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Abstract. The capture of cold dark matter species, and esgbeir direct detection and hence to studying physical conditions
cially primordial black holes, during the formation of gravitain the early Universe, inaccessible by other means. The evap-
tionally bound objects is analyzed. Itis shown that the best casration timer, depends on the PBH mass: 7. o« m3, so
ditions for an efficient gravitational capture were at the epothat all PBHs with masses less than, ~ 5 - 10'*g have
preceding the galaxy formation, when the first astrophysical di,een completely evaporated (Halzen etal.1991). Therefore, the
jects with masses of the order of Jeans mass10° M., were mass spectrum nowadays peaks at black hole massesn.,
forming. Black hole haloes around old globular clusters, dagnd the corresponding temperature of the Hawking emission
matter clusters and Population Il stars are considered, and/inv 20 MeV. Measurements of diffuse-ray radiation around
each case the total mass of the halo and its luminosity duelf@ MeV place an upper limit on the average PBH density in the
the Hawking emission are found. Among all the objects considniverse (MacGibbon & Cafr 199191, < QO = 1078472,
ered, large i/ 2 105 M), nearby (within~ 5 kpc from the i.e., Nypn < 10*pc=3 (whereQ,.y, is the total density of PBHs
Sun) globular clusters are shown to provide the best prospéatanits of the critical density, is the Hubble parameter in units
for detection of the black holes. First, black hole haloes arounti100 km/s/Mpc), but the identification of integrated PBH con-
the globular clusters have the highest brightness near 100 M&Njution to thevy-ray background of complicated nature looks
which is within the reach of EGRET capabilities, and providenlikely.
distinct observational features. Second, globular clusters are ex-There is also a possibility to identify the presence of evap-
tensively studied at other wavelengths and represent a wellating black holes in the Galactic halo, where PBHs are sup-
defined target foty-ray detectors. We have also considered tiposed to be clustered to the same degree as other cold dark
probability of detecting an isolated black hole bound to the Sumatter (CDM) species. If the PBH density in the halo exceeds
Our estimates of the mass of gravitationally captured haloes #re average PBH density in the Universe by more tham0®
applicable to any cold dark matter particles. times, then a contribution to the-ray background from the
halo is larger than a contribution from the rest of the Universe.
Key words: black hole physics — Galaxy: globular clusterdn this case, as was shown by Wright (1996), an anisotropy of
general — cosmology: dark matter — gamma rays: theory  the Galactic diffuse/-ray emission puts a stronger upper limit
on the number of PBHs in the Universe than that inferred from
observations of the extragalactic background.
) The chances to observe the Hawking radiation from individ-
1. Introduction ual black holes with existing-ray and particle detectors also

The idea of primordial black holes (PBHs) was first proposed B N0t look promising. Previous proposals were actually based
Zel'dovich & Novikov (1966) and Hawking (1971) almost thirtyo" the hope that we are lucky enough to “catch” a PBH moving
years ago. According to these and subsequent works (for redBfugh the Solar system in the close vicinity of the Eaghi(
reviews see Halzen et al. (1991), MacGibbon & CArr (1997 u.), or a nearby explosion at the final stage of evaporation

PBHs could have formed at the very early stages of expans Izen et al. 199;; Semikbz 1994). Given the above constraint
of the Universe from primary metric and density fluctuation@? the PBH density, both events seem to be unifkelystead

with the length comparable to the horizon size at that time. f (e passive strategy of waiting for serendipitous discovery,
the case of scale-invariant initial inhomogeneities, black holEsthis paper we present a systematic analysis of possible ways
were formed with a power-law distribution over the vast range
of maSSGSdebh/dm ox m~%/2, . ! The situation can be improved if evaporation products form an
It was discovered soon that PBHs can manifest themselw®sgD plasma wind at the final stage of evaporation (Belyanin et al.
through the quantum evaporation process, opening the way1886; Hecklef 1997), or if a nonstandard (Hagedorn-type) model of
particles applies (Cline & Horig 1992; Cline et[al. 1997). The latter is,
Send offprint requests té. Belyanin however, not supported by accelerator experiments.
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(1)

density is significantly below the current upper limit. The pa- =
per summarizes three most realistic directions of this search,
all based on the idea of gravitational capture: l) PBH ha|0ﬂ/$]ere7~min and ry.x are minimum and maximum distances
around old globular clusters and dark matter clusters, 2) smaligrthe particle from the center of the cloul, is the radial
haloes around Population 1l stars, and 3) PBHs gravitationajglocity, £ andU are total and potential energigsis an angular
bound to the Sun. The universal nature of gravitational collapsgmentum.

and dynamics of gravitationally interacting systems, together | et us introduce the dimensionless radius: r/ro, where
with well-understood properties of the Hawking radiation fof, marks the position of minimum of the effective potential
T ~ 20MeV black holes, allow us to make quantitative esti/_; — (J?/(2mr?) + U), that is, the radius of a circular orbit
mates and definite predictions on the observational appearafages given angular momentum. For the power-law potential

of PBH haloes. U = kro, parameter, satisfies the relation
Of all the three cases listed above, the results for the PBH

haloes around globular clusters are shown to be the most promiss+2 J? .
. ; . ; . . k = — = const (2)
ing. First, they give the highest probability of PBH detection and © m ’

provide definite observational signatures of PBH haloes. S

for active PBH search, applicable even in the case when their | f7max J2?
f/ 2m(E—U—2>dr
T J, mr

min

ond. thev are most reliable in a sense of havind the minim eé%'that, despite both andr, change in the adiabatic collapse,
 (N€Y 9 Yikir combination on the left-hand side (2) remains invariant.

