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Gravitino production after inflation
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We investigate the production of gravitinos in a cosmological background. Gravitinos can be produced
during preheating after inflation due to a combined effect of interactions with an oscillating inflation field and
the absence of conformal invariance. In order to get insight into the conformal properties of a gravitino we
reformulate phenomenological supergravity in an(EZB1)-symmetric way. The Planck mass aRdand D
terms appear via the gauge-fixed value of a superfield that we call the conformon. We find that in general the
probability of gravitino production is not suppressed by the small gravitational coupling. This may lead to the
copious production of gravitinos after inflation. The efficiency of the new nonthermal mechanism of gravitino
production is sensitive to the choice of the underlying theory. This may put strong constraints on certain classes
of inflationary models.

PACS numbd(s): 98.80.Cq

I. INTRODUCTION componenté.

Since gravitino is a part of the gravitational multiplet, one
The possibility of excessive production of gravitinos is could expect that their prpdgchon mus_t be strongly sup-
pressed by the small gravitational coupling. Indeed, usually

one of the most complicated problems of cosmological mod;

els based on supergravity. Such particles decay very late aﬁﬂe production of particles occurs because their effective

. . ass changes nonadiabatically during the oscillations of the
lead to disastrous cosmological consequences unless the rail ) C . .
. " inflaton field[3]. This is the main effect responsible for the
of the number density of gravitinas, to the entropy den-

sity s is extremely small. For example, the ratio of the num_production of the gravitinos with helicitg. The gravitino
; e ’ . massm at small values of the inflaton field is proportional

ber density of gravitinosiz;, to the entropy densitg should 5 . . .
be smaller thai©(10~ 1% for gravitinos with a mas®(100) to Mp"W, whereWis a superpotential. Thus the amplitude
GeV [1,2]. The standard thermal mechanism of gravitinoOf,tg'e OSC'I!atlonS of the gravmno mass 13 suppressed by
production involves scattering of particles at high tempera—M_F’h 'hTI_h"’_‘t '2 _"Vhylpr_"d:m?'o’}f_of the gravitino components
ture in the early universe. To avoid excessive production of'!t A elicity 3 Is rhe ative yhme_ |C|enl[g,7]. dered. which 1
gravitinos one must assume that the reheating temperature of 1 N€'€ IS another mechanism to be considered, which is
the universe after inflation was smaller tharf40® GeV related to breaking of conformal invarian¢8]. It is well
[1,2] known, for example, that expansion of the universe does not

’H;)wever gravitinos can be produced not only in the ther_Iead to production of massless vector particles and massless

. . l . .
mal bath after reheating, but even earlier, during the oscillatermlons of spin; because the theory of such particles is

tions of the inflaton field at the end of inflation. We alreadycOnformally invariaqt and the Friedmann uni\(erse is'c_onfor—
know that bosons as well as spjnfermions can be copi- mally flat. Meanwhile, massless scalar particles minimally

ously produced by the coherently oscillating inflaton field.COUpIed o gravityas well as gravitonsare created in an

Quite often this effect occurs in a nonperturbative way dur_expanding universe because the theory describing these par-

ing the st f breheatin@.4l. Similar effect f ticles is not conformally invariant. The rate of scalar particle
Ing the stage of pre eating,4]. Similar effect may oceurtor production is determined by the Hubble const&hta/a
gravitinos. According to Ref[5], nonthermal gravitino or

duli duct | ¢ certain cl £ inflati =M,§1 p/3, wherep is the energy density. If similar effects
modul production may Tu'e out certain classes of INfiation-gq possible for gravitinos, they could be much stronger than
ary models which otherwise would be quite legitimate.

the effects discussed in the previous paragraph. Indéésl,
The theory of the cosmological gravitino production is P paragrap

very complicated. Recently production of transversal grav

itino componentshelicity 3) was studied in Ref6] (see also N ) _ _ _
Ref.[7] where an attempt has been made to study this ques- " flat spai:etl_me, grar;sversal compgrlenttr?, ;’]"hl'é;h E?I(IST even if
tion using perturbation theoyyln this paper we will inves- SUpersymmetry IS unbroxen, correspond fo ei eligityhile lon-

. . L itudinal components with nonvanishigg andy'y; correspond to
tigate production of all gravitino components, transversa?

. L . . he helicity 3. Although the helicity concept has a less precise
3 1 2
(helicity 3) and longitudinal(helicity 3). As we will show, meaning in Friedmann-Robertson-WalkK&RW) metrics, we still

the production rate of the longitudinal gravitino componentyj yse this loose definition as a shortcut to the transversal and
can be much greater than that of the transversal gravitingngitudinal components.
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suppressed only by the first degree Mgl As a resultH for the usual spirﬁ-fermions with time-dependent mass. This
typically is much greater tham, after inflation, so its time allows to reduce, to a certain extent, the problem of gravitino

dependence may lead to a more efficient particle productiorPrOdUCtIon to the problem of production of particles with

. . l .
The issue of conformal invariance of gravitinos is rather->P' 2 after prehgat|nj4]. : .
g . . Finally, we estimate the number density of gravitinos pro-
nontrivial, and until now it has not been thoroughly exam-

ined. E i ith helicitg the effect tional t duced by the oscillating scalar field in several inflationary
Ined. For gravitinos with helict € etlects proportional to models, and show that in some models the ratjg/s may

H do not appear, and therefore the violation of Conformalsubstantially exceed the boung,/s<O(10™ ). A detailed
invariance for such particles is very small, being proportional, ;.o nt of our investigation will be given in a separate pub-
to their masg6]. However, as we will show, the theory of jication [11]. Here we will only outline the main points of
gravitinos with helicity 3 is not conformally invariant, and o study and present the most interesting results.
therefore such particles will be produced during the expan-
sion of the universe even if one neglects their mass. Il. SUPERGRAVITY LAGRANGIAN AND CONEORMAL

