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Primordial black holes in braneworld cosmologies: Formation, cosmological evolution,
and evaporation
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We consider the population evolution and evaporation of primordial black holes in the simplest braneworld
cosmology: Randall-Sundrum type II. We demonstrate that black holes forming during the high-energy phase
of this theory ~where the expansion rate is proportional to the density! have a modified evaporation law,
resulting in a longer lifetime and lower temperature at evaporation, while those forming in the standard regime
behave essentially as in the standard cosmology. For sufficiently large values of the AdS radius, the high-
energy regime can be the one relevant for primordial black holes evaporating at key epochs such as nucleo-
synthesis and the present. We examine the formation epochs of such black holes, and delimit the parameter
regimes where the standard scenario is significantly modified.

DOI: 10.1103/PhysRevD.66.043513 PACS number~s!: 98.80.Cq

I. INTRODUCTION

The idea that our observable Universe may be a brane
embedded in a higher-dimensional bulk is one which has
deep ramifications for cosmology, and which in particular
may rewrite many of our ideas as to how the Universe
evolved during its earliest stages. One probe of these early
stages is the possible formation of a population of primordial
black holes@1#, and for the standard cosmology considerable
attention has been directed at establishing constraints both
from evaporation products and from a possible contribution
to the present dark matter density@2–4#. The constraints on
the formation rate are typically extremely strong, as after
formation there is a long epoch during which the black hole
energy density grows relative to radiation, so that even a
modest initial fractional density can have a large impact at
later stages.

Such constraints may be modified in many ways within
the braneworld context. Thus far, the problem has only been
studied in detail for the case of large compact extra dimen-
sions @5,6#; however in the first reference it was presumed
that most of the radiation would be lost to the extra dimen-
sions, whereas it is now believed that the emitted radiation is
mostly confined to the brane@7#. In this paper we adopt a
different scenario, namely the simplest of the Randall-
Sundrum models@8#, known as type II~henceforth RS-II!,
where a positive-tension brane is embedded in a bulk with a
negative cosmological constant. We will not specifically ad-
dress black hole formation mechanisms, but seek to deter-
mine the properties and population evolution of the black
holes after formation, setting up a framework enabling for-
mation mechanisms to be tested against observational data.

There are many modifications to the standard constraints
that need to be taken into account. At high energies there is a
modified form of the Friedmann equation, which alters the
cosmological temperature-time relation in the early stages as
well as modifying the horizon mass. The temperature of a
black hole of a given mass may be modified by the presence

of the extra dimension, so that the masses of black holes
persevering to key epochs such as nucleosynthesis and the
present change, and the character of their final emission
products is altered. The purpose of this paper is to determine
how the key primordial black hole properties are modified in
the simplest braneworld scenario. In a forthcoming compan-
ion paper@Clancy et al. ~unpublished!#, we analyze the as-
trophysical constraints on the primordial black hole popula-
tion taking into account these modifications.

II. BRANEWORLD COSMOLOGY

In the cosmological model as outlined in Ref.@9#, our
universe is a positive tension brane embedded in an~other-
wise empty! AdS bulk, which isZ2 symmetric about the
brane. The energy-momentum tensor of fields confined to the
brane will be taken to be of perfect fluid form. If the metric
on the brane is of the Friedmann-Robertson-Walker form, the
Einstein equations projected onto the brane reduce to the
usual energy conservation equation

ṙ13H~r1p !50, ~1!

and a modified Friedmann equation

H2
5

8p

3M 4
2 S r1

r2

2l
1rKK D1

L4

3
2

k

a2
. ~2!

Here an overdot denotes derivative with respect to cosmic
time t, r and p are the energy density and pressure of the
fluid, a is the scale factor on the Friedmann brane, withH the
Hubble constant,k521,0,1 for open, flat or closed Fried-
mann branes respectively,M 4 is the effective 4D Planck
mass andL4 is the 4D cosmological constant. Furthermore,
rKK is an effective energy density stemming from the bulk
Weyl tensor; it behaves like~dark! radiation, rKK
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5rKK,0(a0 /a)4, althoughrKK,0 need not be positive. Finally,
the brane tensionl is related to the fundamental 5D Planck
massM 5 by l53M 5

6/4pM 4
2.

Defining the AdS curvature radiusl in terms of the bulk
cosmological constant

L552

3

4p

M 5
3

l2
, ~3!

we have

L453S M 5
6

M 4
4

2

1

l2D . ~4!

