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Fig. 3.4. The nature of finite-temperature QCD phase structure as a function
of quark masses mq and ms.

plasma. However, experimental searches for quarks have not succeeded
[186]. The experimental limits which were set suggest that confinement
is a fundamental physical property. This being the case, we are of the
opinion that, in the physical world, the transformation from the confined
to the deconfined phase is a discontinuous phase transition, most likely
of first order. For this reason, we placed the physical quark-mass point
within the region of first-order phase transition in Fig. 3.4. This topical
area is undergoing a rapid evolution.

4 Statistical properties of hadronic matter
4.1 Equidistribution of energy

The physical tools required to describe in further detail the properties of
hot hadronic matter are much like the usual ones of statistical physics,
which we briefly introduce and review. A more detailed analysis will
follow.

Consider a large number N of identical coupled systems, distinguish-
able, e.g., by their energies F;. To simplify the matter, we assume that
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4 Statistical properties of hadronic matter 55

the energies E; can assume only discrete values, and that there are K
different ‘macro’ states such that K < N. Some of the energies of the
macro states will be equal, i.e., most are occupied more often than once,
and in general n; times. The total energy,

K
EMN = "n,E;, (4.1)
=1

is conserved. Further below, we will introduce also conservation of a
discrete quantum number, e.g., the baryon number. We note another
subsidiary condition arising from the definitions:

K
> ni=N. (4.2)

Without an additional quantum number, systems with the same energy
E; are equivalent, i.e., in the language of quantum statistics, indistin-
guishable.

The distribution n = {n;} having the same energy F; can be achieved
in many different ways. To find how many, consider the relation

KN=(z1+z0+ 4 2g)V |21
B P L (3)
oy nl!ngl---nK! L2 K lzi=1 '

The normalized coefficients,

K-NN!
K )
[T na!
are the relative probabilities of realizing each state in the ensemble n,
with n; equivalent elements. The practical way to find the most probable

distribution 7 is to seek the maximum of In W, Eq. (4.4), subject to the
constraints Egs. (4.1) and (4.2),

A(ni,ng,..,ng)=InW(n) — aZni — ﬁanEl, (4.5)

W(n) = (4.4)

characterized by two Lagrange multipliers ¢ and 3. We differentiate
Eq. (4.5) with respect to the n;:

0
on; [ ln(nz') nia ﬁanz]

Insofar as all n; > 1, we can use the relation
In(k!) — In[(k — 1)!]
k)= (h—1)

= 0. (4.6)

M

i[ln(l{!)] ~~

o = Ink. (4.7)
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56 A new phase of matter?

One obtains for the maximum of the distribution Eq. (4.4), i.e., for the
statistically most probable distribution n = {7;}, the well-known expo-
nential

fi; = ye PP (4.8)

where the inverse of the slope parameter ( is identified below as the
temperature:

1o

The supplementary condition Eq. (4.2), given the set n, now reads

K
=gy ePP=N. (4.10)
i =1

The quantity 7,

y=e 9 (4.11)

as seen in Eq. (4.10), controls the total number of members of the ensemble

N. It is the chemical fugacity introduced in section 1.1. We will meet

both statistical parameters 7" and v many times again in this book.
Employing Eq. (4.8), we find for the energy EW) Eq. (4.1),

E(N) = Z nB; = ’YZ EiefﬁEi. (4.12)

On dividing E®) by N, we obtain the average energy of each member of
the ensemble:

— =W =Il=t = _ __InZ 4.13
N Y Zz e PE: ag ( )
We introduced here the canonical partition function Z:
Z =Y ne PE (4.14)
i

Unlike the microscopic (micro-canonical) approach in which the energy
for each member of the ensemble is fixed, in the statistical ‘canonical’
approach, one studies the most likely distribution of energy and other
physical properties among members of the ensemble. These properties
are controlled solely by the statistical parameters § and v which are the
Lagrange multipliers related to the conservation of energy, and the num-
ber of members of the ensemble.
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4 Statistical properties of hadronic matter 57

4.2 The grand-canonical ensemble

We will now relax the assumption that only energy is equipartioned as it
is exchanged between macro systems. In the grand-canonical approach,
we seek the most probable statistical distribution allowing for the flow of
a discrete quantum number between the individual members of the statis-
tical ensemble. In passing, we also show how the mathematical framework
of the grand-canonical approach offers a convenient path to the evalua-
tion of the canonical ensemble quantities, when discrete conservation laws
apply.

