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A R T I C L E I N F O A B S T R A C T 

Editor: F. Gelis We present realistic estimates for the duration of the hadronic stage in central Au + Au reactions in the RHIC-BES 
energy regime. To this aim, we employ a full set of coupled rate equations to describe the time evolution of the 
system from chemical to kinetic freeze-out. Combined with the recently measured data by the STAR collaboration 
on 𝐾∗∕𝐾 ratios, we show that the previous estimates substantially underestimated the duration of this stage due 
to the omission of the regeneration of hadron resonances. We provide an improved relation between the 𝐾∗∕𝐾
ratio at chemical and kinetic freeze-out and the life time of the hadronic phase. The calculated improved life 
times are now in line with estimates from other methods and are relevant for the NA61 and STAR collaborations 
and for upcoming experiments at the FAIR facility.

1. Introduction

Heavy-ion collisions are today’s main tool to explore the properties 
of hot and dense QCD matter [1]. A general picture of the evolution of a 
heavy-ion collision consists of an initial state, followed by an expansion 
of the fireball (either composed of hadrons or quarks and gluons) until 
the inelastic interactions cease. This point in time is often referred to as 
the chemical freeze-out. After the chemical freeze-out further (mainly 
elastic) collisions happen until the system breaks-up (called the kinetic 
freeze-out) and the hadrons escape to the detector [2,3]. Measuring the 
duration of a heavy-ion collision or the durations of the individual stages 
is still a challenge. A well established tool to obtain information on the 
time scales is Hanbury-Brown-Twiss (HBT) interferometry or nowadays 
called Femtoscopy [4,5].

An alternative way to study the duration of the hadronic stage is 
based on the suppression of hadron resonances [2,6--13]. The main idea 
is that hadron resonances, e.g. the mesonic 𝐾∗, 𝜌, 𝜙 or the baryonic Δ, 
Λ∗, Σ∗, etc. are created at the chemical freeze-out, subsequently they 
decay and the experiment reconstructs them from their hadronic de
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cay products. The life time of the hadronic stage can then be estimated 
from the relative suppression of the resonance over groundstate ratio, 
because the decay products of a resonance that decays rescatter after 
the chemical freeze-out until the end of the kinetic stage, respectively 
until kinetic freeze-out. The longer the life time of the hadronic stage, 
the more suppression of the initial resonance yield is observed because 
its decay daughters rescatter more leading to increased signal loss. This 
suppression has been measured and used to extract life times from GSI, 
to RHIC-BES and up to the LHC [14--21], and the NA61 collaboration is 
further currently investigating the 𝐾∗∕𝐾 ratio in smaller systems [22]. 
Also an alternative scenario has been put forward that does not assume 
a signal loss due to rescattering, but attributes the suppression to the 
cooling of the hadronic system in partial chemical equilibrium which 
suppresses the resonance yields via a substantially lowered freeze-out 
temperature, see e.g. [8,23,24]. This also allows to estimate the dura

tion of the hadronic stage and is the approach we are going to follow in 
this work.

The idea of relating the life time of the hadronic phase to the suppres

sion of resonances was put forward by the STAR collaboration [25,26] 
to obtain a lower bound for the duration of the hadronic rescattering 
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phase in heavy-ion collisions. Following their approach leads to the re

lation(
ℎ∗

ℎ 

)||||KFO

=
(
ℎ∗

ℎ 

)||||CFO

× exp
(
−
Δ𝑡hadronic

𝜏ℎ∗

)
, (1)

where ℎ is a groundstate hadron, ℎ∗ is the corresponding resonance 
state, Δ𝑡hadronic is the life time of the hadronic rescattering phase, 𝜏ℎ∗ =
1∕Γℎ⋆

vac
is the (vacuum) life time of the ℎ∗ hadronic resonance and ``CFO'' 

and ``KFO'' denote the chemical and kinetic freeze-out, respectively.

However, this picture is too simplfied [13] as it assumes that the 
interaction probability for the decay daughters [6,27] is large and the 
gain (regeneration) and loss rates can be neglected during the hadronic 
stage.

