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QCD under extreme conditions: an informal discussion

E.S. Fragd
J. W. Goethe-University, Frankfurt am Main, Germany

Abstract

We present an informal discussion of some aspects of strong interaatidas
extreme conditions of temperature and density at an elementary level. This
summarizes lectures delivered at the 2013 CERN - Latin-American School o
High-Energy Physics and is aimed at students working in experimental high-
energy physics.

1 Introduction and motivation: why, where and how

Quantum Chromodynamics (QCD) is an extremely successful theory afgstnteractions that has
passed numerous tests in particle accelerators over more than 40 yjeai$id corresponds to the
behavior of hadrons in the vacuum, including not only the spectrum budlisorts of dynamical pro-
cesses. More recently strong interactions, and therefore QCD, lagatted being probed in a medium,
under conditions that become more and more extreme [2]. Although quite @u/theoretically, this is
not just an academic problem. In order to make it clear, one should cotiside very basic questions,
that should always be asked in the beginning: why? where? how?

1.1 Why?

It was realized since the very beginning that strong interactions exhibitemarkable features that are
related but represent properties of complementary sectors of theyesoailg. The first one is asymptotic
freedom [3], which can be perturbatively demonstrated by an expliaitpcation of the beta function
to a give loop order in QCD [4]. The second, which is consistent with tise fint should be seen as
totally independent, since it is a property of the nonperturbative vacdiwgtnang interactions, is color
confinement [5]. Even though reality constantly shows that confinemenptisperty of strong interac-
tions, and therefore should somehow be built in QCD, this proof remaineetizal open problem so
far. Even for the pure Yang-Mills theory, where the bound states spored to glueballs, the existence
of a mass gap is still to be shown after more than half a century of the origipal pn nonabelian gauge
theories [6]. For this reason, confinement is ranked in the Clay Mathentasitiite list of unsolved
Millennium problems [7].

Much more than a cute (and very tough) mathematical problem, this is certaintygatm® most
important theoretical and phenomenological problems in particle physic® kidden there is the real
origin of mass, as we feel in our everyday lives and experience withamd(and not so ordinary) matter.
Although the Higgs mechanism provides a way to give mass to elementary atidiee Standard
Model [8], most of what constitutes the masses of hadrons come fronadtitams. For instance, more
than90% of the proton mass originates in quark and gluon condensates [9]. Suteroéthe fantastic
success of the Standard Model [8], we do not understand a fewtedseechanisms.

Extremely high temperatures and densities bring us to an energy scalecilitttés deconfine-
ment, and matter under such extreme conditions can behave in unexpegsadusdo collective effects.
This is, of course, a way to study the mechanism of confinement (by perusr modifying this state of
matter). This leads us also to a deeper yet childish motivation, that of uaddirsg what happens if we
keep making things hotter and hotter, or keep squeezing things hardeaatat [10]. These questions
can be reformulated in a more technical fashion as 'what is the inner seuwtftatter and the nature
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of strong interactions under extreme conditions of temperature and denkitgRperiments, one needs
to “squeeze”, “heat” and “break”. From the theoretical point of vieme needs a good formulation of
in-medium quantum field theory, using QCD or effective theories.

It is clear that the challenge is enormous. Although confinement seems t&dyefaature of
hadrons, and manifests also in relevant scales sugh asAgcp, it only seemdo be present in QCD.
So far, controlled lattice simulations show strong evidence of confinemeneipube gauge theory
[11]. As hinted previously, however, the theory is nonperturbatitb@atelevant scales, so that analytic
methods are very constrained. And, although lattice simulations have deddmprovide solid results
in several scenarios, they are not perfect. And, more important, teaysaNature. To make progress
in understanding, or at least collecting important facts, one needs it @kriexents and observations,
lattice simulations, the full theory in specific (solvable to some extent) limits andti#ffemodels. And
also combinations, whenever possible, to diminish the drawbacks of epabeap.
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Fig. 1: Cartoon of a phase diagram for strong interactions. Exdthfrtom Ref. [12]

