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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.@S0556-2821~98!05610-0#

PACS number~s!: 98.80.Cq, 97.60.Lf
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I. INTRODUCTION

The new inflation model@1# is the most interesting amon
various inflation models proposed so far, since its rehea
temperatureTR is naturally low to avoid the overproductio
of gravitinos in supergravity@2#. It has been shown@3# that
the upper bounds of the reheating temperatureTR should be
less than 102–106 GeV in gauge-mediated supersymmetr
~SUSY-!breaking models@4–6# since the mass of the grav
itino m3/2 is predicted in a range of 102 keV–1 GeV@7#. In
hidden sector SUSY-breaking models@8#, on the other hand
m3/2.100 GeV–1 TeV. The reheating temperature is a
constrained asTR&10629 GeV @2# even in this case. Thes
constraints onTR are easily satisfied in a large class of ne
inflation models.

The new inflation model, however, has two serious dra
backs. One is the fine-tuning problem of the initial conditio
Namely, the universe has to have a large region over h
zons at the beginning where the inflaton fieldf is smooth
and its average value is very close to a local maximum of
potentialV(f). Since the inflaton potentialV(f) should be
very flat to satisfy the slow-roll condition, there is no d
namical reason for the universe to choose such a spe
initial value of thef. Another problem is related to the fac
that in the new inflation model the Hubble parameter is mu
smaller than the gravitational scale. Thus, the new inflat
itself does not give a full explanation for why our univer
lived for a long time@9#.

In a recent work@10#, Izawa and two of us~M.K. and
T.Y.! have shown that the above serious problems are sim
taneously solved if there exists a preinflation with a su
ciently large Hubble parameter before the new inflation.
this double inflation model the inflation dynamics in a sm
scale region could be different from those in a large sc
region in general. If the horizon scale at the turning epo
from one to another inflation is cosmologically relevant, o
may expect that density fluctuations on the scales sma
570556-2821/98/57~10!/6050~7!/$15.00
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than this horizon scale are significantly larger than fluct
tions on the larger scales due to nature of the new inflat
Such an overpowered density spectrum on small scales
produce primordial black holes. Recent discovery of mass
compact halo objects~MACHOs! by gravitational lensing
effects@11# has revived the interest in the primordial blac
holes. Since the observed masses of MACHOs, which h
not been directly observed yet, are about 0.5;0.6M ( ,
MACHOs are very unlikely to be standard stars such
white dwarfs or red dwarfs. In this paper we show tha
large amount of black holes whose mass scales are a
1M ( are formed in a certain parameter region of our dou
inflation model. We find that these black holes are cons
ered as possible candidates for MACHOs.1

II. A NEW INFLATION MODEL

We adopt the new inflation model proposed in Ref.@10#.
The inflaton superfieldf(x,u) is assumed to have anR
charge 2/(n11) so that the following tree-level superpote
tial is allowed:

W0~f!52
g

n11
fn11, ~1!

wheren is a positive integer andg denotes a coupling con
stant of order 1. Here and hereafter, we set the gravitatio
scaleM.2.431018 GeV equal to unity and regard it as
plausible cutoff in supergravity. We further assume that
continuous U(1)R symmetry is dynamically broken down t
a discreteZ2nR at a scalev generating an effective superpo
tential:

1Different models for the primordial black hole formation hav
been studied in Refs.@12# and @13#.
6050 © 1998 The American Physical Society
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57 6051PRIMORDIAL BLACK HOLE FORMATION IN A DOUBLE . . .
W~f!5v2f2
g

n11
fn11. ~2!

We may consider that the scalev2 is induced by some non
perturbative dynamics as shown in Ref.@10#.

The R-invariant effective Ka¨hler potential is given by

K~f,x!5ufu21
k

4
ufu41•••, ~3!

wherek is a constant of order one and the ellipsis deno
higher-order terms, which we neglect in the present analy

The effective potential of a scalar component of the
perfieldf(x,u) in supergravity is given by

V5eK~f!H S ]2K

]f]f*
D 21

uDfWu223uWu2J , ~4!

with

DfW5
]W

]f
1

]K

]f
W. ~5!

