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Abstract: The analysis of the spatiotemporal picture of particle radiation in relativistic heavy-ion
collisions in terms of correlation femtoscopy scales, emission, and source functions allows one to
probe the character of the evolution of the system created in the collision. Realistic models, such
as the integrated hydrokinetic model (iHKM), used in the present work, are able to simulate the
entire evolution process of strongly interacting matter produced in high-energy nuclear collisions.
The mentioned model describes all the stages of the system’s evolution, including thermalisation
and hydrodynamisation, which can help researchers figure out the specific details of the process
and better understand the formation mechanisms of certain observables. In the current paper, we
investigated the behaviour of the pion and kaon interferometry radii and their connection with
emission functions in ultrarelativistic heavy-ion collisions at the Large Hadron Collider within iHKM.
We focused on the study of the emission time scales at different energies for both particle species
(pions and kaons) aiming to gain deeper insight into relation of these scales and the peculiarities of
the mentioned system’s collective expansion and decay with the experimentally observed femtoscopy
radii. One of our main interests was the problem of the total system’s lifetime estimation based on
the femtoscopy analysis.
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1. Introduction

The investigation of the evolution process character of the extremely small, hot, dense,
and rapidly expanding systems created in relativistic heavy-ion collisions has always been
of great interest to researchers since the first studies of these phenomena started. The
comprehensive analysis demonstrates that, soon after the smashing of the two colliding
nuclei (each one of them can be initially thought of as a set of nucleons), the strongly coupled
quark—gluon system is formed. Being at first non-equilibrium, this system some time later
becomes thermalised and continues expanding as a whole liquid-like piece of matter [1-4].
Its expansion at this stage can be described within a relativistic hydrodynamics approach.
As the system expands, it gradually cools down, becomes dedensified, and begins losing
equilibrium. Below some temperature or energy density (usually the temperatures close
to 150-160 MeV are spoken of), the system disintegrates, and its parts one by one are
transformed into sets of hadrons. However, the produced hadrons do not likely become
free immediately after the fireball decay. The latter would imply a sudden switching from
a near-zero mean free path length to a near-infinity one, which seems hardly feasible. The
particles would rather continue interacting intensively and evolving collectively, as single
hadronic medium for some time. Therefore, to estimate the overall lifetime of the system
created after the collision, one should in theory account for the hadronic phase of the
matter evolution and try to find out the time scale (at least approximate), during which the
hadronic medium stays connected enough to be considered a unified system.
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In the literature, however, there are two different approaches to the stated problem.
The first one supposes that, right after the hadronisation (and maybe a very short hadronic
stage), the so-called “freeze-out” takes place, so that the chemical composition of the sys-
tem and, almost simultaneously, the particle momentum spectra are frozen and no longer
change, except for decays of resonances. Such an assumption goes back to the pioneer-
ing works by Fermi, Pomeranchuk, and Landau [5-7] and is typical for thermal models
with statistical hadronisation [8-12], hydro-inspired freeze-out parametrisations, e.g., Cra-
cow [13,14], Buda-Lund [15], and blast wave [16-18], and hydrodynamics models with
statistical hadronisation [19-32]. The latter usually employ the Cooper—Frye formalism [33]
or its generalisations [34] to hadronise the system at the freeze-out hypersurface. There are
various computer codes, developed for the calculations of statistical hadronisation in differ-
ent models, e.g., SHARE [35,36], THERMUS [37], used for the extraction of thermodynamic
parameters from the fits to the ratios of particle yields, or THERMINATOR [38,39], used
as an event generator, producing particles based on the thermodynamic parameter values
specified at a certain freeze-out hypersurface.

The second approach suggests the existence of a long “afterburner” stage of the
collision (lasting about 5-10 fm/c or until the temperature drops to 80-120 MeV), which
plays an important role in the measured observables’ formation. The corresponding
theoretical description of heavy-ion collisions in this case is carried out within various
hybrid (hydro+cascade) and full evolutionary models, aiming to simulate the entire process
of the created system’s evolution, from the initial state formation to the final hadron
cascade stage [40-51]. The study presented in this paper was carried out in the most-
developed complete model—the integrated hydrokinetic model (iHKM)—which includes
as one of the stages of the system’s evolution also a description of the process of the
thermalisation/hydrodynamisation of initially non-thermal matter [52].

