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Abstract. Strangness production processes can balance natural strangeness decay in the early hadronic Universe. Comparing to the characteristic Hubble time 1/H, the reaction rates for µ± + νµ → K ± , l− + l+ → φ, and
π + π → K in sequence become slower than expansion rate at T = 33.9 MeV, T = 25 MeV and T = 20 MeV respectively. This means that in the antibaryon annihilation epoch near to T  40 MeV strangeness is in chemical
equilibrium.

Overview: The present work is a first consideration of
strangeness quark flavor evolution in the Universe following on the hadronization of quark-gluon plasma (QGP)
near to T h = 150 MeV. We characterize Universe expansion dynamics during the epoch of interest T h ≈ 150 ≥
T ≥ 10 MeV and compare strangeness population influencing reactions with the characteristic Hubble time 1/H.
We evaluate the dynamic rates employing detailed balance: the natural decay of particles concerned provides
also the intrinsic strength of the inverse production reaction of interest. We outline consequences of our findings, and delimit related future research. Considering that
baryons are a tiny component of all hadrons, this study is
focused on the meson sector of the hadronic Universe.
We study reactions in which the particle number
changes by one: An example is a particle decay into
two, restored in two to one reactions in what one may
call one⇔two reaction process. For these the required
reaction rates are obtainable from available decay rates
as described below. The two⇔two reactions often have a
significantly higher reaction threshold when strangeness
pair abundance is produced. Threfore these reactions are
important near to the QGP hadronization temperature
T h  150 MeV. For discussion of the here relevant reactions, such as KK ↔ ππ, we refer the reader to Chapter
18 in Ref.[1].
Universe expansion: Since all reaction rates we obtain
are functions of T we also seek 1/H as a function of T .
The Hubble parameter can be written in terms of energy
N
density ρtot [2]; H 2 = 8πG
3 ρtot (T ), G N is the gravitational constant. For 150 ≥ T ≥ 10 MeV the Universe is
radiation-dominated ρtot (T ) ∝ T 4 , thus we easily express
1/H as a function of temperature required as reference in
our work.
We include in ρtot photons, three flavors of neutrinos,
charged leptons and antileptons e± , µ± and the lightest
hadrons π0 , π± . Both muons and pions are not relativistic
in the considered 150 ≥ T ≥ 10 MeV range. Evaluating
their contribution to ρtot we use their actual mass and

chemical equilibrium abundance: Muons are coupled
through electromagnetic reactions µ+ + µ− ⇔ γ + γ
to the photon background and retain their chemical
equilibrium [3].
Because π-mesons are in thermal
equilibrium [4], and are the lightest hadrons, they dominate hadronic contribution to the energy density near
T ≈ 50 MeV.

Strangeness in an expanding Universe: Regarding initial conditions: We assume that before hadronization in the
QGP epoch of temperature T > 150 MeV, the strangeness
formation processes are fast enough to assure chemical
equilibrium – hence the Universe undergoing a relatively
slow on hadronic time scale phase transformation emerges
from QGP near to chemical equilibrium abundance. In
this transition the excess QGP entropy, as compared to
hadron gas (HG), is absorbed in additional Universe comoving volume expansion while excess strangeness has
time to reequilibrate into equilibrium HG abundance. We
note that:
• The strange quark abundance in the early Universe is
equal to the sum of strange baryons Λ0 , Σ0 , Σ± and
strange mesons φ, K, K ± . We will see that in the early
Universe the important sources for creation of φ(s s̄) and
K(q s̄)K(q̄s) are given by l− + l+ → φ, ρ + π → φ,
π + π → K, K, and µ± + ν → K ± .

