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Primordial black hole formation in a double inflation model in supergravity
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It has been recently pointed out that the initial value problem in new inflation models is naturally solved by
supergravity effects if there exists a preinflation before the new inflation. We study this double inflation model
in detail and find that density fluctuations on small cosmological scales are much larger than those on large
scales due to the peculiar property of the new inflation. We show that this results in the production of
primordial black holes which have 1M masses in a certain parameter region of the double inflation model.
We stress that these black holes may be identified with massive compact halo objects observed in the halo of
our galaxy.[S0556-282(98)05610-Q

PACS numbd(s): 98.80.Cq, 97.60.Lf

[. INTRODUCTION than this horizon scale are significantly larger than fluctua-
tions on the larger scales due to nature of the new inflation.

The new inflation modd]1] is the most interesting among Such an overpowered density spectrum on small scales may
various inflation models proposed so far, since its reheatingroduce primordial black holes. Recent discovery of massive
temperaturel is naturally low to avoid the overproduction compact halo object$MACHOSs) by gravitational lensing
of gravitinos in supergravity2]. It has been showfs] that  effects[11] has revived the interest in the primordial black
the upper bounds of the reheating temperafigeshould be  holes. Since the observed masses of MACHOs, which have
less than 10-1¢° GeV in gauge-mediated supersymmetry-Nnot been directly observed yet, are about-~00B6Mg,
(SUSY-breaking model$4—6] since the mass of the grav- MACHOs are very unlikely to be standard stars such as
itino my, is predicted in a range of #keV—-1 GeV[7]. In  White dwarfs or red dwarfs. In this paper we show that a
hidden sector SUSY-breaking modé8, on the other hand, large amount of black holes whose mass scales are about
Mg,=100 GeV—-1 TeV. The reheating temperature is alsolMe are formed in a certain parameter region of our double
constrained a¥r=10°"° GeV [2] even in this case. These inflation model. We find that these black holes are consid-
constraints orTg are easily satisfied in a large class of newered as possible candidates for MACHDs.
inflation models.

The new inflation model, however, has two serious draw-
backs. One is the fine-tuning problem of the initial condition.
Namely, the universe has to have a large region over hori- We adopt the new inflation model proposed in Ré&0)].
zons at the beginning where the inflaton fiekdis smooth  The inflaton superfieldp(x,6) is assumed to have aR
and its average value is very close to a local maximum of theharge 2/0+ 1) so that the following tree-level superpoten-
potential V(). Since the inflaton potentidf(¢$) should be tial is allowed:
very flat to satisfy the slow-roll condition, there is no dy-
namical reason for the universe to choose such a specific
initial value of the¢. Another problem is related to the fact Wy(d)=—
that in the new inflation model the Hubble parameter is much
smaller than the gravitational scale. Thus, the new inflation
itself does not give a full explanation for why our universe wheren is a positive integer and denotes a coupling con-
lived for a long time[9]. stant of order 1. Here and hereafter, we set the gravitational

In a recent work{10], Izawa and two of u§M.K. and  scaleM=2.4x 10'® GeV equal to unity and regard it as a
T.Y.) have shown that the above serious problems are simuplausible cutoff in supergravity. We further assume that the
taneously solved if there exists a preinflation with a suffi-continuous U(1} symmetry is dynamically broken down to
ciently large Hubble parameter before the new inflation. Ina discreteZ, g at a scaley generating an effective superpo-
this double inflation model the inflation dynamics in a smalltential:
scale region could be different from those in a large scale
region in general. If the horizon scale at the turning epoch—
from one to another inflation is cosmologically relevant, one 'Different models for the primordial black hole formation have
may expect that density fluctuations on the scales smalldseen studied in Ref§12] and[13].