The existing experimental data on pt spectra do not allow giving a clear preference to
one of these approaches and yield the estimates for the kinetic freeze-out temperature in a
very wide range (such as 100-140 MeV [29]), depending on the particle species selected
for the analysis, momentum cuts, the inclusion/exclusion of resonance decays, and so on.
The results on K* resonance yields and K* /K yields’ ratios [53-55] speak in favour of the
afterburner scenario; the experimental K* /K ratio values decrease when one goes from
peripheral to central collisions, in contrast with almost flat dependency (keeping close to
the measured values for peripheral events) obtained in the models, which do not account
for the hadron re-scattering stage of collision (e.g., thermal model, blast wave model).
These models also overestimate the measured K* yield values. A nearly flat dependency
on centrality is actually observed in experiments for the ¢(1020) /K ratio, as the ¢’s decay
products almost do not interact with the dense hadronic medium due to a large lifetime of
this resonance. The observed suppression of the short-lived K* yield ratio to kaon yield
is likely due to re-scattering of K* decay products during the afterburner collision stage,
and this effect is stronger in central events because of the higher number of produced
particles and longer hadronic stage duration in this case. However, the system’s lifetime
determined based on these results depends on the cross-sections and reaction channels used
in the model for the hadronic stage. The correlation femtoscopy data are also considered
as a potential source of information on the duration of the matter collective motion in
high-energy A + A collisions. For instance, in the ALICE Collaboration’s experimental
analysis [56], the “freeze-out time” value for the 2.76 TeV Pb + Pb collisions at the LHC
is defined from the fit to the measured longitudinal femtoscopy radii dependency on mr
(the result is 10-11 fm/c), but the fitting formula does not account for the strong transverse
collective flow that should develop in such collisions.

In our previous papers [57-59], a simple method for the estimation of the times of
pion and kaon maximal emission, based on the particle pr spectra and the dependencies
of longitudinal femtoscopy radii Ry, on the pair transverse mass mr, was proposed
and tested in simulations within the different versions of the (integrated) hydrokinetic
model [52,60]. Soon after the first of the mentioned publications, the proposed prescription
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was used by the ALICE Collaboration in their experimental analysis of kaon femtoscopy for
the 2.76 TeV Pb + Pb collisions at the LHC [61]. It provided estimates for the kinetic freeze-
out temperature, Ty;, = 144 MeV, and the maximal emission times, 7, = 9.5+ 0.2 fm/c
and tx = 11.6 0.1 fm/c, close to those obtained in our paper [60] (see the details below).

A clear influence of the post-hydrodynamic phase on the soft physics results was also
noted in our analysis of different particle number ratios [62,63] at the LHC energies. These
studies include a comparison of the values calculated in the full iHKM simulation regime
with those obtained in a reduced regime without a hadronic cascade stage and also with
the thermal model results [8,9].

According to simulation analysis presented in [64,65], a large fraction (about 60% or
even more) of identified K*(892) resonances at the LHC are produced in the hadronic
phase of collision, while primary particles coming from the QGP hadronisation cannot be
observed due to rescattering of their decay daughters. By contrast, primary ¢(1020) mesons
with a lifetime of ~50 fm/c can be identified without problems, apparently because they
decay after the finishing of the intensive hadron rescattering phase (however, the iHKM
simulation results in [64] do not exclude that the hadronic stage may lead to an additional
increase in the identified ¢(1020) number due to the KK correlation effect). The recent
ALICE Collaboration data on the K* /K and ¢ /K yield ratios in 5.02 TeV Pb + Pb collisions
at the LHC confirm “the dominance of the rescattering effect in the hadronic phase” [55]
for K* results and its small significance in the ¢ case.

All these results seem to support the conception of continuous (rather than sudden)
freeze-out and a prolonged afterburner stage. In accordance with this evolution picture,
particles possessing different momenta and originating from different sources (primary
particles and those leaving the system after elastic/inelastic reactions with the hadronic
medium at the afterburner stage of collision) can be expected to radiate from the system at
different times.

In the current paper, we tried to investigate the process of pion and kaon emission
considered in [57,59] in more detail, clarify the relationship between the extracted emission
times and the femtoscopy radii, and if possible, propose a way for the estimation of the full
system’s lifetime, including the afterburner stage, based on our analysis of ultrarelativistic
heavy-ion collisions within the integrated hydrokinetic model.

2. Research Motivation

In our studies [57-59], the transverse momentum spectra and femtoscopy radii for the
A + A collisions at the top RHIC and the two LHC energies were fit with simple analytical
formulas, containing parameters describing the system'’s effective temperature, the strength
of the collective flow, and the time of maximal emission for particles of each sort. The fitting
formulas were obtained in approximation, suggesting that all the particles with comparably
low momenta (pr < 0.5 GeV/c) are emitted from the system at the hypersurface of constant
proper time T e, limited in the transverse direction. Of course, the real emission picture
for both pion and kaon mesons is much more complicated, so that the extracted maximal
emission times correspond only to some effective values, approximately reflecting the time
scales when the emission process for a given particle species is the most intensive.

