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Abstract
Received: Within the framework of the approximation of dynamically de-
14 May 2024 terministic chaos the transition of quarks into hadrons, transition
Peer-reviewed: of mixed quark and hadronic phases into a quark-gluon plasma
[Ligzgei?m and the quark-gluon plasma hadronization’s computer simula-
25 August 2024 tions have been carried out by the Poincare section method for

nonlinear dynamics of the parton distribution function. Parton
distributions are compared. The dynamics of the system has been
determined by the evolution control parameter. Time derivative
of the momentum fraction of a parton at a given time moment is
determined by the momentum distribution of partons at previous
time moment. Chaotic dynamics in the system takes place for the
evolution parameter values. The chaotic state matches the quark-
gluon plasma formation. At critical values of the control parame-
ter, bifurcations of phase quark—gluon trajectories take place. As
a result of the counteraction of gluon emission and absorption
processes, stable attractor quark—gluon structures are formed.
Quantum coherence effects follow by dynamic chaos. The
change from regular quark—gluon dynamics to irregular chaotic
one corresponds to the limit of multiple hadronic processes and
emergence of quark—gluon matter in the deconfinement state.
Chaotization of the dynamic system occurs with thermalization
of the quark—gluon medium.
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Tyiingeme

JluHaMHKanbIK ~ JACTEPMUHACITEH  XaOCTBIK  KAKbIHJAybl
mieHOepiHAe — MapTOHIBIK  YIECTipy  (YHKUHMSCBIHBIH
Maxana kenui: OCMChI3BIKTRIK MuHamMHuKackl yuriH I[lyaHkape keckiHi ofmici
lci;ﬁ[ﬁﬁai(;?eni: apKbUIBI KBapTapZblH aIpoHJapFa aybICybl VIIiH, apaiac
14 uringe 2024 KBapKTIK JoHE aJpOHIBIK (hazamapblH KBapPK-TIIOOHIBIK
Kabpuinanst: TUTa3Mara aybICybl YIIIH OHE KBapK-TJIFOOHJBIK TUIa3MaHbIH
25 Tavtsis 2024 aJPOHM3AIMACHL  YIIIH KOMIBIOTEPIIK MOJEIBACY ICKe
aceIpbuiabl. [lapronmap yiecripynepi canbicTeipsiiabl. JKyiie
JUHAMHKACBl JBOJIONUS IMapamMeTpi apKbUIbl aHBIKTAJIAJbI.
Bepinren yakpIT Me3eTiHAETT MapTOH UMITYJIBCHI YJIeCi OHBIH
QIJBIHIAFBl  YaKbIT ME3ETIHAEeri MNapTOHAAp HMITYJIbCHI
yiectipyiMeH aHbIKTasanel. JKyleneri XaoCThIK JTHHAMHUKA
ABOJIIONLIMS  TTapameTpi MOHJIEpl YIIIH Mmaiaa OoJajbl.
XaoCTBIK KYH KBAapK-TIIOOHABIK TIa3MaHbIH Taijaa 0oJybIHA
colikec keneni. backapy mapameTrpiHiH KpHU3MCTIK MoHAEpl
YIIiH  ¢asaiblK  KBapK-TJIIOOHIBIK  TPAaeKTOPHUSIIAPIBIH
Ooudypkauusiaapel icke acaibpl. [JIIOOHAAp IIBIFapy MeEH
KYTBUTY YIEpicTep KapaMa-Kapchl ocepiiepl HOTHXKECIHJIE
OPHBIKTBI aTTPAKTOPJBIK KBAPK-TIIOOHABIK KYpPBUIBIMAAD
OPHBIFA/IBI. KBaHTTBIK KOT€pPEHTTUIIK a¢dexrinepi
JTUHAMHKAIBIK TOPTIMCI3AIK MeH Koca Xypeni. PeTTi kBapk-
TIIFOOH/IBIK TMHAMHKA/IAaH PETCi3 XaOCTHIK TMHAMHKAFa aybICy
aJIPOHJIBIK YPICTEP/IIH KOITIK IIETiHE kKoHE TeKOH(aHMEHT
KYHIHJerl KBapK-IVIFOOHJBIK MAaTepUsHbIH Maiia OoyblHA
coiikec keneal. JluHaMUKanbIK >KYHEHIH TOPTINCI3 KyWre
KeTyl  KBapK-IJIIOOHJABIK  OpPTaHbIH  TepMallu3alUsChl
HOTHIKECIHJIE 1CKE achIPBhLIAIBI.