This potential yields a vacuum

^f&.S v2

g D 1/n

. ~6!

We have negative energy as

^V&.23e^K&u^W&u2.23S n

n11D 2

uvu4u^f&u2. ~7!

The negative vacuum energy~7! is assumed to be cancele
out by a SUSY-breaking effect@14# which gives a positive
contributionLSUSY

4 to the vacuum energy. Namely, we im
pose

23S n

n11D 2

uvu4Uv2

g U2/n

1LSUSY
4 50. ~8!

In supergravity the gravitino acquires a mass

m3/2.
LSUSY

2

A3
5S n

n11D uvu2Uv2

g U1/n

. ~9!

The inflatonf has a massmf in the vacuum with

mf.nugu1/nuvu222/n. ~10!

The inflatonf may decay into ordinary particles throug
gravitationally suppressed interactions,2 which yields reheat-
ing temperatureTR given by

TR.0.1mf
3/2.0.1n3/2ugu3/2nuvu323/n. ~11!

2For example,f decays into a pair of Higgs doublets (H, H̄) if R

charges ofH andH̄ are 1/(n11) and the Ka¨hler potential contains

a termhf* HH̄ (h: coupling constant! @10#.
s
is.
-

For example, the reheating temperatureTR is as low as 2
263104 GeV for v.102821026 (m3/2.0.02 GeV22
TeV!, n54, andg.1, and hence the present model is co
sistent even with the existence of light gravitino (m3/2&1
GeV! in the gauge-mediated SUSY-breaking model.

Let us discuss the dynamics of the new inflation. Fro
Eq. ~4! the effective potential forf,^f& is written approxi-
mately as

V.uv22gfnu22kv4ufu2. ~12!

Then, identifying the inflaton fieldw(x)/A2 with the real
part of the fieldf(x), we obtain a potential for the inflaton

V~w!.v42
k

2
v4w22

g

2n/221
v2wn1

g2

2n
w2n. ~13!

It has been shown in Ref.@14# that the slow-roll condition
for the inflaton is satisfied fork,1 andw&w f , where

w f.A2S ~12k!v2

gn~n21! D
1/~n22!

. ~14!

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

H.
v2

A3
. ~15!

The scale factor of the universe increases by a factor ofeN

when the inflatonw rolls slowly down the potential fromwN
to w f . Thee-fold numberN is given by

N.E
w f

wN
dw

V

V8
55

1

k
lnS w̃

wN
D 1

12nk

~n22!k~12k! S k<
1

nD ,

1

k
lnS w f

wN
D S k.

1

nD ,

~16!

where

w̃5A2S kv2

gn D 1/~n22!

. ~17!

The amplitude of primordial density fluctuationsdr/r
due to the new inflation is written as

dr

r
.

1

5A3p

V3/2~wN!

uV8~wN!u
5

1

5A3p

v2

kwN
. ~18!

Notice here that we have large density fluctuations for sm
wN . Another interesting point on the above density fluctu
tions is that it results in the tilted spectrum whose spectr
index ns is given by@10,14#

ns.122k. ~19!

As is shown later, we assumek;0.3 andns;0.4. This tilted
power spectrum is crucial for suppressing the formation
small primordial black holes.
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The e-fold numberN is related to the present cosmolog
cal scaleL by

N.601 lnS L

3000 MpcD . ~20!

Thus, if the totale-fold numberNtot of the new inflation is
larger than about 60, the new inflation accounts for all c
mological scales of the present universe and the COBE
malization@15# gives

V3/2~w60!

uV8~w60!u
.5.331024. ~21!

On the other hand, ifNtot,60, the new inflation can only
provide density fluctuations corresponding to small scale
the universe and the preinflation discussed in the next sec
must account for density fluctuations on the large scale
the present universe.3

III. A PREINFLATION MODEL

In this section we discuss preinflation which occurs bef
the new inflation. In Ref.@10# it has been pointed out that th
initial value w(x) required for the new inflation is dynam
cally tuned by the preinflation. Here we adopt a hybrid
flation model in Ref.@16# as the preinflation.

