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Atom made from charged elementary black hole
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It is believed that there may have been a large number of black holes formed in the very early universe.
These would have quantized masses. A charged “elementary black heii’the minimum possible mags
can capture electrons, protons, and other charged particles to form a “black hole atom.” We find the spectrum
of such an object with a view to laboratory and astronomical observations of them. There is no limit to the
charge of the black hole, which gives us the possibility of obserZindl37 bound states and transitions at a
lower continuum. Negatively charged black holes can capture protonsZ¥dr, the orbiting protons will
coalesce to form a nucleyafter 8 decay of some protons to neutrpnwith a stability curve different from
that of free nuclei. In this system there is also the distinct possibility of single quark capture. This leads to the
formation of a colored black hole that plays the role of an extremely heavy quark interacting strongly with the
other two quarks. Finally we consider atoms formed with much larger black holes.
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[. INTRODUCTION holes. We know that black holes radiate with a discrete spec-
trum in a blackbody envelop@dawking radiation10]), but

Fluctuations in the density of the very early universe ledwe cannot say whether a final elementary black hole van-
parts with extremely high density to collapse and form blackishes completely or what the lifetime of such a process
holes[1-3]. The density of such objects would be greatly would be. For example, it may not be “easy” for a black
reduced in models of the early universe that include inflationhole withJ= 1/2 (or any half-integer spinto decay since any
but they do not have to disappear entirely. These particlesuch decay involves violation of lepton or baryon number
would help explain the mass deficit of the universe. (e.g., black hole—e™ + y; however, if one views this decay

A black hole is essentially an elementary particle in theas a “disconnection” of the black hole “inner” universe
sense that it is completely described by a set of quanturfrom our universe, no separate conservation laws for each
numbers and can have no detectable internal stru¢tbee  “universe” should be assumed until they are totally discon-
famous “black holes have no hair” theory; see, eld]). nected. We will assume that the elementary black holes do
Recently it has been demonstrated that the black hole massii®t undergo a final radiation.
guantized in units of the Planck mabtp=(ﬁc/G)1’2= 1.2 The first thing we would like to do is discuss a method to
X 10'° GeV=2x10"° g [5] (see als§6-9]). One intriguing  search for elementary black holes. An elementary charged
reason for the quantization of black holes comes from a clashlack hole moving through matter at less than a few thou-
sical formula. The horizon area of Kerr-Newman black holessand km 5 can capture electrons in the same way as an

is ordinary atomic nucleus, creating a “black hole atof8].
One can search for spectral lines in these systems. Normal
A=47n[(M+M?-a’-Q?)?+a?], (1)  nuclei are unstable for very largg but a black hole can

have any charge at all. Furthermore, they can have a negative
wherea is the angular momentum divided by the mé&ds charge, giving rise to whole new types of systems. In fact
andQ is the charge of the black hole. This implies that for ajust about any electrically charged particle can be bound in a
givena andQ there is a minimum mass in order to avoid the black hole atom.

singularity of the radical. In ordinary unit&he previous We would like to know whether or not we can do experi-
equation was written in gravitational units wheieec=G ments on black holes in a laboratory. Obviously a neutral
=1) one obtain$8] black hole can simply fall between atoms in the floor of our
laboratory and to the center of the Earth, since it is small and

M min=M [ Z2a/2+\Z*a?/4+ I(I+1)]*2, (2)  the only force acting on it is gravity. However, if we have a

charged black hole, then there is electromagnetic repulsion
where a=e?/fic; Ze andJ are the black hole charge and between atoms and the black hole which may be large
spin. A black hole with spin cannot have a mass smaller thaenough to keep it in the laboratory. The contact Coulomb
0.93V,. For spinless black holes this equation gives theforce between a neutral atom and the neutral black hole atom
minimal massM yi,=M,\/a=0.088M,. This classical con- (with a charged black hole nucleuss ~e?/a3=10" N
sideration does not take into account the mass renormalizavherea, is the Bohr radius. This equation is just the Cou-
tion problem. One cannot completely exclude that after théomb force on the radius of an external electron orbit. Sur-
“renormalization” the minimal mass of the charged black prisingly, the force due to gravityl ,g is also~10"" N for
hole may be as small as the electron mass. an elementary black hole with the Planck mass. This means
Such elementary black holes may appear in the very earlthat a black hole has a large probability to “tunnel” between
universe or as a result of the “evaporation” of heavier blackthe atoms and fall through. A lighter spinless black hole may
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be an exception since the classical equat®ngives in this  picture of a “classical” black hole the lifetime of low-
case the minimal magd ,/12. The electromagnetic force in electronic atoms is many orders of magnitude larger than the
this case is an order of magnitude larger than the gravitadge of the universe, but it decreases exponentially &ith
tional force, and such a black hole may stay for some time or his “classical” estimate tells us that primordial black holes
the surface of the Earth. In this situation it may be reasonabi¥ould now not have a charge greater than abBet70.