To cross-check the fitting results and to obtain a more-detailed picture of the particle
emission process in [57-59], we additionally built plots of averaged emission functions
in coordinates (rr, T) for particles with small pr (in accordance with the earlier applied
approximation). The figures show that the emission function maximum for pions should be
close to the particlisation time for the centre of the expanding system, which is in agreement
with the previously obtained fitting result. As for the kaon emission function, it had two
apparent maxima (one close to the pionic one and the other lying about 4 fm/c higher), such
that the Ty, . value obtained from the fit was lying between them and could be associated
with the “mean” maximal emission time with respect to the two maxima on the plot. The
second maximum of the kaon emission function, causing the extracted maximal emission
times for kaons to be about 2-3 fm/c larger than those for pions, is likely connected with
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the decays of K*(892) resonance (its lifetime is about 4 fm/c), producing an additional
noticeable portion of kaons after particlisation of the created fireball.

To investigate the emission process in more detail, we constructed the emission time
distributions for both considered particle sorts (see Figures 1 and 2), which can be obtained
by integrating the previously analysed emission function histograms over transverse radius
rr. An interesting thing one can notice about these distributions is that most particles of
both species seem to be produced in the late, hadronic stage of the collision, so that the total
number of pions and kaons emitted close to the hadronisation hypersurface is noticeably
smaller than that of mesons radiated later. Near the time of hadronisation in the centre of
the system (9-10 fm/c), one can see only local T distribution maxima on the presented plots.
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Figure 1. The time of emission distribution for pions in central Pb + Pb collisions (c = 0-5%) at the
LHC energy /sNnN = 2.76 TeV simulated within iHKM, 0.2 < pr < 0.3 GeV /¢, |y| < 0.5.
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Figure 2. The same as in Figure 1 for kaons.

The found peculiarity of T distributions is in agreement with our previous conclu-
sions about the continuous character of particle spectra freeze-out; however, it is not clear
why the extracted values of T ., Obtained from the fits to single-particle pr spectra and
femtoscopy scales, do not reflect the apparent prevalence of the late post-hydrodynamic
stage contribution in the total amount of emitted particles, following from the 7 distribu-
tion figures.
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Another interesting fact about the extracted maximal emission times is that their
values are very close for the two considered LHC collision energies, 2.76 TeV and 5.02 TeV
(the same applies to the times of particlisation of the corresponding systems). At first
glance, it seems that, at higher collision energy, the created system should live longer
and produce more particles, so that the corresponding times of maximal emission should
be larger. Instead, at the two energies in our analysis for the most-central collisions
(c = 0-5%), we have comparable Ty e for both pions and kaons, 7, = 8.97 £0.04 fm/c
and tx = 12.734+0.12 fm/c at \/syny = 5.02 TeV and 7; = 10.34 - 0.06 fm/c (or even
Tr = 9.44 £0.02 fm/c; see [57] for details) and Tx = 12.65 = 1.58 fm/c at /syn = 2.76 TeV.
The corresponding temperatures, entering the fitting formulas, are T = 138 MeV and
T = 144 MeV, respectively.

In Section 4, we try to investigate in detail the above-stated issues.

3. Materials and Methods

As was already mentioned, the analysis of relativistic heavy-ion collisions for this work
was carried out based on the results of computer simulations within the integrated hydroki-
netic model (iHKM) [52,60,66,67]. The model successfully reproduces the experimental data
on bulk hadronic observables (including femtoscopy radii) for the high-energy collisions at
the LHC and RHIC [52,58,63,68]. It also allows achieving a good agreement with the data
on direct photon production for the two mentioned collider experiments [69-71].