Whichever the framework chosen, collective phenomena will play a md@r Adthough some-
what put aside in the so-called microscopic “fundamental” particle physitiective effects can affect
dramatically the behavior of elementary particles in a medium under certairtioosd Besides the
well-known examples of BCS and BEC phases in condensed matter systgjnarjd also in dense
quark matter [14], it was recently found that photons can form a Basgtdin condensate [15]. In fact,
the textbook case of water and its different phases is quite illustrative dgttireess that comes from col-

lective phenomena that would hardly be guessed from the case ofeverihon-interacting elementary
particles.

In terms of the thermodynamics, or many-body problem, the basic idea is tolp#rtu(confined)
vacuum to study confinement by heating (temperature), squeezing atanoing species (chemical
potentials for baryon number, isospin, strangeness, etc) and usirsicalasxternal fields (magnetic,
electric, etc), so that the system is taken away from the confined phddsaak. One can also relate
(or not) confinement to other key properties of strong interactions, asichiral symmetry. And, from
the theorist standpoint, draw all possible phase diagrams of QCD and itsifictheories” (realizations
of QCD with parameters, such as the number of colors or flavors, or thesvaf masses, that are not
realized in Nature) to learn basic facts. There are several exampéeagirknown being the ‘Columbia
plot’, where one studies the nature of the phase transitions and criticaldmése (m,, = mg4, ms)
plane. Nevertheless, if one draws a cartoon of the phase diagram inrtheregure vs. quark chemical
potential, for instance Fig. 1, and compares it to computations from effattddels, lattice simulations
and freeze-out points extracted from high-energy heavy ion collisidéa, @ne sees that the points still
scatter in a large area [16]. So, there is still a long way ahead.
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1.2 Where?

According to the Big Bang picture and the current description of the evolofithe early universe [17],
we expect that at about)—>s after the Big Bang a soup of quark-gluon plasma (in the presence
electrons, photons, etc) has undergone a phase transition to cordithesh®. This was, of course, the
first realization of a QCD transition. This process was thermally driverhapgened at very low baryon
chemical potential.

It is quite remarkable that the scales of strong interactions allow for theiexgmal reproduction
of analogous conditions in high-energy ultra-relativistic heavy ion collsiorthe laboratory [18]. In
a picture by T. D. Lee, these collisions are seen as heavy bulls that catliigemerate new states of
matter [19]. Such experiments are under way at BNL-RHIC [20] and HERC [21], and will be part
of the future heavy ion programs at FAIR-GSI [22] and NICA [23].

For obvious reasons, it is common to refer to such experiments as “LittlesBaHgwever, one
should be cautious with this point. In spite of the fact that the typical enargles involved need to
be the same, as well as the state of matter created, the so-called quarlpiglsioa [24], the relevant
space-time scales differ by several orders of magnitude. Using a simiexapation for the equation

of state,

7T2

~ o~ 4
3p~en 30N(T)T , 1)
wherep is the pressure; the energy density and¥ (7") the number of relevant degrees of freedom, wi
can easily estimate the typical sizes involved. The radius of the univethe &CD phase transition
epoch, as given by the particle horizon in a Robertson-Walker spacg2bhewhere the scale factor

grows asu(t) ~ t", is given by ¢ = 1/2 and N (T") ~ 50 at this time for QCD)

11 45 \'? Mp  1.45x10'®
Luniv(T) ~ ( ) (WN(T)) T2 - (T/GGV)2 liN(T) fm . (2)

Here Mp is the Planck mass, and it is clear that the system is essentially in the thermodyinamic

Fig. 2: Cartoon representing non-central heavy ion collisionshaowd they affect the size of the system.

On the other hand, in heavy ion collisions the typical length scale of the systémcp <
10 — 15 fm, so that the system can be very small, especially if one considers ninalamllisions [26]
(see Fig. 2). One can develop analogous arguments for the time scaasbgithe expansion rates,
finding that the whole process in the early universe happens adiabatightyeas in heavy ions it is
not even clear whether the system can achieve thermal equilibrium, gigezxghosive nature of the
evolution in this case. So, there are certainly large differences (in time agthlecales) between Big

and Little Bangs...