to do both laboratory and astronomical observations. Hov:c/fgyer,tqu?n;[ﬁm gr?wtyt may dmt_roc_j;:ce 3 Iarr?_(fet :*hf?k”g)"v”
We discuss the “atomic” spectrum of an eIementarycoe icient into this estimate and significantly shift this bor-

black hole in Sec. Il with a view to the observation of black der.

e L We also discuss a few questions which may be of theo-
hole atoms and verification of their existence. We calculateretical interest. In Sec. IV we discuss theshell states of

the “isotopic™ shifts of the black hole lines relative to the \),- 4 hole atoms foz>137 where there is a well-known
usual atomic lines. This shift is relatively large. For example'singularity in the equations. While single particle solutions

for hydrog_eln $-1s transitions the frequency shift is equal of the Dirac equation for higi have been known for some

to 44.8 cm °. This shift is far beyond a typical linewidth in  time it is worth rexamining these because now we have a
cosmic and laboratory spectra. For heavier atoms and ionghysical system where the critical field is realized. We show
the shift is smaller(e.g., for Mg Il 3p3-3s transtions it is in this section that the ground state reaches the lower con-
1.378 cm?). However, it is still much larger than the tinuum (E=—mc?) beforeZ=138 which means that there
present accuracy of the frequency measureméiois ex-  is no room for negative energy bound stateecall that for
ample, for strong electric dipole transitions in Mg Il the ac- Z=1/a=137 the relativistic energg=0) and hence spon-
curacy is better than I¢ cm™ ! and the small isotopic sepa- taneous positron emission will occur for @lt>137. We also
rations between?’Mg, Mg, and ?Mg lines have been consider a similar problem for a charged scalar particle
measured11]). This suggests an obvious strategy to searchwhere a singularity appears f@r>68.

for black hole atoms. One has to look for very weak lines at  If a black hole has a negative charge, then it can become
certain distances from the strongest atomic and ionic lines. 12 “protonic” atom. The strong force between protons leads
the isotopic shifts for the “normal” atomic lines have been to & peculiar ground state characterized by a nucleus orbiting
measured, it is possible to calculate these distances very a@Ur elementary black hok&ec. V). It leads to a new stability
curately. It seems natural to start this search in hydrogefUrve for the captured nucleus, shifted towards more protons
spectra where the shifts are maximal and can be very acc(iS0me of the protons still undergd decay to neutrons

rately calculated. However, other atoms may have the advan- Furthermore, in the protonic atom the black hole could

tage of having spectra in a more convenient optical region ofi@in @ color charge by capturing a single quark. This natu-
frequencies. rally leads to an extension of the “no hair” theorgmvhich

Note that as a reuslt of the large mass, the black holStates that any black hole can be characterized by its mass,

spectral lines do not have thermal Doppler broadening anSIEiCt_”C chafrgﬁ, alg_d spl_mo\l(ncludl\i_ltl:olor. D|§cussf|on oflthed

hyperfine structure. This also may help in identification ofSolutions of the Einstein-Yang-Mills equations for colore

such lines. black holes can be found, e.g., in RgL3]. In Sec. VI we
Note that the upper limit on the concentration of blackPresent a naive ‘“classical” estimate of the lifetime of these

holes follows from an estimate of their mass density. TheoYStéms and find that a black hole with color chapgaich
Planck mas# , is 10'8 times larger than the proton mass. If may be called a supferheavy quarkwill persist for_ld yr.

we assume that the minimal mass of elementary black hol¢d9@in. guantum gravity may change this conclusion.
is M /12 and that the dark matter is 100 times heavier than We should note that single quark capture may be forbid-
the hydrogen matter and consists of elementary black hoteden if the energy of the colored black hole |s.h|gher than Fhat
only, we obtain that the abundance of the elementary bIach the electrically charged black hole. In this case the life-

holes in cosmic space does not exceed@f the hydrogen time of the protonic black hole can be very lofigcontains

