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Until recently the kinematic aspects of the universe (global ho-
mogeneity and isotropy of space), supplemented with the principles of
general relativity, formed the foundations of cosmology (Bondi, 1961).
With the discovery of the microwave background radiation (Penzias et
al,, 1965) vmﬁCh attention is being paid to the dynamical aspects, in
particular to 'a less sweeping representation of the conditions prevail
ing in the early universe (Harrison, 1968). From this point of view

the ratio
n = NB/N,Y | (1)

of the total number of baryons and antibaryons >1:o;p'hotons is an extre-
mely important parameter. Since the total number of particles of all

kinds in a co~-moving volume is a constant and proportional to the total
entropy, and since presently the photon contribution to the entropy do
minates overwhelmingly, 7 is essentially the reciprocal of the en-~
tropy per baryon, Because it is proportional to the matter content of
the universe, theories of galaxy formation must be concerned with it,
In a charge-asymmetric cosmology i:'hee initial baryon number contrast
AB/B can be shown to be of the order of #(Harrison, 1968). Other in-
teresting thermodynamic paramete.rsfame related to it e, g. the ratio
of the specific heats of matter and radiation (Gamow, 1956) and the
ratio 6f pressure to energy density (Alpher et al., 19671; Zeldovich,
1967). Its observed value is

-9
n, = 1077, (2)

Theoretically (Chiu, 1966 ; Steigman, 1973; Zeldovich, 1965) it is

grossgly under-estimated

n, = 10-18 : ' (3)

th

by at least nine orders of magnitude, This large discrepancy is not

yet understood,



In this paper we present a simple model of a charge~-symmetric
universe in which % can be calculated completely thermoedynamically
at a uniquely determined temperature characteristic of the hadron era,
The importance of this approach is that by stipulating a mechanism
which prevents complete annihilation bf baryons and antibaryons, and
which need be only a few percent efficient, it is possible to accommo-
date the observed order of magnitude of 7., A natural mechanism is
suggested whose efficiency is determined by the ratio of electromagne
tic to strong interaction couplings, For purposes of comparison we
recall briefly the main arguments of the existing calculation of 7
(Steigman, 1973), By assumption the universe is charge-asymmetric,
with an excess of nucleons over antinucleons, The number of nucleons
NB (each ofvmass m) and photozns N y in equi?.lib‘rium at a teﬁlperamre

T in a box of volume V are given respectively by

‘N = avmT 3/2 '» |
Ng = 4V 1\-+2;- ) exp(-m/T), | | (4)
N = 2VI” |

where  §(3) %' 1,2 is the zeta function,
The next step is to compare the expression for 7 gotten from

these equations

3/2 ' '
1 = 4n® 2:5; ) / exp(-m/T) , - . (e)

with that obtained from dynamics, The argument involves the age of
the universe as given by the (radiation-dominated) mass-~energy den-

sity

3 L 0 aw10-36md | 3
2 e e R o 8. 4x107°°7p -
%e T S2na +2 Py T (gmem™) (7)

and the time t, when nucleons ‘and antinucleons fail to 'meet each other



and annihilate, .as given by the annihilation mean free path

ta - ( NB ) 3 . ( 8)
""""'"‘V v 1D'a

where v is the relative velocity of the nucleon~antinucleon pair and

0, their total annihilation cross section. Egs,(5), (7) and (8) give

another determination of 1.

321G 1/2 1,,21\'2 10.-18 (9)
n = T.) : ) s o
Vo, T

which compared with (6) fixes the decoupli:n’g temperature and hence 7,
The above arguments are fairly straightforward and seemingly
hard to fault, Perhaps for this reason the ;pred.ictioﬂ in eq. (2) has
been described as a catasti'ophe. Actually from the point of view of
hadronic interactions these arguments are inadequate. Hadronic in-
teractions enter through the product v 6, whose value has been esti-
mated from scattering data (Steigman, 1973). There is no connection
between it and the thermodynamic coexistence of the hadrons them-
selves, This is a serious limitation, for we must expect a strong
dynamical correlation between the interactions of hadrons and their
thermodynamic coexistence during the hadron era and after, The sta
tistical bootstrap model (Hagedorn, 1965; 1970) provides a connection
between thermodynamics and strong interactions of hadrons. The main

equation of this model (Frautschi, 1971)

o Vo N-1 N fa
o(m) = Z N-l-‘- ('“%*), i /d?’ﬁ?l dm; p(mi) x
N=2 o (2w)" i=1 '