Keeping this caveat in mind, heavy ion experiments have been investigatinghases of matter
at very high energies for more than a decade, producing an awesonuataofdnteresting data and a
richer picture of strong interactions (see Ref. [27] for a review).

In the realization of the Big and Little Bangs one is always in the high temperahadow
density (small baryon chemical potential) sector of the phase diagranoofjstiteractions. However,
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high densities (at very low temperatures) can also probe new statesrohlachatter, and that is what
is expected to be found in the core of compact stars [28]. There, negephcondensates and even colc
superconductivity may be present. In particular, the deconfinementtdral transitions might affect
significantly the explosion mechanism in supernovae [28] via modificationgiadbation of state.

After a neutron (or hybrid) star is formed, densities in its core can in piecgach several times
the nuclear saturation density = 0.16 fm > = 3 x 10g/cm?®, which corresponds to squeezing?
solar masses into a sphere~ofl0 km of radius. To describe these objects, one needs General Relati
besides in-medium quantum field theory.

1.3 How?

The reader is hopefully already convinced that, in order to describehtieomenology of the phase
structure and dynamics of strong interactions under extreme conditioasemus all possibilities at
disposal: theory, effective modeling, etc. We do not have one probterada but a myriad of different
problems. So, one has to make a choice. Our focus here will be the eqofsitaite, of which we will
discuss a few aspects.

At this point, we are lead again to the “why” question. And the answer isusecdesides carry-
ing all the thermodynamic equilibrium information we may be interested in, it is alsbébie crucial
ingredient for dynamics, structure, etc. In fact, the phase diagranomps determined in every detail
by the full knowledge of the pressupéT’, i, B, . ..). This will determine all phases present as we die
different knobs, or control parameters, such as temperature or clgrotentials.

The structure of a compact star, for instance, is given by the solutior @idiman-Oppenheimer-
Volkov (TOV) equations [28], which encode Einstein’s General Relgtiield equations in hydrostatic
equilibrium for a spherical geometry:

d GM(r)e(r) (r) 4rr3p(r)
el [1 - 2EM0)] [”fm} {”Mf;)] | ©
% — 4m2e(r) ; M(R) =M. (4)

Given the equation of state = p(e), one can integrate the TOV equations from the origin until th
pressure vanisheg(R) = 0. Different equations of state define different types of stars (whiteafdwa
neutron stars, strange stars, quark stars, etc) and curves on theagiassdiagram for the families of
stars.

Furthermore, to describe the evolution of the hot plasma created in highyemeavy ion colli-
sions, one need to make use of hydrodynamics, whose fundamentéibaguencode the conservation
of energy-momentumgy, 7#* = 0) and of baryon number (or different charge8){zv* = 0, with
vtv, = 1). These represent only five equations for six unknown functionsaduétional constraint
provided by the equation of state. Hence, it is clear that we really needtiadien of state to make any
progress.

In principle, we have all the building blocks to compute the equation of statel@grangian of
QCD is given, so one would have “simply” to compute the thermodynamic poteintiad which one can
extract all relevant thermodynamic functions. The fact that the vacd@&® is highly nonperturbative,
as discussed previously, makes it way more complicated from the outset.e Anaw, QCD matter
becomes simpler at very high temperatures and densifies)d ;. playing the role of the momentum
scale in a plasma, but very complicated in the opposite limit. On top of thahdx are, unfortunately,
not high enough in the interesting cases, so that the physically relegpon ie way before asymptotic
freedom really kicks in. Perturbative calculations are still an option, leut dme has to recall that finite-
temperature perturbative QCD is very sick in the infrared, and its naiveulation breaks down at a
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Equation of state - nalve field map

hadrons quarks
low ternp. e high termp.

and density TeoT, i, and density
hadronic models, pQCD at T>O & W0
nuclear field theory asymptotic freedom

where all the things that matter happen..

there is no appropriate formalism yet!

