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Abstract

It is shown that the net amount of baryons evaporated
by a bleck hole can be unequal to that of antibaryons, even
if baryonic cherge is microscopiocally conserved, This
repult is in contradiction with ref, 1 » where just the
opposite etatement was made. The baryonic asymmeiry of the
Universe which cen be generated by black hole evaporation
in a specific mechanism first proposed by Zeldovich 2 s

18 estimeted,
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It was stated recently ! thaet no baryonic excess
in the outer space can be generated by the black hole eve-
poration 3 if baryomic charge is microscopically con-
served, The authors of ref. 1 considered thermslly emit-
ted particles propagating through the gravitational field
of the blaeck hole, the C- end CP-violating processes of mu-

. tual particle transitionm in the gravitational field
being permitted: it = ffi*\’ij 9; (here (; stands
for a field operator and R 18 the space curvature).
Note, that this interactiow. .onserves the total number of
: 5) -particles of all typee. Using the CPT-theorem and
the generalisation '** of the detailed balance condition
to the case of violated iime reversibility* one can ri-
gorously show that the net baryonic flux from a black
hole venishes in this case, This is the result of Tef. 's

If however total perticle number ir the course of
propagating through the black hole field is not conserved,
the agruments of ref, 1, as they are, are not applicable '
because in this case the equations of movement become non-
linear and so the result can be invalid. It is shown ia
what follows that the mechanism, proposed several years
ago by Zeldovich 2 s does indeed producs nonvenishing ba-

*) If there is no invariance with respect to time rever-
sal, the detailed balance condition is no longer ful-
filled, However the ﬁ? -matrix unitarity enforces
the equality of the total sum of probabilities of
all direct and inverse processes in the thermel equi-
librium. So balance is achieved by summing up all pos-
sible cycles end the corresponding relation among tran-

sition cen be named the cyclic balance condition 4 .



ryonic flux into the outer gpace and hiding the egqual
amount of antibaryons inside the black hole*.
Assume that there exists a heavy meson A which

has (among others) the decay channels

—

A—“)HC and A-sH\,

where L, is & light baryon and }{ is a heavy one,
Because of C- and CP-violation the decay probabili-
ties can be different

[ra-LR)-Ca-HD)] /= a>0 (1)

Of course some other decey channels and rescettering pro-
cesses should be possible to providefthis inequality,
Beceuse of the larger mass of }[ » 88 compare
to that of [ , the probability of back-capture of H
(and ?7 ) by & black hole is larger. So the process
of the' A -meson evaporation and its subsequent decay
in the gravitational field of the black hole leads to a
baryonic excess in the outer world even if the baryonic
number is striectly gdnserved. Partiéle scattering out-
side the ‘black hole, which in principle could compensate
the excess of light baryons, is negligible because the
particle flux from the surface of black hole is small,
The following example explicitely confirms the above
made statement, Let My = My > M  and the black

*) First the idea of the Universe baryon asymmetry gene-
ration by the black hole evaporation was formulaied by

Hawking 3 .



hole temperature is smsll enough go thet MS>T m, .
The wave equation governing (for simplicity epinless)
particle propagetion in the gravitastionsl field of &
black hole is of the form (see e.g.refl. 6 )y

' [@;-f-il—- Vv (?‘\f)] Re'ea(z‘,s_)= 0 (2)

6%
where R ( 2; ‘i,) is .he particle rediel wave function
with en orbital momentum e end its third component 23 .
The total wave function is decomposed in terms of Re'?"
ey ~f [:p.! ; .

a8 follows kf('z, £)=1 (ZG 72:%(250) R (z;g) ;

& is the particle energy in the inverse gravitational
radius units - £=£7.° == E » 226G , U is the black
hole mass end G == 0.6 «10~30 'Mp'z is the gravitatio~

nal (Newton) constant, The potentisl V hes the form

V(’S.',e).—. (4—50—' ) [ f(@* ()SO—J+ @n'lj)l+ 5’7)"3] (3

where M 1is the particle mass, 53:'1/"(: , 'L is the

usual radius-vector commected with ’E by the eguation

3 = [+ n (50—4 ) (4)

It is essential thet V(E,Q)-)O es 3—»»04 (’Z-"> 'td.)
and V(‘z'e).q(m zg)l as 3——» +o09 (T=+00) . This
meens that in the vicinity of the black hole all evapoira-
ted particles are effectively massless and have the seme

(thermal) energy distribution noexpe (~e/m) [1=
Q,(r, (-E/T) ]—l_ However only those particles can pro-
pagate to infinity which have sufficiently high energy,



E > m. So in the case considered the flux of A =and H
particles at large distence from the black hole is expo-
‘nentially (N ar (~-m/r) & 1) suppressed whereas the
backcapture of L-pvarticles is not so oyerwhelmingly
lerge. The flux of L end I-particles at infinity ie
thus not small and because of larger amount of I produced,
as compare to that of L (see inequality (1), the net

flux of baryonic charge is nonzero. There is of course some
supression of A-decays due to the slowing down of time in

the vicinity of & black hole but it results only in a power
law suppression and not in an exponential one., To make

this more precise, consider the wave function of I and

H produced by the A decay in the gravitational field
of the black hole:

| (W74
- ot { ! (] (S)
g T )= = }ey,% (-9)’) )é,q(y' f) RLJ (3, i'i EL,EH)
"3
* e"!;,.
where 3 is connected with T through expression
(4). It can be shown that R Li vatisfios the equation

