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We calculate the number density of helicity3/2 gravitinos produced out of the vacuum by the non-static
gravitational field in a generic inflation scenario. We compare it to the number density of gravitinos produced
in particle interactions during reheating0556-282(99)03722-4

PACS numbd(s): 98.80.Cq

I. INTRODUCTION scale of inflation. This estimate showed that gravitational
production of gravitinos could pose a cosmological problem
It was realized early ifi1] that the gravitino could pose a if the energy scald/Y* at which inflation takes place satu-
serious cosmological problem in the context of a hot bigrates its observational upper bound, i\¢"4~ 10'® GeV, and
bang, if it were once in thermal equilibrium. An unstable in this respect, it justifies further the present work. Our study
gravitino, for instance, would decay in the post-big-bang nuis more specialized than that of R¢¥], as we concentrate
cleosynthesis era, if its mass; ;< 10" GeV, and the entropy exclusively on the gravitino. However, it is also more sys-
produced would ruin the successes of big-bang nucleosynematic and more detailed, as we derive and solve the grav-
thesis. Similarly, if the gravitino were stable, as e.g., initino field equation to provide quantitative estimates of the
gauge mediated supersymmetry breaking, its energy densibumber density of gravitinos produced. We also examine
would eventually overclose the Universe, if its mamg,  different cases for the magnitude and dynamics of the grav-
=2 keV. A solution to this problem was brought forward in itino effective mass term during and after inflation. Finally,
Ref. [2]: if inflation took place, the gravitinos present at the we also study the effect of a finite duration of the transition
time of big-bang nucleosynthesis were created during reheabetween inflation and reheating, using numerical integration
ing, in an abundance possibly much smaller than that corresf the field equation. This effect is important, as this times-
sponding to thermal equilibrium. Cosmological constraintscale defines the “degree of adiabaticity” of the transition,
on their abundance could then be turned into useful uppesind indeed the number density of gravitinos produced is
limits on the reheating temperatuB; [3], typically T found to be inversely proportional to it.

=10°—10% GeV, for an unstable gravitino witim,,<3 The study of the conformal behavior of the gravitino also
X 10° GeV, or Tg=10°—10'° GeV, for a stable gravitino bears interest of its own, apart from any application to cos-
with 1 keV=mg,<1 GeV. mology, and to our knowledge, the quantization of quantum

These studies assume that the gravitino abundance héslds in curved space-time has been examined for spins 0,
been exponentially suppressed during inflation, and that/2, 1 and 2, but not 3/p4] (although the case of a massless
gravitinos were only created in particle interactions duringgravitino in a perfect fluid cosmology was studied in Ref.
reheating. However, particles can be produced out of thé8]). In the present work, we focus on the helicity 3/2 modes
vacuum in a non-static gravitational background if their cou-of the gravitino. The field equations and the quantization of
pling to the gravitational field is not conformpd]. A well-  the helicity 1/2 modes are indeed more delicate, due to the
known case is the production of gravitational waves or scalapresence of constraints. These constraints vanish identically
density perturbations during inflation. As we argue below, af supersymmetry is unbrokd®]; in broken supersymmetry,
massive gravitino is not conformally invariant in a these constraints do not vanish, but do not induce any incon-
Friedmann-Robertson-WalkédFRW) background, and our sistency{10]. As shown below, these constraints apply to the
main objective is thus to quantify the number density ofmodes of helicity 1/2, not to those of helicity 3/2, and for this
gravitinos that can be produced gravitationally during infla-reason, we leave the problem of the helicity 1/2 modes open
tion. We will consider a generic inflation scenario witiih  for a further study; nonetheless, we present these field equa-
=1 supergravityf5], and briefly discuss the more particular tions and their constraints. The number density of helicity
case of pre-big bang cosmolo¢§]. The cosmological con- 3/2 gravitinos produced during inflation that we derive in this
sequences of gravitino production during inflation werepaper should thus be interpreted as a lower limit. Quite prob-
briefly discussed in Ref.7]. These authors did not actually ably, however, the number density of helicity 1/2 gravitinos
study the gravitational production of gravitinos, and rathershould be of the same order as that of helicity 3/2, and the
focused on the spin 0 and spin 1/2 cases, as they were intenresults correct within a factor of order 2.
ested in the problem of moduli and modulini fields. With  This paper is organized as follows. In Sec. Il, we derive
regards to the gravitino, they assumed that one particléhe gravitino field equation for the: 3/2 helicity modes, and
would be produced per quantum state for modes with coin Sec. lll, we calculate the number density of gravitinos
moving wave numbek<H,, whereH, denotes the Hubble produced in a generic inflation scenario. We summarize our

conclusions and briefly discuss the case of pre-big-bang
string cosmology in Sec. IV. All throughout this paper, we
*Email address: Martin.Lemoine@obspm.fr use natural unitdi=c=mp=1, wheremp=(87G) *? is
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the reduced Planck mass. We nMe= y8mmp, the Planck

mass. Furthermore, we restrict ourselves to a FRW back-

ground, whose metric is written asls’= g,,dx“dx”
=a?(7n)(—dn?+dx*+dy?>+dz?), wherea(#) is the scale
factor, and» denotes conformal time; the Minkowski metric
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1
Ro=(7”r9y+m+ > v+ 5757‘)?\0)‘1’0