Fig. 3: Cartoon of the naive field map for the equation of state fangfinteractions.

scale given by/?7T [29]. This is known as Linde’s problem: at this scale, fqia- 1)-loop diagram for
the pressure, fof > 3 all loops contribute to the term of ordg? even for weak coupling [29].

The situation does not look very promising, as illustrated by the cartoon of3ighich shows
that there is no appropriate formalism to tackle with the problem in the physieddlyant region for the
phase structure, namely the critical regions. However, there areasesss out. Some popular examples
being: very intelligent and sophisticated “brute force” (lattice QCD), iritengse of symmetries (ef-
fective field theory models), redefining degrees of freedom (quisilgamodels), “moving down” from
very high-energy perturbative QCD, “moving up” from hadronic lomergy (nuclear) models. And we
can and should also combine these possibilities, as discussed previously.

2 Symmetries of QCD and effective model building
2.1 The simplest approach: the bag model

Before discussing the building of effective models based on the symmetriegher approximate sym-
metries, of QCD, let us consider a very simple description: the MIT bag ma8ghpplied to describe
the thermodynamics of strong interactions.

The model incorporates two basic ingredients, asymptotic freedom afideoent, in the sim-
plest and crudest fashion: bubbles (bags) of perturbative vasuarconfining medium, including even-
tual O(«as) corrections. Asymptotic freedom is implemented by considering free quarttsgluons
inside color singlet bags, whereas confinement is realized by imposinthtéhaéctor current vanishes
on the boundary.

Then, confinement is achieved by assuming a constant energy demditye feacuum (negative
pressure), encoded in the so-called bag condbara phenomenological parameter extracted from fit
to hadron masses3 can also be viewed as the difference in energy density between the QChen
perturbative vacua. A hadron energy (for a spherical bag)weseiontributions from the vacuum and
the kinetic energy, so that its minimum yields

16

Byt = rRiB 5)
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and the hadron pressure (at equilibrium)

OFE}, const
T ©
Assuming the existence of a deconfining transition, the pressure in thie-gluan plasma phase
within this model is given by

7 >7T2T4_B’ @

PQGP = <Vb + ZVf 90
whereas the pressure in the hadronic phase (taking, for simplicity, a ag)nsygiven by

w274

W ) (8)

Pr = Vg

neglecting masses. Here, we have the following numbers of degreeedbm,, = 3, v, = 2(N2—1)
andvy = 2NNy for pions, gluons and quarks, respectively.

For instance, folN. = 3, N; = 2 and B/* = 200 MeV, we obtain the following critical

temperature:
458
T.=|—= | ~144 M
<177r2> eV 9)

and a first-order phase transition as is clear from Fig. 4. The value cofitieal temperature is actually
very good as compared to recent lattice simulations [30], considering thas tavery crude model. On
the other hand the nature of the transition, a crossover, is almost byuatisirmissed in this approach.

1 1 1 1
4_
— QGP ba
3 — pion gas|
+
a2t -
1 4
0 1 I 1 1 1
0 100 200 300 400 500
T (MeV)

Fig. 4: Pressures in the bag model description.

2.2 Basics of effective model building in QCD

To go beyond in the study of the phases of QCD, one needs to know its syiesnatrd how they are
broken spontaneously or explicitly. But QCD is very involved. First, it i©a-abelianSU(N,) gauge

theory, with gluons living in the adjoint representation. Then, theré\grdynamical quarks who live in
the fundamental representation. On top of that, these quarks have méssesre all different, which
is very annoying from the point of view of symmetries. So, in studying thesghaf QCD, we should
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do it by parts, and consider many “cousin theories” which are very simil@Q® but simpler (more
symmetric). In so doing, we can also study the dependence of physiecramgters which are fixed in
Nature.