The hybrid inflation model contains two kinds of supe
fields: one isS(x,u) and the others areC(x,u) andC̄(x,u).
The model is also based on the U(1)R symmetry. The super
potential is given by@17,16#4

W52m2S1lSC̄C. ~22!

The R-invariant Kähler potential is given by

K~S,C,C̄!5uSu21uCu21uC̄u22
z

4
uSu41•••. ~23!

The potential in supergravity is given by

V.um22lC̄Cu21ulCSu21ulC̄Su21zm4uSu21•••.
~24!

The real part ofS(x) is identified with the inflaton field
s/A2. The potential is written as

V.um22lC̄Cu21
ulu2

2
s2~ uCu21uC̄u2!1

z

2
m4s21•••.

~25!

We readily see that if the universe starts with sufficien
large value ofs, the inflation occurs for 0,z,1 and con-
tinues untils.sc5A2m/Al.

3In the case ofNtot&60, we have a domain wall problem since th
discreteZ2nR symmetry is spontaneously broken. However, we c
avoid this problem by introducing a tinyZ2nR breaking term with-
out affecting the inflation dynamics.

4Symmetries of this model are discussed in Refs.@17,16#.
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In a region of smalls (sc&s&l/A8p2z) radiative cor-
rections become important for the inflation dynamics
shown by Dvaliet al. @18#. Including one-loop corrections
the potential for the inflatons is given by

V.m4F11
z

2
s21

l2

8p2
lnS s

sc
D G . ~26!

The Hubble parameter ande-folding factorN8 are given by

H.
m2

A3
, ~27!

and

N8.5
1

2z
1

1

z
ln

sN8

s̃
~sN8.s̃ !,

4p2sN8
2

l2
~sN8,s̃ !,

~28!

where

s̃.
l

2A2zp
. ~29!

The crucial point observed in Ref.@10# is that the prein-
flation sets dynamically the initial condition for the new in
flation. The inflaton fieldw(x) for the new inflation gets an
effective mass;m2 from theeKV term @19# during the pre-
inflation. The precise value of the effective mass depends
the details of the Ka¨hler potential. For example, if the Ka¨hler
potential contains2kufu2uSu2, the effective mass is equal t
A11km2. Thus, taking account of this uncertainty we wri
the effective massmeff as

meff5cm25A3cH, ~30!

wherec is a free parameter. Forc*1 this effective mass is
larger than the Hubble parameter for the preinflation. The
fore, thew oscillates during the preinflation and its amplitud
decreases asa23/2 wherea denotes the scale factor of th
universe. Thus, at the end of the preinflation thew takes a
value

w.w ie
2~3/2!Ntot8 , ~31!

wherew i is the value ofw at the beginning of the preinflation
andNtot8 the totale-fold number of the preinflation.

As pointed in Ref.@10#, the minimum of the potential for
w deviates from zero through the effect ofuDSWu2
1uDfWu223uWu2 term @see Eq.~4!# . The effective poten-
tial for w during the preinflation is written as

V~w!.
1

2
c2m4w21

A2

Al
v2m3w1•••. ~32!

This potential has a minimum

n
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wmin.2
A2

c2Al
vS v

m D . ~33!

This determines the mean initial valuewb of the inflaton for
the new inflation as

wb.
A2

c2Al
vS v

m D . ~34!

We now discuss quantum effects during the preinflati
It is known that in the de Sitter universe massless fie
have quantum fluctuations whose amplitude is given
H/(2p)(H/meff)

1/2. If the fluctuations of the inflatonw were
large, we would yet have the initial value problem. For
nately, the quantum fluctuations forw are strongly sup-
pressed@20# since the mass ofw during the preinflation is no
less than the Hubble parameter forc*1. In fact, the ampli-
tude of fluctuations with wavelength corresponding to
horizon scale at the beginning of the new inflation is giv
by

dw.
H

2pS H

meff
D 1/2

exp@2~3/2!ln~m/v !#.
H

31/4c1/22p
S v
m D 3/2

.

~35!

