation energy s ale and M is an e e tive ut-o s ale. In the
new in ation model plays a role of the in aton, while  is the in aton in the hybrid
in ation model.
The in aton elds  and have almost the same masses,

m

'

m

'

eG=2 rG ;

(51)

whi h are assumed to be mu h larger than the gravitino mass. It should be noted that 
and (and/or y) almost maximally mix with ea h other to form the mass eigenstates
due to the almost degenerate masses. To see this let us take the NA mass-eigenstate basis
(; ; Z ) in whi h the non-analyti mass matrix is diagonalized ex ept for 
mixing.
The di eren e between the diagonal omponents of the non-analyti mass matrix is small:
jM2 M 2  j = O(m23=2), while the o -diagonal omponent in the analyti mass matrix is
relatively large: M2 = O(m3=2m ) #11, resulting in the almost maximal mixing between
 and y. This mixing is e e tive at the in aton de ay, sin e the Hubble parameter at the
de ay should be (mu h) smaller than O(m3=2) to satisfy the bounds from the thermally
produ ed gravitinos. However, sin e the mixing is due to the spe i hara ter of (48)
and it o urs within the in aton se tor, we leave it for a moment. Then we an similarly
show that the auxiliary elds G and G are proportional to m23=2=m2 in the NA mass
eigenstates (; ; Z ). Therefore the e e tive ouplings with the gravitinos arise mainly
from the mixings in the analyti mass terms, as in the single- eld in ation #12 :

jG(e )j ' 3jg zz j mm3=2 ;

jG j '
(e )



m
3jgzz j 3=2 :
m

(52)

#11In addition, the o -diagonal omponent in the non-analyti mass matrix as well an be as large as
M2  = O(m3=2 m ) if f 00 ( 0 )  f 0 ( 0 )= 0, and the mixing is almost maximal in this ase too.
#12Note that the dependen e of the right-handed side on  and originates from the SUSY mass (51),

whi h is pe uliar to the form of the superpotential (50).
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For su h intera tions as ÆK = (=2)j j2 zz + (~=2)jj2 zz + h: :, we have

jG(e )j '
jG (e )j

'

3 h

i mm3=2 ;


m
3~ hi 3=2 :
m

(53)

Therefore jG (e )j is suppressed ompared to jG(e )j if h i  hi as in the ase of (50).
The true mass eigenstates are obtained after taking a ount of the (almost) maximal
mixing between  and ( y) dis ussed above:

'

'  p2

(y)

;

(54)

where we have omitted the relatively small mixings with z for simpli ity, but they are
in luded in the de nition of ' . For jG(e )j  jG (e )j, the e e tive ouplings of ' with
the gravitinos are roughly given by

jG'(e )j ' p12 jG(e )j:

(55)

5.2.1 New in ation model
The new in ation dis ussed in Se . 5.1 is also realized for [41℄

k
k
K = jj2 + j j2 + 1 jj4 + k2 jj2j j2 + 3 j j4;
4
4
2
4
W = (v g );

(56)

in whi h the in aton is , while  stays at the origin during and after in ation #13 . If
one de nes k  k2 1, the s alar potential for the in aton be omes the same as the
single- eld new in ation model, although the gravitino mass is not related to the in aton
parameters. After the in ation ends, the energy of the universe is dominated by the
os illation energy of #14 . Although G (e ) is suppressed ompared to G(e ), the e e tive
oupling to the gravitinos is given by (55), sin e  and almost maximally mixes with
#13If one introdu es a onstant term in the superpotential, the  shifts from the origin.
#14The ta hyoni preheating [45, 46℄ is known to o ur in this model, and if it o urs, the homogeneous

mode of the in aton disappears soon and the ex ited parti les are produ ed. This instability itself
does not relax the gravitino-overprodu tion problem, sin e these parti les will de ay perturbatively
into the SM parti les and their superpartners. Further, if the parti les are relativisti , the de ay is
delayed, making the problem even worse.
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ea h other in the va uum. Thus the onstraint on this model is omparable to that on
the single- eld new in ation. For the non-minimal oupling ÆK = (1=2)j j2 zz + h: :,
the e e tive oupling to the gravitinos is given by
jG'(e )j ' p32  h i mm3=2 :
(57)

We plot the value of jG'(e )j for g = 10 4 1 and k = 10 4 10 1:5 with the e-folding
number N = 50 in Figs. 2, 3, and 4. Thus the (multi- eld) new in ation model is on the
verge of being ex luded, if  is order unity.