1 1
—<¢9o—§m70+H+§757\0)7V‘I’V:0, (5a

is written 7,,. We also use standard conventions on the

derivative of the Kaler potentialG(z;,z) with respect to
the scalar components of chiral superfieldsG'=dG/dz;,
Gi»=0G/dz'* . Other notations, relative to the Dirac matri-
ces, are given in the Appendix.

Il. FIELD EQUATION

1

0
+
LA

RiI(V”ﬁﬁ m+ 757°>\o>‘1'i

1
| dimsmyit

H 0 v 0
> %Y YV, +Hy ¥ =0, (5b)

whereH=a'/a. Note that in a FRW backgrouni;=0, and

We consider the gravitino in a background of a cIassicaL;.)\M:o_ Another integrability condition can be obtained

FRW spacetime, in the context &f=1 supergravity, and
adopt the following Lagrangian density:

e

£=2

i — e _
R—Ee“”p”\lfﬂ‘ygy,,Dp‘I’U-i-EeG/Z‘I’MG””‘PV-i- L.
()

In this equationg represents the determinant of the vier-

bein ez, R denotes the Ricci scalaW, the gravitino field,

from the differencey®Ro— y'R; :

91 9W;=(y'd,—m+HY°) Y, . (6)
Equation(5) and the constraints Eq¢4) and (6) form the
system of field equations for the gravitino.

We now perform a standard decomposition of the grav-
itino field operator. We rescale the gravitino field, and write

v, (x)=a( n)*3’2ei‘i'0(n,k)e‘kx; we recall that we reserve

andﬁm represents external matter, more speciﬁca"y the scdatin indicesa,b,c . .., or ahat, if confusion could arise, for

lar fields whose dynamics drive the evolution of the back-

Lorentz indices, and},=a(7)4;,. Note also that¥ ,(x)

ground metric: we neglect the matter gauge and fermioransforms with a conformal weight 1/2, and,(x) trans-

fields. The gravitino covariant derivati2, is defined as

1
b
ws Tab™ Z 75)\p '

D,=d,+

)

Wherwa,‘b(e) is the torsion tensor, in which we do not in-

forms with a conformal weight 3/2. Then, we decompose the
spatial part of‘ifc(r;,k) into helicity eigenstategl1]:

>

L,

V()=

m

C1,1/2

S S
m+ E;m'i) (K hmd 7,K),

)

I+ +

S

clude W torsion, since we neglect the backreaction of the

gravitino on the metric. We included in this covariant deriva-

tive the Kéhler connectiorh ,=K'd,z,— K d,z" , whereK
denotes the Kiaer function. The gravitino is also coupled to
matter through the Kaer potential G(z,z*)=K(z,z*)
+In[|W(2)|?], with W the superpotential. This term gives rise
to an effective mass for the gravitino, which we writeras
m=e®?2. The gravitino field equation can be written in the
compact notatiof10]

Rt=e*""7y5y, D,V ,=0, 3

whereD,=D ,+ %myp. As is well-known[10,9], a consis-

whereC, 1,(m+s/2;m,s/2) is a Clebsch-Gordan coefficient,
and €', €', and e~ are polarization vectors. They satisfy:
st e8' = 5,9, With s=L,+,—; in particular,e" is parallel to
k, " ande ™ are tranverse tk, ande** =€ . Similarly, the
spinors s are helicity eigenstates of the helicity operator
diag(e- o, €- o). More specifically, each spinap,4 7,k) is
written in terms of a Weyl spinoxs(k) of helicity s/2, i.e.
such thate-oys=sys, and mode functiond 4 7,k) and
9ms(7,K), wherek=|k|, following the notations of the Ap-
pendix. In this decomposition, the vector-spinaisy, . ,
ey, ey, , e y_,, and¥, form the helicity +1/2

components off' ., while e" ¢, . ande” ¢_ _ are the helic-

tency condition can be obtained by taking the divergence ofy, +3/2 components.