Here we have assumed that the reheating takes place
after the preinflation.5,6 When the totale-fold of the new
inflation is less than 60, this amplitude should be much l
than fb , otherwise the present universe becomes v
inhomogeneous.7 Thus, we require the ratioR of dw to wb
should be much less than 1:

R[
dw

wb
!1. ~36!

The preinflation also produces the density fluctuatio
dr/r with amplitude given by

dr

r
.

1

5A3p

V3/2~sN8!

uV8~sN8!u

55
1

5A3p

m2

zsN8

~sN8.s̃ !,

1

5A3p

8p2m2sN8

l2
~sN8,s̃ !.

~37!

The spectral indexns is almost 1 forsN8,s̃ and 112z for
sN8.s̃ .

5c and c̄ can decay into quarks (q) if the Kähler potential con-

tains a termcc̄qq* . S also quickly decays into Goldstone mult

plets associated with the breaking of U~1! symmetry byc and c̄
condensations.

6Since the reheating temperature after the preinflation is h
gravitinos are produced at the reheating epoch. However, t
gravitinos are sufficiently diluted by the new inflation ifNtot*7.

7We thank J. Yokoyama for this point.
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As mentioned in the previous section, if the new inflati
provides sufficiently largee-fold number~i.e., Ntot.60) the
density fluctuations produced in the preinflation are cosm
logically irrelevant. However, in the case ofNtot,60, density
fluctuations of the preinflation should account for the lar
scale structure of the universe, while the new inflation giv
density fluctuations relevant only for formation of sma
scale structures. In this case the amplitude of the den
fluctuations produced in the new inflation is free from t
Cosmic Background Explorer~COBE! normalization and
hence much larger density fluctuations may be produc
Such large density fluctuations may yield a large numbe
primordial black holes whose mass depends onNtot . The
most interesting case is that the black holes have m
;1M ( and explain the MACHOs in our galaxy. Therefor
in the following sections, we study the formation of;1M (

black holes in our double inflation model.

IV. BLACK HOLE FORMATION

In a radiation dominated universe,8 primordial black holes
are formed if the density fluctuationsd at horizon crossing
satisfy a condition 1/3<d<1 @21,22#. Masses of the black
holesMBH are roughly equal to the horizon mass:

MBH.4A3p
1

Ar
.0.066M (S T

GeVD 22

, ~38!

wherer and T are the total density and temperature of t
universe, respectively. Thus, the black holes with m
;1M ( can be formed at temperature;0.26 GeV. Since we
are interested in the black holes to be identified with
MACHOs, we assume hereafter that the temperature of
black hole formation isT* .0.26 GeV.

The mass fractionb* (5rBH /r) of the primordial black
holes with massM* ;1M ( is given by@22#

b* ~M* !5E
1/3

1 dd

A2pd̄~M* !
expS 2

d2

2d̄2~M* !
D

. d̄~M* !expS 2
1

18d̄2~M* !
D , ~39!

whered̄(M* ) is the mass variance at horizon crossing. A
suming that only black holes with massM* are formed~this
assumption is justified later!, the density of the black hole
rBH is given by

rBH

s
.

3

4
b* T* , ~40!

h,
se

8There exists a long period of matter dominance after the en
the new inflation and before the reheating. During this matter do
nated epoch, the small density fluctuations of the inflaton fie
grow and may form gravitationally bound systems. However, th
systems are destroyed at the reheating epoch because the in
decays produce a tremendous amount of radiations.
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TABLE I. m,sCOBE, c, R, lmax, andlmin for k50.3 andz50.02,0.04,0.1,0.2.

z 0.02 0.04 0.1 0.2

m 3.031023l1/2 4.831023l1/2 1.531022l1/2 8.931022l1/2

sCOBE 0.86l 1.1l 4.3l 75l

c 6.5l21/2 5.1l21/2 2.9l21/2 1.2l21/2

R 0.18l1/2 0.25l1/2 0.60l1/2 2.2l1/2

lmax 2.831022 1.431022 2.531023 1.831024

lmin 5.331023 1.231022 6.031022 4.431021
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wheres is the entropy density. SincerBH /s is constant at
T,T* , we can write the density parameterVBH of the black
holes in the present universe as

VBHh2.5.63107b* , ~41!

where we have used the present entropy density 2.93103

cm23 and h is the present Hubble constant in units of 1
km/sec/Mpc. Requiring that the black holes (5MACHOs!
are dark matter of the universe, i.e.,VBHh2;0.25, we obtain
b* ;531029 which leads to

d̄~M* !.0.06. ~42!