One of the most-important distinct features of the iHKM, as compared to other hybrid
models used for the simulation of A + A collisions, is the presence of the pre-thermal
dynamics description for the strongly interacting matter created as a result of the collision (it
is implemented using the energy—-momentum transport approach based on the Boltzmann
equation in the relaxation time approximation—see the papers [52,66,67] for the details).
During the corresponding evolution stage, the system is gradually transformed from an
essentially non-equilibrium state it has at the very initial times right after the overlapping
of the two colliding nuclei to a nearly equilibrated state, which can be further described in
the approximation of relativistic viscous hydrodynamics [72,73]. The initial energy density
distribution, serving as a starting point for the pre-thermal stage, is generated with the
GLISSANDO code [74]:

(1 —a)Nu(b,rr)/2 + aNpin (b, r7)
1—a)Ny(b=0,r7 =0)/2+ aNp;,,(b=0,r7 =0)°

€(b,o,r7) = EO(TO)( @
Here, the parameter €) defines the initial energy density in the centre of the system,
and the parameter « regulates the proportion between the contributions from the binary
collision and wounded nucleon models to the €(b, 1y, rr) in (1). These two parameters are
used to adjust the model to the simulation of the concrete collision experiment.
For the initial momentum distribution, we take the anisotropic momentum distribu-
tion, inspired by the colour glass condensate effective gluon field theory:

folp) = gexp —J (p-U)z/\—z V), (PJV)/ )
1

where U" = (cosh#,0,0,sinhy), V¥ = (sinh#,0,0,cosh), 17 is space-time rapidity, and
A = A /A =100 is the model parameter, describing the initial momentum anisotropy
(see [52,66,67] for the details).

The hydrodynamic stage of the matter expansion lasts until the temperature in the sys-
tem drops to the particlisation value T, (depending on the equation of state (EoS) utilised
for the continuous quark—gluon matter; in the iHKM, we use the Laine-Schroeder [75] and
the HotQCD Collaboration [76] EoSs). Below the particlisation temperature, the contin-
uous medium transforms into the system of hadrons, which keeps on expanding, while
the hadrons interact intensively with each other, so that numerous particle creation and
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annihilation processes take place. This post-hydrodynamic stage of the matter evolution is
described with the help of the UrQMD hadron cascade model [77,78].

The analytical formulas for spectra and femtoscopy radii fitting in [57-59] are obtained
from the following considerations.

One assumes that the particlisation occurs at the hypersurface T = const = Tme.,
limited in the direction transverse to the beam axis (rr < r7'®), which should be reasonable
at least for the particles with not very high momenta (pr < 0.5 GeV/c). Accordingly, the

Wigner function for soft bosons can be written as follows:

fuaq (%P) = Ty X0 Bp - (i £1) — ) =11 o), ®

where B is the inverse temperature, u#(x) = (cosh#y coshyr, % sinh 7, sinh 7y, cosh )
is the collective four-velocity (here, in the u* definition, 7, = arctanhv; and 7 =
arctanh vt (r7) are longitudinal and transverse rapidities, which correspond to the re-
spective velocities vy and vr), and p(r7) is the cutoff factor, narrowing the particlisation
hypersurface in the transverse direction:

p(rr) = exp[—a(coshyr(rr) —1)]. 4)

The parameter « here describes the collective flow intensity, in such a way that the
lower is the value of «, the stronger is the flow (in the case of absent flow, &« — oo; for more
details, see [57,59]).

Given Equation (3) for the Wigner function, one can obtain the approximate formulas
for the momentum spectra and correlation functions. Applying the modified Cooper-Frye
prescription (it suggests that the overall particlisation hypersurface is built as a set of
points (t(r, p); ), corresponding to the maximal emission of particles with momentum p;
see [60] for the details) at the previously defined particlisation hypersurface and using the
saddle point method, one arrives at the following expressions for the pr spectra and the
longitudinal femtoscopy radii [79]:

*N 2\1/2
P07d3p oexp [—(mr/T+a)(1—07)" 7], 5)
2 2,2 3,2
Rlong(mT) =T\ (1 + EA ) (6)

Here, mp = \/m2 + k2, kt is the pair mean transverse momentum, T = T, is the

temperature at the maximal emission hypersurface T = tme., 97 = k7 /(mr + aT) is the
transverse collective velocity at the saddle point, and

V= L1 oh)r2 )
mr

is the squared ratio of the longitudinal homogeneity length Ajong t0 Tme. (as usual in
femtoscopy studies, the long direction coincides with that of the beam axis, out corre-
sponds to the pair transverse momentum vector, and side is orthogonal to the two others).
Equation (6) is valid for the transverse flow of an arbitrary profile and strength; however,
it was derived under the assumption of small gjopng, corresponding to the top part of the
correlation function peak.