But the most SUrpriSing effect which we have found is that PROPERTIES OF GRAVITINO
the production of the gravitinos of helicityby the oscillat-
ing scalar f|e|d¢ in genera] isnot Suppressed by any powers Fundamental M theory, which should encompass both su-

of M7, and therefore their production can be very efficient.Pérgravity and string theory, at present experiences rapid

The magnitude of the effect is model dependent. For ex¢hanges. One may still expect that the low-energy physics

ample, this effect is very strong in the theory with the effec-ill P& described by théN=1 d=4 supergravity12] and
tive potential\ ¢¥/4. Gravitinos in this theory are produced 2ddress the issues of the early universe cosmology in the
very quickly, within about ten oscillations of the inflaton context of the most general phenomenologidst=1
field, with occupation numbens,~ 1/2 over a large range of SUPergravity—yang-Mills—matter theof{.3]. .
momentak< \\ ¢, which is very different from usual per- fi I\(/jVe arﬁ_ |rr:t_ere|st§d n qonform_al fr_)rtl)dper_tle?hof supfergra\llllty
turbation theory. Meanwhile, this effect is not so dramatic inf:e ISRVV\(/ Ic |r_103 € \("El)(loushsp|n Ile S, In (.a conformally
the simplest model of a single chiral multiplet with a qua- at metric describing the early universe:
dratic effective potentiainf,¢?/2. S 0, ()=82(7) 70 2.1)

This result may have important cosmological implica-
tions, since it may allow to rule out certain classes of cosdn particular, we will be interested in conformal properties of
mological theories. The nature of this effect resembles thgravitino. Supergravity is not a conformally invariant theory,
well known fact that the longitudinal components of massivedespite the fact that it has a long history of being derived
vector bosons at high energy behave in the same way as thsing the superconformal tensor calcultg] as a technical
Goldstone boson that was eaten by the vector figld A tool. Therefore it is difficult even to address this issue as the
similar effect is known to exist in the theory of technicolor supergravity fields do not have specific conformal weights.
[9]. A more direct analogy is the transmutation of gravita-To solve this problem, the idea is to view the supergravity
tional interactions of gravitinos with helicityto weak inter-  theory as a gauge-fixed version of the conformally invariant
actions found by Faydtl0]. In our case the effect is nonper- theory describing the most genehi= 1 gauge theory super-
turbative, and its adequate interpretation is achieved bgonformally coupled to supergravityll]. The derivation
finding solutions of the gravitino equations in a nontrivial SU(2,21) invariant Lagrangian of N=1 supergravity
self-consistent cosmological background. coupled ton+1 chiral multiplets(with complex scalars

In order to study conformal properties of gravitinos we and fermions();) and Yang-Mills vector multipletgwith
reformulated the standarl=1 phenomenological super- gauginos\® and vectorsh;) superconformally will be pre-
gravity in an SW2,21)-invariant way, which makes the con- sented in Ref[11]. It has no dimensional parameters. It con-
formal properties of the theory manifest and explains howsists of three parts, depending, respectively, on a real func-
the conformal symmetry is broken. Our formulation de-tion A, a holomorphic function’V and a gauge group two-
scribes arbitrary number of chiral and vector multiplets andensorf ;. Each of them is conformally invariant by itself:
is flexible enough to allow investigation of regimes where
the superpotentidlV vanishes. . _ Laupercon [N X) 1o IV T+ [ g OONAL e

In application to the theory of gravitino production, we (2.2
concentrate on the simplest models with one chiral multiplet
® and arbitrary superpotential. We present classical equaFhe statement of the SB,21) symmetry of the actioii2.2)
tions of motion and constraints for the transverse and longiincludes, among others, the symmetries under the following
tudinal gravitino in the expanding Friedmann universe inter-set of local dilatations, with parametergx), for the metric
acting with the moving inflation field. We use the gaugeand gravitino, for the scalars and spinors of the chiral mul-
where the goldstino is absent. Then we solve classical equéiplets, and for the vectors and spinors of the gauge multiplet,
tions for gravitino. This solution confirms the generic predic-respectively:
tion from the SW2,21)-symmetric theory that the longitudi-

" R ) ' a— (U2 (x)
nal gravitinos are not conformal. g,,=e 27¥g,,, y,=e WAy
We represent equations describing gravitino components ' o) 3200
with helicities 2 and 1 in a form analogous to the equations X =e7VX, Q=e Q, 2.3
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We =W N = @320(x)) @ tional of the Kaler potential and not an independent field.
w #’ ' The theory becomes that of the Poincaupergravity theory
The function of scalarN(X,Y) codifies the information on with
Kahler manifold. The holomorphic function of scalang X) 1
codifies the superpotential. They transform as follows under [Npe l=—= M%(R+%LRM) NI (2.9
local dilatations: 2
NX' X")=e2"MA(X,X), Here R#*= YWUQP%’ WhereDP is a cova}r'ian'[. derivati've.
2.4) The local dilatation of the metric and gravitino in Eg.3) is
WIX')=e37W(X), Fog(X')=f4p(X). ' not compensated anymore by the local dilatation of scalars,

The important term in the conformal action which allows us Y=Y’'#e"™Y,  AMX,X)=MX',X")#e2“®A(X,X).
to distinguish between conformal properties of helicityg (2.10
and =1 gravitino is the following:

The same happens with th& part of the theory:

O
[Moe™ =g NXOIRF R0, (0 YOIy yom3w(2) = W) = WK %63 MX).