Here we overcome these limitations by employing a full set of kinetic 
equations to describe the resonance’s time evolution:

𝑁ℎ∗

kin
−𝑁ℎ∗

chem
= (−Γℎ∗𝑁ℎ∗ −𝐿coll +𝐺reg)Δ𝑡hadronic, (2)

where the time is integrated from the chemical freeze-out to the kinetic 
freeze-out (life time of the hadronic phase, Δ𝑡hadronic = 𝑡kin − 𝑡chem). Γℎ∗

is the width of the ℎ∗, 𝐿coll is the loss rate due to collisions of the ℎ∗
and 𝐺reg is a gain rate, e.g. ℎ+ 𝜋 → ℎ∗.

2. Framework

To model the time evolution of the resonance production and de

cay in the hadronic environment the framework of partial chemical 
equilibrium (PCE) [28] to describe the hadronic environment after the 
chemical freeze-out is a well established method. Here, the total yield 
of stable hadrons is fixed by introducing non-equilibrium chemical po

tentials [29,30], while the yield of resonances changes [23,24,31] and 
is being determined by the relative equilibrium of decays and regenera

tions. This means, we avoid the assumption of instantaneous equilibra

tion of nuclear reactions, as well as resonance decays and regenerations. 
This is achieved by employing a set of coupled (reaction) rate equations 
describing the chemical composition of stable hadrons (pions, kaons, 
(anti-)nucleons, Λs), as well as the hadronic resonances. Such a descrip

tion of the chemical evolution is well known in relativistic heavy-ion 
collisions (see e.g. for (multi-) strange baryons [32--35]) and in astro

physics, see e.g. [36].

Here we focus on the dynamics of the hadron resonances, i.e. their 
decay and formation by the reaction and employ the specific rate equa

tions described in [24]:

ℎ∗ ⇌𝑋 + ℎ . (3)

In the case of resonance decays, the change in the multiplicity of reso

nance ℎ∗ with time 𝑡 can be expressed as

d𝑁ℎ∗

d𝑡 
= −⟨Γℎ∗→ℎ+𝑋⟩(𝑁ℎ∗ − 𝑐ℎ𝑋

ℎ∗ 𝑁ℎ𝑁𝑋 ) (4)

where ⟨Γℎ∗→ℎ+𝑋⟩ can be interpreted as the (thermal averaged) decay 
rate of ℎ∗ → ℎ +𝑋, but also as a scaled cross section for 𝑋 + ℎ→ ℎ∗. 
The factor 𝑐𝑋ℎ

ℎ∗ =𝑁
∗,eq
ℎ

∕(𝑁eq
𝑋
𝑁

eq
ℎ
), given by the ratio of the multiplici

ties in equilibrium, 𝑁eq
𝑖

, is dictated by the detailed balance. Any 𝑁eq
𝑖

is 
calculated at full thermal and chemical equilibrium. The contributions 
of resonance ℎ∗ decays and regenerations to the change rate of the multi

plicities of the decay products, d𝑁𝑋∕ℎ∕d𝑡, are given by the rhs. of Eq. (4)

with the opposite sign.

d𝑁ℎ∕𝑋

d𝑡 
= −

⟨
𝜎
ℎ+𝑋→ℎ∗

𝑣rel
⟩

𝑉
(𝑁ℎ𝑁𝑋 − 𝑐ℎ

∗
ℎ𝑋

𝑁ℎ∗ ) (5)

Note, that because of the detailed balance condition, the cross section 
in (5) and the decay width in (4) are related via,⟨
𝜎
ℎ+𝑋→ℎ∗

𝑣rel
⟩

𝑉
𝑐ℎ

∗
ℎ𝑋

= ⟨Γℎ∗→ℎ+𝑋⟩. (6)

The decay rates employed are thermal-averaged values derived 
from experimentally measured cross sections or resonance decay widths 
sourced from Particle Data Tables [37].