We proceed in every detail as before, but need to characterize each
macro state by an additional discrete number, and we need to introduce
a further subsidiary condition to assure that this (baryon) number is
conserved:

N
> nbb; = bN) = Nb;. (4.15)
=1

Here, b; is the average number of baryons in each ensemble member con-
sidered. The condition Eq. (4.15) introduces a further constraining La-
grange parameter into Eq. (4.6), which we write in the form —InA. In
this way the generalization of Eq. (4.6) is

o In(n!) — nla — pnlE; + ln)\n?b,}

- = 0. (4.16)

MNm
Proceeding as in section 4.1, we obtain the most probable distribution of
n; as

ny = yA\e (4.17)
where the number of particles is controlled by the fugacity factor A and

the factor v = e7%, see Eq. (4.11). It is common practice to introduce the
chemical potential u:

pw=TIn\, A=efr=et/T, (4.18)

The chemical potentials shown have physical meaning, and determine the
energy required to add/remove a particle at fixed pressure, energy, and
entropy. Following the method that led us to Eq. (4.13), we obtain

_ i Ei \big— BE: d

We have introduced the grand-canonical partition function Z:
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Z(V,B3,\) =~ Z Mie~ (4.20)
Z isin fact also a ‘generating’ function for the canonical partition function
Zba
BV.5) = 5 25, (121)
PP omi AbH ’ '

where Z,(V, 3) describes a system with a fixed baryon number b. The
path of integration in Eq. (4.21) leads around the singularity at A = 0; it
is often chosen to be the unit circle.

We can also evaluate the average value of b for the grand-canonical
partition function:

B Zi;b bl )\biei B
a D AbiePE

N\ . d
—A—(lnzw\b > A Z(3, ). (4.22)

4.3 Independent quantum (quasi)particles

Elementary quantum physics allows a simple evaluation of the grand-
canonical partition function. The discrete energies E; of the physical
systems in the statistical ensemble we introduced above are now to be
understood as eigenenergies with eigenstate |i) of a quantum Hamiltonian
H:

Hli) = Eyi). (4.23)

Since the (conserved-baryon-number) operator b commutes with the Ham-
iltonian, [l;, H ] = 0, the eigenstates can furthermore be characterized by
their baryon number (and strangeness, and other discrete quantum num-
bers that are constants of motion, but we restrict the present discussion
to the baryon number only). We have

bli, b) = bli, b). (4.24)
The grand-canonical partition function, Eq. (4.20), can be written as
Z= Z(z’,bhe_ﬁ(ﬁ_“i’)ﬁ,b)zTrve_ﬁ(H_“i’), (4.25)
ib

— Z<n|€—6(ﬁ—#5—6‘1 )|y,
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4 Statistical properties of hadronic matter 59

The great usefulness of this relation is that the trace of a quantum op-
erator is representation-independent; that is, any complete set of micro-
scopic basis states |n) may be used to find the (quantum) canonical or
grand-canonical partition function. This allows us to obtain the physi-
cal properties of quantum gases in the, often useful, approximation that
they consist of practically independent (quasi)particles, and, eventually,
to incorporate any remaining interactions by means of a perturbative
expansion.