(10)
x 6%Zupy) 6(L B -m) ,
1 1

consistently generates the hadron mass spectrum p(m) from itself as



input, Its solution: for large mass: is (Hagedorn, 1965 ; Frautschi, 197 1)
p(m) ~—=> am™Pexp(m/T,), (11)
L ~>00. )
with a, b: constants:and T o= 160 MeV, the maximum equilibrium tem
perature of hadronic matter,

We propose to apply this model to investigate the stability of the
early universe,. with respect to'baryon rumber composition,. as'it'cools
through the hadron era, We assume an initially uniform state with zero
net baryon number, Consider then a cell of volume V large enough to
contain: average conditions of the universe, For times t< 1074 sec, V
contains. a large number of different species of hadrons described by
the mass spectrum p(m)., Their free energy is (Bernstein et al., 1969;
Omneés, 1972).

F(V, T,N,n) = F(m, —-~)+F(1r, EI-E--) NT+ ~— v -(-BzfrB;)Nz +

3
+——-(B -B} )n + =L (B+SBYN + (12)
24V

T
+ (B3-B3)Nn R

gv?
where
o /
. Y = - ON y 4 . E 14 2‘ ‘ ;E- L - .
Pn,N) = -2NT 44 4B (52 ) P (B Vo, ), (13)

is the free energy of a background gas of pions interacting with N
baryons and antibaryons immersed in it and Kz.({z)i- is the modified
Bessel function of erder two-
QO
2 3.2 2\ TE PR |

2m
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Bz(.[‘) ) / dE E K.zl( T)po(E) s (15)

are second virial coefficients from baryon-baryon (antibaryon-anti-
baryon) and baryon-antibaryon scattering respectively. If N is the
number of baryons and N that of antibaryons, then the third virial

coefficients Bj and Bg are the coefficients of the three=body terms

-é%- (NZE + N2 N) and "';5,1'? (N3 + ‘ﬁ3) respectively, They are related to

the second virial coefficients and the so-called third cluster functions

bg and b'3 by (Pais et al,, 1959)

B
3 2
= - 2(2B, - by) ,
(16)
B!
=3 . 2 1
= = -2(2BY - DY) .

In the application below we shall make the simplifying assumption
by = b'3 ) (17)

The spectral functions po(E),,‘pl(E) and pz(E) corresponds to
the channels with baryon number zero, one and two respectively.
They behave for large argument as the total mass density (Frautschi,
1971)

m) = & . 18

p(m) 5 pp(m) (18)
K

The approximation involved in identifying ’(S"1 Tﬁ}- S)B, where

S is the S-matrix (Bernstein et al,, 1969), with the B-channel mass
spectrum pB(E) amounts to assuming that asymptotically the S-matrix
counting of resonances coincides with thermodynamic counting, This

assumption provides the correlation between thermodynamics and



strong interactions mentioned: previously, The Vari'able n in eq. (12)
is an:order p’ar-ameter in the thermo‘dyha.mic use of the term, It is
the net baryon number of the system and'is,. byi as:sumptidn‘, initially
zero, Notice that in.eq. (12) there are no: non-interacting terms, This
is required by the statistical bootstrap model because all the hadrons
present are fully interacting, However-if one considers a sum over

all of them it is: allc»wed for instance (Hagedorm, 1965; Frautschi, 1971)

to replace F(m, —I-\-T——I-l-) by the non-~interacting free energies
FO(V P L —]zg--z-f-—-)r of baryons (+) and antibaryons (-). The connection

between them, in first approximation, is expressed through the che-

mical potential by

SE Pk, (R eym), (19)

where, neglecting statistics, F,(V, T,N) is given by

N N : \
F(V,T,N) = NT(n Ve -1), (20)
with
(é6]
- T b2 '
Cc(T) = —‘;—az' / diE E Kz(%) pl(E) . , (21)
I
m

The condition of thermodynamic equilibrium is obtained by mini

mising the free energy with respect to N; this gives.