Eqg.(3), D ,R*=0, which leads, after some manipulations, to

[3m?y”— G’y +2d,mo*"+ 2mys\ ,a**1¥ =0, (4)

whereG,,,

The field equation for the helicity-3/2 modes of the
gravitino can now be extracted from E@). To start with,
one notes that the helicity 3/2 components do not appear in
the productyV¥, becausee™y project out the modes with

is the Einstein tensor, symmetric in the absenceSPInor helicity=: e*ox.=0, ande” ox== V2x . There-

of torsion. In this equation, we did not include a term of thefore, Egs.(4), (5a) and (6) only concern the helicity 1/2

form "9\, ..
and isotropic background.

We now define:Rﬂ=R#—%yﬂyVRv, and rewrite the
field equation Ed3), in an equivalent way, ak ,=0:

., since it vanishes in a homogeneous cOmponents, not the helicity 3/2. The field equation for the

+ 3/2 helicity modes is then obtained by contracting &ip)

with €* '3/66_’ 7°C. This contraction projects out all terms of
helicity =1/2, because these are either paralleét,tor of the
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Ill. GRAVITATIONAL PRODUCTION OF SPIN —=3/2

form y...., ande y.e y=€" e =0. Thus the helicity
+3/2 components do not mix with the 1/2 helicity modes, We now assume that the background undergoes an era of
and their field equation reads inflation, followed by radiation or matter domination. The

magnitude and the evolution of the gravitino mass term in
both epochs are model-dependent, since the scalar potential

- A 1 .
0 H 0 — —
dotiyk+tam+ - N =0, s==. 8 L > S o
v oo 2 Y57 Mo ¥ss ® V(z,z*) is tied to the Kaler potential in a non-trivial way:

Finally, this equation can be rewritten in the usual way as . G N
two systems of two linear and coupled differential equations V(z,2*)=€"[Gix(G™7);sG'~3]+D terms. (13
in the mode functionsh, (%), g,.(#»), and h__(7%),
9-—(7). Form=0, and zero Kaler connection, itis easyto  Nevertheless, it is well-known that scalar fields generi-
see that Eq(8) is identical to the field equation for a mass- ca|ly receive a contribution to their mass of order of the
less gravitino in Minkowski spacetime, or, in other words, ajybble constanf14], and we adopt this as an ansatz for the
massless and uncoupled helicity 3/2 gravitino is conformallyyrayitino mass term, i.em=u;H during inflation, andm
invariant. _ _ = u,H during radiation or matter domination, whesg and
The gravitino field can now be quantized, following the ;. are constant parametets s the Hubble constant. During
methods developed for spin 1/2 fermions in curved spacepfiation, H=H, is also assumed constant. Note that this an-
time [12,7], or, what is similar, for electrons in an external gat; may be realized rather generically in inflationary sce-
eIectrf)magnetlc field13]. Introducing the shorthand nota- narios. For instancél5], the superpotential/X &3 gives a
tion: W 3,=€; -+ , it can be checked that the inner prod- potential\ ¢* (albeit in a global supersymmetry approxima-
uct U1 72, wheres=+3/2, is conserved by virtue of tion), a gravitino mass- A ¢*/mj, (also neglecting Kaler
the field equations. The solutions of E@®) are normalized terms, and a Hubble constant A ¢?/mp,. In this model of
according tO:lﬂlSlﬁerr: Ss¢, S,8'=*, and one obtains, at chaotic inflation,¢~Mp, towards the end of slow-roll, and

all times, thereforem~H. Similarly, for new inflation types of models
[16], the superpotentiaVl?(mp,— ¢)?/mp, gives a scalar po-
Wl 2 =6, (9a tential~M* when¢<mg,, a gravitino mass-M?/mg;, and
a Hubble constant-M?/mp,.
W (5.k) ﬂab‘ifgsr(n,—k)ZO, s,s'=+3/2, (9b) The quantitiesw; andu, above can take any value, and,

presumably,u;<1 and u,=<1 [5,17]. Note that, strictly
where the superscripE denotes charge conjugation. The speaking, this ansatz is justified as long @gH>ms);,

helicity-3/2 gravitino field operator is written as where mg, denotes the mass of the gravitino in the true
vacuum of broken supersymmetry; provided inflation takes
. dk . ” place at an energy scale’*> 10" GeV (my,/10° GeV)'?,
v )(X)=f 2m) s 23/2 [b(k) W as( 7, k)€™ this relation should be satisfied for reasonable valueg of
T ==

and u,. If, however, V¥*<10" GeV (M3, /10° GeV)Y?,

then according to the adiabatic theor¢h®,4], the produc-

tion of gravitinos will be exponentially suppressed. Never-
where theb, b' are annihilation and creation operators re-theless, for the sake of completeness, we also present results

spectively. They are related by Hermitian conjugation as thd0" this case wheren is constant during both inflation and
gravitino is a Majorana fermion. Finally, one can relate field"@diation or matter domination.