The reference to quasi-particles is made since, e.g., in a medium, masses
of particle-like objects can be different from masses of ‘elementary’ par-
ticles. Generally there will be collective excitation modes characterized
by a mass spectrum. In this respect, dense hadronic matter behaves
like any dense-matter system. As long as there is a set of well-defined
excitations, it really does not matter whether we are dealing with real
particles or quasi-particles, when we compute the trace of the quantum
partition function Eq. (4.25). Putting it differently, even though we com-
pute the properties of a ‘free’-particle quantum gas, by choosing a suitable
quasi-particle basis, we accommodate much of the effect of the strong in-
teractions between particles.

The ‘single (quasi)particle’ occupation-number basis is the suitable one
for the evaluation of the trace in Eq. (4.25). In this approach, each macro
state |n) is characterized by the set of occupation numbers n = {n;} of
the single (quasi)particle states with baryon charge b; of energy ¢;, and
the state energy is given by FE, = ) . n;s;. The sum over all possible
states corresponds to a sum over all allowed sets n: for fermions, each
n; € 0,1 and for bosons, n; € 0,1,2,...,00:

z— Z e S niBlei—pbi—B71 1117)’

n
— Z H e—niB(ei—pbi—p  Iny) (4.26)
n (2
In this case the sum and product can be interchanged:
ZHe—mﬁ(az‘—Mbi—ﬁfllﬂv) — H Z e—mﬁ(fi—ubi—ﬁfllnﬂ_ (4.27)
no i i n;=0,1...

To show this equality, one considers whether all the terms on the left-
hand side are included on the right-hand side, where the sum is not over
all the sets of occupation numbers n, but over all the allowed values of
occupation numbers n;. For fermions (F, Fermi-Dirac statistics) we can
have only n; = 0,1, whereas for bosons (B, the Bose—Einstein statistics)
n; = 0,1,...,00. The resulting sums are easily carried out analytically:

+1
In Zgp = In [ (1 + ye*ﬁ(sfﬂbﬂ) =+ In(1 £ 9\ le 7). (4.28)
% A
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The plus sign applies to F, and the minus sign to B; fermions have Pauli
occupancy 0, v, of each distinct single-particle state, and bosons have
occupancy 0, ', 272, ..., co. The factor 4" arises naturally since we
have not tacitly set the occupancy of each single-particle level to unity as
is commonly done when absolute chemical equilibrium is assumed.

For antiparticles, the eigenvalue of b, in Eq. (4.28), is the negative of
the particle value. Consequently, the fugacity A; for antiparticles f is

A=A (4.29)

It is convenient to also introduce this change in sign into the definition
of the chemical potential, see Eq. (4.18), and to introduce particle and
antiparticle chemical potentials such that

(430

These relations, Eqs. (4.29) and (4.30), will often be implied in what fol-
lows in this book. The microscopic (quasi)particle energy is denoted by
¢ in Eq. (4.28). For a homogeneous space—time, it is determined in terms
of the momentum p’in the usual manner:

g; = y/m? + p2. (4.31)

In order to make any practical evaluations of Eq.(4.28), we need to
interpret the level sum ) . with some precision. If energy is the only
controlling factor then we carry out this summation in terms of the single-
particle level density o(e, V):

S = /deal(a,V)[...]. (4.32)

%

To obtain o7, i.e., the number of levels in a box of (infinite) volume V = L3
per unit of energy ¢, we note that quantum mechanics does not allow a
continuous range of p'in Eq. (4.31).

We consider a box L? with periodic boundary conditions and obtain
the complete set of plane-wave states 1 having the required periodicity,

b oiFa-X) _ ez’ﬁa()ﬂﬁL), (4.33)

where 77 = (n1,n9,n3) with n =0, £1, +2, .... This fixes the allowed pj,
to

Ly -l =2rk, k=0,+1,+2 ... (4.34)
This can be satisfied only if

2
P = %(kl, ko,ks),  with k; =0, £1, £2, ... (4.35)
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4 Statistical properties of hadronic matter 61

To sum over all single-particle states, we sum over all k;. The number
of permitted states equals the number of lattice points in the ‘inverse’ or
‘phase-space’ k-lattice. In the limit of large L,

3
[number of states in d°k] = <%> d3p = Ok d3p. (4.36)

