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COMMENT ON “INVESTIGATION

OF HADRON MULTIPLICITY AND HADRON
YIELD RATIOS IN HEAVY-ION COLLISIONS”

Oliinychenko, Bugaev, and Sorin [arXiv:1204.0103 [hep-ph]] considered the role of conserva-
tion laws in discussing possible weaknesses of thermal models which are utilized in describing
the hadron multiplicities measured in central nucleus-nucleus collisions. They argued to ana-
lyze the criteria for chemical freeze-out and to conclude that none of them was robust. Based
on this, they suggested a new chemical freeze-out criterion. They assigned to the entropy per
hadron the ad hoc value 7.18 and supposed to remain unchanged over the whole range of the
baryo-chemical potentials. Due to the unawareness of the recent literature, the constant entropy
per hadron has been discussed in Refs. [Fizika B 18, 141 (2009), Europhys. Lett. 75, 420
(2006), Phys. Rev. C 85, 014908 (2012) and nucl-ph/1306.3291]. Furthermore, it has been
shown that the constant entropy per hadron is equivalent to the constant entropy normalized to
the cubic temperature, an earlier criterion for the chemical freeze-out introduced in Refs. [Eu-
rophys. Lett. 75, 420 (2006), Nucl. Phys. A 764, 387 (2006)]. In this comment, we list out
the ignored literature, compare between the entropy-number density ratio and two criteria of
averaged energy per averaged particle number and constant entropy per cubic temperature. All
these criteria are confronted to the experimental results. The physics of constant entropy per
number density is elaborated. It is concluded that this ratio cannot remain constant, especially

at large chemical potentials related to the AGS and SIS energies.
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1. Introduction

In the preprint [1], Oliinychenko, Bugaev, and Sorin
have considered the role of conservation laws, the val-
ues of hard core radii along with the effects of the
Lorentz contraction of hadron eigenvolumes in dis-
cussing the weaknesses of thermal models, which are
utilized in describing the hadron multiplicities mea-
sured in the central nucleus-nucleus collisions. Re-
gardless the unawareness of earlier literature, the
authors concluded that none of the criteria for the
chemical freeze-out is robust. In doing this, they en-
tirely disregarded the indirect experimental results in
baryo-chemical potentials pp and their corresponding
temperatures T'. A systematic analysis of the four cri-
teria describing the chemical freeze-out is introduced
in [2-4]. Furthermore, a comparison between these
four criteria is elaborated in [2—4].

Starting from phenomenological observations at
the SIS energy, it was found that the averaged en-
ergy per averaged particle ¢/n & 1 GeV [5], where the
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Boltzmann approximations are applied to calculating
€/n, this constant ratio is assumed to describe the
whole T' — up diagram. For completeness, we men-
tion that the authors assumed that the pions and
rho-mesons get dominant, at high 7" and small wu.
The second criterion assumes that the total baryon
number density np, + n; ~ 0.12 fm™3 [6]. In the
framework of percolation theory, the authors of Ref.
[7] have suggested the third criterion. As shown in
Fig. 2 of [3], the last two criteria seem to give almost
identical results. All of them are stemming from the
phenomenological observation. The fourth criterion
based on lattice QCD simulations was introduced in
Ref. [2,3]. Accordingly, the entropy normalized to the
cubic temperature is assumed to remain constant over
the whole range of baryo-chemical potentials, which
is related to the nucleus-nucleus center-of-mass en-
ergies /sy~ [4]. An extensive comparison between
constant €/n and constant s/T" is given in [2, 3].
The thermodynamic quantities deriving the chem-
ical freeze-out in the framework of hadron resonance
gas are deduced in [2, 3]. Explicit expressions for s/n
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at vanishing and finite temperatures are introduced in
[2,8]. The motivation of suggesting the constant nor-
malized entropy is the comparison to the lattice QCD
simulations with two and three flavors. We simply
found the s/T? = 5 for two flavors and s/T3 = 7 for
three flavors. Furthermore, we confront the hadron
resonance gas results to the experimental estimation
for the freeze-out parameters, T and pp.