A - ) For reasons that are similar to the above, one cannot write
operators¥ 3(7,k) and‘lfg‘s“( 7,K), that are solutions of the a generic Kaler connection\ , for a generic inflation sce-

field equation, and whose boundary conditions are respegiiq |t has actually been argued that if inflation is to pro-
tively defined at conformal timeg;, and 7o,., by means of - oaqyia the F-terms, the Kaler functionK should not have
a Bogoliubov transforni4]: a minimal form[5,17]. Out of simplicity, we thus assume
~ ou . - inC that this term is zero. This is realized, for instance, in sce-
Was(7.K) = asVas(7,K) + BisPas (7. =K. (1D narios in which the dynamical scalar field is real. Moreover,
as we argue in Sec. IV in the case of string cosmology, a
non-zero Kaler connection in a homogeneous and isotropic
background does not induce particle creation by itself. With
Mhese assumptions, the differential equations satisfied by the
mode functions read

+bT (KPS 7,k)e ™, (10)

The Bogoliubov coefficientsy, s and B, satisfy at all
times: |ayd >+ |Brd>=1, as required for a half-integer spin
field. The occupation number operator for the in quantu
state with momentunk and helicitys, s= *=3/2, in the out
vacuum, is theng,4?, and

|Bis M= [h& M a2s(m) — g mh(p 2. (12) ges— HOest (K2 +a’m?*—iskH)gss=0 (143

In the following, we solve the field equations for the he- _
licity +3/2, and use Eq12) to calculate the number density _IS -
of gravitinos produced. hss am(gss+ Iskgsg), 5=, (140
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where H has been redefined eg=(am)’/(am). These 10° . . . .
equations can be solved in terms of Whittaker functions L an/m = 0.0 e
Wh,iuja,-(zj) and W_)\’iﬂjaj(_zj'), j:1,2, where Zj g
=2ikaj| m|[1+(1+ 5/|m|)/ ;], \=*+1/2, and7, denotes
the conformal time of exit of inflationy,= — Hl‘l, as we set
a(n=mn)=1. The subscripj=1,2 correspond to the two
eras, j=1 for inflation, and j=2 for radiation or
matter domination; «; is defined by: a(7)=[1+(1
+9l| )/ a;]1%, ie., a;=—1 corresponding to de Sitter,
and a,=1,2 corresponding respectively to radiation or mat-
ter domination. The in solution is defined as that which re-
duces to positive energy plane wavespgas — o0, and the out

solution as that which reduces to positive energy plane 001 010 1‘01?/[{] 10.00 100.00
waves asp— + . Using the large argument limit of Whit-
taker functions, one obtair49] FIG. 1. Plot of the power spectrunk/H,)3| 8,42 of the number

density of gravitinos per logarithmic wave number interval, versus
‘ 1 k/H,, for different transition durationd » (7= —Hfl), as indi-
g(+l)+( 7 ="=Wipj, a(Z), (153 cated, assuming that;=0 and{uz=1, _and that matter domlna_tlon
Jz. 1 follows inflation. The dashed line, which correspondg\tgp=0, is
obtained from the analytical solution in E(L6); the other curves
_ i are obtained from a numerical integration of the field equation, with
h(+J)+( )= A we Wiz, =12 a smooth transition foa(7) andm(#) between inflation and mat-
\/—j B ter domination.
(15b

In this equationj=1 corresponds to the in solution for Tr IS the reheating temperaturgz=a(7z), a=a(7), and
n<m,, andj=2 corresponds to the out solution. In the ra- k=k/H,=k]| 7.
diation or matter domination region, the in solution reads Since|B4?<1 is imposed by Pauli blocking, the integral
g, .=CW_ 1,2w2a2(—22) +02W1/2,m2a2(22), and the coef- in Eq.(17) is dominated by the high wave number modes. As
ficientsc, andc, can be obtained by matching , andh, ., & matter of fact, this integral diverges linearly, sifg@kd?
with g, (n<7,) andh®, (< #,) in Eq. (15) continuously «k~2 for k| |>1, according to Eq(16). This divergence is
at »=7,. Finally, the solutions of helicity-3/2 are expressed unphysical, and results from the sudden transition approxi-
in terms of the solutions of helicity- 3/2: h__=g,, and  mation, as is well-known, for instance, in the case of gravi-
g__=h, .. Using Eq.(12), the asymptotic number of par- tational waves production during inflatig0,21]. The adia-
ticles produced per quantum stalg,(n— +=)|? then batic theorem[18,4] indeed implies thafB,4* falls off
reads exponentially withk beyond some cut-ofk; (see also Ref.
[22] for a recent study In effect, a numerical integration of
1 the field equation shows that if the transition between infla-
|,3ks(+°°)|2=W|M2012W+1/2j,11(21)W71/z,iM2a2(Zz) tion and radiation or matter domination is sufficiently
Hie2 smooth, an exponential cut-off appears, as shown in Fig. 1.
+uaWogp2),, (2) Wy 1/2,iu2a2(z2)|2’ (16)  Since the integral in Eq17) is proportional tok. (provided
k¢ 7|>1), we will use numerical integration of the field
where z,= — 2ik| |, and z,=2ika,| 7|, and @,=1,2 de- ~ €quation for quantitative estimates, and the analytical solu-