II. A NEW INFLATION MODEL

9

n+1 ¢n+l’ @)
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iy For example, the reheating temperatiig is as low as 2
" (2 —6x10" GeV for v=10"8-10"% (my,=0.02 Ge\2
TeV), n=4, andg=1, and hence the present model is con-

We may consider that the scal@ is induced by some non- Sistent even with the existence of light gravitinmg,=<1

W(¢)=v?p— ——

n+1

perturbative dynamics as shown in REfO]. GeV) in the gauge-mediated SUSY-breaking model.
The R-invariant effective Kaler potential is given by Let us discuss the dynamics of the new inflation. From
Eq. (4) the effective potential foth<<(¢) is written approxi-
K mately as
K(g.x)=1l*+ Z1l*+ -, 3
V=[v?=g¢"*— kv’|$|> (12

where k is a constant of order one and the ellipsis denote
higher-order terms, which we neglect in the present analysis
The effective potential of a scalar component of the su

sI'hen identifying the inflaton fieldp(x)/\2 with the real
part of the fieldg(x), we obtain a potential for the inflaton:

perfield ¢(x, 8) in supergravity is given by . o2
K
2K\t V(g)=v'=3ve —Zn,2,102<9“+ sz“- (13
v=eK<¢>[( *) |D¢W|2—3|W|2], 4
did It has been shown in Ref14] that the slow-roll condition
with for the inflaton is satisfied fok<1 and¢ =< ¢;, where
1— k) 1(n—2)

W oK ~ 2<—( ) 14
DW= oW, (5) A re—y (14

This provides the value op at the end of inflation. The
Hubble parameter during the new inflation is given by

02 1/n
R . 6 2
g) © H= 2. (15)

V3

The scale factor of the universe increases by a facta™Nof
lo|4( )2 7) when the inflatonp rolls slowly down the potential fronp
n+1) '’ 2l to ¢¢. Thee-fold numberN is given by

This potential yields a vacuum

(d)=

We have negative energy as

(V)= 36w = ~3

The negative vacuum enerdy) is assumed to be canceled 1 [ 1-nk 1
out by a SUSY-breaking effe¢fi4] which gives a positive on ;In on + (n—2)x(1—x) K<ﬁ ;
contribution A g sy to the vacuum energy. Namely, we im- N= do—=
pose e VL e[ 1
K \en K n )
2 2/n 4 (16)
nrL | |~ +ASusy=0. ®)
where
In supergravity the gravitino acquires a mass wp2) Un-2)
A2 2| /n ¢= \/E( gn a7
SUSY v
Ma~ =11 lv|?|— C) _ _ _ _ _
V3 The amplitude of primordial density fluctuationsp/p

) ) _ due to the new inflation is written as
The inflaton¢ has a mass,, in the vacuum with

_ S 1 V33 1 p?
m,,=n|g[¥]o[2~2". (10 % (on) _ 19

P 537 [V (en) 537 ke’
The inflaton ¢ may decay into ordinary particles through ) ) .
gravitationa”y suppressed interacti(ﬁmhich y|e|ds reheat- Notice here that we have Iarge denS|ty fluctuations for small

ing temperaturd r given by ¢n - Another interesting point on the above density fluctua-
tions is that it results in the tilted spectrum whose spectrum
Tr=0.1m3?~0.1n%¥?g| 32|y |3~ 3N, (11)  indexng is given by[10,14
ng=1-2«. (19

?For exampleg decays into a pair of Higgs doubletsi (H) if R As is shown later, we assume-0.3 andng~0.4. This tilted
charges oH andH are 1/0+1) and the Kaler potential contains  power spectrum is crucial for suppressing the formation of
a termhg*HH (h: coupling constant[10]. small primordial black holes.
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The e-fold numberN is related to the present cosmologi-  In a region of smalb (o< o=<\//872¢) radiative cor-
cal scalelL by rections become important for the inflation dynamics as
. shown by Dvaliet al. [18]. Including one-loop corrections,
_ the potential for the inflatowr is given by
N=60+In 3000 Mo Mpc)' (20
. o A 8, N (o
Thus, if the totale-fold numberN,, of the new inflation is V=u" 1450+ ——n| — . (26)
larger than about 60, the new inflation accounts for all cos- 8w ¢

mological scales of the present universe and the COBE no

malization[15] gives I:I-'he Hubble parameter aredfolding factorN’ are given by

V¥ pg0)
|V, (¢60) |

On the other hand, iN,,<60, the new inflation can only and
provide density fluctuations corresponding to small scales of

