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Local Flux of Low-Energy Antiprotons from Evaporating Primordial Black Holes
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We investigate low-energy cosmic-ray antiprotons (p̄’s) arising from the fragmentation of quarks and
gluons emitted from evaporating primordial black holes (PBHs). To calculate the local interstella
flux of these p̄’s, their propagation in the Galaxy is described by a 3D Monte Carlo simulation
based on the diffusion model. This flux is used with recent observations to derive new uppe
limits on (i) the local PBH explosion rateR , 1.7 3 1022 pc23 yr21, (ii) the fraction of the
Universe’s mass going into PBHs with particular mass, and (iii) the average density of PBHs in th
Universe. [S0031-9007(96)00042-7]

PACS numbers: 97.60.Lf, 95.85.Ry, 98.35.Gi, 98.70.Sa
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From a standpoint of cosmological understanding
would be of great value to confirm the existence or non
istence of primordial black holes (PBHs), which may ha
formed in the early Universe via initial density fluctu
tions, phase transitions, or the collapse of cosmic stri
(for a review, see Ref. [1]). Hawking [2] first showe
that black holes (BHs) emit particles and evaporate
quantum effects, noting that PBHs are the only ones w
a mass small enough for the quantum emission rate to
significant, possibly yielding an observable effect. For e
ample, the hardg rays from small enough PBHs may co
tribute to the diffuseg-ray background spectrum, thoug
no distinct signature has been observed. Thus, this le
to an upper limit (U.L.) on the average density of PBHs
the Universe; i.e., the ratio of their density to the critic
density of the Universe,VPBH, must be&1028 [3].

Despite such a stringent limit, their signature could s
appear in the spectrum of cosmic-ray antiprotons (p̄’s)
[4], which are generally considered to be secondary pr
ucts from interactions of cosmic-ray protons (p’s) with
the interstellar medium. This possibility arises becau
although the kinematics of secondaryp̄ production by
such p’s should lead to a steep drop in the resultantp̄
flux at kinetic energies less than 2 GeV, the expec
flux of p̄’s from PBHs (PBH-̄p’s) has contrastingly been
shown to increase with decreasing kinetic energy do
to ,0.2 GeV [4]; thus providing a distinct signature be
low 1 GeV. Hence, searches for such low-energy cosm
ray p̄’s could lead to a novel constraint on the dens
of PBHs, or more importantly, demonstrate their ex
tence. With this in mind, and spurred by the recent
tection of cosmic-rayp̄’s with kinetic energies less tha
0.5 GeV, being accomplished during a 13-h balloon flig
(BESS ’93) [5], we present a new method describing
propagation ofp̄’s in the Galaxy, thereby obtaining th
most accurate-to-date spectrum of local interstellar PB
p̄ flux. We also use these results with observed data
to derive a new U.L. on the density of PBHs which a
expiring near the solar system, after which we discuss
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cosmological aspects assuming their formation via init
density fluctuations.

The source spectrum of PBH-p̄’s is determined using
general properties of BH evaporation [6,7]. Briefly, a
uncharged, nonrotating BH with massM emits particles
with spin s and total energy between (Q, Q 1 dQ) at a
rate [2]

dN
dt

­
GsdQ
2p h̄

∑
exp

µ
Q
kT

∂
2 s21d2s

∏21

(1)

per degree of particle freedom, whereT is the BH tem-
perature [­ h̄c3y8pGMk ­ 1.06 3 1013sMygd21 GeV,
with k ­ 1], andGs is the dimensionless absorption prob
ability for the emitted species. Considering all specie
the corresponding mass loss rate can be expressed as

dM
dt

­ 25.34 3 1025fsMd

√
M
g

!22

g s21, (2)

wherefsMd, a function of the number of emitted specie
is normalized to unity for largeM (¿1017 g) and
increases with decreasingM. From Eq. (2), it fol-
lows that Mp . 5.3 3 1014ftuys16 Gyrdg1y3 g, or 3 3

10219ftuys16 Gyrdg1y3 in units of solar mass, whereMp

is the initial mass of a PBH expiring today; i.e., its in
tial lifetime equals the present age of the Universetu,
being taken here as 16 Gyr [8]. PBHs with initial ma
Mi , Mp should have completely evaporated by no
while those withMi slightly larger thanMp have an ex-
tremely high present temperature and will soon exp
by “explosion.”