2. The Hadron Resonance Gas Model

The hadron resonances treated as a free gas [9-13] are
conjectured to add to the thermodynamic pressure
in the hadronic phase (below T;). This statement is
valid for free resonances, as well as for strong inter-
actions between the resonances themselves. It has
been shown that the thermodynamics of a strongly
interacting system can also be approximated to an
ideal gas composed of hadron resonances with masses
<2 GeV [12,14]. Such a mass cut-off is implemented
to avoid the Hagedorn singularity [16]. Therefore,
the confined phase of QCD, the hadronic phase, is
modelled as a non-interacting gas of resonances. The
grand canonical partition function reads

Z(T,V) = Tr [exp #/T], (1)

where H is the Hamiltonian of the system, and T is
the temperature. The Hamiltonian is given by the
sum of the kinetic energies of relativistic Fermi and
Bose particles. The main motivation of using this
Hamiltonian is that it contains all relevant degrees of
freedom of confined and strongly interacting matter.
Obviously, it can be characterized by various — but a
complete — set of microscopic states. Therefore, the
physical properties of the quantum systems turn to
be accessible in the approximation of non-correlated
free hadron resonances. Each of them is conjectured
to add to the overall thermodynamic pressure of the
strongly interacting hadronic matter. It includes im-
plicitly the interactions that result in the resonance
formation. In addition, it has been shown that this
model can submit a quite satisfactory description of
the particle production in heavy-ion collisions [9-13].
With the above assumptions about the dynamics, the
partition function can be calculated exactly and be
expressed as a sum over single-particle partition func-
tions Z} of all hadrons and their resonances.

InZ(T,p;, V) = Y WZHT,V) =
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where €;(k) = (k?+m?)'/? is the i—th particle disper-
sion relation, g; is the spin-isospin degeneracy factor,
and =+ stands for bosons and fermions, respectively.

The switching between hadron and quark chem-
istry is given by the relations between the hadronic
chemical potentials and the quark constituents; pu; =
= 3nppg + ns s, where ny(ns) being the baryon
(strange) quantum number. The chemical potential
assigned to the light quarks is pg = (py + pa)/2,
and the one assigned to a strange quark reads us =
= pg — ps. The strangeness chemical potential pg
is calculated as a function of T and p; under the as-
sumption that the overall strange quantum number
has to remain conserved in heavy-ion collisions [12].

The HRG calculations assume quantum statistics
and an overall strangeness conservation. With this
regard, the strangeness chemical potential ug is cal-
culated at each value of T and p; assuring that the
number of strange particles should be the same as
that of the anti-strange particles. It is worthwhile to
mention that no statistical fitting has been applied in
determining all thermodynamic quantities, including
entropy and number density derived from Eq. (2).

As introduced in Ref. [12], the whole spectrum
of possible interactions is to be represented by the
S-matrix. A recent review on the estimation of the
excluded volume, which reflects the repulsive interac-
tion, as a function of \/syn is given in [15] and ref-
erences therein. According to [12], the fugacity term
can be expanded to include various kinds of interac-
tions. In such a way, the S-matrix gives plausible
scattering processes taking place in the system of in-
terest. It is found that including hadron resonances
with some effective masses has almost the same ef-
fect as that of a free particle with same mass. At
high energy, the effective mass approaches the physi-
cal value. In other words, even strong interactions are
taken into consideration via heavy resonances. These
conclusions suggest that the grand canonical partition
function is able to simulate various types of interac-
tions, when resonances with masses up to 2 GeV are
included. As elaborated previously, this mass cut-off
is supposed to avoid Hagedorn’s singularity. A con-
clusive convincing proof has been presented through
confronting HRG results to LGT [9-13].
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3. Physics of Constant
Entropy Per Number Density

From the entropy and equilibrium, the Gibbs condi-
tion simply leads to

n T

the rhs is positive as long as pp < p/n + €/n, where
the thermodynamic quantities, p, ¢ and n are sup-
posed to be calculated at the T" — u; diagram of the
chemical freeze-out. Figure 1 shows the experimental
estimation for the freeze-out parameters 7' and up.
It is obvious that increasing u; leads to decreasing 7,
and, therefore, all values of the thermodynamic quan-
tities decrease as well. Cleymans et al. [5] suggested
an empirical T' — u; relation

e ) Q

T=a—bu—cul, (4)

where a, b and c are fitting parameters. Almost same
kind of restriction would be valid for e¢/n. According
to Eq. (3),
€ S D
—=T—+pm——. (5)
n n n