Tyiiin ce3aep: KBapK-IMIOOHIBIK IUIa3Ma, KBapKTap,
MapTOHABIK YilecTipy (QyHKUUACHI, KOTIK
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AHHOTANUA
B pamkax npuOnukeHus TUHAMHYECKH TE€TEPMHUHHUPOBAHHO-
ro xaoca MerofoMm cedyeHuil Ilyankape Uit HEIMHENHOW AM-
HaMHMKM (QYHKLIUU pacHpeleseHus MapTOHOB IPOBEJECHO
1111;) N KOMIILIOTEPHOE MOJICIHPOBAHUE TIEPEX0I0B KBAPKOB B aIpo-
PeriensupoBanue: Hbl, CMEIIAHHBIX KBapKOBBIX U aJpPOHHBIX (a3 B KBapK-
14 mons 2024 TJIFOOHHYIO IUIa3My M aJpOHH3AIMH KBapK-TIIFOOHHOW ILIa3-
[Ipunsita B neyaTs:
25 asrycra 2024 Mbl. CpaBHHBAIOTCSI pacHpelesIeHUs NapTOHOB. J[uHamuka
CUCTEMBI OIpelelsieTcs napaMmeTrpoM sBomonuu. Ilponsson-
Has [0 BPEMEHH OT JOJM MMILyJbCa MapTOHA B JAaHHBIM MO-
MEHT BPEMEHM OIPEIEISeTCS PacIpeleleHUEM HMITYJIbCOB
[apTOHOB B MNpPEABIAYIIUHA MOMEHT BPEMEHH. XaOTHUYECKas
JUHAMHKa B CUCTEME MMEET MECTO IIPU 3HAYEHUSX IapaMeT-
pa 3BoJIOLIMU . XaOTHYECKOE COCTOSIHUE COOTBETCTBYET 00-
Pa30BaHUIO KBapK-TVIFOOHHOW IIIa3Mbl. IIpu KkpuTHMdeckux
3HA4YEeHHUSAX MapaMeTpa yIpaBiIeHUs MIPOUCXOAT Oudypkanuu
(ha30BbIX KBApK-TJIFOOHHBIX TpaekTopuil. B pesynpTaTe mpo-
TUBOJEHCTBHS NPOLECCOB UCITYCKaHUS U IOIJIOLIEHUs TIF00-
HOB 00pa3yloTcs yCTOHYMBBIE AaTTPaKTOPHBIE  KBapK-
TJIIOOHHBIE CTPYKTYpPbI. D(h(HeKThl KBAHTOBON KOI'€pEeHTHOCTH
CONPOBOXKAAOTCS TUHAMUYECKUM XaocoM. Ilepexon ot pery-
JIIPHOM KBapK-IVIFOOHHOW JUHAMUKHU K HEPETYJIAPHON XaOTH-
YECKOM COOTBETCTBYET IpEAely MHOXKXECTBEHHOCTH aJIPOH-
HBIX NPOLECCOB U IOSBICHUIO KBAapPK-IVIFOOHHOW MAaTepuu B
COCTOSIHUM JIeKOH(alHMeHTa. XaoTu3alusi JTUHAMHYECKON
CUCTEMBI NMPOUCXOIUT KAK PE3yJIbTAT TEPMAIU3aLNUHA KBapK-
TJIFOOHHOU CpeJbl.
KurouyeBble cj10Ba: KBapK-TJIFOOHHAs IUIa3Ma, KBAapKH,
(byHKIMA pacnpeeneHus IapTOHOB, MHO>KECTBEHHOCTD
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Introduction

In colliders of heavy relativistic nuclei, SPS, RHIC, LHC, quark-gluon plasma (QGP) is
formed under various conditions; extreme substances obtained (for the given colliders) have their
own characteristics [1]. Numerical estimates show that the transition to the quark-gluon plasma
state occurs as a first-order phase transition at temperature corresponding to the hadron kinetic en-
ergy ~ 200 MeV. At temperatures, 7 > 150MeV, and densities, p, — 10p,, here p, is density of nu-
clear matter, the average distance between quarks is less than 1 fm, the deconfinement to quark mat-
ter and asymptotic freedom take place [2]. The mechanism of QGP hadronization, which is charac-
teristic both for the early Universe and for an extreme matter emerging in collisions of relativistic
heavy ions, is discussed in [3, 4].

