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The equation of state (EoS) of quantum chromodynamics (QCD) at zero temperature can be
calculated in two different perturbative regimes: for small values of the baryon chemical potential
i, one may use chiral perturbation theory (ChEFT); and for large values of u, one may use per-
turbative QCD (pQCD). Each of these theories is controlled, predictive, and has much theoretical
development. There is, however, a gap for u € (0.97 GeV, 2.6 GeV), where these theories becomes
non-perturbative, and where there is currently no known microscopic description of QCD matter.
Unfortunately, this interval obscures the values of 1 found within the cores of neutron stars (NSs).

In this thesis, we argue that thermodynamic matching of the ChEFT and pQCD EoSs is a
legitimate way to obtain quantitative constraints on the non-pertubative QCD EoS in this inter-
mediate region. Within this framework, one pieces together the EoSs coming from ChEFT (or
another low-energy description) and pQCD in a thermodynamically consistent manner to obtain
a band of allowed EoSs. This method trades qualitative modeling for quantitative constraints: one
attempts no microscopic characterization of the underlying matter.

In this thesis, we argue that this method is an effective, verifiable, and systematically im-
provable way to explore and characterize the interior of NSs. First, we carry out a simplified
matching procedure in QCD-like theories that can be simulated on the lattice without a sign prob-
lem. Our calculated pressure band serves as a prediction for lattice-QCD practitioners and will
allow them to verify or refute the simplified procedure. Second, we apply the state-of-the-art
matched EoS of Ref. [1] to rotating NSs. This allows us to obtain bounds on observable NS prop-
erties, as well as point towards future observations that would more tightly constrain the current
state-of-the-art EoS band. Finally, as evidence of the ability to improve the procedure, we carry out

calculations in pQCD to improve the zero-temperature pressure. We calculate the full O(g® In” g)
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contribution to the pQCD pressure for n¢ massless quarks, as well as a significant portion of the

0(g®In g) piece and even some of the 9(g®) piece.
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CHAPTER 1

GENERAL INTRODUCTION

Quantum chromodynamics (QCD) is the microscopic theory of the strong nuclear force.
Fundamentally, it is a theory of interacting quarks and gluons, but by extension, it describes the
physics underpinning any objects composed of these elemental fields. Thus, in principle, the
theory of QCD describes a vast range of objects and phenomena. This ranges from phenomena
impacting our low-energy, everyday world (such as the structure and scattering of hadrons, the
binding of baryons to one another in nuclei, and the structure and properties of nuclei in atoms)
to much more exotic and energetic objects and processes (such as nuclear processes in the core
of typical stars, the structure and properties of compact neutron stars (NSs), and supernovae).
Unfortunately, in practice, most of these properties are not directly computable from the QCD path
integral itself (and even those that are require significant effort). The reason for this is that QCD
is non-perturbative at low energies. This means that only at high energies are the fundamental
quark and gluon fields useful descriptions of QCD: at the low energies relevant to our everyday
world, the weakly interacting degrees of freedom (i.e., the quasiparticles) are instead the baryons
and mesons. This change of degrees of freedom as one proceeds down in energy from colored
quarks and gluons to color-neutral hadrons is called confinement.

As a rule of thumb, perturbative (pQCD) calculations from the QCD path integral itself are

typically valid for energies much higher than the so-called Agcp scale, which is around 250 MeV.



That is, roughly speaking, for energy scales E such that E > Aqcp, perturbation theory is valid.
This is, of course a very rough estimate, for what constitutes “much greater than” in the problem
is sometimes complicated or unclear. One can look at the running coupling constant o () and
see when this becomes of order one, but this just shifts the problem to defining what “of order
one” means. In any case, according to the Particle Data Group [2], os(mz) = 0.1148 £ 0.0007,
and this increases to as(~ 5 GeV) = 0.2 and o5 (~ 1.5 GeV) = 0.3. Thus, E > Agcp more or less
translates to E > a few GeV. In what follows, we shall refer to this energy scale of a few GeV as the
perturbative scale: Apocp-

On the low-energy side of the spectrum, the quasiparticles are hadrons. Again, precisely
what determines “low-energy” requires some care, but it is approximately 1.2 GeV. This scale cor-
responds roughly to the mass of the lightest non-pionic hadrons. This distinction between pions
and the rest of the hadrons is relevant because the pions are anomalously light for a reason: there
is a symmetry of the QCD Lagrangian that is not manifest in the ground state. This symmetry is
called chiral symmetry, and the aforementioned energy scale is referred to as the chiral symmetry
breaking scale Acgsp. At low energies, another perturbative theory exists called chiral effective
theory (ChEFT) which allows one to compute low-energy properties and processes within a con-
trolled framework [3, 4].

There is however, a pronounced gap in energies between Acssp and Apqcp, which is out of
reach of any perturbative framework. To explore this region, one can resort to model Lagrangians
that incorporate some relevant phenomena, such as confinement or chiral symmetry breaking,
but in these models there is no controlled perturbative framework connected to the fundamental
physics. Within the context of the condensed matter of QCD, or thermal field theory (TQFT),
this non-perturbative region unfortunately obscures some very interesting physics. For example,
this region obscures the chiral and confinement transitions, meaning that researchers are unable
to study these transitions in a first-principled way throughout the entire phase plane. (There is
a non-perturbative numerical technique called lattice QCD, but its techniques are not currently

applicable outside of a narrow slice of the phase plane. This will be discussed in more detail in



Chap. 2.) In addition, at small temperatures (T < Aqcp) and large densities n or baryon chemical
(1 > Aqcp), this non-perturbative regime obscures the region of the phase diagram applicable to
the interiors of NSs.

On the one hand, this is a blessing: measurements of the properties of NSs can shed light
on a region of the QCD phase diagram that is inaccessible to current theoretical techniques. On
the other hand, NSs are extremely complex physical systems, combining fundamental QCD mi-
crophysics with thermodynamics and general relativity (and often extreme electromagnetism as
well), and thus extracting the properties of NSs from observations is very challenging. Often,
much theoretical modeling is necessary to perform this extraction, and since there is little theoret-
ical control over the models, there are large uncertainties. Some properties determined primarily
by the crust are understood in some detail, for the crust is of a low density and thus ChEFT or
other techniques can describe it well. We do have limited knowledge of possible exotic phases of
nuclear matter in the crust, and what effects crustal microphysics has on transport properties (see
Ref. [5, 6, 7] for reviews).

As one moves into the cores of NSs, however, direct theoretical knowledge is lost. There are
theoretical speculations of phase transitions to deconfined quark matter or even to the hypothe-
sized ground state of QCD, strange quark matter [8, 9], within the cores, but the models and ideas
in this region are, for the most part, phenomenological and not derived from QCD itself in a con-
trolled way. That is, most of the models used to predict the structure of NSs use microphysics that
is not connected rigorously to QCD.

However, there is a technique to reach the NS-region of the QCD phase diagram if one is not
interested in the microphysics: thermodynamic matching [10, 1, 11]. One can hope to constrain bulk
thermodynamic properties, such as the equation of state (EoS), along the entire p-axis using the
two controlled perturbative regimes at low and high p. The EoS in the non-perturbative middle
region will have to match the perturbative EoSs at the edges (meaning that the pressures of the two
phases must be equal at the matching points), and throughout, there are restrictions coming from

thermodynamic consistency and stability. For example, the energy density ¢ (and the pressure P)
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must be monotonically increasing functions of p, and on either side of a matching point, the stable
phase must be the one with the higher P. This simple prescription allows one to obtain a band
of permitted EoSs in the non-perturbative regime. With this in hand, one may investigate bulk,
global properties of NSs, including relations between the total mass M; circumferential, equatorial
radius Re; frequency of rotation f; and the moment of inertia I. We stress that these predictions are
made essentially from the underlying QCD theory, and are thus constrained by first-principles,
controlled physics.

It is this remarkable story that we wish to tell in this thesis: one can constrain properties
of NSs governed by non-perturbative regimes of QCD by thermodynamically matching EoSs de-
termined by controlled, perturbative-QCD physics. There are three main goals that we wish to ac-
complish in this thesis, in addition to identifying thermodynamic matching as an approach to
real, physically interesting problems. First, we will show that this remarkably simplistic idea of
matching EoSs can be checked by lattice “QCD” in some QCD-like theories. This is an important
result, for it allows one to verify whether or not this simplistic, but seemingly powerful approach
can really achieve what it claims to achieve. Second, we will extend applications of the state-of-
the-art matched QCD EoS results of Kurkela et al. [1] and Fraga et al. [11] to rotating NSs. This
will give us insight into which astronomical observations would provide additional constraints
on the QCD EoS in the intermediate, non-perturbative regime (not to mention that this extension
will provide important bounds on global NS properties). Third, we will calculate higher-order
corrections to the zero-temperature pQCD EoS, which may be used in the future to conduct more
refined matching studies of the QCD EoS in the non-perturbative regime.

The structure of this thesis is as follows. In Chap. 2 we begin with the QCD phase diagram,
detailing which regions of the phase diagram permit direct theoretical investigation. We shall also
outline the various phases and phase transitions that have been theoretically proposed to exist,
as well as those which have been observed. In this chapter, we will be especially interested in
the T = 0 region of the phase diagram, for T = 0 is an excellent approximation for NSs after

their violent formation period [12, 13]. In Chap. 3, we discuss the perturbative approaches to



understanding QCD, and in particular, for calculating thermodynamic quantities. We provide a
comprehensive outline of thermal pQCD and explain how one may compute P as a perturbative
series in the strong coupling constant g = /475 In the process, we discuss a class of diagrams
known as the “plasmon” or “ring-sum” diagrams, and compute the g* In g contribution to the
zero-temperature pQCD EoS, as an exercise. We also provide a brief introduction to low-energy
ChEFT in this chapter. Next, we take up the topic of EoS matching in Chap. 4. This chapter
investigates questions about the matching procedure itself. Specifically, we investigate if there are
ways to test if such a simple prescription actually works, using exotic “QCD-like” theories. In
addition, we describe the current state-of-the-art matching procedure carried out in Refs. [1, 11].
Chap. 5 contains an brief overview of NSs, including a general discussion of NS structure within
the framework of general relativity. This chapter also includes a survey of connections between
the EoS band of Kurkela et al. [1] and global properties of rotating NSs. We examine the bounds on
observable NS properties that follow from the EoS band, and we discuss future observations that
can further constrain the band. Finally, in Chap. 6, we present improvements to the pQCD EoS
at T = 0. We present a derivation of the O(g® In? g) term in the pressure for an arbitrary number
n¢ of massless quarks from the plasmon sum terms, as well as parts of the O(g®Ing) and O(g®)
terms. Finally, Chap. 7 contains our conclusions.

Let us now begin our approach towards the aforementioned goals with a survey of the QCD

phase diagram.

Notation

A brief word on notation in this thesis: we will work in the mostly minus convention, with
the Minkowski metric 1, = diag(+1, —1, —1, —1). Four-vectors shall be denoted P", with com-
ponents P* = (p°, P). We shall denote the number of flavors of quarks as n¢, and when we gener-
alize to QCD-like theories, N shall denote the number of possible colors for a quark in the funda-

mental representation (e.g. SU(N)). Gluonic color indices shall be drawn from the beginning of the



Latin alphabet: a, b, c, ...; flavor indices from the middle of the Latin alphabet: f, g, h, ...; and
quark color indices from the beginning of the Greek alphabet: «, 3, v, .... Space-time indices
shall be drawn from the middle of the Greek alphabet: , v, p, .... In this thesis, Boltzmann’s
constant k, Planck’s reduced constant i, and the speed of light ¢ will be set equal to one through-

out.



CHAPTER 2

THE PHASE DIAGRAM OF QCD

In this chapter, we present a survey of the phase diagram of QCD, with an emphasis on the
n-axis. We will start with a brief overview of QCD itself (more details will be given in Chap. 3),
and mention which parts of the phase diagram are accessible by direct calculations. This will
consist of three different regions: first, regions on and near the T-axis, which are accessible to
lattice-QCD techniques; second, the T > Apqcp region on and near the T-axis and the p > Apocep
region on and near the p-axis, which are accessible by pQCD; and third, the T < Acssp, 1 < Acss
region, accessible by ChEFT. In these regions, we will review what is known, with emphasis on
the thermodynamic phases. We will also detail the main phase-transition regions, including those
that are not well-understood (e.g., the confinement-deconfinement and chiral symmetry breaking
transitions). We will finish with a focus on the non-perturbative region on and near the p-axis,

which is relevant to NSs.

2.1  The general structure of QCD

QCD is a theory of n¢ = 6 flavors (f = u, d, s, ¢, b, t) of massive quarks with color indices

o =1, 2, 3 interacting via an SU(3) gauge boson (the gluon) with color indices a =1, 2, ..., 8. We



shall depict these fields as ) and Ay respectively. The Lagrangian is

— 1
Cacp = Y Wy (8ap (1740 —my) + gyHALTE, JWF — ZF e, 2.1)
f

where here and in what follows, repeated color indices are always summed over. Here, y* are the
Dirac gamma matrices, g is the gluon coupling constant, m; is the mass of the f! quark, | = y°,

F..~ is the gluonic field strength tensor
FO, = 0uAS — 0y AS — gf*PC AT AS, (2.2)

with f2%¢ to be defined below, and T& are the generators of SU(3) in the same (fundamental)
representation as the quarks (as can be seen from the lower indices in Eq. (2.1)). In what follows,
we shall denote a general representation as R. Since in Chap. 4, we shall be considering different
fermionic representations, we will take a moment here to remind the reader of the properties of
these Tg. Regardless of the representation (i.e., range of the lower indices) these matrices satisfy
commutation relations

[Te, TRl =i f2PeTg, (2.3)
where the f2°¢ are the structure constants of SU(3). The f¢°¢ are completely antisymmetric and

are defined by

1 3
FIT g, §147 — 165 _ 246 _ (257 _ (345 _ (376 _ 5 (458 _ 678 _ \2[ (2.4)

For the fundamental representation of SU(3), the generators are given by T¢ = A¢/2 where the A®

are the Gell-Mann matrices:

o 1 0 0 —i 0 1 0 o0
M=11 0o of, =i o of, ¥=]o -1 of, (2.5)
0 0 0 o 0 0 0 0 0
0o 0 1 0 0 —i
M=1lo o of, =0 o o], (2.6)



0 o0 0 0 0 0 T 0 0
1
¥=lo o 1y M=o 0 —i|s M=mloo1 0| @)
o 1 0 0 i 0 o 0 =2
In the fundamental representation, the T¢* are normalized such that
Tr (TETP) = TP, (2.8)
ap Tpy = Crday, (2.9)
facdfbed — C59°, (2.10)

with Ty = %, Cs = 3351 = %, and Ca = 3. Eq. (2.8) and Eq. (2.9) can be extendend to an arbitrary
representation R; in that case, these equations define new constants Tg and Cg.

A tew words about these factors are in order here. First, they are frequently written in terms
of N for a general SU(N) gauge theory, it which case one has T¢ = %, Cs = %, and Ca = N.
Secondly, the quark fields (¥ are commonly combined into a single quark flavor vector $*. In
this case, the flavor index f disappears from the fields and appears in the T¢: Ty = 5t instead in
this case, since the trace in Eq. (2.8) will also trace over the flavor index as well. Lastly, the “A”
in Eq. (2.10) stands for “adjoint”. The generators of the adjoint representation are defined by the

structure constants:

(TR )be = —if%. (2.11)

(Note that for the structure constants, whether an index is up or down makes no difference.) This
definition means that Eq. (2.10) is a special case of the generalized Eq. (2.9).

One final note must be made about the general structure of QCD. Although there are indeed
n¢ = 6 flavors of quarks in nature, only n¢ = 3 are ever probed at zero temperature in nature. As
will be discussed in the following section, in NSs, the quark chemical potential pq is always much
below the mass of the ¢ quark. This means that only the three lightest quarks (u, d, s) are active

within dense nuclear matter.
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FIGURE 2.1: A cartoon of the QCD phase diagram. Taken from Ref. [14].