Under the assumptions that (i) Eq. (1) holds for ea
emitted species of quarks and gluons and (ii) all PBH-p̄’s
are their fragments, which is consistent with observ
e1e2 annihilations, we calculate the PBH-p̄ source
spectrum per unit volume via the following three-ste
procedure: (1) TheJETSET 7.4[9] Monte Carlo simula-
tion code is used to obtain the fragmentation functi
dg

s jd
p̄ sEp̄ , QdydEp̄ describing the fragmentation of eac

emitted speciesj with total energyQ into p̄’s with total
© 1996 The American Physical Society
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energyEp̄; (2) the p̄ emission spectrum from a BH a
present temperatureT , dFp̄sEp̄ , T dydEp̄, is calculated by

convolving Eq. (1) withdg
s jd
p̄ sEp̄ , QdydEp̄ for Q $ Ep̄

and summing over allj and their degrees of freedom
and (3) the expected PBH-p̄ source spectrum per un
volume is obtained by convolving the PBH prese
temperature distributiondnydT with dFp̄sEp̄ , TdydEp̄

for T * 0.1 GeV, wheren is the number of PBHs pe
unit volume. Under Eq. (2),dnydT vs T (*0.1 GeV)
is roughly a power-law function (~ T 24.2), with its
normalization being solely determined by the value of
initial mass spectrumdnydMi at Mi ­ Mp.

We checked the reliability of our use ofJETSET 7.4

[9] via data frome1e2 colliders, i.e., observed̄p spec-
tra obtained from the fragmentation of quarks and g
ons at variousQ relevant to evaporating PBHs. Firs
we verified that the predominant contribution to PB
p̄’s occurs atQ ­ 1 5 GeV, after which the simulate
p̄ spectra from quark fragmentation were compared w
DASP data atQ ­ 1.8 2.5 GeV [10] and ARGUS data
at Q ­ 4.99 GeV [10], while those from gluon fragmen
tation with ARGUS data from the direct decay ofYs1Sd,
which mainly proceeds through three gluons with an av
age energy ofmYs1Sdy3 ­ 3.2 GeV [10]. Resultant com
parisons showed good agreement (data not shown).

Since the propagation of PBH-p̄’s in the Galaxy has
thus far only been roughly treated [4], we calculate
local interstellar PBH-̄p flux from the PBH-̄p source
spectrum utilizing a 3D Monte Carlo simulation co
based on the diffusion model, an expansion of the
simulation by Owens and Jokipii [11]. We assum
that the PBH spatial distribution is proportional to t
mass density distribution within the galactic halo, i.
~ f1 1 sryrcd2g21 [12], wherer is a distance from the
galactic center andrc is the core radius of 7.8 kpc. A
shown later, the local PBH-p̄ flux arises only from nearly
expired PBHs existing within a few kpc away from th
solar system, whose location is atr ­ rØ ­ 8.5 kpc.
Accordingly, the local PBH-̄p flux can be calculated
via the three-step procedure by simply usingdnsMi ­
Mp, r ­ rØdydMi, which is parametrized by introducin
an unknown parameteŕp:

dn
dMi

sMi ­ Mp, r ­ rØd ­ ´p
rhØ

M2
p

, (3)

where rhØ is the local density of halo dark matte
(.0.3 GeV cm23 [13]). Under Eq. (3),́ p represents the
ratio of the density of PBHs withMi ­ Mp to rhØ.

