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Supersymmetry and primordial black hole abundance constraints
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~Received 1 April 1999; published 24 August 1999!

We study the consequences of supersymmetry for primordial black hole~PBH! abundance constraints. PBHs
will emit supersymmetric particles during their evaporation when their mass is less than about 1011 g. In most
models of supersymmetry the lightest of these particles, the lightest supersymmetric particle~LSP!, is stable
and will hence survive to the present day. We calculate the limit on the initial abundance of PBHs from the
requirement that the present day LSP density be less than the critical density. We apply this limit, along with
those previously obtained from the effects of PBH evaporation on nucleosynthesis and the present day density
of PBHs, to PBHs formed from the collapse of inflationary density perturbations in the context of supersym-
metric inflation models. If the reheat temperature after inflation is low, so as to avoid the overproduction of
gravitinos and moduli, then the lightest PBHs which are produced in significant numbers will be evaporating
around the present day and there are therefore no constraints from the effects of the evaporation products on
nucleosynthesis or from the production of LSPs. We then examine models with a high reheat temperature and
a subsequent period of thermal inflation. In these models avoiding the overproduction of LSPs limits the
abundance of low mass PBHs which were previously unconstrained. Throughout we incorporate the produc-
tion, at fixed time, of PBHs with a range of masses, which occurs when critical collapse is taken into account.
@S0556-2821~99!01318-1#

PACS number~s!: 98.80.Cq, 14.80.Ly
th
ur

o
en
le

ts
s

ed

w
er

e
s

of

ard
r-
Mo-
eak

o
0
li-
un-
ave

on-

ar-

dels
a

nic
un-
rva-
or

LSP
I. INTRODUCTION

Primordial black holes~PBHs! may form in the early uni-
verse via a number of mechanisms@1,2#, the simplest of
which is the collapse of large density perturbations@1#. Be-
cause of quantum effects, PBHs evaporate, mimicking
emission from a blackbody with finite size and temperat
TBH where

TBH5
\c3

8pGMBH
51.06S 1013

MBH
D GeV, ~1!

andMBH is the PBH mass in grams. The standard picture
PBH evaporation is that all particles which appear elem
tary at the energy scale of the PBH and have rest mass
than TBH are emitted directly@3#. For instance PBHs with
TBH above the QCD quark-hadron transition scaleLQH
'250–300 MeV, emit relativistic quark and gluon je
which then fragment into photons, leptons and hadrons a
high energy accelerator collisions.

The mass loss, in grams per second, is given by

dMBH

dt
525.3431025f ~MBH!MBH

22, ~2!

wheref (MBH) is a function of the number of species emitt
and is normalized to 1 for PBHs withMBH@1017 g which
emit only massless particles~see Ref.@3# and Sec. II for
more details!. The effects of the evaporation products allo
constraints to be put on the initial abundance of PBHs ov
range of masses. PBHs with mass in the range 109 g
,MBH,1013 g would have evaporated after nucleosynth
sis and could have a number of effects on the succes
predictions of nucleosynthesis@4# while PBHs with MBH
0556-2821/99/60~6!/063516~7!/$15.00 60 0635
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;531014 g are evaporating today and the number density
photons produced must not exceed the observedg-ray back-
ground@5#. In the case of lighter PBHs withTBH.100 GeV
the fundamental particles emitted, and hencef (MBH), de-
pend upon the particle physics model assumed.

Currently the widely accepted extension of the stand
model is supersymmetry@6#, where each standard model pa
ticle has a supersymmetric partner known as a sparticle.
tivated mainly as an attempt to understand why the w
scale is much smaller than the Planck scale~known as the
gauge hierarchy problem@7#!, supersymmetry also leads t
the unification of gauge couplings at an energy of about 116

GeV @8#. The phenomenology of the sparticles is comp
cated, being governed by up to 105 independent and
known parameters. In the simplest models the sparticles h
masses of order 100 GeV and there is a multiplicatively c
served quantum number known asR parity, where standard
model particles haveR511 and sparticles haveR521.
Consequentially heavier sparticles decay into lighter sp
ticles and the lightest supersymmetric particle~LSP! is
stable, since it has no allowed decay mode. In most mo
the LSP is nonrelativistic at freeze-out and is therefore
candidate for the cold dark matter~CDM!.1