6 — 150
abundancéone can compare this with the abundance of ura2" extra factor g /fm)°~ 10 where the Plar_mk length
@ P =fIMp,c=1.6X10"% cm, fm=10"" cm] since the

nium, 3x 10 %3). The limit on the concentration of the el- g babiliy of all th vs 1o b he black hole h
ementary black holes may become stronger if one considefyobability of all three quarks to be near the black hole ho-

other effects—see, for example, the explanation of the deficitzOn is Vslry ir?]alll' The S"?}mﬁ arglgument_may be vallid for the
of solar neutrinos based on the catalysis of nuclear reactior%lec,tr?n vlack nole atorr; ' the e eitr(?,n_ll_i notf an elementary
in the Sun by charged black holE&2]. This may practically ~Particle, 1.e., consists of “prequarks.” Therefore, one may

exclude the possibility of the observation of black holes inVI€W the lifetime calculations in the present work as esti-

the spectra of very distant objects. We must rely on the obm"’m.ES of the minimal Iifetime;. .
b y ) y Finally, in Sec. VII, we briefly consider atoms formed

servation of close objectsuch as Sun specjrar laboratory oo 5
data. We should also recall another motivation to search fof/en much heaviefwith masses-10'“kg) black holes cap-

atoms with superheavy nuclei and shifted atomic lines whicHure electrons. The e_Iectric qharge Is sho_vm to neutrali;e very
is related to so-called “strange matter” that have nucleiq”'d_"y’, but there still remains the possibility of short-lived
made from the “normal”(up, down and strange quarks.  dravitationally bound systems.

It is not excluded that an orbiting electron or proton could
fall into the central black hole and neutralize its chafgg
This may give some limits on the lifetime. An attempt to  The spectrum of a single electron in a pure central Cou-
address this problem can be found in Sec. lll. In a naivdomb potential is given by

Il. BLACK HOLE SPECTRUM
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c mz2e* -
2#2n?’ —— Mass Shift
s—— Volume Shift
wheren is the principal quantum number a@ds the charge
at the center. If we have many electrons, then the outer elec  o.002 |

tron energy is usually described by the Rydberg formula

mZ2e*
2522

AE/E

(4)

0.001 -

where v is an effective principal quantum number, aAg
—1 is the ion charge4, is the charge that the outer electron
“sees”; for neutral atom&,=1). To search for black holes
we should calculate the level shifts from normal atoms with
the same charge. The normal atom spectra thus provide u 0 20
with a calibration point.
Normal atom spectra are shifted from the “ideal” spectra  FiG. 1. Mass shifts and-wave volume shifts in atoms of vary-
because of the finite mass and volume of their nuclei. In amg z (see also Fig. 2
elementary black hole atom, however, the mass of the

nucleus is practically infinitéover 13° proton massésand  sinceE is the known ionization enerdiL5]. Estimates of the
its volume is zero(around 10°* of nuclear volumg Thus  normal mass shifts and volume shifts of electron levels in
we wish to find the energy levels of normal atoms in terms ofatoms relative to “ideal” black hole atoms are presented in
the ideal(black holg spectra plus energy shifts due to the Figs. 1 and 2.

finite mass and volume of their nucleus. To improve the Consider two examples. In hydrogen the volume shift is
accuracy of the calculations one can use experimental datgry small. We will specifically look at the ,— 1S/,

for isotopic shifts in normal atoms. transition. The spectral data is given[it7], which gives, for
The theory of isotopic shifts is presented in numeroushydrogen and deuterium,

books(see, e.g.[14]). However, it would be instructive to
present some results here with a particular application to the wy=82259.279 cm?,
black hole line shifts. The mass shift is given by

100

z

wp=282281.662 cm™.
(1+9), (5)

AE,=Ex— Eszw-(ﬁ—l
m Using the nuclear masses given[it6] we obtain
wherem is the electron masgy=mM/(m+ M) is the re-
duced masdyl is the mass of the nucleus, is the energy of
atomic level,E., is the energy of the black hole levétor-
responding to infiniteM ), andSis the correction due to the
specific mass shift which exists in many-electron atoms. Th
contribution of the specific shift to the transition frequencies
can be calculated or extracted from the experimental data ol
isotopic shifts(see below. o Mass Shif
The volume shift is given by o« Volume Shift
0.00015 -

w.— oy=44.801 cml. (8)

It turns out that this shift is the same for thg@2—1s;),
éransition.