number of model suggestlons and uncertainties. . In terms of the dimensionless radiu€g. (1) takes the form
Though we mention only PBHSs, our general estimates for

the mass of gravitationally captured haloes are applicable to any s 1
g
JQ

2 — Uy (@) da,

min

CDM particles. =

Ueps(z) = 5 —5 +krg 2z, 3)
2. General features of gravitational capture - )
It follows from (@) thatlU. s s () does not change during contrac-
Among other dark matter species, interaction of PBHs with sufon, provided the potential remains power-law with the same
rounding medium is the weakest one in the sense that it is @idex. So, the only parameté&r = Er2 completely defines the
tirely limited to a gravitational force, insufficient to confine suchhase trajectory (and heneg .. anda.,;,). As the invariant’
ablack hole inside any astrophysical object even in the case @ 8onserved, all three valuds, z,,,., andz i, Should be con-
head-on collision. So, the only way that leads to gravitationalifant. One may conclude then that the orbital shape, described
bound PBHs is the capturing of them during the epoch of tlb? the elongation parametéf = r.,.x /Tmin, Preserves in the
object formation. case of an adiabatic contraction. Expressidn (2) can be rewritten
The calculations below are based on two assumptions. Fitgtrelater, to the average densigyinside this radius:
we restrict ourselves to the case of a spherically symmetrical
cloud still allowing good quantitative estimates. Second, the§ > = const =  p(ro)ry = const. 4)
expressions in Sects. 3-5 for the total mass of PBH haloes are o ]
obtained assuming a power-law profile for the average denéﬁyre and below in this papg(r) denotes thaveragedensity
of matter in thefinal state of the collapsing cloud. In particular®f SOme species of matter, defined as its total mass enclosed
this includesr—2 density distribution in the case of globulatVithin a sphere of radius divided by(4/3)?rr3.. Eq.[4) can be
cluster haloes, or a point-like magsd »—3) for haloes around "éwrittento relate,n, to the average density inside this radtus
isolated stars.
Throughout the paper, we will mainly deal with adiabati@bh(70)/p P p=p" (5)
collapse, when the density changes on a timescale much IongerHowever, our primary interest is to follow the evolution of

than the period of oscillations of PBHSs in the potential well %BHS bound inside the radidsenclosing the constant maké

an ob_ject. _T_his givesa conservative estimate since any ViOIat'ﬂS‘do this, consider the general case of PBHs on non-circular or-

Or: aﬁla}bat]imty,has ab_rule,fmcree_lses the number of PBHS leftijfy; Suppose thatthere is a spatially homogeneous initial excess

the halo a terF €o JeCF °”T.‘a“°”- . . of density of matter in a spherical volume of radiisagainst
Consider first an adiabatic collapse of the cloud in the S"Q'homogeneous background (“top hat” fluctuation). Feand

plest case when distribution of matter inside it remains the SaRe o the distribution functions of PBHs in the phase space and

function of radius, but with density increasing with time. Iftherﬁ] the velocity space respectively, wheFds normalized to the

are some weakly interacting particles bound in the gravitatioqg{al number density of PBHs a;ﬁ, is normalized to unity

well, their orbital radii decrease according to the conservation ' '

of the adiabatic invariant for radial motion 2 For black holes on circular orbits the relatidd (4) is valid in an

arbitrary potential as well, which follows directly from the conservation
7= 1 [rme Vd of J during the collapseto M (ro) = const, orrg « p~ /4, where
oo myrar M (7o) is the total mass of the cloud within the raditss

Tmin
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The average density of black holes on bound orbits lying insided for K; >> 1 one obtains
the radiusR is 9
K
Ky~ 41 + K;. (10)

3m

ppbh ~ W / / fd3Vd3’f'

¢ Jr<RJIV<Ve Relations[(D)[{Z0) and14) allow us to follow changes in the

_ 3mNpbn(R) / BV (6) shape of the orbit and its size in the process of formation of

AmR? V<V, ! a compact object from initially homogeneous cloud. Consider
ftest particle on a highly elongated orbit just approaching the
edge of the cloud. Though during the subsequent contraction the
of PBHs inside a volume of radiu? (including those on orbits most distant pgint of.the orbit is located ogtside (.Df grgvitating
lying partially outside this volume), and the last equality is fdnass, the partlclg still _spends some fraction of time in a non-
the case wherF can be factorized. The latter is a natural a$tationary potential, which leads to further decrease,ef. To
sumption for our homogeneous initial conditions. Below in thgnalyze this effect, we introduce another particle with the same

paper we will consider highly anisotropic velocity distribution2"gular momentum but on the circular orbit with rad@s_As .
when ind dimensions the dispersion is much larger thaand follows from (4), product ofy and mass enclosed within this

is negligible in others, so that Ef] (6) yields,, x R radius is conserved, so after the collapse is completed, the size

: 3 :
Starting from these initial conditions, let us follow the ev09f an orbit becomesruax/o)” times smaller. For a particle

lution of average PBH density as the cloud collapses. It Cghquaollratlc t‘))_Ot_en,t'adj“a" - [\é?ro’ ;md the fl_nalUIradluiof
be easily verified that the average density of PBHs captw%c?'rcu ar or _'t 'S_TO - Tf“‘“/ i Inthe Qotenna o
within the given radius® is equal within a factor of two to @nother relation is valid:, ., = (K + 1)ro/2, therefore

the average density of turning points,., inside this radius. - K;+1 (1 1 )