2
o
~5.3x 1074, (22) H= B (27)

the universe and the preinflation discussed in the next section 1 1 on ~
must account for density fluctuations on the large scales of 2_§+ Z|n7 (on>0),
the present universe. N’ = (28)
47720ﬁ|, -
Il. A PREINFLATION MODEL N2 (o =<0),
In this section we discuss preinflation which occurs before
the new inflation. In Ref.10] it has been pointed out that the WNere
initial value ¢(x) required for the new inflation is dynami-
cally tuned by the preinflation. Here we adopt a hybrid in- s A (29
flation model in Ref[16] as the preinflation. 2\2¢m
The hybrid inflation model contains two kinds of super-
fields: one isS(x, 8) and the others ard (x, 8) and¥ (x, ). The crucial point observed in Rdf10] is that the prein-
The model is also based on the Uglymmetry. The super- flation sets dynamically the initial condition for the new in-
potential is given byf17,16/* flation. The inflaton fieldp(x) for the new inflation gets an
. effective mass~ 12 from theeXV term[19] during the pre-
W= — u2S+A\SP ¥, (22) inflation. The precise value of the effective mass depends on
the details of the Klaler potential. For example, if the Kéer
The R-invariant Kanler potential is given by potential contains- k| ¢|2|S|?, the effective mass is equal to

V1+ku?. Thus, taking account of this uncertainty we write
K(S,llf,q7)=|s|2+|\lf|2+|ll7|2—§|S|4+ (29 the effective massg; as
Mesr=Ccpu’=3cH, (30)
The potential in supergravity is given by
. . wherec is a free parameter. Far=1 this effective mass is
V=|u? =NV |2+ NV S|2+ NV S|2+ {u?S]%+ - - . larger than the Hubble parameter for the preinflation. There-
(24)  fore, theop oscillates during the preinflation and its amplitude
o N . ] . decreases aa~ %2 wherea denotes the scale factor of the
The real part ofS(x) is identified with the inflaton field yniverse. Thus, at the end of the preinflation theakes a

o/\2. The potential is written as value
2\ w2 A2 2 2 T2l a2 ~ ;e (32Ni 31
V=|u2—\V¥| +t—-o (|®|2+| V| ) Hsuio+. p=gie o, (32)

(25 whereg; is the value ofp at the beginning of the preinflation

; : ; ; - and Ny the totale-fold number of the preinflation.
We readily see that if the universe starts with sufficiently As pointed in Ref[10], the minimum of the potential for

i i < - :
large value ofo, the inflation occurs for & ¢<<1 and con deviates from zero through the effect dDCW(2

tinues untilo=c¢= \2u/ . +|D,W|?—3|W|? term [see Eq.(4)] . The effective poten-
tial for ¢ during the preinflation is written as

3In the case oN,,<60, we have a domain wall problem since the

. ! 1 J2
discreteZ,,gr Symmetry is spontaneously broken. However, we can V()= —C2M4€02+—02M3¢+ . (32
avoid this problem by introducing a ting,,r breaking term with- 2
out affecting the inflation dynamics.

4Symmetries of this model are discussed in REfZ,16. This potential has a minimum
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V2 (v As mentioned in the previous section, if the new inflation
Omin=— 2—\/_0( ) (33)  provides sufficiently large-fold number(i.e., N> 60) the
CoVA density fluctuations produced in the preinflation are cosmo-
. . - . logically irrelevant. However, in the case Mf,;<<60, density
;helsn(:jvtei;r;gt]iii tgse mean initial valge, of the inflaton for fluctuations of the preinf_lation sho_uld account for t_he Iqrge
scale structure of the universe, while the new inflation gives
N density fluctuations relevant only for formation of small
@bzz—y( ) (34  scale structures. In this case the amplitude of the density
c \/X fluctuations produced in the new inflation is free from the
) _ ) . Cosmic Background Explore(COBE) normalization and
We now discuss quantum effects during the preinflationpence much larger density fluctuations may be produced.
It is known that in thel de Sitter universe mas_,slesfs fieldsg  cp large density fluctuations may yield a large number of
have quantum fluctuations whose amplitude is given byprimordial black holes whose mass dependshgy. The
H/(2a) (H/me) 2. If the fluctuations of the inflatop were 6y interesting case is that the black holes have mass