(2.5 (211
The gauge fixing of the local dilatation of the conformally \we nave chosen here to giV¥ mass dimension 3.
invariant action presented in R¢LL1] leads to the standatd  Thys, after the freezing of the conformon field some part
Poincaresupergravity theory. of the transformation cannot be performed and therefore

The dimensionful constants, Planck mass, &endD  some parts of the phenomenological supergravity Lagrangian
terms appear via the gauge fixed value of the conformare not invariant under dilatations. One can try to change the
compensator superfield, which we catinformonThe origi-  gij|atational weight for these fields to compensate the appear-
nal n+1 complex variables(; are split into one complex gnce of powers oM . However, this does not help, since

scalar conformon field, andn physical complex scalai,  the terms with derivatives on the conformon field are absent
which are Hermitian coordinates for parametrizing theafter the gauge fixing. The gravitino field equation which
Xi=Yx(z), (2.6

RE— ¥ 4079, IN = N+ y- hd,, In = N+++-=0.
and the local dilatation takes the form in which only the (212

conformon Y transforms and the physical scalars do not

transform under the local dilatation In the FRW cosmological problems only time derivatives of

the scalar fields are important, therefore gfia, In =N
Y'=e"WY, z/=z. (2.7 only the termyd,In V=N is relevant. After gauge fixing
the conformal symmetry will be broken for configurations
In these variables the gauge-fixing of the dilatational invari-for which either
ance(2.3), (2.7) is given by
v-i#0 or y#0. (2.13

=—-3M2, (2.9

MY,z,2)=-3|Y|? exr{ - %K(z,i)

Only such terms will be sensitive to the absence of the terms
) doIn =N due to gauge fixinﬁwhen—/\f=3M§. The grav-
where the first equation definéqz,z), which is the Kaler itino in the general theory with spontaneously broken super-
potential, and the second is the gauge fixing. H&fe  symmetry will be massive. The states of a free massive spin-
=M pianci/ V87~ 2X 10" GeV. Thus the conformon field ¢ particle were studied by Auvil and Brehm in REE8] (see

is frozen to|Y|=MpexdiK(z2)], i.e., it becomes a func- also Ref.[2] for the nice review. A free massive gravitino
hasy- =0. Helicity + 3 states are given by transverse space
components of gravitinvﬂ. Helicity =1 states are given by

2In fact two different gauges can be used to fix BRpart of the
superconformal symmetry. With the first choidé=)1V* we get the
N=1 phenomenological supergravit¢3] depending org, while 3In Ref.[17], where an attempt to study conformal properties of
the second on¥=Y* gives the version which is nonsingular in the gravitino has been made, it was assumed thay=°=0 and
limit of the vanishing superpotentid’=0. This version is closer to conformal symmetry of gravitino was deduced in the context of
the one in Ref[15] which was obtained by the superspace methodspure supergravity. Without scalars, however, pure supergravity does
The limit YW= 0 from the first version has been discussed at the enchot support a cosmological background. In the presence of matter
of Ref.[16]. However, we find the second version more suitable forthe assumption thag- = °=0 is not valid and conformal sym-
cosmology. It will be presented below. metry is broken.
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the time component of the gravitino fiel,. In cases when action. We will see the confirmation of this prediction in the
gravitino interacts with gravity and other fields, we will find solutions of the gravitino equations below. . _
that y- % 0. It will be a function ofy. Thus the consider- ~ As we already explained, our formulation starting with
ation of superconformal symmetry lead us to a conclusiorpuperconformal actiofil1] provides f_IeX|b|I|ty in the. choice
that helicity =3 states of gravitino are not conformally ©f the form of N=1 phenomenological supergravity. If we
coupled to the metric. When these states are absent, tiigk€V=)V" gauge forR-symmetry, we get the actidil3]
+3 helicity states are conformally couplédp to the mass epending on the combination of theldar potential and the

2 y y pleap .~ superpotential, called. Here we use th¥ =Y* gauge forlR
terms, as usual Thus the conformal properties of gravitino gy mmetry and present the form of the phenomenological La-
are simple, as it is known for scalars: if the action has anyrangian in which the Kaer potential and the superpotential
additional termz; ¢°R, the massless scalars are conformal.are not combined in one function. This allows to avoid prob-
If this term is absent, the scalars are not conformal. Note thgems which sometimes appear when the superpotelial
both these statements are derivable from the superconformehnishes. The action can be written as

1 — oA A o 1 1— .
& L=~ SMER+ R + Lsgosiod ~ MEGIL(7,2)(72) + X, Dx' + X' D]+ (Ref o) — 7 Fi FA78— SXaDAA

E' a TuvB_ 5 (ya 23\ BYT— M — 2K i -1j . _E —lap
+ ZimEQFEFA7= 5, (N ys YN~ M 2eK[ —3WWF +(DW)g; U(D,W)]— 5 (Ref ) 1P, Py

1 I a Fa wy B 2N R N D) 1i— vE—ay B 1K/2_ LV
+§(Refaﬁ)¢-,u’y P(FVP+F )y AP+ MPngﬂ,uL(ﬁZ)’y Xi_ZfaﬁXin F/.Lv)\L+§e Wlp,uR’y wyR

vp

_[1 . R o o
+ gy Ei)\fPaJr)(ieK’zD'W — ek D'DIW)xix; + >i(Ref ) BP, e iNT— 2MBE gIN Y,

12 K2 “tiy Tenp Lo oo gy Lo — Ta g
+ZMPe (D'W)g; fuzﬁi)\R)\R_ZfaﬁllfR"}/Xi)\L)\L—’_Z(DﬁfaB)Xin)\L)\L+H'C'

+M2 i Ee*]- nvpo —i N I +M2 Rkl_l ksl |\ =i i +EM*2 Ref ya )\BZ
POj| g€ & Ty X YoXiT YuX ¥ Xi p| Rij = 5919 | X' X xwa+ gz Me L(Refap)N v, 75 "]

e — L — 1 B o . o _
— 7eMp faph Mo U AN+ g (Ref) T 8(F ik = £y d W) (Flyxih = 50 0). (2.14
|
The L and R denote left and right chirality, e.g\, =3(1 RE=y#*P"D i, ,

+ys)\, while for the y, the chirality is indicated by the

position of the indexy; is left chiral, whiley' is right chiral.

