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THE DEVELOPMENT OF BARYON ASYMMETRY IN THE EARLY UNIVERSE 
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The development of an excess of baryons over antibaryons due to CP and baryon number violating reactions during 
the very early stages of the big bang is calculated in simple models using the Boltzmann equation. We show that it is neces
sary to solve the coupled Boltzmann equations in order to determine the fmal baryon number in any specific model. 

There are observational and theoretical indications 
that the local preponderance of baryons over anti
baryons extends throughout the universe (at least 
since the time when the temperature T ~ 100 Me V) 
with an average ratio of baryon to photon densities 
[1] nB/n'( := Y B ~ 10-9. If baryon number (B) were 
absolutely conserved in all processes , this small baryon 
excess must have been present since the beginning of 
the universe. However, many grand unified gauge mod
els [2] require supe'rheavy particles (typically with 
masses mx ~ 1015 GeV:= 1 n eV) which mediate 
baryon- and lepton-number (L) violating interactions. 
Any direct evidence for these must presumably come 
from an observation of proton decay. In the standard 
hot big bang model [1], the temperature T (of light 
particle species) in the early universe fell with time t 
according to (taking units such that 11 = c = k = 1) 
T - (mp/2t)I/2, where 

mp = (45/8rr3)1/2m']>/~(T)I/2 ~ 5 X 103/~1/2 MeV, 

and m']> = C-1/2 ~ 1019 GeV is the Planck mass, 
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while ~ gives the effective number of particle species 
in equilibrium (~ = k (~) for each ultra relativistic 
boson (nondegenerate fermion) spin state). At tem
peratures T ~ mx, B-violating interactions should 
have been important, and they should probably have 
destroyed or at least much diminished any initial bar
yon excess. (This occurs even when, for example, 
B - L is absolutely conserved, since then an initial 
baryon excess would presumably be accompanied by 
a lepton excess, so as to maintain the accurate charge 
neutrality of the universe.) It is interesting (and in 
some models necessary) to postulate that B-violating 
interactions in the very early universe could give rise 
to a calculable baryon excess even from an initially 
symmetrical state. For this to be possible, the rates 
for reactions producing baryons and antibaryons must 
differ, and hence the interactions responsible must vi
olate C and CP invariance. We describe here a simple 
but general method for calculating B generation in any 
specific model. We clarify and extend previous esti
mates [3]. A detailed account of our work is given in 
ref. [4]. 

Let M(i -+ j) be the amplitude for transitions from 
the state ito j, and let i be the CP conjugate of i. 
Then CPT invariance demands M(i -+ j) = MrJ -+ i), 
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while C, CP invariance would require M(i --+ j) = Mer 
--+ 7) = M(j --+ i). Unitarity (transitions to and from i 
must occur with total probability 1) demands * 1 (e.g., 
ref. [5]) LjIM(i --+ j)l l = LjiM(j --+ i)12; combining 
this with the constraint of CPT invariance yields (the 
sum over j includes all state3 and their antistates) 

6 IM(i --+ j)12 = 61M(/--+ j)12 = 6IM(j --+ 1)12 
j j j 

= 61M(j --+ nl2 . 
j 

(1) 

In thermal equilibrium (and in the absence of chemi
cal potentials representing nonzero conserved quantum 
numbers) all states j of a system with a given energy 
are equally populated. Then the last equality in eq. (1) 
shows that transitions from these states (interactions) 
must produce i and Tin equal numbers; thus no excess 
of particles over antiparticles may develop in a system 
in thermal equilibrium, even if CP is violated. In addi
tion, the first equality in eq. (1) shows that the total 
cross sections for destroying particles and antiparticles 
must be equal. Since in thermal equilibrium no excess 
of i over 1 may develop, this implies that any initial 
excess must be destroyed. 