The multiplicity ratio of resonances over their ground state in heavy

ion collisions is calculated by including the expansion and cooling of the 
fireball in the hadronic phase. This involves a time dependence of the 
volume, 𝑉 (𝑡), and the temperature, 𝑇 (𝑡). In the framework of the PCE, 
the temperature 𝑇 is obtained for a given (expanding) volume 𝑉 in 
such a way that the abundance of each stable hadron species (including 
the resonance contribution) is conserved. Furthermore, the total entropy 
of the system is conserved, as are the net baryon number and the net 
strangeness. These relations provide a set of non-linear equations that 
can be solved for any 𝑇 ≤ 𝑇ch in order to obtain the volume, 𝑉 (𝑇 ), and 
the chemical potential of each particle, 𝜇𝑖(𝑇 ) (i = S, B, N, 𝜋 ...). The 
initial conditions at 𝑇ch, namely 𝑉 (𝑇ch) and the baryon and strangeness 
chemical potential, are obtained from the standard parametrization

𝜇B,ch(
√
𝑠NN) =

1.308 GeV
1 + 0.273 GeV−1√𝑠NN

(7)

𝑇ch(𝜇B,ch) = 0.166 GeV− 0.139 GeV−1 𝜇2
B,ch

− 0.053 GeV−3 𝜇4
B,ch (8)

taken from [38] and we have parametrized the volume at chemical 
freeze-out (based on the data summarized in [39]) as

𝑉ch(𝑥) = (2351.7𝑥2 − 10009.5𝑥+ 13878.4)𝑥−1.36 fm3, (9)

where 𝑥 ≡ ln(
√
𝑠NN∕GeV). The initial strangeness chemical potential is 

obtained by forcing the total strangeness to zero and solving the equa

tion,

0 = 𝑉ch
∑

𝑗∈particles
𝑠𝑗 𝑛𝑗 (𝑇ch, 𝜇B,ch, 𝜇S,ch), (10)

with 𝑠𝑗 denoting the strangeness of the corresponding particle species 
and 𝑛𝑗 their density.

The time dependence of the volume is given by the parametrization 
that incorporates longitudinal and transverse expansion [40],

𝑉 (𝑡) = 𝑉ch
𝑡 
𝑡ch

𝑡2⟂ + 𝑡2

𝑡2⟂ + 𝑡2ch

(11)

with 𝑡⟂ = 6.5 fm/c. We fix 𝑡ch, based on previous UrQMD calculations 
[41]. The centrality dependence of the volume 𝑉ch is obtained by scal

ing the volume with the number of charged particles. The value of 𝑡⟂ is 
kept constant, as it has only minor ifluence on the final results. In the 
present work, all calculations assume an initial temperature and chemi

cal potential for the chemical freeze-out as provided by Eqs. (7), (8) for 
each individual collision energy.

The network contains 23 rate equations, given by the number of 
stable and unstable particles and antiparticles. For further details, we 
refer the reader to [24].

3. Freeze-out

Given the above described set-up, the rate equation network is run 
for Au + Au reactions for the range of collision energies recently in

vestigated by the STAR collaboration, i.e. from 
√
𝑠NN = 7.7 GeV to √

𝑠NN = 39 GeV. In Fig. 1 we show the 𝐾∗∕𝐾 ratio in Au + Au reac

tions as a function of centrality for the different collision energies from √
𝑠NN = 7.7 GeV (upper left) to 

√
𝑠NN = 39 GeV (lower right). Full col

ored symbols with bands denote the rate equation network calculations, 
while the open black symbols show the experimental data from the STAR 
collaboration [26]. One observes that the rate equation network allows 
for a very good description of the measured data.

Next we analyze the freeze-out position of the 𝐾∗ resonances and 
the trajectories of the system evolution in the 𝑇 − 𝜇𝐵 diagram. Fig. 2
shows the kinetic freeze-out points of the 𝐾∗ resonances (colored circles 
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Fig. 1. 𝐾∗∕𝐾 ratio in Au + Au reactions as a function of centrality in the energy 
range from √𝑠NN = 7.7 GeV to √𝑠NN = 39 GeV (shown from upper left to bot

tom right). Full colored symbols with band denote the rate equation network 
calculations, while the open black symbols show the experimental data from 
the STAR collaboration [26].

Fig. 2. Kinetic freeze-out points of the 𝐾∗ resonances (colored circles with 
error bars) and their trajectories from chemical to kinetic freeze-out (colored 
dashed lines) calculated with the rate equation network. Also shown are ther

mal fits to experimental data, respective the chemical freeze-out data, and their 
parametrization [38].

with error bars) in the phase diagram. Also shown are the trajectories 
of the system (colored dashed lines) obtained from the rate equations, 
starting on the chemical freeze-out line and passing through the kinetic 
freeze-out points. The calculated freeze-out points of the 𝐾∗ resonances 
clearly fall below the chemical freeze-out points measured in different 
experiments (black symbols).