The LSP must be neutral and weakly interacting@10# as
otherwise it would have condensed, along with the baryo
matter, into astrophysical structures and the resultant ab
dance of anomalous heavy isotopes would exceed obse
tional limits @11#. The LSP may therefore be a sneutrino

1In gauge-mediated models of supersymmetry breaking the
could be a gravitino with mass;1 keV which would constitute
warm dark matter@9#.
©1999 The American Physical Society16-1
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ANNE M. GREEN PHYSICAL REVIEW D 60 063516
the gravitino but in most supersymmetric theories it is
lightest neutralinox, which is a mix of the supersymmetri
partners of the photon, theZ boson and the neutral Higg
boson. Throughout this paper we therefore usex to denote
the LSP.

Purely experimental searches at the CERNe1e2 collider
LEP have led to the limitmx>30 GeV @12#. This limit can
be tightened tomx.42 GeV by making various theoretica
assumptions and requiring that the present day LSP den
lie in the interesting range for CDM: 0.1,Vxh2,0.3 @13#.
The LSP comoving number density has remained cons
since annihilations ceased at the freeze-out temperatureTf .
This leads to a simple estimate~see Ref.@14# for a review of
this and more detailed calculations! of the current LSP den
sity:

Vxh25
1023

^sann~xx!vx&T0mPl
, ~3!

where ^sann(xx)vx& is the thermally averaged annihilatio
cross section. Asmx increaseŝ sann(xx)vx& decreases so
that Vxh2 increases. This leads to an upper limit ofmx

<300 GeV @15#, or mx<600 GeV if co-annihilations with
the stau slepton, which are important in some regions
parameter space, are taken into account@16#.

Supersymmetric particles which are produced by
evaporation of PBHs after the temperature of the unive
has fallen belowTf will not be able to equilibrate due to th
inefficiency of annihilations. In Sec. II we calculate the ma
range of PBHs which are heavy enough to evaporate a
LSP freeze-out but light enough to produce sparticles. T
LSPs produced by the decay of these sparticles, along
the LSPs evaporated directly, will therefore provide an ad
tional contribution to the present day density of LSPs. Wh
it is possible that the number density of LSPs produced
PBH evaporation may be comparable to the freeze-out n
ber density, reducing the upper limit onVx and hencemx ,
this would require extreme fine-tuning of the initial abu
dance of PBHs. We therefore use the conservative requ
ment that the present day density of LSPs produced via P
evaporation afterTf is less than the critical density, to con
strain the initial abundance of LSP producing PBHs.

In Sec. III we outline the resultant constraints on the m
fraction of the universe in PBHs formed from the collapse
inflationary density perturbations, taking into account t
formation, due to critical collapse@17#, of PBHs with a range
of masses at fixed horizon mass. Since we are assuming
supersymmetry is the correct model of particle physics ab
;100 GeV we must apply these constraints in the contex
supersymmetric inflation models. In Sec. IV we discuss
constraints on successful supersymmetric inflation mod
and calculate and review PBH abundance constraints for
classes of inflation model: first those where the reheat t
perature after inflation is low and then those with a hi
reheat temperature and a subsequent period of thermal i
tion.
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II. ABUNDANCE OF LSPs EMITTED BY PBHs

A PBH will emit LSPs if TBH is greater thanmx so that,
using Eq.~1!, if MBH,M1 where

M15
1.0631013 GeV

mx
, ~4!

then the PBH will emit LSPs throughout its evaporation.
PBH with mass greater thanM1 will emit LSPs during the
later stages of its evaporation once its mass has fallen be
M1 . The fraction of the PBH energy density eventually
LSPs will be reduced by a factor ofM1 /MBH relative to that
for PBHs withMBH,M1 . In this paper we will focus on the
case of PBHs formed from the collapse of large inflationa
density perturbations. If the horizon mass at the time
PBHs form isMH , then if MH,M1 , the LSP emission will
be dominated by PBHs withMBH,M1 . On extrapolating
the constraint on the initial mass fraction in PBHs which
found in Sec. IV B~and incorporating the additional weak
ening factor ofMBH /M1) we can see that forMH.M1 the
constraint from LSP emission will be weaker than those fr
the effects of PBH evaporation on nucleosynthesis. The
fore we will only calculate the constraints from LSP em
sion by PBHs withMBH,M1 .

