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AN INVESTIGATION OF NUCLEAR MATTER IN EXTREME CONDITIONS

Abstract: In the paper a dynamics of the quark-gluon plasma has been defined by the evolution
parameter, which at high energies depends on collision energy of atomic nuclei for appropriate multiplici-
ties of secondary hadrons. A purpose of present work is to investigate processes occurred in the QGP at
external conditions change (i.e. the evolution parameter, that is energy, exposed in the system) on the ba-
sis of nonlinear dynamics one-dimensional equation solution in phase momentum space. The nonlinear
evolution equation for partons momentum distribution has been solved by the method of Poincaré map-
pings. The state of hadronic matter under critical conditions (that is the QGP) is defined by macroparame-
ters such as density >10 po, po~1,6 10* g/cm?, temperature T~200 MeV and chemical potential. As a first
approximation, the dynamics of the system has been determined by means of the evolution parameter. For
specified region of the evolution parameter values 0.75+0.89 intermediate phase mixture, i.e. a com-
pound, which consists of quarks, gluons and hadrons, probably exist.
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3KCTPEMAJI JKAF JAUBIHJIAFBI SI/IPOJIBIK 3ATThI 3EPTTEY

Anparna: Maxkanaga KBapK-TIIOOHIBIK IIa3MaHBIH THHAMHUKACH! SBONIONHUS MapaMeTpi apKbUIBI
AHBIKTAJIAABI. BYJT )KYMBICTBIH MaKcaThl — ()a3ajbIK HMITYJILC KEHICTITiHAE CHI3BIKTHI €MeC TUHAMHUKAHBIH
0ip emmeM[i TEHJACYiHIH IIENIiMi HETi3iHAe CBHIPTKHI KaFJalIapIblH ©3repyl Ke3iHae (SFHU SBOIIOIUSL
mapameTpi, siFHU Kyieae acep ereTin sHeprusi) QGP-ae 6omaTeiH nporecTepai 3epTrey.

JKorapsl sHEprUsIap YIIiH YBOIIOIHS TapaMeTpi COMKeC eKiHII PETTiK aapOHIApABIH KOITiK MOH1
YILIiH aTOMJBIK SAPOJap COKTBIFBICY dHEprusicbiHa Toyeni 6oiazpl. Kosranbic meniepi OoiibiHIIa Tap-
TOHIAp yJecTipyi yuriH Ilyankape Kuma 911ici apKbUIbI CHI3BIKTBI €MEC IBOJIIOIINS TCHCYIHIH IICHiMi Ta-
ObUTIBI. AZIPOHABIK 3aTTapAbIH KPUTHUKAIBIK Karmaimarel kyii (sskHu QGP) TRIFBBABIK >10 p0, p0~1,6
1014 r/cm3, temneparypa T~200 M»3B jxoHe XHUMHSJIBIK MOTCHIHUAT CHSIKTHI MaKpoapaMeTpIIepMEH
aHbIKTANaAbl. BIpiHIII KYBIKTay peTiHAe JKYHWeHIH JAWHAMUKAChl SBOJIIOLMUS IapaMeTpi apKbuIbl
AHBIKTAJIIBI.

Opoumorus napametpiniyg 0,75 + 0,89 MoHmepi yImiH apaiblK KOCIA, SFHA KBapKTap, CIIFOOHIAp
MeEH apOoHIapJaH TYPAThIH KYPBUIBIMIAPIbIH, Taiina 00Iysl 901eH MYMKIH.
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HCCJEIOBAHUE SIIEPHOM MATEPUH B SOKCTPEMAJIBHBIX YCJIOBHUAX

AnHoTanusi: B pabore nuHaMyKka KBapK-TIIFOOHHOHW TUIa3Mbl OMPEACIISETCS MapaMeTpoOM dBOITO-
o, KOTOpLIﬁ P BBICOKHX JHEPTHUAX 3aBUCUT OT DHEPTHUU CTOJIKHOBCHUA AaTOMHBIX AJEP 1A COOTBET-
CTBYIOIINX MHOXXECTBEHHOCTEH BTOPHUYHBIX apoHOB. Llenpio HacTosmel paboTHl ABISIETCSA MCCIIeI0Ba-
HHe Tporeccos, npoucxoasamux B KI'TI npu u3MeHeHnH BHEIIHMX YCIOBHH (T.€. MapameTpa SBOJIOLHH,
TO €CTh 3HEPI'HH, BHICTABICHHOH B CHCTEME) Ha OCHOBE PELIEHHsI OJJHOMEPHOTO ypaBHEHUs HEJIMHEHHON
JMHAMUKH B (ha30BO-MMITYJILCHOM MPOCTPAHCTBE.