0.00020 T

AE\,:—ef (p—Zelr)(r)dV, (6)

[5a)
where ¢ is the Coulomb nuclear potential. While this inte- 2 000010 |
gral is formally extended to all space, it is practically zero
outside of the nucleus. For relativisewave electrons,

0.00005 ~

6 y+1 ro\2”
AEVz Em— > — ,
Vy(y+1)(2y+3)[I'(2y+1)] o
(7) 0.00000 s : ! -
0.0 10.0 20.0 30.0 40.0 50.0 60.0

where y=1-(Za)?, ag=#%/mé is the Bohr radiusr, z
=1.2A"3 s the nuclear radius, anlis the mass number of FIG. 2. Mass shifts and-wave volume shifts in atoms of vary-
nucleus. To calculate the parametemve simply use Eq4),  ing Z. The effects are equal at abafi=32.
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Now consider Mg II. For magnesium we must include the

volume shift. The two isotopes used aféMg and 2Mg.
From Eq.(5) we then obtain

M26 HM24
W™ Wos= woc( ™o W) (1+95)—AEy26t+ AEy4,
)
M24
(A)OC_(J)24:(1)°C(1_F (1+S)+AE\/24 (10)

Data for the Mgll 2796 ling(corresponding to the 8,
— 3s,, transition) have been obtaingd 8] which give

(?*Mgl12796) =35760.834-0.004 cm %,
Av(*Mg—2?*Mg)=3.050-0.1 GHz,
ws— wy,=0.1017-0.003 cmL.

Now using the formula for the volume shift, E(f), we
obtain

AE»,=0.0315 cm?,
AE,»=0.0333 cm™.
And so Egs.(9),(10) give

we— wpy=1.378 cm?, (11)

Ill. LIFETIME

PHYSICAL REVIEW D63 084010

age of universe

log (lifetime)
3]

0 20 40 60 80 100 120
z

FIG. 3. Lifetime ofK-shell electrons as a function &f On the
y axis is plotted log lifetime (sec) because the order of magni-
tude is of interest.

A complete picture is given in Fig. 3. In all numerical esti-
mates we assume that the mass of the black hole is equal to
M, . ForZ=1 this gives lifetime about B yr, for Z=70,
about the age of the universe. Thus, elementary black holes
formed at the big bang wittr=70 would have captured
electrons in theK shell, reducing the charge of the black
hole. This process would have continued until the present
day. Since the lifetime exponentially decreases vidthwe
would not expect black holes with larger than about 70 to

There is a finite probability that electrons orbiting a black exist today.

hole atom enter the black hole. This “direct capture” mecha-  Note that after the electron has been captured by the black

nism leads to a lifetime for the black hole atom. A solutionhole, the quantization rules of the black hésee the Intro-

of this problem would require the application of quantumduction are no longer obeyed. Thus the black hole must

gravity theory. However, in any theory the capture probabil-yngergo some process to correct itself, such as radiate.

ity should be proportional to the density of the electron wave T4 conclude this section we would like to stress again that

function near the origin which follows from the solution of 1o estimates presented here must be multiplied by some

the Dirac equation in the area of a weak gravitational field,,,.nq\n coefficient determined by quantum gravity. In this

This density is a very strong funct|(_)n of the_black hole situation it may be reasonable to speak only about the rela-

C—hfé%eei'c;:;s \é%“(‘;"rt('joer;so(:f tnh]'s r?ii?jletylr]:r'gwrif;i tlu attci)oﬁ evetive probabilities of electron capture by black holes with dif-

a naive estimate of the Iifetirge ma)./ be instructive. OfPerent chargeéjf the quantum gravity cpefﬁcient Is not zgro

course, there is an unknown coefficient in this estimat Indeed, applying standard quan_tum field theqry_ on a curved
y eDackground to such systems gives the prediction of an ex-

which is to be determined by quantum gravity. v hiah luminosity i i diati b
The simplest estimate of the capture probability is givenf€Mely high luminosity in Hawking radiation. However, by

by the product of the black hole horizon arear4 and flux d_ef|n|t|c_)r;] fﬁr such sys(tjgms, t?neh canno(; trg?t the':c mr;cergc—
for a particle moving with speed near this horizon,j ~ UoNS with their surroundings by the standard laws of physics

=c|y(0)[% (treating gravity as classigale.g., by quantum field theory
on a curved backgrountor as is done in this paper, by
quantum theory on a flat background which would be a good
approximation if the standard quantum field theory on a
curved background were va)idThus, we possibly cannot

Now the K-shell electron is the most likely to be captured. Use the classical capture cross section of an electron by a

Using relativistic electron wave function frofail] we obtain ~ black hole even for an order of magnitude estimate.
It is not justified to use standard field theory to analyze

1 — 2 2
;—W~|1,bs(0)| 4mrc. (12

ar2cz®( a, \20-7 the interaction of matter with such objects; that would be
~ 93 277 (13) little better than guesswork. For example, if a remnant ac-
ao fg cretes an electron, does Hawking radiation turn on again,
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allowing it to reemit radiation? In particular, the decay rates 10 ' '
computed in Sec. Il are thus suspect.