Thus, we obtain the single-level density, Eq. (4.32):

3
SL.l= /ds(;ﬂ% L. (4.37)

i
We keep in mind that, in general, the replacement of the discrete-level

sum implies, in the limit of infinite volume of the system the phase-space
integral

31, 3
;Hg/ d(sz;Sp' (4.38)

Discrete quantum numbers, such as spin, isospin, and flavor, contribute an
additive component of the same form in the sum over the single-particle
states, which gives rise to the degeneracy coefficient g in Eq. (4.38). Aside
from the volume term shown in Eq.(4.38), there is, in general, also a
correction that has the form of a surface term. The magnitude and sign
of the surface term depend on the physical problem considered. We will
not pursue this topic further in this book; for a general discussion of this
subject see, e.g., [51,52].

4.4 The Fermi and Bose quantum gases

Allowing for the presence both of particles and of antiparticles, the quant-
um-statistical grand partition function Eq. (4.28) for a particle of mass m
and degeneracy g can be written explicitly as

d3
anF/B(V7 ﬁ) )\7 f)/) - igV /ﬁ[ln(l i 7)\efﬁ\/ p2+m2)
T

+In(1 £ A" te AVPREmY) | (4.39)

The second term in Eq.(4.39) is due to antiparticles. The well-known
‘clagsical’ Boltzmann limit arises from expansion of the logarithms, i.e.,
when it is possible to consider the exponential term as small relative to
unity:

3
I Za(V. B A7) = gV [T (A + A1)e—BViPTm? 4.40
(2m)3
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We will often use the (normalized) particle spectrum, the average rela-
tive probability of finding a particle at the energy F;, which is the coeffi-
cient of E; in Eq. (4.13). Using Egs. (4.8) and (4.10) we obtain

wz == N - Z] e—ﬁEJ
1 0 1 0
S 1 BE =2 —InZ. 4.41
5o | M 505" (41
The single-particle spectrum that follows from Eq. (4.28) is easily evalu-
ated,
B ~) — 1 4.42
fF/B(&ﬁ; ”Y)—ma (4.42)

where the plus sign applies for fermions, and the minus sign for bosons.
For antiparticles, we replace A by A™!. The classical Boltzmann approxi-
mation arises again in the limit in which it is possible to neglect the term
41 in the denominator, i.e., when the phase-space abundance is small,

frm = fa=Ae ", (4.43)

where A\ — 1/X for antiparticles. More generally, for yAe ™% < 1, this
Stefan—Boltzmann spectral shape can be written as an infinite series:

frp == i (iwe‘ﬁf)n. (4.44)
n=1

We consider, as an example, the spectra and yield of gluons, a special
case of interest to us among bosons. Their behavior is similar to the case
of photons (g, = 2) but gluons have an eight-fold greater color degeneracy
(g9¢ = 16). Both photons and gluons do not have an antiparticle partner,
and their number is unrestricted by particle/antiparticle conservation;
hence A\ — 1. We obtain

3

d°p -
Inz,,= —g%gV/Wln(l — ve P, (4.45)

where ¢ = ¢(p) = Vm?+ p? — [P, except when we consider a non-
vanishing thermal gluon mass in the medium. The particle occupation
probability is

frele) = o = |

1 [o.¢]
1= Z'y"e_”ﬁe, v < em, (4.46)
n=1
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The gluon (and photon) particle densities are

Ny, 1 d, d°p

Using the series expansion from Eq. (4.46), we can explicitly evaluate this
integral, substituting np/T for x term by term:

g’Yg 32 3/ dxl' e \/(nm/T)2+:Jc2 (448)
n

)

For m — 0 and v — 1, we obtain the well-known Stefan—Boltzmann
equilibrium limit:

prs = TET(3), (4.49)

with the Riemann zeta-function ((3) ~ 1.202; see Eq. (10.66b). Using
Eq. (10.50a), for the general case, to evaluate the integral, we obtain an
infinite sum over terms containing the Bessel function K (also called the
McDonald function), which is discussed in section 10.4:

X n
g 5 FY
prs="5Tm? Y ——Ka(nm/T). (4.50)

n=1

Many other properties of the quark—gluon gas are discussed in section 10.5.

