PROCEEDINGS

OF SCIENCE

Quark-gluon plasma paradox

Dariusz Mi Skowiec
GSI, Darmstadt
E-mail: d. m skowi ec@si . de

Based on simple physics arguments it is shown that the contegpark-gluon plasma, a state of
matter consisting of uncorrelated quarks, antiquarks,gimohs, has a fundamental problem.

Critical Point and Onset of Deconfinement - 4th Internationirkshop
July 9 - 13, 2007
Darmstadt, Germany

(© Copyright owned by the author(s) under the terms of the Cre@vymmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



Quark-gluon plasma paradox

1. Introduction

The existence of quark-gluon plasma (QGP), a state of matter in whichjaaekiree to
move in space, was postulated by Cabibbo and Parisi in [1] in response ¢onkept of limiting
temperature of Hagedorn [2, 3]. A transition from hadronic matter to QG&pisased to occur at
an energy density of about 1 GeVAmwhich can be reached either by heating or by compressing
or both. Intensive search for QGP in collisions of lead and gold nuckertgies of up tQ/Syn =
17.2 GeV at the CERN SPS yielded “compelling evidence for the existencenefvastate of
quark-gluon matter (...) in which quarks are liberated to roam freely” [ Subsequent Au+Au
collision experiments at RHIC, albeit with much higher energieggin < 200 GeV, resulted in a
somewhat weaker statement reporting only a “new form of nuclear matitr'aw “energy density
and temperature clearly exceeding the critical values predicted by QCDat&as” [5]. In the
same report it is stressed that the observed medium behaves like a swonglgd fluid rather
than the expected gas of free uncorrelated quarks. The common dipeiddhat the latter can
still exist at energies several times higher than the critical energy de6sityhis is supported by
lattice calculations which show that with increasing temperature the systemy(skpproaches
the ideal gas limit [7] albeit deviations from ideal gas still occur at tempegatas high as (2-3)
T [8]. The evidence and the possible reasons for these deviations xtersigely discussed by a
pioneer of the field in [9].

In this letter | use simple physics arguments to show that the concept of Q&eaf matter
with liberated quarks, at any temperature has a fundamental problemrdtiierp, which does not
manifest itself during creation of QGP but only during the transition back ¢ldms, consists in
the fact that simultaneous hadronization in regions separated by spadetdikvals must in some
cases lead to single quarks left at the borders between hadronizati@ingobecause there is no
way to synchronize this process without violating causality. The problempiesed in detail in
Section 2 by means of a gedanken experiment. In Section 3 | will discusibf@solutions of the
paradox.

2. Demonstration of the problem

| start from the assumption that the QGP, large (comparing to a nucleormpedilied with
uncorrelated quarks, antiquarks, and gluons, can exist. | will thea ssetain amount of QGP to
perform a gedanken experiment during which | only do things which aréanbidden by physics
laws. The final state after the experiment, nevertheless, will be one withedalaarks separated
by a macroscopic distance which is not allowed by QCD. Here are the dtépsmrocedure.

i) | create one cubic mm of QGP with a temperature well above the critical tetapernd
a total net baryon numbgr=0. | stretch it to dimensions of 10 fm x 10 fm x 1000 light years,
keeping the density constant. | connect both ends such as to form a ring.

ii) | break the QGP ring at one point by allowing the QGP to expand and agi that
the hadronization starts there. The phase boundary propagates atoriggttin both directions
with the velocity of, say, 0.05 c. For the problem under discussion it doesatter whether the
propagation of the phase boundary is spontaneous (rarefaction mawveng with the speed of
sound) or imposed from outside (removing the bonds). The hadronizatbmeeds until the last
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Figure 1. Converting QGP into hadrons, scenario 1. The hadronizatiars at one point of the ring and
propagates along the ring in both directions. (Colors @n)in

chunk of QGP, on the opposite side of the ring, turns into hadrons. |aew@eat this gedanken
experiment, pictorially represented in Fig. 1, many times. The hadronizatidwagssuccessful
in the sense that all quarks in the system are turned into hadrons. Neey&o | introduce a little
modification in the second step:

ii") As before, | break the QGP ring at one point by allowing the QGP to egpand cool
such that the hadronization starts there. At the same'tjinewever, my assistant does the same at
the opposite end of the ring (Fig. 2). This has no immediate influence at whappening at my