For the scalarg;' is the complex conjugate af. The Kénler Dyt =
metric isg!, which is used also for covariant derivatives and

Kahler curvature

1
(9[,u+ Zw[a/_?(e) 'yab+ 2 A[BM’}/S) wv] '

1 1 _
’ T T a_ - ab “ (95 ~la,b] a b
I‘{k:gi 1'&]9:(, R:(leg:'nﬁj]__‘m (215) D/.L)\ (?,u+ 4 O)M (E)+ 4(2¢M’y l// +¢ ’}l/.l,lp ))Yab
Extra i indic_es on quantit_ies, e.gf,iaﬁ denote derivatiyes, + '_Aan,S )\a_W‘};)\Bfgy’
here the derivative of , 5 with respect tz; . Other covariant 2
derivatives and notations aftantisymmetrizatiori uv] with
weight 1, metric signaturé—,-+,-+,-+), notation ¢'=d/dz, 1., i s
and'}/5:i‘)/o’)/1’}/2'y3) D#Xi: (9,U,+pr, (e)’}lab_EAM Xi
o _ra o a a _ a a ik, 5 N2, 9] )
F,uV_F,u,V+ l//[,u’)’V])\ ’ F/_LV_Z(?[,M, V]+WﬁWZfﬁy, +Fi X]a,uzk W”Xj& 5azll
Cuva 1 —1_pvpopa 0123_; - @ B I S50 i 7 .k
F =€ e Foos & =i, 9,=d,—W;d,, A”=§[((9iK)ﬁz —('K)dzi+3W5(ry, —r,)],
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DW= W+ WK, the inflation field* Then from Eq.(2.14 we can obtain the
(2.16 master equation for the gravitino field

DW= G DIW-+ (5K) DIW— T Dk m o\
DDIW= 3 DIW+(5'K) DIW— T DFW, 7D¢#+m¢#=(DM—§7M)7¢W 31

wheres,, is a symbol for the transformation under the gaugewhere gravitino mass=m[ ¢(7)] is given by
group for all fields. For the conformon fieMand for the rest
of the scalarg; we have ko W

= . 3.2
m=e Mg ( )
0.Y=Y1,(2), 6,2i=&4i(2), (217 Gravitino equatior(3.1) is a curved spacetime generalization

of the familiar gravitino equation#+m,),=0 in a flat
metric, wherem, is a constant gravitino mass.

wherer and & are n+1 holomorphic functions for every  The generalization of the constraint equatiorsy, =0
symmetry, such that the quantities in Eg.2) are invariant.  gng y*,=0 reads

That determines also

3
‘ D, — Dy i, + Em‘yM(/lMZO, (3.3
Po(2,2%)=IMB[ £,(2) ' K(2,2*) =31 (2)]

=iM3[— & 9,K(z,z*)+3r%(z*)]. (2.18 3 o o 1 ,
e Sy tma Y == 5 G,y
) (3.9
See Ref[11] for details. 1
The appearance df1p=|Y|e ¥'B in various places in Cur=Ruv=59wR,
this Lagrangian shows that the conformal symmetry is bro-
ken. One can rescale the fields withy S0 that they have where primes stand for conformal time derivatigg. It is

standard kinetic terms. For our purpose it will be convenien'gm ortant that the covariant derivative in these equations
to replace the scalar field by ®'/Mp, chiral fermionsy; by P d

/M. and similar for the gravitinoy, — . /M must include boj[h the spin connection and the Chri.stoffel
XilMp, 9 woT PR symbols, otherwise equatiadR,y,=0 used for the deriva-
tion of these equations is not valid.

The last equation will be especially important for us. Na-
IIll. GRAVITINO EQUATIONS ively, one could expect that in the limil p— o, gravitinos

In general background metrics in the presence of compleghould completely decouple from the background. However,
scalar fields with nonvanishing vacuum expectation valuednis €guation implies that this is not the case for the graviti-
(VEV's), the starting equation for the gravitino has in the leftn0S with helicity 3. Indeed,ofrom Eq(3.4) one can find an
hand side the kinetic paR* and a rather lengthy right hand @lgebraic relation betweep”, and y'y); :
side which will be given if11]. Apart of varying gravitino o
massm= M %eX"2W, the right hand side contains a chiral Yho=Ay ¢ . (3.9
connectionAE [see EQ.(2.16] and various mixing terms .
such those in the fourth, fifth, and sixth lines of the phenom-Here A is a matrix which will play a crucial role in our
enological Lagrangiaf2.14). For a self-consistent setting of description of the interaction of gravitino with the varying
the problem, the gravitino equation should be supplementetdackground fields. Ifp and p are the background energy-
by the equations for the fields mixing with gravitino, as well density and pressure, we havé38= M;Zp, Gy=
as by the equations determining the gravitational background. \1 -2 5! | and one can represent the mathixas follows:
and the evolution of the scalar fields.