4. Time evolution

After benchmarking the bulk properties, we focus now on the time 
evolution and the duration of the hadronic stage. Fig. 3 shows the time 
evolution obtained from the full set of rate equations of the 𝐾∗∕𝐾 ra

tio in central Au + Au reaction from 
√
𝑠NN = 7.7 GeV to 

√
𝑠NN = 39 GeV. 

Fig. 3. Time evolution of the 𝐾∗∕𝐾 ratio starting from the chemical freeze-out 
time obtained from the full set of rate equations in central Au + Au reaction from √
𝑠NN = 7.7 GeV to √𝑠NN = 39 GeV (denoted by differently colored lines). The 

time at which the ratio matches the measured 𝐾∗∕𝐾 value is denoted by a circle.

Fig. 4. Duration of the hadronic phase (i.e. 𝑡kin − 𝑡ch) in Au + Au reactions from √
𝑠NN = 7.7 GeV to √𝑠NN = 39 GeV as function of centrality. The full circles with 

solid lines denote the calculation using the full set of rate equations including 
regeneration, while the open squares with error bars show the results obtained 
by STAR [26], neglecting the regeneration processes.

One generally observes that the time evolution is rather similar for all 
investigated energies. It is, however, of utmost importance that the time 
evolution is not just an exponential decay as assumed by the STAR col

laboration (see Eq. (1)). In strong contrast, the time evolution of the 
ratio is essentially linear. This is due to the strong contribution of re

generation, i.e. 𝐾 + 𝜋 →𝐾∗ that counteracts the decay of the 𝐾∗. Such 
a behavior is of course expected by the principle of detailed balance and 
leads to a substantial correction. We find an (essentially) energy inde

pendent slope parameter d(𝐾∗∕𝐾)∕d𝑡 ≈ −0.02 fm−1. This provides an 
improved method to infer the life time of the hadronic phase from the 
experimentally measured 𝐾∗∕𝐾 ratio as follows:

Δ𝑡hadronic =
(𝐾∗∕𝐾)CFO − (𝐾∗∕𝐾)KFO

0.02 fm−1 . (12)
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Fig. 5. Dynamical fluctuations, 𝜎𝐾∕𝜋
dyn , of the 𝐾∕𝜋 ratio. The black symbols show 

the data from the NA49 and STAR collaborations [47,48], the red circles with 
the line show the results obtained from the rate equations at the kinetic freeze

out (dfined by the time when the 𝐾∗∕𝐾 ratio is in line with the STAR data).

We summarize our findings about the life time of the hadronic phase 
Δ𝑡hadronic in Fig. 4. Here we show the duration of the hadronic phase in 
Au + Au reactions from 

√
𝑠NN = 7.7 GeV to 

√
𝑠NN = 39 GeV as a func

tion of centrality. The full circles with solid lines denote the calculation 
using the full set of rate equations including regeneration, while the col

ored open squares with error bars show the results obtained by STAR 
[26], neglecting the regeneration processes. One clearly observes that 
the inclusion of the regeneration process leads to a substantial increase 
in the estimated life time of the hadronic phase. The new estimates are 
also in line with previous estimates for the life time of the hadronic stage 
that also suggest a duration on the order of 4-8 fm/c [10,42,43] for sim

ilar values of d𝑁𝑐ℎ∕d𝜂 and using 𝜏emission ≈
√
𝑅𝑜 −𝑅𝑠∕𝛽 to convert the 

HBT-radii to an emission duration [44].

