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SIMULATION OF MULTIPLE HADRON PRODUCTION AND TRANSITION TO QUARK-GLUON PLASMAS
BASED ON NONLINEAR DYNAMICS

A dynamics of quark-gluon plasmas has been defined by the evolution parameter, which at high energies
depends on collision energy of atomic nuclei for appropriate multiplicities of secondary hadrons. The paper is
based on the solution of evolution equation for patrons momentum distribution. A transition from regular
propagation to irregular chaotic is an indicator of the quark-gluon plasma emerging. Nonlinear renormalization
group equation has been solved by the method of Poincaré mappings. The equation 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 energies of quarks and gluons, a dynamically determined quark-
gluon system, corresponding to QGP, arises in space. There are also hadron-like structures. Quantum
coherence effects follow by dynamic chaos. As a result, quarks and gluons merge into stable attractor
structures with their subsequent decay into hadrons. The nonlinear equation introduced for quark-gluon
cascade, which comprises dynamical chaos, has include effects of parton recombination. The chaotic dynamics
has been connected specifically to the transverse momenta of partons. Clearly, the formation of dynamically
determined stable structures should be unknown before, attractor mechanism of quark hadronization.

Key words: quark-gluon plasma, asymptotic freedom, quarks, the color interaction

3. Maxut*, A.T. Temipannes
on ®apabu atbiHAarbl Kasak yATTbIK YyHMBEpCUTeTi, KasaKkcTaH, AnmaTsbl K,
*email: z.work@list.ru

BelncbI3bIKTbl AMHAMMKA S4iCi apKblabl Ken agpoHAap TY3yayi MeH KBapK-r/Il0OHABIK, Nna3mara
aybicyabl mogenbaey

KBapK-rIt0OHABIK, MAa3MaHblH, AMHAMWKACcbl 3BOAOUMA MapameTpiMeH aHblKTanadpl, ON KOfapbl
aHepruanapaa eKiHii peTTik apoHAaPAbIH COMKeC eceniri yLliH aTOM AAPOAAPbIHbIH COKTbIFbICY IHEPTMACHIHA
Toyenai. NMapToHAapP MMNY/bCiHIH Tapany 3BOMOUMACLIHbIH, TEHAEYIH Lielly Heri3iHae By KYMbICTa KyMeHiH
Ka/biNTbl AMHAMMKALAH TYPaKTbl €MEeC XaOoCTblK, PEXMMIe aybiCybl KBAPK-TIOOH/bIK MAa3maHbliH, naiaa
601ybIHbIH, KepCeTKilli ekeHAjiri KepceTinreH. Cbi3blKTbl eMec peHOPM-TOBbIHbIH TeHaeyi MyaHKape KeciHAainep
aaicimeH WewlinreH. byn TeHaey Kypy meH BipikTipyaiH 6acekenec npouectepiHe 6alnnaHbICTbl NaPTOHAAPAbIH,
MMMNYAbCIHIK  Tapany 3BOMOUMAHBIH - yArici  6oabin  Tabblnadbl. SHePrna eckeH calbiH  pasanbik,
TpaekTopuaAnapapiH, budypraumacel (eki eceneHyi) opbiH anbin, MacwTabTbl MHBAPUAHTTLI GPaKTaNAbIK
Kypblabimaap Ty3ineai. KBapKTap meH ratoOHAAPAbIH, XKETKINIKTI *KOFapbl IHEPTUANAPbLIHAA KEHICTIKTE KBapK-
FNOOHAbBIK NAa3Mafa COMKec KeneTiH AMHAaMMKabIK KBAapK-TOOHAbIK XyMe nanga 6onagpl, oHAa aapoH
Topi3ai Kypbiabimaap Aa 60naabl. KBaHTTbIK KOrePEeHTTINIK acepaepi *KyneHi AMHaMMKabIK XaocKa KenTipea,.
HaTuKeciHAe KBapKTap MeH [A00oHAap TypaKTbl aTTPaKTOP/bIK KypblibiMAapfa KOCblNadbl, COAAH KewiH
aApoHAApFa blAblpay Kypeai. KBapK-rl0OHAbIK KAaCKaATbIH, €Hri3ireH Cbi3bIKTbl eMec TeHAEYi AMHAMUKABIK,
Xa0CTbl eCKepe OTbIPbIM, MAaPTOH PEKOMOMHALMACBIHbIH, 9CEPAEPiH KaMTUAbl. XaOCTbIK AMHAMMKA eH anabiMeH
NapTOHAAPAbIH,  KeaAeHeH MOMeHTTepiHe 6alnaHbicTbl. 964eH  MYMKIH  AMHAMUKANbIK — TypaKTbl
KypblbIMAapAblH, KaablinTacybl KBAapK afApoHM3aLMACIHbIH, OypblH 6enrici3 aTTpakTop/iblK MexaHM3Mi 6obin
Tabblnaabl.