The physics of constant s/7° has been discussed
in Ref. [2,3]. It combines the three thermodynamic
quantities, p/T*, ¢/T*, and n/T®:

_ b € n
Ts —a T i T M (6)
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Fig. 1. The freeze-out parameters, T" and p;, measured in

various heavy-ion collisions experiments (labelled) are com-
pared with the three criteria, ¢/n = 1 GeV (double-dotted
line), s/n = 7.18 (dash-dotted line) and s/T = 7 (solid line).
The s/n dotted curve seems to diverge at pup > 500 MeV, i.e.,
much high temperatures are needed to fulfil the condition
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At the chemical equilibrium, the particle production
at the freeze-out is conjuncted to fully fulfil the laws
of thermodynamics, as Eq. (3). The hadronic abun-
dances observed in the final state of heavy-ion col-
lisions are settled when s/T' drops to 7, i.e., the
degrees of freedom drop to 772/4. Meanwhile the
changing in the particle number with the changing in
the collision energy is given by up, the energy that
produces no additional work, i.e. the stage of van-
ishing free energy, gives the entropy at the chemical
equilibrium. At the chemical freeze-out, the equilib-
rium entropy represents the amount of energy that
cannot be used to produce an additional work. In
this context, the entropy is defined as a degree of
sharing and spreading the energy inside the system,
that is in chemical equilibrium [3].

4. Constant Entropy per Number in Lattice
QCD Simulations and Heavy-ion Collisions

For completeness, we analyze s/n as measured in
LGT. Once again, the related literature on lattice
QCD simulations is not cited in [1]. For example,
Borsanyi et al. [17] studied the trajectories of con-
stant s/n, where s = S/V and n = N/V, on the
phase diagram and thermodynamic observables along
these isentropic lines. This was not the only work de-
voted to such line of constant physics [18]. In the
Stefan-Boltzmann limit, the ratio s/n is assumed to
remain unchanged with increasing u, (Appendix A
of [17]). In doing this, the lowest order in perturba-
tion theory is assumed, where the strangeness chemi-
cal potential pg likely vanishes. For pp/T, a limiting
behavior for the isentropic lines on the phase dia-
gram is obtained. The ratio s/n has been measured
at various \/syn [19]. It is concluded that, in lim-
its of low temperatures, increasing the chemical po-
tential results in an overestimation for the ratio s/n
even beyond the applicability region of the Taylor-
expansion method, which is applied in lattice QCD
simulations at a finite chemical potential. Two re-
marks are now in order. First, the values of s/n seem
to depend on the chemical potential pp or /syn-
This is confirmed in different experiments [19] and
lattice gauge theory [17]. Second, the ratio s/n as
calculated in the lattice QCD simulations [17] is sug-
gested to characterized the QCD phase diagram [12],
i.e., the deconfinement phase transition, while likely
differs from the freeze-out diagram [2, 3], especially
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at large chemical potential y, or small \/syy. At
fixed pp, the critical (deconfinement) differs from the
freeze-out (hadronization) temperature. As per LGT,
the ratio s/n characterizes the deconfinement phase
transition, especially at a large chemical potential.

5. Results and Conclusions

In Fig. 1, the freeze-out parameters, T' and pup, mea-
sured in various heavy-ion collisions experiments are
compared with the three criteria, e/n = 1 GeV (dou-
ple dashed line), s/n = 7.18 (dash-dotted line) and
s/T® = 7 (solid line). The experimental data are
taken from [4] and the reference therein. The quality
of each criterion in describing the experimental data
is presented. All conditions are almost equivalent at a
very high energy or low chemical potential. The abil-
ity of the condition ¢/n = 1 GeV at very low energies
are not as much as that of s/T® = 7. As discussed in
Section 3, s/n = 7.18 seems to fail to reproduce the
freeze-out parameters at pp > 500 MeV.