large, we would yet have the initial value problem. Fortu—~1M® and explain the MACHOSs in our galaxy. Therefore,

nately, the quantum fluctuations fap are strongly SUp- i, the following sections, we study the formation-efLM
pressed20] since the mass af during the preinflation is not black holes in our double inflation model.
less than the Hubble parameter foe 1. In fact, the ampli-

tude of fluctuations with wavelength corresponding to the
horizon scale at the beginning of the new inflation is given IV. BLACK HOLE FORMATION

by In a radiation dominated univer8@rimordial black holes
>3,2 are formed if the density fluctuation® at horizon crossing

o2

M

satisfy a condition 1/36<1 [21,22. Masses of the black

H{H\¥ v
5@22 —_— exd—(S/Z)In(M/v)]:m ;

Mgt holesM gy are roughly equal to the horizon mass:
(35
-2
Here we have assumed that the reheating takes place soon Mon~4 i: T )
after the preinflatio:® When the totale-fold of the new BH \/§7T\/; 0.068Mo| Gay) (38)

inflation is less than 60, this amplitude should be much less
than ¢, otherwise the present universe becomes ver
inhomogeneou$.Thus, we require the rati® of d¢ to ¢y,
should be much less than 1:

Xvherep and T are the total density and temperature of the
universe, respectively. Thus, the black holes with mass
~1Mg can be formed at temperature0.26 GeV. Since we
P are interested in the black holes to be identified with the
R= _"D<1' (36) MACHOs, we assume hereafter that the temperature of the
®b black hole formation isT, =0.26 GeV.
The mass fractioB, (= pgn/p) of the primordial black

The preinflation also produces the density fluctuations, s \with masav ~ 1My is given by[22]
*

Splp with amplitude given by

sp 1 V¥ 1 ds &
dp__ 1 V7o) BeMy)= | ——exg — = —
P 537 |V (o) 13y2mS(M,) 26°(M,)
1 wu? ~ - % 1
=5(M)exp ——=—/|. (39
>
5V3m (o VT * 1852(M,)
= » 2 37)
1 8w“u“on ~ = . . . .
(o <o). where 5(M,) is the mass variance at horizon crossing. As-
5\/§7-r A2 suming that only black holes with mab, are formed(this

_ assumption is justified latgrthe density of the black holes
The spectral indexy is almost 1 foroy: <o and 1+2¢ for  pg,, is given by

oN/ >’6"
peH 3
R 49
Sy andJcan decay into quarksyj if the Kahler potential con-
tains a termyryqg*. S also quickly decays into Goldstone multi-
plets associated with the breaking of 1y symmetry by and ¢ 8There exists a long period of matter dominance after the end of
condensations. the new inflation and before the reheating. During this matter domi-

8Since the reheating temperature after the preinflation is highnated epoch, the small density fluctuations of the inflaton fields
gravitinos are produced at the reheating epoch. However, thesgrow and may form gravitationally bound systems. However, these
gravitinos are sufficiently diluted by the new inflationNf,=7. systems are destroyed at the reheating epoch because the inflaton
"We thank J. Yokoyama for this point. decays produce a tremendous amount of radiations.
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TABLE I. 1,0 coge, C R, Amage @NdA min for #=0.3 andZ=0.02,0.04,0.1,0.2.