The PBH lifetime, in grams per second, is@3#

t~MBH!5
6.24310227MBH

3

f ~MBH!
, ~5!

so that the temperature at evaporation,Tevap
5TPl@ tPl /t(MBH)#1/2, is given by

Tevap5S 1.2431021f ~M1!

MBH
3 D 1/2

GeV. ~6!

For evaporation to occur after LSP freeze-out (Tevap,Tf),
MBH must be greater thanM2 where, using the fact thatTf
;mx/25,

M25S 7.7531023f ~M2!

mx
2 D 1/3

. ~7!

A PBH will therefore evaporate after LSP freeze-out a
also emit LSPs throughout its evaporation if its mass is in
rangeM2,MBH,M1 .

If at some initial timet i the fraction of the total energy
density of the universe in PBHs which evaporate af
freeze-out producing LSPs isbx, i5rpbh,i

x /r tot,i , then imme-
diately before the PBHs evaporate

S rpbh

r rad
D

evap

5
bx, i

12bx, i

Ti

Tevap
. ~8!

If the PBHs dominate the energy density of the unive
before they evaporate, then, since the radiation emitted
the PBH dominates the background radiation energy den
6-2
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soon after evaporation the LSPs will come to dominate
energy density of the universe soon afterwards. To avoid
we require

b i

12b i
,

Tevap

Ti
. ~9!

The LSPs emitted will initially be relativistic with mea
energy per particle 3TBH . The ratio of the energy density i
LSPs to that in radiation is therefore constant,

S rx

r rad
D5ex , ~10!

whereex is the fraction of the PBH mass energy evapora
into LSPs, until the LSPs become non-relativistic atTnr
where, sincer}T4 for relativistic fluids,

Tnr5TevapS mx

3TBH
D 1/4

. ~11!

At any subsequent epoch, with temperatureT, before matter-
radiation equality

S rx

r rad
D5S rx

r rad
D

nr

Tnr

T
5S rx

r rad
D

evap

Tevap

T S mx

3TBH
D 1/4

. ~12!

The fraction of the energy density of the universe in LSPs
the present day is therefore given by

Vx,05Vx,eq52
Tevap

Teq
S mx

3TBH
D 1/4S rx

r rad
D

evap

52ex

bx, i

12bx, i

Ti

Teq
S mx

3TBH
D 1/4

, ~13!

where ‘‘eq’’ denotes the epoch of matter-radiation equal
This relation can be inverted simply to obtain the constra
on bx, i from the requirementVx,0,1, as a function ofTi .
This constraint is independent of the mechanism of P
formation and while we have assumed that all PBHs form
the same timet i it would be simple to recalculate the con
straint allowing for PBH formation at a range of times.

The relevant mass range and the fraction of the mas
the PBH which is evaporated into LSPs both depend
f (MBH). To fully calculatef (MBH) as a function ofMBH we
would need to know the full mass spectrum of the spartic
We can however calculatef (MBH) in two limiting cases. If
TBH;mx , then the LSP will be the only sparticle emitte
~along with photons, gravitons, gluons, the three lepton fa
lies and six quark flavors!, while if TBH@mx , then all the
standard model particles~including the Higgs,Z and W
bosons! and their supersymmetric partners will be emitte
The relativistic contributions tof (MBH) per particle degree
of freedom are@3#

f s5050.267, f s5150.060,

f s53/250.020, f s5250.007,
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f s51/250.147 uncharged,

f s51/250.142 electrically charged. ~14!