HereV,(R) is an escape velocity for the mass enclosed with
the radiusR (V. o« R in our case)N,pn(R) is thetotal number

max

The evolution of the latter quantity is easy to calculate. As—— = 2 K2
was shown above (see the discussion after[Bq. (3)), the ratid™ ‘
Tmax = Tmax/To FeéMains constant during the collapse. Thergvhere an approximate equality is faéf; > 1. As follows
fore, one may study the evolution of the density of points,  from Eq. [11), highly elongated orbits shrink approximately by
inthe same way as if all PBHs were on circular orbits of raglii 8 times. This “central drag” effect increases proportionality co-
So, considep,,n(R) o« R? distribution of black holes on cir- efficient in Eq.[T) by a factofrmax/ra.) @4 /4.

cular orbits and transform it into the distribution overx RZ: Another typical situation is when the final state corresponds
Nppu(J) o JB+D/2 Here Ny, (J) is the total number of to thep o »~2 density distribution (the logarithmic potential).
PBHs with angular momentum less thams a result of conser- For this case the above factor was calculated numerically, and
vation of J oc (RM (R))'/? the initial distribution preserves, sothe results are used in the next section.

that we arrive aiV,,,, (R) o< (RM(R))3+4/4 Therefore, the What happens in the case of a non-adiabatic contraction?
evolution of average relative PBH density inside the constarthe quantitative description of a gravitational capture requires

8+2KZ-

(11)

mass shell is exact knowledge of the collapse dynamics and goes beyond the
. topic of this paper. However, qualitative difference from the
(d-1)/4 p(3+d)/4 — o . U . : ;
ppbh/p o< M R ocp () above picture is evident: non-adiabatic contraction of the cloud
which is valid for any power-law density profile. leads to an enhancement of the capture rate and to an increase

Now we relax our requirement that the shape of potentiié‘l the elongation parametéf. In the simplest, free-fall, case
is conserved in the collapse, and suppose that potential evoR@gicles behave as if they were frozen in the shells of a constant
from one power-law to another. In this case the orbital shaft&ss, so that the ratjg,,./p remains constant.
changes, but the dependeride (7) of PBH densipremains the
same, with only the coefficient of proportionality being varie®, PBH haloes around globular clusters
In general, the latter should be calculated numerically. However, . . ) .
there are two important special castis= k2 (homogeneous It was shown in the previous section that CDM (and in par-

cloud) andU/ = kr—! (point mass), when the integral (1) ma);icular, PBHSs) to some extent follows the collapse of ordinary
be evaluated analytically: ' matter. Therefore, it is reasonable to search for PBHs haloes

around massive visible objects. At the same time, galaxies are
not suitable for this purpose because they have a low average
density and contain a significant fraction of gas which inter-

. . . acts with cosmic rays producing energetiguanta and hence
respectively. These special cases are natural choices for theﬁ?ding true PBH emission from the view. Moving to smaller

tial and final states of a collapsing cloud. As bétindJ remain scales, we note that properties of globular clusters are much

constant, initial and final elongation parameters are relatedntfe)re favorable. Namely, they contain no or little gas and may
each other as follows: have sufficiently large densities. Small angular sizes of globular

(K; +1)? 2Kf +1 clusters, comparable to the resolution of moderay detec-
K; N \/[Tf ' tors, may also help to distinguish their emission against the

(K1 apg 1= WE-D?

I=——
41K WK

J, (8)

C)
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background of both galactic and extragalactic origin simply by ~ 3.102M, M (14)
subtracting its average level calculated for a nearby portion of 106Mg’
the sky.

. . . ere M., is the stellar mass of a cluster. For the numerical
Of course, all considerations above are applicable to the Otl'timate throughout the paper we takg = 0.03, Q _
est clusters which were formed before PBHSs attain significafH ~ ~opbh

o N X X > —8h=2, h = 0.7, and the critical density,. corresponding to
velocity dispersion, i.e. prior to the formation of galaxies. Och- — 50 Y P g

erwi_s_e, the efliciency of capturing is small acco_rdind]o (6). In Note that according t@{14) the surface brightness of a glob-
add_mon, only those of them that have kept thlr CDM halo‘?ﬁarclusterdueto PBH-ray emission alonex [ p,nndl along
un_t|l now could be observed“as sourcgs/e,{ad|at|on. Leaving .the line of sight) is somewhat less than expected for the PBH
aside the mass loss due to “evaporation” and stellar evolutl%%,lo of a typical galaxy, say, the Milky Way inside the Solar

this corresponds to the requirement that a considerable fract : : . .
. . . b%{lactocentrlc radius. At the same time, total brightnesses for
of PBHs is confined closer than the tidal radigs The average 9

galactic emission. Thus, one may conclude that globular
ters are the best places to start a search for PBHSs.

Consider now how many chances this old PBH population
has to survive until presenttime. One cause for secondary losses
3.1. Total mass of PBH halo is the decrease of globular cluster mass that leads to the expan-
sion of PBH orbits outside the tidal radius and arises from two
processes: a violent mass loss at the late stages of massive stars’
|_e[volution and the star loss due to two-body collisions and the
influence of gravitational shocks (see, e. g. Lightman & Shapiro
with an average density equal to the critical vajue— 3(1 + 3‘578; Spit_zer 1987; Gnedin & (.)st.riker 1997). The first of them

JH? /(87G), whereH is the present-day Hubble arameterhas negllglble. effect as the majority of stars bglongs to the. red
z o)y P y P dwarf population and does not undergo any kind of explosion.
we obtain The second process leads to a star loss time exceedin -
/ 3/4 P . - N g.O_I’ com
Ppbh 9 ( Pt ) (12) parable to the age of the Universe. This effect is msrlgnn‘lcant
Ppbh QcpMPe for large globular clusters with current masg, = 10° Mg

where the prime denotes quantities after the contraction is cdfit are primary candidates for detection of PBH haloes (see
pleted and the factor 2 is added to take into account the “cenif} discussion below). _ . S
drag” effect due to the transition to oc »—2 density profile Another cause of secondary losses is an interaction with
which is calculated numerically following the way described ifit&S: when a heavy object moves through a cloud of lighter
the previous section (Eq8] (-{119)p is the density of cold particles it experiences tidal friction, in other words, it “heats”
dark matter in units of the critical density; later in this work wéhe particles until they escape from the cloud. Let us assume that
assumecpy ~ 0.6 for numerical estimates (Primagk 1993)S0Me volume contains stars of equal masgeand the volume

The above equation provides an expression for the total masd@Rsity in starsigs. The volume is filled also by “dust particles”

out by the tidal forces. For the globular cluster crossing galacgf:uS
disk one hag, ~ 10~2?g/cn?.