¢ 0.02 0.04 0.1 0.2
m 3.0x 1073\ ? 4.8x 107 3\? 1.5x10 2\ Y2 8.9X10 2\ 12
O COBE 086\ 11)\ 43}\ 75)\
c 6.5\ 12 5.\ 2.9\ "2 1.2 712
R 0.1 %2 0.25\%2 0.6\ 2 2.2
N max 2.8x10°? 1.4x10°? 2.5x10°3 1.8x1074
Nmin 5.3x10 3 1.2x10°? 6.0x10? 4.4x10°*
wheres is the entropy density. Sincegy/s is constant at V32,2
T<T, , we can write the density paramefeg,, of the black v = K—%ZO-& (45

holes in the present universe as

2 . where ¢, is given by Eq.(34) and we have used E@3).
Qguh®=5.6x10'8, , (4D Equations(14) and(16) lead to

where we have used the present entropy density 208 v=0.3xexp(— kN, ), (46)
cm~ 2 andh is the present Hubble constant in units of 100 *

km/sec/Mpc. Requiring t.hat the. blackzholes MACHOS). where we have taken=4 and+/(1— «)/(6g)=1. Then the
are dark matter of the universe, I'@BHh ""025, we obtain gravitino massmslz and the reheating temperatu're2 are

S(M,, )=0.06. (42) Majp=4.0X 10~ 2x%%xp( — 2.5xN,, ), (47)
This mass variance suggests that the amplitude of the density Tr=5.3x10 2x>?%xp —2.25N, ), (48)

fluctuations at the mass scdle, are given by
which give ms,=(0.041-400) GeV andTr=(3.8-1.6
p X 10" GeV for k=0.3—0.4° Thus the present model does
722(1)20-011 (43 not have the gravitino problem as mentioned before. Using
Egs.(34) and(45) we write the scale of the preinflatign as

where ® is the gauge-invariant fluctuations of the gravita-

tional potential[9]. We will show later that such large den- ~042 K
sity fluctuations are naturally produced during the new infla- p=04 \ 122" (49)

tion.

Since only fluctuations produced during the new inflation  The density fluctuations produced in the preinflation
have amplitudes large enough to form the primordial blackshould be normalized by the COBE data. For this we must
holes, the maximum mass of the black holes is determineghke into account the fact that the fluctuations produced at
by the fluctuations with wavelength equal to the horizon athe late stage of the preinflation reenter the horizon before
the beginning of the new inflation. We require that the maxi-the beginning of the new inflation. Such fluctuations are cos-
mum mass is~1Mg . On the other hand, the formation of mologically irrelevant since the new inflation produces much

black holes with smaller masses is suppressed since the spegrger fluctuations. Thus, the COBE scale corresponds to the
trum of the density fluctuations predicted by the new infla-e-fold number of the preinflation given by

tion is tilted[see Eq(19)]: the amplitude of the fluctuations

with smaller wavelength is smaller. The tiny decrease of

S8(M) results in large suppression of the black hole forma-

tion rate as is seen from E(B9). Therefore, only black holes

with mass in a narrow range are formed in the present modelhen, from Egs(28) and (37), we get
The horizon length at the black hole formation epo@h (

Ncoge= 60— N, + In(%). (50)

=T, ) corresponds to scale, in the present universe given w=6.5x 10"\ YN 2a, (51)
by
(T ) for O-NCOBEE O'COBE<’(;, and
a(To) |, ,
BTyt (=0 Re (49 u=60x10°0"N Pexpt (Ncopd2), (52

where T, is the temperature of the present universe. Fronfor ocope> o

Eq. (20), the density fluctuations corresponding ltQ are

produced whem= N, =40 during the new inflation. Since

the initial value ¢, for the new inflation is given bypy %Since the mass of the gravitino becomes larger thanTeV for
=N, We obtain k=<0.29, we takex=0.29.
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First let us consider the case where the one-loop correanation of primordial black holes with mass aboM g . We
tions control the preinflation dynamic§.e., UcosE<;)- have shown that in a certain parameter space the primordial
This corresponds to a smafl region (=<0.017). We will  black holes are produced with massLMq which may be
show that there exists a parameter region where the bladkentified with MACHOs in the halo of our galaxy. For suc-
hole MACHOs are produced. For this purpose, we take cessful formation of the black holes it is important for the

