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Local Flux of Low-Energy Antiprotons from Evaporating Primordial Black Holes

K. Maki,* T. Mitsui, S. Orito

Department of Physics, School of Science, University of Tokyo, Tokyo 113, Japan
(Received 26 December 1995

We investigate low-energy cosmic-ray antiprotoss) arising from the fragmentation of quarks and
gluons emitted from evaporating primordial black holes (PBHs). To calculate the local interstellar
flux of these p’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 upper
limits on (i) the local PBH explosion ratéR < 1.7 X 1072 pc3yr~!, (ii) the fraction of the
Universe’s mass going into PBHs with particular mass, and (iii) the average density of PBHs in the
Universe. [S0031-9007(96)00042-7]

PACS numbers: 97.60.Lf, 95.85.Ry, 98.35.Gi, 98.70.Sa

From a standpoint of cosmological understanding, ittosmological aspects assuming their formation via initial
would be of great value to confirm the existence or nonexdensity fluctuations.
istence of primordial black holes (PBHs), which may have The source spectrum of PBpf's is determined using
formed in the early Universe via initial density fluctua- general properties of BH evaporation [6,7]. Briefly, an
tions, phase transitions, or the collapse of cosmic stringancharged, nonrotating BH with mag$ emits particles
(for a review, see Ref. [1]). Hawking [2] first showed with spins and total energy betwee®@( Q + dQ) at a
that black holes (BHs) emit particles and evaporate byate [2]
quantum effects, noting that PBHs are the only ones with dN  T,dQ [ ;< 0 ) ( 1)2s:|_1

a mass small enough for the quantum emission rate to be o amh T 1)
significant, possibly yielding an observable effect. For ex-
ample, the harg rays from small enough PBHs may con- per degree of particle freedom, whefeis the BH tem-
tribute to the diffusey-ray background spectrum, though perature £ 7ic?/87GMk = 1.06 X 103(M/g)~! GeV,
no distinct signature has been observed. Thus, this lead¥th k = 1], and [, is the dimensionless absorption prob-
to an upper limit (U.L.) on the average density of PBHs inability for the emitted species. Considering all species,
the Universe; i.e., the ratio of their density to the criticalthe corresponding mass loss rate can be expressed as [7]
density of the UniverseQ)pgy, must be<108 [3]. M ’s M 2 .

Despite such a stringent limit, their signature could still o 23axo f(M) (;) gs ., (2
appear in the spectrum of cosmic-ray antiprotopss)
[4], which are generally considered to be secondary prodwheref (M), a function of the number of emitted species,
ucts from interactions of cosmic-ray protong’§) with i normalized to unity for largeM (>10'" g) and
the interstellar medium. This possibility arises becauseincreases with decreasingf/. From Eqg. (2), it fol-
although the kinematics of secondapy production by 1ows that M. = 5.3 X 10"[#,/(16 Gyr)]'/* g, or 3 X
such p's should lead to a steep drop in the resultant 10~"°[1,/(16 Gyr)]'/ in units of solar mass, wher#.
flux at kinetic energies less than 2 GeV, the expecteds the initial mass of a PBH expiring today; i.e., its ini-
flux of p's from PBHs (PBHp’s) has contrastingly been tial lifetime equals the present age of the Universe
shown to increase with decreasing kinetic energy dowrpeing taken here as 16 Gyr [8]. PBHSs with initial mass
to ~0.2 GeV [4]; thus providing a distinct signature be- Mi < M. should have completely evaporated by now,
low 1 GeV. Hence, searches for such low-energy cosmicwhile those with; slightly larger thanM. have an ex-
ray p's could lead to a novel constraint on the densitytremely high present temperature and will soon expire
of PBHs, or more importantly, demonstrate their exis-Py “explosion.”
tence. With this in mind, and spurred by the recent de- Under the assumptions that (i) Eq. (1) holds for each
tection of cosmic-rayp’s with kinetic energies less than emitted species of quarks and gluons and (ii) all PBH-
0.5 GeV, being accomplished during a 13-h balloon flightare their fragments, which is consistent with observed
(BESS '93) [5], we present a new method describing thee "¢~ annihilations, we calculate the PBpi-source
propagation ofp’s in the Galaxy, thereby obtaining the SPectrum per unit volume via the following three-step
most accurate-to-date spectrum of local interstellar PBHProcedure: (1) TheeTSET 7.4[9] Monte Carlo simula-
p flux. We also use these results with observed data [5fon code is used to obtain the fragmentation function
to derive a new U.L. on the density of PBHs which aredg,—,’ (E5, Q)/dE; describing the fragmentation of each
expiring near the solar system, after which we discuss itemitted specieg with total energyQ into p’s with total
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energy E;; (2) the p emission spectrum from a BH at and(VD)Ar expresses the anisotropy of diffusion caused
present temperatuf®, d®;(E;,T)/dEj5, is calculated by by the spatial gradient ab. We do not consider the ef-
convolving Eq. (1) withdg%j)(Eﬁ,Q)/dEp for 0 = Ej fect of convection due to galactic wind, because Webber,