pending on whether inflation is followed by radiation or mat-tion to understand the behavior in various regimes, gt ,
ter domination. The limitsu;—0, or u,—0 are non- a@ndua. . .

singular, and reduce to the solutions one would obtain in !N Fig. 1, we compare the analyticalashed ling and
either of these limits, even though E@4) reads differently ~numerical solutions tdgy4“ in the case wherg,;=0 and

in these limits(it decouples into two first-order uncoupled #2=1, and for a transition into matter domination. The exact
differential equations value of the cut-off wave numbég. depends on the duration

The quantity of direct interest to us ¥s,, defined as the A7 of the transition between inflation and matter domination
ratio of the number density of helicity-3/2 gravitinos to the [18,21], as indeed, the “degree of non-adiabaticity” of the

entropy density at the time of reheating,: transition is inversely proportional ta 7. Figure 1 shows
that the analytical solution is an excellent approximation to

3 the numerical solution fok=<k., even fork»|>1. Fur-
E J dT<~kZ|,3kS|2, (17)  thermore, as expected o 1/A 7, and therefore the number
s=* density in Eq.(17) also scales approximately asA%j. In-

deed, as shown in Fig. 1, the analytical solution for the sud-
where g, s is the effective number of degrees of freedom,den transition corresponds to the numerical solution with the

0, s=229 for the minimal supersymmetric standard model,cut-off k. cast to infinity.

Yol 7 45
AR = 4
47749*5
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10.00F Finally, in Fig. 3, we show cuts of the previous contour
- plot, for u;= w, (diagonal of Fig. 2, for w,;=0 (y-axis of
Fig. 2), and foru,=0 (x-axis of Fig. 2, in each case for a
transition into matter domination with »/| »|=1. For the
sake of completeness, we also include the result of a numeri-
cal integration for the case where the mass of the gravitino is
constant and has the same value in both inflationary and
matter dominated epochs, in the dash-dotted line. Just like
the caseu,= u», it shows exponential suppression as
The number density of gravitationally produced gravitinos
present at the time of reheating thus depends on several pa-
rameters, notably the effective mass terms during and after
inflation, the duration of the transition from inflation to re-
heating, and the number of e-folds of reheating. The yield of
FIG. 2. Logarithmic (base 10 contour plot of Ya, gravitinos scales as the inverse of the transition timescale,
=Y3/9,/200)(Tr/H))%(ar/a)®, for Ay/|7|=1, and for a tran- which defines the degree of “non-adiabaticity,” and de-
sition into matter domination, in the plang, — .. creases as exp@Ng), whereNg=In(ag/a,) is the number
of e-folds of reheating, during which the gravitinos are di-

3 3 luted. These dependences make a direct comparison with the
Y39, ¢/200)(Tr/H|)*(ar/a,)” in the planeuy, pp, @8SSUM- nymper density of gravitinos produced in particle interac-
ing a transition withA 7/| 7| =1 into matter domination. A {ions in reheating slightly delicate.

transition into radiation domination gives similar results. As | ot s first isolate the dependence on the mass terms and
p1=pp—+, the production is exponentially suppressed, . qiion timescale in the fiducial quanti,, which is
(see also Fig. B in agreement with the adiabatic theorem. | ..

defined through

This can be seen in EJ16), at least in the limit where
k|7 |<1, for which |Byd%*exp(—2mu,). In the limit u,
—0, with u, fixed, one hays,zoc,ui, and similarly foru,
—0, with wq fixed. Notably, Y5,—0 as u;—0 and u,
—0, since a massless gravitino is conformally invariant. Fi-

nally, for a fixedw, thg number density is not expgnentlally the quantity plotted in Figs 2 and 3 f%/z (for A77=H|_1)-
suppressed ga,— +o; indeed, Eq(16) glves|,{3ks| —>1(2 The number ofe-folds of reheating, and therefoié;,, de-
when u;—0 and up— -+, for K|z |<1. Sincek; is pend on the detailed mechanism of reheating, which
roughly proportional to mavg,, ), the number density in- is unfortunately not well known at present. In the most
creases linearly withe, in this limit. Note that this does not standard model of reheating23], in which fhe inflaton