2.2 The phase diagram of nuclear matter

In Fig. 2.1 we present a cartoon of the phase diagram of QCD from Ref. [14]. There are
many phases labelled, but most of these are less well-established than the plot suggests: all the
lines drawn in red are theoretical predictions. The main phase transitions in nuclear matter are
located on the curving red line, separating the regions labelled “hadronic” and “QGP” (quark-
gluon plasma). This is where the confinement-deconfinement transition and chiral transitions are
located. The line represents a suspected first order phase transition [5], which ends at a proposed
critical point, represented by the red dot. This confinement-deconfinement transition continues in
the form of a crossover all the way to the T-axis, where it has been studied using lattice QCD [15].
This transition effectively separates the two perturbative regimes mentioned in the introduction:
pQCD and ChEFT. Across this transition, the degrees of freedom of QCD change dramatically:
At high u and T, the degrees of freedom are colored quarks and gluons (though they do not
necessarily interact weakly), and at low pwand T, the degrees of freedom are the colorless hadrons

of everyday experience.
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2.2.1 Lattice QCD and the T-axis

In some senses, the most directly-accessible region of the QCD phase diagram is the entire
T-axis, and the adjacent /T < 1 region at large values of T. This is the region where large-
scale numerical simulations on discretized space-time, known as lattice QCD are applicable. It is
beyond the scope of this thesis to describe lattice QCD in great detail; the interested reader may
refer to Montvay and Munster [16] or Kogut and Stephanov [17], the latter being an overview of
the whole QCD phase plane from a lattice-QCD perspective. The essential idea of lattice QCD
is to use a Monte-Carlo algorithm to generate many possible gauge field configurations on the
discretized space-time lattice. Using these generated configurations, one can then calculate the
expectation value of an observable O using a numerical approximation of the Euclidean path-

integral expression
() = J DUDY DY O e 3" (Lb: )

_ J DUO [e—s%mm det M(u)} (2.12)

In the above expression, U is an element of the gauge group SU(3), and SE(U, 1, ) is the Euclidean

action of QCD, which has been broken up as
SE=stu+ J PMp. (2.13)
X

Here S%,, represents the pure Yang-Mills (gluon) action, and M represents a matrix operator which
couples the fermions to the gauge field. In going from the first to the second line of Eq. (2.12), the
fermionic integrals were performed, meaning that one may indeed use only the gauge fields to
evaluate ((/5) [For the full expression of the path integral in thermal QCD, see Eq. (3.65) of this
thesis, with the Euclidean Lagrangians of thermal QCD given in Egs. (3.62), (3.63), and (3.64).] This
method of calculating (0) works very well when the bracketed term in Eq. (2.12) is a real, positive
number, for then one can view Eq. (2.12) as a weighted sum over gauge field configurations. More
importantly, when this bracketed term is real and positive, one can importance sample. That is,

when generating configurations within the simulation, one can weight the probability of accepting
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or rejecting a configuration by this e~ S(U) det M () factor. This avoids generating too many
gauge configurations with very small probabilities. However, when u > 0, det M(p) becomes
complex, and importance sampling breaks down. This is referred to as a sign problem. It is
possible to extend lattice-QCD predictions to small values of /T using a Taylor expansion on the
T-axis [18, 19], and so the lattice can probe both the T-axis and slightly off of it at high T, but the rest
of the phase plane remains inaccessible to direct simulation because of this sign problem. There
are many proposals to extend direct simulations to non-zero density, including Lefschetz thimbles
[20], complex Langevin [21, 22, 23, 24], and strong coupling expansions [25]. For an introductory

survey of non-zero density lattice-QCD ideas, see Ref. [26].

2.2.2 The p-axis and phases in pQCD

The p-axis in the QCD phase plane is theoretically accessible only at low and high values
of n. We begin from low p first in our survey. At low values of u (and for non-zero T), matter
can be viewed (and has been observed!) as a gas of weakly-interacting, color-neutral hadrons.
Exactly at T = 0, as p increases, the density and pressure are zero up to an onset transition. This
can be understood by remembering that at T = 0, there can be no excitations of particles of mass
m until 1 = m. Past the onset transition, there is a predicted liquid-gas phase transition [27],
for which there is experimental evidence (see Ref. [5] and the references therein). The general
theoretical reason to expect a liquid-gas phase transition in nuclear matter is simply that any self-
attracting system of particles with a hard core repulsion will exhibit such a phase transition at low
enough temperatures. The reason is as follows. Consider a gas of particles with an intermediate-
range attractive force and a short-range repulsive force. If the temperature of the system is high
enough, the attractive, intermediate-range force will not substantially affect the dynamics of the
particles, as they will have too much kinetic energy to be much affected. As the temperature is
lowered, however, the attractive force will have a larger and larger impact on the denser areas of
the gas until at some point, the pressure of the gas will have two minima at different densities, one

corresponding to the less-dense gas, and the other the more-dense liquid phase. (This is exactly
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what happens in a van der Waals gas.) Hadrons do have an attractive interaction (as evidenced
by the fact that they bind into nuclei) and a hard core repulsion, and thus a liquid-gas transition
is expected. A critical endpoint of the liquid-gas transition line is expected, corresponding to the
point where the densities of the liquid and gaseous phases are no longer different.

Beyond the onset transition and the liquid-gas transition, a nuclear superfluid is expected
[6, 7], as well as various inhomogeneous “pasta phases” where the nuclei stretch and rearrange
into different structures to minimize energy, with extra (superfluid) neutrons flowing in the empty
spaces between (see Refs. [5, 6], and Ref. [28] and references therein). These structures and phases
very likely exist in the crusts of neutron stars, and perhaps even deeper, but beyond a certain
depth, these descriptions should break down, and it is unknown what microphysics takes over.

Starting from asymptotically high values of p also begins with understanding and ends in
non-perturbative physics. At high values of u, the weakly interacting degrees of freedom are
quarks and gluons, and pQCD is applicable. At high enough densities, there is another gen-
eral theoretical prediction for the phase of nuclear matter: a color superconductor. As is nicely
described in Ref. [14], this state is expected on quite general theoretical grounds. Since the quasi-
particles in pQCD are quarks and gluons, the relevant dynamics are confined to the quark Fermi
surface. However, the Fermi surface has a Cooper instability. Since there are some gluon-exchange
channels that are attractive (as is evidenced by baryon formation at lower chemical potentials),
quarks form BCS pairs, and the ground state will be a superconductor. As noted in Ref. [14],
in this case, the Cooper pairs are bound by the fundamental interactions between the fermions
themselves, unlike in an electrical superconductor, and so the binding is much more robust. At
the highest densities relevant to NSs (meaning that the quark degrees of freedom consist of the
u, d, and s quarks only; see below), a color-flavor-locked phase (CFL) can be shown to have the
lowest energy. In this phase, the normally independent SU(3) symmetries of color (c) and left and
right flavor rotations (L and R respectively) become locked together: only the vector subgroup of

SU(3). ®SU(3)L ® SU(3)r is a symmetry of the ground state. In fact, the full hidden symmetry or
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symmetry breaking pattern is [14, 29]
SU(3)c ® SU(3)L ® SUQB)r @ U(1)p — SU(3)csL4r @ Z2, (2.14)

where U(1)g is the U(1) symmetry associated baryon conservation in QCD. This symmetry break-

ing proceeds via the formation of a condensate

(bFCY>PE) # 0. (2.15)

Here, the Latin subscripts are flavor indices, C is the charge-conjugation matrix, and

1y2y3 is the usual operator associated with projections onto left and right chiral fields.

v’ =iv%
This CFL phase, like the hadronic phase breaks the chiral flavor symmetry, though in a different way:.
(The details of the hadronic chiral symmetry breaking, as well as the chiral flavor symmetry of
QCD in general, will be discussed in Sec. 3.2.2 below.) In the CFL phase, there are condensates of
L quarks paired with L quarks and of R quarks paired with R quarks. The former locks SU(3).,
to SU(3)., and the latter locks SU(3)r to SU(3).. Since both of the flavor rotations are locked to
the same color rotation, axial flavor rotations (i.e., the ones that act oppositely on L and R quarks)
are not a symmetry of the CFL ground state: chiral symmetry is indeed hidden or spontaneously
broken.

It can be shown [14] that this CFL phase is the ground state of QCD matter in nature at
sufficiently high densities. Values of u much beyond 500 MeV do not exist in nature, and so
the heavier three quarks (c, b, t) are never active in dense matter [14, 30]. As u is lowered from
the region of the CFL ground state, the large value of ms compared to m,, and my begins to
stress the CFL pairing. CFL pairing eventually becomes energetically disfavored, and possibly
one or more different pairings set in [30]. This occurs in the region marked “non-CFL” in Fig. 2.1.
The precise microphysical details of this region are at present theoretically unknown. There are
proposals of other types of color superconductivity that may be the ground state of nuclear matter
at some points in the “non-CFL” region, but it is unknown if these are the ground state near the

confinement-deconfinement transition line [30].
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Between the nuclear superfluid phase and the CFL phase lies a region of unknown behavior:
towards larger p there are proposals for valid microscopic descriptions, but towards smaller p, the
microscopic description is unknown. It is even unknown whether or not there is deconfined quark
matter within NS cores. It is this central, non-perturbative region on the p-axis that describes the
physics of NS cores, and it is this region of the QCD EoS that we wish to investigate in this work.
In Chap. 4 below, we shall discuss the EoS-matching approach that Kurkela et al. [1] have used
to constrain the intermediate, non-perturbative QCD EoS (as well as our original work on EoS
matching in QCD-like theories that can be simulated on the lattice without a sign problem). Before
approaching the matching details, however, we will review the perturbative regimes at high and

low p (at T = 0) where controlled calculations are possible. We proceed to this topic in Chap. 3.



CHAPTER 3

PERTURBATIVE EXPLORATIONS OF QCD

In this chapter, we describe the perturbative regimes at low and high p (at T = 0) that
allow for controlled calculations within QCD. First, in Sec. 3.1, we present the details of thermal
pQCD starting from quantum statistical mechanics. We discuss the derivation of the path-integral
representation of the partition function for both bosons and fermions, and we explain how to
compute the pressure as a sum of bubble Feynman diagrams. We also discuss a specific class of
diagrams, called “ring-sum” or “plasmon” diagrams, and compute the lowest-order contribution
to the QCD pressure coming from these diagrams, as an exercise. A calculation of a higher-order
contribution coming from these diagrams will be detailed in Chap. 6. In Sec. 3.2, we provide a brief
overview of two low-energy, effective descriptions of QCD: ChEFT and the hadron resonance gas.
Following this chapter, we shall proceed to the details of how one may match these perturbative

regimes thermodynamically in Chap. 4.

3.1 PQCD at nonzero temperature and density

3.1.1 The partition function of a quantum field

In the vacuum, the fundamental quantity governing the dynamics of a quantum field ¢

with a Lagrangian £ is the generating functional, which can be written as a path integral over
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tield configurations

7 J@q,eijd“xw,amx (3.1)

In matter (i.e. in a thermodynamic ensemble), this is no longer the quantity of interest. For a
thermodynamic system, the partition function of a system contains all the possible information
about the system:

Z=Te[ePR-nN)] :Jd¢<¢|eﬁ(ﬁu'm¢>, (3.2)

where here, § = 1/T, 1 is the Hamiltonian of the statistical system, N is a conserved number
operator, 1 is the chemical potential associated with N, and the |¢) are a complete set of states of
the system satisfying

bld) = dld). (3.3)

(N.b. that the second equality in Eq. (3.2) is only true for bosons, as are the state definitions (3.3).
This will be discussed more below). Incredibly, for a quantum field theory, the partition function
(3.2) can be written in a form that is almost exactly identical to the generating functional (3.1). This
remarkable fact is connected to the similar forms of the time evolution operator exp(—i ﬁt) and

the Boltzmann factor exp(—f3 (l/—\l—p-ﬂ )). (Note that without p there is a suggestive correspondence
it B, (3.4)

which can indeed be made more precise.)

3.1.2 A derivation of the partition function for bosonic and fermionic fields

To derive the form of the partition function for a bosonic quantum field, we follow Kapusta
and Gale [31]. (We will deal with the fermionic result afterwards.) Because of the suggestive
analogy between time in the time evolution operator and inverse temperature in the Boltzmann
factor, we divide the interval [0, 3] into N pieces (with the intent of letting N — o0), and we insert
both a complete set of momentum-conjugate states |r) and a complete set of states |p) at each

division such that each Boltzmann factor has a (7| on its left and a |¢$) on its right. We also define
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AT = 3/N, and number the insertions 1, 2, ..., N, from right to left. This gives, for a Boltzmann

factor inserted between two different states ¢ and by

—B(A-pN) [y [ i debs —Ar(A-pN)
(@ele PIwRpg) = tim [ TT( TSP ) @) (rnle N %

i=

(ONITTN—1) (N1 |€7AT(Q7”N)|¢N—1 Hdn—1lmn—2) X

o (ol ) (e AT N 6y (). (3.5)
Now,
(Dilds) = o(di — b;), (3.6)
(bir1lmy) =exp (in3X 7 (X) it (7?)>> (3.7)
and if At < 1,
(e AT AN 16y 1 — At(A = - R)|bs) (3.8)

—exp (J d3x{—mj (X)d; (X) — At [:H(n)-, ;) — 1 N(m;, b )} }) (3.10)

where here 3(r, ) and N(r, ) are the Hamiltonian and number densities
A= Jd%%(ﬁ,@), (3.11)
N = Jd3x N(R, $), (3.12)

respectively, evaluated at the eigenvalues 7w and ¢. Plugging Eq. (3.10) back into the expanded

amplitude (3.5), we find

A— R 5 [ dmdos
(pole™ P Nigy) = gigr\ij( "md’ 8(¢1—da)-

N
exp{—ATZJcﬁx |:g'f(7'[j,(bj) —iﬂjw — - N(mj, d)j)] }>
=1

(3.13)
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where we have defined ¢n 1 = Pp. Taking the limit N — oo, we obtain a path integral

~ “ ¢ (%,B)=p (X)
(ele P Ngg) — [or | D
¢ (X,0)=dq(X)
S .3
exp{—J dTJd x[ﬂ{(n,¢)—1ﬂaﬁt—u‘3\f{n,¢)]}. (3.14)
0

This expression is quite general, and will work for any bosonic field component. Let us now for a

moment assume that there is no conserved number operator or chemical potential. Eq. (3.14) then

becomes
. & (%,B)=by (X) B, o
(bole PHldq) :JD”J D(I)exp{—J erd x[i]{(ﬂ,d)) —m]}. (3.15)
H(%,0)=q (%) 0 ot
Since we are assuming a bosonic field, we know that H will be of the form
T, 1T 2.5
I = 57 + E(vq)) 4o (3.16)

and there will be no other 7t dependence. Thus, the 7 integral is a Gaussian, and the result is

(dropping an infinite constant coefficient)

a ¢ (%,B)=dp(X) B 3 E
(pole PHdq) :J chexp{—J dTJd x L }, (3.17)
¢ (X,0)=daq(X) 0

where here, L' = —£(1 = it) is simply the Minkowski Lagrangian with 1,y replaced by 8, (and
t replaced by 7). This makes rigorous the correspondence (3.4), at least in the case of bosons. The

full partition function then follows from Eq. (3.17) as

~ B
Z= Jdcb(cble_BHld)) _J D exp{—J dTJdSXLE}, (3.18)
ﬂ)O):Cb(%yﬁ) 0

(X
where the integral imposes periodic boundary conditions on the ¢ field in the T-direction. Bosonic
fields are periodic in imaginary time.
The derivation of the path integral for fermions is very similar, though there are some addi-
tional complications due to the anticommuting nature of the fermionic variables. We shall not go
into all the details there, but we will partially derive the results below. First of all, the states that

one uses in the path integral are different. Defining the coherent states

hp) = e~Pa'j0) (3.19)
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and

(b] = (Ole~ %' (3.20)

where here @' and @ are the fermionic creation and annihilation operators respectively, allows one
to perform integrals over Grassmann (anticommuting) fields. With these definitions, one finds
that the identity and trace operations are different than the usual ones for a bosonic field. These

relations are (see the texts by Laine and Vuorinen [32] or Le Bellac [33] for details)
1= | [l dwe ") ) (3.21)
Te(0) = | | ! dpe " (i), (3.22)

Retracing the same steps as the bosonic relations above, but inserting Id as in Eq. (3.21) instead of

alternating between complete sets of |¢) and |7), one finds
B (R,3)=0p (X)) b (%,B)=1p(X)
@wJ D -

(P le BN, ) J
W (%,0)=thq (%)

09

0T

P (X,0)=14 (%)
-exp{deTjd3x[:H(w,w) YOS — e N, W) } (3.23)
Here, we have changed variables 1" — 1, which produces no new factors into the integrand
because |det(y®)| = 1. This equation is the fermionic equivalent of Eq. (3.14). To proceed further,

let us first assume that there is no conserved current and that the fermionic field 1 is a Dirac field.

Then we will have

L zﬁ(iy“au—m)w—i—‘-- , (3.24)
where there is no 991 dependence in the - - -. Then
aLDirac T:..0 <ot
M= _————=VYiy =i 3.25
giving
H=mdoh—L=V(—iV.V+mp+---, (3.26)

since the time component cancels out. Plugging this into Eq. (3.23) then yields the analogue to

Eq. (3.17)

~ J=bp (%) P(R,B)="p(X) B 3
(ole PMpe) = | 0G| Dll)eXP{—LdTJd xLE}, (327)
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where, in this case we define

L5 = PFdu+mip— - (3.28)

to be the Euclidean Lagrangian. In this case, in addition to changing the metric . to 8.,y (and t

to T), we have to also change the Dirac matrices to Euclidean Dirac matrices
:}70 = 'YO, ?i =- i’yi> (329)

which are appropriately named, for they satisfy the same algebra as the Minkowskian Dirac ma-

trices, but for the Euclidean metric:

{?uyyv} = 6p.v- (3.30)

From this it follows that all of the Euclidean Dirac matrices are Hermitian (unlike in the Minkowskian
case, in which only yo is). We thus find that for fermions the path integral is over a Euclidean ver-
sion of the Minkowski Lagrangian as well.

Using the different fermionic trace identity (3.22) gives the partition function:

Z= ”duﬂ dipe ¥ (—ple PRp) = ”w(

o B
, DYDY exp{—J dTJcﬁxLE}, (3.31)
o 0

%>O):7E(£3B
%,0) = (%,B)

) ) 711’ ( )
where the integral now imposes antiperiodic boundary conditions on the 1 field in the t-direction.

Fermions are antiperiodic in imaginary time.

3.13 Changes to the Euclidean Lagrangians with a chemical potential

To derive the forms of Egs. (3.18) and (3.31) with a conserved current (and conjugate chemi-
cal potential (), we need to use the specific form of the bosonic and fermionic conserved currents.