HenuneilHoe 3BOMIONMOHHOE ypaBHEHUE JUIS pacHpeAeleHUs] MapTOHOB 10 MMIYJIbCaM PEIICHO
MeronoM ortobpaxeHuil [Tyankape. CocTosiHue aJpoHHONH MaTepud B KPUTHUYECKHX YCIOBMAX (TO €CThb
KI'TI) onpesensieTcss TAKUMH MakporapaMmeTpamu, kak miotHocts >10 p0, p0~1,6-1014 r/cm3, temnepa-
Typa T~200 M3B u xumudeckuii moTeHIMal. B nmepBoM NnpHOMMKEHHH TUHAMHKA CUCTEMBI OIpeIess-
JIach € TOMOUIBIO NTAPaMEeTPa 3BOIOLUU.

Jis obnactu 3HaueHWil mapametpa sBomtoruu 0,75 + 0,89 BO3MOXKHO CYIIECTBOBaHUE
MIPOMEXYTOUHOU cMecH (a3, T.€. COSTUHEHNH, COCTOSIINX U3 KBApPKOB, TIIIOOHOB U aJPOHOB.

KuioueBble cjIoBa: KBapK-TJIIOOHHAS TIa3Ma, HeJIMHEHHas AMHAMHUKA, (Da30BBIN mepexo
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Introduction

There is formed superdense matter with a
density tens and hundreds of times higher than
cold nuclear matter density, in heavy relativistic
nuclei colliders, for example in experiments at
LHC (Large Hadron Collider), RHIC (Relativ-
istic Heavy lon Collider) in Brookhaven Na-
tional Laboratory, etc. This matter is regarded
as the quark-gluon plasma (QGP) [1]. It is sup-
posed, that QGP is a substance state at super-
high energies/temperatures and densities. QGP
is generated in the heavy ions collisions at their
energy ~3.5 TeV [2].

A first order phase transition involves a
discontinuous jump in some statistical variable
[3]. It is known, that the discontinuous proper-
ties include a variety of physical values. At the
first-order phase transition a new phase appears
gradually in the form of nuclei, for example,
clusters. An abrupt change in the properties of a
substance occurs at critical point, the critical
point can be critical temperature. It should be
mentioned, that primarily the critical point ex-
istence is a characteristic of the second-order
phase transition [3].

Numerical estimates reveal transition to
the quark-gluon plasma state taking place as the
first-order phase transition at a temperature cor-
responding to the kinetic energy of hadrons
~200 M»B [1] and densities p ~5-10p,, here

P, is the nuclear matter density [2].

Macroparameters of hadronic matter are
as follows: the density, temperature (energy)
and chemical potential [2]. QGP is non-abelian
system of point particles. Their interaction is
the subject of quantum chromodynamics (QCD)

[4].

One assumes the phase transition, asso-
ciated with the formation of QGP, takes place
with density, energy and other quantities fluctu-
ations. A nonperturbative process, accompanied
by large amplitude fluctuations, has been possi-
ble until the critical temperature is reached. It
promotes phase mixing [5, 6].

Forward and reverse phase transitions in
the system have been related to the confinement
(confinement of quarks and gluons inside a had-
ron) and the asymptotic freedom. An average
distance of the color interaction is about 1fm.
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The color deconfinement is possible at distanc-
es less than 1fm.

At phase transition of the system sponta-
neous symmetry breaking is induced, i.e. chiral
condensate symmetry breaks down [7]. As the
order parameter authors suppose a value, re-
verse to Ro, Ro is the color screening length:
R, =1fm.