Let us make some simplifications. We consider the super- —3m2M32 1 a—1pg2

- . . . ) = .~ p—3m°Mjp 2m’'a” *Mp
gravity multiplet and a single chiral multiplet containing a A= >+ Yo s =A1+ yoA,. (3.6

complex scalar field=®/Mp with a superpotentidlvand a p+3m°Mp p+3m°Mp

single chiral fermiony. This is a simple nontrivial extension

which allows us to study gravitino in the nontrivial FRW

CosmOIOQ'Cal, metric quported by the Scalar_ field. A nice 4Typical time evolution of the homogeneous inflation field starts
feature of this model is that the chiral fermigncan be it the regime of inflation when slowly rolls down. One can
gauged to zero so that the mixing betwegnand x in EQ.  construct a superpotentiaV which provides chaotic inflation for
(2.19 is absent. We also can choose the nonvanishing VEV,>M, . Wheng(t) drops below=Mp, it begins to oscillate co-
of the scalar field in the real direction, @e=¢/V2, IN®  nerent oscillations around the minimum of its the effective potential
=0, so thatAE=O. The fieldp=v2 Re® plays the role of V(¢).
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Note that in the limit Mp—o with fixed ® in z becomes massive and acquires helicity states in addition
=®dM;?, one hasn=M;2W. If Wdoes not blow up in this to helicity +3 states of the massless gravitino.

limit, this matrix A is given by The matrixA does not become constant in the lifvty
—o, The phasg3.9) rotates when the background scalar
-~ p 2W field oscillates. The amplitude and sign Af change two
A= ;+ VOT, (3.7 times within each oscillation. Consequently, the relation be-

tweeny°y, andy'y; also oscillates during the field oscilla-
where the overdot stands for derivativg, and the relation tions. This means that the gravitino with heliciywhich is
between physical and conformal times is given Hy related toy,) remains coupled to the changing background
=a(#»)d#. In the limit of flat case without moving scalars, €ven in the limitMp—c. In a sense, the gravitino with
A=—1. helicity 3 remembers its goldstino nature. This is the main
For definiteness, we will consider the minimaltider po- ~ reason why the gravitino production in this background in
tentialK =z2* =®®*/M2. In the models where the energy- general is not suppressed by the gravitational coupling. The
momentum tensor is determined by the energy of a classic&iain dynamical quantity which is responsible for the grav-

scalar field andb depends only on time we have itino production in this scenario will not be the small chang-
ing gravitino massn(t), but the mass of the chiral multiplet
p=|D]2+V, p=|D|2-V, ., which is much larger tham. As we will see, this leads to

(3.9 efficient production of gravitinos in the models where the
mass of the “Goldstino” nonadiabatically changes with
|W|2)- time.
We shall solve the master equati@® 1) using the con-

We will use the representation of gamma matrices wher&!r@int equations iiE,Xthe forrt8.4) and (3.3. We use plane-
yo=diag (,i,—i,—i). Then in Eq.(3.6) the combinationA wave ansatzy,~e"“™ for the space-dependent part. Thgn

. . T
=A,+iA, emerges. For a single chiral multiplet we obtain ¢@" b‘? decompos&d19] Into its transverse par; , the
|A|=1. (One can show thdiA| =1 for the theories with one tracey'¢; and the trace-
chiral multiplet even if the Kaler is not minimal). Therefore

1 1. . . 3. 1 . A
A can be represented-as vi= ¢?+(§yi— Ski(k: y)) ylw(gki— 5 (k- w)k- 7

t 3.1
A=—exp{2if dtu(n) 312
where ki=k; /|k|, so thaty 4 =k y=0. We will relate

Using the Einstein equations, one obtainsgoffor minimal 'y with ¢, and withk- ¢, so that, after use of the field

2

M2

*

V(<I>)=eK dpW+ WW
)

. (3.9

Kahler potential, and real scalar figid equations there are two degrees of freedom associated with
_ the transverse paatiT, which correspond to helicity- 2: and
w=Mp 2% DDW+W)+3(HM 5 d —mmy) two degrees of freedom associated withy; (or ¢,) which
correspond to helicity- 3.
% my For the helicity+ 2 states we have to derive the equation
M ‘2<'I>2+m2' for z//iT. We apply decompositiofB8.12) to the master equa-
P ! tion (3.1) for w=i and obtaif
m=m'=My’e?’PW, H=aa '=a'a % (3.10 a
a ou 0 T_
' . o ya6ha,+ =—vy +mal iy =0. (3.13
The expression fou becomes much simpler and its in- Ak 2a '

terpretation is more transparent if the amplitude of oscilla- o o N
tions of the field® is much smaller thaMp. In the limit N the limit of vanishing gravitino mass, the transverse part
®/Mp—0 one has i is conformal with a weightt+3. The transformations|

=a 1’2\PiT reduces the equation for the transverse part to the

u=0dpdpW. (3.1)  free Dirac equation with a time-varying mass temma. It is

well known how to treat this type of equatide.g., see Ref.
This coincides with the mass of both fields of the chiral
multiplet (the scalar field and spikfermion) in rigid super-
symmetry. When supersymmetry is spontaneously broken,

the chiral fermion, goldstino, is “eaten” by gravitino which “We use nowy; with i =1,2,3 for the space components f ,

while for gamma matrices' are space components of ftgd, and
similarly for the 0 index.

A similar equation obtained in Reff6] has a different coefficient
SInitial conditions at inflation aty— — o correspond tp=—p, in the term @’/2d) y° since they have omitted the Christoffel sym-
m’ =0, andA= — 1, which givesu(—)=0. Alternatively, we can  bols in the covariant derivative. One can still use their equation if
start with inflation oscillations ay=0, which defines the phase up one replaces the curved space gravitino vegtprfor which the

to some constant. The final results depend onlyuon equation was derived by the tangent space vegteres iy, .
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[4]). The essential part oF] is given by the time-dependent
part of the eigenmode of the transversal comporygty),
which obeys second-order equation

yr+ K2+ 03-107)yr=0, (3.14
where the effective mass {3r=m(»n)a(7).