The phase space distribution fi(P) (number per unit 
cell d 3 P d 3 x * 2 for a species i develops with time (on 
average) according to a Boltzmann transport equation. 
A closed system with no external influences obeys 
Boltzmann's H-theorem [which holds regardless of T 
(Le., CP) invariance (e.g., ref. [4])], so that from any 
initial state the fi(P) evolve (on average) to their equi
librium forms for which ft(p) = fi(P), and no baryon 
excess may survive. 

However, in an expanding universe, extra terms 
must be added to the Boltzmann equations, and if 
some participating particles are massive * 3 , a baryon 
excess may be generated; the relaxation time necessary 

*1 Here we assume Maxwell- Boltzmann particles; the extra 
(1 (::.) f) factors accounting for stimulated emission (Pauli 
exclusion effects) in the creation of bosons (fermions) are 
compensated by corresponding terms in the Boltzmann 
equation [4). 

*2 We assume homogeneity and isotropy, so that rep, x) = 

rep) = [(P). 
of3 It is not necessary that these participate directly in B-vio-

1a ting reactions. 
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to destroy the excess often increases faster than the 
age of the universe H. 

Eq. (1) requires that the total rates for processes 
with particle and antiparticle initial states be equal. 
CP violation allows the rates for specific conjugate re
actions to differ ; unitarity nevertheless requires 
[T=i(1- S),sst =stS= 1] *5: 

IM(i--+j)12 - IM(l--+ 7)1 2 = I Tijl2 -ITji12 

= 2 1m {[ 6 T (T )tJ T~ } - \ 6 T (T )t 12 n In In II n In In . 

(2) 

Hence the fractional difference between conjugate 
rates must be at least 0(0') where 0' is some coupling 
constant H. Moreover, the loop diagrams giving CP 
violation must allow physical intermediate states n. 
(These loop corrections must be usually also B violat
ing to give a difference in rates when summed over all 
fmal st~tes 7) with a given (- )B [4,6].) 

Let Tl be an "(anti)baryon" with B = (-±) !. For 
simplicity we assume here that all particles (including 
photons) obey Maxwell- Boltzmann statistics and 
have only one spin state. In our first (very simple) 
model, we consider C, CP, B violating 2 ~ 2 reactions 
involving (~and a heavy neutral particle ¢; we take 
their rates to be (this parametrization ensures unitarity 
and CPT invariance) 

IM(bb --+ bb)12 = ~ (1 + nIMol2 , 

IM(bb --+ ¢¢)12 = IM(¢¢ --+ I)b)12 = ~ (1 - nIMol2 , 

IM(bb --+ bb)1 2 =!(1 + D\Mo12 , 

IM(bb --+ 1>¢) 12 = IM(¢¢ --+ bb )1 2 =! (1 - D\Mo 12 , 
(3) 

*4 In the simple models discussed below, this phenomenon 
occurs if the universe is homogeneous and always cools 
faster than T'" mp/(tmp)1I5 ; in practice any quark excess 
will be contained in baryons where their probability for 
collisions remains constant rather than falling as in a ho
mogeneous expanding universe. 

*5 This constraint applies only if no initial or final particles 
may mix with their antiparticles (as in the KO system). 
CP-violating mixing requires a difference MU -+ j) - M(T 
-+ j) *- 0 in amplitudes rather than rates. 

*6 Regardless of perturbation theory, CP violation is asymp
totically suppressed by powers of log s, where .JS is the 
invariant mass of the initial state. 
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where ~ - I = 0(0:) measures the magnitude of CP 
(and C) violation. The number of a species i per unit 
volume ni == J d 3 P (21T)- 3 f; (P) decreases with time 
even without collisions in an expanding universe ac
cording to (R is the Robertson-Walker scale factor; 
dots denote tifile derivatives) 

dni/dt =Ni d(l/V)/dt 

= - (3R/R)ni = (3'hT)ni = -(3T2/Mp)ni' (4) 