• Reaction rate for l− + l+ → φ, π + π → K, and µ± + ν →
K ± are relatively small compared to reaction ρ + π → φ.
However, the thermal abundance of pions and leptons π,
l± , and ν is relatively high compared to the more massive
ρ. Therefore all these reactions compete with each other.
• The strong decay rate of φ → K + K indicates that the
particles φ and K are in relative chemical equilibrium.
• The strong strangeness exchange rate K + N → Y + π
following on φ → K + K with the small decay rates of
K → π + π and Y → N + π suggest the possibility that
strangeness can accumulate in K meson and in Y hyperons resulting in strange baryon yields above chemical equilibrium yield, a topic of future study requiring
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• For K meson, the decay rate for KS → π + π and charge
pion decay K ± → µ± ν are given by
ΓKS →ππ = 7.350 × 10−12 MeV,
ΓK ± →µν = 3.379 × 10−14 MeV.

(11)
(12)

• For hyperons Y, the decay rate is comparable to ΓKS →ππ .
We postpone discussion pending more complete study
of (anti)baryon component and note here
ΓY→Nπ ≈ 6.582 × 10−12 MeV.

Figure 1. Principal strangeness abundance changing processes
in the hadronic Universe T < T h = 150 MeV. Within the (blue)
boundary we see hadronic particles expected to fall out of abundance (chemical) equilibrium. The red circles within this domain represent strangeness-carrying mesons, black non-strange
mesons of importance in creation of strangeness. Particles in
green circles indicating their full equilibrium (subscript T ) are
seen outside this (blue) boundary domain.

(13)

Hadron based strangeness production: We now explore
in more detail the conditions in which the nonequilibrium
of strangeness arises. In order to study the strangeness
nonequilibrium in the early Universe, we need to calculate
the relevant dynamic reaction rates for strangeness production in detail. In the hadron sector the relevant interaction
rates competing with Hubble time involving strongly interacting mesons are the reactions π + π ↔ K, π + π ↔ ρ,
ρ+π ↔ φ, and µ± +ν → K ± . Our results are seen in Fig. 2.
We now turn to describe the methods used to obtain these
results.

consideration of baryon chemical potential considered
negligible in present study.
The key meson production and decay processes are
illustrated in Fig. 1 including important ‘hidden’ s s̄
components in η and φ, and multi-step reactions leading to
formation of φ. All particles outside the (blue) boundary
are in abundance (chemical) and kinetic (thermal) equilibrium in the temperature domain of interest, see Ref. [4, 5].
Strength of available reaction rates: We introduce here
the typical interaction rates relevant for the discussion of
strangeness in the early Universe using the particle data
group data tables [6]. We have
• For φ meson, the partial decay rates are
Γφ→KK = 3.545 MeV,
Γφ→ρπ = 0.6535 MeV,

(1)
(2)

Γφ→ηγ = 0.0558 MeV,

(3)

Γφ→ll = 2.484 × 10−3 MeV.

(4)

• For η meson, the partial decay rates are given by
Γη→γγ = 0.355 × 10−3 MeV,

Γη→3π0 = 0.516 × 10−3 MeV,
Γη→3π = 0.368 × 10

−3

(7)
(8)

MeV.

(9)

• For ρ meson, the decay rate is
Γρ→ππ = 149.1 MeV.

T
g1 g2
×
(14)
R12→3 = n1 n2 σv12→3 =
32π4 1 + I12


 ∞ 
√
s − (m1 + m2 )2 s − (m1 − m2 )2
K1 ( s/T ) ds ,
σ
√
s
m23

(6)

MeV,

Γρ→ηγ = 44.73 × 10

In general, the thermal reaction rate per time and volume for reaction 1 + 2 → 3 is given by [1, 7]:

(5)

Γω→ηγ = 3.905 × 10−3 MeV,
−3

Figure 2. Hubble time 1/H (black line) as a function of temperature is compared to hadronic relaxation reaction times, see
Eq. (20), for reactions π + π ↔ K(blue), π + π ↔ ρ (red),
ρ + π ↔ φ(purple). The horizontal dashed lines are the corresponding natural decay lifespans.