In the following, L4 will be set to zero. The AdS radius
provides an effective size of the extra dimension. As will
become apparent, differences between RS-II and the standard
scenario will be most pronounced for black holes whose ra-
dius is much smaller than the AdS radius. WithL4[0, it
follows that the brane-tensionl and the AdS radiusl are
related via

l21/4
5S 4p

3 D
1/4

S l

l4
D

1/2

l4 , ~5!

wherel45M 4
21 is the 4D Planck length.

In Ref. @8#, corrections to the Newtonian potential of a
point massm due to the 5th dimension were calculated for
large distances as

V~r !5

2m

M 4
2r

S 11

2

3

l2

r2D . ~6!

Current experiments using torsion pendulums have failed to
observe such corrections on scales down tor'0.2 mm@10#.
This means the AdS radius must be smaller thanlmax
[1031l4. @To our knowledge this is the strongest upper
bound on the AdS radius to date. A much weaker constraint
derives from the fact that the high-energy phase~defined
below! should be over at the onset of nucleosynthesis, giving
l,1043l4.#

The case of interest for primordial black hole formation is
the early universe, and we will focus on a flat radiation-
dominated model. As for the dark radiation term, nucleosyn-
thesis constrains (rKK /r)nuc to be smaller than 0.024@11#.
Since both energy terms scale in the same way, the dark
radiation will always have a small effect on the overall dy-
namics, and will be neglected in the remainder. With these
assumptions, the solutions for the scale factor and energy
density are

r5

3M 4
2

32p

1

t~ t1tc!
, ~7!

and

a5a0F t~ t1tc!

t0~ t01tc!
G

1/4

, ~8!

wheret0 is any non-zero time, andtc is the ‘‘transition time’’

tc[
l

2
. ~9!

At times much smaller thantc ~equivalent tor@l), this
gives rise to a non-conventionalhigh-energy regime, in
which

a5a0S t

t0
D

1/4

, ~10!

r5

3M 4
2

32p tc t
, ~11!

RH54t, M H58M 4
2 t2

tc
, ~12!

with RH andM H denoting the Hubble radius and mass inside
the Hubble horizon respectively. For times much larger than
tc , we recover the regime of standard cosmology where

a5a0S t

t0
1/2tc

1/2D
1/2

, ~13!

r5

3M 4
2

32p t2
, ~14!

RH52t, M H5M 4
2t. ~15!

In the high-energy regime, as in standard cosmology, the
radiation has a temperature given by

r5

p2

30
gcosmT4, ~16!

wheregcosm indicates the number of relativistic particle spe-
cies at a particular time. This gives rise to a modified
temperature-time relation:

T

T4
5S 45

8p3D
1/4

gcosm
21/4S l

l4
D

21/4

S t

t4
D

21/4

. ~17!

An interesting background temperature to consider is at the
transition time between the high-energy and standard regime.
Taking gcosm5O(100), it reads

Tc5331018S l

l4
D

21/2

GeV. ~18!

Its minimum value allowed by experiment isTc(lmax)
'103 GeV.

Inflation is an important part of the standard cosmology
and we will assume that black hole formation takes place
after it, possibly though not necessarily induced by inflation-
generated density perturbations. There is a firm upper limit
on the inflationary energy scale from the requirement that the
gravitational waves it produces do not lead to excessive
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large-angle microwave anisotropies, and this leads to a lower
limit on the horizon mass.1 The amplitude of gravitational
waves in the RS-II model was computed in Ref.@12#; using
their notation it is

AT
2
5

4

25p

H2

M 4
2

F2~Hl !, ~19!

where

F~x !5FA11x2
2x2sinh21

1

x G
21/2

. ~20!

In the high-energy regimex@1, F2(x).3x/2.
If we require that gravitational waves contribute no more

than half the anisotropy signal seen by the Cosmic Back-
ground Explorer~COBE! ~in order to leave room for density
perturbations to induce structure formation!, this gives the
limit AT

2
,3310211 @13#. Combining this with the horizon

mass formula Eq.~12! gives a lower limit on the horizon
mass, and hence on the masses of primordial black holes
~PBHs! that can form. In the high-energy regime it gives

M H.23106S l

l4
D

21/3

M 4523106 M 5 . ~21!