The ni are also changed by collisions; the (average) 
time development of the I/> and baryon number (nB 
== nb - nti) densities is given by the Boltzmann equa
tions [Yi == ni/n'Y' where 'Y is a massless particle; 
1M0 12 = 0(0:2)] 

n'YY</J =n</J + (3R/R)n</J 

= 2Aii {fb(P1)!b (P2)IM(bb -+ 1/>1/»1 2 

+ !ti(P1)!ti(P2)IM(bb -+ 1/>1/»1 2 

-!</J(P1)f</J(P2)[IM(I/>I/>-+bb)12 + IM(I/>I/>-+ bb)12]), 
(Sa) 

• 34 
n'Y YB = A12 {-!b (P1)!b (P2) 

X [2IM(bb -+ bb)1 2 + IM(bb -+ </></»12] 

+ !ti(P1)!ti(P2)[2IM(bb -+ bb)1 2 + IM(bb -+ 1/>1/»1 2] 

+ !</J(Pl\!</J (P2)[IM(1/>1/> -+ bb )1 2 - IM(I/>I/> -+ bb)1 2]), 
(Sb) 

where the operator A represents suitable integration 
over initial and final state momenta. We assume that 
the (5) undergo baryon-conserving collisions with a 
frequency much higher than the 0(0:3) rate on which 
nB changes (as is presumably the case in realistic mod
els). They are therefore always in kinetic equilibrium 
with the rest of the universe, and hence Maxwell
Boltzmann distributed in phase space: 

!(4p) "'" exp [- (E (+) J1)/T] , 
b 

(6) 

J1 is a baryon number chemical potential, which is 
changed only by B-violating processes, and would va
nish if chemical equilibrium prevailed. Assuming 

Y B ~ 1, one may use energy conservation in eq. (S) 
to write 

+ !(j»(P1)!(j»(P2)","exp[- (E3 +E4)/T](l ( - ) YB) 

"'"!Jq(P3)!</Jeq(P4)(1 (!) YB), 

where !:(P) = exp( -E/T) is the equilibrium distribu
tion of I/> at temperature T: The equilibrium I/> number 
density 

n~ = T3 /(21T2)(m</J/T)2K 2(m</J/T) , 

where K 2 is a modifed Bessel function [7] [as m</J -+ 0, 
n~ -+ T3/1T2; as T -+ 0, n~ -+ (m</J T/21T)3/2 exp(-m</J/ 
T)]. Then substituting the parametrization (3) and 
performing phase space integrations, eq. (S) becomes 

Y</J "'" n'Y <aD v){2 [1 - t (~ + I)] [(y;Q)2 - Y;] 

- (~- I)(y:)2 yB } , (7a) 

Y B "'" n'Y <aov) {t (~ - I)[Y; - (y:Qp] 

(7b) 

where < a 0 v) is the cross section corresponding to 1M 0 12 
averaged over a flux incoming particles in equilibrium 
energy distributions. Eq. (7b) exhibits the necessity of 
deviation from equilibrium for B generation, and the 
destruction of Y B in equilibrium. It also demonstrates 
that if Y B = ° and ~ = I, Y B will always be zero. This 
simple model demonstrates all the conditions necessary 
for baryon generation. 

We now turn to a slightly more realistic but more 
complicated model in which massive particles (X) de

(- ) 
cay to b with rates ['Yx = 0(0:)] 

IM(X -+ bb )1 2 = IM(bb -+ X)1 2 = t (1 + 1lhx ' 

IM(X -+ bb)1 2 = IM(bb -+ X)1 2 = t (1 -1lhx , 

IM(X -+ bb )1 2 = IM(bb -+ X)1 2 = ! (1 - 1i) 'Yx ' 

IM(X -+ bb)1 2 = IM(bb -+ X)1 2 = t (1 + Tihx . (8) 