According to the method, originally proposed in [57], in order to estimate the Tm..
values for pions and kaons, one needs to find the values of T and « first from the combined
fit to the pion and kaon pt spectra based on Equation (5) and, after that, determine the
maximal emission times T and 7k from the femtoscopy radii Riong (77) fitting (at already
fixed T and «) using Equation (6).
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4. Results and Discussion
4.1. Emission Time Distributions

As was already mentioned, the emission time distributions for both pions and kaons,
shown in Figures 1 and 2 for the case of 2.76 TeV Pb + Pb central collisions at the LHC,
suggest that a large number of particles leave the system noticeably later than the time
of full particlisation, which is about 9-10 fm/c for the considered LHC energies (rather
similar plots were obtained for 5.02 TeV collisions as well). The mean 7 values that can
be calculated based on the presented model histograms are 16.05 fm/c and 18.70 fm/c for
pions and kaons, respectively, and an interesting question is why these time scales do not
match with 7y, ¢, estimated based on the femtoscopy radii mt dependencies (i.e., 10.3 fm/c
and 12.7 fm/¢).

Here, one should consider several different factors that could possibly lead to such a
result and try to find which of them played the major role in this situation.

One of the relevant factors could be the non-Gaussian shape of the corresponding
particle emission functions and the correlation functions, which are used to determine
the femtoscopy radii. In [80], the non-Gaussian character of pion and kaon emission was
observed in our studies of the corresponding source functions (which can be defined as
time-integrated distributions of distances between the particles forming pairs in femtoscopy
analysis), calculated in the HKM (a previous version of the iHKM) for the case of Pb + Pb
collisions at the LHC energy /syn = 2.76 TeV. In Figure 3, we demonstrate the projections
of the mentioned meson source functions together with the Gaussian fits to them. As one
can see, the actual shape of the source functions, especially in the out and long directions,
includes noticeable non-Gaussian tails. The effect looks even more pronounced for pions.
In our method for the maximal emission time estimation, we fit R;,,,¢ interferometry radii
dependencies on mr, and as follows from Equation (6), the larger are the Ry, values,
the larger can be the resulting T .. The radii are extracted from the Gaussian fits to the
correlation functions C(q), which are connected with the source functions S(r) through the
so-called Koonin integral equation [81]:

Cla) =1+ [drsaIKE,q), ®

where K(r*, %) is the integral transform kernel, reflecting the correlation mechanism(s)
supposed to exist between the emitted particles, and the asterisk denotes the pair rest frame.

Accordingly, the pairs from the non-Gaussian tail of the source function, characterised
by the large distances between emitted particles, will not contribute directly to the value of
the femtoscopy radius and, eventually, to the T . value. In such a way, some amount of
particles that escape from the system at the late stage of the collision can be missed by the
femtoscopy analysis, but still be visible in the overall 7 distribution.

In the correlation function plots, such pairs, containing, e.g., particles coming from the
long-lived resonance decays or liberated from the system after a series of elastic/inelastic
reactions with other hadrons constituting the expanding hadronic medium (so that the
distance between the two particles in the pair can be fairly large), typically form a practically
invisible sharp and narrow peak [82], which can reduce the intercept A value, determined
from the fit to the correlation function, but does not really affect the radii.

In [57], we tried to reduce the effects stemming from the non-Gaussianity of the
correlation functions by fitting them in a narrow g range (0 < gjong < 0.04 GeV/c), which
also better corresponds to the assumptions made when deriving Formula (6). As a result, we
observed the more-uniform behaviour of the pion and kaon radii, closer to mr scaling (still
broken because of the collective flow and afterburner rescattering effects), with common T
and « parameters corresponding to the combined pion and kaon pt spectra fitting; however,
only a hardly noticeable increase of the femtoscopy radii (about 4%) could be reached.
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Figure 3. The source function projections calculated in the iHKM for pions (Panels (a—c)) and
kaons (Panels (d—f)) produced in central Pb + Pb collisions at the LHC energy /syy = 2.76 TeV,
02 < pr < 0.36 GeV/c, |y| < 0.5. Squares represent the model output, and lines show the
corresponding Gaussian fits.

The presence of a post-hydrodynamic hadronic cascade stage in the model certainly
increases the resulting femtoscopy radii; in our analysis, carried out during the work in
the papers [57,83], we found for the case of the LHC 2.76 TeV Pb + Pb collisions that the
switching off of the cascade stage reduced the radii values by 12% for pions and by 25-30%
for kaons. However, the maximal emission time extraction we are currently interested in
was performed based on the full calculation mode results, i.e., with the hadron cascade
turned on, so the above observation can hardly help us solve the stated problem.