Interactions of high-energy particles, especially interactions of relativistic hadrons, are pro-
ceeding by multiple processes [1]. Multiplicity is an emergence of new particles, which are born in
hadron and nuclear collisions. The multiplicity of secondary particles is one of the main characteris-
tics of the interaction process. Multiple births are a combination of many different interaction
mechanisms. The multiplicity and jet events are a proof of the complex internal structure of had-
rons.

In [5], a Monte Carlo simulation of the phase transition of hadrons in QGP, based on the
parton model, during collisions of relativistic heavy ions was performed. The authors suggest that in
the case of a first-order phase transition, the formation of a new phase is accompanied by the spon-
taneous appearance of hadrons from the old state (i. e. QGP). This process is associated with densi-
ty, energy, and other quantities fluctuations. A non-perturbative process, accompanied by large-
amplitude fluctuations, which promotes phase mixing, is possible before reaching the critical tem-
perature. The dynamics is affected by the number of phases to be mixed at the critical temperature.
In the case of a large number of miscible phases, the transition is believed to occur through leakage
(filtering) of the hadronic phase, otherwise by the non-perturbative process, caused by the fluctua-
tions. During the phase transition the phases can coexist. The coexistence of phases stops at the crit-
ical point.

On the base of the hydrodynamic approach, J. Bjorken found that QGP arises at T > 200 —
300MeV and exists for a time about 5 fm/c¢ [6]. The region of low temperatures, when the system
is a dilute pion gas, and the region of high temperatures, for which the medium is an ideal liquid of
quarks and gluons, are singled out. The phase transition temperature is about 200 MeV.

In [7] on the basis of the QGP transport model J/y and y(2S) particle fluxes are considered
as a result of the deconfinement phase in relativistic collisions of heavy gold ions with energy

JSnn = 200 GeV.

The color interaction of quarks and gluons has been described by the quantum chromody-
namics (QCD) [8]. The Feynman diagrams show, that in any type of interaction, multiple particle
production occurs as a result of the process of quark hadronization in quark and gluon jets. At the
present time, a clear idea of confinement associated with nonperturbative effects has not been de-
veloped, and there is no explanation for the fluctuations in multiple productions [9].

So, in the process of QGP occurrence and phase transitions in the system, multiple produc-
tions of secondary particles take place. The multiplicity is a characteristic of the phase transitions in
the QGP-hadrons system.

Methods

Macroparameters of hadronic matter are as follows: density, temperature (energy) and
chemical potential [2].
The dimensionless quantities used are as follows [9, 10]:

2
)x =

v is the Bjorken variable (i.e. the momentum fraction),
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M is the nucleon mass, v = E — E’, E and E’ are energies before and after scattering, Q? is
the transfer momentum squared;

2) [J is the evolution parameter, 0 < A < 1. The evolution parameter, i. e. the control pa-
rameter, depends on collision energy [11]. An increase of the parameter value is related to the sys-
tem’s energy growth.

Investigation method chosen is the nonlinear dynamics of the Poincaré mapping. A nucleon
consists of various types’ point QCD partons, both quarks and gluons. The partons can carry the
initial nucleon different fractions x of momentum and energy. The structure function can be written
as [12]:

RO = ) etxfi @

L

Here e; is interacting with photons i-th parton charge; fi(x) is the momentum distribution
function of partons: f(x) = q(x) + g(x), where q(x) is the distribution function of quarks, g(x) is
the distribution function of gluons. An expression (1) is a formal notation of the Bjorken scaling (i.
e. an independence of the structure functions on the 4-th momenta Q°) [6].

The normalization condition should be written as a sum, which includes the momentum
fractions of quarks: Y; [ dx - x - q;(x) = %[13].

At x — 1, with the i-th parton carrying the nucleon (proton) entire momentum, the parton
distribution function (PDF) in accordance with the sums’ rule [14] is expressed in terms of q;(x) —
(1 — x)?™~1 with ns, being the number of valent spectator quarks, among which the rest part of
nucleon (proton) momentum propagates, ns=2 in the case of nucleons, ns=4 corresponds to mesons
[14, 15].