Not~ that if (X) decays preferentially produce b, then 
CPT invariance implies that bare f;eferentially de
stroyed in inverse processes; thus X) decays and in
verse decays (DID) alone would generate a net Beven 
if all particles were in thermal equilibrium, in contra-
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vention of the theorem (1) * 7. However, the CP viola
tion parameter 1/ - Ti is o (a), and hence changes in nB 
from DID are of the same order as 2 -+ 2 scattering 
processes, such as bb -+ bb. It will turn out that s
channel exchange of nearly on-shell (X) in (19(19 # b b 
c:mcels the DID contribution to Y B so as to recover 
YB = 0 in thermal equilibrium. In direct analogy with 
eqs. (5) and (7), and using the assumption (6), the 
equation for the evolution of the (X) number density 

n(x> == Y(x) n'Y becomes 

1\ = - (rx>[(Y X - y~q) - 1) YB Y~] ; (9) 

the corresponding equation for Y X is obtained by 
charge conjugation (Yx # Yx, Y B -+ - YB, 1/ # 7f). 
The (r X> in eq. (9) is the total (x> decay width multi
plied by the time dilation factor mx/Ex and averaged 
over the equilibrium X energy distribution * 8. The 
baryon concentration evolves according to . 
YB = (rx >[1/Y X - TiYx + (1/ - 1)) y~q - 2YB Y~] 

- (2/n'Y) Afi {~(Pl + P2) 

X [1M' (bb -+ bb)1 2 - IM'(bb -+ bb)12]) 

-2YBAfi{~(P1 +P2) 

X [IM'(bb -+ bb)1 2 + IM'(bb -+ bb)12]} , (10) 

where the first term is from DID (and does not sepa
rately vanish when Y <x) = Y~), while the second two 
terms arise from 2 -+ 2 scatterings. The DID term ac
counts for sequential inverse decay and decay pro
cesses involving real (X) : these are therefore subtracted 
from the true 2 -+ 2 scattering terms by writing 1M' (i 
-+j)12 = IM(i-+j)12 - IMRIX (i-+j)1 2, whereMRIX(i 

*7 This rather relevant point has also been noticed by Dolgov 
and Zeldovich [3], bu t was apparently neglected elsewhere. 

*8 Strictly, mX/EX should be averaged separately for the 
various terms of eq. (9); if X is in kinetic equilibrium, how
ever, the averages are equal. Note that we have implicitly 
assumed all produced and decaying CX) to be exactly on 
their mass shells. However, particularly at high T, the 
mean (X) collision time ~ l/rx , so that the (X) resonance 
is collision broadened, and produced or decaying (X) may 
be far off shell. The mx/E X factor for inverse decays es
sentially arises from the fact that the incoming particles 
must sub tend a sufficiently small angle to have invariant 
mass mX; if produced (X) are far off shell, the mX/ EX in 
DID should disappear. 
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-+ j) is the amplitude for i -+ j due to on-shell s-channel 
X exchange. In the narrow X width approximation, 

IMRIX(i -+ j)12 ~ IM(i -+ (X»)1 21M(X) -+ j)12/rx ; 

the presence of the r X denominator renders it 0 (a). 
According to the theorem (1), the CP violating differ
ence of total rates IM(bb -+ bb)1 2 - IM(bb -+ bb)1 2 
= O(a3). Hence IM'(bb -+ bb)1 2 - IM'(bb -+ bb)1 2 

= IMRlX(bb -+ bb)12 - IMRIX(bb -+ bb)1 2 + O(a3) 

= O(aL ), and the second term in eq. (10) becomes 
- 2(rx>(1/ - 1)) y~q, thereby elegantly cancelling the 
first term in thermal equilibrium. Finally, therefore 

YB = (rxH(1/ - Ti)[t(Yx + Y x ) - y~q] 

+ t (1/ + Ti)(Yx - Yx)} - 2YB [(rx> y~q 

+ n'Y(va' (bb -+ bb) + va'(bb -+ bb»] . (11) 

10-1 100 10 1 

X = mx IT 

Fig. 1. The development of baryon number density (solid 
curves) as a function of inverse temperature in the model of 
eq. (11) for various choices of parameters (unless otherwise 
indicated,a< = 1/40 andmx = 1 neV "" 1015 GeY). The 
dashed and dotted curves give t (Yx + Yx) and t (Y X - Yx)' 
respectively. In all cases we have taken the CP-violation pa
rameter 7) - 11 = 10-6 (even when a< is changed). (Results de
pend only on mX through the dimensionless combination 
mX/mp ; here we take r = 100 in the defmition of mp. Note 
that inhomogeneities in the early universe may be manifest 
in different expansion rates and hence different effective r 
for different regions. The fmal Y B produced could vary con
siderably between the regions.) 

