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BUMPING STRUCTURE OF INITIAL ENERGY DENSITY DISTRIBUTIONS
AND PECULIARITIES OF PION SPECTRA IN A +A COLLISIONS

The effect of a fluctuating bumping structure of the initial conditions on spectra and the collective evolution of matter
created in heavy-ion collisions in the frameworks of the Hydro-Kinetic Model is investigated. As motivated by the glasma-
flux-tube scenario, the initial conditions are modeled by the set of four high energy-density tube-like fluctuations with
longitudinally homogeneous structure within some space-rapidity region in a boost-invariant 2D geometry. It was found
that the presence of transversally bumping tube-like fluctuations in initial conditions strongly affects the hydrodynamic
evolution and leads to emergence of conspicuous structures in the calculated pion spectra. It was observed that the 4 tube
initial configuration generates a four-peak structure in the final azimuthal distributions of one-particle spectra.
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Introduction

One of the most exciting results firstly measured
in the relativistic heavy-ion collisions by the STAR
collaboration [1] is the existence of ridge structures
in the two-particle correlations [1 - 7] plotted as
function of the pseudorapidity difference and the
angular spacing A ¢. Moreover, as the particle densi-
ties produced in the highest multiplicity pp collisions
at Large Hadron Collider energies started to ap-
proach those in high energy nuclear collisions, the
emergence of new features in the two-particle corre-
lation function from high multiplicity pp events also
was observed [8].

The discovery of the ridge has provoked a lot of
theoretical analyses. Currently available models of
the ridge formation (at times strikingly different) [9 -
18] provide only qualitative guidance about the un-
derlying physics of the ridge, rather than quantitative
predictions.

It was shown that the long-range structure of
two-particle angular correlation functions is
significantly modified by the presence of inhomoge-
neities in a hot and dense matter formed in relativis-
tic heavy ion collisions [19]. It has been argued also
that the joint interplay of the longitudinal high-
energy density tubes (remnants from initial particle
collisions) and transverse expansion is responsible
for the ridge formation [10, 15, 17, 19, 20]. As
showed by the study of near-side correlations, this
elongated contribution has the properties analogous
to a bulk particle production (transverse momentum
spectra, baryon/meson ratio, etc). Due to the resem-
blances between bulk matter and ridge, the explana-
tions based on the relativistic hydrodynamics are
often used.

Usually, the initial conditions (IC) in the relati-
vistic hydrodynamic description of the high-energy
nuclear collisions are assumed to be smooth [21,
22]. However, some data require knowledge of

the event-by-event fluctuating IC (for example
fluctuations in elliptic flow [23] or the dependence
of the elliptic flow on pseudorapidity [24]). The
event-by-event approach in which the following
sequence is repeated many times: for each collision
some IC are generated, hydrodynamics is run and
results are stored, was firstly implemented by the
SPheRIO collaboration [25 - 27] then used by other
groups [28, 29]. Despite the fact that different mod-
els have been suggested to explain the structures in
the two particle correlations but even those based on
the relativistic hydrodynamics have strong differ-
ences between them: for each high-energy density
fluctuation, there is the emission in one direction
[10, 19, 20], in two directions [30] or there is no
emission [31]. Three-particle correlations have been
suggested as a possible test to distinguish between
various scenarios [31].

It was proposed recently [32] to study the possi-
ble typical (or “representative”) configuration of
initial fluctuations which are already maximally
symmetric in the azimuthal plane, instead of averag-
ing the result over many fluctuations. It was found
that for the different initial energy-density configu-
rations, the effect of the initial bumping-like fluctua-
tions is not washed out during the system expansion
and preserve in the final energy density of hadronic
matter. Probably, it could lead to the ridges struc-
tures of the correlations, which are caused by these
fluctuations [32, 33]. To test the influence of this
effect on the observed particle spectra and appear-
ance of the ridge structure, this paper examines the
angular dependence of the particle (pion) spectra for
such IC. For this purpose we use the Hydro-Kinetic
Model (HKM) [34] which incorporates description
of all the stages of the system evolution as well as a
formation of the particle momentum at the decoupl-
ing stage, with longitudinally homogeneous and a
transversally bumping IC.
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Fig. 1. 3D plots of the energy (1) density profiles with the 4 tube-like initial conditions for different values of 1.
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Methods, results and discussion

In this section the results obtained by numerical
calculations with the concrete realization of the
HKM are presented and discussed. For the sake of
simplicity, the emission of the only one kind of par-
ticles (negative pions, n') from the expanding fireball
is considered. The numerical results presented in this
section were obtained on the basis of the 2 + 1 HKM
that includes the transversally bumping tube-like IC
with the aim to study how the initial fluctuations in
the energy density distribution affect the spectra.
The analysis is based on the Boltzmann equations of
the hydrodynamic approach to relativistic nucleus-
nucleus (A + A) collisions. It is consistent with the
conservation laws and accounts for the opacity ef-
fects. We use Bjorken-type IC of quasi-inertial flow
at proper time 7 =+t =z =7, : Boost-invariance of
the system in the longitudinal z-direction and zero
initial longitudinal flow without transverse collective
expansion in xy-plane. The hydrodynamic evolution
starts at the time 7,,. Two initial configurations were
examined. The first one corresponds to the smooth
Gaussian profile with a radius R and energy
density £ as was considered in [35] at the time
7, = 0.2 fm/c. The second initial scenario is based

on bumping tube-like initial fluctuations at .