A more-thorough analysis of the procedure we applied for the Ty, . extraction, how-
ever, suggests the following possible solution. Although the analytical Formulas (5) and (6),
used for the spectra and the femtoscopy radii fitting, were derived under the assumption
of isochronous particle emission from the hypersurface T = const = T, fragment with
rr < rp®, typical for particles with not very high transverse momenta, the actual data
fitting included also the region of comparably high pr (0.5 < pr < 1.0 GeV/c) and kr
(0.3 < kr < 1.1 GeV/c). This apparently implies that the emission time distributions,
actually corresponding to the applied fitting scheme, should as well include particles from
a wide momentum region (still not exceeding, however, the region of hydrodynamics ap-
proximation applicability). Therefore, in Figures 4 and 5, we show the pion 7 distributions
constructed with a momentum cut 0.5 < pr < 2.0 GeV/c for central Pb + Pb collisions at
the LHC energy /sy = 2.76 TeV (analogous distributions for kaons demonstrate a similar
tendency as compared to the previous Figure 2). In Figure 5, an additional 7 constraint,
rr < 10 fm, was applied.

As one can see, the presented histograms correspond much better to the Ty e. esti-
mates we previously obtained from the spectra and radii fitting, so that the distribution
maxima are close to the full particlisation time (=10 fm/c), the tails corresponding to the
hadronic phase look much smaller and do not dominate in the overall distributions, and
the mean emission time values are 12.5 fm/c and 10.4 fm/c for the rr-unconstrained and
rr-constrained cases, respectively.
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Figure 4. The same as in Figure 1, but for a wide pr region, 0.5 < pr < 2.0 GeV/c.
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Figure 5. The same as in Figure 4, but with the constraint rr < 10 fm.

The obtained wide-momentum-range 7 distributions seem to be more relevant for
characterising the emission process from the system as a whole. However, what about the
low-momentum distributions shown before in Figures 1 and 2 and depicting a quite rich
and prolonged hadronic stage of the matter evolution? Could we use these distributions to
obtain estimates of the afterburner phase duration, corresponding to the “maximal emission
times”, but now determined based on low-momentum spectra and radii? In principle,
such an estimate would be in agreement with the modified Cooper—Frye prescription [60],
used in [57,59] for the derivation of Formulas (5) and (6) and suggesting that the particles
with different momenta p should be emitted from separate pieces 0, of the complex
hadronisation hypersurface, composed as a united set of all such fragments.

Therefore, to test such an approach, we used the described method for the Tme.
estimation, but applying the low-momentum cuts on pr and k7. The combined 7t and K
spectra fitting was performed for the p range 0.25 < pr < 0.55 GeV/c and gave the values
T =106 +16 MeV, ay = 2.8 £ 0.5, ax = 1.2 £ 0.7, which were then fixed at the Rjong (117)
fitting. The latter was performed for kt < 0.6 GeV/c and resulted in the maximal emission
time values 7, = 13.65 £ 0.44 fm/c and 1x = 16.73 £ 0.49 fm/c.
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Comparing these times with Figures 1 and 2, one can see that the new Ty values
correspond to the maxima of the shown low-momentum emission time distributions and
can be possibly interpreted as evidence of a prolonged afterburner stage and used as
“upper-limit” estimates for the overall system’s lifetime (in the sense that they are defined
based on low-momentum data and particles with low pr are expected to leave the system
later than those with high pr). The new Ty value for kaons is also in agreement with
the emission picture presented in Figure 2 of our paper [64], which implies that active K*
production at the hadronic stage of collision lasts until ~15-20 fm/c, while K* resonance
decays serve as an extra source of kaons (see also Figure 6 of this article).

0

30

Figure 6. Emission functions (7, r7) constructed in the iHKM for K 7z~ pairs, coming from K*(892)
decays [64], in two regimes: (a) free streaming of hadrons created at the particlisation stage (plus
those coming from resonance decays), and (b) full iHKM calculation including UrQMD cascade
as the final afterburner stage. The graphs correspond to the LHC Pb + Pb collisions at \/syny =
2.76 TeV, c = 5-10%; the transverse momentum and rapidity ranges are 0.3 < kt < 5 GeV/c and
ly| < 0.5, respectively.

4.2. Particlisation Times at Different Collision Energies

In the previous subsection, we focused on the particle emission picture including long
and intensive emission from the hadronic stage of collision and on the estimation of the
effective time scales characterising the emission duration. However, a detailed analysis of
this problem cannot bypass the question of the hydrodynamic stage duration, defining the
moment, when one should switch from the description of the system’s evolution in terms
of a continuous medium to the description in terms of particles.