The statistical method is a powerful tool to deal with the physics we ad-
dress in this book. Looking back, we recognize that we have assumed the
presence of sufficiently many (weakly) interacting (quasi)particles in this
discussion of basic results of statistical physics. Two important questions
come to mind.

e In our context, the practical question is that of how statistical physics
works when we have a few hundred (at the SPS), or a few thousand (at
the RHIC) particles experiencing a limited number of collisions each. In
this book, we will answer this question by consulting the experimental
results, and our finding is that the thermal particle spectra describe
experimental data very well.

e It seems that, perhaps, we could derive statistical-physics laws for any
type of many-object system — could it be that the statistical partition
function even describes the behavior of investors on Wall Street? Let
us clearly identify what specific tacit physical feature makes a system
of particles so much simpler to understand than a crowd of investors.
An appropriate economical toy model, in our context, would consist of
taking a ‘conserved’ number of Wall Street investors who, in view of
their frequent interactions, should see their investments equipartitioned
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into an exponential wealth distribution, provided that all members of
the same wealth class are, basically, indistinguishable, a hypothesis
many of our colleagues agree with. All the above equations apply, with
FE; being now the wealth range of n; investors. To compute anything
with precision we need, however, to specify the meaning of the discrete
sum, y _.; we need to know the number of ‘investors’ per unit of ‘wealth’.
In case of physical particles, this level density Eq. (4.37) is implicit in
our understanding of the many particle phase space, which allows us
to convert the symbolic expressions into quantitative equations. We
are not able to generalize this naively to non-physics applications of
statistical physics.

4.5 Hadron gas

Particularly important in our study is the hadronic ‘gas’ (HG) matter
consisting of individually confined hadronic particles. Although relativis-
tic dynamics is required, we can consider the classical (Boltzmann)-gas
limit Eq. (4.40) since, in a very ‘rich’ multicomponent phase, each parti-
cle species has a rather low ‘non-degenerate’ phase-space abundance. In
other words, at sufficiently high temperature, a high density of hadronic
particles can arise as a consequence of many hadron species contribut-
ing, and does not in general imply a quantum degeneracy of the phase
space. However, even in the HG phase, it is possible to encounter (pion)
quantum degeneracy, which requires full quantum statistics, Eq. (4.39).

To see why the classical Boltzmann distribution almost always suf-
fices in the hadronic gas phase of matter, consider the denominator of
the quantum distribution, Eq. (4.42): even for the least-massive hadronic
particle, the pion, the expansion of the denominator of quantum distribu-
tions makes good sense. For a range of temperatures up to 7' < 150 MeV
wherein confined hadrons exist, we find exp(—Er/T') < exp(—mx/T) < 1.
The limits of the Boltzmann approximation are tested when, e.g., the
phase space is oversaturated, i.e., vz > 1, or when the baryo-chemical
potential compensates for the mass term which could occur in extremely
dense baryonic systems.

We present next a brief survey of the properties of a hadronic Boltz-
mann gas, and refer to chapter 10 for further developments. We consider
a series expansion of the logarithmic function in Eq. (4.39):

1
mZ=>" ~Zn. (4.51)
n=1

Fach term comprises contributions from all contributing bosons B¢ and
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fermions Fy:

n/yn -n d3p -n,
Zp = Z gre (AF + A¢ )V/ e e
- @)
n+1 n/yn -n d3p —nfes
FE 0O ATV e (45

Ft

The single-particle energy f entering Eq. (4.52) depends on the mass my
of particle f, Eq. (4.31). Since the mass spectra of hadronic bosons and
fermions are quite different, n > 1 quantum corrections do not cancel out.