The corresponding equation for gravitino with helicitis
more complicated. We have to fitkthy; andy'y; . The equa-
tion for the componentk'y; can be obtained from the con-
straint equation(3.3

!

a _ .
—g'yo-ﬂy-k—ma v . (3.15

ik- ¢=<
Combining all terms together, we obtain the on-shell decom

position for the longitudinal part

!

a
— vypt+tMma
a)’o

Y.
(3.19

Now we can derive an equation for! ;. From the zero
component of Eq(3.1) we have

A4 i
Gi=g + | ky-k+ W(e’ki_?’ik"}’)(

3a’

0y 1 ma
2a7’¢/o

2

2

Yoy i
(3.17
This equation does not contain the time derivativeygf

Substituting 4o from Eq. (3.5 into Eq. (3.17), we get an
equation fory'y;

ma+ik-7>dfo=(7it/fi -

(9,+B—ik-yyoA) ¢ =0, (3.18
where

N t

A=—exp(2y0f dtu(n) (3.19
and

B= 3a’,_ma 1+3A 3.2

=~ %a —770( +3A). (3.20

We can split the spinorg'y in eigenvectors ofyy, ¥'t;
=0,+6_, and 0.=3(1Fiyo)y'¢;. From the Majorana
condition it follows thatf. (k)* = *C0-(—k), whereC is
the charge conjugation matrix. In a representation with diag
onal yo the component$. correspond to the, eigenvalues
*+i. Acting on Eq.(3.18 with the Hermitian conjugate op-
eration gives us a second-order differential equation on th
6+ . We choose for eack a spinor basisi; ,(k) for the two
components off, , and two independent solutions of the
second-order differential equatiorfs ,(k,7). The general
solution is given by

2
> a®®(k)f ok, nugk),

a,B

0
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A* K-y
Q,ZWZ kT((977+ B)6.

2

=—C 1 Y ar (=K (—k,pul(—k).
a,f=1

(3.21

The last equality determines reality properties of the coeffi-
cients. Here we represent&las B+ yoB, and definedB

=B;+iB,, by analogy with the definitions for the matix

By the substitution f,(k,7)=E(n)y.(7), with E
=(—A*)"exp(["dy ReB), equation for the functions
f.(k, ) is reduced to the final oscillatorlike equation for the
time-dependent mode function (7):

vl +(k*+Q2—iQ/)y, =0. (3.22
Here
. 3 1
a QL=M—§Hsm2 ,udt+§m 1-3cos2| udt].

(3.23

In the derivation of Eq(3.22 it was essential thah has the
form (3.9).

Finally we give the expression for the energy density of
the longitudinal mode

!

ma— 5

3710__
To0= —
alo 3a

3 — .
—z/f'(—k)%[w-k

4Kk2 Yo

2 ’

ma+ —
a Yo

a/
ma— —
a Yo

YIg(k).
(3.29

In the flat spacetime limiA;=—1, y' #;~klmg. From Tg

we can define the occupation number of gravitimgsof
energy w, at given modeT8=fd3kwknk, wheren, is ex-
pressed through a bilinear combination of mode functions
yiL(7).

IV. GRAVITINO PRODUCTION

One could expect that the gravitino production may begin
already at the stage of inflation, due to the breaking of con-
formal invariance. However, there is no massive particle pro-
duction in de Sitter spadge., as long as one can neglect the
motion of the scalar field during inflatiopnindeed, expansion
in de Sitter space is in a sense fictitious; one can always use
coordinates in which it is collapsing or even static. An inter-
fal observer living in de Sitter space would not see any time-
dependence of his surroundings caused by particle produc-
tion; he will only notice that he is surrounded by particle
excitations at the Hawking temperaturd2sr.

Gravitino production may occur at the stage of inflation
due to the(slow) motion of the scalar field, but the most
interesting effects occur at the end of inflation, when the
scalar field¢ rapidly rolls down toward the minimum of its
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effective potentialV(¢) and oscillates there. During this should takem ;~ 10" GeV, which is equal to 510 °Mp
stage the vacuum fluctuations of the gravitino field are amf{20]. Hubble constant during the field oscillations is given by
plified, which corresponds to the gravitino production a m¢¢0/\/6|v|P, where ¢y(t) here is the amplitude of the
squeezed state field oscillations, which decreases during the expansion of
Production of gravitinos with helicity? is described in the universe. The gravitino mass is given by
terms of the mode functiog( 7). This function obeys Eq. =m¢¢2/4M,23.
(3.14 with Qr=ma, which is suppressed byl ;2. Nona- Thus, at the end of inflation in this model, which occurs at
diabaticity of the effective mas@+(#) results in the depar- ¢~Mp, all parameters determining the behavior of the
ture of yr(#) from its positive frequency initial condition gravitino wave function are of the same ordgr-m,~H
e'*? which can be interpreted as particle production. The~m. However, later the amplitude ap decreases ag,
theory of this effect is completely analogous to the theory of ~1.9Mp/myt~Mp/4N, whereN is the number of oscilla-
production of usual fermions of spihand massn [4]. In- tions of t.he f|eld¢'aftefr the end of |nflat|0|[13]._ Thus already
deed, Eq(3.14) coincides with the basic equation which was after a single oscillation there emerges a hierarchy of scales,

used in[4] for the investigation of production of Dirac fer- M~m¢>H>m. i o
mions during preheating. Sincem,,= const, after the first oscillation the parameter

The description of production of gravitinos with helicy ~* becomes nearly constant, the paramelté@dm become_
is similar but somewhat more involved. The wave function"€"Y small, and their contribution to the gravitino pro_ductlon
of the helicity gravitino is a product of the factdg( ) and becomes strongly suppressed. As a result, the dominant con-