TyliH ce3nep: KBapPK-TNtOOHAbIK N1a3ma, aCMMNTOTMKANbIK ePKIHAIK, KBAPKTap, TYCTi acepaecy
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Simulation of multiple hadron production and transition to quark-gluon plasmas based on nonlinear dynamics
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MoaenmpoBaHNe MHOXXECTBEHHOIO POXKAEHUA aZIpOHOB M NEPEX01a B KBAPK-TTIOOHHYIO Naa3my
Ha OCHOBE HE/IMHEMHOWN ANHAMMKM

[OnHaMMKa KBapK-TIOOHHOM NAa3mbl onpeaenseTca NocpeacTBOM napameTpa 3BOOLMM, KOTOPbLIA NpK
BbICOKMX 3HEPrusx 3aBUCUT OT SHEPTUM CTONKHOBEHMA aTOMHbIX fAep AR COOTBETCTBYHOLLMX 3HAYEHUI
MHOXECTBEHHOCTM BTOPUYHbLIX aApoHOB. B paboTe Ha OCHOBE pelleHMsa ypaBHEeHWUA 3BOOLUWM ANSA
MMMNYNbCHOTO pacnpefeneHns NapTOHOB MOKasaHo, YTO Nepexod, CUCTEMbl OT PEeryaspHoOn AMHAMUKM K
HEPEryIspHOMY XaOTUYECKOMY PEXUMY ABAAETCA MOKasaTenem MOABAEHUA KBAPK-TIOOHHOW MNaasmbl.
HeanHelHoe peHopM-TPYNnoBoe ypaBHEeHWe peLlanock MeToaomM oTobpaskeHui MNyaHkape. 3To ypaBHeHUe
npeactasnseT cobolt Moaesb 3BOIOUMM UMMYIbCHOTO pacnpeaeneHns NapTOHOB 3a CYET KOHKYPUPYIOLWMX
NPOLECcCoB PoXKAeHUA U causHuA. C yBesIMYeHMEM 3HEPTrMM MPOUCXOAMT nocsenoBaTesibHas 6udypKaums
(yoBoeHue) da3oBbix TpaeKTopuii, 06pasyoTca MaclTabHO-MHBApUaHTHbIe dpaKTasbHble CTPYKTypbl. Mpu
O0CTaTOYHO OONbLUMX 3HEPTUAX KBAPKOB W [IIOOHOB B MPOCTPAHCTBE BO3HMKAET AMHAMMUYECKM
OETePMUHMPOBAHHAA KBapPK-TItOOHHAA CMCTemMa, COOTBETCTBYOLLAA KBapK-TAOOHHOM Maa3me, B KOTOPOW
MNPUCYTCTBYIOT W aApOHO-NOA0DOHbIE CTPYKTYPbl. IPPeKTbl KBAHTOBOW KOrepeHTHOCTU CBOAATCA K
OMHaMMYEeCKOMY Xaocy. B pesyibTaTe KBapKM M ITHOOHbI C/IMBAOTCA B YCTOMUYMBLIE aTTPAKTOPHbIE COCTOSHMSA C
nocneaylolMM pacnajom B aApoHbl. BeeaéHHOe HenMHenHoe ypaBHEeHWe KBapK-TAOOHHOTO Kackada C
YYETOM AMHAMMYECKOrO Xaoca COAEPXUT 3PdEKTbl PeKomMbUHALMM MapTOHOB. XaoTuMyecKaa AMHAMUKa