This paper also assumes that there are stable electricall
charged remnants. Naively, if a neutral Planck mass remnan
accretes an electron, say, then one would expect it to deca
again back to neutrality on a time scale of roughly the order
of the Planck time. However, one cannot be certain every-
thing decays within the unknown laws of quantum gravity. im 0.0

IV. CRITICALLY CHARGED BLACK HOLES

-05 | .
When a black hole forms it inherits tiieonservefiquan- s
. . . calar Electron

tum numbers of the particles used to form it. This means that 69.01 137.29
most black holes are formed with some nonzero electric | _________ > ____________\___
chargeZ. The evaporation process should reduce this charge ' '

, ; 0.0 50.0 100.0 150.0
however, a final charge can still be large. There are some 7

results which are not possible in normal atoms but which

may be observed in black hole atoms. For example there are FIG. 4. K-shell electron and scalar particle energy as a function
two well-known singularities in the single particle solution of Z. The electron energy reaches zer@at=1 or Z=137.036. In

of the Dirac equation for a Coulomb field, corresponding to dthe case where the nucleus is an elementary black hole, the energy
particularZ (see, e.g.[22]). These single particle solutions réaches the Dirac sea/m=—1) at Z.=137.29, implying that

are very good approximations for theshell (ground state there are no negative energy bound states. In the scalar particle case

energy because these electrons are closest to the nucleus digE"er9y reaches the Dirac sea very clos&t69, so we cannot
only very lightly screened by the other electrons easily tell whether there is a bound state with negative energy or

The first singularity occurs wheZ« becomes greater not.
than 1(Sec. IVA). This singularity is removable when the i
finite size of the nucleus is taken into account. The secomf
occurs when the ground state energy reaches the lower Dira_?
sea(Sec. IV B). We call the charge corresponding to this the®
supercritical charge.

e lower continuurn The electrons will have an energy
—constXm. Therefore it is energetically favorable for the
ectron to undergo a “beta decay” into heavier and heavier
particles, such as a muon, tauon, or perhaps some new grand
unification particle. This process would be very fast, and in
fact it may be possible for this to occur before the particle is
A. First critical charge captured by the black hole.

The solution of the Dirac equation for a Coulomb field, h Unforftfun?tely in an lgle;nebntary blact:;( hole syztertn tnone of
V=—Zalr?, has a singularity aZa=1 (or Z=137.04). At ese effects are realized because the ground state energy

this point the parametey=\1— (Za)? and the ground state fa”j’ Lnto thehD|rac sea befo@=_ 138 (Sec. IQ/B’ zee Fig. A h
energy e=my become imaginary. In fact nothing much ar?t. ?nCTt erfeza'recr;o ne%atl\{e entehrgy g.un sft?kt}esb:BuLt €
should change when this critical point is passed in a systerﬁ”lIca vg L;]e orz 1S epebn en o.gl ? rab us do © a(_:h
with a finite nucleus. The energy becomes negative, but 0€, and hence I may be possible for boun states wit
this is entirely allowable. —m<e<0 to exist in heavier black holes.

The physical reason for this singularity is that whéa
>1 the particle can “fall to the center.” The effective po-
tential U(r), which arises when the Dirac equation is If a black hole has a charge larger than some critical value
squared and put into a Scliiager-equation-like form, be- Z., then theK-shell electron energy will reach the lower
haves, for a Coulomb field, in a singular mannék(r) continuum(the lower Dirac seacorresponding to energy
~[j(j+1)—Z?a?]r 2 asr—0. This leads, as it does non- =—mc2. This corresponds to a binding energy -e2mc.
relativistically, to all bound state wave functions having anThis field can spontaneously polarize the vacuum to create
infinite number of nodes wheda>j + 1/2. an electron-positron pair.

To determine the level energies it is necessary to specify In Appendix A we follow the method outlined by Popov
the potentialV(r) and a boundary condition at zero. In any [23] to find that the supercritical chargé,=137.29. Thus
physical system this is obtained by an alteration of the powhenZ=138 we are already in the lower continuum, and so
tential at smallr, due to the finite size of the nucleus or, in we can conclude that there are Keshell electron bound
our case, the black hole. The form of the potential at small states with energy-1<e<0.
is not important wherZa<1 (in fact in our case the black WhenZ>137, then, the field can spontaneously polarize
hole should not significantly affect the energy levels even athe vacuum to create an electron-positron pair. The electron
Z=137, since the scale of the cutoffy=10"3°>m, is S0  goes into theK shell and the positron goes to infinitin an
smal). Yet it does become very important wh&a>1. ordinary nucleus there would be spontaneous emission of

A lot of interesting physics comes into play when thetwo positrons, after which the effective charge of the nucleus
energy of theK-shell electron goes below zeftbut not into  decreases by two units, corresponding to filling of e

B. Supercritical charge
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shel). In the black hole atom the electron would immedi- pt—n+te"+v (14)
ately fall into the black hole, decreasing its charge by 1.