. tribution to the gravitino production in this model occurs
tmhgr:\lcjaggo;n)&(cz)ﬁtr-glhseoﬁ;t?rrlg(g\ze;jaolle:cgﬁ:\gd%??rqg gglu_within the first oscillation of the scalar field after the end of
tion. It is the functiony, (%) that controls particle production !n]t:a:!on. Iiach of ttTe parame.:ttﬁ;a t';’ a;nd moat t[\le e[‘r?].Of
which occurs because of the nonadiabatic variations of th&''aron changes P(m,) wi In the time (m<f>. ) IS
effective mass paramet€l, (7). The functiony (») obeys means t_h_a_t(becz_ause of uncertainty re_latmrgravmnqs of
Eq. (3.22 with the effective mas€, (), which is given by both helicities will be produced, they will have physical mo-

th itiori3.23 of all th les in th b- mentak=0(m,), and their occu_pation numbeng will b_e
lereniinHer%%Sdlrl:])lﬁ 3 of all three mass scales in the pro not much smaller thaf©(1). This leads to the following

In different models of the inflation, different terms @f conservative estimate of the number density of produced

s 10-2m3
will have different impact on the helicity gravitino produc- ~ 9ravitinosng;;~10"“mj.
tion. The strongest effect usually comes from the largest NOW let us assume for a moment that all energy of the
mass scale, if it is varying with time. This makes the oscillating field ¢ transfers to thermal energy T® within

production of gravitinos of helicity especially important. ~ ©N€ qsmllaﬂcsm of t2he l;le|dg/.4ThIS produces gas with entropy
To fully appreciate this fact, one should note that if in- d€nsity s~T°~(myMp/2)°". As a result, the ratio, to

stead of considering supergravity one would consider supeth€ entropy density becomes

symmetry (SUSY) with the same superpotential, then the

goldstinoy (which is eaten by the gravitino in supergrayity Najo m,\ 32

would have the mas&;deW, which coincides withw in the —~10‘2<—¢) ~10°1° (4.2

limit of large Mp, see Eq.(3.11. As a result, Eq(3.22 s M

describing creation of gravitinos with helicity at ¢<Mp

looks exactly as the equation describing creation of GoldstiThis violates the boundg,/s< 10 for the gravitino with

nos in SUSY. That is why production of gravitinos with m~10? GeV by about 4 orders of magnitude. Thus one may

helicity 3 may be very efficient: in a certain sense it is not aencounter the gravitino problem even if one neglects their

gravitational effect.(On the other hand, the decay rate of thermal production.

gravitinosT ~m?/M3 is very small because it is suppressed In this particular model one can overcome the gravitino

by the gravitational coupling/l;,z.) problem if reheating and thermalization occurs sufficiently
This does not mean that one can always neglect termigte. Indeed, during the post-inflationary expansion the num-

proportional toH andm as compared te, and that produc- ber density of gravitinos decreasesas’. The energy den-

tion of gravitinos with helicity2 can always be neglected. In sity of the oscillating massive scalar figie m2¢¢§(t)/2 also

order to understand the general picture, we will consider sewdecreases as 3. But the entropy produced at the moment

eral toy models where the effective potential at the end obf reheating is proportional tp®*, so it depends on the scale

inflation has simple shape such ¥s-¢". We will not dis-  factor at the moment of reheating as®“. If reheating oc-

cuss here the problem of finding superpotentials which leadurs late enougliwhich is necessary anyway to avoid ther-

to such potential¢and inflation at ¢>M p [20], because we mal production of gravitings the ratio ny,s~ 10 1%~

are only interested in what happens after the end of inflationhecomes small, and the gravitino problem does not appear.

which occurs ap~Mp. But this simple resolution is not possible in some other
First consider the superpotentiaﬁ\/=%m¢d>2. At ¢ models. As an example, consider the model with the super-

<Mp it leads to the simple quadratic potentidl  potential W= \d°%/3, which at¢<Mp leads to the effec-

= (mi/Z)qbz. The parameteg in this case coincides with the tive potential\ ¢*/4. The oscillations of the scalar field near

inflaton massm,. In a realistic inflationary model one the minimum of this potential are described by elliptic cosine
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d(n)=(dola)en(y\ ¢o7,102). The frequency of oscilla-
tions is 0.8472/\ ¢, and initial amplitudepy,=Mp [3].

The parametey. for this model is given by.= 2\ ¢. It
rapidly changes in the interval between 0 ay@\ ¢. Ini-
tially it is of the same order ad andm, but thenH andm
rapidly decrease as comparedgpand therefore the oscil-
lations of u remain the main source of the gravitino produc-
tion. In this case production of gravitinos with helicityis
much more efficient than that of helicig/

The theory of production of gravitinos with helicityin
this model is similar to the theory of production of sgin-
fermions with mass/2\ ¢ by the coherently oscillating sca-
lar field in the theory\ ¢*/4. This theory has been investi-
gated in Ref[4]. The result can be formulated as follows
Even though the expression fél contains a small factor
J2\, one cannot use the perturbation expansion. ifihis is
because the frequency of the background field oscillations i
also proportional to/N. Growth of fermionic mode$3.22
occurs in the nonperturbative regime of parametric excita

tion. The modes get fully excited with occupation numbers

npz% within about ten oscillations of the fieleh, and the
width of the parametric excitation of fermions in momentum
space is about/X%. This leads to the following estimate
for the energy density of created gravitinos:

paz~ (N o) *~\V(¢bo), (4.2
and the number density of gravitinos
N3~ NV (o). (4.3

PHYSICAL REVIEW D61 103503

ferent names: deflation, kination, and quintessential inflation.
Following Ref.[5], we will call them nonoscillatoryNO)
models, which reflects an unusual nonoscillatory behavior of
the scalar field after inflation. This behavior implies that the
standard mechanism of reheating does not work in NO mod-
els. Therefore until very recently it was assumed that in such
models all particles are produced gravitationally, due to the
breaking of conformal invariancg21]. A typical model of
such type has the effective potential which is given by
V(¢)~\¢*l4 at $<0, and then it rapidly vanishes ab
becomes positive, so that( $) —0 at p—oo.