This mass variance suggests that the amplitude of the de
fluctuations at the mass scaleM* are given by

dr

r
.2F.0.01, ~43!

whereF is the gauge-invariant fluctuations of the gravit
tional potential@9#. We will show later that such large den
sity fluctuations are naturally produced during the new in
tion.

Since only fluctuations produced during the new inflati
have amplitudes large enough to form the primordial bla
holes, the maximum mass of the black holes is determi
by the fluctuations with wavelength equal to the horizon
the beginning of the new inflation. We require that the ma
mum mass is;1M ( . On the other hand, the formation o
black holes with smaller masses is suppressed since the
trum of the density fluctuations predicted by the new infl
tion is tilted @see Eq.~19!#: the amplitude of the fluctuation
with smaller wavelength is smaller. The tiny decrease
d̄(M ) results in large suppression of the black hole form
tion rate as is seen from Eq.~39!. Therefore, only black holes
with mass in a narrow range are formed in the present mo

The horizon length at the black hole formation epochT
5T* ) corresponds to scaleL* in the present universe give
by

L* .
a~T0!

a~T* !
H21~T* !.0.25 pc, ~44!

whereT0 is the temperature of the present universe. Fr
Eq. ~20!, the density fluctuations corresponding toL* are
produced whenN5N* .40 during the new inflation. Since
the initial value wb for the new inflation is given bywb
5wN , we obtain
ity

-

k
d
t
-

ec-
-

f
-

el.

V3/2

V
.

v2

kwb
.0.3, ~45!

wherewb is given by Eq.~34! and we have used Eq.~43!.
Equations~14! and ~16! lead to

v.0.3kexp~2kN* !, ~46!

where we have takenn54 andA(12k)/(6g).1. Then the
gravitino massm3/2 and the reheating temperatureTR are
given by

m3/2.4.031022k2.5exp~22.5kN* !, ~47!

TR.5.331022k2.25exp~22.25kN* !, ~48!

which give m3/2.(0.0412400) GeV andTR.(3.821.6
3104) GeV for k.0.320.4.9 Thus the present model doe
not have the gravitino problem as mentioned before. Us
Eqs.~34! and~45! we write the scale of the preinflationm as

m.0.42
k

l1/2c2
. ~49!

The density fluctuations produced in the preinflati
should be normalized by the COBE data. For this we m
take into account the fact that the fluctuations produced
the late stage of the preinflation reenter the horizon bef
the beginning of the new inflation. Such fluctuations are c
mologically irrelevant since the new inflation produces mu
larger fluctuations. Thus, the COBE scale corresponds to
e-fold number of the preinflation given by

NCOBE5602N* 1 lnS m

v D . ~50!

Then, from Eqs.~28! and ~37!, we get

m.6.531023l1/2NCOBE
21/4 , ~51!

for sNCOBE
[sCOBE,s̃ , and

m.6.031023z1/4l1/2exp~zNCOBE/2!, ~52!

for sCOBE.s̃ .

9Since the mass of the gravitino becomes larger than;1 TeV for
k&0.29, we takek*0.29.
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First let us consider the case where the one-loop cor
tions control the preinflation dynamics~i.e., sCOBE,s̃).
This corresponds to a smallz region (z&0.017). We will
show that there exists a parameter region where the b
hole MACHOs are produced. For this purpose, we takek
50.3 as an example. Using Eqs.~28!, ~46!, ~49!, and~51! we
obtain

v.5.531027, ~53!

m.2.831023l1/2, ~54!

sCOBE.0.85l, ~55!

c.6.7l21/2. ~56!

Here we have neglected lnl corrections. The ratioR @see Eq.
~36!# is written as

R.0.049
l1/2m3/2c3/2

v1/2
.0.17l1/2. ~57!