These tubes are rather thin transversally and relative-
ly long in the direction of beam axis, with the trans-
verse (gaussian) radii ; in the energy density E. The
general initial energy-density distribution £ at 7, is

given by

2
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where R, =x’+y; are the positions of the fluctua-

tion locations and NV, is the number of tubes men-
tioned above. E}, is the maximum value of the average
energy-density distribution while E; are the values of
energy density maxima of the tube-like fluctuations.
In present calculations the parameters of the initial
configurations without tubes (fluctuations) is specified
by E, = 130 GeV/fim’, R = 54 fm and
a;=1 fm. The other configuration with four tubes (fluc-
tuations) is defined by E, = 85 GeV/f’,
R = 54 fm, E; = 250 GeV/fm’, R, = 5.6 fm and
a; = 1 fm. The hydrodynamic evolution of the energy
density profiles for the case of the 4 symmetrically
placed high-energy density tubes is presented in Fig. 1.

The energy density profiles were evolved in
time till the chemical freeze-out temperature (T =
=165 MeV) and then, the corresponding spectra were
calculated for two cases. The chemical freeze-out
hypersurface at the T = 165 MeV that marks the end
of the applicability of hydrodynamics and start of the
kinetic mode of calculation is presented in the Fig. 2.

o fm/c

Fig. 2. The chemical freeze-out hypersurface 1 (X, y)
at the T = 165 MeV.

As it was shown in [36] there is a significant im-
pact of particle emission from the boundary surface
of the hot and dense system formed in the high ener-
gy heavy ion collisions on the observed spectra. To
calculate spectra the yield of particles from volume
and surface parts of the chemical freeze-out hyper-
surface were taken into account.

For the considered set of 4 tubes the traces of the
initial fluctuations (the bumping final energy distribu-
tions) remain after the system evolution and lead to a
non-trivial structures in observed spectra. The corres-
ponding pronounced peaks could be seen in the calcu-
lated pion spectra (see the azimuthal dependencies of
the pion spectra dN/d¢ for different transversal mo-
menta pr in Fig. 3 and polar diagrams in Fig. 4).

In Fig. 5 the comparison between two cases of the
initial energy-density distribution is presented. As
expected, the azimuthal dependencies of pion spectra
for the medium transversal momenta for the case of 4
tube-like fluctuations have shown the remnants of
these bumping structures. The deviations from the
azimuthal symmetry which can be seen through the
compared spectra are a consequence of coarse struc-
ture of the cell in grid calculations. These technical
issues impair observed effects in the case of bumping
structure of the initial energy-density distributions but
nevertheless, they have a small scale and cannot af-
fect the results and further inferences.

As shown in Fig. 3 the results demonstrate that if
one particle with relatively large pr is triggered,
most probably, its azimuthal direction will corres-
pond to one of the peaks in the distributions dN/de.
Then, as follows from dN/d¢ distribution, the prob-
ability to find the second particle with the same or
smaller transverse momentum will be maximal in a
narrow range A ¢ near this peak. Inclusive correla-
tions between the triggered particle
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Fig. 3. Pion spectra distributions dN/d¢ vs. the azimuthal angle ¢ for different transversal momenta pr.

3=
-

Fig. 4. Polar plots of the spectra dN/d¢ vs. the azimuthal angle ¢
for different transversal momenta pr.
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Fig. 5. Transverse pion spectra dN/d¢ for the cases of no tubes (light grey) and set of 4 tubes (deep grey)
in the initial energy-density distributions as function of the azimuthal angle
for different transversal momenta pr = 0.3, 0.6, 0.8 and 1.1 GeV/c.

and particle corresponding to other peaks will be
relatively weak since these peaks will change from
the event to the event of their angular location as for
the “triggered peak”. It happens because the fluctua-
tions in the bumping structure will washed out the
two particle correlations in the inclusive spectra.
This is the mechanism of the formation of the so
called “soft ridges”.

Conclusions

In contrast to the traditional hydrodynamic de-
scription of the relativistic nuclear collisions with
smooth IC, the transversally bumping tube-like fluc-
tuations in the initial energy-density distributions are
considered with the aim to study the influence of its
presence on the pion spectra and ridges formation.
These very dense color-field flux tubes are formed at
a very initial stage of the nucleus-nucleus collision
leftovers. For example of 4 tubes, it was found that
such an initial structure affects essentially the final
spectra and two-particle correlations. It could be the
reason of a “soft ridge” formation. This leads to an
emergence of the corresponding peaks in azimuthal
distributions of the particle spectra pronounced es-

pecially for the medium transverse momenta. As the
result, the hydrodynamic mechanism of the “soft
ridges” formation becomes sufficiently plausible. To
constrain the IC for hydrodynamic expansion in the
heavy-ion collisions a further systematic analysis
within the HKM will be performed and published
elsewhere. It is hope that the multi-particle ridge-
like correlations could o—er us a chance to get a
glimpse of the IC and to extend our knowledge
about the strong interactions in A + A collisions.
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M. C. Bopucosa