The general expression for the lower limit onM H is shown in
Fig. 1. The limit is quite weak, with allowed initial masses
even belowM 4 in the high-energy limit~though not of
course belowM 5). This limit does not restrict any of the
situations we will consider, as black holes surviving to nu-
cleosynthesis always have masses higher than this limit. One
could however in principle have inflation models where the

energy scale after inflation was low enough to prevent the
formation of early evaporating PBHs.

III. BLACK HOLE EVAPORATION

A. The evaporation rate and lifetime

In this section, using standard black hole thermodynami-
cal arguments, a mass-lifetime relation will be derived for
black holes that are formed by a small amount of matter
collapsing on the brane.2 We will also determine the range of
values of the AdS radius for which the derivation is valid.
This will be used in the final section to estimate the time of
formation of primordial black holes in the present cosmo-
logical scenario.

Consider a black hole formed from collapsing matter con-
fined to the brane. It will have an event horizon that extends
into the bulk. Moreover, if the size of the holer0 is much
smaller than the AdS radiusl ~and neglecting possible
charges or rotation!, it is natural to assume its geometry is
given by a 5D Schwarzschild solution3 @19#

ds5
2
52 f ~r !dt2

1 f 21~r !dr2
1r2dV3

2 , ~22!

with f (r)512r0
2/r2 and dV3 the volume element of a

3-sphere. This form of the metric is a good approximation in
the vicinity of the event horizon, which is the region needed
to analyze the Hawking effect. The black hole is expected to
emit Hawking radiation both into the brane and the bulk by
exciting the brane or bulk degrees of freedom. In the present
model, only gravitational radiation can propagate in the bulk.
It is worth noting that near the horizon, the induced metric
on the brane is given by

ds4
2
52 f ~r !dt2

1 f 21~r !dr2
1r2dV2

2 , ~23!

which is not the usual 4D Schwarzschild metric.4 Indeed, this
metric has an effective negative energy-momentum tensor

1Inclusion of density perturbations strengthens this constraint
somewhat, as does allowing for reduction in energy density during
the late stages of inflation, so our limits are conservative.

2The study of collapse in this context has been carried out by a
number of authors@14,15#, although at the time of writing a full
description is lacking. These studies have revealed that the nature of
collapse is much richer and more complex in the braneworld con-
text and in Refs.@15,16# it was conjectured that primordial black
holes could in principle have formed from the collapse of dark
radiation alone. Here, however, we shall assume a minimal picture
of collapsing matter on the brane.

3This would certainly be the outcome according to a higher-
dimensional generalization of the hoop conjecture@5,17#. Near the
horizon, the black hole would have no way of distinguishing the
AdS dimension from the others. See also Ref.@18#.

4It is expected@19# that the metric will approach the standard 4D
form far away from the event horizon. An interesting class of exact
solutions to the RS-II 4D brane equations which describe Reissner-
Nordström type black holes, but possessing a so-called ‘‘tidal
charge’’ which arises due to the presence of a non-zero bulk Weyl
tensor, have been given by Dadhichet al. @16#. However, it is not
yet clear whether these solutions are consistent with a full 5D so-
lution. If so then we expect that these should represent a class of
large black holes, i.e. black holes formed in the low-energy regime.

FIG. 1. The minimum horizon mass after inflation as a function
of the AdS radius. Forl/l4&105 the constraint corresponds to in-
flation ending in the low-energy regime, whereas for largerl it
corresponds to the high-energy regime.
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outside the horizon that will modify the gray-body factors of
radiation by quantum fields confined to the brane@7#. How-
ever, the effective potentials in the field propagation equa-
tions bear similarity to those of the standard treatment. They
also vanish when approaching the horizon, reducing the
propagation equations to free wave equations. Since the
brane is tuned to be flat, the derivation of the Hawking pro-
cess on the brane will essentially be identical to the standard
case. As for the bulk, Hawking radiation in AdS space has
been discussed in Ref.@20#, where it was shown to be similar
to the asymptotically flat case.

The expressions for radius, area and temperature of the
black hole are given in terms of the AdS radiusl and the
black hole massM as

r05A 8

3p

M 1/2

M 5
3/2

5A 8

3p
S l

l4
D

1/2

S M

M 4
D

1/2

l4 , ~24!

A552p2r0
3 , ~25!

TBH5

1

2pr0
, ~26!

and hold providedr0!l. This is to be contrasted with the
usual 4D result

TBH~4D!5

M 4
2

8pM
. ~27!