2

(B§!+B2) (-"--Zl%— = (B +3B1r)(_.N R R (22)

2V
where dots stand for terms we shall. 'ne‘gl'e‘ct Our main idea is that

there eXlSta a rezglnme of ’cempercttures where this (mass stable) equi-
0

llbrlum (i.e. ; - > 0) becomes unstable with respect to perturba-
tions in the baryon number about n = 0, ‘

The phase transition which accompanies this instability is due to



the spontaneous breakdown of charge conjugation symmetry (Omnes,

1972), The condition defining the critical temperature T, is

(B, -By) (o) = 14 (Bg-BY (g o5 T=Tc ,  (23)
and is obtained by equating to zero the second derivative of the free
energy with respect to n, For T>T c stable equilibrium prevails
with n=0 in all parts of V while for T <T; the free energy is minimi
sed by non-zero values of n, Because of overall baryon number con-
servation in V the equilibrium values of n occur in pairs, say _no(’I‘),
for each subvolume in which n#0. The volume V is consequently
partitioned into regions of matter and antimatter, These matter in-
homogeneities are the galactic germs in this model.

We shall solve egs. (22) and (23) for the critical temperature in
two kinematical limits, An important consequence of the bootstrap po-
stulate is that the energy density is dominated by non-relativistic ha-
drons, For small collision energies in fact Bg and ‘Bg can, to a good

approximation, be set equal to zero, so that egs, (22) and (23) yield
BY(T) (577 ) = 1 T =T (24)

The last equation is compatible with

By(T) = 0 , | (25)

which is argued for, in this regime, by the exoticity of the channel
with baryon number two, i,e, pz(E) &~ 0, Eqgs. (24) and (25') were
first thained by Omnes (1972), They can also be understood by means
of a simple argﬁment of d:imensionél analysis, which relates the total
cross sections to the second virial coefficients, For a totally absorp-

tive scattering in a force field of range R the total cross section is



o= ZwRZ while from eq, (24) B' o« V& R3

Since for small energles
the total baryon-antibaryon cross section (o B' / ) is much greater
than the total baryon-baryon cross section (< By /3), egs, (24) and
(25') are consistent with the low energy behaviour of the cross sec-
tions,

If the dominant hadrons in equilibrium are relativistic we can
again invoke the relationship between the second virial coefficients and
total cross sections tdgether with the Pomeranchuk theorem on total

cross sections to conclude that
BZ(T)’ = B'Z(T) . (26)
From éqs. (16), (17), (22), (23) and (26) we then have

' Y = P - r - Al
BL(T) (557) ; - T=T_, (27)

i

together with a constraint on the third cluster function bg(T)

b, (=) = 3. (28)

Eqs. (24) and (27) are not substantially different, By making use of
eq. (20) to express (N/2V) in terms of the chemical potential p(T) it
is now easy to calculate the entropy per baryon at the critical tempe-
rature from either eq, (24) or (27), To do this it is necessary to fix
the value of the power exponent b in the hadron mass spectrum. Va-
rious arguments have been given for considering values of b > 5/2
in applications (Hagedorn, 1965; 1970; Frautschi, 1971). Eq.(19) is
consistent with egs. (20), (21), (22) and (23). for b in this range. In
all the calculations below we shall use b = 5/2, With this input one

obtains from-egs, (15) and (21)

aj 32 ZTO
B'z('l.)C(T-) = 3 (T +T

)| In (==

| 2T (29)

To-T i.z
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where aq, a5 are defined similarly to a in eq, (11) and m is the mass
of the dominant baryons present at the temperature T. From the ther

modynamic relation

’

r

. :
du, = - RdT + T ap , (30)

where S is the entropy and p the pressure, one gets from eqs, (20),
(24), (27) and (30)

= T2 (B Yo | |
T—= (B, C(T)) - 7 - (31)