(10)

where the factor 1/(1 + I12 ) is introduced to avoid double
counting of indistinguishable particles; we have I12 = 1 for
identical particles, otherwise I12 = 0. Many studies have
shown that the hadronic reaction matrix element |M12→3 |2
for hadronic reactions without
√ a resonance phenomenon
is insensitive to changes of s in the considered energy
range [1, 7]. In this case, we assume that the transition
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amplitude |M12→3 |2 is nearly constant in the energy range
we consider, and the cross section σ can be written as

2π/(g1 g2 ) spin |M12→3 |2
σ = 
×

2 s − (m1 + m2 )2 s − (m1 − m2 )2

d4 p3 δ0 (p23 − m23 )δ4 (p1 + p2 − p3 ) .
(15)

Given the thermal interaction rate per volume Rµν↔K ± ,
we use for the process µ± + νµ → K ± the definition of the
equilibrium relaxation time Eq.(20) to obtain

τµν→K ±

On the other hand, the vacuum decay rate for particle 3
can be written as


  

 1
1
1
|p|
2
 ,

(17)
=
|M
|

12→3 

0
2 1+I
g3 spin
τ3 8π m3
12

1
|p| =
m41 + m42 + m43 − 2m21 m22 − 2m21 m23 − 2m22 m23 .
2m3
(18)

In order to compare the reaction time with Hubble time
1/H, it is also convenient to define the relaxation time for
the process 1 + 2 → 3 as follow
dn1 /dΥ1
=
,
R12→3
R12→3

(20)

eq

Lepton and photon based strangeness production: The
relevant interaction rates competing with Hubble time involving lepton background in the Universe are seen in
Fig. 3. As example consider the reaction K ± ↔ µ± + νµ .
For the decay modes of charged kaon K ± , we have

±

K − −→ µ− + νµ ,

(21)
−8

where the lifetime of K is given by τ = 1.238×10 sec
and the mass mK ± = 493.677 MeV. Hence the charged
kaons in the cosmic plasma can be produced by the inverse
of the decay processes, and we have
µ+ + νµ −→ K + ,

K±

µ− + νµ −→ K − .

dE

mµ

E



E 2 − m2µ

exp (E/T ) + 1

.

(24)

The freeze-out condition, τµν→K ± (T f ) = 1/H(T f ),
where the relaxation reaction time µ± + νµ → K ± becomes
slower compared to the Universe expansion, and thus detailed balance in this reaction cannot be maintained, is near
±
T Kf = 33.90 MeV.
If other strangeness production reactions did not exist,
strangeness would disappear as the Universe cools below
±
T Kf = 33.90 MeV. However, using Eq. (19) and Eq. (20)
we already evaluated the relaxation time for the reactions
π + π ↔ K, π + π ↔ ρ, and ρ + π ↔ φ as functions
of temperature in the early Universe as seen in Fig. 2.
The intersection of characteristic reaction times with 1/H
occurs for π + π → K at T = 19.85 MeV, for π + π → ρ at
T = 12.36 MeV, and for ρ + π → φ at T = 5.36 MeV.
Several other leptonic and photonic reactions of
relevance are shown in Fig. 3. We see now the relaxation time for γ + γ ↔ π (blue), γ + γ ↔ η (red),
η + γ ↔ φ (green), l+ + l− ↔ φ (brown and purple), and
µ± + νµ → K ± (dark blue line) as a function of temperature.
We see that pions remain in equilibrium since γ + γ → π
reactions are always faster compared to 1/H. Considering
other reactions: γ + γ → η reaction intersects 1/H at
T = 13.5 MeV, η + γ → φ at T = 10.85 MeV; e− + e+ → φ
at T = 24.9 MeV; µ+ + µ− → φ at T = 23.5 MeV; and as
noted before, µ± + νµ → K ± at T = 33.9 MeV.

where n1 is the thermal equilibrium number density of
particle 1, and the freeze-out temperature for the given
reaction 1 + 2 → 3 can be estimated by considering the
condition τ12→3 = 1/H.