The dependence of the freeze-out temperature T’
on pyp starts to be non-monotonic at u, ~ 400 MeV
(compare solid with double dot-dashed curves in the
right panel of Fig. 2). Starting from this value, the
resulting T increases with pp. At fixed pp values,
high freeze-out temperatures are needed to fulfil the
condition. This would mean that the freeze-out tem-
peratures at large y, become much higher that those
at vanishing pp. At higher chemical potentials, the
resulting dash-dotted curve diverges. To have a de-
tailed illustration for this observation, we firstly study
the thermal evolution of s/n at a very high chemical
potential, right panel of Fig. 2. Details on the uti-
lized HRG model are elaborated in Section 2. In this
figure, the ratio s/n is calculated a function of T', at
five fixed values of u,. We observe that s/n = 7.18
is eventually achieved at pp < 500 MeV. At higher
chemical potentials, the condition s/n = 7.18 is ap-
parently not fulfilled. The ratio s/n never reaches the
value 7.18, i.e. singularity. Furthermore, we notice
that the thermal evolution of s/n is non-monotonic.
Three remarks are now in order. First, due to a small
particle number n at very small T, the ratio s/n gets
very large in this limit. In other words, the condi-
tion s/n = 7.18 might be fulfilled at very small T
and finite pup. This would be a kind of artifact, as the
physical interpretation is not related to the chemi-
cal freeze-out. Second, the ratio s/n raises with in-
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Fig. 2. The thermal evolution of s/n at p; = 500, 630 and
750 MeV is presented. The horizontal dashed line indicates
s/n = 7.18. The singularities at low temperatures are stem-
ming from the almost vanishing number density

creasing T'. The resulting peak seems never reach the
value 7.18, i.e. there is no freeze-out temperature at
the given uyp (singularity). Third, with increasing T,
the ratio s/n slowly decreases, assuring the previous
remark.

The second criteria to interpret the observation
that s/n seems to diverge at large up, is based on
an analytical treatment to find out the value of u; at
which the freeze-out curve diverges. The latter means
that 8T /Oup = oo or Oup/0T = 0. In doing this, we
start with s/n =const or

s
d—=0.
2 =0 (7)

Then we get

Os Os

—1dT — Vduy =
" <6T> o (em) -

on on

= —1dT —d 8
which can be solved as follows.
Oy _ 1 57 — s gF 9)
oT - on 0s *

s Ops -n Ousp

Thus, the divergence in the freeze-out parameter, T,
under the condition that s/n =const is to be fulfilled
when we are succeeded in determining u; values, at
which
Os on
=2 5= 10
"or ~°ar (10)
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is valid. Such pp, values assure that the freeze-out
temperature diverges. In doing this, we may use the
classical limit

) =3 o (7 on (%) 1 (7).
(11)

where K, is the n-th rank modified Bessel func-
tion. The baryo-chemical potential for the quark con-
stituents of each baryon p, = 3npp,, where np (1g)
being the baryon number (quark baryo-chemical po-
tential). At the chemical freeze-out line, it is con-
jectured that the partonic matter should absolve the
hadronization process into an equilibrated hadronic
matter. In light of this, we might assume that the
energy of each state in the phase space could be
given by m, where m ~ T. Then, the freeze-out
temperature diverges at the quark baryo-chemical
potential

pq > T. (12)

When p, becomes as higher as the temperature, then
the freeze-out temperature calculated according to
s/mn = 7.18 rapidly diverges with increasing p; and
or \/snyn. A quantitative estimation for ug is only
possible when taking the quantum statistics into con-
sideration.

The HRG calculations are performed as follows.
Starting with a certain up, the temperature 7' is in-
creased very slowly. At this value of u, and each
raise in T, the strangeness chemical potential ug
is determined under the condition that the strange
quantum numbers should remain conserved in heavy-
ion collisions. Having the three values of up, T,
and pg, then all thermodynamic quantities are cal-
culated. At each step, the ratio s/T® is checked.
When it reaches the value 7, then the quantities like
€/n, np + ng, and s/n are registered. This proce-
dure is repeated over all values of u,. Examples
of such calculations can be seen from the thermal
evolution presented in Fig. 2. So far we conclude
that the applicability of s/n = 7.18 is limited to
1y < 500 MeV.