A. TBH;mx

In this regime a PBH can emit the 3 lepton families,
quark flavors,2 the graviton, the gluon and the LSP. The ph
ton has 2 possible polarization states and the gluon ha
degrees of freedom, giving a total of 50s51 degrees of
freedom. Each type of neutrino has 2 degrees of freed
resulting in 6 neutrals51/2 degrees of freedom. The ele
tron, muon and tau leptons each have 4 degrees of freed
while each quark has 12 degrees of freedom, resulting
total of 84 chargeds51/2 states. Finally the graviton hass
52 and 4 degrees of freedom. The total contribution of st
dard model states tof (MBH) is therefore (5030.06)1(6
30.147)1(8430.142)1(430.007)515.84. Finally, as
outlined in the Introduction, the LSP is most likely to be th
lightest neutralino which is uncharged and hass51/2, giving
a final value of f (MBH)515.841(230.147)516.13. The
fraction of the total mass which is evaporated into the LSP
ex50.294/16.1350.018.

B. TBH@mx

If TBH is much larger thanmx , all the standard mode
particles and their supersymmetric partners will be emitt
In the minimal supersymmetric standard model there ar
Higgs doublet fields which give rise to 5 physical states:
charged Higgs scalar, the light Higgs scalar, the heavy Hi
scalar and the Higgs pseudoscalar~see, e.g., Ref.@14# for
details!. Along with theW andZ bosons these states lead
9 s51 and 5s50 degrees of freedom in addition to th
standard model degrees of freedom considered in Sec.
so that the total contribution of standard model states
f (MBH) is 17.10.

Each standard model~SM! degree of freedom had a su
persymmetric~SUSY! degree of freedom withs51/2, 0,
1/2 and 3/2 for standard model states withs50,1/2,1 and 2
respectively. This leads to a grand total of 95s50 ~5 SM, 90
SUSY!, 92 chargeds51/2 ~84 SM, 8 SUSY!, 30 uncharged
s51/2 ~6 SM, 56 SUSY!, 59 s51 ~all SM!, 4 s53/2 ~all
SUSY! and 4 s52 ~all SM! degrees of freedom, giving
f (MBH)546.79. The fraction of the total mass evaporat
into supersymmetric particles iseSUSY529.69/46.7950.63,
with ex50.294/46.7950.006 of the total mass evaporate
directly into LSPs. While the fraction of the PBH mas
evaporated directly into LSPs is small all the other sup
symmetric particles emitted will decay rapidly, producing
least one additional LSPs each so that we can setex

5eSUSY when we estimate the fraction of the PBH ma
ending up in the form of LSPs.

2The LSP mass may be smaller than that of the top quark in wh
case there may be a narrow range of PBH masses where the L
emitted but the top quark is not, which would decrease the valu
f (MBH) calculated here by about 1.704.
6-3
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ANNE M. GREEN PHYSICAL REVIEW D 60 063516
III. PBH FORMATION FROM DENSITY PERTURBATIONS

In order for a PBH to be formed, a collapsing region mu
be large enough to overcome the pressure force resistin
collapse as it falls within its Schwarzschild radius. This o
curs if the perturbation is bigger than a critical sizedc at
horizon crossing. There also is an upper limit ofd,1 since
a perturbation which exceeded this value would corresp
initially to a separate closed universe@18#. Analytic calcula-
tions @1# find dc;1/3 and assume that all PBHs have ma
roughly equal to the horizon mass at the time they for
independent of the size of the perturbation. Recent stu
@17# of the evolution of density perturbations have found th
the mass of the PBH formed in fact depends on the size
the perturbation:

MBH5kMH~d2dc!
g, ~15!

whereg'0.37 andk anddc are constant for a given pertu
bation shape~for Mexican hat shaped fluctuationsk52.85
anddc50.67).

In order to determine the number of PBHs formed on
given scale we must smooth the density distribution usin
window function,W(kR). For Gaussian distributed fluctua
tions the probability distribution of the smoothed dens
field p„d(MH)… is given by

p„d~MH!…dd~MH!5
1

A2ps~MH!

3expS 2
d2~MH!

2s2~MH!
D dd~MH!,

~16!

where s(MH) is the mass variance evaluated at horiz
crossing. For power law spectra,P(k)}kn, where P(k)
5^udku2& andn is the spectral index,s2(MH)}MH

(12n)/4 dur-
ing radiation domination@19#. The formation of PBHs on a
range of scales has recently been studied@20# for power law
power spectra and for flat spectra with a spike on a gi
scale. In both cases it was found that, in the limit where
number of PBHs formed is small enough to satisfy the
servational constraints on their abundance at evaporation
at the present day, it can be assumed that all the PBHs f
at a single horizon mass. In particular, if the power spectr
is a power law withn.1, as is the case in tree-level hybr
inflation models, all PBHs form at the smallest horizon sc
immediately after reheating.