S

N
For b=5/2 and T — T the first term in (31) tends to infinity faster
than the second which does so only as InIn(T,-T). For T, near T,
we shall therefore set p (T.) = 0 for simplicity, Making use of the
fact that for given ay and ay eq. (29) relates the critical temperature
to a critical mass, m

finds at T = T,

c» hamely that of the dominant baryons, one

. - 3
(_N_) = (E&Eﬁ)\ln(fo T(E.) o~ .}.Er.l_?_ 1/2 x
S'c 2To 5To a,ay ‘
] (32)
Amg 449
% exp (- ( M2y,
2 2y

where A=1 or 5/4 according as one uses eq, (24) or (27). Eq.(32)
is amusingly similar to (6); the role of the fixed nucleon mass is now
assumed by the constant (alaz)l/g. In fact for b = 5/2 the mass di-
mension of the a's is 3/2, The role of the temperature variable in
eq. (6) is taken up by m, in eq.(32), This relationship between mass
and temperature is much deeper than we have been able to boring out
in this simple application, In a wider context it is a consequence of
the connection between the singularity structure of the analytic S-ma

trix (e, g, mass poles) and that of the thermodynamic partition function
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(e. g, temperature singularities at phase transitions),

Table I gives 17, = (N/S), with the correspondmg critical tem~-
pera;ture‘s‘ for typical values of m, up td teh, :huéleon masses, For lack
of a better estimate we have put a; = ééz =2,6x 104 (1\/Ieﬂ/')3/2 (Hage~-
dorn,1965). | - |

TABLE I

The table shows values of 5, and the temperature’
- difference T,-T_ from egs,(24) and (27) as they

vary with m, = km, (k=1,2,...,10) where m, is
the mass of the proton, :
T —
’Amel/mp@' ﬂc T~ Te(MeV) e T(;",TC(MGV)';
‘1 | e.s7 108.5 0.36 92,8
2 | 0.14 14 0.11 9.6
3 | 1.81x1072 | 1,01 1.03x1072 0. 51
4| 1.26x1073 | 4,54x1072 | 4.95x107% | 1.6 x1072
5 | 5,45x107% | 1.52x107° | 1.33x107% | 3, 07x107%
6 | 1.39x1076 | 2.73x10% | 2.27x10"" | 4.0 x107%
v | 2.52x10"% | 3,94x1077 | 2.4 x107Y | 4.83x10"8
8 | 3.38x10710) 4.32x107% | 1.86x107M| 2,13x1071°
o | 2.81x10712} 3.0 x107'1 | 9.1 x1071%| g 67x107!3
10 2.2 x107*) 2.01x1071% | 3. 67x10716| 3.0 x1071% |
. :

From a theoretical point C)f "ﬁfiew 'Ifable Iis interesting by itself
in as :much as 7, has been calculated th.ermo-dynamicaliy in a self-con
sistent theory using eqs. (20), 2:41)\, (27) and (30) in conjuction with the
strong interaction input eq, (29), ‘Thi:s fact suggest the most 'c}irect
connection between 7o and the observed value Nob based on the pos--

sibility of this latter being calculated in thé same theb’r'eticallframe—-
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work with the electromagnetic coupling substituted for the strong in-
teraction coupling. To begin with nbte that in order to .conser‘ve the
created regions of matter and antimatter, Whic:ﬁ must eventually evol
ve into galaxies and antigalaxies , it is necessary to stipulate a sepa-
ration mechanism which prevents their complete annihilation, On the
basis of the efficiency of this mechanism it is clear that the entries
in Table I discriminate between possible models of evolution for T <T,.
For instance since 7, is necessarily greater than 7, (some annihi-
lation being inevitable) it follows that models with m,>» mp where
mp is the proton mass, are not acceptable. This low mass restric-
tion is important in that it encourages extrapolation of laboratory data
to our cosmological problem. This extrapolation is not natural in the
model (Alexanian et al,, 1975) where matter-antimatter separation
takes place between superbaryons of mass 10° my,
On the other hand since the entropy is essentially proportional
to the total number of particles of all kinds, models with low values
of m, (e.g. m, = mps Zmp, 3mp) envisage a relatively large contribu
tion from baryons and antibaryons to the total entropy in the hadron
era, This situation obtains in classical cosmology where nucleons are
the only hadrons contemplated, However for such models the separa-
tion mechanism must be highly inefficient, the efficiency (~ ]L(B'G% for
m, = mp) being itself of the order of 7gp. Thus as far as understand-
ing the smallness of 75}, is concerned, knowledge of 7, inthese mo-
dels is not helpful since the problem of finding the small efficiency is
equivalent to that of 75p. One is therefore left with models in which
N is itseﬁl't‘ a small quantity, In the hadron era this corresponds to
neutral background (pion gas) dominance of the total entropy, exactly
as in the radiation era., The interaction of baryons and antibaryons
with the background is r‘epresénted thermodynamically by the chemi-

