
Onset of fireball - mean multiplicities and spectra
A+A collisions at 150 A GeV/c (√sNN ≈ 17.2 GeV)
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Onset of fireball - fluctuations
A+A collisions at 150 A GeV/c (√sNN ≈ 17.2 GeV)
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Theoretical approaches
The percolation approach - assumes that with increasing nuclear mass
number to form a large clusters by overlapping many elementary clusters may
rapidly increase with A, the behaviour typical for percolation models.
(G. Baym, Physica A 96 (1979) 131–135; T. Celik, F. Karsch, H. Satz, Phys. Lett. 97B (1980) 128–130;

M. Braun, C. Pajares, Nucl. Phys. B390 (1993) 542–558; N. Armesto, M. A. Braun, E. G. Ferreiro, C.

Pajares, Phys. Rev. Lett. 77 (1996) 3736–3738; L. Cunqueiro, E. G. Ferreiro, F. del Moral, C. Pajares, Phys.

Rev. C72 (2005) 024907)

AdS/CFT correspondence - assumes that only starting from a sufficiently large
nuclear mass number the formation of the trapping surface in A+A collisions is
possible.
(J. M. Maldacena, Int. J. Theor. Phys. 38 (1999) 1113–1133; E. Shuryak, Prog. Part. Nucl. Phys. 62

(2009) 48–101; S. Lin, E. Shuryak, Phys. Rev. D79 (2009) 124015)
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Invitation for discussion

Self-interacting QCD strings and string balls

Tigran Kalaydzhyan and Edward Shuryak
Department of Physics and Astronomy, Stony Brook University,

Stony Brook, New York 11794-3800, USA
(Dated: August 3, 2018)

Strings at T ≈ Tc are known to be subject to the so-called Hagedorn phenomenon, in which a
string’s entropy (times T) and energy cancel each other and result in theevolution of thestring into
highly excited states, or “string balls”. Intrinsic attractive interaction of strings – gravitational for
fundamental strings or in the context of holographic models of theAdS/QCD type, or σ exchanges
for QCD strings– can signif cantlymodify propertiesof thestringballs. If heavy enough, thosestart
approaching properties of theblack holes. Wegenerateself-interacting string balls numerically, in a
thermal string latticemodel. Wefound that in a certain rangeof the interaction coupling constants
they morph into a new phase, the “entropy-rich” string balls. These objects can appear in the
so-called mixed phase of hadronic matter, produced in heavy ion collisions, as well as possibly in
the high multiplicity proton-proton or proton-nucleus collisions. Among discussed applications are
jet quenching in themixed phase and also the study of angular deformations of the string balls.

I . IN T RODUCT ION

A . Overview

The f rst hints for the existence of the stringy objects
in strong interactions were found in the 1960s, way be-
fore QCD, quarkonia, and their linear potentials between
color charges: they came from the Regge phenomenology
and the Veneziano scattering amplitude. Theoretical at-
tempts to derive membranes (string worldhistories) start-
ing from the perturbative Feynman diagrams were incon-
clusive, even though such diagrams become planar, or of
“f shnet” kind, in the ’t Hooft’s large Nc limit. Only with
the advent of AdS/CFT correspondence did the gauge-
string duality become exact for some gauge theories, but
alas not (yet) for QCD.

An important role of the QCD strings at f nite tem-
peratures stems from the fundamental fact that strings,

unlike particles, have an exponentially growing density of
states [1, 2]. A decade later it was noticed by Polyakov
[3] and Susskind [4] that the so-called Hagedorn phe-
nomenon with strings is at the heart of the (strong
f rst-order) deconf nement phase transition in the (pure)
gauge theories. As the string entropy (times T ) and en-
ergy are approximately canceling each other, one can get
small free energy and as a result highly excited strings.
Those may form the string balls, which are the subject
of this paper.

Historically, studies of the self-interacting string balls
started in the framework of fundamental string theory:
the theoretical questions discussed were related to the
understanding of the transition from the string balls to
black holes. We brief y recall the main points of that in
Sec. I B below.

Highly excited strings populate the so-called “mixed
phase” of gluodynamics at T = Tc and provide an
energy/entropy density interpolating between the two
values min , max corresponding to hadronic and QGP
phases. QCD with dynamical quarks has a crossover

transition, in which the mixed phase can also be def ned

as a narrow strip of temperatures in which similar evolu-
tion happens. The so-called “resonance gas”models used
to describe it are consistent with the Hagedorn picture,
since the hadronic density of states is in good correspon-
dence with those of QCD strings. For lattice studies of
this see, e.g., Ref. [13].

If the energy of heavy ion collisions is tuned appro-
priately, such conditions can occur as the initial state
of matter produced: it is related to the so-called “soft-
est point” of the equation of state, see, e.g., the dis-
cussion of it 20 years ago [5]. However, in contem-
porary “mainstream” experiments with heavy ion col-
lisions, at Brookhaven Relativistic Heavy Ion Collider
and CERN LHC collider, the mixed phase appears as an
intermediate condition, between the initial QGP stage
and the f nal hadronic one. Still, between 1/3 and 1/4 of
the total evolution (proper) time of the f reball is spent
crossing through the mixed phase; thus, its properties are
important to understand. It is particularly important for
certain observables such as jet quenching [6]. The string
balls have been recently discussed in a completely dif er-
ent context, as initial states for the high multiplicity pp
collisions: we brief y introduce those ideas in Sec. I C.

The objective of this paper is to study the role of self-
interaction of the string balls, specif cally for QCD strings
at T ≈ Tc, which is numerically close to the Hagedorn
temperature TH . We will formulate a new lattice model
for those and simulate numerically ensembles of string
balls of various sizes, using space-dependent temperature
T (x). The main physics issue studied is the dependence
of the string balls on the self-interaction coupling. As
we found in Sec. IVB, there are two radical changes at
certain values of this coupling: f rst, a new regime ap-
pears, which we call the entropy rich regime; second, the
ball undergoes a collapse. Applications of those results
include a section on jet quenching in the mixed phase,
Sec. VA, in which we point out that current estimates
for the jet quenching parameter can be an order of mag-
nitude enhanced, and Sec. VB, in which we study shape
f uctuations of the string balls. The paper is summarized
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