To estimate the lifetime, consider the number of particles
of a certain speciesj, emitted inD-dimensional spacetime by
a black hole of temperatureTBH , in a time intervaldt and
with momentum in the interval (k,k1dk):

dN j5s j~k !
dt

exp~v/TBH!61

dD21k

~2p !D21
, ~28!

with v2
5k2

1m2 andm the mass of the particle. The upper
and lower sign apply to fermions and bosons respectively. As
regards the absorption or emission cross sectionss j , sum-
mation over all angular modes is understood. In general, they
depend on the species and frequency and must be determined
numerically @21#. Because of the different metrics Eq.~23!
and Eq.~22!, accurate determination of the cross sections is
beyond the scope of this paper. However, in the high-
frequency limit all cross sections reduce to the same expres-
sion ~see below!. In the low-frequency limit, the cross sec-
tions decrease with frequency, approaching a finite value for
spin-0 or spin-1/2 particles, whereas they vanish with in-
creasing powers of frequency for higher-spin particles. This
means the total energy emitted in higher-spin particles is
suppressed relative to particles of lowest spin. These features
are expected to carry over to the brane context, while the
numerical factors may change somewhat.

The rate of energy loss byD-dimensional evaporation is
obtained from Eq.~28! as

dM

dt
52(

j
E s j~k !

v

exp~v/TBH!61

dD21k

~2p !D21
. ~29!

In the high-frequency limit (v@TBH) all cross sections be-
come identical, namely

s'
Aeff,D

4
[

VD22reff,D
D22

4
, ~30!

whereVD22 is the volume of a (D22)-sphere andreff,D an
effective radius for blackbody emission, defined as@7,22#

reff,D5S D21

2 D
1/(D23)

S D21

D23D
1/2

r0 . ~31!

Adopting this approximation for all cross sections reduces
Eq. ~29! to Stefan’s law:

dM

dt
'2gDs̃DAeff,DTD, ~32!

with gD composed of bosonic and fermionic degrees of free-
dom as

gD5gD,bos1
2D21

21

2D21
gD,ferm. ~33!

Further, s̃D denotes theD-dimensional Stefan-Boltzmann
constant, defined per degree of freedom:

s̃D5

VD22

4~2p !D21
G~D !z~D !, ~34!

with z(D) the Riemann zeta function.5

In the present setup, we thus estimate the total emitted
power as

dM

dt
'2gbranes̃4Āeff,4T

4
2gbulks̃5Aeff,5T

5, ~35!

where we must takeĀeff,454preff,5
2 because of the induced

metric Eq.~23!. Further,gbraneandgbulk denote the brane and
bulk degrees of freedom with rest masses lower thanTBH .
Since we have regardedgbulk from the 5D point of view, it
does not count the number of graviton Kaluza-Klein modes.
Rather, it is the number of polarization states of the graviton,
D(D23)/2, which givesgbulk55. The number of quantum
fields into which the hole evaporates is approximately con-
stant until its lifetime is nearly over. Then substituting the
relevant expressions into Eq.~35! and integrating gives the
lifetime tevap of a black hole of initial massM:

tevap~M !

t4
' g̃21

l

l4
S M

M 4
D

2

, ~36!

5The D-dimensional Stefan-Boltzmann constant was misrepre-
sented in Ref.@7#.
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with

g̃[
1

160
gbrane1

9z~5!

32p4
gbulk . ~37!

In the standard BH thermodynamics, Stefan’s law was shown
to overestimate the emitted power Eq.~29! by a factor 2.6
@21#, and we therefore divide the first term ofg̃ by the same
factor, which should remain approximately true. The overes-
timate should be at least as severe for the bulk gravitational
radiation, because of the higher spin suppression and the
confining influence of the negative cosmological constant
~although the latter supposedly would have little influence on
small black holes!; a more thorough analysis is required to
be definite, but we divide by the same factor 2.6, resulting in
a corrected form

g̃'0.0024gbrane10.0012gbulk . ~38!

Since only gravity is allowed to propagate in the bulk,gbulk
simply counts the number of polarization states of the gravi-
ton, namelyD(D23)/255. Combined with the fact that
gbrane.gbulk , it is now apparent that evaporation into the
bulk is a subdominant effect, even for very small black holes.
We mention two typical values forg̃: If the black hole emits
only massless particles we havegbrane57.25 andg̃'0.023.
If the hole is just hot enough to emit electron-positron pairs,
we havegbrane510.75 andg̃'0.032. Given the fairly quali-
tative nature of current observational constraints, results will
be rather insensitive to the precise value ofg̃.