For a complex field x whose Lagrangian is invariant under the relation (« € R)
X — e 1%, X" — el (3.32)

the general conserved current is given by [34]

oL &x oL ox*
N= e . 3.33
0(0%) dax * 0(0%%*) dox (3:33)
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For a bosonic field ¢ this becomes
Np =—i¢pdo¢p +1dp 000, (3.34)
which after the Legendre transformation becomes
Np=—idn+idp*n"; (3.35)

and for fermions, the current is
Nf =—iiyop = byo. (3.36)

In the bosonic case, this means that the integrand in the argument of the exponential in Eq. (3.14)

becomes (working in terms of the normalized real and imaginary parts ¢ = (b7 +1id2)/v/2)

. n? ms .
H—i) ;mdcdi — - Ny =7‘ + 72 —imOedy —imdcd2 + pw(mady —mid2) +--- (3.37)

:% [7‘[1 — 2(1 aTd)] + H(I)Z)]z + % [7'[2 — 2(1 aT(I)Z — U1 )]2
1

1

+ 5 (01 —ipd2)? + 5 (02 +ind)? + - (3.38)
LT o i 2 1 i 2 3.39
=5+ 5 +50cb1 —inda)” + S (b2 +indr) 4 (3.39)

where here we have suppressed even the spacial part of the kinetic term, and in the last step we
have redefined the 717 and 7, integrals to remove the constant shift factors. Performing the 7;

integrals then yields the changes
Och1 = 0cdy —ind2,  Ocd2 — Oz +indy, (3.40)
in £E. Or, going back to the complex notation,
Ocdp = (0 —wd, 9" — (0 + )7, (3.41)
in LE. For fermions, we find a similar result almost immediately from Eq. (3.23):

H+PTop — - Ne =0+ i — phyop + -+, (3.42)

=P Yo(0r —wWp +- -, (3.43)
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where once again we have suppressed the spacial parts of the kinetic term here and have also
used the fact that (yo)2 = Tand yo = v° = v,. Thus, for fermions, adding a chemical potential

amounts to the change

0 — (0r — u (3.44)

in L, just as in Eq. (3.41) above for bosons.

3.1.4  The propagators an nonzero temperature and density

To obtain the propagators for bosons and fermions at nonzero temperature and density,
we simply look at the Fourier components of the exponentials in Egs. (3.14) and (3.23). Observe
that for T > 0, the T integral is over a compact interval. Therefore, the Fourier transform of
this component is a Fourier series. Moreover, because the boundary conditions for bosons and
fermions on this interval are different (bosons are periodic while fermions are antiperiodic), the
allowed values of frequency components of these fields are different. For bosons, the allowed
frequencies are

wb = 2mTn, (3.45)

and for fermions, the allowed frequencies are
¢ 1
wy, =21l (n+ ) (3.46)

In either case, these frequencies are referred to as Matsubara frequencies. For a free charged

scalar field, the integral in the exponential reads

J ’ dTstx{ (0 +1)0*] [ (@« —w)0] + (%*).(%Hm%*«b}

0
= JB dTJd3X{¢*[— (aT — u)z —Vv? +m2}¢}, (3.47)

0

where we have integrated by parts. This means that the propagator for a charged scalar field is

_ 1
Dp(w, k) = = . 3.48
bl ) (w+ip)2 +k2+m? (3.48)
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For free fermions, the derivation is again more straightforward, for it can be read directly from the

integral in the exponential

B — -
J;dTJd%{wh@wT—pJ+7.v+n4¢}. (3.49)
The propagator is thus
, 1 —iyo(w +ip) —iy.K+m
Dyl By = ———— 1 — ZHele i ly.kxm (350)
ivolw+ip)+iy.k+m (w+in)?+k?+m

We can write these in a more compact form and think about them in a different way by looking
at the case with no conserved current (i.e., the p = 0 case), and by defining the Euclidean four

momentum P = (w, k). Then, if we define the propagators as

- 1 o —iP+m

Dp(w, k) = P2 m2’ D¢(w, k) = PZim2’ (3.51)

where P = y,,P* is the obvious generalization of the Feynman slash, we see that Egs. (3.48) and

(3.50) imply that for p # 0, w acquires an imaginary part

— —

Dp(w, k) = Dp(w +ip, k), (3.52)

D¢(w, k) — De(w +ip, k). (3.53)

This is often a more useful way to think of the effect of chemical potential: p adds an imaginary
part ip to the Matsubara frequencies. To simplify future equations, we adopt the notation P to
mean that Py is shifted by i u (and the rest of the components remain unchanged). Therefore, we

can write the above general propagators as

~ 1 ~ _—i@—i—m

Do) =5 DQ = o (3.5

Note that the change P — P only occurs for the particles that have a conserved current/chemical
potential. If there are bosons and fermions in a theory with only one of them having a chemical

potential (such as in QCD), then only that one type of particle will have shifted time components.
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3.1.5 The pressure of interacting quantum fields at nonzero temperature and density

As with quantum fields in vacuum, interacting quantum fields can be described using per-
turbation theory, Wick’s theorem, and the Feynman diagram formalism. This can be seen as fol-

lows. The (grand canonical) pressure in statistical mechanics is given by
P=-Q/V=T/VInzZ (3.55)

where Q) is the grand potential, V is the volume, and Z is the partition function of the system.

Now, if we have an interacting quantum field x, with the (Euclidean) Action
Stree + 51, (3.56)

where S is the free-field action, and St contains the interaction terms, the partition function will
be of the form

Z= J DX*J Dy e~ (Steet51) , (3.57)

which can be manipulated up as

/ = J ‘Dx*J DX e_sfree e_SI

[e%e] _] n
:JDX*JDX e St ) ( n,) SH, (3.58)
n=0 ’
so that
B = (=) [ [ Dx*[ Dy e Stee ST
InZ =InZ, +ln{1 +) —~ Dy [Dye S | | (3.59)
n=1

where here Z; is the partition function of the free part only (i.e., the denominator of the fraction
in Eq. (3.59)). Thus we see that as in the vacuum case, what is necessary is to compute structures

of the form
[ Dx* [ Dy e Stee ST
J‘ 'DX*J‘ @X efsfree ’

Since all that is different between this and the vacuum case is the change i — —1 in the exponent,

(3.60)

the shift in the energies w — w + iu in the case of u # 0, and the change from the Minkowski

to Euclidean Lagrangian, the whole machinery of Feynman diagrams still goes through, just with



26

slightly different Feynman rules. In the next section, we specialize to thermal QCD and write

down the thermal Feynman rules.

3.1.6 Feynman diagrams in thermal QCD

QCD at nonzero temperature is defined by the path-integral partition function

Zaco = J J H%f@xbe DAG ¢~ Jo 4TI X Lheo, (3.61)
anti-periodic = ¢ periodic

where

LQCD —le’f( ap (YO +me) —igyuA )U)f +4FfWF‘”” (3.62)

and where F{},, has the usual form of Eq. (2.2), and again, n,, has been replaced by 8,, (and t by 7).
For non-zero density, the 0. — 01 — p prescription of Eq. (3.49) holds here as well, of course. This
expression (3.61) is what one may expect from the forms of bosonic and fermionic path integrals
in Egs. (3.18) and (3.31), but in reality, there are substantial subtleties in the derivation brought
about by gauge invariance. We refer the interested reader to Ref. [32] for a complete derivation.

As is the case in vacuum, in order to do perturbative calculations, one must restrict the
gauge freedom further by introducing an explicit gauge-fixing term and so-called Faddeev-Popov
ghosts. We skip the details of this (see Refs. [32, 31, 33] for the derivations), for as we shall discuss
below, we will not need to do calculations with ghosts in this work. In a general covariant gauge,
one must use not just LECD as the Lagrangian, but

Loacp = £6eD + L gauge-fixed> (3.63)

with the gauge-fixing Lagrangian given by
L4 ruge-fixed = ;aauﬂgavﬂa +0,C%puc® + g f2PCQ, T AN CS, (3.64)

where the ¢ are the Grassmann, scalar ghost fields, and & is a free parameter that must drop out

of any gauge-invariant observable. The full pQCD partition function is then given by

— B 3
Zpac = ” 11 D‘PfDIPfJ DAL ” D P e Jo T Lon (3,65)
anti-periodic = ¢ periodic periodic
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Note that the ghost fields ¢, ¢¢, though fermionic, are periodic in imaginary time. This is in
keeping with the nature of the ghost fields: they are Grassmann variables with bosonic properties
otherwise.

Because of the similarities between the gauge-fixed Minkowskian Lagrangian and the Eu-
clidean Lagrangian of Egs. (3.63), (3.62), and (3.64), one can practically modify the Minkowskian

Feynman rules by eye to arrive at the Euclidean Feynman rules. They are 1

P — Py = 5aﬁw, (3.66)
T, Q2+m2
Sab PP
Al waoaenne A = % Spv — (1—§&) ;zv , (3.67)
P
N b 6ab
O S (3.68)
N K
K
b
At T o)
Vg
CC
AP fmmfm\ = —igfePeKy, (3.70)

1 Feynman diagrams created with the TikZ-Feynman package [35].
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igfe®e |8, (P—R)y
— +68,u,(Q—P), (3.71)

+ 6pv(R_ Q)u )

AS AG
—g? [FOdeFePC(5 50 — Bpbovy)
- + £ 9 (8,68 p — Bpupdvo) (3.72)
+ facefedb(5u65pv — 6uv590) .
A Ao

In addition to these Feynman rules, one must also satisfy momentum conservation at the vertices,
and one must also integrate over every internal propagator momentum. For bosons (and ghosts)

this is achieved by the sum-integral

TY J o [ . } o (3.73)

and for fermions

Tn_ZOOJ W [ | ] Qo:wfnjtiu. (3.74)

We thus see that because of the compact interval in the T (i.e., imaginary time) direction, one must
perform a sum-integral rather than just a sum.

Another important point that must be mentioned here is that in evaluating the pressure
(3.55), since one is dealing directly with the logarithm of the partition function, one need only
compute connected bubble diagrams. One need only compute the connected diagrams because
W =1In(Z) is the generator of the connected diagrams, as in the vacuum, and one need only com-
pute the bubble diagrams (i.e., those with no external legs) because there is no operator insertion

inside Z. (Note that another common name for these bubble diagrams is “vacuum diagrams”, but



29

we choose to reserve that name for any diagram evaluated at T = 0 and p = 0.) We now have all

the machinery necessary to compute the pressure in pQCD.

3.1.7 Restriction to zero temperature

Since in this thesis we are primarily interested in high-density, low-temperature regime, we
shall now restrict ourselves to T = 0 and discuss what simplifications follow from this. Sending
T — 0 means that 3 — oo, and therefore the integral over T is no longer over a compact interval.

This means that the aforementioned sum-integrals turn into sums again:

T I A N A

n=—oo

and for fermions

s [ L @Qr ] _
T J(Znﬁ["'Lo_wwﬁj(znw["l@#- (3.76)

n=—oo

Here we have defined shortened definitions for the integrals over fields with and without chemical
potentials. This change from sum-integral to integral is simplifying because sum-integrals are
(usually) most easily evaluated by integrating over a function with poles in the complex plane
at the values {w}r’1 :n € Z}or {ouf1 +ip:n € Z}. However, at zero temperature, one need only
evaluate a single integral without inserting the function with the poles.

Another important simplification that happens at zero temperature is that many Feynman
diagrams no longer contribute. This can be seen by a heuristic explanation. At T > 0, all the
fields in the theory can be excited by thermal fluctuations: fermions, gauge bosons, and ghosts.
Therefore, all possible bubble diagrams contribute at T > 0. (By this we mean, all these diagrams
have a dependence on T and thus differ from their vacuum values.) At T = 0 (and p > 0), only
fermions can be directly populated by “thermal” fluctuations, since they are the only particles with
a chemical potential. Thus, only bubble diagrams with fermions contribute at u > 0 (meaning that
only diagrams with fermions have a dependence on p and differ from their vacuum values). This

vastly simplifies calculations. We also need not concern ourselves with ghost fields in this work,
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for at T = 0 they enter into the pQCD pressure through the gluon polarization tensor at O(g?), and
this polarization tensor has already been calculated in the literature for massless [36] and massive
[37] quarks. In our calculation in Chap. 6, the O(g?) gluon polarization tensor is all that is needed
to extract the g® In? g contribution to the pQCD pressure, and so we do not need to calculate any

further diagrams with ghost fields.

3.1.8  Ring/plasmon diagrams and their contribution to the pressure at zero temperature

Let us now compute a piece of the pQCD pressure, one that comes from a class of diagrams
instead of a single diagram: the O(g* In g) piece. This will serve not only to illustrate the Feynman
rules and machinery described above, but it will also serve as a prelude to the calculation of the
0(g®In? g) piece of the pQCD pressure in Chap. 6.

First, recall that in QCD, one defines the polarization tensor or self-energy I'T*" of the gluon

field as

where all the terms shown are O(g?), and the - - - represents higher-order terms. At T = 0, only
the first term has a matter contribution, since the other diagrams have no dependence on p. That

is, at T = 0, one may split

vac

+ MQM+ : (3.78)

mat

We will define these two terms as TTy,. and TTL,, respectively, and from now on, we shall only

. uv
consider TT} ..
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Now consider a diagram of the form

, (3.79)

where there are a total of n insertions of the gluon polarization tensor TT% .. This diagram corre-

mat*

sponds to the expression (with & = 1 for simplicity)

Tr (nmat ) n

B (3.80)

(3.79) = J

P

Here, the trace is over the space-time indices; i.e., we have used the simplified notation
Tr (TTat)™ = T TTYE - - TISE for the contraction of the n polarization tensors. In medium, and,

more specifically, for p > 0,

11m Y £ 0, (3.81)

mat

that is, the gluon acquires an in-medium mass. This is a standard result in thermal field theory
[32, 31, 33], which is actually quite technically involved for QCD. We refer the interested reader
to the aforementioned references for details. Because of this result, we see that the diagram in
Eq. (3.79) will be infrared divergent for 2n —4 > 1, or n > 2, and moreover, the diagrams will
become more strongly divergent for larger n.

This diagram (3.79) enters the partition function with a coefficient

(-1 (="

X , (3.82)

where here the (n —1)!/2 comes from the ways of arranging the n Ty, blobs in a circle (the factor
of 2 is because the handedness of the circle does not matter), and the (—1)™/n! is from the original
(=1)™/n!in Eq. (3.59). Because of the form of Egs (3.79) and (3.82), it is possible to combine the

infrared divergent diagrams for every n > 2. We define the plasmon or ring-sum contribution to
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be

- ... (3.83)

— | Tr [1n(1 + TTmatDo ) — nmamo} , (3.84)

where we have written Dy for the gluon propogator, and we have again used the Tr notation.

Using the standard definitions [31]

N K2
Fmat(K) = Ty (K)PLyy = ?Zﬂﬁl%t(k), (3.85)
and
T vy 1 " K2 oo
Gat(K) = 5T (K)Pray = 5 ( Tmatl£(K) = T2 (K) ) (3.86)

where P, and Py, are the longitudinal and transverse projectors, respectively, and TT}; = 1§ —

T[‘:{, we can write the plasmon sum (3.84) as

Q d Fmat (K) Fmat (K) Gmat(K) Gmat(K)
plas A mat mat mat mat
— A 1 _ .
v 2 ”m( K2 ) K2 21’“(1 K2 ) e ]’ (3.87)

K

Here, dp = 8 is the dimension of the adjoint representation of SU(3) and appears because of the
contraction over the gluon color indices. In most of what follows, we will assume that TT*" is
known only to order g2. Moreover, to conserve space in the following derivation, we will omit
the G terms, which have precisely the same form as the F terms but with a factor of 2 multiplying
them. To evaluate the four-dimensional integral (3.87), we combine the four Euclidean dimensions

(Ko, K1, K2, K3) into radial and angular coordinates

J = Jg;)‘i = EodK(zlj:yl Jdgg, (3.88)
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and use the SO(3) x Z; symmetry of the integral to write the measure as

[ o e oo st = 2 e st

where here O is the four-dimensional polar angle.
To extract the g*Ing piece of Qplas, it is enough to know the behavior of the functions
Fmat(K, @) and Gpat(K, @) at K = 0 [31, 10]. To isolate this behavior, we can set K = 0 wherever

possible and subtract off the divergent behavior at large K to arrive at

Ql d 00 /2
plas A 2v2 -2
VAR =E LdK K Jo d®d sin” (D)

Fmat(K :O)(D) Fmat(K :O>(D)
In <1 — K2 + K2

Fmat(K = O) (D)

4

Here ¥ is a fictitious mass scale introduced in order to preserve the IR behavior of the integrand.
Since it is fictitious, physical observables must be independent of it. The reason for writing things

in this manner is that (3.90) is analytically integrable in K, giving

Frat(K =0, @) <_; +1n <_Fmat(K2: 0, q>)>>

Qplas . dA Jn/z
VT 2(2n)3

d® sin? (D) +0(g*). (3.91)

0 X

Since F = g?(- - - ), the g* In g piece can be isolated as

GZ

2 mat(K:O)(D)_i_Fr%nat(K:O)(D)

g’ g

(o) d 41 /2
plas _ GA ngj . (3.92)

V. (23 d® sin? (D)

0
This has been evaluated further in the massless quark case by Freedman and McLerran [38] and
Vuorinen [39], and in the massive case by Kurkela et al. [10].

Manipulations of this kind will lead us to the O(g®In? g) piece of the pressure in Chap. 6.
There, we shall isolate the subleading behavior near K = 0, which will allow us to extract the
higher-order terms. In the meantime, let us move to small u and give a brief overview of the

perturbative description of nuclear matter in that regime.



34

3.2 Low-energy effective theories of QCD

As has been already discussed, at small i, the effective degrees of freedom of nuclear mat-
ter are hadrons. At very low p and T, one can correctly [40, 41, 42, 43] describe these degrees of
freedom as a hadron resonance gas (HRG): a non-interacting collection of hadrons. One can even
describe some aspects of the hadrons using the quark model. In Chap. 4 we shall make use of this
group-theoretic description to construct the hadrons in QCD-like theories: SU(N) gauge theories
with N =2, 3, 4; n¢ = 2, 3; and with quarks in the fundamental or two-index, antisymmetric rep-
resentation. For the moment, we shall keep the discussion of the HRG as general as possible. For
a more controlled, robust theoretical description of low-energy QCD, one may use ChEFT instead.
This effective theory constrains the interactions between hadrons by using the chiral symmetry of
massless QCD as a guiding principle. In this section, we will provide a brief introduction to each
of these topics so that the reader may have some understanding of the low-energy theories later

used in the thermodynamic matching of Chap. 4.