?;nt;agg dtze ac:;]ib?:gnts?t?gr:e[)nécz%zg iﬁ??el;é;Tooﬁon-SIOWIy decays through its coherent oscillations, and the
adiabatic andﬂ’ article production is not su resse%y Universe is matter dominated, one obtain®lz3-58.5
- andp P PP : +In[(H,/10* GeV)X(Tx/10° GeV) *(g, /200) 1]. The di-
10-2¢ : — . lution is therefore quite strong, and Yg,=3
F—— Mokl T X 107 14Y 5,(H /10" GeV)(TR/10° GeV). More generally, if
E reheating takes place in an era dominated by an equation of
state of the formp=wp, the above number oéfolds is
reduced by a factor 1/(tw); for w=1/3, for instance,
which corresponds to a relativistic fluid, one findg,~9
X 107 8Y5,(H,/10" GeV)*¥(g, 4/200)"¥* and the number
density produced becomes independent of the reheating tem-
perature. It was pointed out in RgR0] that in a general
case, oscillations of an inflaton in a potentiak ¢2" would

1.00

Mz

0.10

0.01
0.01 0.10 1.00 10.00
M

In Fig. 2, we show dbase 10logarithmic contour plot of

Yo=Y 9, /200 ~1(H, /Tr)3exp( — 3NR);

—
o
|
[

—
o
| |
[3,] >

—
(=]

107

Ya/z(g-s/zoo)(TR/Hl)s(aR/al)s

10_95 , , yield an equation state witlv=(n—1)/(n+ 1) after averag-
0.01 0.10 1.00 10.00 ing out over an oscillation period. Thus, in particular, for
m/H chaotic inflation with a potential ¢*, the Universe is indeed

dominated by a relativistic fluid during reheating€ 1/3).

. R . o
on the effective mass of the gravitino in different cases: solid line, The.ratlo Y3’2 c.)f the r!umber QenSIty of.graVItlnos pro-
M/H= ;= uu,; dotted line,m/H=u, and u,=0; dashed line, duceq m_partlcle mteract_lons_durlng reheatlng toéhe entropy
m/H=u; and u,=0, and in dash-dotted line, as a function of a deNSity is, up to logarithmic correctionsl1]: Yg,~3.7
constant mass term, equal in both inflation and matter dominatior 10_13(TR/109 GeV)(9,+/200) 32 Therefore, the ratio
eras. In each case, the transition is operated on a timescalésn/ Y5, Of these two yields, assuming that reheating takes
Apl|m|=1 into matter domination. place in a matter dominated era is:

FIG. 3. Dependence ofs,="Y3(d,200)(Tr/H,)3(ar/a,)?
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Y H 312 which reduces to a Dirac like equation in curved spacetime.
32 o [ Oxs . o . )
—=0.Ngp| —— || z=2| (18 A massive gravitino is not conformally invariant, and cos-
YR 103 gev/ | 200 . . . -

3/2 e mological particle production ensues, through the amplifica-

. tion of the vacuum fluctuations by the non-static background
and according to Fig. 3Y3;~10"%ui LA 7/|m[) ™, if w1 metric. We assumed that the gravitino effective mass is pro-
=0 and u,=1 or the reverse. This constitutes our mainportional to the Hubble constant, and used the technique of
result. .If. th'roughou't reheating, '_the Universe is dominated bXBogoliubov transforms to calculate the ra¥ig,, of the num-

a relativistic equation of state, it becomes ber density of gravitinos to the entropy density at the time of
Y i reheating. This quantity depends on the effective mass of the
(QLS) gravitino during and after inflation, on the Hubble constant at
200 the exit of inflation {,), on the duration of the transition
(19 between inflation and radiation or matter dominatida,
) ) ) o and on the number oéfolds of reheating. Notablyy s,
Whereas the ratio of the two production yields is indepenscales as the inverse of the transition timescale, which de-

dent of the reheating temperature when the Universe is Mafineg the degree of “non-adiabaticity” of the transition dur-

ter dominated during reheating, it becomes inversely proporl—ng| which gravitinos are produced. The comparison of the
tional to T when w=1/3 (relativistic fluid. Therefore, if

o s - L ) gravitational production of gravitinos to production in re-
graV|t'at|onlaI production is gfflClent, l.e., ih~H during or heating depends on the details of the mechanism of reheat-
after '”f'a“"”n?‘ low reheating temperature does not eXCIUd?ng, during which the gravitationally produced gravitinos are
a strong gravitino problem. X strongly diluted