Furthermore, the robustness of s/n = 7.18 is very
much limited in comparison to the four criteria: per-
colation [7], baryon number [6], energy per particle
[6] and normalized entropy [2, 3].
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The coincidence that s/T2 is accompanied with
constant s/n has been introduced in Ref. [2]. That
the authors of [1] argue that s/n = 7.18 is novel
likely ignores the related literature. The four criteria
[2, 3, 5-7] are based on the physical observation ei-
ther phenomenological and/or theoretical, while the
authors of [1] suggest an ad hoc value for s/n. It
is inapplicable at the AGS and SIS energies. Its re-
lation to s/T® is apparently overseen. The same is
valid for the comparison with other criteria (some of
them are ignored, completely) and for ignoring the
experimental measurements. The ad hoc value as-
signed to s/m is obviously not much robuster than
the other criterion. The unawareness of literature
and underestimating or even ignoring the previous
work would seen as a violation of the rules of scien-
tific research.
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KOMEHTAP OO CTATTI
“INOCJILI2KEHHSA BIIHOCUH MHOXKMHHOCTI
IBUXOAY AJPOHIB Y 3ITKHEHHAX BA2KKNX IOHIB”

Pesmowme

Ouitinngenko, Byraes i Copin B [arXiv: 1204.0103 [hep-ph]]
PO3IJISHYJIM POJIb 3aKOHIB 30€epeKeHHs [Jisi 0OrOBOPIOBAHUX
MOXKJIMBHAX HEJOJIKIB TEMIIEPATYPHHUX MOJEJIEH, IO BHKODH-
CTOBYIOTBHCS [IJIsL OIKCY aJPOHHUX MHOXKHHHOCTEH, BUMipIOBa-
HUX y LEHTPAJIbHUX AJep-AePHUX 3ITKHEHHAX. BoHu nmpoana-
nmidyBasmm kpurepil ximiumoro ¢pizayry i 3pobmiaE BHCHOBOK,
IO 2KOJeH 3 HuxX He € HagiiuuMm. Ha wuilt migcrasi BoHm 3a-
[IPOIIOHYBAJIX HOBUI KPUTEPIii, B3ABIIK 0€3MiCTAaBHO BEJIUYU-
Hy 7,18 nnsa enrpomii Ha aaPOH, BBAXKAKOYM, [0 BOHA HE3MiH-
Ha B BCbOMY niama3oHi 6apioH-xiMmiunumx mnorenmjiajiis. Yepes
HeJ0CTaTHIO iH()OPMOBAHICTH IIPO IOTOYHY JiTEPATYypy, TEMa
mocTi#HOol eHTpomil Ha agpoH obroBoproBanaca B Fizika B 18,
141 (2009), Europhys. Lett. 75, 420 (2006), Phys. Rev. C 85
014908 (2012) Ta nucl-ph/1306.3291. Byso moka3aHo, mo mo-
CTiliHA eHTPOIisd Ha aJPOH EKBiBAJIEHTHA IOCTiMHIN eHTpOmIl,
HOpMOBaHOI Ha Temmneparypy B Kyb6i. Ileit Bimommuit kpurepiit
ximignoro ¢pizayry 6ymno BBemeno B Europhys. Lett. 75, 420
(2006), Nucl. Phys. A 764, 387 (2006). ¥V upoMy KOMeHTapi Mu
epepaxoBy€MO irHOPOBaHI JiTepaTypHi [2KepeJia Ta MOPIBHIOE-
MO BEJIMYMHY BiJHOIIEHHS €HTPOIII A0 IMiIbHOCTI YHUCIIa YaCTH-
HOK i ABa KpuTepii: cepelHsi eHeprisi, HOpDMOBaHa HA CEPEIHE
YHCJIO YACTHUHOK, 1 IOCTifiHA €HTPOMisi, HOPMOBAHA Ha TeMIIepa-
Typy B Ky6i. Ili kpurepil cynepeuars ekcnepumenty. Mu pos-
rasinynu Bi3uky mocTiiHol eHTponil, HOpPMOBAHOI Ha IIJIBHICTH
YHMCJIa JACTHHOK, i 3pOOHMIN BHCHOBOK, IO Ii€ BiIHOIIEHHS He
3aJIMIIAETHCS IOCTIHHUM, 0COGINBO NPY BEJIMKHUX XiMIYHHX IIO-
TeHIiaJax i eHepriit cuaxporpoHis AGS i SIS.
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KOMMEHTAPHUI K CTATBE “UCCJIEJOBAHUE
OTHOIIIEHUN MHO>XKECTBEHHOCTH U BBIXOIA
AJIPOHOB B COYIAPEHUAX TA>KEJIBIX TOHOB”