Let us assume that Jeans instability at mass sealé® M,
enters nonlinear regime at redshift ~ 50 (Primack/1993;
Tegmark et all_1997). After that time, the evolution of PB

PBHs initially captured inside a tidal radius: with massesn and density,;. Moving in the gravitational field
14 of a star, a particle is deflected by an anglgiven by
Mpbh 2Qpbh ( Pc >
o~ . (13) 2G2 M2mA 52
M, 08 Qepmpr 1—cosa = ms (15)

Here the index refers to baryonic matter arfe}, < 1 is the Jh+ G2MEms?
mass fraction of it inside the tidal radius. This fraction can ngthereJ is an angular momentum andan impact parameter.
be inferred from Eq[{13) as the dark matter density is donfgiven the relative velocity at the infinite distandé, one may
nated by particles that are not captured in the region of interéegrate the above equation to obtain the friction force
but only pass it in their orbital motion. However, we may esti- Smax
mate this parameter assuming that CDM is redistributed to formm (M U) = — /nl,d?’V/ (1 — cosa)mV2rsV ds
r~2 density profile in the region that takes part in the form i 0
tion of a cluster, with transition to constant density:pnpc
at the edge. Thef',, ~ (Q,/Qcom)(pi/(Qepmpe))/? for
/ H A .
f))\l/)erfs tllm?t?(fr? ;?l?b?itt)(;\:\?eii?gg;?t?gpvﬁzdéﬁ?);l:\erIthLOeria_FereU is the velocity of a stam, is the particle number density

. , : in the velocity space\ = V452, /(G?M?), and a lower limit
conservative expression for the mass of PBHs in the CIUSterin the integral oves is taken to be zero because the contribution

2Qun ( QcDMPe 3/4 from particles with smalk that formally penetrate into the star
Mpbn > O P Me is insignificant,~ V/V, < 1, whereV is the escape velocity

2M2
GW VIn(1+A).  (16)

—27Tm/nvd3V
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at the star’s surface. Although depends ofV/, it is also very Table 1.Upper limits on PBH masses
large, so that the logarithm is practically constant and may be

approximated as Ifi + A) ~ 2In N;, where Ny is the total Cluster Mpun /Mo Mpbn/Ma
number of stars in the cluster. Then expression (16) takes f\lhéc 5139

- : o . . 5 2.107°
form S|m|I§r to the_Newtonlan law of gravitation and is eaS”KlGC 6656 2 4.10-6
integrable in velocity space NGC 6397 1 8.10-°
J 202 NGC 6544 1 1-107°
5 (MU) = —4mpa(V < U)=—Un N, (17) NGC6553 5 2-107°
pa(V < U) is the density of particles that have velocities less )
thanU. The equation obtained may be treated as an expressi§Hg integration by parts:
for the rate of “dust” kinetic energy gain as well, and our last Moy, 3
step is to estimate the time required to expel dark matter frobpon = ﬂﬁL(m*) = ZHMpth2~ (22)
the cluster, *

N ) Substituting)/,,, from Eq. [14) yields
T = o 9/4

In Ny /127 Gps ” Lonn = 5-10% Q¢ /2 (22

N, /10~22g/cn?
~ 14-10" 5 (O J ) yr, (18) o Stobh Mo ergs’! (23)
Ps Qn 1060 ’

where we have substitutédfor the virial velocity and assumed, hare we putd, = 0.03; 2, > 1.

pa(V < U) = pa. The result shows that most of the clusters  tpa goyrce that luminous could be detected from the

H —22 —20 ini
volume with 10~**g/ent’ < p < 10~*°g/cm? preserves ini- distance 5 kpc, provided,.,, = Qu and the sensitivity

tially captured dark matter. However, no central brightening 9-8s1cm 2 in the 100 MeV range is reached. The latter

expected for the dense core of a globular cluster which shoyld corresponds to the EGRET sensitivity (Thompson et al.
be free of PBHs. If actually observed, this feature may be Cofiggs) Thus, EGRET observations of nearby massive globular
sidered as an argument in favor of the PBH modebaBy | sters are strongly encouraged. Among best candidates hav-
emission. ing the distance from the Sun less than 5 kpc and the total mass
in excess ofl0° M, we can mention NGC 5139, NGC 6121,

3.2. Luminosity of PBH haloes and prospects for detection NGC 6397, NGC 6544, NGC 6553, NGC 6656, NGC 6809.

i Five clusters from the above list have been actually observed
T_he total mass of PB.HS may be conv_ert_ed into the EXPI&Fith EGRET during a search for millisecond pulsars (Michel-
sion for their total luminosity given the initial mass Spectruyp gt ] 1994). However, the sensitivity of the search was not
ANy /dm; = Cm;>' and luminosity of a single black hole petter than~ 10-7s-! cmr-2, and only an upper limit on the