Let us now discuss the magnitudeof,. As seen in Fig. If we assume that the gravitino mass is of order of the
3, one probably ha¥;,<10 % if Ap=H, ', where the up- Hubble constant during or after inflation, thak,
per limit corresponds tqu; =0 andu,=1, or u;=1 and 10 GeV, and that the Universe is matter dominated
u2=0. Therefore, for reheating in a matter dominated erathroughout reheating, gravitational production is generically
one finds that the production of gravitinos out of the vacuumess efficient than production in reheating interactions, pro-
IS Ie§4s gfilment than that during reheating, provid®d  yjged the transition is not too abrupt, i.é\;=10*H*.
=10 "H, *. In the other limit, where the Universe is domi- However, in scenarios of new inflation, one can fifdy
nated by a rela_t|V|_st|c equation pf state during reheating, one. 10‘4H|’1, in which case gravitational production would
finds that gravitational production can be much more effi-, - oyt to produce as many gravitinos, or more, than reheat-
cient trzmat reheatm_gl production o_flgravmnos, by a factoring interactions. Similarly, if reheating proceeds faster, for
~1O_2,u1'2(A 7l|ml) ~H(Tr/10° Ge_\/) : ) _ instance if the Universe is dominated by a relativistic fluid

Finally, an order of magnitude estimate faky is  during reheating, as happens in, e.g., chaotic inflation with a
¢/ ¢’ (¢ is the inflaton field taken at the point at which the potential\ #, the number density of gravitinos produced out
slow-roll approximation breaks down, i.e., whew#?2  of the vacuum exceeds, possibly by a large factor, the den-
~V(¢) (a dot denotes differentiation with respect to cosmicsity of gravitinos produced in particle interactions during re-
time). This gives An~2(¢/Mp)|n|, with Mp,  heating. It must be stressed that in the above, we assumed the
= (87)Y?mp, the Planck mass. Therefor&;~| 7| for sce-  effective massn of the gravitino to be of order the Hubble
narios of the chaotic type, anklpy<| 7| for scenarios of the constant, either during or after inflation. If not, gravitational
new inflation type with small field values; quite possibly, in production is suppressed as/H,)?.
this latter caseA 7<<10™%| 5| [21]. To conclude, let us briefly address the particular case of

In new inflation, therefore, the gravitational production pre-big-bang string cosmolodg], in which particle produc-
cannot be neglected jf.;~0 and u,~1 (or the reversg  tion out of the vacuum has been studied extensi{/24;25,
$=<10*Mp, at the end of slow-roll, andH,~10" GeV. but not for spin-3/2. In this scenario, one expects that, to
Moreover, if reheating proceeds faster than in the ‘“standeading order, the gravitino mass term vanishes during infla-
dard” model (matter dominatioj) such as in\¢* chaotic  tion, if the only dynamical field is the axion-dilaton field, as
inflation, gravitational production of gravitinos can becomeindeed, the tree level superpotential of string-inspired super-
more efficient than reheating production. If gravitational pro-gravity does not receive contributions from the dilaton. Simi-
duction dominates, cosmological bounds on the gravitindarly, m=0 also in the post-inflationary phasi only the
abundance at the time of big bang nucleosynthesis should @xion-dilaton field is considergdat least until a nonpertur-
turned into upper limits on the effective mass terms of thebative superpotential for the dilaton sets in, or until super-
gravitino during and after inflation, as gravitational produc-symmetry breaking takes place. If we assume that the grav-

32
Tr

10° GeV,

|
10" GeV

Y3/2

tion is suppressed asn(H,)? if m<H,. itino is also massless during the so-called stringy phase, it
th.(.an couples to the axion-dilaton field only through the
IV. DISCUSSION Kahler connection. The field equation E®) then decouples

into two first order differential equations for the mode func-

We discussed the conformal behavior of the gravitino in aionshgsandgss, whose solutions are written as in flat-space
spatially flat FRW background spacetime. We obtained theip to a time-dependent phase which depends on fligeKa

linearized field equation for the helicity 3/2 components, connection. If the initial state corresponds to the conformal
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vacuum asy— —o, thenh , =g™_=0. Since we assume ACKNOWLEDGMENTS

that the gI’aVitino remains massless after inﬂation, conformal Itis a pleasure to thank A. BuonannO, and J. Martin for

triviality also holds asp— +, andh%", =g =0. From  many valuable comments and discussions, and PtiBine

Eq. (12), it is then obvious thaB,s=0, i.e., no particle pro- R. Brustein, B. Carter, R. Kallosh, A. Linde, J. Madore, K.
duction takes place. Olive, A. Riotto, and G. Veneziano for discussions.
At the next level of approximation, one should consider
moduli fields, take into account higher order corrections to
the effective action in the stringy phase, and/or introduce a APPENDIX NOTATIONS

non-perturbative superpotential to stabilize the dilaton in the \y/e \write y, & general relativistic Dirac matrix, ang,

FRW phase. This wou_ld lead, quite presumap]y, to the ap_ ey, , or, if confusion could arisey,, a (constank flat-

pearance of an effective mass for the gravitino. Unfortu- M . : 1 ;

. . space Dirac matrix. We definet,,=3[ va,v,]- The Dirac

nately, these effects are difficult to implement, because the”_ " . . -
. X X . Mmatrices are written in the Weyl representation:

underlying dynamics or the physics remain poorly known.