We will leave apart the question whether it is easy to
obtain realistic versions of NO models in supergravity. For
us it is only important that in such models the parameters
H, andm change b)O(\/X¢O) =O(H) during the time when
the field ¢ rolls from ¢o~Mp to 0. Just as in one of the
gxamples considered above, this should lead to production of
gravitinos with number density which can be estimated as
~10 ?H3. This number is of the same order as the number
density of all other conformally noninvariant particles pro-
duced by gravitational effects in the scenario of R&fl].
Thus, barring the subsequent dilution of gravitinos by some
late-time entropy release, one hag,/s=0(1), which con-
tradicts observational data by 14 orders of magnitude.

This problem of NO models can be resolved if one as-
sumes that the scalar fielgl interacts with some other par-
ticles o with a sufficiently large coupling constagt This
leads to production of particles in the context of the instant
preheating scenari®2]. This mechanism is much more ef-
ficient than the gravitational particle production studied in
[21], and the entropy of produced particles becomes much

Now let us suppose that at some later moment reheatingreater thanO(H?®). This leads to a strong suppression of

occurs and the energy densWy ¢,) becomes transferred to
the energy density of a hot gas of relativistic particles with
temperaturd ~ VY4 Then the total entropy of such particles
will be s~T3~V34 so that

n
%/2~>\3/4~ 10710 (4.4

Najo/s [5].

But do we really have the gravitino problem in all of these
models? In our investigation we studied only the models
with one chiral multiplet. This is good enough to show that
nonthermal gravitino production may indeed cause a serious
problem, but much more work should be done in order to
check whether the problem actually exists in realistic models
with several different chiral and vector multiplets.

This result violates the cosmological constraints on the abun- First of all, one should write and solve a set of equations

dance of gravitinos with mass- 10° GeV by 4 orders of
magnitude. In this model the ratioy,/s does not depend on
the time of thermalization, because batk, and V(¢.)3/4
decrease aa 3. To avoid this problem one may, for ex-
ample, change the shape\¥f¢) at small¢, making it qua-
dratic.

The situation in models witNV ()~ ¢" for n>4 is even

involving several multiplets. Even in the case of one multip-
let it is extremely difficult, and the results which we obtained
are very unexpected. The situation with many multiplets is
even more involved. One possibility is to consider the limit
Mp—o0, since the most interesting effects should still exist
in this limit.

But this is not the only problem to be considered. In the

more dangerous because the energy density of the oscillatiigy models studied in this section witV= %md,d)z and W

field ¢ in such models decreases faster tharf, so the

=1 /\®2, the superpotentidlV and the gravitino mass van-

entropy of the particles produced during reheating is supish in the minimum of the potential at=0. Then after the

pressed stronger than by the factoraof’. The later reheat-

end of oscillations supersymmetry is restored, superhiggs ef-

ing occurs in such models, the greater will be the resultingect does not occur and instead of massive gravitinos we

ratio ns,/s.

have ordinary chiral fermions. In order to study production

The most dangerous situation occurs in the class of inflaef gravitino with helicity 3 with nonvanishing massn

tionary models where the effective potenti&l¢) does not

~10? GeV one must introduce additional terms in the super-

have a minimum, but instead monotonically decreases angotential, and make sure that these terms do not lead to a

becomes flat atp)— . Such models have been studied re-
cently by many authorf21,5], which gave them many dif-

large vacuum energy density.
Models with one chiral superfield which satisfy all of
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these requirements do exist. The simplest one is the Polon@(10™ ) [23]. If production of gravitinos in such models is
model with W=a[(2—v3)My+®]. One can introduce suppressed only by powers of the coupling constants, one
various generalizations of this model. However, potentials irmay need to take special precautions in order to avoid pro-
all models of this type that we were able to construct arejucing excessively large number of gravitinos during pre-
much more complicated than the potentials of the toy modelfeating. We will return to this question and present a more
studied in this section. In particular, if one simply adds smallgetailed description of the effects discussed above in a sepa-
termsa+BP+... to the superpotentials ®2 or ®°, one  ate publicatior] 11].

typically finds thatV becomes negative in the minimum of
the potential, which sometimes becomes shifted to the direc-
tion ¢,, where® = (¢, +i¢,)/v2. This problem can be eas-
ily cured in realistic theories with many multiplets, which is
another reason to study such models. It is a pleasure to thank P. Bittay, A. Chamseddine, S.

It would be most important to verify, in the context of Dimopoulos, M Dine, G. Dvali, P. Greene, J. Ellis, D. Lyth,
these models, validity of our observation that the probabilityA. Riotto, L. Susskind, S. Thomas, and |. Tkachev for useful
of production of gravitinos of helicity is not suppressed by discussions. R.K. and A.L. are grateful to the organizers of
the gravitational coupling. We have found, for example, thathe Les Houches School of Physics for the hospitality. The
the rations,/s for the gravitinos with helicitys in the model ~ work of R.K. and A.L. was supported by NSF Grant No.
N ¢*/4 is suppressed by~ ¥4 This suppression is still rather PHY-9870115, L.K. was supported by NSERC and CIAR.
strong because the coupling constarns extremely small in  A.V.P. thanks the Department of Physics at Stanford for the
this model, A ~10" 3. However, in such models as the hy- hospitality. L.K. and A.L. thank NATO Linkage Grant
brid inflation scenario all coupling constants typically are 975389 for support.
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