This process has a finite lifetime, since the positron must
tunnel to infinity to overcome the positive potential it would and thus achieve a stable deuterium nucleus configuration.
feel from the black hole. The spontaneous emission of posiHowever, this is not the end of the story. The positron would
trons would continue until the charge of the black hole fellbe emitted with a large kinetic energy and so it would only
below Z=138. The ground states with>0 also have a be weakly bound if at all. Thus the system will still have an
finite lifetime, so the charge of the black hole then continuesffective charge of—1, which can attract another proton.
to fall until the charge is neutralized with the lifetimes de- This would join with the deuterium nucleus and forntlde
scribed in Sec. IlI. nucleus.

It is also interesting to consider the binding between black Also it is conceivable that the doubly charged black hole
holes and charged scalar particles: Higgs bosemmeson, could pick up an extra neutron, if a sufficiently slow one
etc. For a scalar particle, the Klein-Gordon equation in thechanced by the orbiting nucleus. Then the tritium nucleus
Coulomb field has a singularity &« =1/2 (or Z=68.5).  would be formed. This would certainly be unstable, as it is
After this we must take into account the finite size of theusually, and decay tdHe.
nucleus. We wish to know at which point the energy reaches We now have the idea that the negatively charged black
the lower continuum, to see whether there are any bountiole can have a nucleus orbiting it, having a certain number
states with negative energiyn much the same fashion as was of neutrons and protons which follow the nuclear stability
done for the electron cage curve. But we have not considered the effect of the Coulomb

The calculation to find the critical charge in the case offield on this nucleus. The binding energy of the nucleus will
the scalar particle is done in Appendix B, again following thedecrease when protons decay to neutrons because the neu-
method of Popoy23]. It is found that the bound state energy trons are not charged. This may provide enough energy in
of the lowest shell equals mc? at Z.=69.001. Because of some cases to form a bound state with an unusually high
uncertainty in the size and boundary condition of the blacknumber of protons. So the stability curve is effectively
hole, we cannot, from these results, tell if there i£a69  pushed towards the proton side.
bound state or not. Anyway, it would be a very short-lived
state.

In a case of a finite-size particle such asraneson the B. Lifetime

low-Z Klein-Gordon equation may be treateq in a sim_ilar The lifetime found from Eq.(13) is proportional to
fashion to the “finite-size nucleus” problem with the radius m~27~1, wherem is the mass of the orbiting particle. This

of m meson instead of nuclear radius. However, accuraigyeang that a single proton orbiting around an elementary
high-Z results may be obtained only by solution of the three—p‘.mide of chargeZ=1 has a decay probabilityn(,/m )3
body problem and depend on the strong interactions between 1 g3 times larger, leading to a lifetime af=3x 102 §/r.

the quarks. For example, one of the quarks can be rapidly gt the mass of our particle will be that of the orbiting
captured by a black hole and they can form a “superheavy, ,cjeys; which must in turn follow the new stability curve

qua(k" interacting with a rgmaining quark—see the nextey. 4 nucleus orbiting a black holéSec. V A. Thus the
section devoted to a protonic black hole. lifetimes will decrease even faster than they do in the elec-
tron case because the entire nucleus mass is of importance,
V. PROTONIC BLACK HOLE ATOMS not the mass of just one proton. However, if we consider

If a black hole has a negative charge, then it can capturBIaCk holes wjth only one proton, the lifetime is equal to the
positively charged particles including protons and alpha parEjlge of the universe _foZ=5. L L
ticles. At first glance, one might think that this would form a _ 1here is an additional complication to the lifetime, con-
“protonic black hole atom,” something akin to the usual Sidered in Sec. Vi.
atoms, but with orbiting protons instead of electrons. But in
fact the physics of this system is quite different. VI. COLOR CHARGE IN BLACK HOLES

We have established in Sec. V that negatively charged
black holes can have orbiting protons. We even estimated the
probability that the bound protons fall into a black hole. But