To give an example of what could be obtained, let us assume

that the gravitino is massless during the pre-big bang and [0 ;a
yi=—i , (A1)

stringy phases, and that it acquires a mass after the exit in the
FRW era. Then the methods and results of the previous sec-
tion can easily be transposed to this scenario, since the grav- o
itino, being massless in the pre-FRW eras, is insensitive twith: o,=(1,0), ando,=(1,— ), and theo are flat-space
the background dynamics. It is easy to verify that if the exitpauli matrices. We also defings=i7v,7y1727s.

in the FRW phase takes place at a sddje-10' GeV, as Our choice of vierbein for the FRW background é§
has been advocated recer[t3b], gravitational and reheating —a(7), e“=a(7)". The spin connection, withou¥' tor-
production of gravitinos become of the same order, even ifsion, is thaen

the Universe is matter dominated throughout reheating, pro-

o, O

vided m~H,. 1 1 1
However, reheating in pre-big bang co_smplogy is not ex- _wgbaab:()’ —wiabffab:—H% 50, (A2)
pected to proceed through coherent oscillations of the “in- 4 4 2

flaton,” and the above estimate could turn out to be naive. A

detailed study of the mechanism of reheating in pre-big bangvhere we defined{=a’/a. We define the helicity operator
cosmology thus appears mandatory. Depending on how fast o for a Weyl spinor of momentunk, where " is the
reheating proceeds, and what temperature is achieved, thigitary vector along. We then defing¢ (k) and xy_(k) as
could lead to a strong gravitino problefwhich one would  the eigenspinors oo with respective helicity+1/2 and
naively expect ifH,~ 10" GeV), which would thus require —1/2; -y (k)= = y. (k). We decompose a four compo-

mg,= 10" GeV for an unstable gravitino, any,;<2 keV for  nent spinory(7,k) in eigenstates of helicity11], ¥(7,k)
a stable gravitino. A more detailed study of this problem is=y (7,k)+ ¢_(7,k), with
left for further work.

Note added bs(n,kK)= s==, (A3)

$Gs(77) xs(K)

hs(7) xs(K) )

Upon completion of this paper, we became aware of a
related work by A. L. Maroto and A. Mazumdg26]. These  \yhereh(7), andgs(7) are (scalay functions of conformal
authors obtained the field equation for helicity 3/2 gravitinostime. The eigenspinors, and x_ verify, in particular:
assumingy”, =0 (which projects out helicity 1/2modgs 1,  — 5 . In Sec. II, we perform a similar decomposition
and calculated the amplification of vacuum fluctuations, usf,; ihe spinor-vector in terms of the mode functidnsy( 7)
ing the technique of Bogoliubov transforms. They app”edwhere m=L,+,— denotes the helicity of the polarization
their technique to the production of gravitinos in preheatingvector ands= = denotes the spinor helicity
In this respect, their work and ours are complementary: Finf;llly we define the charge conjugation operatGr:
gravitational production during inflation generically pro- .~ ~,”" d th . C of . . c
duces particles with wave numbk=H,, while in preheat- _!7}(’) ' *an the - conjugatey of & spinor ooy
ing, the production takes place for modes wita H, . =iCy"¥*. One can show thaitopxs = —Sxs, wheres=
After the present paper was submitted, two other relatedt - It is then easy to show that the conjugate of a spinor
studies appeared: R. Kallosh, L. Kofman, A. Linde, and A.#s(7,—Kk), with helicity s, and momentum-Kk, is
Van Proeyer{27] studied the problem of gravitino produc-

tion during inflation and during preheating, for both helicity 9% xs
1/2 and helicity 3/2 modes. Their important work shows that Wi(n,—k) =i A (A4)
the helicity 1/2 modes are not conformally invariant even if —ShSxs

they are massless, and that their production in preheating can
be very large. The paper by G. F. Giudice, A. Riotto, and I.  This identity is useful in deriving the normalization iden-
Tkachev[28] reaches similar conclusions. tities of the gravitino operator in Sec. Il.
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