5.2.2 Hybrid in ation model
The hybrid in ation model ontains two kinds of super elds: one is  whi h plays a role
of in aton and the others are waterfall elds and ~ [42, 43, 44℄. After in ation ends,
 as well as ( ~) os illates around the potential minimum and dominates the universe
until the reheating.
The superpotential W (; ; ~) for the in aton se tor is

W (; ; ~) = (2

 ~ );

(58)

where and ~ are assumed to be harged under U (1) gauge symmetry. Here  is a
oupling onstant and  is the in ation energy s ale. The potential minimum is lo ated
p
at hi = 0 and h i = h ~i = =  in the SUSY limit. For a su essful in ation,  and 
are related as  ' 2  10 3 1=2 for  >
 10 3 , and  ' 2  10 2 5=6 for  < 10 3 . Moreover,
in this type of hybrid in ation there exists a problem of osmi string formation be ause
and ~ have U (1) gauge harges. To avoid the problem the oupling  should be small
as,   10 4 [47℄.
Due to the D-term potential one linear ombination of and ~, given by ( ) 
~)=p2, has a large mass of  g h i (g denotes the gauge oupling), while the other,
(
p
(+)  ( + ~)=p2 has a mass equal to that of : m
= m = 2h i. It is the latter
that (almost) maximally mixes with  to form mass eigenstates. Sin e the form of the
superpotential is almost identi al to (50), it is straightforward to extend the results (52)
and (55) to obtain
p
jG'(e )j ' p32 ( 2h i) mm3=2 ;
(59)

(+)
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for the non-minimal oupling ÆK = (1=2)j (+) j2zz + h: :. Note that VEV of (+) is
p
equal to 2h i.
For   10 1 10 5 [48℄ we obtain   8  10 4 1  10 6 , jG'(e )j  9 
10 15 (m3=2=1 TeV) 9  10 11 (m3=2=1 TeV) and m  8  1014 1  1010 GeV. From
Fig. 3, one an see the hybrid in ation model is almost ex luded by the gravitino overprodu tion for m3=2 = 1 TeV, if  is order unity. For m3=2 = 1 GeV and 100 TeV, the
onstraints be ome slightly mild, but a signi ant fra tion of the parameter spa e is
still ex luded (see Figs. 2 and 4). Although the onstraints on jG'(e )j be ome relaxed
for smaller m (i.e., smaller  <
 10 4 ), it is then somewhat disfavored by the WMAP
data [20℄ sin e the density u tuation be omes almost s ale-invariant.
Next let us onsider a smooth hybrid in ation model [49℄, whi h predi ts the s alar
spe tral index as ns ' 0:97, whi h is slightly smaller than the simple hybrid in ation
model. The superpotential of the in aton se tor is

W (; ; ~) = 
D

2

( ~ )n
:
M 2n 2
!

(60)

E

The VEVs of and ~ are given by h i = ~ = (M n 1 )1=n , and we assume that = ~
always holds due to the additional D-term potential. Then one of the ombination,
(+)  ( + ~)=p2, mixes with , and the e e tive oupling with the gravitinos is given
by

p
jG'(e )j ' p32 ( 2h i) mm3=2 ;


(61)

p

for ÆK = (1=2)j (+) j2 zz + h: :. Here we have de ned m = 2n2 = h i. The onstraint
on the model is more or less similar to that on the hybrid in ation model. In fa t, for
n = 2 we obtain   4  10 4 9  10 5 , jG'(e )j  2  10 13 (m3=2=1 TeV) 4 
10 16 (m3=2=1 TeV) and m  1  1014 6  1014 GeV. From Figs. 2 - 4 one an see that
the smooth hybrid in ation model is ex luded for a broad range of m3=2 for  = O(1).
Lastly let us omment on the D-term in ation model [50℄, in whi h one of the waterfall
elds, , obtains a large VEV of  1016 GeV. The
eld an de ay into a pair of the
gravitino if there is a oupling like j j2zz=2+h: : in the Kahler potential. However, after
in ation, the universe is dominated by the two elds: one is the
eld and the other is
23

the in aton, S . The resultant gravitino abundan e thus depends on both the reheating
pro esses of these two elds and the relative portion of the energy in ea h eld [51℄.
Therefore we annot put a rigorous bound on the D-term in ation model.