We requireR&0.03 for the fluctuations ofw at the beginning
of the new inflation to be negligible,10 which leads tol
&3.131022. The lower limit onl is obtained from the con
dition sc&sCOBE, which leads tol*4.631023. Therefore,
for 4.631023&l&3.131022, our double inflation mode
can produce the black holes which may be identified w
MACHOs.

Next we consider the case of largez ~i.e., z*0.017). The
value ofz cannot be larger than about 0.2 because the s
tral indexns of the density fluctuations near the COBE sca
becomes 112z and the COBE data@15# give ns51.260.3.
From Eqs. ~28!, ~46!, ~49!, and ~52!, we can determine
m,sCOBE, c, andR for variousz ’s. The result is shown in
Table I for k50.3. By requiringR&0.03, we get upper
bounds onl ([lmax). On the other hand, the lower bound
lmin are obtained from the conditions̃,sCOBE. lmax and
lmin are also shown in Table I, from which it is seen that f
z&0.04 there exists a consistent region (lmax>lmin).

11

Since the value of allowedz is small, the power spectrum o
the COBE scale is almost scale invariant (ns.121.1).

V. CONCLUSION

In this paper we have studied the recently propo
double inflation model in supergravity and discussed the

10The present universe containse60 regions which were horizons
at the beginning of the new inflation. ForR&0.03, the probability
that thee-fold number of a region exceedsN* 11.3 is less than
e260. Thus, the effect of quantum fluctuations ofw is negligible for
R&0.03.

11The allowed range ofz becomes narrower if we takek larger
than 0.3.
c-

ck

h

c-

r

d
r-

mation of primordial black holes with mass about 1M ( . We
have shown that in a certain parameter space the primo
black holes are produced with mass;1M ( which may be
identified with MACHOs in the halo of our galaxy. For suc
cessful formation of the black holes it is important for th
inflaton w to have a large effective mass (c*30) during the
preinflation.12 The allowed parameter space in the pres
model is very restricted. This may be due to our spec
choice of the new and preinflation models. Therefore, t
paper may be regarded as an existence proof of a do
inflation model which accounts for the MACHOs as primo
dial black holes. If we relax the relation between the SUS
breaking and the new inflation scales, a wider parame
space may be allowed.

One may consider a very steep initial power spectr
with the power law indexns.1.4 in order to have sufficien
formation of primordial black holes under the COBE no
malization of density fluctuations. However, models w
such steep initial spectra overly produce black holes
smaller scales. The existence of these small black holes
severely constrained from the observation ofg rays. More-
over, these models are very difficult to use to explain
large scale structure of the universe.

On the other hand, our double inflation model can na
rally provide the power spectrum which has high amplitu
and shallow slope (ns,1) on small scales and low ampl
tude and nearly scale free spectrum (ns;1) on large scales
which is favored for the structure formation of the univer
@23#. This shallow slope on small scales and rapid jump
the horizon scale of the turning epoch from one to anot
inflation make the mass range of primordial black holes v
narrow.

The primordial black holes play a role as a usual co
dark matter in the large scale structure formation. The sc
of the fluctuations for the primordial black hole formatio
themselves are much smaller than the galactic scale and
we cannot see any signals for such fluctuations indT/T mea-
surements.

The primordial black holes are also attractive as a sou
of gravitational waves. If the primordial black holes dom
nate dark matter of the present universe, some of them lik
form binaries. Such binary black holes coalesce and prod
significant gravitational waves@24# which may be detected
by future detectors.
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12In this paper we have used a large quartic coupling in the Ka¨hler
potential 2kufu2uSu2 to produce the large effective mass for th
inflaton w. An alternative is to introduce an extra fieldX which
gives the effective mass during the preinflation. For example, c

sider a superpotentialWX5 g̃Xf21mXX̄. If v2!m&m, X may
have a large valueX;1 during the preinflation, which gives a larg

effective massg̃X. After the preinflationX and X̄ take vacuum

expectation valuesX.0 and X̄. g̃f2/m, and hence they neve
affect the dynamics of the new inflation. In this alternative mode

is sufficient to takeg̃;1024 for our purpose.
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