In the Boltzmann limit, the first term n = 1 is retained in Eq. (4.51)
and there is no distinction between the Bose and Fermi ideal gases in this
‘classical’ limit, as seen in Eq. (4.40):

_ dp
In ch = ng’}’()\f + >\f 1)V/W6 Pe(®) = Z(l) (453)
f

The last definition reminds us that the right-hand side of Eq. (4.53) is the
partition function arising for a single particle enclosed in a given volume.
This is not an entirely ‘classical’ expression. We note that

o0
Za=Y (2O, (4.54)
k=0
which expresses the fact that the partition function comprises the additive
contributions of terms for k£ microscopic particles. However, the quantum
indistinguishability is retained in the factor 1/k! — only with this quan-
tum factor can one obtain the correct ‘classical’ Maxwell distribution of
atoms in a gas. This issue marked strongly the pre-quantum-mechanics
development of statistical physics in the Boltzmann era since there was
no easy explanation why this factor was needed.
We already know the momentum integral appearing in Eq. (4.53), from

Eq. (4.48),
mz, =5V A+ ATHW 4.55
n cl—wzf:gﬂ(f‘i‘ f W (Bmy), (4.55)
where we used the function W(x) = x?Ks(z), shown in Fig.10.1 on
page 197.

Using Eq. (4.55), we obtain the properties of a hadronic gas in the clas-
sical (Boltzmann) limit. The ‘net’ (particle minus antiparticle) particle
density, Eq. (4.22),

T3
ppﬁpgyMM—yWMm%mma (4.56)
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pressure,
T

PCIZV

T4
InZ, = ﬁ Zf: ngf()\f + Af_l)(ﬁmf)QKQ(ﬁmf% (4-57)

and energy density,

0

1 T -1
€cl = 7 %lnzcl = o2 ;%W(Af + )‘f )

x [3(Bmy)? Ka(Bmy) + (Bme)* K1 (Bmy)]. (4.58)

comprise the sum over all particle fractions. In Eq. (4.56) we obtained the
difference between numbers of particles and antiparticles. The relation
between partition function and pressure which we introduced in Eq. (4.57)
is discussed in section 10.1, see Eq. (10.11). To obtain Eq. (4.58), we used
do? Ko(z)/dr = —2? K4 ().

The relativistic limits of Egs. (4.57) and (4.58) arise in view of the
properties of the Bessel function, Egs. (10.47) and (10.50b), Ka(x) — 2/2
and Ki(z) — 1/z, and only the K» term contributes:

T _
FPa——5 > g+ A,
f

374 _
a5 D g+ A7, (4.59)
f

In the case of fermions, the Pauli exclusion principle decreases the particle
degeneracy below the classical value. The energy and pressure shown in
Eq. (4.59) are reduced in the relativistic limit by the Riemann n-function
factor n(4) = Z1/90 = 0.9470. On the other hand, since bosons are
‘attracted’ to each other, one finds a greater than classical degeneracy,
expressed in the relativistic limit by the factor ¢(4) = 7%/90 = 1.0823.

For a relativistic hadron gas, comprising a similar number of fermions
and bosons, this quantum effect averages out. Thus, when we speak of an
effective number of degrees of freedom (also effective degeneracy) in HG,
we will use as a basis the classical expression Eq. (4.59):

P w2 €
P _ _ 2" € 0o~
geﬁ_Tr geff 3 T4

When T > m for all particles, or, equivalently, when 7" is the only relevant
energy scale, we have g/ ~ 9o

We consider, in Fig. 4.1, how g/; and ¢¢; look in a simple hadronic gas,
as functions of T. Solid lines correspond to g%, and dashed to gf;. The
thin lines are for the classical Boltzmann pion gas (¢gr = 3, mx ~ 140

(4.60)
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Fig. 4.1. Effective numbers of degrees of freedom from energy density (solid
lines) and pressure (dashed lines), Eq. (4.60), for a Boltzmann pion gas (thin
lines), and gas comprising Boltzmann pions, nucleons, kaons, and A(1232) for
v; = 1 and \; = 1, as functions of temperature 7.