and summing over alj and their degrees of freedom; L€€, and Gupta [15] showed that it does not significantly
and (3) the expected PBJi-source spectrum per unit a_lffect cosmic-ray propagation. Regarding su_bsequent c_oI-
volume is obtained by convolving the PBH present"s'orls and energy I_oss, the interstellar medium (ISM) is
temperature distributionin/dT with d®;(E;.T)/dE; considered to consist of 90% hyo[rogen a'md'loo/.o helium
for T = 0.1 GeV, wheren is the number of PBHs per &toms [16], and its number density distribution is mod-
unit volume. Under Eq. (2)dn/dT vs T (=0.1 GeV) eled asuom = 1.1exg~z/(100 pc)] atomg'en’, where
is roughly a power-law function «( 742), with its < IS the perpend|cular d!stance from the galactic plane
normalization being solely determined by the value of thlz = 0). While propagating through the ISMy's lose
initial mass spectrurdn/dM; atM; = M.. energy by ionization and are lost by annlhllatl_on. Those
We checked the reliability of our use oETSET 7.4 P'S passing near the solar system25 pc) are included
[9] via data frome™ e~ colliders, i.e., observeg spec- N the flux calculation. o o
tra obtained from the fragmentation of quarks and glu- The Galaxy is modeled as a cylindrical diffusing halo
ons at variousQ relevant to evaporating PBHs. First, [15] with a diameter of 40 kpc and halo thickness2at
we verified that the predominant contribution to PBH-Free escape is assumed to occur at the boundaries. As
p’s occurs atQ = 1-5 GeV, after which the simulated normally done, we parametrize thg Q|ffu3|on coefﬂqent as
5 spectra from quark fragmentation were compared witf? = DPo(2)D1(R), whereRr is the rigidity of the particle.
DASP data atQ = 1.8-2.5 GeV [10] and ARGUS data We apply three halo models faby(z) [Fig. 1(a) shows
atQ = 4.99 GeV [10], while those from gluon fragmen- Dy(z)"']: two with constantDy but (_jlffergnt values of
tation with ARGUS data from the direct decay ¥{1s), # (models | and II), and one in which is dependent
which mainly proceeds through three gluons with an averon z (model 1i). AssumingDy is constant,Dy/h and
age energy ofny(1s)/3 = 3.2 GeV [10]. Resultant com-
parisons showed good agreement (data not shown).
Since the propagation of PBpl's in the Galaxy has <1078

thus far only been roughly treated [4], we calculate the = E Model I @
local interstellar PBHp flux from the PBHp source 'g L5

spectrum utilizing a 3D Monte Carlo simulation code - 10F Model TI

based on the diffusion model, an expansion of the 1D &

simulation by Owens and Jokipii [11]. We assume aosg e | Model I

that the PBH spatial distribution is proportional to the ST AT s e SR T

mass density distribution within the galactic halo, i.e., 0o 1 2 3 4 5 6 7 8
« [1 + (r/r.)*]17" [12], wherer is a distance from the

galactic center and, is the core radius of 7.8 kpc. As -
shown later, the local PBH-flux arises only from nearly & ®
expired PBHs existing within a few kpc away from the ey
solar system, whose location is at= ro, = 8.5 kpc. T
Accordingly, the local PBHp flux can be calculated 'g
via the three-step procedure by simply usidg(M; = 8
M.,r = ro)/dM;, which is parametrized by introducing B
an unknown parametet,:
dn Pho T, 0.04F
d_IW,'(Mi = M, 7 = ro) = &« V7R 3) _E‘ 003
where p;o is the local density of halo dark matter T: 0.02|
(=0.3 GeVceni? [13]). Under Eq. (3)e- represents the °“E 0.01
ratio of the density of PBHs with/; = M. t0 po. 5 obL
Details regarding the diffusive propagation @& will 5 0

be described elsewhere [14]. Briefly, however, e@ch
ejected from the fragmentation of quarks and gluons is asFIG. 1. (a) Distribution ofDy(z)~! in halo models I-1Il as
signed to an initial positiox, and energyE,, after which ~ shown in thez direction where the solar system is located
it travelsx to x + u~/6DAr + (VD)At in each subse- ©O0 the galactic planez(= 0). (b) Distribution of PBHs