Conventionally, one assumes that the system’s hadronisation takes place at some
critical temperature or energy density (whose concrete values depend on the applied
equation of state for quark—gluon matter). As was mentioned, in the iHKM, we use two such
equations of state, namely the Laine-Schroeder [75] EoS and the HotQCD Collaboration [76]
one. The former is associated with the particlisation temperature T, = 165 MeV and
the corresponding energy density €, = 0.5 GeV/ fm®, while for the latter, the values
T, = 156 MeV and €, = 0.27 GeV/fm? are taken. The stated switching criterion implies
that the particlisation process is not isochronous for different parts of the system, but starts
quite early at the periphery and gradually reaches the centre. Thus, the system can be
considered fully hadronised when the hadronisation has completed in its centre.

As we already remarked in the Introduction, an interesting fact about the particlisation
times in ultrarelativistic heavy-ion collisions at the top RHIC and the LHC energies is that,
in the iHKM, they are very close to each other (about 8-10 fm/c), despite great differences
in the collision energies (and, apparently, the corresponding initial energy densities). This
feature is also reflected in the close maximal emission times obtained for pions in our
studies related to the corresponding collision experiments [57-59].

To examine this issue, we built plots of the time evolution for the energy density in
the centre of hydrodynamic grid e(t) within iHKM (see Figures 7 and 8) in the case of the
LHC Pb + Pb collisions at the two energies, \/syy = 2.76 TeV and /syy = 5.02 TeV. The
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Laine-Schroeder EoS was used in the simulations for both energies with the critical energy
density €, = 0.5 GeV/fm3. For comparison, we also placed the curves corresponding to
the ideal relativistic hydrodynamics three-dimensional Gubser solution [84]:

€ (29)%3
T 1 22(22 + 12) + gA (12 — 12 )23

©)

G(FT, T)

and the Bjorken solution €(7) = €yt ~%/3 for purely longitudinal expansion, in the pre-
sented figures. The initial maximal € values for the Gubser and the Bjorken flows corre-
spond to those in the iIHKM. Furthermore, in the Gubser flow case, the parameter g value,
g = 0.15 fm~!, defining the transverse width of the energy density profile was chosen
based on the fit to the initial iHKM €(r7) profile.

102
s> F
é C
RS -
> B
(]
O 105 ___ iHKM, 5.02 ATev
w F —— iHKM, 2.76 ATeV
- Gubser flow, €q,,=€2"°
- — — Gubser flow, €q,,=€3"
1 —— e=0.5 GeV/fm’
- —t—— Y —— — —— = |
1 10
T (fm/c)

Figure 7. The energy density € at the centre of the system depending on proper time 7. The
iHKM curves for the two LHC energies, \/syny = 2.76 TeV and /syny = 5.02 TeV, together with
the 3D Gubser solutions (9) of the relativistic hydrodynamics equations. The parameter g value,
q = 0.15 fm~1, is defined from the Gubser fit to the initial iHKM e(r7) profiles; the initial € values
correspond to the iHKM ones.

From the comparison with the 1D Bjorken flow case (see Figure 8), one can conclude
that the presence of strong transverse flow along with the longitudinal one is an important
factor leading to the observed small difference in the particlisation times for the two
collision energies (about 9.2 fm/c and 9.8 fm/c for the iHKM in the shown figure), defined
as the moments when the respective energy densities drop to €, = 0.5 GeV/fm?>. Indeed,
we see that, at the times after 3 fm/c, the Bjorken expansion is much slower than in the
iHKM, the ratio between the two €(7) (about 1.5) does not change with time, so that
the respective particlisation times (about 26 fm/c and 36 fm/c) are much higher than in
our model, the ratio between these times, (¢ o/ 60,1)3/ 4 is about 1.35, and therefore, the
difference between them is quite large (about 10 fm/c).

The Gubser flow, accounting for the transverse matter expansion, results in an €(7)
behaviour more similar to the iHKM curves at T > 3 fm/c and particlisation times much
closer to those from the iHKM (about 6.7 fm/c and 7.3 fm/c), also with a small difference
between the two values. The analysis of the particlisation time 7, dependency on the initial
energy density €y(7p) in the iHKM shows that, for the considered RHIC and LHC energy
range in central collisions at a fixed EoS and initial time 7y, the 7, in the iHKM grows slowly

1/s
0

with €p, approximately as €,”°, where s is close to 7. In our opinion, such a behaviour can
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be explained by the intensive 3D expansion of the system, which takes place at large T in
high-energy A + A collisions and leads to a fast subsequent decay of the created fireball.
The suggestion about the breakdown of the hydrodynamic description as a result of the
intensive 3D expansion of the systemsformed in high-energy hadron collisions was made
already in 1953 by Landau in his pioneering paper concerning the hydrodynamic approach
in high-energy physics [7].