Fig. 5 illustrates the step-by-step process one can follow in assembling tivaetyy features
present in QCD and learning from simpler theories, as well as cousini¢gseoNotice that the full
theory, whose parameters are given by comparison to the experimengalne@ants, has essentially no
symmetry left. Yet, some symmetries are mildly broken so that a “memory” of themimemghis fact
allows us to use “approximate order parameters”, for instance, a dahegs very useful in practice to
characterize the chiral and deconfinement transitions.

Thez basic hizrarchy is the Following:
g

pure glue SU(N):

® Z(N) symmetry (SSB)
® order parameter: Polyakov loop L
o deconfining trans.: N=2 (2" order), N=3 (weakly 15" order)

+ massless quarks:

® chiral symmetry (SSB)

® order parameter: chiral condensate ¢

o Z(N) explicitly broken, but rise of L <> deconf.
e chiral trans.: N=3,2 (N=2) - 2" order

+ massive quarks:

Z(N) and chiral explicitly broken
Yet vary remarkably and L < ¢

Fig. 5: Basic hierarchy in the step-by-step approach to QCD.

2.3 SU(N.), Z(N.) and the Polyakov loop
In the QCD Lagrangian with massless quarks,

1 .
L = §T1“FWF“”+(jz'y“D#q, (20)
D, = (8, —igA,). (11)
)
F/u/ = ; [DH(A)vDV(A)] ) (12)

we have invariance under loc8lU (N,). In particular, we have invariance under elements of the cent
groupZ(N,) (for a review, see Ref. [31])

2

Nel. (13)

Q. = e’
At finite temperature, one has also to impose the following boundary conditions

Au(@,B) = +AuZ,0), (14)
Q( 75) = _Q(fvo)' (15)

Any gauge transformation that is periodicirwill do it. However, ‘t Hooft noticed that the class of
possible transformations is more general. They are such that

8y

Q& B) =92 , Q0 =1, (16)
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keeping the gauge fields invariant but not the quarks.

For pure glue thisZ(N.) symmetry is exact and we can define an order parameter - the Polya
loop:

1 B
L(z) = FTrPexp [lg/ dr T Ag(Z, 7'):| , 17)
c 0
with L transforming as
L(Z) — Qo L(@) 1 = ' ¥ L(7) . (18)

At very high temperatureg, ~ 0, andg — 0, so that

- 2nT

(O)=e"Nely , Lo~T1, (19)

and we have & -fold degenerate vacuum, signaling spontaneous symmetry breakingbal g1QV,).
At T = 0, confinement implies thay = 0. Then,{, = 0 can be used as an order parameter for th
deconfining transition:

bo=0,T<T. ; bo>0,T>T,. (20)

Usually the Polyakov loop is related to the free energy of an infinitely heatyterk via (confinement:
no free quark)

(0) = e Frest/T | (21)

See, however, the critical discussion in Ref. [31].

Fig. 6: Effective potential for the Polyakov loop fat < T, (upper) and’ > T, (lower). Extracted from Ref. [32].

The analysis above is valid only for pure glue, i.e. with no dynamical quit&aever, we can still
ask whethe¥ (3) is an approximate symmetry in QCD. On the lattice, in full QCD, one sees a reloharke
variation of¢ aroundT, so that it plays the role of an approximate order parameter [33]. Noteever,
thatZ(3) is broken at high, not lowW’, just the opposite of what is found in the analogous description
spin systems, such as Ising, Potts, etc [13]. The effective potentitiidd?olyakov loop is illustrated in
Fig. 6.
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2.4 Adding quarks: chiral symmetry

In the limit of massless quarks, QCD is invariant under global chiral rotstiqdV ), x U(Ny) g of the
quark fields. One can rewrite this symmetry in terms of vectdor={ R + L) and axial A = R — L)
rotations

U(Ng) x U(Ny)r ~ U(Nyg)v x U(Ny)a - (22)
ASU(N) ~ SU(N) x U(1), one finds
U(Ng)p x U(Nyg)gr ~ SU(Ng)p x SUNg)r x U(L)y x U(1)a , (23)

where we see th& (1) from quark number conservation and #i€l) 4 broken by instantons.