3.21 The HRG equation of state

In this section, we shall keep the discussion of the HRG as general as possible: we shall
consider both T = 0 and p = 0, and we shall consider color-neutral hadrons in a general SU(N)
gauge theory with quarks in an arbitrary representation. In doing so, results in this section will be
applicable to our discussions of QCD-like theories in Sec. 4.1.

The low-T pressure (at p = 0) in a general QCD-like theory is given by considering the
system to be a free gas of hadrons. Moreover, the statistics of the hadrons may be ignored, so that

the distribution functions may all be assumed to be Boltzmann factors. In that case, we have
—/P2+mZ/T 4 mq mq
ParG(T) =T Z gi J =T Z 2712 ( ) K> ( . ) , (3.93)

ieH
where here the sum is over the hadron spectrum of the theory; g; and m; are the degeneracy and

the mass of the i hadron, respectively; and K; is a modified Bessel function of the second kind.
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The low-p pressure (at T = 0) can be calculated in a similar way, but in this case the statistics
of the particles cannot be ignored. For T = 0 and p > 0, the only particles that contribute to the
partition function are particles containing no antiquarks, which we denote by B. In theories with
quarks in the fundamental representation, these are simply the baryons, whereas for theories with
quarks in exotic representations, there are more particles fitting this description (see Sec. 4.1.2 for
a detailed discussion of hadrons in specific QCD-like theories). As such, in this section we shall
refer to all the particles in B as baryons. Taking the T — 0 limit in the fermionic-baryon (n = 1) or

bosonic-baryon (n = —1) case yields

d3p /524 m2
PrrG (1) ZTﬁg})TZQmJ P in (1 +1 eluri=y/p +m1)/T>
ieB

(271)3
B35, |, —prrm2) Y
:ngfwlnl%z%@me(” )
ieB
(nury)2—m? =2 d/s|
= Z gin L pznzp (HTi —\/P%+ mf) O(ury — my)
i€eB

=n Y 25 [wriy/(ur)2 = m2 (2(ur)? —5md)
i€B

my

+ 311121 cosh™! O(pury — my), (3.94)

(ury)2 —m?
where here 6 is the Heaviside step function and r; = N; /Ny, with N; being the number of quarks
in the ith particle, and Ny, being maximum number of quarks contained in a particle in B. (Par-
ticles satisfying N; = Ny, are what we would normally call baryons). This result is correct for
the fermionic-baryon case, but this formula gives negative P in the bosonic-baryon case when
(1t > min;jecpg mi/7i. This is because, in the bosonic case, a condensate of the it baryon forms when
n = my/ri. (This has been numerically investigated in the two-color case by Hands et al. [44]
and analytically by Kogut et al. [45] in all QCD-like theories with pseudoreal fermions.) In fact,
in the completely non-interacting case it is nonsensical for p to exceed minicg my/ri. Since the
hadrons in these theories are composite particles, they are not truly non-interacting, and we can

have p > minjcg my/ry.
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To make sense of this case, we consider the bosons as a (complex) quantum field ® with
a |®|* repulsive interaction. For simplicity, we consider each baryon to be an independent field,

and we examine the case of a scalar field (degeneracies may easily be incorporated at the end). A

single baryon then has the Lagrangian density
L£=0,0"(0"D) —m?dT0® —A(DTD)(DTD), (3.95)

with A > 0. Following Kapusta and Gale [31], we introduce a baryon chemical potential pur and

explicitly factor out the zero momentum mode

O =£+x, (3.96)

where & € Ris a constant and the constant Fourier component of x satisfies xn—o(p = 0) = 0. One

may think of & as the condensate field and x as the fluctuations about the vacuum state. We also

write the fluctuations in terms of the normalized real and imaginary parts

1 )
= —(x1 + ix2)-
X ﬂ(m ix2)

(3.97)
In terms of these new variables, the Euclidean Lagrangian density becomes
716)0.215)(2.21212
L=-35 < 37 —WT‘Xz) 3 < 3r T — 5V = 5VIX2
1 1
— 5 (6AE% +m?)xT — (A& +m?)x — U(E) + L1, (398)

where 7 is the Euclidean time, £; contains interacting terms in x (which we henceforth ignore),
and

U(E) = (m? — (ur)?)E + AL (3.99)

We thus see from (3.99) that for ur < m the state &y = 0 is the stable vacuum and (3.98) describes

a system of particles and antiparticles of equal masses. However, for ur > m, the stable vacuum
becomes

2 (HT)Z —m?
& = o (3.100)
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and (3.98) describes a collection of two particles with differing masses: ﬁ% = 3(ur)? —2m? and

m2 = (ur)? respectively. Because of the chemical potential, the dispersion relation of the latter is

gapless, and Goldstone’s theorem is satisfied. At zero temperature, the pressure is simply

Prra(k) = U(E)[_, = 2 ((ur)? —m?) 0(ur —m). (3.101)

This gives us the dependence of the pressure on p, but we still have not set the coupling constant
A. We set it as follows. According to Ref. [39] (the relevant generalized equation is reproduced
later in this thesis as Eq. (4.14)), we see that the Fermi-Dirac pressure for a quark in the theory

(N, n¢) with representation R becomes

dr ur 4

with dr being the dimension of the fermionic representation. Thus, for a single degree of freedom

(recalling that a fermionic quark has two degrees of freedom) one has

Pia (ur)™. (3.103)

1
= 4
2412 Np
Thus, in order for Purg — Ptq when p — co, we must have for a single scalar baryon

1

PurG(W) = =57
242N},

((ur)? —m?)?0(ur — m), (3.104)

and so for a theory with bosonic baryons we have

9i 2 2)2
Phrg (1) = ) Sz (wri)? —mg) "8 (ury —my). (3.105)
et 241N

3.2.2 Chiral effective theory

ChEFT is a perturbative effective field theory of low-energy QCD that builds an effective
Lagrangian using chiral symmetry as a constraint [34, 46]. Chiral symmetry is a symmetry of the
QCD Lagrangian (3.62) or (2.1) with massless quarks under transformations of the internal flavor
indices. In this section, we will detail chiral symmetry and its breaking in real-world QCD (i.e., as
an SU(3) gauge theory). Later, in Sec. 4.1.2.2, we will briefly discuss chiral symmetry breaking in

QCD-like theories: SU(N) gauge theories in which the fermions are in different representations.
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The Euclidean Lagrangian (3.62) in the massless-quark limit can be written as
— — 1
Lcp = ) Wit BuphfL + OirBapfy + 5 Fi F, (3.106)
f
where we have defined the covariant derivative D 4p), as

D(ap)n = 0ap0u —igA;TSp, (3.107)

and we have broken up the Dirac spinors ¢ into the L- and R-chirality parts. In the form of
Eq. (3.106), it is clear that the L and R pieces of the quark flavors transform independently in the

Lagrangian, that is, the Lagrangian is invariant under the global, chiral flavor-symmetry group
Uns)r @ Ulnglr =SUMn¢) @ SUM¢)r @ U(1)L @ U(1)R. (3.108)

These symmetries can be recast into vector and axial forms, where here “vector” means that the
symmetry acts the same on the L and R fields and where “axial” means that the symmetry acts

oppositely on the L and R fields:
SU(n¢)v @ SUMm)a @ U(1)v @ U(T)a, (3.109)

Though Eq. (3.109) is the chiral flavor symmetry of the Lagrangian, it is not the full flavor symme-
try of the path integral: the path-integral measure for the quark fields does not respect the U(1) o
symmetry. (One says that the U(1) o symmetry is anomalous.) Thus, the full chiral flavor symmetry
of QCD is

SUMs)v @ SU(nse)a @ U(1)y. (3.110)

For completeness, we point out here that the SU(n¢)y symmetry is the symmetry of isospin (for
n¢ = 2) and the U(1)y is frequently written U(1)g (e.g., as was done in the discussion of chiral
symmetry breaking in the CFL phase in Sec. 2.2.2 above), as it is the symmetry leading to baryon
number conservation.

Before discussing which of the chiral flavor symmetries of massless QCD become hidden in

the ground state, let us discuss the addition of quark masses. The addition of a mass term

D> mibabe =) mieider+Prrber) (3.111)
f f
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breaks the SU(n¢) A flavor symmetry explicitly, and if the masses of the quarks are different, then
even the SU(n¢)y symmetry is explicitly broken. However, the symmetries can still be approx-
imately valid if the quark masses are not “too large”. The relevant energy scale with which to
compare the quark masses is Agcp. Thus, for real QCD, a massless Lagrangian is a good approxi-
mation for n¢ = 2, and a questionable, but sometimes still passable description for n¢ = 3. For the
moment, let us continue to keep n¢ general, but with the understanding that n¢ = 2 or 3 depend-
ing on the desired accuracy. After discussing spontaneous symmetry breaking in the massless
(often called “chiral”) limit, we will return to the quark masses.

The low-energy (i.e., hadronic) ground state of massless QCD respects only a subgroup
of the full symmetry group (3.110). The SU(n¢) A symmetry is hidden or spontaneously broken.
For each generator of the hidden global symmetry, one finds a massless Nambu-Goldstone boson.
Since the hidden SU(n¢) o symmetry has n% — 1 generators, one will have n% — 1 massless particles
in low-energy massless QCD. The axial chiral flavor symmetry is broken by the formation of a

chiral condensate of each quark flavor

W) = Wepbrr + VerbrL) =V ~Adep  (nosumon f). (3.112)

Note that this couples L quarks to R antiquarks and vice versa, which is different than the conden-
sate in the CFL phase, discussed in Sec. 2.2.2 above. The appearance of Agcp here also explains
why Aqcp is the relevant energy scale with which to compare the quark masses.

A perturbative effective theory for the low-energy degrees of freedom can be systemati-
cally constructed from knowledge of the full chiral flavor symmetry group (3.110) and the hidden
symmetry group SU(n¢)a: to do this, one constructs the most general Lagrangian consistent with
the chiral symmetry breaking pattern. One begins by defining a unitary operator that acts of the
flavor space

Usg(x) = exp <Zi %) , (3.113)

where the 71 are the dynamical fields (the three pions in the case of n¢ = 2; and the three pions,

four kaons, and one eta in the case of ny = 3), the T?Q are the generators of SU(n¢)y, and Fr is a
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constant which can later be determined by experiment. Note that this means that the 7t transform

in the adjoint representation of the preserved SU(n¢)y symmetry. Here, U transforms as
U — grugh, (3.114)

with g1 € SU(n¢)r and gr € SU(n¢)g. From this object U one can construct the most general
Lagrangian that exhibits the chiral flavor symmetry breaking pattern of QCD [34, 46]

2
Ly :%” Tr [(0,W)(0, W] + Ly Tr [(8,W)(2,,W)1]
+ Lo Tr [(8, W) (35 W) ] Tr [(35 W) (3, U)]

+L3Tr [(0, W (WA W (@ W] +--- . (3.115)

Here, Ly, L, and L3 are additional constants that must be fit to experiment. In this expression,
the first term (with only two derivatives) is of lower order than the next three terms (with four
derivatives): these derivatives turn into powers of P*/F, o P"/Acssp in amplitudes and thus
provide a natural way to order the terms by relevance. This natural ordering procedure is what
allows ChEFT to be predictive and effective.

As an aside, we note that by Goldstone’s theorem, the light Nambu—Goldstone bosons 7¢
should be labelled by the broken generators of SU(n¢)y® SU(n¢)a, not the generators of the pre-
served symmetry as occurs in Eq. (3.113). We refer the interested reader to Weinberg [47] for the
discussion and resolution of this apparent discrepancy. The essence of the discussion there is as
follows. For a general group G breaking down to a subgroup H C G, it is indeed the case that the
Nambu—-Goldstone bosons are labelled by the cosets of G/H. However, for chiral symmetries, one
can simplify the derivation of the effective Lagrangian to the procedure described above in which
the Nambu—Goldstone bosons are instead labelled by the unbroken symmetry. Ref. [47] provides
all the details of both prescriptions and clearly illustrates the connection between them.

Finally, let us discuss the addition of the quark mass terms back into the QCD Lagrangian.
As mentioned above, these terms explicitly break the chiral flavor symmetry of massless QCD.

Nevertheless, these terms can be incorporated into the effective Lagrangian (3.115) by viewing the
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mass term

Lmass = ZEfogq)ga M = diag(mhmZ)---)mnf) (3116)
f,g
as defining another (dynamical-field) operator M that acts on flavor space. If one assumes that M

transforms in the same way as U above under SU(n¢); ® SU(n¢)g, namely
M — gr Mgk, (3.117)

then one can write additional terms with the M matrix that respect the SU(n¢)r ® SU(n¢)g sym-
metry [34, 46, 47]:

3

£‘X,mass = %TI‘ (MU. + MTU.T) + ey (3.118)

with the - - - containing higher-order terms in both M and U (see Refs. [47, 46]), and v is the same
constant that appears in the chiral condensate (3.112).

The Lagrangians (3.115) and (3.118) describe the anomalously light mesons in low-energy
QCD, but do not include baryons. One may incorporate nucleons into ChEFT by including ad-
ditional nucleon fields and describing the coupling between nucleons and mesons. Defining

& = VU, and letting ¥ denote the nucleon field, then the meson-nucleon Lagrangian is [4]
L _w[ly (8 + ) —mn + Sy y5up]‘{’—i—---, (3.119)
where the - - - again represents higher-order terms,
Trgt
Mu = l (&7, 048], (3.120)
and
u, =i{&h 0,8} (3.121)

Once again, this Lagrangian can be systematically improved by powers of P*/Acssg, and is thus
a useful tool for controlled, low-energy calculations.

We will end our sketch of ChEFT here. Since ChEFT is also a quantum field theory, the
machinery of Sec. 3.1.5 and Sec. 3.1.6 allows one to calculate the EoS for low-energy QCD using

the above effective Lagrangians. The reader should now at least appreciate that this effective
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theory indeed provides a controlled, perturbative description of low-energy QCD. If the reader is
interested in further details, we direct them to the books of Donoghue et al. [46] or Weinberg [47],
or the detailed ChEFT reviews in Refs. [3, 4].

We now turn to the problem of finding the EoS in the intermediate regime between the HRG

or ChEFT descriptions and pQCD using thermodynamic matching.



CHAPTER 4

MATCHING EQUATIONS OF STATE

Since the region of the QCD phase diagram applicable to NS interiors is out of reach of
the perturbative approaches discussed in the previous chapter, a different approach must be used.
The approach advocated in this thesis is one of matching EoSs: Since the T = 0 axis has controlled,
first-principled theories that are effective for u < Acssp and for Apgcp < 1, one straightforward
approach is to simply try to fit together the EoSs of these two theories to shed light on the non-
perturbative, middle region. This approach was taken in Ref. [10] using the simpler HRG at low
win place of ChEFT, and in Refs. [1, 11] using the more comprehensive ChEFT at low values of p.

This sophistication of this matching procedure is variable. At the simplest level, one may
match the low- and high-energy EoSs simply by using each EoS until the point where they inter-
sect. In this method, it is often preferable to include a bag constant in the pQCD pressure as an
extra degree of freedom when matching. In addition, one may choose to specify the order of the
phase transition, or the latent heat of the phase transition if first order. In a more sophisticated
matching procedure, one may cut the low- and high-energy EoSs before they intersect (perhaps at
the point where they each have some fixed uncertainty), and attempt to extrapolate between them
with a simple EoS (e.g., a polytropic equation of state; see Sec. 4.2 below). This method anticipates
the breakdown of each EoS in the central, non-perturbative region and allows for a wider range

of behavior in that region. In this chapter, we will highlight both of these approaches.
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In addition to highlighting both of these approaches, the current chapter serves two addi-
tional purposes. The first additional purpose of this chapter is to critically examine this “EoS-
matching” paradigm. In Sec. 4.1, we take up this task by examining both how accurately the
simple Hadron Resonance Gas plus pQCD matching (HRG+pQCD) reproduces the lattice p = 0
result, and by providing predictions of the T = 0 EoS in QCD-like theories with different numbers
of colors and/or different representations of quarks. Crucially, the theories for which we calculate
the T = 0 EoS do not suffer from a sign problem in lattice QCD, and thus these theories can be sim-
ulated for any value of p. It is one of the goals of this chapter to provide the lattice with definitive
predictions that will be able to validate or rule out the simple HRG+pQCD matching prescription.
The work from this first section has been published previously in Ref. [48]. The second additional
purpose of this chapter, which we address in Sec. 4.2, is to describe the more sophisticated match-
ing procedure of Kurkela et al. [1] in some detail and to highlight the main ideas. This section will
serve as a basis of our applications in Chap. 5, in which we use the matched EoS of Kurkela et al.

[1] to constrain properties of rotating NSs.