The initial mass fraction of the universe in PBHs wi
masses in the rangeM2,MBH,M1, which evaporate afte
LSP freeze out and produce LSPs throughout their evap
tion, is given by

bx i5E
d2

d1MBH

MH
p„d~MH!…dd~MH!

5E
d2

d1 k~d2dc!
g

A2ps~MH!
expS 2

d2

2s2~MH!
D dd~MH!,

~17!
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where, using Eq.~15!,

d j5dc1S M j

kMH
D g

: j 51,2. ~18!

Equation~17! can be used to translate the constraints
bx, i into constraints ons(MH), which in turn can be used to
constrainn @21,22,19#. We can also find the maximum frac
tion of the universe in PBHs of all mass,b i :

b i5E
dc

1 k~d2dc!
g

A2ps~MH!
expS 2

d2

2s2~MH!
D dd~MH!. ~19!

IV. CONSTRAINTS ON SUPERSYMMETRIC INFLATION
MODELS

Since we are assuming that supersymmetry is the cor
model of particle physics above;100 GeV, then we mus
apply the constraints on the abundance of PBHs formed f
the collapse of large inflationary density perturbation
models of inflation constructed in the context of supersy
metry. Avoiding the overproduction of various relic pa
ticles, which would alter the subsequent evolution of the u
verse and wreck the successful predictions of the stand
hot big bang model, leads to constraints on supersymme
inflation models.

The gravitino~the supersymmetric partner of the grav
ton! has only gravitational interactions and mass of order 1
GeV, and will decay after nucleosynthesis. The requirem
that its decay products do not destroy the successful pre
tions of big-bang nucleosynthesis places limits on its ab
dance. Since the number density of gravitinos is proportio
to the reheat temperature after inflation,TRH, this leads to an
upper limit on TRH @23#. The exact limit depends on th
gravitino mass, the available decay channels and the bar
to-photon ratio before the gravitino decays@24# but, very
conservatively,TRH must be less than 109 GeV. Similarly in
almost all theories in which supersymmetry is broken at
intermediate scale there are scalar fields, known as mod3

which typically have the same mass and lifetime as the gr
itino @25#. Avoiding their production after inflation require
TRH to be less than 1012 GeV.

There are several ways to avoid the gravitino and mod
problems. First, inflation models can be constructed wh
inflation occurs at a low energy scale@26# so that the rehea
temperature is automatically low enough to avoid these pr
lems. However, these models in general require fine-tun
@27#. Second, the reheat temperature can be sufficiently
if the inflaton is long lived. For instance a model has be
constructed@28#, using a singlet field in a hidden secto
where inflation occurs at the scale of the spontaneous br
ing of the gauge symmetry which is of order 1014 GeV. In
this case, since the inflaton has only gravitational stren

3Specific examples are the dilaton of string theory and the m
less gauge singlets of string compactifications or, in general,
gauge singlet field responsible for SUSY breaking.
6-4
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couplings, the reheat temperature is only of order 105 GeV.
There is however a generic solution to these problem

high energy scale inflation models which relies on the pr
erties of flaton fields which also arise naturally in supersy
metric theories@29#. Flaton fields, have vacuum expectatio
valuesM@103 GeV, even though their massm is only of the
order of the supersymmetry scale, so that their potentia
almost flat. In the early universe these fields are held at z
by finite temperature effects, with false vacuum energy d
sity V0;m2M2. Once the temperature falls belowV0

1/4, the
false vacuum energy density dominates the thermal en
density of the universe and begins to drive a period of in
tion known as thermal inflation. This inflation continues un
the temperature drops toT;m, at which point thermal ef-
fects are no longer strong enough to anchor the flaton in
false vacuum. TakingM;1012 GeV givesV0

1/4;107 GeV so
that around ln(107/103);10 e-foldings of thermal inflation
occur, sufficient to dilute the moduli and gravitinos existi
before thermal inflation but small enough to not affect t
density perturbations generated during the first period of
flation.