5.2.3 Chaoti in ation model
A haoti in ation [52℄ is realized in SUGRA, based on a Nambu-Goldstone-like shift
symmetry of the in aton hiral multiplet  [53, 54℄. Namely, we assume that the Kahler
potential K (; y) is invariant under the shift of ,

 !  + i A;

(62)

where A is a dimensionless real parameter. Thus, the Kahler potential is a fun tion of
 + y; K (; y) = K ( + y) = ( + y) + 21 ( + y)2 +   , where is a real onstant
and must be smaller than O(1) for a su essful in ation. We will identify its imaginary
p
part with the in aton eld '  2 Im[℄. Moreover, we introdu e a small breaking term
of the shift symmetry in the superpotential in order for the in aton ' to have a potential:

W (; ) = m  ;

(63)

where we introdu ed a new hiral multiplet , and m ' 1013 GeV determines the in aton
mass.
The s alar potential is given by
2

V (; ';

0

) = m2eK 4j j2 1 + 2

+ p

1
+ ( 2 + '2 )(1
2
with

K =

+ p

2

!

!

2

+ +p

j j2 + j j4)
2

2

!

+ j j2;



2

1

( 2 + '2)A
(64)

(65)
2
2
p
where we have assumed the minimal Kahler potential for , and de ned   2 Re[℄.
Note that  and
annot be larger than the Plan k s ale, due to the prefa tor eK . On
the other hand, ' an be larger than the Plan k s ale [53℄, sin e ' does not appear in K .

24

For '  1,  a quires the mass omparable to the Hubble parameter and qui kly settles
p
down to the minimum,  ' = 2. Then the s alar potential during in ation is given by
1 2 2
m ' + m2 j j2:
2

(66)

jG (e )j ' 3gzz mm3=2 = 3 mm3=2 ;

(67)

V (; '; )

'

For '  1 and j j < 1, the ' eld dominates the potential and the haoti in ation takes
pla e (for details see Refs [53, 54℄).
The e e tive auxiliary eld of is given by

where we have assumed the non-minimal oupling ÆK = (1=2)( + y)zz + h: : in the
se ond equality. This Kahler potential is invariant under the shift symmetry (62). Note
that jG(e )j is suppressed for e.g., ÆK = (1=2)~j j2zz + h: : due to h i  1. Taking
a ount of the mixing between  and y, the e e tive oupling with the gravitinos is
given by
(68)
jG'(e )j ' p32  mm3=2 :
It is worth noting that both real and imaginary omponents of  an de ay into a pair
of the gravitinos via the mixings with z and . One might suspe t that it is only the
real omponent of  that an de ay into the gravitinos, sin e the shift symmetry di tates
that the only real omponent ( + y) appears in the Kahler potential. However, it is not
surprising that this is not the ase, sin e the enhan ed de ay amplitude is proportional
to powers of the large SUSY mass m that expli itly violates the shift symmetry.
We plot the result (68) with  = 1 in Figs. 2, 3, and 4. Although the oupling is too
large if  = O(1), it should be noted that in this haoti in ation model we an realize
jG'(e )j ' 0 by assuming an approximate Z2 symmetry. Therefore, the new gravitino
problem does not exist in this ase. A detailed dis ussion on the haoti in ation model
will be given in [55℄.

6 Con lusions
Throughout this paper we have assumed no entropy produ tion late after the reheating of
in ation. We brie y dis uss potential problems when a late-time entropy produ tion [56℄
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o urs. First of all, the osmologi al onstraints on the reheating temperature shown in
Se . 3 would be relaxed and the Hubble parameter at the in aton-de ay time does not
ne essarily satisfy the ondition H < m3=2 for the formula (22) to be appli able. Thus, the
osmologi al onstraints on G(e ) would be ome milder #15 . On the other hand, we must
be areful about the gravitino produ tion in de ay pro esses of the eld X responsible for
the late-time reheating. One may have a similar stringent onstraint on GX(e ). An obvious
way to indu e late-time entropy produ tion avoiding the problem is to assume the latetime de ay of a s alar eld with a mass smaller than 2m3=2. In addition, there is another
interesting example that is free from the problem. Consider that the s alar partner of a
right-handed neutrino N possesses a large value during the in ation. If the value is at the
Plan k s ale and its de ay rate is small, the s alar N dominates the universe before its
de ay. Thus, the de ay of the s alar N an produ e entropy and dilute the abundan e of
the reli gravitino. The ru ial point here is that the s alar N does not de ay into a pair
of gravitinos due to the matter (or lepton-number) parity onservation. In other word,
N does not mix with the SUSY breaking eld. Thus, this de ay pro ess is free from the
gravitino-overprodu tion problem. Furthermore, the de ay of the s alar N may generate
the baryon asymmetry of the universe [57℄ through the leptogenesis [58℄.
Another even manifest solution to the gravitino overprodu tion problem is to assume
the gravitino mass m3=2 < O(10) eV [22℄. In this ase, the produ ed gravitinos get into
thermal equilibrium due to relatively strong intera tions with the standard-model partiles, and su h light gravitinos are osmologi ally harmless.
Let us omment on another de ay mode indu ed by non-minimal ouplings between
the in aton  and the SUSY breaking eld z . From (43) and (52), the gravitino produ tion
rate is proportional to jgzz j2 . If gzz is nonzero, the in aton  an also de ay into the
SUSY breaking eld z [30℄, and the partial de ay rate is omparable to that into the
gravitinos. As noted in Ref. [30℄, thus produ ed z may ause a osmologi al problem at
most as severe as that indu ed by the gravitinos. Therefore in luding the e e t of the z
#15Even if the reheating temperature is higher than the osmologi al bounds dis ussed in Se . 5.1,