.. 
1 
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The differential eqs. (9) and (11) must now be 
solved with the initial condition Y X (t = 0) = Y~ (0), 
and possibly an initial baryon density Y B' Fig. 1 shows 
the solutions with guesses for parameters based on the 
SUeS) model [2] [mx = 10 15 GeVand 1014 GeV; 
a"'" 1/40 (vector decays), or 10-3 (scalar decays)]. 
If all eX) initially in thermal equilibrium decayed with 
no back reaction, the Y B generated would be simply 
17 - Ti· For small a or large mx/mp this upper limit is 
approached. (At small x == mx/T, series solution of 
eqs. (10) and (11) givest (Y X + Yx) "'" 1 - ax 5 /20, 
!-(Yx - Y x) "'" (17- Ti)a 2x8/160, Y B ""'(17- Ti)ax 5/ 

20, where a = mprx/m~.) For T <{, mx, baryon num
ber is destroyed by 2 ~ 2 reactions with a ~ a2T2 /m~ 
roughly like YB(T) ~ exp(a2mpT3/m~) t9, so that 
Y B ~ constant as T ~ 0, but if mx is small, the final 
Y B is much diminished from its value at higher T. The 
Y B generated is always roughly linearly proportional 
to 17 - Ti, but is a sensitive function of mx/mp and a; 
for realistic values of these parameters, a numerical 
solution is probably essential. Previous treatments of 
baryon number generation [3] have assumed that 
YB = 17 - Ti, or YB = O. Fig. 1 demonstrates that inter
mediate results are probable. 

According to eq. (11), any baryon excess existing 
at the Planck time tp = l/mp should be diminished by 
inverse decays at T ~ mx so that Y B (t)/Y B (tp) 
~ exp(-amxmp/T2); any initial YB should be re
duced by a factor ~ exp( -mp/mx) before CP violating 
processes can generate Y B at T ~ mx' B-violating 2 
~ 2 scatterings at temperatures mp > T > mx should 
reduce an initial Y B by a factor ~ exp( -m~ J;;:~ <va) 

X dT). One might expect that <va) ~ a 2/mx at high 
energies due to t-channel vector X exchange; how-
ever, the effective <va) presumably relevant for the 
Boltzmann equation is rather <vaeff) ~ a 2Ab where 
the Debye screening length AD ~ [(32a)1/2T] - 1. In 
this approximation 2 ~ 2 and higher multiplicity col
lisions are probably no more effective at destroying 
an initial Y B than are inverse decays. 

We conclude therefore that B-violating reactions in 
the very early universe might well destroy any initial 
baryon number existing around the Planck time 
(l/mp), requiring subsequent B- and CP-violating in-

0j09 If T ~ mp/(tmp)I /S as in footnote 8, then Y B ~ exp(-l/T); 
the universe expands sufficiently slowly for Y B to relax to 
zero. 

teractions to generate the observed baryon asymmetry. 
The methods described here allow a calculation of the 
resulting baryon excess in any specific model; the sim
ple examples considered suggest that the observed Y B 

should place stringent constraints on parameters of 
the model uo [8] . 
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ojolO In grand unified models where there exist absolutely 
stable particles more massive than nucleons which appear 
as simple replications (cf. e, /L), the mechanism described 
above should generate roughly equal concentrations of 
these as of 'nucleons: observational constraints on the to
tal energy density of the universe then suggest that no 
such particles exist. 
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