. contributing to the localp flux F near the solar system,
quent time stepAz, whereuv6D At represents the effect Jiaineq by assuming. = 1.0 X 105, as shown in thez

of isotropic diffusion duringAz, u is a unit vector with  girection. (c) The same as (b) shown in thelirection where
random directionD = D(x) is the diffusion coefficient, the solar system is located at= 8.5 kpc.
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Di(R) are determined [15] a$8 + 1.6) X 10° cms '  to that obtained from the BESS '93 flight [5]. Figure 2(b)
and ~(R/GV)%®, respectively, which fits the secondary compares the resultagt/p ratio for PBH$’s with the
to primary ratios of cosmic-ray nuclei, e.g., the ratios ofexpectedp/p ratio for secondaryp’s [14] and observa-
boron to carbon (BC) and subiron to iron (sub-FEe). tional data [5,19-23]. Note that no distinct signature of
The value of is also constrained from 2 to 4 kpc [15] in evaporating PBHSs is apparent; i.e., at kinetic energies be-
order to fit the radioactive secondary to stable secondarpw 1 GeV, the data show no tendency to reach a constant
ratios, e.g., the ratios of radioactive beryllium to stablep/p ratio. As no signature exists, statistical analysis of
beryllium (°Be/’Be). Thus,z = 2 and4 kpc in models  recent observations [5] leads to the following U.L. B
I and Il, respectively. Model Il also fits the above ratios with 90% confidence level (C.L.):
at the sameD; (R). -2 -3 1

The simulated distribution of PBHs contributing to the R <1710 pe “yr ©®)
integratedp flux F near the solar system, obtained by as-which is almost 8 orders of magnitude more stringent
suminge. = 1.0 X 1078, is shown for halo models I-1ll than the present U.L. on the rate of 50-TeMay bursts
in Figs. 1(b) and 1(c) in the and r directions, respec- (R < 8.5 X 10° pc™? yr~! [24]), and the practical sen-
tively. Note that all models show the same contributionsitivity for 100-MeV y-ray bursts R ~ 10° pc™3yr~!
at z = 0 (galactic plane) as they are constrained to re{25]). Note that, although the observed diffuseray
produce the observed secondary to primary ratios whichackground spectrum places an upper limit on the aver-
originate from secondary production occurring there. Inage density of PBHs in the Universe, it cannot be used to
addition, only PBHs within a few kpc away from the set a direct limit on the locaR because of the uncertain-
solar system contribute a substantial flux. When conties on PBH clustering [3].
sidering these results along with the fact that the mass Equations (3)—(5) give the following U.L. oa. with
density within this region is relatively constrained [13], 90% C.L.:
this indicates that the solar systgiflux is only slightly - oo “le o\
dependent on the assumed mass density distributione: < 2.8 X 10 8<03G v _3> <16G > , (6)
within the Galactic halo [12]. Thep mean confine- = bevem yr
ment time is also calculated by the code 4§ x  which can be used to derive an U.L. on the fraction of
107, 7.9 X 107, and 8.0 X 107 yr for models I-Ill, re- the Universe’s mass going into PBHs with mak&,
sulting in F = 0.78 X 107!, 1.53 X 107!, and 1.55 X
107! m2s tsr!, respectively.

As we have shown that the local PB#iflux can be Lo g—(a{) ' ' =
due only to contributions from PBHs that are close to 3 F R=107pc yr" 3
explosion and exist within a few kpc away from the solar T, 1071k 5 e
system, data from searches in which low-energy cosmic- T: 3 R=107pcyr 3
ray p's are detected cadirectly constrain (or possibly D o 102L ]
reveal) the PBH explosion rate averaged over this local =
region, termed here as the local PBH explosion rBte é 10_33 .
ie.,

dn 1A FHHH P H

R = i (r; = ty, r = 10) 10—35_0)) ﬁ¢¢ -

dn M. L ]

= 2 (M; = M, r = ro) 3 4) i 10—45_ ]

where 7; [= 1,(M;/M.)} at M; =~ M.] is the initial g ¥ Ref.[5]

lifetime of PBHs with initial massM;. Figure 2(a) ‘310‘2— :ﬁ:ﬁ:gﬁ}?

shows simulated local interstellar PB#-flux using 18 £ 0 Ref.[21] 7

model Il with two possible values ofR, i.e., 1 X . Y Ref[22]

1072 and 1 X 1073 pc3yr~!. Then, to compare this 1070 - - REL7peyr |3 Ref. (23]

p flux with observational data, we converted it into E R=10"pctyr! N \ 3

the p/p ratio at the top of the atmosphere (TOA) 10_7'“”, TR Y
by assuming that (i) the interstellar flux J, = 1.5 X 10! 1 10
10*8 1 (R/GV) " m2s 'sr' Gev! [17], whereg Kinetic Energy [GeV]

is the ratio of particle velocity to the velocity of light,

and (ii) the corresponding flux of botp’s and p’s at F'Gd' 2|'|||(a)'th8i:;(pu'atfg< '1000?2' i”tﬂStgll%,EBﬁ}ﬂu’fl”Si(g?
. . mode wi = an S pcoyrTl.
TOA can be similarly calculated by accounting for SOIarCorresponding‘a/p ratio for PBH's at the top of the atmos-

modulation USing the force-field apprOXimation [18] with phere (dashed |ines), the expec?‘e,qn ratio for Secondary‘g’s
modulation paramete¢p = 650 MV, which corresponds (solid line) [14], and observational data [5,19-23].
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