By comparing with the lifetime of a black hole of the
same mass in standard relativity

tevap~M ,4D!

t4
'1.23104gbrane

21 S M

M 4
D

3

, ~39!

we find

tevap~M ,5D!

tevap~M ,4D!
;S l

r0~5D!
D

2

. ~40!

For a fixed mass, small black holes can have much longer
lifetimes in the higher-dimensional case.

Figure 2 shows the lifetimes of black holes for three
choices of the AdS radius. As will become clear in the fol-
lowing sections, forl51020l4, corresponding to a brane ten-
sion l1/4

5109 GeV, black holes initially of the AdS radius
would be evaporating around the present epoch, and so thisl
marks the transition between whether presently evaporating
black holes are effectively four or five dimensional. For val-
ues ofl higher than this, black holes evaporating today have
lower initial masses than the usual 1020M 4.1015 g.

Figure 3 shows the initial temperatures of black holes for
the same choices ofl. Most of the energy of a PBH is radi-
ated at temperatures close to the initial temperature, with
only a small fraction in a high-energy tail as the evaporation
culminates. Forl*1020l4, the temperature of black holes
evaporating at the present is reduced.

For future reference, we list the 5D expressions for mass
and temperature in terms of the lifetime

M

M 4
5 g̃1/2S tevap

t4
D

1/2

S l

l4
D

21/2

, ~41!

TBH

T4
5A 3

32p
g̃21/4S tevap

t4
D

21/4

S l

l4
D

21/4

,

~42!

whereT45M 4 is the 4D Planck temperature.

B. Ranges

The mass-lifetime relation Eq.~41! was derived under the
assumption that the initially formed black hole is small,
r0!l. Using the mass-radius relation Eq.~24!, this implies
the consistency condition

FIG. 2. The lifetime of black holes of different initial masses,
for the choicesl/l451010, 1020 and 1030 ~from bottom to top!,

approximatingg̃50.032 for all masses. For the lowestl the usual
4D result applies across all the mass range, and for intermediatel
the discontinuity arises from the mismatch of the 4D and 5D rela-
tions across the transition. Lifetimes corresponding to nucleosyn-
thesis and to the present age of the Universe are indicated.

FIG. 3. As Fig. 2 but showing the initial temperature, with the
top line corresponding to the lowestl.
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M

M 4
!

l

l4
. ~43!

Thus, for a black hole of a givenlifetime there is an allowed
range of values ofl for which it is small, obtained by sub-
stituting the mass-lifetime relation into condition Eq.~43!:

lmin!l!lmax, ~44!

with

lmin~ tevap!5 g̃1/3S tevap

t4
D

1/3

l4 , ~45!

and lmax the experimental upper limit on the AdS radius
quoted earlier.

Using Eqs.~41! and ~42!, this corresponds to a range on
the initial mass and temperature. The mass ranges from

M min[M ~ tevap,lmax!

5S lmax

l4
D

21/2

g̃1/2S tevap

t4
D

1/2

M 4 ~46!

to

M max[M ~ tevap,lmin!5 g̃1/3S tevap

t4
D

1/3

M 4 . ~47!

As for the black hole temperature, it ranges from

TBH,min[TBH~ tevap,lmax!

5A 3

32p
S lmax

l4
D

21/4

g̃21/4S tevap

t4
D

21/4

T4 ~48!

to

TBH,max[TBH~ tevap,lmin!

5A 3

32p
g̃21/3S tevap

t4
D

21/3

T4 . ~49!

We note that, although the braneworld scenario allows
PBHs of a given lifetime to be lighter than in the standard
case, their initial temperature will be lower as well.

The maximum values are essentially what is obtained in
the standard 4D theory, whereM'0.04gbrane

1/3 (tevap/t4)1/3M 4

andTBH'gbrane
21/3(tevap/t4)21/3T4. This should come as no sur-

prise, since they correspond to the limit of what can be con-
sidered a small black hole. Well beyond that limit, i.e. for
much smaller values of the AdS radius, the initial size~on
the brane! of a black hole of the same lifetime would have
been large, and it would have started out with properties
indistinguishable from a 4D black hole@19#. At a certain
stage, the size of the hole will become comparable with the
AdS radius, a transition stage that has so far eluded accurate
description. But this happens near the end of its lifetime,

when most of its mass has evaporated.6 For those black
holes, we use the conventional estimates for the mass-
lifetime relation, etc.