the dire t gravitino produ tion by in aton de ays an o ur and the formula (20) is appli able as
long as the ondition H < m3=2 is satis ed at the de ay time. In this ase, we must onsider the
dire t produ tion with a great aution, sin e it dominates over the thermal produ tion if jG(e )j >
10 13(TR =1010GeV)(1013GeV=m )2 (m3=2=1TeV).
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produ tion may make the problem only a few times worse, and our dis ussion remains
qualitatively un hanged.
In this paper we have shown that an in ation model generi ally leads to the gravitino overprodu tion, whi h an jeopardize the su essful standard osmology. We have
expli itly al ulated the e e tive auxiliary eld G(e ), whi h is an important parameter
to determine the gravitino abundan e, for several in ation models. The new in ation is
on the verge of being ex luded, while the (smooth) hybrid in ation model is ex luded if
 = O(1). To put it di erently, the oeÆ ient of the non-minimal oupling in the Kahler
potential, , must be suppressed espe ially in (smooth) the hybrid in ation model. We
show the onstraints on  for the in ation model we studied so far in Figs. 5 - 7. As long
as the SUSY breaking eld z is singlet, there is no reason that  should be suppressed.
Therefore those in ation models required to have   1 involve severe ne-tunings on
the non-renormalizable intera tions with the SUSY breaking eld, whi h makes either the
in ation models or the SUSY breaking models ontaining the singlet z (with Gz = O(1))
strongly disfavored. We stress again that the existen e of su h a singlet eld is required in
the gravity-mediated SUSY breaking, in order to give the SM gauginos a mass omparable
to the squark and slepton masses. One of the most attra tive ways to get around this new
gravitino problem is to postulate a symmetry of the in aton, whi h is preserved at the
va uum, to forbid the mixing with the SUSY breaking eld. Among the known models,
su h a haoti in ation model an avoid the potential gravitino overprodu tion problem
by assuming Z2 symmetry. Another is to assign some symmetry on the SUSY breaking
eld z as in the gauge-mediated [7℄ and anomaly-mediated [3℄ SUSY breaking models. So
far we have assumed that z is singlet under any symmetries as in the gravity-mediated
SUSY breaking models. If the SUSY breaking eld z is not a singlet, and the non-minimal
oupling like ÆK = =2jj2 zz + h: : an be suppressed. It should be noted however that
the mixing between  and z may indu e other osmologi al problems [30℄ even if z is
harged under some symmetry and/or its VEV is suppressed.
Although we have brie y dis ussed various (typi al) in ation models, it should be
stressed that the gravitino-overprodu tion problem is ommon to all the in ation models
in SUGRA. Thus, in in ation model building, one must always he k whether an in ation
model under onsideration satis es the bound.
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Figure 5: Upperbounds on  as a fun tion of the in aton mass m , with m3=2 = 1 GeV,
for the multi- eld new, hybrid, and smooth hybrid, and haoti in ation models are also
shown. See the text for the de nition of  in ea h model.
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Figure 6: Same as Fig. 5 ex ept for m3=2 = 1 TeV. The bound on the single- eld new
in ation model is also plotted.
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Figure 7: Same as Fig. 6 ex ept for m3=2 = 100 TeV.
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