Details regarding the diffusive propagation ofp̄’s will
be described elsewhere [14]. Briefly, however, eachp̄
ejected from the fragmentation of quarks and gluons is
signed to an initial positionx0 and energyE0, after which
it travels x to x 1 u

p
6DDt 1 s===DdDt in each subse

quent time stepDt, whereu
p

6DDt represents the effec
of isotropic diffusion duringDt, u is a unit vector with
random direction,D ­ Dsxd is the diffusion coefficient,
t

-

h

r-

,

s-

ands===DdDt expresses the anisotropy of diffusion caus
by the spatial gradient ofD. We do not consider the ef
fect of convection due to galactic wind, because Webb
Lee, and Gupta [15] showed that it does not significan
affect cosmic-ray propagation. Regarding subsequent
lisions and energy loss, the interstellar medium (ISM)
considered to consist of 90% hydrogen and 10% heli
atoms [16], and its number density distribution is mo
eled asnatom ­ 1.1 expf2zys100 pcdg atomsycm3, where
z is the perpendicular distance from the galactic pla
(z ­ 0). While propagating through the ISM,̄p’s lose
energy by ionization and are lost by annihilation. Tho
p̄’s passing near the solar system (&25 pc) are included
in the flux calculation.

The Galaxy is modeled as a cylindrical diffusing ha
[15] with a diameter of 40 kpc and halo thickness of2h.
Free escape is assumed to occur at the boundaries.
normally done, we parametrize the diffusion coefficient
D ­ D0szdD1sRd, whereR is the rigidity of the particle.
We apply three halo models forD0szd [Fig. 1(a) shows
D0szd21]: two with constantD0 but different values of
h (models I and II), and one in whichD0 is dependent
on z (model III ). AssumingD0 is constant,D0yh and

FIG. 1. (a) Distribution ofD0szd21 in halo models I–III as
shown in thez direction where the solar system is locat
on the galactic plane (z ­ 0). (b) Distribution of PBHs
contributing to the localp̄ flux F near the solar system
obtained by assuminǵ p ­ 1.0 3 1028, as shown in thez
direction. (c) The same as (b) shown in ther direction where
the solar system is located atr ­ 8.5 kpc.
3475
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D1sRd are determined [15] ass8 6 1.6d 3 105 cm s21

and ,sRyGV d0.6, respectively, which fits the secondar
to primary ratios of cosmic-ray nuclei, e.g., the ratios
boron to carbon (ByC) and subiron to iron (sub-FeyFe).
The value ofh is also constrained from 2 to 4 kpc [15] i
order to fit the radioactive secondary to stable second
ratios, e.g., the ratios of radioactive beryllium to stab
beryllium (10Bey9Be). Thus,h ­ 2 and4 kpc in models
I and II, respectively. Model III also fits the above ratio
at the sameD1sRd.

The simulated distribution of PBHs contributing to th
integratedp̄ flux F near the solar system, obtained by a
suming´p ­ 1.0 3 1028, is shown for halo models I–III
in Figs. 1(b) and 1(c) in thez and r directions, respec-
tively. Note that all models show the same contributi
at z ­ 0 (galactic plane) as they are constrained to
produce the observed secondary to primary ratios wh
originate from secondary production occurring there.
addition, only PBHs within a few kpc away from th
solar system contribute a substantial flux. When co
sidering these results along with the fact that the m
density within this region is relatively constrained [13
this indicates that the solar system̄p flux is only slightly
dependent on the assumed mass density distribu
within the Galactic halo [12]. Thep̄ mean confine-
ment time is also calculated by the code as4.0 3

107, 7.9 3 107, and 8.0 3 107 yr for models I–III, re-
sulting in F ­ 0.78 3 1021, 1.53 3 1021, and 1.55 3

1021 m22 s21 sr21, respectively.
As we have shown that the local PBH-p̄ flux can be

due only to contributions from PBHs that are close
explosion and exist within a few kpc away from the sol
system, data from searches in which low-energy cosm
ray p̄’s are detected candirectly constrain (or possibly
reveal) the PBH explosion rate averaged over this lo
region, termed here as the local PBH explosion rateR,
i.e.,

R ;
dn
dti

sti ­ tu, r ­ rØd

­
dn

dMi
sMi ­ Mp, r ­ rØd

Mp

3tu
, (4)

where ti [­ tusMiyMpd3 at Mi ø Mp] is the initial
lifetime of PBHs with initial massMi . Figure 2(a)
shows simulated local interstellar PBH-p̄ flux using
model III with two possible values ofR, i.e., 1 3