The QGP nonlinear dynamics equation in vacuum, in the frame of phase representation
should be written as follows [15]:

dx _ (2
5=

Here x is an effective value, which corresponds to parton momentum fraction. The normali-
: . . 1 . .
zation condition for the structure function can be defined as fo F,(x;) dx = 1. The equation (2) is

a renormalization group equation [14]. For completeness of the given consideration PDF in a nucle-
on (proton) is chosen in nonlinear equation (2).

The dynamics of the system has been determined by means of the evolution control parame-
ter. The control parameter depends on the collision energy [11]. When the collision energy reaches
a value of the order of 150-200 GeV, the parameter A has a magnitude 0,892.

Results

The QGP is considered as a dynamic system, so for it, the concept of a state is unambigu-
ously defined as a set of certain quantities at a given moment of time and a law is set (equation (2)),
that describes the change (evolution) of the initial state over time. This law allows predicting the
future state of dynamic system from the initial state.

Nonlinear equation (2) has been solved by the Poincaré section method. Compare results at
slight difference in the initial approximations for two mappings of eq. (2): x0=0.6, yo=0.60001. In
figures 1 and 2, iterations numbers are presented along the abscissa axis, relative deviations — along
the ordinate axis. Figure 1 corresponds to the growth parameter value of 0.7, figure 2 — to its magni-
tude, equal to 0.9. The comparison reveals, that with the number of iterations increase (that is time
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grow) a divergence of values, corresponding to given close initial approximations, grows too. A
chaotic behavior in the system takes place.

1=0.7 1=0.9

1 4 _l ‘ T T T T T 7[:] _I T T T IA
= 1.2F ] - 60 ]
7_3 1.0f ' ] *:; 50F ;
= ost : ] - 10k 3
7_ = 0.6F . ] =| = 30 %
2| o4} . 1 2l 2o :
*2 F "»,,‘ ] 10F ' LJ ]
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] 0 50 100 150 200

Figure 1. Solution of equation (2), the evolu- Figure 2. Solution of (2), the

tion parameter A = 0.7 evolution parameter A = 0.9
[author's material] [author's material]

At increasing of the control parameter values in the range from 0.7 to 0.98 fluctuations of
the momentum fraction of a parton are significant: amplitudes grow on several orders of magnitude.
The chaotic dynamics takes place in the system for the evolution parameter values 4 > 0.89. The
chaotic state matches the quark-gluon plasma formation.

Hadrons are stable states of quarks and gluons. Bifurcation diagram is a geometrical locality
of system equilibrium points depending on a given parameter. Bifurcations take place at the evolu-
tion parameter ~ 0.62 (Fig. 3). Obviously, the quark system transition to a chaotic regime has been
occurred at larger values of [].

The number of bifurcations of phase trajectories in momentum space N, should be propor-
tional to the multiplicity ncx of secondary hadrons in strong interactions: Nz ~ gy

Figure 3. Bifurcation diagram of the quark system [author's material]

With PDF in nucleon, the solutions of (2) are stable attractor structures, which correspond to
the fusion of quarks and gluons into steady clusters, i.e. the hadronization of QGP [5, 9, 14].

It is obvious from figure 3, that the hadron-QGP transition takes place with the collision en-
ergy increase. In accordance with the assumption that the number of bifurcations is related to the
multiplicity, as the collision energy increases, the multiple production of secondary particles is es-
sential, the quantity of quarks and gluons grows, the possibility of intrinsic interactions is higher. In
the diagram, in figure 3, bifurcations correspond to phase transition points. At critical energy val-
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ues, which correspond to the control parameter~1, bifurcation cascade converges, that is bifurca-
tions disappear, as it is seen from figure 3. This situation matches full chaos in the system consid-
ered.

It is known, that the rate of convergence of bifurcations is defined by the Feigenbaum con-
stant [11, 15]. According to figure 3, as the energy (or density of colliding nuclei) increases, the
limit of cascade processes of multiple hadron production sets in, and hadron clusters have been de-
stroyed with transition to a chaotic state of quarks and gluons.

The reverse transition of the quarks or QGP into hadronic matter takes place, when the QGP
cools down. This transition could be associated with a decrease in symmetry.

Discussion

The results obtained provide important insights into the nonlinear dynamics of quark-gluon
plasma (QGP) formation and evolution under extreme conditions. The analysis of the nonlinear
equation (2) through the Poincaré section method has demonstrated the onset of chaotic behavior in
the quark-gluon system. This behavior manifests as a divergence of phase trajectories in momentum
space, which is highly sensitive to initial conditions, signifying dynamic instability typical of com-
plex many-body systems.