Two examples are of particular interest in terms of obser-
vational consequences. The first concerns PBHs with lifetime
equal to the present age of the universe. The currently-
favored low-density flat cosmology has an age of about 14
gigayears, i.e.t0'831060t4. The AdS radius marking the
transition between 4D and 5D behavior islmin5731019l4.
The mass then ranges fromM max5431014 g in the standard
scenario, toM min533109 g for l5lmax51031l4. The al-
lowed temperatures range fromTBH,max525 MeV in the
standard scenario toTBH,min550 keV for l5lmax. Note that
4D PBHs are hot enough to copiously emit electrons,
whereas only massless standard model particles can be emit-
ted for large values of the AdS radius.

As a second example, consider the era of nucleosynthesis
(tnuc'100 s'1044t4). Taking gbrane5100, we find lmin
51015l4. The mass ranges fromM max553109 g in the stan-
dard scenario toM min523102 g for l5lmax. The tempera-
tures range from TBH,max523103 GeV to TBH,min
50.2 GeV.

The initial temperatures of PBHs evaporating at these two
epochs are shown as a function ofl in Fig. 4.

IV. FORMATION AND EVOLUTION

We now return to the cosmology of Sec. II. There are
several mechanisms by which black holes could have formed
in the early universe~see Ref.@4# for a review!. We focus on
collapse of primordial density fluctuations.

A. Formation mass

The end stage of the collapse process is highly nonlinear,
and it is difficult to be very precise, as the formation masses

6Although the lifetime in its 5D phase will be longer as compared
to the standard estimates, for a given black hole it will still be a
short time as compared to the 4D phase.

FIG. 4. The initial temperature of black holes evaporating at the
key epochs of nucleosynthesis and the present, shown as a function
of l.
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remain poorly understood even in the standard cosmology.
However it can be argued that the mass of the hole will be of
order the Hubble horizon mass at the time of formation,t i ,
by studying the Jeans mass. Consider a slightly overdense
region of energy densityr̃. Its density contrast is defined as
d5( r̃2r)/ r̃. Expanding the density contrast in Fourier
modes, perturbation theory provides evolution equations for
these modes, as long asd!1. The Jeans lengthLJ is then
defined such that modes with wavelength bigger thanLJ are
growing modes, while those with smaller wavelength oscil-
late. In Ref. @23# the mode equations for the Friedmann
model were given for a braneworld scenario. Applied to the
present model, they read

d̈k1H ḋk1F2

16p

3M 4
2
r2

24p

M 4
2

r2

l
1

1

3 S k

a D
2Gdk50. ~50!

Here, k denotes the comoving wave number of the mode.
The Jeans length is obtained by setting the expression in the
brackets to zero. In the high-energy regime we can neglect
the first term, leading to

LJ5
p

3
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3
RH'0.85RH . ~51!

Just as in standard cosmology, in the high-energy regime the
Jeans length is of order the horizon size.

The scenario for forming PBHs is the standard one. One
starts with a slightly overdense region in a flat Friedmann-
Robertson-Walker~FRW! universe, on a scale much larger
than the horizon. Because of the superhorizon scale, the re-
gion can separately be described as a portion of a closed
FRW model @24,3#. Therefore, it will expand less rapidly
than the environment, and the density contrast will grow. At
a certain time the region will cross the Jeans scale. If the
density contrast is still very small at that time, its evolution
will be accurately described by Eq.~50!, and it will start to
oscillate, preventing collapse from ever occurring. Thus, a
necessary condition for black hole collapse isd*1 at
‘‘Jeans’’ crossing, which as shown above is more or less at
horizon crossing.

To keep account of the uncertainty in the precise forma-
tion mass, we introduce a factorf as follows:

M i5 f M H~ t i!. ~52!

A certain amount of controversy exists over the possible
range off, although recent numerical studies seem to favor
f ;1 @25#. Moreover, we find in general that the constraints
examined in the companion paper will turn out not to be too
sensitive to its exact value.

B. Formation time

First consider PBHs forming in the high-energy regime.
Then by assumption it holds thatt i!tc . By substituting the
expressions~12! and ~9! for horizon radius and transition
time, this translates into

RH~ t i!!2l. ~53!