Figure 2: Converting QGP into hadrons, scenario 2. The hadronizatiars at two opposite points of
the ring, separated by 300 light years, and propagates featm starting point in both directions. Whether
the two created QGP blobs have integer or fractional netdmamyimbers depends on the choice of the two
starting points so this information is not available eadien a couple of hundreds of years after the start
of hadronization. By that time the QGP blobs are separateslibly a distance that a string between them
would require too much energy. (Colors online.)

end of the ring because the two points are separated by light years. heowe two separate blobs
of QGP. The four phase boundaries propagate until two small chunR&ef remain. Obviously,

there is a 33% chance that these two chunks have integer net baryoenmsumiith the remaining

probability of 67% they have fractional ones. So, if | repeat our sg@xperiment many times,
sooner or later | will end up with two objects with fractional baryon numbseparated by light

years. This state is not allowed by QCD.

We started from an allowed state, we never did anything forbidden byigshigsvs, and we
ended up in a state which is forbidden. In the next section | will discuss possibldutises of
the paradox. Before doing this, several remarks are in order riegatte technical aspects of the
presented gedanken experiment.

1To talk about “time” | need to specify a reference frame. Let us pickrtmae with the origin located in the middle
of the ring and in which the total momentum of the QGP is zero.

2More precisely, we have a vanishing chance of avoiding the forbidtia & we repeat the experiment many
times.
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First, while | was considering here the baryon numbers of the outcomiriglparand requir-
ing it to be integer, alternatively, one could monitor the color of the final pgagjand require
them to be white. In both cases the reasoning is equivalent and leads tortbesnclusions. For
technical reasons | decided to base the argument on baryon numbeotamid color — except in
Figs. 3 and 4 where color is better to explain the point.

Second, the amount of QGP used in the described gedanken experimerdtisigher than
the one we are familiar with, i.e. the one expected in a relativistic heavy ion caolliaimd the
ring-like shape is something one would not expect to be very frequeraturen On the other
hand, a simple calculation using the mass of the observable universe isditatt¢he amount of
QGP during Big Bang was much higher than the one considered here. dbfiedrns the ring
shape, while a ring is best to illustrate the problem, the problem remains the sam# ene
squeezes the ring such that the two hadronization starting points get cemehtother. In this case
the QGP blob resembles in shape the elongated fireball created in a heaagfligion, with the
hadronization starting in the middle (also quite possible in a heavy ion collisidr) information
does not need to propagate from the other side of the ring but onlysasonse 5-10 fm, so the
situation quantitatively is much less dramatic. Qualitatively, however, the proisieghe same -
whether or not given quarks are allowed to form a hadron depertdshoon themselves and on
their direct neighborhood but also on remote parts of the QGP volume. auhe argue that this
is not a problem on the scale of 5-10 fm. However, the QGP blob createe iBaHy Universe
had the same problem if the hadronization, caused by the expansionapering in the whole
volume. Converting quarks into hadrons in the whole volume at the same time camipared to
trying to reach a homogeneous magnetization in a bulk ferromagnetic by lgnkatemperature.

Third, since the plasma temperature does not enter explicitely the problesistpdor all
temperatures above the critical temperature. In particular, one carqua Hrat the paradox is
restricted to the cases with temperatures close to the critical temperature.

Fourth, one could try to dismiss the depicted experiment by arguing that sp@@#Ryin two
parts is like splitting conducting material in electrodynamics. There, any @sitharge imbal-
ance is removed by the current flowing through the last point of contteiden the two halves.
However, this is true only if the detaching proceeds slowly. If e.g. two metidtsdifferent work
functions are detached quickly non-zero net charges remains on thgattgo For electric charge,
unlike baryon number, this is not a problem.

3. Possible solutions

It is worth considering whether the described problem could be just ancéise of the famous
EPR paradox. The QGP ring is an entangled state of quarks and glutwes. Medronization starts
at one point the wave function collapses and from now on every potheaing “knows” whether
starting hadronization there is allowed or not. However, in this case orld uea the ring for
superluminal transfer of information. Indeed, if upon starting hadrdioiza observe a string then
this means that my assistant did start hadronization, even if he did it onlyeonadbefore me and
even if he is many light years away from me. It is commonly believed, howthetrthe entangled
states and the EPR paradox do not offer a way of propagating informettsuperluminal speed
[10].
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Figure 3: A very thin ring of QGP, zoomed. The balls represent quarksthis figure antiquarks and
gluons were left out so what is represented is a cold and d@@serather that the hot and symmetric QGP
discussed throughout the note. For the latter the argumeuldvbe the same but the corresponding figure
would be more difficult to draw. (Colors online.)