(MacGibbon & Webber 1990) luminosity of clusters above 100 MeV was established, which
p A 1015 g\ 2 ranged froni.1-10%° erg s~! for NGC 6544 td5.3-103° erg s™!
=42 _ — ~8- 1016 (g) ergs!, (19) for NGC5139. These observations place the upper limits on the

dt m m total mass of PBHs and their mass ratio in the observed clusters,

t which are summarized in Table 1. The future GLAST mission, to
be launched in 2005, will be able to detect PBH haloes around
g_lobular clusters provided the PBH abundance is close to the

abouts ~ 0.09 of which comes iny-rays. HereA is almos
independent ofn for massesn 2 5 - 1014 g that make the
main contribution to the observed luminosity above 100 Me

According to Eq.{ID), the present-day masefa black hole s Hawking limit. o
related to its initial mass as; = (m?® + m?)'/3, and all PBHs We note also a possibility that there are far more numer-

with masses less than, = (3Aty/c2)!/3 ~ 4. 10%4p~1/3g OUS massive dark clusters in_our Galaxy (Carr & Lacey 1987,
Sanchez-Salcedo 1997). Inthis case atleast some of them should

have been completely evaporated. Hgris the age of the Uni- g i
be detected by EGRET if the PBH density is close to the Hawk-

verse. The total-ray luminosity of the halo

ing limit Q.
I B dm dNppn dmy d Finally, we calculate the surface brightness of a globular
pbh 6/ dt dm; dm cluster halo and compare it with background produced by PBHs
Adm over the lifetime of the Universe. In the case of the flat Universe
= 50/ W (20) (the Hubble parametell = 2/3t) and initial mass spectrum

dNppn/dm; o m; "%, the energy density of ~-ray back-

can be expressed via the total mass of PBHs inthe halo  ground follows the equation

m3dm de L(m,
Mpypn = C/ m (21) pr = —4He + ﬂQpbhpc%7 (24)
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where the last term is the emissivity per unitvolume,andaind and expressiong](7) arid{14) may be used without modification
Qpbn are functions of time. This equation has a simple solutigiving (d = 0)

which we express in terms of brightness per solid angle s/ /4
cto L(m.) Mgy ~ 2Qpbh <QCDMPC) <po> M 27)
0 * poR Qp, Po Ph °

o Qpbhpc- (25)
T 2Mm
Here all variables take their current values. This is to be corfﬁ)-r the mass_g; captured PBHS, Whé\(‘g IS Mass Of.t.he stap. .
. . : ar(mldpo ~ 10~23 g/cn? are, correspondingly, the critical density
pared with the surface brightness for a globular cluster, obtaine .
from Eq. [22): and the depsﬂy of.a protostellgr cloud at the moment when the
star formation begins. Expressifnf27) does not take into account
Ry L(my) Mpbn the “central drag” effect, which we consider later.
31 2m, (4/3)7TR§Z' Another, “pessimistic”, scenario implies the formation of
) _ stars in an adiabatically contracting large cloud, so that all cap-
The surface brightness measurfppondl is equal 10 tyred PBHSs had completed several orbital cycles and achieved
2cto(ppbn). for the background, where the PBH density is aveg significant dispersion of radial velocityl (= 1 in Eq. [7)).
aged over the whole Universe, and is g'\_/er(_‘b)f’k)’)Rcl@pbh%l When the contraction of a protostellar cloud starts, the latter
for a globular_cluster, where the density is averaged over thgon begins falling towards the center due to a rapidly growing
cluster of radiusi.;. The values are close to each other fofiensity, and all the PBHs inside it that have velocities less than
R = 150 pc. However, as the observer points closer to the cluge escape velocity become trapped. In the beginning of this
ter core with the maximum achievable densityl0~*’g/lcn?  regime the density of a small (protostellar) cloud and that of
(see [(1B)), the surface brightness becomes about an ordef@fjarge one are still of the same order. Therefore, the ratio of
magnitude larger. Taking into account a small angular size @fcape velocity from the small cloud to oscillatory velocity in
the core, we conclude that observations of Galactic globulag large cloud, equal to the ratio of their ra#flinar/ Riarge,
clusters carried out with sufficient angular resolution and sengisvides a good estimate for the relative fraction of captured
tivity may reveaky-ray emission of PBHs even if their densityyayticles. It is not necessary to take care of whether the particle
is two orders of magnitude lower than current upper limit. s geometrically inside the protostellar cloud, as the relatively
small escape velocity guarantees that it is very close to the turn-
4. Haloes around Population IlI stars ing point. Thus~ (MS/MC1)1/3 fraction of all PBHs having

turning points within the volume of a protostellar cloud are cap-

Besides the globular clusters, another kind of objects at legglq py its gravity. With the described modifications one gets
that old could be present in the Galaxy. There is strong, tho “pessimistic” estimate for the PBH halo mass

indirect, observational evidence for the epoch of a star forma-

15=0

I§ =3

(26)

tion within the redshiftinterval0 < z < 102, which could lead 200 [ QDM pe 3/4

to a buildup of the first generation of stars, Population Il stafdpbn =~ O ( 2 >

(see recent papers by Hairman & Ldeb 1997; Gnedin & Os- 1/3 1/3

triker[1997; Tegmark et al. 1997; Miralda-Esé@& Rees 1997 % < M ) (ﬁ)O) M,. (28)
and references therein). Their existence provides possibility to M Ph ‘

ﬁ:iglra';;C{;éghalsr;f?;g:h:%d 2n(dsg:n;§;0&ng:eg\?vlilf%g é)thﬁ valuable fraction of particles have orbits that are not too elon-
9 9 9 ' ' gated, hence, the result of the “central drag” will be somewhere