4.1 Matching in QCD-like theories accessible to lattice

QCD

Knowledge about condensed-matter properties of QCD in thermodynamic equilibrium is
required for the interpretation of experimental and observational data in cosmology, high-energy
nuclear physics, and the physics of neutron stars. While tremendous progress has been made for
the case of high temperature and small baryon densities using direct simulations in lattice QCD
[40, 41, 42], much less is known for the case of small temperature and large densities. The reason
for this shortcoming is that the so-called sign problem prohibits the direct simulation of QCD at
large density using established importance sampling techniques. While established techniques

fail, several recent techniques have been studied that at least in principle could permit one to cal-
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culate thermodynamic properties from first principles in QCD at large density. These techniques
include Lefschetz thimbles [20], complex Langevin [21, 22, 23, 24], strong coupling expansion [25],
and hadron resonance gas plus perturbative QCD (“HRG+pQCD” in the following) [49, 50, 10].
In this section, we propose a series of ‘control studies” in QCD-like theories (in particular two-
color QCD with two fundamental flavors and four-color QCD with two flavors in the two-index,
antisymmetric representation), which—despite not corresponding to the actual theory of strong
interactions realized in nature—have the advantage of not suffering from a sign problem, and are
thus amenable to direct simulations using established lattice-QCD techniques. We then proceed to
calculate thermodynamic properties in these QCD-like theories in one of the above non-traditional
approaches (HRG+pQCD, Refs. [49, 50, 10]), which effectively makes predictions for possible fu-
ture lattice-QCD studies that can be used to validate or falsify this HRG+pQCD approach. Since
two- and four-color QCD are qualitatively similar to three-color QCD, we furthermore expect
the level of agreement between lattice QCD and HRG+pQCD in the two- or four-color cases to
be roughly comparable to the three-color QCD case, thus offering an indirect validation of non-
traditional methods for QCD at large densities.

We note here that, as has been true throughout this thesis, we are only interested in bulk,
thermodynamic properties in the following. Moreover, the HRG+pQCD approach followed in this
section will be unable to describe the details of the phase-transition region, in particular, its order.
This is not our goal. This section will serve as an illustration of the simpler matching approach
described above.

This topic is organized as follows. In Sec. 4.1.1 we give the EoS in pQCD by stating the
pressure P as a function of temperature T at baryon chemical potential p = 0 and P as a function
of wat T = 0. This section is essentially a compilation of what has been derived in the literature.
Sec. 4.1.2 contains an explanation of how the hadrons in the theories listed above are computed.
(For a general overview of the HRG EoS, see Sec. 3.2.1 in the previous chapter.) Sec. 4.1.3 contains a
description of how we perform the matching between these two asymptotic EoSs, and in Sec. 4.1.4

we discuss the results of this matching.
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4.1.1 pQCD equation of state

We are interested in calculating the pressure P along the T- and p-axes in a general SU(N)
gauge theory with n¢ massless fermions. In particular, we are interested in the theories (N, n¢) =
(2,2),(3,3), and (4,2) with quarks in the fundamental representation (fundamental) and (4, 2)
with quarks in the two-index, antisymmetric representation (antisymmetric). In order to constrain
the pressure of these theories, we derive the asymptotic behavior for both low and high T or
u and then match these behaviors using basic thermodynamics. At high T or high , the EoS
can be calculated using (resummed) pQCD and at low T or p, the EoS of the theory is to good
approximation [40, 41, 42, 43] that of a HRG (a non-interacting collection of the hadrons of that
theory). In the intermediate regime, the EoSs can be constructed by matching the high-/low-
energy asymptotic behavior using the criterion that the pressure P must increase as a function of
T or as a function of p (see Ref. [10]). More details of the matching procedure will be discussed
below.

The high-T, pQCD EoS can be calculated by following the equations and procedure of Ka-
jantie et al. [51, 52] and Vuorinen [39] with the resummation modifications described by Blaizot
et al. [53] (cf. Ref. [54] for a different approach to the resummed pQCD EoS). We first define the

following group-theory terms to be used in all future pQCD expressions:

Ca =N, (4.1)
da =NZ2—1, (4.2)
and
N2 —1 (N=2)(N+1)

Ctundamental = TN Cantisymmetric = N ’ (4.3)

n (N—2)
Tfundamental = 7]6) Tantisyrnmetric = 2 N, (44)

N(N —1
dfundamental = NTLUf, dantisymmetric = (Z)nf- (45)

(Note that we are using the vector flavor notation (b* here.) In all of the expressions that fol-

low, we let group-theory terms with a subscript R denote the fermionic group-theory invari-
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ants, which must be replaced by the corresponding fundamental or antisymmetric representa-
tion group-theory invariants above as needed. In terms of these group-theory terms, the pQCD

pressure at i = 0 in these theories can be written
Ppacn(T) = Psp(T) + Phard (T) + Peqen(T). (4.6)

Here, the Py, the Stefan-Boltzmann pressure given by

T4 7
Psb(T) = 45 <dA + 4dR) . 4.7)

To 3-loop order, Ppayq is given by Braaten and Nieto [55] as

Phara(T) = ”29‘1’* T“{ = (cA + im) =
+ (Ci [48 In :\TET — %2 In 4;\T + % + 4y + ];ﬁ Cc/((—_:)) — 33—8 CC/((__;)]
+CaTr [48 In :\TET - g In 4;\T + % — 35—7 In2+ 8y + 73—4 C(:/((—_:)) — ;CC,((__;))]
+ T2 [230 In 47:AT + % — % In2 + 4y + %6 Cc/((—_l])) - % Cc/((—_;))}
+ CrTr m‘r’ _ 24ln2] ) (ZL;)Z } 4.8)

where Ag is the factorization scale between the hard and soft modes, and «; is the strong coupling

constant squared over 47t in the MS renormalization scheme at the scale A = \/(27tT)2 + (u)2. This

is given by [56, 10]
_ 47 InL —2
w=gr (R )t (). 9
with
11 4 34 20
Bo=3Ca—3Tr, B1=7CA—4CrTr— 5 CaTr, (4.10)

where Ay is the MS renormalization point (to be set later). In all the results, we set Ag = A and
vary A about the aforementioned value by a factor of two (cf. the end of Sec. 4.1.3). Finally, Peocp
is given by
_da_(1 53 Ca Ae 3\ 5 5, [Ca\? /8 1 15\ 4
Peqen(T) = 47rT<3mE i <1“ Ime 4) gEme —\ 4 ) (g~ gm2tg™ )geme ),

(4.11)
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where
m% :?aSTZ{CA + Tg
5 22 2. A 16 14 14 A
2 (242 LA N _ 16 LRIV A TOAS
+[CA<3+sy+3ln4nT>+CATR<3 31n2+3v+31n47[_r>
4 16 8 8 A x
2 (2 " oy 2 n ) s
+ T2 <3 Tln2-2y 31n4ﬂ> 6CRTR] (47:)}’ (4.12)
and
g2 = 4o T. (4.13)

The zero-temperature pQCD EoS is more straightforward in the sense that resummation of

the strict perturbative series is not required. The result is given in Ref. [39] by

1 dR ZTR Kg ZTR Ks 202 K
P = pop Qi SR (=) - R (=) |2 — =
pacp(H) 472 (; uf{?)nf da ( ng ) (47r> da < ng ) (47’[) [3(1]CA 4Tg) In e

PSS S v/ (CA —CR> + l(415—264ln2)CA —2 (161—1112) TR]}

3 4\ 2 36
2Tr o5\ 2 xs 22 16 22 .
dA(nf><4rr> {<21“4n 3 vzl 1“2”“3) (W?)? + Fu)
+ 0o In ), (4.14)

where the sum is over all the quark flavors in the theory, ur is the f-quark chemical potential,

u? =3 ;uf and

2Tx w2 2 (2Tr\? g — ugl
Flu) =—2 2<> Zln = —|—< —pg)ln———9
(w) ey ;uf REEL é (ks — g) oy
(e + pg)?
+appng(pd +pd)in TR i B (4.15)
Hflg Hg

with the constant 6 having the value 5 = —0.85638320933. In what follows we always set all of
the quark chemical potentials equal to each other, so that s = p/Ny, for each flavor f, where Ny,
is the number of quarks in a baryon. Note that this means that some of the terms in (4.15) do not
contribute.

Let us pause here to mention that we are not including a color superconductivity (CSC)
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phase in the EoS at T = 0. Including a CSC phase amounts to adding a term of the form

A2 “'2

Pcsc =

to P [14, 57, 58]. Here, A is the superconducting energy gap. In the three-color case, this contribu-

tion to the pressure adds a correction of at most ten percent.

4.1.2 Hadron resonance gas spectra in the QCD-like theories

The EoS of a HRG was discussed previously in Sec. 3.2.1; see that section for the details
of the construction. Below, we shall discuss the hadron spectrum in each of the exotic QCD-like
theories that we listed above: (N,n¢) = (2,2),(3,3), and (4,2) with fundamental quarks and

(N,n¢) = (4,2) with antisymmetric quarks.

4.1.2.1 Determining the hadron spectrum

For the three-color (N,n¢) = (3,3) fundamental case, we use the real world spectrum of
hadrons up to 2.25 GeV [59]. For the two- and four-color theories with two fundamental quarks
and the four-color theory with two antisymmetric quarks, we determine the hadrons using group-
theoretic arguments and Fermi statistics (in the case of objects composed of quarks only). We
explicitly ignore the glueballs in these theories because they tend to be more massive than the
lightest hadrons [60]. For the two- and four-color theories, we set the scale using the string tension
/0 and the relation between the string tension and the MS renormalization scale Ay given in
Ref. [61]. However, the ratios Ayg/+/0 given in the aforementioned reference are for the pure-
gauge theories. To remedy this, we scale these ratios by AI\N/Ts: 3(ne=2) /AI]\\]/TS: 3(n¢=0), determined

from Ref. [62]. These lead to the values
AN Z(ne=2)/1/0=1.032 and Af5*(ne=2)/Vo=0723 4.17)

for the fundamental theories. For the three-color theory, we use Ay = 0.378 GeV, as in [10].
For the four-color antisymmetric theory, we were unable to locate a result for /\I\N/I—S:“(nf =

2)/+/o from the lattice in the literature. Since some of the group-theory terms for the antisym-
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metric theory scale more strongly with the number of colors than the corresponding terms in the
fundamental theory, it seems reasonable to expect that Ay will scale differently with the number
of quark flavors in the antisymmetric theory than in the fundamental theory. Moreover, it would
be most accurate to view Ayg/+/0 as a free parameter in the HRG+pQCD scheme that must be
determined independently from the lattice. In light of these considerations, we have decided to
use both the pure-glue value [61]

N=4
AN=4 /5 = 0.527, (4.18)

and the previously-given value of /\I\]\'TS:4 (nf =2)/4/o that we use for the four-color fundamental
theory for the four-color antisymmetric theory, with the expectation that the true value will lie
somewhere near this range.

For both the two- and four-color cases, the mesons are taken to be the analogues of the
flavorless mesons that exist in the real world (up to a mass of about 2 GeV) whose masses are
written in multiples of the string tension ogy;(3) = (420 MeV)?. In the two-color case, we mainly
use the analogues of the real-world mesons, substituting the two-color masses calculated by Bali
et al. [63] when available. (We also note here that the pu-dependence of the two-color spectrum
has been studied numerically in Ref. [64] and analytically in Ref. [45], though we do not need this
u-dependence for our HRG+pQCD scheme.)

We now discuss in some detail how the non-meson objects in these three cases are deter-
mined. For convenience and as a summary of these sections, we list tables for all of the particles
that we have included in the SU(2) and SU(4) cases in Appendix A.

Two-color case

In two-color QCD, the baryons are composed of two quarks with the added simplicity that
the masses are degenerate with the corresponding mesons made from the same quarks [65]. Thus,
the mass spectrum of the baryons is the same as the mass spectrum of mesons. However, there
are fewer baryons than mesons, for there is an additional constraint imposed by Fermi statistics in

the case of the baryons. Since we may view the two massless quarks as part of an isospin doublet,
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one sees that exchanging the two internal quarks in a baryon causes the wave function to become
multiplied by

(—1)1HLFSHL (4.19)

In this equation, L is the angular momentum quantum number, S is the spin, and I is the isospin,
with the additional 1 due to the fact that the quarks are in an antisymmetric color singlet. We thus
see that for even L the spin and isospin must be equal (S = 0 impliesI = 0and S = TimpliesI = 1),
and for odd L they must be the opposite in order to have a totally antisymmetric wave function.
(Even though the composite baryon is itself a boson in two-color QCD, it is still a multi-particle
state of fundamental fermions.) This information is enough to determine the set of hadrons in the
HRG pressure (3.93).

Four-color fundamental case

Baryons in four-color QCD with fundamental fermions consist of four quarks. In this case,

to determine the masses M we use the large-N expansion

JO+1)

M(J) = NA + =2

B, (4.20)

where | is the total angular momentum of the baryon, and A, B are constants independent of
N [66, 67]. As pointed out by DeGrand [68] and demonstrated by Appelquist et al. [69], a term
independent of N could be used for better agreement. However, we have no way to set the value
of such a term and thus do not include it.

We find the possible values of ] beginning with the ground-state baryons of zero orbital
angular momentum. Since we still have a isospin doublet of massless, spin-one-half quarks, we

only need the group-theory expression

2020202=5sP3MB3IMB3IMBIA B 1A, (4.21)

where the 55 state is fully symmetric, the 3, states are are symmetric in three of the four quarks
and antisymmetric in the other, and the 14 states are pairwise antisymmetric. Since, again, the

quarks are in an antisymmetric color singlet, it must be the case that they are in a symmetric com-
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bination of spin and flavor. This means that there is a spin-2 quintet, a spin-1 triplet, and a spin-0
singlet of ground-state baryons.

We may also determine the first excited states in this simple manner by realizing that for
this four-body problem there are three relevant orbital-angular-momentum quantum numbers
and the first excited state corresponds to when exactly one of them is one. In order to still be in a
completely antisymmetric state, either the spin or the flavor state must now be in one of the 3y
states while the other must be in a 55 state. This means that there are a quintet of particles with
S =1 and a triplet of particles with S = 2. Combining these with an orbital angular momentum
L = 1 yields three baryonic quintets with ] = 0, 1,2 and three baryonic triplets with ] = 1,2,3. We
did not determine the baryons for any higher excited states.

Four-color antisymmetric case

The hadron spectrum in the four-color theory with two antisymmetric quarks consists of
two-quark objects: mesons and diquarks; four-quark objects: tetraquarks, di-mesons, and diquark-
mesons; and six-quark baryons [70, 71, 72]. Since the antisymmetric representation is real, the
arguments of Ref. [65] carry through here and one may conclude that all two-quark objects with
the same quark content have degenerate masses and that the same holds for the four-quark ob-
jects. In addition, the four-quark objects have a mass equal to the sum of their constituent two-
quark-object masses [70]. Because of this mass degeneracy, we need not determine how all of the
four-quark-object degrees of freedom break up into spin and isospin multiplets; rather, we may
simply combine the two-quark-object degrees of freedom in every possible way. One major differ-
ence from the two-color case, however, is that in the four-color theory with antisymmetric quarks
the color-singlet state for diquarks is symmetric. This means that the spin-isospin locking in this
theory is the opposite of the locking in the two-color theory. That is, for odd L the spin and isospin
must be equal (S = 0 implies I = 0and S = 1 implies I = 1), and for even L they must be opposite.
As for the six-quark baryons, we again use the large-N expression (4.20), but with N replaced by

Np = 6, the number of quarks in the baryon. We include only the ground-state baryons, where
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isospin and spin are locked as I =] = 3, 2, 1, and 0 [70].

4.1.2.2 Chiral symmetry breaking and the Nambu—Goldstone bosons

The lowest-mass particles in all of the aforementioned theories are precisely zero at zero
quark mass. This can be understood in terms of the pattern of chiral symmetry breaking in these
theories [73]. Consider an SU(N) gauge theory with n¢ massless fermions. For fermions in a com-
plex representation (such as in the cases N > 3 with fundamental fermions—discussed above in
Sec. 3.2.2), the Lagrangian density possesses the symmetry U(n¢); ® U(n¢)g, corresponding to
the separate left- and right-handed flavor symmetries; and for real representations (such as any N
with adjoint fermions or N = 4 with antisymmetric fermions) or pseudoreal representations (such
as in N = 2 with fundamental fermions), the Lagrangian density possesses the larger symmetry
U(2n¢). In all of these cases, the axial U(1)a symmetry is broken by an anomaly, and the re-
maining symmetries are spontaneously broken in the following ways. For fermions in a complex
representation:

SU(n¢)r @ SU(ng)r — SU(n)v; (4.22)

for fermions in a real representation:

SU(2n¢) — O(2ny); (4.23)
and for fermions in a pseudoreal representation:

SU(2n¢) — Sp(2ng). (4.24)

(See Refs. [73, 45] for more details.) The generators of the broken symmetries become massless
Nambu—Goldstone bosons. Since SU(n¢) has n% —1 generators, O(n¢) has n¢(n¢—1)/2 generators,
and Sp(n¢) has n¢(n¢ 4 1)/2 generators, we see that in the three-color, three fundamental-quark
case there will be 8 Nambu—Goldstone bosons (a meson octet); in the four-color, two fundamental-
quark case there will be 3 Nambu—Goldstone bosons (a meson triplet); in the four-color, two

antisymmetric-quark case there will be 9 Nambu—Goldstone bosons (a triplet each of mesons,
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diquarks, and antidiquarks); and in the two-color, two fundamental-quark case there will be 5
Nambu—-Goldstone bosons (a triplet of mesons, a diquark, and an antidiquark).

In addition, recall that if the quarks in these theories are not precisely massless, then the
massless Nambu—Goldstone bosons will become instead small-mass, pseudo-Nambu-Goldstone
bosons. In the spectra, we are free to vary the mass of these lightest particles to see what effects
this will have on the EoS of the theories. This is especially interesting for lattice practitioners. We

discuss this further in Sec. 4.1.4.

4.1.3 Matching the pQCD and HRG equations of state

To match the two asymptotic EoSs, we employ the same technique on the T-axis as on the
p-axis. As such, let us introduce the symbol F to stand for either T or p so that we may discuss the
matching in full generality.

To perform the matching, we take the simpler approach discussed at the beginning of this
chapter: we use each EoS until they intersect, and we assume that at the phase-transition point the
pressures of the two phases are equal. We use the thermodynamic constraints that the pressure of

a system must increase with F

P(F+ AF) > P(F), (4.25)

and that above a phase-transition point, the physical phase is the one with the higher pressure.