npexae BCEro CBA3aHa C NonepeyYHbIMM
OETEePMUHMPOBAHHBIX  YCTOMYMBBLIX  CTPYKTYP
aTTPaKTOPHbIN MeXaHU3M aPOHM3aLMN KBAPKOB.

Kniouesble C/I0Ba:  KBapK-M1tOOHHAS
B3aMmoaencTamne

Introduction

Quark-gluon plasma (QGP), as a state of matter
at ultrahigh energies/temperatures and densities, had
been discovered in 2000 at CERN (European Center
for Nuclear Research) in experiments with relativistic
heavy ions of lead and gold [1]. At LHC (the Large
Hadron Collider), the formation of QGP in collisions
of ions corresponds to an energy of ~ 3.5 TeV. The
kinetic energy of the particles being collided had been
much higher than their rest energy [2]. The density of
the formed matter exceeds the density of nuclear
matter (nuclear density) by approximately 10-20
times. QGP formation signals at relativistic heavy
ions experiments are as follows: an increased yield of
strange mesons, a decrease in the yield of heavy y-
mesons, suppression of high- energy jets with large
transverse momenta, an increase in the yield of
photons and dilepton pairs [1].

Quarks and gluons are fundamental particles;
they are linked by the color interaction [2]. The color
interaction of quarks and gluons has been described
by the quantum chromodynamics (QCD). According
to the parton model, a proton is composed of a
number of point like constituents, named partons
(quarks, anti-quarks and gluons). The parton model of
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hadrons includes the confinement (particles retention
within a hadron) and asymptotic freedom.
Experiments on deeply inelastic scattering of leptons
by nucleons [3], in which the structure function of the
nucleon had been measured, were a proof of the
parton model of hadrons and QCD as strong
interaction theory. Another basis for the parton model
of hadrons is the Bjorken scaling, despite that it
implements approximately [3, 4].

QCD shows, that the intensity of quarks color
interaction changes with distance: it increases with
distance growth and decreases with their forthcoming
to each other. The asymptotic freedom implies that
the quarks interact weakly at small scales. Within
hadrons the quarks can be considered as
asymptotically free particles. Gluons are the
mediators of strong interactions, as well as photons
are the mediators of electromagnetic interactions. The
quark and gluon densities have not been conserved
due to quantum fluctuations [5]. QCD is an
essentially nonlinear theory, so approximate research
methods, accepted in the quantum field theory, are
not quite adequate to determine strong interactions in
non-perturbative region [1]. Enforcing the Poincaré
symmetry in near equilibrium conditions leads to
fractalization of the space-time background [5].
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Macroparameters of hadronic matter are as
follows: density, temperature (energy) and chemical
potential [2]. The dimensionless quantities used are as
follows [6]:

2
1) x= Q
2Mv

is the Bjorken variable (i.e. the

momentum fraction), M is the nucleon mass,
v=E-E', E and E’ are energies before and after
scattering, Q? is the transfer momentum squared;

2) A is the evolution parameter, 0 < 4 < 1. The
evolution parameter, i.e. the control parameter,
depends on collision energy [7].

Methods

Quark distribution

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

F,(x) =2 e"f; (). (1)

Here ej 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

momentaQ?) [4].

The normalization condition should be written as a
sum, which includes the momentum fractions of

1
quarks: Zjdx X0 (X) = r 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 [9] is expressed in
terms of

g () —>@-x)"",

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 [9]. Figure 1 shows quark
momentum distribution within the nucleon (solid
line), within a meson (dotted line) and from statistical
consideration (dashed line) [8].