In QCD, the remainingU (Ny)r, x SU(Ny)r is explicitly broken by a nonzero mass term. Take
for simplicity, Ny = 2. Then,

1 _ _ _ _
L= ZFﬁyFG“V + dJL’Y”D;ﬂf)L + T,ZJR’)/“DN¢R — mu(ﬂLuR -l-ﬂRuL) — md(deR + deL) , (24)

so that, for non-vanishingw, = mg, the only symmetry that remains is the vector iSOsBiA(2)y .
In the light quark sector of QCD, chiral symmetry is just approximate. TFfanmassless QCD, one
should find parity doublets in the vacuum, which is not confirmed in the hadspectrum. Thus, chiral
symmetry must be broken in the vacuum by the presence of a quark aidgigsate, so that

SU(Ny)r x SU(Nyg)r = SU(Ny)v (25)

and the broken generators allow for the existence of pions, kaons, etc.

Hence, for massless QCD, we can define an order parameter for titeispous breaking of chiral
symmetry in the vacuum - the chiral condensate:

(0[¢]0) = (O[¢L¥R|0) + (0]¥ g¥L|0) , (26)

so that this vacuum expectation value couples togethel el R sectors, unless in the case it vanishes
For very high temperatures or densities (law), one expects to restore chiral symmetry, melting th
condensate that is a function ®f and quark masses and plays the role of an order parameter for
chiral transition in QCD.

Again, the analysis above is valid only for massless quarks. Howevetawstill ask whether
QCD is approximately chiral in the light quark sector. On the lattice (full masQ€D), one sees a
remarkable variation of the chiral condensate aroflihdso that the condensate plays the role of a
approximate order parameter [33].

In summary, there are two relevant phase transitions in QCD, associatesparttaneous symme-
try breaking mechanisms for different symmetries of the action: (i) an appateZ (N.) symmetry and
deconfinement, which is exact for pure gaufjé(/N.) with an order parameter given by the Polyako\
loop; (ii) an approximate chiral symmetry and chiral transition, which is efcaahassless quarks, with
an order parameter given by the chiral condensate.

One can try to investigate these phase transitions by building effective mioalsdsl on such
symmetries of the QCD action. Then, the basic rules would be: (i) keepinglallant symmetries
of the action; (ii) trying to include in the effective action all terms allowed by thesen symmetries;
(iii) developing a mimic of QCD at low energy using a simpler field theory; (ivding, whenever
possible, analytic results at least for estimates and qualitative behavidirkien examples are the
linear sigma model, the Nambu-Jona-Lasinio model, Polyakov loop models am [24]. Although
they represent just part of the story, combined with lattice QCD they maydagwood insight.
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3 A final comment

Instead of conclusions, just a final comment on a point we have alreadg mahe discussion above.
To make progress in understanding, or at least in collecting facts adeMtpffinement and chiral sym-
metry, we need it all: experiments and observations, lattice simulations, theegiodments, effective
models, and also combinations whenever possible. In that vein, it is abgauteial to have theorists
and experimentalists working and discussing together.

Acknowledgements

The work of ESF was financially supported by the Helmholtz InternationatéCdor FAIR within the
framework of the LOEWE program (Landesoffensive zur EntwicklWigsenschaftlich-Okonomischer
Exzellenz) launched by the State of Hesse.

References
[1] G. Altarelli, hep-ph/0204179.
[2] K. Fukushima, J. Phys. G9(2012) 013101.

[3] D. J. Gross and F. Wilczek, Phys. Rev. L@ (1973) 1343; H. D. Politzer, Phys. Rev. Le30
(1973) 1346.

[4] T.van Ritbergen, J. A. M. Vermaseren and S. A. Larin, Phys. Be#00(1997) 379.

[5] G. 't Hooft, hep-th/0010225.

[6] C.-N. Yang and R. L. Mills, Phys. Re®6 (1954) 191.