We also add a bag constant B to the pQCD pressure so that
Ppacp(F) = Poocp (F) + B, (4.26)

where PSQCD is given by either (4.6)-(4.11) or (4.14). In the plots that follow, we solve the following

set of two equations with two unknowns (for a given A):

Pura(Fo) = Ppacp(Fo, Bo), (4.27)

dPurac(F) _ 9Ppacp(F, Bo)

. (4.28)
dF F=F oF F=Fo
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The second of these equations amounts to assuming that the phase transition is of second order.
By varying A between niT and 4T for the case F = T and between /2 and 2y in the case F = y,

(4.27)-(4.28) allows us to obtain a region of possible EoSs in the (F, P) plane for each theory.

4.1.4  Results: HRG+pQCD matching

In Fig. 4.1, we overlay the bands for the pressure and trace anomaly € —3P (with e the energy
density) at u = 0 that we calculate in the three-color, three-massless-quark case with lattice data
from the Budapest-Marseille-Wuppertal Collaboration [41] and the HotQCD Collaboration [42]
in their respective regions of validity. We observe that the lattice data agree reasonably well with
the band resulting from the HRG+pQCD calculation, both for the pressure as well as for the trace
anomaly.

In Fig. 4.2, we show the HRG+pQCD pressure and trace-anomaly bands at u = 0 for all four
theories with the T-axis scaled by the critical temperature T., which we define to be the average
of the matching temperatures for the upper and lower edge of the pQCD band to the HRG EoS.
Tc should thus be regarded as an estimate of the confinement-deconfinement critical temperature.
We list the explicit values obtained in HRG+pQCD in Table 4.1. We see that once the temperature

axis has been scaled by T, all the theories show similar behavior both for the pressure and trace

0.9 | | R E— 1.4 | | | |
(I e — 1o |- HRG+pQCD —
07 [ = n IQCD (BMW)
1 1
06 17 = 1 E IQCD (HotQCD) ==
e} = - —
a® 05 | o o8
T 04 / 1 T et 7
0.3 [~ HRG+pQCD o S 04 N, _
02 [~ IQCD (BMW) == - '
01 [~ IQCD (HotQCD) === - 2= 7 Tl N
0 | | | | 0 | | | |
0 0.2 0.4 06 0.8 1 0 02 0.4 0.6 0.8 1
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FIGURE 4.1: Normalized pressure (left) and trace anomaly (right) at p = 0 for the three-
color, three-massless-quark case from HRG+pQCD in comparison to lattice-QCD data from the
Budapest-Marseille-Wuppertal Collaboration [41] and the HotQCD Collaboration [42].
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FIGURE 4.2: Normalized pressure (left) and trace anomaly (right) at © = 0 for the two-color,
three-color, four-color fundamental, and four-color antisymmetric theories in HRG+pQCD. Note
that the T-axis has been scaled by the critical temperature (see main text).

anomaly, a phenomenon that is well-known from pure-gauge theories [74].

The differences at low temperatures are due to the different numbers of Nambu-Goldstone
bosons in the two-color and four-color theories with zero quark mass (see Sec. 4.1.2.2 or Ap-
pendix A) and the fact that in the real world there are only pseudo-Nambu-Goldstone bosons.
We verified this by increasing the mass of the lightest (now pseudo-) Nambu—Goldstone bosons,
which qualitatively changed the shape of the pressure curves until they matched that of the real-
world, three-color theory. In Fig. 4.3, we show the pressure and trace-anomaly bands at T = 0 for
all four theories with the p-axis scaled by the critical chemical potential 1., again, defined to be the
average of the matching chemical potential of the upper and lower edge of the pQCD band to the
HRG EoS. The value of p. should be regarded as an estimate for the confinement-deconfinement
transition, whereas the critical chemical potential for the onset transition would be given by the
smallest value of m;/ri, to use the notation of Sec. 4.1.2. In the fundamental theories, this value
of m;/ri corresponds to the lightest baryon mass. Similar to the u = 0 case, the p # 0,T = 0
results show similar trends when scaled appropriately. Again, the different behaviors at low p/pic
are due to the fact that there are Nambu—Goldstone bosons composed solely of quarks in the two-
color fundamental and four-color antisymmetric theories. Again, this was tested by increasing the
masses of the lightest particles.

The values of T.//0 and p./+/0 for the HRG+pQCD calculations are given in Tab. 4.1.
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FIGURE 4.3: Normalized pressure (left) and trace anomaly (right) at T = 0 for the two-color,
three-color, four-color fundamental, and the four-color antisymmetric theories in HRG+pQCD.
Note that the p-axis has been scaled by the critical chemical potential (see main text).

While the results suggests that the T. values for the different theories are within 20 percent of each
other, the extracted . values span a much broader range.

We wish to remind the reader here that, in the T = 0 case, we have not included the CSC
phase in the high-p EoS, which will introduce a correction to the pressure on the ten-percent level
(see the discussion near Eq. (4.16)). We also note that a ten-percent change in the plots of the bulk
thermodynamic properties will not affect them in a noticeable way, for the error bands are already
at least of this order.

We stress that in the four-color antisymmetric case with Ayg/+/0 = 0.723, we were unable
to carry out the matching procedure at p = 0 in the chiral limit. We found that in this case, the
HRG pressure rose too sharply and never intersected the pQCD pressure-band. Thus, we have

only plotted the Ay;g/\/0 = 0.527 results for the four-color antisymmetric theory in the figures.

Group, Representation, n¢ T./\/o Ue/v/o
SU(2), fundamental, 2 0.400 3.24
SU(3), fundamental, 3 0.47 2.382
SU(4), fundamental, 2 0.44 2.853
SU(4), antisymmetric, 2 (Ayg/v/0 = 0.527) 0.29 5.09

SU(4), antisymmetric, 2 (Ayg/y/0 = 0.723) no matching 5.0

TABLE 4.1: The ratios T, /+/0 and p./+/0 for the theories analyzed in this section. Errors are given
by the number of significant figures.
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FIGURE 4.4: Deconfinement-transition temperature T. as a function of pion mass for the four-
color, antisymmetric theory in the p = 0, Ayg/v/0 = 0.723 case. The straight line is a fit to the
results where matching could be performed, and defines the extrapolation to the chiral limit (see
main text).

We feel this is justified for a few reasons. First of all, the values of 1. are equal within uncertainties
for the two different values of Ay;g/+/0. Secondly, in the case where Ayg/\/0 = 0.723, we were
able to carry out the HRG+pQCD matching procedure when we increased the mass of the lightest
bosons (the pion mass). By varying the pion mass, we were able to extrapolate to the chiral limit,
obtaining a value of ./y/0 = 0.3, which agrees with the value found for Ayg/v/0 = 0.527 (see
Tab. 4.1). In light of this agreement, and in light of how the four-color antisymmetric theory was
the only theory where the matching was strained, we conjecture that the true value of Ayg/+/0 in
this case is closer to the pure-glue value than it is in the real-world, three-color case. We point out
that this prediction could be tested in future lattice-gauge-theory calculations.

Finally, we have calculated the speed of sound ¢, at T = 0 in all four QCD-like theories us-
ing the HRG+pQCD scheme, shown in Fig. 4.5. We note that in some cases, cs exceeds the speed
of light, and thus these particular matching results from HRG+pQCD should be considered un-
physical (a standard constraint when using cold-nuclear-matter EoSs). Nevertheless, our results
indicate that it is generally possible to obtain physical EoSs wherein c2 > 1/3 for all fundamental
QCD-like theories. This finding could be of interest because restricting c2 < 1/3 has previously
been noted to be in tension with astrophysical observations [75]. Again, we point out that this is a

property which could be tested in future lattice-gauge-theory calculations.
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FIGURE 4.5: The speed of sound squared at T = 0 for the two-color, three-color, four-color funda-
mental, and the four-color antisymmetric theories in HRG+pQCD. Note that the p-axis has been
scaled by the critical chemical potential (see main text).

415 Conclusions: HRG+pQCD matching

We have calculated the EoS at non-zero temperatures and densities in a first-principles ap-
proach: by matching physics from the hadron resonance gas at low energies to perturbative QCD
at high energies for two-, three-, and four-color ‘QCD’. In particular, we have provided predictions
for results in future lattice studies at zero temperature and non-zero chemical potential for two-
color QCD with two fundamental fermions and four-color QCD with two flavors of fermions in
the two-index, antisymmetric representation. While some aspects of this study are systematically
improvable (in the ways discussed in the opening paragraphs of this chapter), we expect the cur-
rent HRG+pQCD results to be sufficiently robust that a direct comparison with future lattice-QCD
studies in the two- and four-color cases could validate or rule out the HRG+pQCD method, de-
pending on the quantitative agreement. In the case of agreement, one could thus also reasonably
expect HRG+pQCD results to be quantitatively accurate in the physically-relevant, three-color-
QCD case.

The results of this systematic study have been made electronically available [76] so that they

may be more easily accessible.
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4.2 Kurkela et al. [1] matching: ChEFT to pQCD

The second topic that we address in this chapter is the current state-of-the-art matched EoS
of Kurkela et al. [1], which demonstrates the more sophisticated matching approach discussed in
the introductory paragraphs of this chapter. In the papers in Refs. [1, 11], the authors conducted a
careful matching procedure to constrain the QCD EoS between the ChEFT and pQCD limits. The
authors only assumed the validity of the perturbative EoSs up to a point, and between these two
extremes they approximated the QCD EoS by two or more (though see below) polytropic EoSs,
i.e., EoSs of the form

P(n) = kni, (4.29)

where n is the density, k; and y; are constants, and 1i labels the different polytropes. The expo-
nent y; is referred to as the polytropic index. The matching to the ChEFT and pQCD EoSs was
performed at n = 1.1ns and u = 2.6 GeV, respectively, where the relative uncertainties for each
perturbative EoS reach +24% [77, 10]. Here, ng ~ O.]6/fm3 is the nuclear saturation density.
Below n = 1.1ng, the authors used the state-of-the-art ChEFT EoS of Tews et al. [77], and above
u = 2.6 GeV, the authors used the state-of-the-art pQCD EoS from Ref. [10] in the compact form
presented in Ref. [78].

Between these two controlled regimes, the authors of Ref. [1] used either two or three poly-
topes of the form (4.29) both with and without latent heat (i.e., a first-order phase transition) at the
matching points. The authors eventually concluded that the addition of latent heat was actually
more restrictive on the matching, and, in addition, a third polytrope only minimally increased the
range of allowed EoSs (see Fig. 4.6, taken from their paper). Thus, in the rest of our descriptions
here, we will outline the procedure used in Ref. [1] to match two intermediate polytropes.

To match the two polytropic EoSs, the authors chose a random intermediate matching value
te and a matching point in the pQCD band (obtained by varying the renormalization scale A
about /(27T)2 + ()2 by a factor of two in both directions, as is customary) and attempted to

solve for the polytropic indices y; that would provide a matched EoS for those random values. If
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FIGURE 4.6: The allowed band of EoSs determined by Kurkela et al. [1], consisting of two- and
three-trope intermediate EoSs. From Ref. [1]. The ChEFT EoS is not shown on the plot; it connects
to the bands shown in the lower-left corner. In this plot, up is the baryon chemical potential, and
P has been scaled by Psg, the Stefan—Boltzmann pressure.

such values existed, the authors then checked to see if the speed of sound in the resulting EoS was
subluminal throughout, and if it was not, rejected it. In this way, 3500 EoSs were generated, with
v1 € [2.23,9.2] and vy, € [1.0,1.5]. Fig. 4.6 shows the resulting band of allowed EoSs in the form
of a P vs. u plot (note that P has been scaled by the Stefan-Boltzmann pressure Psg, and pg is the
baryon chemical potential).

In Ref. [1], the authors also used one final constraint; namely, that matter obeying the con-
structed EoS should be able to support a non-rotating NS of two solar masses (2M). This is a
constraint imposed by observation rather than theory, for a 2M¢ neutron star has been observed
[79, 80]. This actually provides a quite stringent constraint on the QCD EoS beyond the matching
constraint itself, and it allowed the authors to constrain the QCD EoS to +30% throughout the
entire range of L.

Rather than continue from the theoretical point of view, as the study of NS properties is one
of our goals, let us now turn to NSs themselves. We shall return to the observationally-constrained
QCD EoS band of Kurkela et al. [1] in the following chapter, where we will analyze the full range
of observational constrains coming from both static and rotating NSs. This will allow us to more

fully appreciate how highly one may constrain the QCD EoS by applying it to NSs.



CHAPTER 5

NEUTRON STARS AND APPLICATIONS

Neutron stars (NSs) are one of the most extreme physical systems in the cosmos. Within a
sphere of radius ~10 km lies over 1M, of matter. In the outer layers of NSs, controlled techniques
such as ChEFT [77] or quantum Monte Carlo [81] are applicable and can yield insights into both
the static properties of the bulk matter (such as the equation of state or EoS) and some transport
properties. Currently, these low-density calculations are valid up to about 1.1 times the nuclear
saturation density ng ~ 0.16/fm>, corresponding to a baryon chemical potential of about 1t ~
0.97 GeV [77]. Deep in the core, however, such controlled, direct theoretical calculations are not
possible. This is because the densities and chemical potentials at the center of the star, though
extreme, are not large enough to fall into the range accessible by pQCD. In the state-of-the-art
pQCD calculations at zero temperature in Ref. [10], the errors associated with varying the mass
scale reach 30% at around p = 2.6 GeV. The value of u in the cores of NSs lies within a subset of
this 0.97 — 2.6 GeV range.

The problem of the interiors of NSs is thus currently a non-perturbative one. However,
as discussed in Chap. 4, one can hope to reach the intermediate values of pu by matching the
low-density EoS from a low-energy effective theory to the pQCD results in a thermodynamically
consistent way to investigate the makeup of NSs. As also discussed in that chapter, this has been

carried out in the work of Kurkela et al. [1] and Fraga et al. [11], who, in addition, incorporated
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the 2M, constraint from Refs. [79, 80]. (See also Ref. [82], in which the authors use only ChEFT
and the 2M, constraint to extend the low-energy EoS.) In these works, the authors used their
matched EoSs to analyze non-rotating NSs only. It is known [83, 84] that slowly-rotating NSs can
be approximated as non-rotating for frequencies of rotation less than about f ~ 200 Hz. Beyond
this, however, one must use numerical codes to analyze the structure of the stars. Such a numerical
approach has been recently used by Cipolletta et al. [84] and Haensel et al. [85] in the context of
phenomenological EoSs, and one of the purposes of this chapter is to extend these analyses to
include EoSs that are more fully constrained by first-principles physics.

Broadly speaking, the purpose of this chapter is to investigate the structure of NSs at fre-
quencies from zero all the way up to the mass-shedding limit using the constraints on the QCD
EoS determined in Refs. [1, 11]. We are particularly interested in constraining NS properties that
are relevant observationally. In Sec. 5.1, we quickly review the general procedure for constraining
global NS structure within the framework of general relativity (GR). Then, in Sec. 5.2, we con-
sider applications of the QCD EoS band of Kurkela et al. [1]. In this section, we first discuss the
work done in Ref. [1] to incorporate the 2M, constraint into the authors” matching procedure
and highlight their conclusions about observable NS properties. We follow this discussion with
original work that extends these results to rotating NSs. We investigate the maximum allowed
NS masses, as well as the allowed regions for mass-radius curves, mass—frequency curves, and
radius—frequency curves for a typical 1.4M, star. In addition, we investigate the allowed values
of the moment of inertia of the double pulsar PSR J0737-3039A [86, 87] and study how this is cor-
related with the radius. In this way, we aim to provide a strong direct link between astronomical
observations and the allowed QCD EoSs coming from current state-of-the-art pQCD and ChEFT
calculations.

This chapter draws heavily from work that will soon be published in Ref. [88].
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5.1 The QCD EoS and the structure of NSs: overview

To determine the global structure of a NS in GR, one often starts with symmetry assump-
tions. The two simplest assumptions are that the star is non-rotating, or rotating uniformly. Let us
begin with the former case.

A non-rotating, spherically-symmetric object in GR can be described by the metric [89]
ds? = e?*(" dt? — e?P( dr? —+2(d6? + sin? 6 de?). (5.1)

Here, « and (3 are arbitrary functions of r. To compute the structure of a NS, one must solve
Einstein’s Equations,

1
Ruv — 59uvR = 871G Ty, (5.2)

inside the star, where we assume that the matter in the star is a perfect fluid with
Tuv = (e + Plupuy, — Pgpy. (5.3)

In these equations, G is Newton’s gravitational constant, u,, is the four-velocity of a fluid element,
and, as before, ¢ is the energy density and P is the pressure. Using algebra, the equations (5.1)-(5.3)
can be reduced to the following two equations, called the Tolman—-Oppenheimer—Volkoff or TOV
equations [89]:

dP  G(e+P)[m(r) + 4mr3P]

dr r[r—2Gm(r)] ’ 64
%1 = 4rle. (5.5)

Note that these are simply the equations describing hydrostatic equilibrium for a static, spherically-
symmetric fluid. To solve for the structure of a non-rotating NS, one must prescribe an EoS (i.e.,
P(¢e)). With this specified, one may construct a star by specifying a central energy density ¢* and
then solving the TOV equations outward from the center until the radius R such that ¢(R) = 0; this
is the stellar surface.