Since the mass of the PBH is not expected to be larger than
the horizon mass, its initial radius will not be larger than the
horizon. It is clear from Eq.~53! that PBHs formed in the
high-energy regime aresmall and effectively 5-dimensional.
The formation time can be expressed in terms of the initial
mass or lifetime, by substituting Eqs.~12! and ~9! into Eq.
~52! and using the mass-lifetime relation Eq.~41!:
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. ~54!

In the standard regime, the formation time is given
through Eq.~15! as

t i

t4
5 f 21

M i

M 4
50.04f 21gbrane

1/3 S tevap

t4
D

1/3

, ~55!

which now must satisfyt i@tc . Thus f 21M /M 4@0.5l/l4,
which violates condition Eq.~43!. As could be expected, a
black hole formed in the standard regime will be large, and
behaves for the vast majority of its lifetime as a 4D object.

Using Eqs.~24! and~12! it is straightforward to show that

r05 f 1/2A 8

3p
4t i' f 1/2RH , ~56!

i.e. that at the formation time,t i , the Schwarzschild radius
associated with the collapsing perturbation, of massM i , is
of the order of the horizon size,RH , so long asf is not much
smaller than 1. This is important since it implies that the
collapsing perturbation will fall within its Schwarzschild ra-
dius and so form a black hole very soon after entering the
horizon. Hence, as with the standard PBH scenario, it is rea-
sonable to assume that we need not concern ourselves too
greatly with details such as the anisotropy and inhomegene-
ity of the collapse in the nonlinear subhorizon regime, since
the black hole should form before any such effects have a
chance to act.

Finally, we note that the minimum mass enforced by the
condition that PBHs form after inflation guarantees that their
mass will be much greater than the Planck mass relevant at
that time~eitherM 5 in the high-energy regime orM 4 in the
low-energy regime!, which in turn means that their lifetime
will be much greater than the formation time.

C. Evolution

Once the black holes have formed, their evolution must be
followed forwards in time to the epoch where observational
constraints might apply, either the present epoch or the time
of evaporation. As the PBH comoving number density is
constant up until evaporation, as usual the relative density of
PBHs as compared to radiation will grow proportional to the
scale factor while evaporation is negligible. A common ap-
proximation is to presume that evaporation is negligible right
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up until the lifetime of the PBH is reached, at which point its
entire mass-energy is released with products characteristic of
its initial temperature, and this approximation continues to
be good in the braneworld case.

V. CONCLUSIONS

We have carried out a detailed investigation of how pri-
mordial black hole scenarios are modified in the RS-II brane-
world. Whether these changes are significant depends on the
AdS radiusl of the braneworld model; if this is sufficiently
small then the standard scenario is recovered. However, cur-
rent constraints on the AdS radius are very weak (l&1031l4
wherel4 is the 4-dimensional Planck length!, and substantial
modifications to the usual case are possible for black holes
evaporating at any epoch. If the AdS radius exceeds 1015l4
then the properties of PBHs evaporating at nucleosynthesis
~or earlier! are modified, and if it exceeds 1020l4 PBHs
evaporating up to the present epoch are affected. PBHs will
have modified evolution if and only if they form during the
high-energy phase of braneworld cosmological evolution.

If braneworld effects are important, they act to reduce the
mass of a black hole surviving to a given epoch. More im-
portantly, they give a reduced temperature, which will alter
the evaporation products characteristic of such PBHs. An
important application of these results is to investigate how
constraints on PBH abundances are modified in the brane-
world scenario. Because the black holes surviving to key
epochs such as nucleosynthesis and the present can have

modified temperatures, the standard astrophysical constraints
cannot be applied and must be rederived from scratch. We
carry out this analysis in a forthcoming companion paper
~Clancyet al.!.

Throughout we have ignored the possibility that PBHs
might grow significantly through accretion of the back-
ground, known to be a valid approximation in the standard
cosmology@3#. However, in the high-energy regime this is-
sue deserves re-investigation, which we will do in a forth-
coming paper.

We have considered the simplest of braneworlds. It would
be interesting to see how robust our conclusions are in more
complicated cosmological models, for instance those includ-
ing one or more bulk fields. Unless their number is very
large, this will not drastically alter the energy fraction a black
hole loses to the brane as compared to the bulk. On the other
hand, the early phase of 4D cosmology can be significantly
modified, in turn altering the relation between the black
hole’s lifetime and time of formation. This is left for future
investigation.
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