K + −→ µ+ + νµ ,

∞

Figure 3. Hubble time 1/H (black line) as a function of temperature is compared to leptonic and photonic relaxation reaction times, see Eq. (20), for γ + γ ↔ π (blue), γ + γ ↔ η
(red), η + γ ↔ φ (green), l+ + l− ↔ φ (brown and purple), and
µ± + νµ −→ K ± (dark blue line). The horizontal dashed lines are
the natural decay lifespans.

Hence, using the vacuum decay rate for the thermal
reaction rate per unit time and volume can be written as
 
g3  T 3   m3 2
K1 (m3 /T ) .
(19)
R12→3 = 2  0 
T
2π τ3

τ12→3 ≡



In Fig.(3) the dark blue line is the interaction rate for µ± +
νµ → K ± .

In this case, the thermal reaction rate per time and volume
can be written as
T 
1
R12→3 =
|M12→3 |2 ×
(16)
3
16π 1 + I spin



m23 − (m1 + m2 )2 m23 − (m1 − m2 )2
K1 (m3 /T ) .
2m3

eq
n1

gµ
= 2
2π Rµν↔K ±

(22)

From Eq.(19) the thermal interaction rate per unit volume
for the process µ± + ν ↔ K ± can be written as


gK ± T 3  mK ± 2
K1 (mK ± /T ) .
(23)
Rµν↔K ± = 2
T
2π τK ±

Discussion: In this work we have explored reaction rates
in the meson sector of strangeness. We have identified
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freeze-out have to be explored jointly in a dynamical
model. The Universe in the range 20 ≤ T ≤ 60 MeV
appears rich in physics phenomena involving strange
mesons, (anti)baryons including (anti)hyperon abundances, which can enter into chemical nonequilibrium
while undergoing successive freeze-out processes. This
means that a quantitative study of strangeness freeze-out
requires that a full account be given to strange hyperons
and antihyperons. For further discussion we refer to our
forthcoming work [8].

hierarchy of reactions which become slower compared to
Hubble time 1/H involving strange particles φ and K. The
reactions µ± + νµ → K ± , l− + l+ → φ, and π + π → K
are intersecting 1/H at T = 33.9 MeV, T = 25 MeV, and
T = 20 MeV, respectively.
Once these (or any other) reactions decouple from
the cosmic plasma, the corresponding detailed balance is
broken: Absence of the inverse decay reaction acts like
a “hole” in the strangeness abundance “pot” with some
strangeness decay in early Universe proceeding. However,
the corresponding reverse channel of strangeness production reaction is too slow compared to the fast Universe expansion. Considering only meson content of the Universe,
our results show that when the expanding Universe cools
to a temperature around T = 20 MeV, strangeness will begin to progressively decouple but remain near-equilibrium
abundance.
However, there are many different channels of
strangeness production and decay so loss of one reaction channel does not end the strangeness abundance. As
the Universe expands, other strangeness producing reactions become relevant; for example, γ + γ → η reaction intersects 1/H at T = 13.5 MeV, and η + γ → φ at
T = 10.85 MeV. Thus when an η is produced, we can
always assume that a φ arises and thus considering the
φ ↔ K+K reactions this generates Kaons which can decay
as now several strangeness decay paths exceed in speed the
corresponding channel production rate. We conclude that
strangness chemical decoupling is complete once all dominant strangness formation reactions become too slow.
We have considered kinetically equilibrated distribution described by the temperature T . This certainly applies to charged particles which are embedded in the
cosmic background of a dense photon-electron-positron
plasma. However, many of the reactions we considered
involve neutral particles; as examples consider the process π0 + π0 → KS , and many even more relevant reactions involving neutral strange baryons. Hadrons have
relatively large strong interaction reaction cross sections.
However, as the temperature decreases, their abundance is
very small. Further study needs to explore the validity of
kinetic equilibrium hypothesis for neutral hadrons.
This first study of strangeness production mechanisms
in the early Universe, following on QGP hadronization,
shows that the relevant temperature domains indicating
non-trivial dynamics and freeze-out for (strange) mesons
and strange (anti)baryon abundance are practically overlapping. Thus both baryon and strangeness chemical
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