Consider a protonic black hole. Because of the strongve did not consider that protons are not elementary particles,
nuclear force, the ground state of this system would considbut are made up of three quarks, each with a different color
of a “nucleus” of protons(some of which may decay into charge. This means that as a result of the extremely small
neutrong orbiting a black hole. For a singly charged black size of the elementary black hole, it is not the entire proton
hole, there would simply be a single bound proton and nothwhich is captured, but a single quark.
ing very exciting occurguntil it decays—see Sec. VI The black hole then obtains the color of the quark it cap-

It is known that for two nucleons there are no boundtured, and becomes a “superheavy quark.” This would form
isotopic triplet states. This means that in a system of twa strongly bound state with the remaining two quarks of the
protons orbiting a black hole of charge=—2, one of the original proton. While the other two quarks will eventually
protons should decay via the weak interaction as fall into the black hole, this will happen with a finite lifetime

A. Ground state
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7~10" yr. Here we assumed that the quark wave function in  The electrons orbiting a black hole can fall into it. This

the proton has radiuB~ 0.5 fm andy(0)?=1/(4wR%/3). “direct capture” leads to a finite lifetime for black hole at-
oms. This was found to be many times the age of the uni-
VII. HEAVIER BLACK HOLES verse for black holes with small charges, but decreasing ex-

ponentially with increasingZ. From these calculations we

Let us discuss briefly nonelementary black holes. Becausgoncluded that primordial black holes would today have
the density fluctuations in the early universe would have OCtharges no larger thaf~70.
curred on all scale$2?], there may conceivably have been  The black hole atoms may give rise to new physical phe-
black holes formed with much larger masses. The smallefRomena. WheZ> 137 (Z>68 for scalar particlesve have
ones of these would have evaporated into elementary black physical realization of the much theorized supercritical
holes. The minimal mass of a black hole that would not haVQ:oulomb ﬁe|ds] where the Single partid{eshe” energy be-
evaporated entirely by now i¥1~5x 10" kg [2]. In this  comes negative. We found that these energies immediately
section we will consider black holes of makt~10'2 kg. drop into the lower continuune<—mc. Although the
Such an object has a radius of 1.5 fm. ground state falls into the Dirac seazw=1.002, the upper

These objects are interesting to study because at this maggtes Ps. d, etc) do not until afterZea=|«| (see[22]).
they have gravitational fields comparable to the electric fieldyherefore it remains as an interesting question whether there
as well as sizes comparable to that of ordinary nuclei. Unyye any states with negative energgcluding mc?) in the
fortunately there is another complication in determiningypper bound states. If there are, then there is still the possi-
orbits—the constant flux of Hawking radiation being emitted bility of the beta decay of electrons to muons, tauons, and so
will interfere with any particle orbits. on.

Consider a singly charged black hole. Neglecting the \ve also discussed protonic black hole atoms which are
gravitational potential and using E13) for the capture formed with negatively charged elementary black holes. The
probability with a new Schwarzschild radius of 1.5 fm, we ground state of such systems is a nucleus orbiting a black
obtain the lifetime hole, with the nuclear stability curve pushed towards the pro-
ton side. Because protons are not elementary particles, the
black holes would capture just one of the quarks of the pro-
on (or of any constituent nucleon in the orbiting nucleus
his leads to a black hole with a color charge. The lifetime
f this “superheavy quark” was found to be about’1@.

Finally we briefly considered much heavier black holes

Teoulom=5X 10711 sec.

Obviously increasing the charge makes this smaller still, a:
does including the gravity term. Thus we can conclude from
this and the fact that, if it was charged, evaporation would’

favor neutralization of the charge, that any charge of the . : :
black hole would have been neugtralized by )rlwow. g (with masses of~10* kg) and found that their charge is

Having concluded that there would be no electric Charg@eutrali;ed very rapidly. There remains the p'ossibilit'y .Of
on black hole atoms, we turn our attention to gravitationalgrav'tat'onal atoms. However, because of Hawking radiation
atoms. These would consist of particlege will confine our-  and the capture of the electron, such atoms may be very short

selves to electrons, but any particle would debiting heavy ~ 1Ved-
black holes of the mass discussed. The potential is
_ GMm B g ACKNOWLEDGMENTS
Yga==— =" (15) We are grateful to M. Yu. Kuchiev for valuable discus-

sions. This work was supported by the Australian Research
In relativistic units,g=1/520 for electrons. The radius of the Council.
ground state for such a system is approximatetyl/g=2
%X 10~ m=0.2 nm. This does not take into account the con-
tinual radiation of the black hole which can interact with the APPENDIX A: SUPERCRITICAL CHARGE:
particles and may potentially destroy the bound states. ELECTRON CASE