Population 11l stars are potentially much more numerous th Qi veen the maximum effedf 1) and no effect at all. At the
globular clusters, which may compensate for smaller sizes : -
. . ) : - . ““same time, initial stages of collapse of the protostellar cloud are
their PBH haloes. It is not the tidal radius that limits the size g . . . : o o
: most likely nonadiabatic, leading to more efficient gravitational
the dark matter halo around an isolated star, but close encoun:

ters with other stars. Given the tvoical Galactic stellar densi ull and to more elongated orbits. It is reasonable therefore not
. X T yp o " ¥ take into account the nonadiabatic stage while making pes-
it is easy to estimate this size; ~ 10~ pc. In addition, not

every star is able to keep the halo: those that explode at the ﬁ%IgPIStIC estimate, but to include the "central drag "
Let us discuss now the consequences of an additional de-

stages of evolution should be excluded from our consideratiop. L X .
: Créase of orbital sizes in the case of fixgdThe average density

So, only red dwarfs with masses 0.8M, and average halo . ide th h f radiusi ional tor—3 if all
densitypy, ~ 10~ 7glcn? are left inside the sphere of radiusis proportional to-~* if all mass

Let u}; discuss the possible .wa of formation of such sta{rs concentrated in a central object. After the corresponding sub-
o P y Ltution in Eq.[(T) we obtain the following dependence
inside large clouds of mass comparable to that of a globular clus-
ter (this cqrresponds tp the Jeans mass a_fter t_he recombmaMapr]]Dh(r) o rE (29)
epoch). Since dynamics of the process is still poorly under-
stood, we consider two scenarios. “Optimistic” one implies th&b, the “central drag” will result in the increase of a halo mass
the stars were formed during the free-fall contraction of a largyy 83/ times (“optimistic” case) or by 8 times (“pessimistic”
cloud. This case is similar to the gravitational capture durir@ase). Finally, we obtain an expression forthgy luminosity

the formation of an isolated object (see the previous sectionsthe PBH halo
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I o~ g3/ 2Qbn [ QcpMpPe 3/4 Po 1/4 M, I WeII-pronounc_ed proper motion._With mod_e1yFray detectors
b= o 00 Ph o2m, such observations are only possible for objects not farther than
~ 4-10% crgs™! 30) & few a. u. away, i. e. moving across or bound inside the So-

lar system. The first case is practically ruled out because it is
in the “optimistic” scenario (fof2,,, = Qu this estimate cor- extremely improbable. To investigate the second possibility we
responds te- 10'* PBHSs captured in the halo of a pand apply the approach developed in the above sections to the case

3/4 1/3 1/3 of formation of the Sun.
Ly, ~ 8297"'31“ (QCDMpC) (Ms) (po) Jé] M, L, Let us denote byF the PBH number density in the phase
{h Po M P 2m., space in the beginning of collapse of the protosolar cloud. Un-
~ 2-10% ergs™! (31) der assumption thaf is constant in the spatial volume of the

in the “pessimistic” one, which is approximately 102 times protostellar clouc_i and in the volume of velocity space bounded
lower than the valu€T30). The numerical value§1n (30) &rd (31 €Scape velocity < V. = /2G Mo /Ri, we calculate the
are obtained using the same choice of parameters &glin (23)1Umber of initially captured PBHs

The source of luminosity (30) may be detected by EGRET ar\? . . A7\ 2 [
from the maximum distance of the order of 3pc. An averadé = (3> RIWVPF = (3> (2GMo R;)**F, (32)
distance to the nearest Population Il star is highly uncertain. A
rough estimate can be made, for example, from the fonowir\@ere the initial radiugz; of the cloud is a free parameter. Dur-
considerations. According to Miralda-Es@i& Rees [(1997), ing the subsequent contraction the majority of black holes are
the observed metallicity ¥ ~ 2 - 10~ in the Ly« forest ab- lostand the exact quantitative estimate of the losses depends on
sorption lines requires approximately one supernova per 50#gails of the collapse dynamics. To avoid unnecessary compli-
M, of baryons. At the same time, this number of high-ma&&tion, one may adopt a simple model which incorporates two
(and therefore UV-bright) stars is more than enough to reionigé2ges: an adiabatic contraction and a free-fall stage which leads
the Universe. To find the number of low mass stars we need@y times decrease of cloud’s radius. Then, for 3-dimensional
know the initial mass function. For a standard stellar mass furtispersion of PBH velocities expressiad (7) gives the estimate
tion, there is approximately 100/, of low mass stars per onefor the final number of PBHs within the fixed radits
supernova. This corresponds+02% of baryons turned into R.\3/?
stars of the first generation. At the time of formation of presenf, = 8%/2N; (775>
galaxies these stars behaved like collisionless matter and should N
have been _captured m_galactlc halogs. Then the total mass of 83/216—7T(2GM®77RS)3/2}‘, (33)
the Population IlI stars in the Galaxy is of the orden6f M, 9
(Miralda-Escué & Rees 1997). Assuming that these stars agghere the relatiop o« R—? is used and facta®/2 is due to the
distributed Iike CDM i_n the Galactic halo, we obtain that the;gniral drag” as follows froni{29). Generally speaking, orbits
nearest star is at a distance of10 pc from the Sun. There- ot captured PBHs are not too elongated initially, but may be
fore_, the detection of PBH haloes around these stars requikggtched later, during the free-fall stage if it occurs. Thus, an
the increase of the sensitivity by a factor of 10, as comparg@|ysion of the factog?’2 is only valid fory > 1.
with EGRET. The definite signature of such stars is their high |, what follows, we will substitutés/3)~n,,D; 3 for
velocity. Any fast-moving low luminosity and low metallicity the numerical estimate oF, wheren,,p, is the PBH spatial
star found in optical/IR observations in the solar neighborho%nsity in the region where the Sun formed abg is local
would be a good candidate for the PBH halo search. Such sigihersion of their velocities at the time of formation. There are
are in fact directly observed (Gould etal. 1997; Fuchs & Jahrgif§o natural assumptions about specific numerical valuegof
1998). Fuchs & Jahreif3 (1998) identified 15 halo subdwarg,qp, . In one variant, PBHs trace the density distribution in the
within 25 pc from the Sun, five of them being located closga|actic halo which is supposed to consist mostly of CDM. In

i

than 10 pc. this case the velocity dispersidn, ~ 300kms=!, and PBHs
are clustered to the same degree as the CDM in the Galactic
5. PBHs in Solar system halo. Another possibility is that PBH density in the Galactic