[7] Clay Mathematics Institutéttp : //www.claymath.org/millennium/ Yang — Mills_ Theory/.
[

8] J. F. Donoghue, E. Golowich and B. R. Holsteynamics of the standard mod€lamb. Monogr.
Part. Phys. Nucl. Phys. Cosm@l(1992) 1.

[9] S. PokorskiGauge Field Theorie€Cambridge Monographs On Mathematical Physics, 1987).
[10] F. Wilczek, Phys. Toda$3N8(2000) 22.
[11] S. Borsanyi, G. Endrodi, Z. Fodor, S. D. Katz and K. K. SzalttEzP1207(2012) 056.
[12] E. S. Fraga, Y. Hatta, R. D. Pisarski and J. Schaffner-Biethdil-th/0301062.
[13] L. E. Reichl,A Modern Course in Statistical Physi@#/iley, 2009).
[14] M. G. Alford, A. Schmitt, K. Rajagopal and T. Schtfer, Rev. Mdthys.80 (2008) 1455.
[15] Jan Klaerset al,, Nature468(2010) 545.
[16] M. A. Stephanov, Prog. Theor. Phys. Sud@3(2004) 139 [Int. J. Mod. Phys. 20 (2005) 4387].

[17] E. W. Kolb and M. S. TurneiThe Early UniversgFront. Phys69 (1990) 1; S. Weinbergzosmol-
ogy (Oxford University Press, 2008).

[18] C.Y.Wong,Introduction to High-Energy Heavy lon Collisio(é/orld Scientific, Singapore, 1994).
L. P. Csernailntroduction to Relativistic Heavy lon Collisiorfdohn Wiley and Sons, Chichester,
1994). J. Harris and B. Muller, Ann. Rev. Nucl. Part. Si8.(1996) 71.

[19] L. McLerran and N. Samiog,. D. Lee: Relativistic Heavy lon Collisions and the Riken Brookhave
Center BNL-77850-2007-CP.

[20] RHIC — Relativistic Heavy lon Collider, http://www.bnl.gov/rhic/

[21] LHC — Large Hadron Collider, http://home.web.cern.ch/about/experiments/
[22] FAIR — Facility for Antiproton and lon Research, http://www.gsi.de/fair/

[23] NICA — Nuclotron-based lon Collider Facility, http://nica.jinr.ru/

[24] D. H. Rischke, Prog. Part. Nucl. Phy&2 (2004) 197; K. Yagi, T. Hatsuda and Y. Miak@uark-
Gluon Plasma: From Big Bang To Little BapnGamb. Monogr. Part. Phys. Nucl. Phys. Cosr2@al.
(2005) 1.

166



QCD UNDER EXTREME CONDITIONS: AN INFORMAL DISCUSSION

[25] S. WeinbergGravitation and Cosmology: Principles and Applications of the Generabmhef
Relativity(Wiley, 1972).

[26] L. F. Palhares, E. S. Fraga and T. Kodama, J. P3§£2011) 085101.

[27] T. Ullrich, B. Wyslouch and J. W. Harris, Nucl. Phys.994-905(2013) pp. 1c.

[28] N. K. GlendenningCompact Stars — Nuclear Physics, Particle Physics,and General Relati\
(Springer, New York, 2000).

[29] J. I. Kapusta and C. Gal&jnite-Temperature Field Theory: Principles and Applicatidi@am-
bridge University Press, 2006); M. Le Bellathermal Field TheoryCambridge University Press,
1996).

[30] O. Philipsen, Prog. Part. Nucl. Phy& (2013) 55.
[31] R. D. Pisarski, hep-ph/0203271.
[32] A.J. Mizher, M. N. Chernodub and E. S. Fraga, Phys. Re82[2010) 105016.

[33] S. Borsanyi, S. Durr, Z. Fodor, C. Hoelbling, S. D. Katz, S. iriB®. Nogradi and K. K. Szabet
al., JHEP1208(2012) 126.

167