cal potential polT) (cf. eq.(19)), At equilibrium this coupling permits
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just a definite amount, nB(Tr) = N/V, of baryons and antibaryons per
unit volume, given by eq.(23), to coexist with pions, Consequently
annihilation of baryons and antibaryons for T < T, cannot be a blind
search- and- destroy. Only that much annihilation occurs which al-
lows the photon gas in the radiation era and after to coexist thermo-
dynamically with a definite amount nB(fy) of baryons and antibaryons
per unit volume, given by an equation identical to (23). Making use
of the constancy of entropy per unit comoving volume and applying

eq. (30) one finds immediately °

ng () (9po/0P) ‘ o
. =n,"¢ =N —2 =, (33)
ob ¢ ng ¢ (OPLo/ap)7

where n%\ is the value of ng(w) at T=T_. An exiremely appealing

estimate for nB-(y}b./ n% suggested by these considerations is that it is
equal to the ratio between electromagnetic and strong interaction coup
ling constants i, e,
%(_(;yi ~ 1072 (34)
B
From egs, (33) and (34) a critical mass is easily found from Table 1
to reproduce the right order of magnitude of 7.

We conclude with a few remarks, App]iedkto a created matter
inhomogeheity our results are the same as those of Huang and Wein-
berg (1970). The limit temperature fixed by them from the value of
Tob coincides with our critical temperature, We have shown already’
that the model of Omnés (1971) is a special solution of our own, It is
possible to.vobtain ’che results of Alexanian and Mejia~Lira (Alexanian
et al,, 1975) from our equations, In fact saturating eq, (21) with a par

ticle pole at E = m_ and making use of egs, (19), (20) and (24) and

(]
setting BL(T) = V, (V. some fundamental volume) one recovers their
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principal equation

VT, |
2 o K2 (molTe) = 1 (35)

The limit of this equation for mj -0 is

3
VCTC .
— = 1 (36)
™

By equating together two apparently unrelated large numbers
Alexanian (1975) has used edq. (36) to calculate the fine structure con-
stant o = e2 /4w, This ad hoc procedure can be physically motivated in
our approaé:h using arguments analogous to those leading to eq, (34).
The main inputs are : (@) the constancy of the total entropy; (ii) neutral
tropy measures the ratio of the coupling mediated by the quanta of the
background medium to the gravitational coupling. Since, with our choi
ce of units, entropy is dimensionless, appropriate combinations of
these coupling constants can always be found such that the entropy can

be written as
2
g = g Z4“ ., (37)
G mjmsy

where gz /4w is the strength of the interaction mediated by the quanta
of the background medium and Gmj)m, the gravitational coupling
between the masses mj and m,,

Assuming the pion gas in the hadron era behaves radiation-like
one can use eq. (36) and the first part of eq, (7) to write, attime T~

~1/m; and temperature T_

vV _p (m) m_ 4 3

T e kig ™
S =S _ = em——e—— = ) -, 38
™ T, o) 3g Gmz (38)
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If we let T_~m_ then S_ is of the form (37) with gi/4m 2 1. By the
samie token the entropy in the radiation era can be written as

VP e(':’() 2 g,Y/ 4w

T

: - e 2 T,
v T,;l e Gme mp

s =85, =

v T (39)

where m is the mass of the electron and m_ that of the proton, Equat

&
ing (38) and (39) and putting in the known values of the masses one finds

gazf/ sm e &¥fam " , : (40)

The choice my = m-e atid: My :m_p therefore correctly normalizes

eq. (37). This is the observation of Alexanian (1975).
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