Although the detecion of 100Me¥.-ray emission from the | (12 HeTEIEP L B0 TR ey e e e
globular clusters or isolated Population Il stars would be 40 this case velocity dis ersiori/is introduced by closel .assin .
important step towards the discovery of PBHs, the only com:- "~ yil P ) o yp 9
. i . ) . tars:D,, ~ 10kms~*. For the following estimates we take
pelling evidence is an observation of a single nearby PBH with 8. 3 9. "4 ;
Npbh ~ 5 - 10° pc™ andn,pn ~ 5 - 10° pc™ respectively.
® This number could be severely constrained if a PBH from the For the sake of definiteness we considr= 1 a. u. that

residual halo, captured inside a neutron star, causes its collapse withghly corresponds to the sensitivity of EGRET. Then Eg. (33)
subsequent release of a huge amount of energy, giving rise mth%]ives

ray burst (Derishev et al. 1998a, 1998b). Then, the observed burst rate 5

places an upper limit of less tha®®—107 black holes closer than N, ~ 10-27 (npbh> ( c ) for i = 1.

1072 pc to the star. pc3 ) \ D,

(34)
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and below the current upper limit (Anderson et/al. 1995) provided
3 n < 10.
_ n c
Ny ~3-107% (;g“;) (D) 2 forn > 1. (35) On the other hand, the amount of CDM can be constrained

) i . by apparent nondetection of PBHs within 1 a. u. from the Earth,
In the case when capturing occurs directly from Galactic hasl?nce there should be 5-10' Q¢ par/Qppn gram of CDM per
1 1%

population, the above exprtlaossions give nseggljgibly smaI_I NUMRELL K black hole. If one assumes thih, = 10-4Qy this al-
of nearby PBHs~ 51077 and~ 107%7*/* respectively. o5y gives more stringent (indirect) limit on dark matter bound

: . 5
The second formula requires unreasonably high- 10° 10 5 the Sun than that derived from measurements of spacecraft
compensate the numerical factor. On the other hand, Capturf%ectories

N .

from the disk population gives much better resuits2 - 10~
or~ 4-10737%/2 PBHs closer than 1 a.u. from the Sun. Inthis .
case, an inclusion of even minor free-fall stage (which almd&t Discussion

certainly took place during the formation of the Solar systeMe have shown that the detection of the quasi-stationary
leads to a rather high probability to find a PBH by means gfo MevV radiation from evaporating black holes of masses of
already existing instruments. _ _ orderm, ~ 5-10*g is already possible with EGRET sen-

~ Complicated dynamics of the inner Solar system (interaggivity provided the density of PBHs is close to the Hawking
tions with planets) may alter the above conclusions. Con&dmhit’ Quun ~ Qu. The key idea that leads to the conclusion
for instance, PBH-Earth interactions in the case of a large i gifferent from previous results (Halzen ef/al. 1991; Semikoz
clination of PBH orbit. _The average energy gain for the partigigggz) is to search for PBH haloes captured by massive objects
deflected by an angle is proportional tol — cosa and hence, 4t the epoch of their formation. We have derived simple but
is of ordermun Vii/(4V5,,) (see[(1D)), wherdly is Earth's €S- accyrate enough expressions for the number of PBHs captured
cape velocity and.., the orbital velocity of a black hole. After gy ring the contraction of gas + CDM clouds. Throughout the
multiplication by Coulomb logarithm- In(1a.u/Rg) and the  paner, we tried to giveonservativestimates for the efficiency

probability of a close encounter (R /1a.U)” we obtain an of gravitational capture and to indicate explicitly the degree of
order of magnitude estimate for the energy gain rate: uncertainty of numerical results.

d _ _ Our calculations show that the best conditions for an efficient
7mpth02rb ~ 10 10mpth02b yr 1, (36)

dt r capture were at the epoch when the first gravitationally bound
providedV,,;, ~ 30 kms~! and the orbital period is of order 10bjects formed. The result is obvious since black holes had very

year. Therefore, a PBH has good chances to avoid significant3fall velocity dispersion at that time. Among several types of
crease of its orbital distance, as the above expression indica@¥ects able to accumulate and keep large PBH haloes, globular
However, in the region of gravitational influence of massiv@usters provide the best prospects for PBH detection. They
planets (Jupiter and Saturn) the situation is different and thigve at least three advantages as compared with other objects
zone is free of PBHSs even if they were present there initiallgonsidered.
Yet at larger distance the expulsion time again exceeds the age,
of the Solar system. In addition, a small fraction of PBHs on
nearly circular orbits with low inclination may occupy “reso-
nant” positions, changing orbital parameters in accordance with
motion of planets.