We examine two classes of inflation model: those with
low reheat temperature and those with a high reheat temp
ture and a subsequent period of thermal inflation.

A. Low reheat temperature

If TRH5109 GeV, so as to just satisfy the gravitino co
straint, then, using the relationship between horizon m
and temperature in a radiation dominated universe,

MH.1018 g S 107 GeV

T D 2

, ~20!

the maximum horizon mass is 131014 g. Although when
critical collapse is taken into account PBHs with a range
masses are formed at fixed horizon mass, the vast majori
PBHs have mass within an order of magnitude ofMH . From
Eq. ~13!, bx, i must be less than 5310217. However, for
mx530 GeV, only PBHs with MBH,M153.531011 g
;0.0035MH are hot enough to emit LSPs. The fraction
PBHs which have mass this much smaller than the hori
mass is negligible so that there is no resultant constrain
b i . Similarly the constraints from the effect of the produc
of PBH evaporation on nucleosynthesis only hold forMBH
,1013 g. Therefore in a low reheat temperature inflati
model only the constraint from the present day density
PBHs and, ifTRH .53108 GeV, that on the abundance o
PBHs evaporating today hold. The constraints onb i are
shown in Fig. 1. The U-shaped dip arises from the limit
the abundance of PBHs with massMBH;531014 g, which
are evaporating at the present day~as calculated by
Yokoyama@30#! and the straight line from the limit on th
present day density of PBHs which have not evaporated

The constraints onb i can be translated into limits on th
spectral index of the density perturbations@21,22,19# using
Eq. ~19! and the scale dependence ofs(MH):
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s~MH!5s~M0!S MH

Meq
D (12n)/4S Meq

M0
D (12n)/6

, ~21!

whereM0 andMeq are the horizon masses at the present d
and at matter radiation equality and, using the Cosmic Ba
ground Explorer ~COBE! normalization, s(M051056 g)
59.531025. In models withTRH,109 GeV, the tightest
limit on n (;1.28) arises from the constraint on PBHs whi
are evaporating today. This is weaker than the limits found
Ref. @19# first because the tightest limits arise from the co
straints on PBHs of massMBH;1010–11 g which are not
formed in low reheat temperature inflation models. Also t
analytically derived value ofdc (;1/3) used in those calcu
lations is roughly half the new valuedc50.67, determined
from numerical simulations@17#, which is used in this paper

B. High reheat temperature with thermal inflation occurring

The effects of a period of thermal inflation on the co
straints on PBH abundance were studied in Ref.@19#. It is
assumed that thermal inflation commences atT5107 GeV
and continues untilT5103 GeV, when the flaton field rolls
to its true vacuum state. Assuming for simplicity that rehe
ing is efficient, then the universe is reheated toT5107 GeV
with the subsequent evolution of the universe having its st
dard form. The duration of thermal inflation is negligib
compared to the PBH lifetime so that its main effect on t
PBHs is to dilute their density by a factorr i /r f5(af /ai)

3

;(104)3 so that the constraints onb i are weakened by a
factor of ;1012.

If thermal inflation occurs, then the right hand sides
Eqs.~8!–~13! are each multiplied by a factor of 10212 due to
the dilution of the PBHs during thermal inflation. Using th
relation between temperature and horizon mass,Ti
5TPl(mPl /MH)1/2, the requirement that the PBHs do n
dominate the universe at evaporation becomes

bx, i

12bx, i
,6.73106S MH

MBH
3 D 1/2

, ~22!

and the limit from the present day density of LSPs becom

FIG. 1. The constraints on the initial mass fraction of PBHs,b i ,
in inflation models withTRH,109 GeV.
6-5
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ANNE M. GREEN PHYSICAL REVIEW D 60 063516
bx, i

12bx, i
,

531011

ex

Teq

TPl
S MH

mPl
D 1/2S 331013

mxMBH
D 1/4

. ~23!