MeV); thick lines also include the four kaons K, the nucleons N, and the
deltas A(1232), and for N and A their antiparticles (gx = 4, mg ~ 495
MeV; gn = 4, my =~ 939 MeV; and ga = 16, ma ~ 1232 MeV) evaluated
with all v = 1, as appropriate for chemical equilibrium, and A = 1, for
a nearly baryon-free system, as appropriate for the early Universe. We
see for the pion-only case (thin lines) the expected high-T" limit, which
is nearly reached already at T' ~ m,. However, because of the relatively
high hadron masses, the effective number of degrees of freedom keeps
rising even at 1" ~ 300 MeV toward its maximum for this example, which
is near 50. We also note that the energy density approaches its relativistic
limit faster than does the pressure, a point to which we shall return in
Eq. (10.58).
We draw two important conclusion from results seen in Fig. 4.1.

e Since pions are several times lighter than the next heavier hadronic
particle, they determine rather exactly the properties of a hadron gas
at ‘low’ temperature below T ~ (m,/2) MeV, as is seen in Fig. 4.1
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(the case that the net baryon and strangeness density is zero). Even at
T ~ my, the pion fractional pressure is still the dominant component.

e The influence of the numerous massive hadronic particles rapidly gains
in importance with rising temperature. At low temperature, the quan-
tum corrections (not shown in Fig. 4.1) are in fact more important
than the contributions of heavier particles since 2m, < my, h # .
For 2fm; < 1 in the HG phase, with g, = 3, (for derivation compare
Eq. (10.62)), we have

374
272

B

12

1
<’Yﬁ/\nw(5mn) + E’Y?I)‘Etweﬂmﬂ) + - ) . (4.61)
As the temperature increases, the small quantum correction remains a
minor effect compared with a rise due to excitation of numerous heavy
hadron states.

4.6 A first look at quark—gluon plasma

We consider next the properties of the QGP, modeled initially as an ideal
chemically equilibrated gas of quarks and gluons, including the effect of
confining vacuum structure. In the study of the quark-and-gluon gas,
our task is considerably simplified by the observation that the gluons and
light u and d quarks are to all intent massless particles, at least on the
scale of energies available in the hot plasma, i.e., T' =~ 200 MeV.

Since the energy density is, in general terms, given by (see Eqs. (10.7)
and (10.11))

01

€= —%Van(ﬁ,)\), (4.62)

in the absence of any dimensioned scales,

%mzw, ) = B73f(N), (4.63)

and we find

e=3671f(\) = 3% In Z(8,\) = 3P. (4.64)

The presence of masses of quarks, and in general scaled variables, breaks
this perhaps most used relationship of relativistic gases. It applies to
fermions, bosons, and classical gases. Equations (10.58)—(10.60) show how
the presence of masses reduces the pressure below €/3. Put differently,
massive particles are less mobile at a given temperature, and thus the
pressure they can exercise is smaller than €/3; the energy density € is
‘helped’ by the presence of masses, and is closer to the relativistic limit.

https://doi.org/10.1017/9781009290753.006 Published online by Cambridge University Press


https://doi.org/10.1017/9781009290753.006
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In the limit fm = m/T < 1, the phase-space integrals of ideal quantum
gases are easily carried out. We can effectively neglect the particle mass
m compared with the high momenta that occur. We also omit, at first,
chemical potentials. We obtain for the energy density

n—1
= p“dp = v (4.65)

Erp g [ P ﬁ743!i(i1)
Vv 272 Jo efPr+1 272 -

The infinite sums are the zeta and eta Riemann sums, see Egs. (10.66a)—
(10.67b), which for bosons give the well-known Stefan-Boltzmann result:

2

PB|m:O = %hl ZB‘m:O = %T4 = %EB = 5—5 (466)
We have made explicit the result ¢ = 3P, see Eq. (4.64), which is valid
when the mass of particles is small relative to their energy (massless
particles or ultra-relativistic gas). For fermions, the alternating sum in
Eq. (4.65) introduces a relative reduction factor, which is £, see Eq. (10.67b).
However, allowing for the presence of antifermions, the energy density and
pressure have to be multiplied by an extra factor of two, and become in

fact greater by a factor %:

EF g7T2 7 4
=—=="—"-T"=3PFP;. 4.67
TV T304 ’ (4.67)

For fermions, the inclusion of a finite chemical potential is of impor-
tance. In the limit m — 0, the Fermi integrals of the relativistic quan-
tum (degenerate) quark gas can be evaluated exactly at finite u, see
Eq. (10.73):

T («T)* (7, 150> 154"
po Ty a ! . 4.68
F’m—O Vv n F|m—0 g 9072 (4 + 2(77T)2 + 4(7TT)4 ( )

Since in the domain of freely mobile quarks and gluons the vacuum is
deconfined, a finite vacuum energy density (the latent heat of the vacuum)
arises within the deconfined region, as we have discussed at length in
section 3.1. This also implies that there must be a (negative) associated
pressure acting on the surface of this volume and attempting to reduce
the size of the deconfined region. These two properties of the vacuum
follow consistently from the vacuum partition function:

In 2., = —BV .| (4.69)

On differentiating Eq. (4.69) as in Egs. (4.57) and (4.58), we in fact find
that the perturbative vacuum region is subject to the (external) pressure
—B while the internal energy density is +B relative to the outside volume.
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Fig. 4.2. P =0 in the quark-gluon liquid in the (u,-T¢) plane. Dotted (from
right to left): breakup conditions of the liquid for expansion velocities v? =
1011 1,91
10°6°57 4 3

The partition function (i.e., pressure) of the quark—gluon phase is ob-
tained after we combine contributions from quarks, gluons, and vacuum:

T . 8 4
V In ZQGP :PQGP =-B + MCl(ﬂ'T)
57 | 12 (7T)* + - €3 ()" + FHa )| (4.70)

We have inserted the quark and gluon degeneracies as shown in Egs. (3.35a)
and (3.35b). The interactions between quarks and gluons manifest their
presence aside from the vacuum-structure effect, in the three coefficients
¢i # 1, see Egs. (16.1) and (16.2), [91]:

15
c1=1- 47: +oey (4.71a)
500y
-1 . 4.71b
C2 2Nr + ) ( 7 )
cy—1— 29 (4.71c)
T
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One can evaluate the pressure Eq. (4.70) by choosing values for B and
as. It turns out that the value of the running strong-interaction coupling
constant ag changes rather rapidly in the domain of interest to us, and
hence one needs to employ a function as(T), see Fig.14.3 on page 286.
Then, also allowing for the latent heat B, a surprisingly good agreement
with lattice results in section 15.5 is found, this is shown in Fig. 16.2 on
page 307. This comparison hinges strongly on an understanding of as(7T),
and inclusion of B.

Drawing on these considerations, we show the QGP-phase pressure con-
dition Pogp — 0 in Fig. 4.2. The solid line denotes, in the (uy—71¢) plane,
where Pogp = 0 in a stationary quark-gluon phase. The dotted lines
correspond (from right to left) to the condition Eq. (3.31) for flow veloc-
ities v? = 1—10, %, %,i and % for which an exact spherical expansion with
k = 1, see Eq.(3.32), was used. The last dotted line to the left cor-
responds to an expansion with the velocity of sound of relativistic (i.e.,
effectively massless) matter. For small baryo-chemical potentials, the
equilibrium phase-transition temperature of a non-dynamically evolving
system is somewhat greater than that shown here at the intercept of the
solid line at up = 0. The actual value is T, ~ 170 MeV, as it occurs at
finite pressure balanced by hadrons, compare with Fig. 3.2. Looking at
the high-flow-velocity curves in Fig. 4.2, we see that an exploding QGP
fireball can supercool to T" ~ 0.97.
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