In [8], the formation of parton (quark)
structures in QGP has been studied by solving
the one-dimensional equation of nonlinear dy-
namics for the Bjorken variable by A. Poincaré
section method. In phase space the solutions are
stable attractor structures. One has treated the
phase transition of QGP to hadrons as fractal
structures formation. Similarly, one suggests
this way for considering the phase transition of
hadrons to the QGP, that is as fractals decay.
The approach mentioned should need evidenc-
es, which could indeed point out on fractals
emerging.

In [9], on the basis of nonlinear equation
solution with taking into account the distribu-
tion of partons over momenta one has presented
that chaotic dynamics takes place in the system
for the values of the evolution parameter,
A4 >0.89. The chaotic state matches the quark-
gluon plasma formation.

A purpose of present work is to investi-
gate processes occurred in the QGP at external
conditions change (i.e. the evolution parameter,
that is energy, exposed in the system) on the
basis of nonlinear dynamics one-dimensional
equation solution in phase momentum space by
the Poincaré section method.

QGP nonlinear dynamics

A nucleon consists of various types point
QCD partons as well as quarks and gluons. The
partons can carry the initial nucleon’s different
fractions x of the momentum and energy. QGP
nonlinear dynamics equation in vacuum can be
represented as [7]:

‘Xj+1>:/1F2(Xj)‘Xj> 1)
Here x; is the Bjorken variable (i.e. parton mo-
mentum fraction), j corresponds to an iteration
number, A is the evolution parameter (control
parameter), F,(x;) are parton momentum dis-

tributions, which were derived from deep ine-
lastic reactions [3, 10].
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The evolution parameter A depends on
temperature, at temperature growth A increases.
Its dependence on energy can be expressed as

[11]: A=z~ &M

%

ue of the parameter, Js s incident particles
center of mass energy, measured in GeV, m_ is
n-meson mass in GeV too and a is a proportion

coefficient.
The normalization condition for the struc-

, Where A is a critical val-

1
ture function can be defined as .[Fz(xj)dx =1.
0

The first figure represents the solution of
the equation of QGP nonlinear dynamics in the
first approximation. It is possible, that the bifur-
cation (splitting) point corresponds to a phase
transition in the system.
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Fig. 1. — The dependence of parton momentum
fraction on the collision energy

The solution of (1) can be presented in
another form (Fig.2). Time iterations include
dimensionless interval 0-100. There isn’t reso-
lution on time in Fig.2. Points, corresponding to
different time moments, overlap, so there are a
lot of points on the right side of the Fig. 2. 3D
dependence is represented in 2D form.

In Fig. 2 with the evolution parameter
growth, multiple bifurcations take place. One
can correspond multiple bifurcation points to
physical property of the system known as the
multiplicity. It seems this point of view should
be discussed in further investigations.

From the second figure it is seen, that ini-
tial bifurcation corresponds to the control pa-
rameter ~0.75. So if follow the results of [8],
the evolution parameter values region
0.75+0.89 correspond to intermediate phase
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mixture, that is a compound, which consists of
QGP and hadrons.
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Fig. 2. — The dependence of parton momentum
fraction on the evolution parameter

QGP properties appear as jet properties.
Jet phenomena are a proof of complex internal
structure of hadrons [1]. The jet phenomena in
the QGP dynamics can be taken into account by
the term related to viscosity, which should be
introduced into equation (1):

X =(AR0)+n-A)x), @
where n is QGP viscosity, A is the Laplace

operator. The equation (2) might be more appli-
cable to describe QGP from the point of nonlin-
ear dynamics’ view. At the same time it should
be mentioned, that the approach presented is
purely, better to say more qualitative, than nu-
merical, treatment.

Conclusion

The state of hadronic matter under critical
conditions (that is the QGP) is defined by mac-
roparameters such as density >10 pg, po~1,6
10" g/cm?®, temperature T~200 MeV and chem-
ical potential. As a first approximation, the dy-
namics of the system has been determined by
means of the evolution parameter.

The dependence of parton momentum
fraction on the evolution parameter has been
obtained. By it the evolution parameter values
region 0.75+0.89 is received, for the region
specified intermediate phase mixture, i.e. a
compound, which consists of the quark-gluon
plasma and hadrons, should exist.
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