The dependence of the evolution parameter A on collision energy has been shown to deter-
mine the transition from stable to chaotic regimes. As the energy increases, the number of bifurca-
tions in phase trajectories also increases, corresponding to the higher multiplicity of secondary had-
rons, which aligns with experimental observations in high-energy collisions at facilities like SPS,
RHIC, and LHC. This highlights the significance of the control parameter as a critical indicator of
QGP formation.

A remarkable feature observed is the convergence of bifurcations at critical values of A, rep-
resenting the transition to a fully chaotic regime. This finding suggests that the chaotic behavior
corresponds to the deconfinement of quarks and gluons and the establishment of a new phase — the
QGP. Moreover, the connection between multiplicity and bifurcation structure in the momentum
space implies a direct link between observed hadronic spectra and underlying nonlinear dynamics.

The theoretical approach aligns with experimental data, as indicated by the correspondence
between the predicted critical values of the evolution parameter and the collision energy levels at
which QGP signatures are observed. It also provides a framework to interpret fluctuations in parti-
cle production, which are not easily explained by perturbative quantum chromodynamics (QCD)
alone.

Importantly, the discussion underscores the need to incorporate chaotic dynamics into mod-
els of QGP formation and hadronization, as the deterministic chaos observed offers a plausible ex-
planation for nonperturbative processes involved in these transitions. The link between the Feigen-
baum constant and the rate of convergence of bifurcations introduces a universal scaling property,
suggesting that similar chaotic dynamics may govern other complex systems in high-energy phys-
ics.

Finally, the reverse transition from QGP back to hadronic matter, associated with cooling
and potential symmetry restoration, represents an essential aspect of QGP dynamics. This transition,
characterized by the reestablishment of confinement and hadronic structures, completes the cycle of
matter evolution under extreme conditions and warrants further investigation through both theoreti-
cal modeling and experimental validation.

Conclusion
It is of importance to study mechanisms of nonperturbative processes. Chaotic behavior may

play a crucial role in the evolution of a large system of quarks and gluons, such as those produced in
heavy-ion collisions at high energy.
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Within the framework of the approximation of dynamically deterministic chaos the transi-
tion of quarks into hadrons, the transition of mixed quark and hadronic phases into quark-gluon
plasma and the quark-gluon plasma hadronization’s computer simulations have been carried out by
the Poincare section method for the nonlinear dynamics of the parton distribution function.

The evolution parameter is chosen as a criterion for chaotic behavior of the system consid-
ered, the threshold value of [1, above which chaotic behavior will definitely occur, is 0.89. The cha-
otic state matches the quark-gluon plasma formation.

The nonlinear equation of the quark-gluon cascade proposed is a model of the evolution of
the momentum distribution of partons due to competing processes of their creation and fusion. As
the energy increases, sequential bifurcation (doubling) of phase trajectories occurs, and scale-
invariant fractal structures are to create. At sufficiently high interaction energies of hadrons and nu-
clei, a dynamically determined quark-gluon system, corresponding to QGP, arises in space. There
are also hadron-like structures. Quantum coherent effects arise as a result of strong parton correla-
tions in the non-perturbative confinement region. The quarks and gluons merge into stable attractor
structures with their subsequent decay into hadrons.

At sufficient energy of nuclear and hadron collisions the growth limit of the multiplicity of
secondary hadrons sets in with increasing the collision energy. This corresponds to the limiting
Hagedorn temperature, after which quark-gluon plasma arises. The emergence of the quark-gluon
plasma in nonlinear dynamics is considered as the limit of a sequence of period-doubling bifurca-
tions with transition to the chaotic quark-gluon state.

Contflict of interests. Correspondent the author states that there is no conflict of interest.