5. Ratio fluctuations

Finally, we compare our approach to the measured dynamical fluc

tuations of the 𝐾∕𝜋 ratio in the same energy range. Ratio fluctuations 
have been proposed in [45] (and later worked our in more detail in [46]) 
to measure the relative contribution of the 𝐾∗ decay to the 𝐾∕𝜋 ratio 
fluctuations. The dynamical fluctuations are calculated as outlined in the 
appendix A. In Fig. 5 we show the dynamical fluctuations, 𝜎𝐾∕𝜋

dyn , of the 
𝐾∕𝜋 ratio. The black symbols show the data from the NA49 and STAR 
collaborations [47,48], the red circles with the line show the results ob

tained from the rate equations at the kinetic freeze-out (dfined by the 
time when the 𝐾∗∕𝐾 ratio is in line with the STAR data). One clearly 
observes that the obtained ratio fluctuations are in good agreement with 
the experimental data over the whole inspected energy range. This con

firms that the extended hadronic life-time is compatible with the ratio 
fluctuation data.

6. Conclusion

We have analyzed the recent STAR data on the 𝐾∗∕𝐾 ratio measured 
in Au + Au reactions from 

√
𝑠NN = 7.7 GeV to 

√
𝑠NN = 39 GeV at various 

centralities. In contrast to the previously employed simplfied estimates 
for the life time of the hadronic stage based only on the resonance de

cay time, we have shown that the results change drastically, if one uses 
the full set of coupled rate equations. The main difference is that the 

𝐾∗∕𝐾 ratio does not decrease exponentially, but the regeneration leads 
to an essentially linear decrease over time. This in turn increases the 
estimated duration of the hadronic phase to meet the experimentally 
measured values. We show that the hadronic life time estimated here is 
a factor of 2-4 larger then the STAR’s estimate and is now in line with 
other estimates. The results are thus highly valuable for the current in

vestigation of the 𝐾∗∕𝐾 ratio conducted by the NA61 collaboration.
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Appendix A. Calculation of the dynamical 𝑲∕𝝅 ratio fluctuations

Following the approach outlined in Refs. [45,46] the dynamical fluc

tuation of the 𝐾∕𝜋 ratio 𝜎𝐾∕𝜋
dyn is given by 𝜎2dyn = 𝜎2kin −𝜎2stat . To calculate 

the fluctuation 𝜎2
𝑖,𝑖
=
⟨
𝑁2

𝑖

⟩
−
⟨
𝑁𝑖

⟩2
we assume Poissonian statistics for 

the yields (this is a good approximation see [45]), such that the variance 
𝜎2 of a hadron species 𝑖 is given by the mean hadron number 𝜎2

𝑖,𝑖
=
⟨
𝑁𝑖

⟩
. 

Subsequently, the statistical fluctuation is given by(
𝜎
𝐾∕𝜋
stat

)2
= 1 ⟨

𝑁𝐾

⟩ + 1 ⟨
𝑁𝜋

⟩ , (A.1)

where 
⟨
𝑁𝐾

⟩
and 

⟨
𝑁𝜋

⟩
are the average kaon and pion numbers, respec

tively. The contribution of the 𝐾∗ resonance decay to the fluctuation is 
given by

(
𝜎
𝐾∕𝜋
kin

)2
= 1 ⟨

𝑁𝐾

⟩ +

⟨
𝑁𝐾∗

⟩
kin⟨

𝑁𝐾

⟩2 + 1 ⟨
𝑁𝜋

⟩ +

⟨
𝑁𝐾∗

⟩
kin⟨

𝑁𝜋

⟩2
− 2

⟨
𝑁𝐾∗

⟩
kin⟨

𝑁𝜋

⟩⟨
𝑁𝐾

⟩ , (A.2)

where 
⟨
𝑁𝐾∗

⟩
kin is the average number of 𝐾∗ resonances at kinetic 

freeze-out (dfined by the time when the 𝐾∗∕𝐾 ratio is in line with 
the STAR data). Putting both together yields the dynamical fluctuation 
of the 𝐾∕𝜋 ratio at kinetic freeze-out as:

𝜎
𝐾∕𝜋
dyn =

√(
𝜎
𝐾∕𝜋
kin

)2
−
(
𝜎
𝐾∕𝜋
stat

)2
(A.3)

=

√√√√√
⟨
𝑁𝐾∗

⟩
kin⟨

𝑁𝐾

⟩2 +

⟨
𝑁𝐾∗

⟩
kin⟨

𝑁𝜋

⟩2 − 2

⟨
𝑁𝐾∗

⟩
kin⟨

𝑁𝜋

⟩⟨
𝑁𝐾

⟩ .
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