QGP nonlinear dynamics equation in vacuum, in
the frame of phase representation should be written in
a discrete form as follows [5]:

X1 =A% f(X). 2

Here | corresponds to iteration number. The
normalization condition for the structure function can

1
be defined as J'Fz(xj)dx:l. The equation (2) is a
0

renormalization group equation [5].

15F .'-.

XQix}
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Figure 1 — Quarks momentum distribution. Solid
line corresponds to quarks in nucleon [9], dashed
line — quark distribution function [8], dotted line —
guarks in meson [9].

Results and Discussion

Quark-gluon system modes in dependence on
the evolution parameter
The control parameter depends on the collision

energy [7]:

A_ is avalue, close to 1, \/g is the collision energy,

measured in GeV. One can see that an increase of the
parameter value is connected to a growth of system
energy.

In nonlinear equation (2) PDF has been chosen
as:

Lim f () = (1-%)°, (3)

i.e. PDF in a nucleon is in our consideration. The
equation (2) has been solved by the Poincaré section
method. As the control parameter value changes, a
qualitative restructuring of the system takes place. In
Fig. 2 the main modes of system restructuring for
various values of the control parameter are presented:
damping, stationary, periodic and chaotic. An index
‘k’ growth corresponds to an increase of time.

From dependencies, shown in Fig.2, it follows,
that an equilibrium of the quark-gluon system is
determined by the control parameter value. In the
region of small values of the evolution parameter, for
any initial value of the parton momentum Xo an
evolution, that is partons production and
recombination, terminates (Fig. 2a). This process
corresponds to a damping regime. At increasing the
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evolution parameter value a transition to a steady trajectories occur. The quark-gluon system first
state occurs, in which the number of partons does not  passes into a periodic regime, which then changes to
change (Fig. 2b). Further bifurcations of the parton a chaotic regime (Figs. 2c and 2d).
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Figure 2 — Different modes in dependence on the control parameter value: damping, stationary,
periodic and chaotic: 2a correspondsto 1=0.1,2b— 1=0.6,2c— 2=0.8,2d - 21=0.99.

Chaotic dynamics of the quark-gluon system  parameter ~0.62 (Fig.3). Obviously, the quark system

A bifurcation diagram is a geometrical locality  transition to a chaotic regime has been occurred at
of system equilibrium points depending on a given |arger values of L.
parameter. A bifurcation takes place at the evolution
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Figure 3 — Bifurcation diagrams of the quark system on different scales
of the control parameter: 3a — 0< A< 1; 3b - 0.6< A< 1.
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The solutions of (2) with PDF in form (3) are
stable attractor structures, which correspond to the
fusion of quarks and gluons into steady clusters, i.e.,
the hadronization of QGP [5, 10]. The attractor is a
spatial object with fractal structure.

Conclusion

The state of hadronic matter under critical
conditions (that is QGP) is defined by
macroparameters such as density an order of
magnitude greater than the nuclear density o, p0~1,6
10 g/cmd, temperature T ~ 200 MeV and chemical
potential = 0. The dynamics of the system has

been determined by means of the evolution control
parameter. In the paper on the basis of nonlinear
equation solution with taking into account the
distribution of partons over momenta one has
presented that chaotic dynamics takes place in the
system for the values of the evolution parameter,
A >0.89. The chaotic state matches the quark-gluon
plasma formation.

Recent Contributions to Physics. Ne3 (82). 2022

https://bph.kaznu.kz

The nonlinear equation of the quark-gluon
cascade (2) 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 nuclei, 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 correlations in the
non-perturbative confinement region. As a result,
quarks and gluons merge into stable attractor
structures with their subsequent decay into hadrons.
The introduced nonlinear equation of the quark-gluon
cascade, which comprises dynamical chaos, has
include the effects of parton recombination. The
chaotic dynamics has been connected specifically to
the transverse momenta of partons. Clearly, the
formation of dynamically determined stable
structures should be unknown before, attractor
mechanism of quark hadronization.
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