Pesmowme

Ounuitanaenko, Byraes u Copur B [arXiv:1204.0103 [hep-ph]]
PacCMOTPEJH POJIb 3aKOHOB COXPAHEHHS JJId 00CYKJAeMBIX BO-
3MOKHBIX HEJOCTATKOB TEMIIEPATyPHBIX MOZeJel, HCIOoJb3ye-
MBIX [JIs ONMCAHUSA AJPOHHBIX MHOXKECTBEHHOCTEH, M3Mepse-
MBIX B II€EHTPAJIbHBIX fAep-ANepHBIX coymapeHusax. OHu mpo-
AHAJMU3HPOBAJIN KPUTEPHUU XUMUYECKOro ¢pusayra MU CAela-
U 3aKJIOYeHWe, YTO HU OOWH HX HHUX He dABJAeTCS HaJe-
2KHBIM. Ha, 9TOM OCHOBAHHWH OHU IIPEIJIOXKWUJIN HOBI)II‘/i Kpu-
Tepuii, B34B 0€30CHOBATEJbHO BeJWYHHY 7,18 nnsa sHTpommu
Ha aJpOH, IoJjiaras, YTO OHA HEW3MEHHa BO BCEM JUAINIA30HE
0apHOH-XUMHYECKUX OTEHINAJIO0B. VI3-3a HEZOCTATOYHON WH-
($OPMHUPOBAHHOCTH O TEKYINEH JHTEepaType, TeMa IOCTOSHHOMN
SHTpOmMH Ha afpoH o6cyxpanack B Fizika B 18, 141 (2009),
Europhys. Lett. 75, 420 (2006), Phys. Rev. C 85 014908 (2012)
u nucl-ph/1306.3291. BbLi0 0Ka3aHO, YTO [IOCTOSHHAS SHTPO-
nusa Ha aJPOH YKBHUBAJIEHTHA, IIOCTOSHHOM SHTPOIMH, HOPMH-
POBaHHOH Ha TeMmIepaTrypy B Kyb6e. DTOT M3BECTHBI# KpHTe-
puit xumugeckoro ¢dppusayra Beefex B Europhys. Lett. 75, 420
(2006), Nucl. Phys. A 764, 387 (2006). B 3ToM KOMMeHTapHu
MBI [IepeYduCcsgeM UIHOPHUPOBAHHBIE JIUTEPATYPHbIE UCTOYHUKU
1 CPAaBHUBAEM BEJIMYWHY OTHOIICHWA SHTPOIIMNH K IIJIOTHOCTH
YHCJIa YACTHI] U [BAa KPUTEPUA: CPegHAd dHEPrud, HOPMHUPO-
BaHHAA Ha CpegHee YnCJI0 YaCTHUll, WU IIOCTOAHHAA HTPOIINA,
HOPMHPOBAHHAsA Ha TEMIIEPATYPYy B KyOe. DTU KPHUTEPUH IIPO-
THBOPEYAT YKCIIEPUMEHTY. MBI paccMoTpenu (pU3UKy IOCTOAH-
HOU YHTPOIIMM, HOPMHUPOBAHHON HA INIOTHOCTh YHCJIa YACTHII,
U CIeJIAJIY BBIBOJ, YTO 3TO OTHOIIEHWE HE OCTAETCH ITOCTOSAH-
HBIM, 0C06eHHO npu 60JII>IJ_II/IX XUMUYECKUX IIOTEHIUAJIaX JId
sHepruit cuaxpoTpoHoB AGS u SIS.
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