For a uniformly-rotating star, the procedure is in principle the same, though the equations

are more complicated. The metric of a stationary, axisymmetric space-time (i.e., one describing a



65

uniformly-rotating, axisymmetric star with angular velocity Q as judged by an observer at infin-

ity) is given by [90, 91, 92]
ds? = e?Y dt? — e2*(dr? +12d6?) — e2Pr? sin? 0 (dp — wdt)?, (5.6)

where v, w, «, and 3 are functions of r and 6. In this case, one must again solve Einstein’s Equa-
tions (5.2) with the assumption (5.3) for T,,,. This leads to the following equation for hydrosta-
tionary equilibrium (as opposed to hydrostatic equilibrium when there was no motion at all) [93,
92]:

1 1
- P — 2y _ .
. VP + Vv 2V1n(1 w?) =0, (5.7)

where here, w is the proper velocity of a fluid element with respect to a local zero-angular-
momentum observer:

w=rsin0ePV(Q — w). (5.8)

Note that in this rotational case, the hydrostationary-equilibrium equation is not decoupled from
the Einstein equations.

The coupled system of (5.8) and Einstein’s Equations (5.2) can be solved numerically with
the use of the publicly-available RNS code of Ref. [94]. This code takes as input an EoS in the
form P(e) and two parameters: a central energy density €* and the ratio of the polar coordinate
radius to the equatorial coordinate radius r*. Other inputs can be used as well (see Sec. 5.2.2,
where we use this code in combination with the QCD EoS of Kurkela et al. [1]), but internally each
NS that is constructed is specified by the parameters ¢* and r*. From this input, the code can
calculate various global properties of the star, including the total (or gravitational) mass M, the

circumferential equatorial radius Re, the frequency of rotation f, and the moment of inertia I.

5.2 Global properties of NSs with QCD EoSs

In this section, we discuss applications of the QCD EoS band of Refs. [1, 11] to NS. These

applications take two complementary forms. First, the QCD EoS band can be used to constrain
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observational properties of NSs. Second, observations can be used to further constrain the QCD
EoS band. Both of these applications will be discussed below. Following all of the discussions,
we review the main conclusions of both types of applications in Sec. 5.2.3, including ones that are

most relevant to astrophysical observation.

5.2.1 Non-rotating case

Applications of the QCD EoS band derived in Refs. [1, 11] were already discussed in that
reference itself. In addition, both types of applications were considered. In the aforementioned
references, the authors constrained their QCD EoS band beyond what was described in Sec. 4.2
above by requiring that the QCD EoS be able to support a non-rotating, 2M, star. This is required
to agree with observations of a 2M, star with f < 200 Hz [80]. (Note that the other 2M, NS that
has been detected has f = 317.45 Hz [79], which is too large to be considered non-rotating.)

Using this constraint, the authors were able to significantly reduce the uncertainties on their
resulting QCD EoS band (see Fig. 5.1). Throughout the entire intermediate (matching) region, the
QCD EoS was constrained to within £30% using the observational constraint. In addition to con-

straining the QCD EoS band, the authors also determined mass-radius curves for the constructed
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FIGURE 5.1: The allowed band of EoSs determined by Kurkela et al. [1], including the 2M mass
constraint. From Ref. [1]. The lines indicate individual constructed EoSs, and the bold, dashed
lines are tabulated in Ref. [1]. The crosses denote the largest value of u reached within a non-
rotating NS constructed from each of the bold, dashed EoSs. The ChEFT EoS is not shown on the
plot; it connects to the bands shown in the lower-left corner. Note that P has been scaled by Psg,
the Stefan-Boltzmann pressure.
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EoSs. We do not include their mass-radius plots here, for in the next section we reproduce the
non-rotating region calculated in Ref. [1] as the horizontally-striped area in Fig. 5.2 below. How-
ever, we do note that the authors concluded that any non-rotating NS constructed from their QCD
EoS band must satisfy M < 2.75Mg, (or M < 2.5Mg, for bitropic EoSs), with the radius of a typical
1.4M, star falling between 11 and 14.5 km.

Let us now turn to our generalizations of these results to include rotating NSs.

5.2.2 General rotating case

In this section, we discuss generalizations of the work of Ref. [1] to include rotating NSs. We
begin by briefly describing how the RNS code mentioned above in Sec. 5.1 was used to construct
mass—radius curves, mass—frequency curves, radius—frequency curves for a typical 1.4M, star,
and moment-of-inertia—radius plots of the double pulsar PSR J0737-3039A. Following this, we
present our results and all of our plots in detail.

Methodology

To conduct our analysis of rotating NSs, we used the publicly available RNS code [94]. In
addition to constructing a single star specified by ¢* and r* (see the discussion in Sec. 5.1 above),
the RNS code can construct sequences of stars as well as accept other stellar properties as input
to construct internal sequences and find stars satisfying those inputs. It can also calculate the
mass-shedding frequency for a given central energy density ¢y, which is the fastest rotation rate
possible before the star begins to throw off mass from its equator. This provides an upper bound
on the rotation rate for the central energy density ¢y. Rotating stars have both a larger maximum
mass and a larger maximum equatorial radius, and so the mass-shedding limit can be used to
investigate larger, more massive stars than were possible in the non-rotating limit.

The approach used in this investigation was to take the EoSs used in Refs. [1, 11] in the
form P(e) and feed them into the RNS code to calculate various properties of physical interest. A
comment is in order here. Since in Refs. [1, 11], the authors concluded that adding latent heat was

actually more restrictive on the matching, and, in addition, they found that a third polytrope only
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minimally increased the range of allowed EoSs, we have also only used the bitropic EoSs without
latent heat in this section.

To construct our data, we first ran the RNS code on the static and mass-shedding sequences.
From this, we could construct the mass—radius curves and one boundary of the allowed mass—
frequency region for NSs. The rest of our numerical data involved either fixed-frequency runs,
fixed-mass runs (or both), or coding a binary search to fill in the gaps where the code was unable
to generate the star. This was necessary in the cases of very small frequencies, as internally the
code always uses r* as a parameter instead of f. (This behavior was also noted in Ref. [84].) The
tixed-frequency runs were used to determine the other boundary of the allowed mass—frequency
region, and the fixed-mass runs were used to determine the radius—frequency relations for a typ-
ical, 1.4My NBS. Finally, the runs at fixed mass and frequency were used for investigating PSR
J0737-3039A.

Results: Rotating case

We present first our results for mass vs. equatorial radius curves in Fig. 5.2. The non-rotating
region is the same as in Ref. [1], and has a maximum mass of about 2.5M,. As seen in the figure,
rotating NSs have a larger radius and a larger maximum mass than non-rotating ones. This can be
thought of as a consequence of centrifugal force: the stars with large central energy densities that
are unstable past the maximum-mass point for non-rotating stars are stabilized (and their central
energy densities are lowered) by the outward centrifugal force in the rotating case. The larger
radius is a consequence of the eccentricity of the star caused by the centrifugal force as well. We
see that the maximum-mass star now has a mass of about 3.25M,, and the largest stellar radius is
about 21km.

As one might expect, the boundaries of the non-rotating region and the mass-shedding re-
gions in Fig. 5.2 are formed from the same EoSs; e.g., the EoS that contains the highest-mass
stars in the non-rotating case also contains the highest-mass stars in the mass-shedding case. This
means that any further observational constraints that restrict the left, horizontally-striped region

in Fig. 5.2 will also restrict the right, vertically-striped region in the same way.
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FIGURE 5.2: Mass vs. equatorial radius regions for non-rotating stars (horizontal stripes) and
mass-shedding stars (vertical stripes). The upper, checkered region is an overlap between the
non-rotating and mass-shedding regions. The lower, solid region is only accessible to non-mass-
shedding rotating NSs.

In Fig. 5.3, we show the allowed regions for NSs in the mass—frequency plane. The inner,
solid region is allowed for every EoS, and the outer, checkered band shows where the possible
boundaries are for each EoS. The right boundary of the checkered region is constrained by the
mass-shedding stars: beyond a certain limiting frequency at a given mass, stars become unstable.
The upper boundary of the checkered region consists of the curves Mupyax(f), the maximum NS
mass as a function of frequency. We also include a dashed line in Fig. 5.3, which is the boundary
of the mass—frequency region for a sample EoS. This is to illustrate the shape of the boundary for
each EoS. Every EoS is shaped similarly: the top boundary rises towards the sloped, upper-right
edge of the checkered region, comes to a point, and then curves back down. Note that this implies
that the outermost boundary of the checkered region is not formed from a single EoS; in fact, even
the upper edge and lower-right edge of the checkered region are formed by different EoSs.

We also show in Fig. 5.3 data points for NSs with frequencies above 100Hz, taken from
Ref. [85]. A star located in the checkered band would eliminate some of the EoSs (namely, the ones
whose curves in the checkered region are closer to the inner, solid region than the data point of the
star). We see that there is only one star that is pushing into the checkered band: this is B1516+02B.
If the mass of this star were further constrained, it could potentially eliminate a sizeable number of

additional EoSs. Note, however, that f = 125.83Hz for B1516+02B, so this is still within the regime
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FIGURE 5.3: The allowed mass—frequency region for all of the possible QCD EoSs. The inner,
solid region is allowed for every EoS, and the outer, checkered band shows where the possible
boundaries are for each EoS. The dashed line is the outer boundary of the mass—frequency region
for a sample EoS. Data points for NSs with f > 100Hz, taken from a table in Ref. [85], are also
plotted.

where approximating the star as non-rotating is valid. Thus, this constraint is not fundamentally
one of rotation.

From Fig. 5.3, however, we see that for high-f stars, there is a constraint coming from rota-
tion. The clearest example of this is the upper-right corner of the inner, solid region with coordi-
nates (M, f) = (2.06M, 883Hz). This frequency, f = 883Hz, signifies the highest frequency that all
of the EoSs can support. Thus, if a NS is ever found with f > 883Hz, this would eliminate some of
the possible EoSs of Refs. [1, 11]. We note, however, that this is the highest frequency that would
eliminate some EoSs: lower-frequency NSs could also rule out some EoSs if their masses could be
measured and were sufficiently low. For example, PSR J1748-2446ad, currently the fastest rotating
NS known (f = 716Hz) [95], would eliminate some EoSs if its mass is less than about TM,.

For a 1.4Mg NS, the largest frequency that all EoSs can support is lower, f = 780Hz, as show
in Fig. 5.4. In this figure, we have plotted the equatorial radius as a function of frequency R (f) for
a typical 1.4M NS for each EoS. This plot serves as a prediction for observational astronomers.
Furthermore, when consistent, reliable data of NS radii are available, a plot of this type could

be overlaid with observational data to further constrain the QCD EoS (similar to Fig. 5.3 above).

One other comment we wish to make here is that this radius—frequency band agrees with the
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FIGURE 5.4: The region of allowed circumferential equatorial radius vs. frequency curves for a
1.4M star.

result of the minimum-x?, hybrid EoS of Kurkela et al. in Ref. [96]. That result lies directly in
the center of our band in Fig. 5.4. We do note, however, that their mass—frequency boundary
only partially agrees with our band: The boundary of the mass—frequency region coming from
the mass-shedding curve in Ref. [96] lies in the center of our checkered band coming from our
mass-shedding curves, but their upper boundary cuts into our solid band. This is because the
minimum-x?, hybrid EoS obtained in Ref. [96] does not permit a 2M, NS.

The final plot that we have generated from the EoSs is shown in Fig. 5.5. In this figure, we
show the allowed region for the moment of inertia and equatorial radius of PSR J0737-3039A. The
moment of inertia of this star may be measured in a few years [86, 87], and so it is natural to inves-
tigate what the QCD EoSs predicts its value should be. We find that I € [1.2,1.8] x10*5g cm?2. Work
of this type has been performed previously assuming phenomenological EoSs, e.g. in Refs. [97,
87, 98]; and, more recently, Raithel et al. [99] have performed an analysis in which an EoS is only
assumed up to ng, and the remaining mass is shifted around to minimize and maximize I for the
star. This allows the authors to plot the largest allowed region in the Re-I plane constrained by
controlled first-principles low-energy physics. Our allowed region in Fig. 5.5 does fall within the
larger-Re, larger-I (i.e., upper-right) portion of the region calculated in the aforementioned work,
and it also falls roughly in the center of the forty EoS data points presented in an earlier figure in

that work.
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FIGURE 5.5: The allowed region of moment of inertia vs. circumferential equatorial radius for
PSR J0737-3039A.

We also find that all of the “hard” and “soft” EoSs from Refs. [1, 11] fall on the two bound-
aries of our allowed region: the “hard” EoSs form the right boundary and the “soft” ones form
the left boundary. In other words, the “hard” and “soft” EoSs each lie on their own fixed curve.
This is not surprising, since the largest contribution to I comes from the matter at the largest radii
(in the low-density crust region), and there, all the “hard” or “soft” EoSs agree by construction.
Note, however, that since these EoSs form the vertical boundaries of the region, even a relatively
imprecise measurement of the moment of inertia of PSR J0737-3039A (e.g., one with a precision
of 10%) will significantly constrain which EoSs are consistent with the measurement. Since the al-
lowed region spans 0.6 x 10*> g cm? in I, a 10% measurement will only be consistent with about
0.15/0.6 = 25% of the EoSs.

This percentage is not a physical meaningful result, but we translate it into a statement about
the QCD EoS band in Fig. 5.6. In this figure, we display the QCD EoS band of Kurkela et al. [1],
along with the subset of it that is consistent with I = 1.5 x 10> g cm? to a precision of 10%, as an
example. We see that such a measurement would shrink the percent errors of the band by up to
50% in some places, especially in the lowest-density regime. Again, this makes sense because it is
the low-density material farthest from the rotation axis that contributes most to I. This reduction
in the QCD EoS band would then, by extension, significantly constrain all of the NS properties

mentioned in this section. This makes a measurement of the moment of inertia of the double
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FIGURE 5.6: A plot illustrating how much the QCD EoS band of Ref. [1] would be restricted by a
hypothetical measurement of I = 1.5 x 10%° g cm? with a precision of 10% for PSR J0737-3039A.
pulsar PSR J0737-3039A of extreme interest. Such a measurement would also constrain the radius

of the pulsar to within about +0.5 km.

5.2.3 Conclusions: Applications to NS

In this section, we have investigated the effects of rotation on global properties of NSs con-
structed from the EoSs of Refs. [1, 11]. We have found the maximum allowed NS mass to be
about 3.25M, and the maximum allowed NS radius to be about 21 km. From investigations
of mass—frequency relations, we have have identified B1516+02B as a NS of particular interest:
constraining its mass more precisely could potentially eliminate many allowed QCD EoSs. From
mass—frequency relations, we also have identified f = 883 Hz as the maximum allowed NS rota-
tion frequency consistent with every EoS. In the case of a canonical 1.4M¢ NS, we have found that
f = 780 Hz is the maximum allowed rotation frequency consistent with every EoS. We have also
determined the allowed Re vs. f region for a 1.4M¢ NS, which may serve has a prediction for as-
tronomers, and may also be overlaid with future precise radius measurements to further constrain
the QCD EoS. Finally, we have calculated the moment of inertia and radius of PSR J0737-3039A
for each EoS and found it to be consistent with the minimally constrained results of Ref. [99]. We
have found that I € [1.2,1.8] x 10*3g cm? for the allowed QCD EoSs. Most excitingly, we have

concluded that even a measurement of the moment of inertia of this star with a precision of 10%
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would reduce the percent errors on the band of allowed QCD EoSs that are consistent with obser-
vations to 50% of its current size at low densities. We thus conclude that a measurement of the

moment of inertia of PSR J0737-3039A would be of extreme interest.



CHAPTER 6

HIGHER-ORDER TERMS IN THE PQCD
PRESSURE AT ZERO TEMPERATURE

The matching procedure outlined in Chap. 4 and used in Chap. 5 to investigate NSs can be
improved by theoretical advancements as well as observations. In this chapter, we will detail some
improvements to pQCD at T = 0 that have already been achieved by the author and collaborators
since the work of Kurkela et al. [1]. In particular, we derive in this chapter the (9(96 In? g) piece of
the pQCD pressure for n¢ massless quarks: a contribution that comes entirely from the plasmon
term already discussed in Chap. 3. In doing this calculation, we will also extract a piece of the full

O(g®In g) term and even parts of the O(g®) term.