=0.3 as an example. Using Eq88), (46), (49), and(51) we  inflaton ¢ to have a large effective mass=30) during the
obtain preinflation!? The allowed parameter space in the present

model is very restricted. This may be due to our specific
choice of the new and preinflation models. Therefore, this
v=5.5x10""7, (53 paper may be regarded as an existence proof of a double
inflation model which accounts for the MACHOSs as primor-
dial black holes. If we relax the relation between the SUSY
p=2.8x10"3\, (549  breaking and the new inflation scales, a wider parameter
space may be allowed.
One may consider a very steep initial power spectrum
ocose=0.85\, (55  with the power law indexig=1.4 in order to have sufficient
formation of primordial black holes under the COBE nor-
malization of density fluctuations. However, models with
c=6.7\"12 (56) such steep initial spectra overly produce black holes on
) ) smaller scales. The existence of these small black holes are
Here we have neglectedNreorrections. The rati® [see Ed.  severely constrained from the observatiomofays. More-
(36)] is written as over, these models are very difficult to use to explain the
large scale structure of the universe.

On the other hand, our double inflation model can natu-
rally provide the power spectrum which has high amplitude
and shallow slopern;<1) on small scales and low ampli-
tude and nearly scale free spectrum-{1) on large scales,
We requireR=<0.03 for the fluctuations ap at the beginning which is favored for the structure formation of the universe
of the new inflation to be negligib¥, which leads tox [23]. This shallow slope on small scales and rapid jump at
=<3.1x 10 2. The lower limit on\ is obtained from the con- the horizon scale of the turning epoch from one to another
dition o< ocoge, Which leads to\=4.6x 10" 3. Therefore, inflation make the mass range of primordial black holes very
for 4.6x10 3<\=<3.1x10 2, our double inflation model narrow.
can produce the black holes which may be identified with The primordial black holes play a role as a usual cold
MACHOs. dark matter in the large scale structure formation. The scales

Next we consider the case of largdi.e., {=0.017). The of the fluctuations for the primordial black hole formation
value of  cannot be larger than about 0.2 because the spe(t;hemselves are much smaller than the galactic scale and thus
tral indexng of the density fluctuations near the COBE scalewe cannot see any signals for such fluctuation§ThT mea-
becomes ¥ 2¢ and the COBE datfl5] give n,=1.2+0.3.  surements.

From Egs.(28), (46), (49), and (52), we can determine The primordial black holes are also attractive as a source
W,0cope, C, andR for various{’s. The result is shown in Of gravitational waves. If the primordial black holes domi-
Table | for k=0.3. By requiringR=<0.03, we get upper nate dark matter of the present universe, some of them likely
bounds oM (=\,5). On the other hand, the lower bounds form binaries. Such binary black holes coalesce and produce
i, are obtained from the condition< o coge. Amay aNd significant gravitational waveg24] which may be detected

iy are also shown in Table I, from which it is seen that for Y future detectors.

[=0.04 there exists a consistent region{=Amin).

Since the value of allowedl is small, the power spectrum on

the COBE scale is almost scale invariant€1—1.1). ACKNOWLEDGMENT
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V. CONCLUSION

In this paper we have studied the recently proposed

12 . . . . .
double inflation model in supergravity and discussed the for- " this paperzwezhave used a large quartic coupling in thieléta
potential —k| #|4|S|* to produce the large effective mass for the

inflaton ¢. An alternative is to introduce an extra field which

10The present universe contaie® regions which were horizons gives the effective mass during the preinflation. For example, con-

. . _~ 2 T~ 2
at the beginning of the new inflation. F&=<0.03, the probability = Sider @ superpotentialVy=gX¢“+mXX If v*<m=x, X may
that thee-fold number of a region exceeds, +1.3 is less than Nave alarge valu¥~1 during the preinflation, which gives a large
e~%. Thus, the effect of quantum fluctuationsfis negligible for ~ effective massgX. After the preinflationX and X take vacuum
R=0.03. expectation valueX=0 and X=g#%m, and hence they never
UThe allowed range of becomes narrower if we take larger  affect the dynamics of the new inflation. In this alternative model it
than 0.3. is sufficient to takeg~10~* for our purpose.
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