The second way out would be to assume that the QGP properties are atiatptasma blob
cannot have a hole, and the hadronization can only happen at theesuvfi@ume hadronization,
e.g. caused by density dropping uniformly in the entire volume during HuiXgeaxpansion,
would be forbidden. The QGP would be resistant against attempts of pupiarg pieces of it,
i.e. it would behave like a liquid with infinite surface tension. For heavy ion dofisit would
mean that the hadronization starts at both ends of the elongated firebaiteinfghe fact that the
particles there have the largest Lorentz gamma factor. For the Early iSeitlee consequences
are much more dramatic. Since the phase boundary cannot proceedhastthe speed of sound,
and certainly not faster than the speed of light in vacuum, and since teevabte universe in the
QGP state had dimensions comparable to the size of the Solar System, its rettromirist have
taken minutes. Since the entire universe may be much larger than the dibsemiaerse (maybe
infinite) the actual time needed might be even longer.

The third possibility is that local correlations between quarks make some csiifages more
probable than the others when it comes to cutting the ring and starting thenkzadian. Obviously,
in absence of such correlations the QGP ring basically looks like in Fig. B@apdeferred breaking
points can be recognized. If, however, some kind of interactions lealdstedng of quarks and
gluons into (white) objects of integer baryon numbers like in Fig. 4 then stdréidgpnization from
several points of the ring at the same time will not lead to any problem. Howtbigkind of matter

Figure 4: A very thin ring of QGP, zoomed. The balls represent quarke quarks are grouped into white
clusters with integer baryon number. (Colors online.)
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would be hadron resonance matter rather than the QGP. The degreesduirh would not be the
ones of quarks and gluons, expected from a genuine quark-glusmglaArguing that the plasma
may look like in Fig. 3 at high temperatures and like in Fig. 4 close to the phasstivardoes not
resolve the paradox because the transition from uncorrelated quarkssters again has to take a
time comparable to the size of the QGP volume divided by the speed of light. The shoder
time scales of “whitening of the QGP”, obtained in [11], were based on stalistimsiderations
in which the problem discussed in this letter can not show up.

4. Summary

| demonstrated that the concept of QGP, state of matter with uncorrelatddsgaatiquarks,
and gluons, leads to isolated objects with fractional baryon numbers,susilgeriuminal sig-
nalling is allowed, or, by some mechanism, the hadronization is restricted to riaeesof the
QGP volume, meaning that e.g. the hadronization in the Early Universe toelasitminutes
rather than a couple of microseconds. The third, obvious, way of agpttim paradox is to de-
clare the uncorrelated QGP as non-existent, and to replace it by a staistiogof quark clusters
with integer baryon numbers (resonance matter). Both the surfacertizalion and the resonance
matter options result in a liquid- rather than a gas-like structure of the mattisragfees with the
hydrodynamical character of the matter created in nuclear collisions & Rirt, at the same time,
indicates that this character will be preserved at higher temperatures.

| gratefully acknowledge useful discussions with Peter Braun-MuzjriRgawet Danielewicz,
Staszek Mréwczigski, Sergei Voloshin, and, especially, Uli Heinz. At the same time | would like
to stress that they carry no responsibility for the views expressed in this letteuld also like to
thank Bengt Friman and Anton Andronic for reading the manuscript alpingeto spot its many
deficiencies.

References

[1] N. Cabibbo and G. Parisi, Phys. Lett. 59B(1975)67.
[2] R. Hagedorn, Nuovo Cimento Suppl. 3 (1965) 147.
[3] R. Hagedorn and J. Ranft, Nuovo Cimento Suppl. 6 (1968) 16

[4] http://newstate-matter.web.cern.ch/newstate-@natee also U. Heinz and M, Jacob,
arXivnucl-th/0002042v1.

[5] Report BNL-73847-2005, Brookhaven National Laborgt@005

[6] J.I. Kapusta, arXiv:0705.1277 [nucl-th]

[7] F. Karsch, proceedings of QM2006, Shanghai, arXiv:pgfB701210v1.

[8] F. Karsch, Nucl.Phys.A783:13-22,2007.

[9] E. Shuryak, arXiv:hep-ph/0703208v1.
[10] S.C. Tiwari, Superluminal Phenomena in Modern PergpeRinton Press, 2003.
[11] C. Manuel and S. Mréwcaski, Phys.Rev. D70 (2004) 094019.