Ccoviika na Ooannyro cmamwto: Mazhit Z.S. Quark-gluon plasma’s chaotic dynamics // BectHuk Kaszaxckoro aBTOMOOWIBEHO-
nopoxnoro uHctuTyTa = Bulletin of Kazakh Automobile and Road Institute = Kazakh avtomobil-zhol institutynyn Khabarshysy.
2024; 3 (7):82-90. https://doi.org/10.63377/3005-4966.3-2024-10

Cite this article as: Mazhit Z.S. Quark-gluon plasma’s chaotic dynamics. Vestnik Kazahskogo avtomobil'no-dorozhnogoinstituta=
Bulletin of Kazakh Automobile and Road Institute = Kazakh avtomobil-zhol institutynyn Khabarshysy. 2024;3(7):82-90. (In Rus.).
https://doi.org/10.63377/3005-4966.3-2024-10

References

[1] Rozenral I.L., Snigirev A.M. Gidrodinamicheskaya interpretatsiya vzaimodeystviya chastits
vysokikh energiy 1 kosmicheskikh gamma-vspleskov [Hydrodynamic interpretation of the in-
teraction of high-energy particles and cosmic gamma-bursts]. Phys. Elem. Part. Atom. Nucl.
2003; 34(1):142—-183. (in Russ.).

[2] Nopoush M. Non-equilibrium hydrodynamics of quark-gluon plasma. A dissertation for the de-
gree of Doctor of Philosophy. 2019. https://arXiv:1904.02831v1 [hep-ph] (accessed: 14 Feb
2023).

[3] Mohanty A.K., Shukla P., Gleiser M. Nonperturbative effects in a rapidly expanding quark glu-
on plasma. Phys. Rev. C. 2002; 65:034908.

[4] Shukla P., Mohanty A.K., Gupta S.K., Gleiser M. Inhomogeneous nucleation in quark hadron
phase transition. Phys. Rev. C. 2000; 62:054904. https://arXiv.org/abs/hep-ph/0006071.

[5] Rusak Yu.A., Babichev L.F. Monte-Carlo simulation of the 1st order hadron-QGP phase transi-
tion in heavy ion collisions using parton model. Proc. Natl. Acad. Sci. Belarus. Phys. Math.
Ser. 2020; 56(1):84-91.

[6] Bjorken J.D. Highly relativistic nucleus-nucleus collisions: The central rapidity region. Phys.
Rev. D. 1983; 27(1):140-151.

[7] Chen B., Hu M., Zhang H., Zhao J. Probe the tilted Quark-Gluon Plasma with charmonium di-
rected flow. Phys. Lett. B. 2020; 802:135271.

89


https://doi.org/10.63377/3005-4966.3-2024-10
https://doi.org/10.63377/3005-4966.3-2024-10

Bulletin of Kazakh Automobile and Road Institute. Ne3(7) 2024 ISSN: 3005-4974, E-ISSN:3005-4966

[8] Feynman R. Feynman Lectures on the Strong Interactions. 2020. https://arXiv:2006.08594v1
[hep-ph] (accessed: 14 Feb 2023).

[9] Temiraliev A., Serikkanov A. et al. A Nonlinear Quark—Gluon Cascade Converges and Transits
to a Chaotic Regime. Acta Phys. Pol. B Proc. Suppl. 2023; 16(2-A2):
https://doi.org/10.5506/APhysPolBSupp.16.2-A2 (accessed: 14 Feb 2023).

[10]Mazhit Z., Temiraliev A.T. Simulation of multiple hadron production and transition to quark-
gluon plasmas based on nonlinear dynamics. Vestnik. Seriya fizicheskaya. 2022; 82(3):11-15.
https://doi.org/10.26577/RCPh.2022.v82.13.02.

[11]Batunin A.B. Fraktal'nyy analiz 1 universal'nost' Feygenbauma v fizike adronov [Fractal analy-
sis and Feigenbaum universality in hadron physics]. UFN. 1995; 165(6):645—660. (in Russ.).

[12]Krivozhihin B.G., Kotikov A.B. Strukturnyye funktsii nuklonov i opredeleniye konstanty
svyazi sil'nogo vzaimodeystviya [Structure functions of nucleons and determination of the
strong interaction coupling constant]. Phys. Elem. Part. Atom. Nucl. 2009; 40(7):226-298. (in
Russ.).

[13]Sohaily S., Vaziri (Khamedi) M. New approach in the quantum statistical parton distribution.
Phys. Lett. B. 2017; 775:172-177.

[14]Helsen F., Martin A. Quarks and leptons: Introduction to Particle Physics. Transl. from Eng-
lish. Moscow: Mir; 1987. (in Russ.).

[15] Temiraliev A.T., Danlybaeva A.K. Formirovaniye struktur v nelineynoy kvark-glyuonnoy
evolyutsii [Formation of structures in non-linear quark-gluon evolution]. RK NASc Habarlary.
Phys. Math. Ser. 2014; (2):106—-111. (in Russ.).

90