MIKOMO/IBHA CTPYKTYPA MOYATKOBHUX PO3NOJLNIB I'YCTUHU EHEPTTI
TA OCOBJHMBOCTI CIIEKTPIB IIOHIB ¥ A + A 3ITKHEHHSX

VY paMkax TiIpOKIHETHYHOI MOJENi NOCIHIJDKYEThCS BIUIUB (DIYKTYHOUOI MIKOMOAIOHOI CTPYKTYpH B IOYATKOBHX
YMOBaX Ha CIIEKTPH Ta KOJEKTHBHY €BOJIOLII0 MaTepii, 0 YTBOPHIACH Y 3ITKHEHHIX BOXKHX i0HIB. Kepyrounch cue-
HapieM TpyOKONOAIOHMX MOTOKIB y IJIa3Mi, IIOYATKOBI YMOBH MOJIENIIOIOTHCS HAOOPOM i3 HOTHPHOX TPYOKOMOAIOHHUX
(iyKkTyalii BHCOKOi TYCTHHM €HEprii 3 MO3[0BXHBO-OJJHOPITHOI CTPYKTYpOIO B JEsKiil MPOCTOPOBO-OMCTPOTHIM
oOnacTi B OycT-iHBapiaHTHIN 2-BUMIipHii reomeTpii. Bysio BUsBIE€HO, 110 IPUCYTHICTh TPAHCBEPCATILHUX TPYOKONOIi0-
HUX (QIIyKTyalill y HOUaTKOBHX yMOBaX CHJIBHO BIUIMBA€ Ha TJPOAMHAMIUHY €BOJIIOLIIO i IPU3BOAUTE IO IOSIBU IOMi-
THUX CTPYKTYp B OOYMCIICHHMX CHEKTpax MiOHIB. 3a3HAYA€THCS, II0 MOYATKOBA KOH(]Irypauis 3 dyotupma TpyOKamu
TEHEPY€ YOTUPH MIKOBI CTPYKTYPH B KiHIEBHX a3UMYTAIBHUX PO3IO/IiNIaX OJHOYACTUHKOBUX CIIEKTPIB.

Knouosi crnoea: aapo-siiepHi 3ITKHEHHS, TIAPOMHAMIKA, (IIYKTYIOUi IIOYaTKOBI YMOBH, CIICKTp ITiOHIB.

M. C. BopucoBa

MMUKOOBPA3HASI CTPYKTYPA HAYAJIbHBIX PACNPEJAEJEHUANA MJIOTHOCTHA SHEPTUA
" OCOBEHHOCTH CIIEKTPOB IIMOHOB B A + A CTOJIKHOBEHUAX

B paMkax rHApOKHHETHYECKON MOMENH HcClenyeTcs BIMSHHE (IyKTyHpyromei MHKooOpasHOil CTPyKTYypHl B Ha-
YaJbHBIX YCIOBHUSX HA CIEKTPbl M KOJUIEKTUBHYIO 3BOJIOLUIO MATEPHU, CO3JAHHOM B SOpPO-SAEPHBIX CTOIKHOBEHHAX.
PykoBoACTBYsICh ClieHapHeM TPyOKOOOpa3HBIX IIOTOKOB B IJIa3Me, HadalbHbIE YCIOBHUS MOJCIUPYIOTCS HAaOOpOM M3
YeThIpeX MUKOOOPa3HbIX (MIyKTyaluii BBICOKOM INIOTHOCTH SHEPIHU C IPOAOIBHO OJAHOPOJHON CTPYKTYpOH B HEKOTO-
POl IPOCTPaHCTBEBEHHO-OBICTPOTHON 00JIaCTH B OyCT-WHBApUAHTHOM 2-pa3sMepHON reoMeTpuu. Bruio oOHapyxeHo,
YTO MIPHUCYTCTBHE TPAHCBEPCATBHBIX TPYOKO-TIOZOOHBIX (IyKTyallnii B HAYaIbHBIX yCIOBHUAX CHIBHO BIUSET HA THIPO-
JUHAMUYECKYIO 3BOJIIOLUIO M IPUBOIUT K IOSBICHUIO 3aMETHBIX CTPYKTYP B PACCUMTAHHBIX CHEKTpax NMUOHOB. Bbuio
OTMEYEHO, 4TO HavyanbHas KOH(QUTYpanus ¢ 9eThIpbMs TpyOKaMH TeHEpPHpPYeT YeTHIPEXIHKOBBIE CTPYKTYPHI B KOHET-
HBIX a3MMYTAIBHBIX PacHPEIENCHIIX OMHOUYACTHIHbIX CTICKTPOB.

Kniouesvie cnosa: sapo-sjiepHbIE CTOIKHOBEHHS, THAPOAUHAMUKA, (IYKTyHpPYIOIIHe HaYalbHbIE YCIOBHUS, CIIEKTP
ITHOHOB.
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