Finally, we discuss the future prospects for PBH searchinthe tors (as opposed to the case of dark matter clusters, Popula-
Solar system. Long-term observations with existing instruments tion 11l stars or isolated nearby PBHS). '
\r']"i” increasle the e;fectti)ve de;ectionddistance, becauhsel PBHs Third, the specific observational feature of PBH-produced
ave very elongated orbits and spend some time much closer to ' : -
the Sun,)\//vheregthey could be obsperved. The great improvementray,;r@;;aﬁlgrggg gng::lgt;lililreclcues;fr;sl Isrtihﬁtd Igr;i’?t;aall&?ret on
in sensitivity, if it allows to detect a PBH up to the Neptune orbit, we con,sider to be attributed to dark m%ttegr comp?onent.
will make the detection inevitable in the case when the capturing
from disk population is possible and will give a valuable chance In addition, the estimates for the efficiency of gravitational
to discover a PBH eveninthe case of capturing from the Galaat@pture by globular clusters are most reliable in a sense of hav-
halo component. ing the minimum number of model-dependent suggestions and

It is easy to obtain the expressions for the amount of CDWhcertainties.
in the Solar system by analogy with Elq.]35). If there is a disk With future improvements in both sensitivity and angular

First, PBH haloes around nearby large globular clusters
seem to have the highest brightness which is within the reach
of EGRET capabilities.

Second, globular clusters are well studied at other wave-
lengths and represent a well-defined targetfoay detec-

component of CDM, we arrive at resolution, the above proposal has the potential to detect the
R \3/? presence of PBHs with density as low as two orders of magni-
Mcpu(R) ~ 107 135%/2 (lau> ® (37) tude below the current upper limit.

As for other objects considered in the paper (dark clus-
This corresponds te 2-10~17%/2 M, of nonluminous matter ters, isolated Population Ill stars and individual nearby black
inside the Neptune orbit, which is about five orders of magnitutieles), the best results are expected for dark matter clusters in
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the Galaxy which may have masses in awide range (GureviclRetferences
al.[1997; Carr & Lacey 1987:dhchez-Salcedo 1997). Note thal, 1\ 3 b | au L, Krisher T.P., 1995, ApJ 448, 885
the probablll_ty of detectionincreases W.I'[h mass of dark clusteé%hca” JN., Flynn C., Gould A., 1992, ApJ 389, 234
since the brightness of the nearest object is proportional to E\annin AA., Kocharovsky V.V., Kocharovsky VI.V., 1996, MNRAS
cubic root from its mass, other conditions being equal. This fact g3 626
explains why observations of isolated Population IlI stars offeyarr B.G., Lacey C.G., 1987, ApJ 316, 23
lesser success. Cline D.B., Hong W., 1992, ApJ 401, L57
Since the existence of the above three kinds of hypotheti€dine D.B., Sanders D.A., Hong W., 1997, ApJ 486, 169
sources is not confirmed by observations at other wavelengtBsrishev E.V., Kocharovsky V.V., Kocharovsky VI.V., 1998, Radio-
the best strategy for today would be to perform repeated obser-Phys. & Quantum Electron. 41, 7
vations of unidentified sources from the second EGRET Catal'Bﬁ”ssl:‘sr‘;“'ftgg » Kocharovsky V.V,, Kocharovsky VI.V., 1998, MNRAS,
(Ozel & Thompson_1996) and futureray surveys. Also, it is .
desirable to carry out-ray observations of nearby halo dwarf uchs B., JahreiBH., 1998, A&A 329, 81

. e . .. din N.Y., Ostriker J.P., 1997, ApJ 486, 581
already identified (Fuchs & Jahreif3 1998). For PBH ems&gﬂﬁldmA Bahczlilje,\rl Flynn C 1397 ApJ 482, 913

the following signatures are expected: Gurevich A.V., Zybin K.P.. Sirota V.A., 1997, Uspekhi Fiz. Nauk 167,

1. Any PBH-originated source of the kind described in this pﬁ—air?j:n 7., Loeb A., 1997, ApJ 483, 21

per should have an extremely stable photon flux with knOVY-ﬂallzen F., Zas E., MacGibbon J.H., Weekes T.C., 1991, Nat 353, 807
spectrum which is a convoluton of Planckian curves a'?%wking S. 1971. MNRAS 152. 75

peaks near 100 MeV. Heckler A.F., 1997, Phys. Rev. D 55, 480
2. Any detectable proper motion of such a source will definitelacGibbon J.H., Carr B.J., 1991, ApJ 371, 447
point to a nearby single PBH. MacGibbon J.H., Webber B.R., 1990, Phys. Rev. D 44, 3052

3. To check the hypothesis of an isolated Population 1l sta\ichelson P.F., Bertsch D.L., Brazier K., et al., 1994, ApJ 435, 218
makes sense to search for an optical/IR counterpart in fialda-Escué J., Rees M.J., 1997, ApJ 478, L57

EGRET error box. An optical source is expected to be a ré&Fel M.E., Thompson D.J., 1996, ApJ 463, 105
dwarf moving with very high peculiar velocity. Primack J.R., 1993, Dark Matter, Galaxies, and Large Scale Structure

of the Universe. In: Pati J., Ghose P., Maharana J. (eds.) Particle

The prospects of PBH detection in the Solar system are still Physics and Cosmology at the Interface. World Scientific, Singa-
largely unclear as they are sensitive to the existence of question-Pore, p. 301
able Galactic disk component of CDM in addition to widely ac,sa”Citgi'g"’ll/cefgogiJ'&plu_lgigéA2F’534487’ L61
cepted spherical halo component. However, technical progr%%%ga”a A Cowie L. 1696, A1 112, 335
and/or long-term observations soon will turn the situation X

. gmark M., Silk J., Rees M.J., etal., 1997, ApJ 474, 1

the better. Moreover, the current upper limit on _the amount o ompson D.J., et al., 1995, ApJS 101, 259
dark matter bouqd to the _Sun undoubtfully |nd!cates that tWright E.L., 1996, ApJ 459, 487
search for PBHs is an easier way to put constraints on the n@@rdovich Ya.B., Novikov I.D., 1966, Astron. Zhurn. 43, 758
luminous component of the Solar system as compared with the

direct measurements, unle8s,, < 10~*Qy.
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