1022 and 1 3 1023 pc23 yr21. Then, to compare this
p̄ flux with observational data, we converted it in
the p̄yp ratio at the top of the atmosphere (TOA
by assuming that (i) the interstellarp flux Jp ­ 1.5 3

104b21sRyGV d22.74 m22 s21 sr21 GeV21 [17], whereb

is the ratio of particle velocity to the velocity of light
and (ii) the corresponding flux of bothp’s and p̄’s at
TOA can be similarly calculated by accounting for sol
modulation using the force-field approximation [18] wit
modulation parameterf ­ 650 MV, which corresponds
3476
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to that obtained from the BESS ’93 flight [5]. Figure 2(b
compares the resultant̄pyp ratio for PBH-p̄’s with the
expectedp̄yp ratio for secondarȳp’s [14] and observa-
tional data [5,19–23]. Note that no distinct signature
evaporating PBHs is apparent; i.e., at kinetic energies
low 1 GeV, the data show no tendency to reach a cons
p̄yp ratio. As no signature exists, statistical analysis
recent observations [5] leads to the following U.L. onR

with 90% confidence level (C.L.):

R , 1.7 3 1022 pc23 yr21, (5)

which is almost 8 orders of magnitude more stringe
than the present U.L. on the rate of 50-TeVg-ray bursts
(R , 8.5 3 105 pc23 yr21 [24]), and the practical sen
sitivity for 100-MeV g-ray bursts (R , 106 pc23 yr21

[25]). Note that, although the observed diffuseg-ray
background spectrum places an upper limit on the av
age density of PBHs in the Universe, it cannot be used
set a direct limit on the localR because of the uncertain
ties on PBH clustering [3].

Equations (3)–(5) give the following U.L. ońp with
90% C.L.:

´p , 2.8 3 1028

µ
rhØ

0.3 GeV cm23

∂21µ tu

16 Gyr

∂4y3

, (6)

which can be used to derive an U.L. on the fraction
the Universe’s mass going into PBHs with massMp,

FIG. 2. (a) Simulated local interstellar PBH-p̄ flux using
model III with R ­ 1 3 1022 and 1 3 1023 pc23 yr21. (b)
Correspondinḡpyp ratio for PBH-̄p’s at the top of the atmos-
phere (dashed lines), the expectedp̄yp ratio for secondarȳp’s
(solid line) [14], and observational data [5,19–23].
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i.e., bsMpd [1]. If PBHs are assumed to have forme
via initial density fluctuations,bsMpd should be closely
related to their amplitude on a scale ofMp. Thus, under
this assumption, and for a flat Friedmann universe, Eq.
gives bsMpd , 1 3 10218´psVhy0.1d, whereVh is the
ratio of the density of halo dark matter to the critic
density of the Universe. Finally, assumingVh ­ 0.1 [8],
Eq. (6) leads to an U.L. ofbsMpd , 3 3 10226.

Further, by assuming that such initial density fluctu
tions are scale invariant, the initial mass spectrum
PBHs should have a power-law form, i.e.,dnydMi ~

M2a
i [1], where a ­ 5y2 if the Universe was radia

tion dominated when PBHs formed. Using this in
tial mass spectrum normalized by Eq. (3) atMi ­ Mp,
we integrate MidnydMi over Mp # Mi # ` to ob-
tain VPBH ; ´pVh

R`

1 x12a dx ­ 2 3 1021´psVhy0.1d,
where x ; MiyMp. Finally, assumingVh ­ 0.1 [8],
Eq. (6) leads to an U.L. ofVPBH , 6 3 1029, being
comparable to that from the diffuseg-ray background
spectrum (&1028) [3].

In closing, if future long-duration (,8 days) balloon
flights allow us to precisely measure the cosmic-rayp̄
flux at kinetic energies from 0.2 to 2 GeV, the U.L. o
R can be significantly reduced to,2 3 1023 pc23 yr21,
or more importantly, such observations could confirm
existence of evaporating PBHs.
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orating on the BESS experiment. K. M. acknowledg
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