It is interesting that there is no limit to the number of  Hare we proceed to find the supercritidalfollowing the
particles which can join the gravitational atom provided theethod outlined by Popoi23]. To find Z. we need to solve
particles are neutral or there is a balance between opposi{fe pirac equation foe=—1 (we use relativistic unitsh
charge particlegunlike an electromagnetic atom where the _ ._ ,,— 1). We write the potential as
charge becomes screenethis gives rise to a new class of
guantum many-body problems covering the area between hy-
drogens atom and the solar system. —é&lr, r>rg,

V()= —&lrg, 0<r<ry, (AL)

VIll. CONCLUSION

We have seen that elementary black holes with charge canhere é=Za«. This assumes that the wave function can ex-
capture electrons and form bound states similar to those dénd inside the black hole, and that the charge of the black
an ordinary atom. The electronic spectra of these black holbole is concentrated entirely on the surface of it. The Dirac
atoms can be searched. equation can be expressgib,2(
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conditionK; ,(y8¢r4) =const. The constant should necessar-
ily be positive because the ground state should have no
nodes. The maximum value &f will be realized when a
K node does exist at the boundary. So let usKry(y8¢r,)
ar - 1metVIF+ -G, (A2)  =0. This gives us a value af.=1.00199 corresponding to
Z.,=137.31. So our conclusion that no negative energy
whereF (r)=rf(r) andG(r)=rg(r), with f andg the radial bound states exist is valid.
wave functions;—« is the eigenvalue of the operatét
=pB(L-o+1), conserved in a spherically symmetric field.
For K-shell electronsk=—1. APPENDIX B: SUPERCRITICAL CHARGE:
We eliminateG from Eg.(A2) to obtain the second order SCALAR CASE

differential equation

O (14s-V)G
E——F +( +8_ ) y

We can discuss the case of a pointlike scalar particle in a
Coulomb field in an analogous manner to the electron case

F'+— | F'+ f,:) + (S_V)z_l_m F=0. [23]. First, we must solve the Klein-Gordon equation, out-
1+e-V r r? side the nucleus
(A3)
The wave function outside the black hole can be obtained 266 E—1(141)
from this, settinge=—1 andV=—¢/r where £ now be- o/ +|e?-1+—=+>——"|g=0. (B
comes its critical value when the bound state reaches the r r?

lower continuum.:

F2F"+rF' + (& - k*=2¢£r)F=0. (A4)  We can solve this in its present form, but it is easier if we set

] ) . ] e=—1 immediately, since we are interested in findifig
Transforming this equation by= y8¢r we obtain the Bessel \yhere theK-shell energy meets the lower continuum. The

equation wave function in this case has the form

X2F"+XF' = (x*=v})F =0, (A5)
with v=2£2— k2. This leads to the solutioffor k=—1 @i(r)= \/FKiM(V8§R)’ (B2)
andé>1)

F =constx K; ,(X) = constx K; ,(\/8£r), (AB) 1\2
u=2/&- '+E) . (B3)

whereK;,(x) is the MacDonald function of imaginary order
(a Bessel function of the second kjnd'he second indepen-
dent solution1;,(\/8&r) is unacceptable because of its
growth at infinity.

Now we must choose a boundary conditionratr,
hence specifying completely the wave functierand allow-
ing us to find¢.. For the potential considered in EGAL),
we equate the logarithmic derivatives of the wave functions
inside and outside the black holtor details sed23]) and
obtain the transcendental equation

If we again use the cutoff potential fo¥(r), then we
obtain foré. the transcendental equatitfor the lowest level
n=1,1=0)

XKi’V(X) = (218 COtﬁ_ 1)Kiv(x)1

XK, (X)=2& cotéK; (). (A7) =141,
Solving this forr ;=1.6x10"% m=4x10 ??in relativistic
units used we obtaig=Z.«=1.00187, corresponding to a — JE(E=2R)
critical charge p=vele ),
Z.=137.29. (A8)
¢ x=/8¢R. (B4)

Thus we conclude that there are ni§-ghell) bound states
with energy —1<e<0 because wheZ =138 we are al-
ready in the lower Dirac sea. Solving this numerically we obtain thaf.=0.50353

One may think that the boundary condition chosen iswhich means that the energy of the scalar particle reaches the
somewhat artificial, but in fact the actual boundary conditionDirac sea aZ.=69.001. Because of the uncertainties in the
chosen is not important compared to the scaleof Con-  size and boundary condition of the black hole, we cannot tell
sider, for example, a very genefaind incompletgboundary if there is a bound state with negative energyat69.
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