To evaluate these constraints onbx, i we neglect the spread i
PBHs masses, since the vast majority of PBHs will have
same mass to within a factor of a few. IfMH is betweenM2
andM1 , then most of the PBHs will haveMBH;MH , while
if MH,M2, the vast majority of the PBHs which evapora
after freeze-out will haveMBH;M2 and similarly if MH
.M1 most of the LSP producing PBHs will haveMBH
;M1. The tightest constraint arises from the present d
abundance of LSPs forMH,M1 and also forMH.M1 if
M1,231012 g ~which is the case formx,30 GeV as found
experimentally!. We calculated the resulting constraints
s(MH), and henceb i , for 4 sample values of the LSP mas
mx530, 45, 300 and 600 GeV, usingex;0.018. As the
horizon mass decreases the fraction of the total numbe
PBHs formed which are heavy enough to evaporate a
freeze-out decreases. Similarly as the horizon masses
creases the fraction of PBHs which are light enough to e
LSPs decreases. Emission of LSPs after freeze-out const
b i for 106 g<MH<1010 g. The constraints onbx, i and b i
are shown in Fig. 2. In Fig. 3 the constraints onb i for mx

545 GeV are shown, along with those from the effects
PBH evaporation on the products of nucleosynthesis,4 the
abundance of PBHs evaporating at present and the pre
day density of PBHs as calculated in Refs.@19# and@30#. The
missing mass range corresponds to comoving scales w

4The sharply rising line fromMH;1013 g arises due to the con
straint from entropy production after nucleosynthesis on PBHs w
massMBH,1013 g.

FIG. 2. The constraints on the initial mass fraction of PB
from the present day density of LSPs, in supersymmetric infla
models with a high reheat temperature and a subsequent peri
thermal inflation forex50.018. The solid lines show the constrain
on bx, i , the fraction of the universe in PBHs which evaporate af
freeze-out and produce LSPs throughout their evaporation,
~from bottom to top! mx5600, 300, 45 and 30 GeV. The dotte
short dashed, long dashed and dot-dashed lines show the max
allowed fraction of the universe in PBHs of all masses,b i , for
mx5600, 300, 45 and 30 GeV, respectively.
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enter the horizon before thermal inflation, and are th
pulled back outside again during thermal inflation. Any ne
density perturbations are expected to be small, since the
ergy scale of thermal inflation is much lower than the ori
nal inflationary period, and hence unable to form black ho
when they re-enter the horizon again after thermal inflati

If thermal inflation occurs, then the temperature at wh
a given comoving scale crosses the Hubble radius
changed, while the relation between horizon mass and t
perature remains the same so that the scale dependen
s(MH) becomes@19#

s~MH!5s~M0!F S 107

103D 2
MH

Meq
G (12n)/4S Meq

M0
D (12n)/6

.

~24!

The limits onn from the constraints onb i due to LSP emis-
sion range fromn,1.36 atMH;1011 g to n,1.33 atMH
;53105 g. These limits are slightly tighter than those fro
the nucleosynthesis constraints (n;1.34–1.37 if the accurate
value ofdc50.67 is used!.

V. CONCLUSIONS

We have examined the consequences of supersymm
for PBH abundance constraints. PBHs with mass in the ra
105 g,MBH,1011 g evaporate after LSP freeze-out an
produce LSPs~and other supersymmetric particles! through-
out their evaporation. In most models of supersymmetry
LSP is stable and the requirement that the present day
sity of LSPs not exceed the critical density places a limit
the initial abundance of PBHs in this mass range.

We have studied the constraints on PBH abundance
two classes of supersymmetric inflation model: those wit
low reheat temperature and those with a high reheat temp
ture and a subsequent period of thermal inflation. If the
heat temperature is low, the lightest PBHs which can
produced will be evaporating at the present day and the c

h

n
of

r
or

um

FIG. 3. A compilation of the constraints on the initial ma
fraction of PBHs in supersymmetric inflation models with a hi
reheat temperature and a period of thermal inflation. The dotted
shows the constraints from the present day density of LSPs. F
left to right the solid lines show the constraints from the effects
PBH evaporation after nucleosynthesis, the abundance of P
evaporating at present and the present day density of PBHs for
before and~on the far right! after thermal inflation.
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straints from the present day density of LSPs and the eff
of evaporation on the products of nucleosynthesis, wh
provide the tightest limits onn, do not apply. For models
with a high reheat temperature and a subsequent perio
thermal inflation the constraints from the present day den
of LSPs provide the tightest limit onn.
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