10?

10
—— iHKM, 5.02 ATeV

— iHKM, 2.76 ATeV

Bjorken flow, g(t)=<_ /1*?®
— — Bjorken flow, e(t)=eo’2/r4/3
1 — — e=0.5GeV/fm®

e (GeV/fim°)
\\\HH‘ T

T (fm/c)

Figure 8. The same as in Figure 7, but 1D Bjorken solutions, (1) = eyt ~%/3

son with the iHKM curves.

, are shown for compari-

The energy density behaviour, somewhat similar to that shown in Figures 7 and 8§,
can be also observed in the following non-relativistic analytical solution of both ideal hy-
drodynamics and Boltzmann equations (see, e.g., [85,86]). The corresponding distribution
function can be written as

N m\ 32 mv?  (x — vt)?
oo G (7) ov (5 S ) 10

where N is total particle number, m is the particle mass, Ry is the initial Gaussian radius of
the system, and Tj is the initial temperature.

Given the distribution function (10), one easily finds the corresponding dependency
of the energy density at x = 0 on time:

(x=0,) AT§(mR3/T,)>/?
e(x=4u, - 7
(2 4+ mR3/Ty)>/2

(11)

where A is a constant.

In Figure 9, we present the illustration corresponding to the solution (11). The black
line corresponds to a higher initial energy density, regulated by the Ty parameter, which in
this case has the value Ty = 350 MeV. For the blue line, Ty = 300 MeV, and the initial energy
density is about two-times lower than for the black line. In both cases, the Gaussian radius
of the initial fireball is Ry = 6 fm, and the mass of the particles in the gasis m = 0.5 GeV/ 2.
The black curve in the figure is shifted 1 fm/c left, so that, after t = 8 fm/c, we have the
same energy density for both evolving systems. Therefore, similar to Figures 7 and 8, the
same “particlisation” conditions are reached at nearly the same expansion times for the
systems with the two different initial energy densities/temperatures, when the system’s
expansion becomes essentially three-dimensional.
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1.2r

T,=350 MeV, shifted 1 fm/c left

1i
- T,=300 MeV
& 0.8
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Figure 9. The energy density € at the centre of the system dependencies on time T in non-relativistic
hydrodynamics and the Boltzmann equations’ solution (11) with the two different initial € values
reaching the value € = 0.5 GeV/fm? almost simultaneously (see the text for the details).

Although we consider the presented results quite interesting and worth attention
in the context of heavy-ion collision studies, of course, there are certain aspects of the
investigated phenomena left outside the scope of our research, so that additional analysis
combined with further improvement of the utilised approaches should bring an even
more-comprehensive and -detailed understanding of the collision dynamics. In particular,
so far, we did not address the issue of light nuclei, molecules, and other loosely bound
objects” production in A + A collisions, while the corresponding observables were actively
analysed in recent experimental and theoretical studies. In our study of the K* resonance
production for 2.76 TeV LHC Pb + Pb collisions, we obtained underestimated values of the
K* /K ratio in peripheral events. This problem could be re-analysed in more detail, and
the corresponding calculations for the 5.02 TeV case could be carried out. Other possible
ways of extending our analysis could be accounting for high-pr phenomena (like jets),
consideration of the physics outside the midrapidity region, and adjusting the model for
the description of planned ultra-high- and intermediate-energy (corresponding to the Beam
Energy Scan program) experiments. The viscous hydrodynamics part of our model can be
additionally improved by the implementation of the bulk viscosity and heat conductivity
effects, as well as switching from boost-invariant to full-(3 + 1)D simulations.

5. Conclusions

We considered the two paradoxical femtoscopic observations in ultrarelativistic heavy-
ion collisions. The first one is the closeness of the observed maximal emission times at the
quite different collision energies. It can be explained by the intensive 3D (!) expansion of
the system, which leads, starting from some time, to a fast decay of the formed continuous
medium for a wide range of high collision energies. Therefore, all the corresponding
systems reach the decay energy almost simultaneously.

Another paradoxical effect is that, despite the sufficient duration of the post-hydrodyna-
mic/afterburner cascade stage, the observed times of the maximal emission are close to the
particlisation times. The key to the answer lies in different pictures of particle radiation
in the narrow soft pr range and in a more wide one, typical for the femtoscopy analysis.
For the latter, the times of maximal emission extracted from the corresponding fits nearly
coincide with the particlisation times. For the former, the times are significantly larger and
reflect the duration of the afterburner stage at this momentum interval.
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