2 . 1 pt < ¢f€,‘ e
[(a;'+ EL_ UL(LQ)](QEH' 80- U“('z.e)] RL—F{ (2’}.' E“’E")= (6)

2 eA,eM v‘a
=g 2 -2)3Gy) g.gfn (35 ere) 6.%1;€6:€€)

where f is the coupliné constant of ,4 LH «transition,
R A is the wave function of A-meson; . RA satisfies
eq. (2) with the substitution My My-ilyfa , [, deing



the total decay width of A-meson. The derivetion and
solution of the coupled equations (2) and (6) is diacuéaed
in & longer paper submitted to ZhETP where.the Tollowing
estimate for the baryon charge produced by the black hole .,
evaporation in the case of 771“’% > A1 ard m‘.“ca_‘ {4
was obtalned

B = NL-MI: A (Mo \}Nef/ (n

Here ’VL(E ) 18 the total emount of light baryons (anti-
baryons) eva.porated by the ble.ck hole, - A 1s definea
by expression (1), 'ms, 10'? eV 1s the Planck mass,
e/’/ is the effective number of different particle spe-
cles evaporated by the black hole, €ﬁ ~: 10 ¢+ 100, and
llo is the initial value of the black hole mass, the fol-
lowing cqnditioﬁ being valida [ = ’h%:' /3-r;M°> m,
To evaluate the average baryon number density in
the universe we p:pdceed as follows, The energy density in

the early univerag is

1
5)&) = My (8)
| 323’ i*

If the contribution of tue primordial black holes with

mass M into J'o is egual to ?253 (ae¢ 4) then the
number dengity of such black holes is

Ny = xf('t) /M (9)

The value of 22 is unknown; in what follows we assume

that it is of order of unity. The baryon number density

to the moment of the black holes evaporation,



b= Toym (l0* Janegy) M° mg? te
Ng= Mg, B= ZB‘P (:’Ib,,)M" (103

After the black hole evaporation the thermodynamic equilib-
rium ia éetabli.shed in the primeval plasma, the temperciure

being defined by the equation

2
5{) = ﬂl‘ N (11)
where R 1is the number of different particle species pre-
sent in the plesme. In what follows we assume that N= Ng/{
(sce eq. (7)), Now the following result for the inverse

specific entropy per bharyon can be obtained

p=- e _ zB [M]’:—mxa fa valﬂ_,l)‘/‘UZ)
/n (M
The increass of f-? for small ‘M is connected with
the assumption that 77,3“" M—’ (see eq. (9)). A reasonab-
le order of magnitude estimate of the parameters in r,h,s,
of eq. (12), 1.e. U_A/”'n) =3l IO A~ 10!
(probably 5malle?r), glves ﬁ |0 x (W/M) Y2 , com-
pering this with the known value, F = 10 =941 » WO con-
clude thaet the discussed mechanism can provide the ob-
served baryonic asymmetry of the Universe if primordial
black holes with the mass M= lo"*l 7,,3,': ]diiggive no-
ticeable contribution into total energy density. Remind
however that expression (7) was derived under assumption

that "(3 ’mA " ~ 4 » this means that the results
]



obtained could be valid if there existed A-meson and H-ba-
Tyon heavier than 10-4%? ')’Mg) ~ 10*% Gev,

It i8 easy to see that in the case of large mﬁqﬁ
and m""(’ and small m,_'la , considered up to now, .
the resulting baryonic esymmetry proved to be the largest,
If My T V| then the value of B (eq. (7)) would
be suppressed by the extra factor (m“- m,;) 'Ia and to
get the desired value of the heavy baryon H should
be heavier than 10'(4-'\',-'2)7)1$ « The case of emall 'MA‘ZJ is
even less favorable.becauae the _baryonic charge generation
is further suppressed by the slowing down of the A Qdecey
rate due to the . )" -factor, Y= My [E, = My /T m,,'(a_
These statements are valid if 2 (¢T) {1 . If howsver
at rome t=4, ¢ ..PB“ / .Pto-t:" then the energy den-
sity is dominated by nonrelativistic black holes end the

low ‘of the universe expansion changes

ftot&) PBHM .3.2:— % (f«

I
In this case P is (’t’ /t.) 8 times larger as compa-

)’/1 (13)

re to .that given by eq. (12):

3 T, mg 43
ﬁz o1aN A flo‘Z *i] ({:‘ Mg) _ (14)
hy M
and the observed value of can be obtained if

8t3 -1
M £ e My (’h@é,) . The lower bourd on the
mass of A-meson and of the heavy baryon 1is now not so
-3t
laerge as in the preceeding cage, ’m" A > [0 3 ’)}19 Lf'/tg)
and in principle it is poseible to ‘get the necesstry re-
sult for ﬁ without inventing superheavy particles,



In conclusion I would like to note that the dis-
cugged mechanism of the explanation of the universe ba-
ryonic asymmetry is seemingly not so beautiful As the pos-
8ibility which naturally arises in Grand Unified Theories
with baryonic charge nonconservation. But if the proton
‘1natability i8 not discovered in the nearest future, the
model considered here will look much more attractive,
There is a possibiliiy, of course, that both mechanisms
are operative,
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