6.1  Higher orders for a single massless fermion

We start with a single massless fermion, where things are slightly simpler. To improve on

the T = 0, O(g* In g) result of Sec. 3.1.8, we use the formulae (and notation) listed in that section

to isolate the terms higher than O(g*):

da [®2v2 J“/Z . C Fmat(K, @) | Fmae(K, @) | F2u(K, @)
2n) JOdK K , d® sin“ (D)< In |1 2 + 2 + KA

Fmat(K = 0, @) Fnat(K=0,®) F2..(K=0,0)
—In [1— K2 d — 2 2 — ma KE 2 . (6.1)
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As before, we will leave out the 2G terms except in the final equations in our derivations. We
investigate the leading infrared behavior of this integrand. To do this, we require the expansion
of the functions Fyat and Gpat about K = 0 to order K2, which are found, in the case of a single

massless quark with chemical potential p, to be

2

Fmat(K, @) = Fo (D) + (KZ In 4‘;) F1(®) + (K?) Fy (@), (6.2)
2N\

Gamat K, @) = Go(®) + <K21“L) G (@) + (K2) G (0), (6.3)

where the functions Fo (D), F (D), F1 (D), Go(D), Gs (@), and G (D) are given by

gzuz
Fo(®) == csc? @ (O cotd — 1), (6.4)
g%
Go(®) = cot ® csc? @ (sin2® — 2D), (6.5)
= g
F(0) = —50, (66)
G1(®) =57, (67)
F1(®) _%[5—1—3@8@—3<Dcot(D(2+csc2(D)], (6.8)
2
G1(®) = 1 csc® ®(275in ® — 135in 30 + 120 cos 30). 6.9)

Note that Fo(®) is what we were formally calling Fmat(K = 0, @), and similarly for Go(®). Us-
ing the expansions (6.2) and (6.3), we find that the leading order infrared divergent piece of the

integral (6.1) is

‘L*Jﬁ/quninz(@)rodkz -
(2m)3 Jo 0

CIRICIN < K2 > _ RO (@)

b o e (6.10)

In fact, we find that there is an infinite sequence of terms similar to this that can be resummed:

~ K2 °° Fo(@)\" 2 Fo(@)F (D), [ K2\  Fol®)F(®D)
[_F“@h‘(w)_F‘(@L;SF‘)“D)( ) =mee n(6) e e

(6.11)

Note that Fp and G are negative on (0,71/2), and so the denominators here are never zero. Despite
this, the integral of these terms over K? diverges. To regulate it, we subtract terms of the similar

form

Fol@)F (@) <K2> FolO)F1 (D) (612)

_%% — K2 42 _X% —K2
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Here, X1 and x; are two further fictitious mass scales that must also drop out of the calculation of

physical observables. The regulated integral over K? evaluates to

deKz{Fo@)ﬁ (O ( K2 ) Fo(@)F1 (@) _ Fo(®)Fy(®) < K2 > _ Fo(@)F, (cD)}

0 Fo(®) —K? m + Fo(D) — K2 _%% — K2 4FL2 _X%_Kz
~ _ 2 .
= 1Fo(d>)2F1 (@) [In? FO(Z(D) —In? 4% + F3(®)F1 (D) In Fogq’) . (6.13)
2 u X1 X3

Let us be clear what we have done. Just as in Sec. 3.1.8 above, we isolated a piece of the full
integral (6.1), namely the terms in Eq. (6.11), and regulated the result to obtain a finite answer. All
that is left is to perform the integral over ®@; this leads to the complete contributions to Q.5 at

orders ¢°In? g,

(1) ~ ~
Q /2 2 2
plas /g4 2 da .2 2Fo(@)“Fq (D) ‘ZGO((D) G]((D)
- = (¢°In” g) 2 Jo d® sin” () = +2 o , (6.14)
and ¢g°Ing,
(2) ~
Q /2 2 2
plas /¢ dA ) ZF()((I))F]((D) ZF()((D)FI((D) _FO((D)
T =( lng)(zﬂ)3jo d® sin (@){ 5 + 58 In e
2G3(®)G1(®) | 2G3(P)G1(P) [ —Go(®)
+2. [ 5 + 5 In InZg? , (6.15)
with an additional piece contributing at order g°:
(3) ~
Q /2 2 2
plas 6 da .2 1F0(CD)F1(®) 2 —Fo (D) 2 4
- Osin?(®){ -1 |1 —In?| =-
v ) e Jo A sinl ){ 9° Tl ) TR
L BOF(@) (@), G@IG@) [ (6o(@)) | (4
g° Xig? g° 4u?g? X3
2G3(D)G;(® —
4 268(@16G1 )ln( G;(;D))}_ (6.16)
9 X719

The final contribution at O(g®) is given by the remaining four terms of O(g®) contained in the

original integral (6.1) that were not included in the sum (6.11), plus the regulating terms that we
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subtracted to obtain the finite integral (6.13) These are:

v 2m)3 |, 0 3K4g6  3K4ge 3K4g6  3K4g®

| Fo(@)FF(@) 1 T (), @F(@) o1
96 _)N& _ KZ K2 4H2 96 _X% _ KZ KZ

Qfoifs —(¢%) da r/quminz(q))rodKz{Fg(q)) F2 o (K, @) _<Gg(®) anat(K,dD))

[T () S ]
(6.17)

Thus, to O(g®°)
O =l + 012, < L + Ol 619

For the single, massless quark flavor described above, some of these integrals can be done analyt-
ically, while others can be partially done:

(1
Qplas . d A LL4

vV 12(2n)

2)
Opls dan? (35_7712 161n2 2 4ln(47'[3)_6> Sing.

£ 9°In% g, (6.19)

V. o 242m)8\ 6 24 * 3 * 3 (6.20)

Here 6 is defined exactly as in [39], namely,

2
16 (/2 1—xcotx\?, T—xcotx 1 1 —xcotx 1 —xcotx
o= — dx sin“ x — . 11'172“‘* 1—72 ln1—7z
T Jo sin” x sin” x 2 sin” x sin” x

~ — 0.8563832093269428068483102329159403588472790971113576089930908673. (6.21)

Some of the remaining @ integrals in QO Sa)s + ng?a)s can be done analytically too, but since we have

only managed to do the integral over K? in Eq. (6.17) numerically due to the structure of Fma and

Gmat, we do not reproduce them here. We do, however, include the numerical integrals for a single

massless quark flavor:

(1)

% — —3.430676811637164 x 10 8dApu*¢°In? g, (6.22)
(2)
Plas _ 5 195772106112194 x 10~ 7dapu?g®In g, (6.23)
(3) (4)
Qs +0
plas _ 77plas _ 3 088466558527530 x 107 dapg®. (6.24)

\%
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6.2 Higher-order terms for multiple massless fermions

We now tackle multiple massless fermions. For n¢ massless quark flavors, the expansions

(6.2)-(6.3) become

2 ~
Fmat(K, @) = Fo(® (ZKzln%> (@) + (K?) Fq (@), (6.25)
f
K2\ <
Gmat(K, @) = Go(®@) + (Z K2 1In 4u2> G1(®) + (K?) Gy (@), (6.26)
f f
with
Fo(®) = 92 s @ (@ cot® — 1), (6.27)
g2u?
Go(®) =35 cot @ csc? @ (sin2d — 20), (6.28)
F1(®) = T 42 (6.29)
G1(@) = T 42 (6.30)
neg? 2 2
F1(®) = 532 [5+3csc ® — 3D cotD(2 + csc d))], (6.31)
2
Gy (@) = ST;E;Z csc® @ (27sin @ — 13sin 30 + 120 cos 30), (6.32)
where we have defined p? = 3 uf This means that the integrals for Qplas Qplas become
(M ~ ~
Q /2 2 2
plas /64 2 dA .2 ZFO((D) F1(®) ‘ZGO(q)) GI(CD)
v =(¢°In” g) 2n) Jo d® sin“ (D) g +2 P , (6.33)
(2)
Q /2 2 2
plas /¢ da .2 2F5(@)F (@) | 2F5(Q)F (D) —Fo(®)
=(g"1 0] 0] 1
v 095 Jo A sinl ){ T ;n 4uig?
2G3(®)G1(P) | 2G3(P)G1(®) —Go(®)
+2|==0 + ==0 In (6.34)
g° g° ; 4utg? ’
(3) ~
Q /2 2
plas 6 dA 2 ]Fo(®)F1(®) 2 —Fo(CD) 2 4“’f
_ _ 1 T
7 0 ], dos ((D){Z o 2" e X
F§(@)F1 (@), [ —Fo(®) G§(®)G1 (D) 2[ —Go(®) 2 [ 4us
+ G In{ —5-5- |+ 6 D |In a2er | T =2
g X719 g 7 Hrg X1
2G2(D)G1 (D) —Go (D)
o 961 In Xz02 , (6.35)
19
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0 3K#g® 3K4gé 3K4g®é 3K4

Fo(®)F2(®) 1 Fo((D)Ff(d)) 1 1
PBIORO (b ) () B )

Go(®)G2(®) K2\ Go(®)G2(®) 1 1
o (e ) 2 e (e )

(6.36)

o /2 % 3 3 3 3
plas :(g6> dA J' d(D San((D)J dKZ{ FO(CD) Fmat(K)(D) +2 . <GO( ) Gmat( 96 ))

nglas is identical to the single-flavor case, with u? replaced by u?, while Qpl s may be made very
similar to its form in the single-flavor case by using the identity u% = (p.% /p?)-pu? in the logarithms

and expanding. Finally, for simplicity we may choose X% = x? = 4u?, since these mass scales may

be chosen arbitrary. These lead to

(1)

Q da(w?)*
plas A 6
V12208 g°In” g, (6.37)
(2) 2

Qplas - ( ) (35 7m? 4 161 2

_ 24+ @) — s —iZm M | 4 1n
6 24 3 3 n T

vV 2420t f
(6.38)
Opias + Oplas_d ( 2)2 71 In2 21n22
plas plas _dAa 18 n7t _L n - -
Vo T ™| ag (F20) — 5 (19 Ind) + (1—-1n128 —4Inn)
In 7t 5. In(87?). ¢ mn  In2
_Tln(16n)+ 7 5+§_g+?e

0224 a0 ) | 6
+ <3ln 2+311’1(47'[) 4>nf;1n<p% g

+ dA J d(DSil’l ( dKZ{FO (D Fmat(K)(D) _’_2‘<G0((D) . Gmat( 96 ))

(2m)3 Jo 3K4g° 3>K4g6 3K4g® 3K4
1 F2 q> F%(@)ﬁ(@) <K2>]
(o sz PO
1 G1 ®)  Ggl@ )Gl( ), [ K? 6
() [ e ClIs
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where the final contribution to the O(g®) term has not yet been analytically evaluated. Here, & is

as defined above, and (, 1, and 0 are defined as the following integrals:

4 (/2 1— tx\2. 1— t
(= J dxsinzx{ [5—i—3csc2x—3xcotx(2—i—cscZ x)} ( .XZCO X) In .cho -
T Jo sin“ x sin“ x

1 12xcos3x + 27sinx — 13sin 3x (1 1 —xcotx>21n{1 1 —xcotx} }

16 sin x sin? x sin x
~ — 0.663092750844561011343238360662050961220020228051329183397267483, (6.40)
7'[/2 o 2 o o 2 o
_ 16J dxsinzx{ (1 'xzcotx> In2 1 'xzcotx +1<1 1 ‘xzcotx> In2 [] 1 'xzcotx]}
T Jo sin“ x sin“ x 2 sin“ x sin“ x
~ 0.5486478397145719666196365740853549094616061512122073020649720940, (6.41)
/2 o 2 _
0= ]6J dxsinzx{ (1 _ I xcotx .XZCOtX> ln[1 _ 1= xcotx 'x;:otx]}
™ Jo sSIn“ x sIn” x
~ —0.5113655867492375453885515179665998062769227625253022640530703657, (6.42)

which are all quite similar to the defining integral for o.

6.3 Contribution of the two-loop self-energy

We also note here that there will be a contribution to the ring sum at 9(g® In g) coming from
an O(g*) contribution to TT*Y (K = 0, ®). This can be seen directly from Eq. (3.91). Suppose that

Fiat(K = 0, @) is of the form
Fmat(K =0, ®) = F»(®)g? + F4(D)g* (6.43)

with Gmat(K = 0, @) of an analogous form. Then the F2 (K = 0,®) term in (3.91) will contain a

mat

term of O(g®), namely

2F5(®)F4(D)g", (6.44)
which contributes a term
2-loop
Q 6 /2
plas _ 2dag lngJ d® sin? (D) |F5 (D)F4 (D) +ZGz(®)G4(®)] (6.45)
V (27'[)3 0
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to the pressure. Any other contributions to Qp,s coming from the O(gh) piece of TT*Y will be
of at least O(g8 In? g) (coming from cross terms in the O(g® In? g) piece derived above). This
contribution to the 9(g®Ing) piece of the zero-temperature pQCD pressure is currently being
worked on by the author and collaborators. This contribution, in fact, is the only other contribution
to the full O(g®1In g) result. (This follows from the fact that all the other diagrams that contribute
at (9(96) are infrared-safe, and it is only through infrared divergences of individual diagrams that
the non-analytic logarithmic terms can arise.) The full O(g®) result, however, has many more
diagrams that contribute, which makes that term much more formidable to calculate.

Note, however, that an O(g°In? g) result cannot be reproduced by higher-order terms in
the gluon self-energy, since the lowest-order contribution from the two-loop self-energy enters at
O(g®Ing). This means that the O(g® In? g) contribution given in this chapter in Eq. (6.37) is the

full contribution at that order, and by itself constitutes a quantitative improvement to the pQCD

pressure at T = 0.



CHAPTER 7

CONCLUSIONS

In this thesis, we have advocated for thermodynamic matching as a way to constrain the
zero-temperature QCD EoS in the intermediate, non-perturbative regime, corresponding roughly
to u € (0.97 GeV, 2.6 GeV). Such a matching procedure can be carried out with various levels of
sophistication, as has been illustrated in Chap. 4. The simplicity of the approach is noteworthy,
for one may quantitatively constrain the intermediate EoS with little or no knowledge of the mi-
crophysics in the regime of interest. This is of course not to say that we are not interested in the
microphysics, but a quantitative constraint of any non-perturbative physical property is a signifi-
cant step.

We began this thesis with three goals in mind, beyond simply identifying thermodynamic
matching as a legitimate approach to physically interesting problems: First, we desired a method
to check if such a simplistic approach is valid; second, we wished to extend applications of the
state-of-the-art QCD EoS of Refs. [1, 11] to rotating NSs; and third, we wished to make quanti-
tative improvements to the zero-temperature pQCD pressure. All three of these goals have been
accomplished.

On the first topic, we have shown in Sec. 4.1 that EoS matching in certain SU(N) (“QCD-
like”) theories can be verified or refuted by lattice simulations. In particular, the theories (N, n¢) =

(2,2) with quarks in the fundamental representation and (N, n¢) = (4,2) with quarks in the two-
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index, antisymmetric representation can both be simulated on the lattice without a sign prob-
lem. We have produced matching results within the HRG+pQCD framework for the pressure
and trace anomaly along the T- and p-axes in both of these theories, as well as in the theories
(N,n¢) = (4,2) and (3,3) with quarks in the fundamental representation. The last of these the-
ories is an approximation to real-world QCD. While some aspects of our HRG+pQCD study are
systematically improvable, we expect the results in Sec. 4.1 to be sufficiently robust that a direct
comparison with future lattice-QCD studies in the aforementioned theories could validate or rule
out the HRG+pQCD method.

On the second topic, we have extended the results of Refs. [1, 11] to rotating NSs. We iden-
tified B1516+02B as a NS that could place more stringent constraints on the QCD EoS if its mass
could be determined more precisely. We also identified f = 882 Hz as the maximum allowed
rotation rate for a NS (or f = 780 Hz if restricted to a 1.4M, star). In addition, we derived the
allowed equatorial radius vs. frequency band of a 1.4M, star, which serves as a prediction for
astronomers, and can be used in the future to further constrain the QCD EoS. Lastly, we identified
the binary pulsar PSR J0737-3039A as a physical object of extreme interest: a measurement of the
moment of inertia of this pulsar, even to low precision, would significantly constrain the QCD EoS
band of Refs. [1, 11].

On the third and final topic, we have calculated the full ©(g®In” g) piece of the pQCD pres-
sure at T = 0, along with a significant portion of the O(g®In g) piece and even a portion of the
O(g®) piece. These improvements can be incorporated into future matching work to improve the
entire zero-temperature QCD EoS. In addition, these improvements are of interest in their own
right, for they constitute fundamental improvements to our knowledge of pQCD at T = 0.

QCD matching is therefore an effective, verifiable, and systematically improvable method to
explore non-perturbative regimes of the QCD EoS. It provides a window into regions of the QCD
phase diagram where, as yet, no microphysical descriptions exist. This makes it a powerful, con-
trolled tool for probing areas of the universe that are currently inaccessible to direct, microscopic

calculations.
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APPENDIX A

PARTICLE TABLES
Mesons Mesons (continued) Mass/ \/EB arg oir;s Isospin
Mass//o Spin Isospin Mass/+/o Spin Isospin P p
0.00 0 1 3.65 1 1 ggg 8 8
1.43 0 0 3.92 2 0 1.86 1 1
1.60 1 1 3.93 1 0 2'79 1 1
1.86 1 0 3.98 2 1 3.26 0 0
2.79 1 0 3.98 3 0 3' 06 1 0
3.02 2 0 4.02 3 1 3'02 2 0
3.06 1 0 4.05 1 1 3' 9 5 0
3.08 0 0 4.25 0 1 3'93 1 1
3.10 1 1 4.25 0 0 3.98 3 1
3.14 2 1 4.35 1 1 4'88 4 0
3.25 1 1 4.35 1 0 3.08 0 0
3.26 0 0 4.86 4 1 3'38 1 1
3.38 1 0 4.88 4 0 5'00 1 1
3.50 0 1 5.00 1 1 4:25 0 0
3.50 0 1 5.00 1 0 435 1 0

TABLE A.1: The included particle spectrum in the two-color fundamental theory.



Mesons Mesons (continued)

Mass//o Spin Isospin Mass/+y/o Spin Isospin
0.00 0 1 3.98 3 0
143 0 0 4.02 1
1.83 1 1 4.05 1 1
1.86 1 0 4.25 0 0
233 0 1 4.35 1 0
2.79 1 0 4.86 4 1
294 1 1 4.88 4 0
3.00 1 1 5.00 1 1
3.02 2 0 5.00 1 0
3.06 1 0 B
3.08 0 0 aryons .
3.10 0 1 Mass/+/o Spin Isospin
3.14 2 1 2.84 0 1
3.26 0 0 3.05 1 3
3.38 1 0 3.47 2 5
3.45 1 1 2.84 0 5
3.45 0 1 3.05 1 5
3.90 1 1 3.47 2 5
3.92 2 0 3.05 1 3
3.93 1 0 3.47 2 3
3.98 2 1 4.10 3 3

TABLE A.2: The included particle spectrum in the four-color fundamental theory.
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Mesons Mesons (continued)
Mass/+y/0  Spin Isospin Mass/+/o Spin Isospin
0.00 0 1 5.00 1 1
1.43 0 0 5.00 1 0
1.83 1 1 .
1.86 1 0 quuarks ‘
233 0 1 Mass/+/o Spin Isospin
2.79 1 0 0.00 0 1
2.94 1 1 1.43 0 1
3.00 1 1 1.86 1 0
3.02 2 0 2.79 1 0
3.06 1 0 3.02 2 1
3.08 0 0 3.06 1 1
3.10 0 1 3.08 0 1
3.14 2 1 3.26 0 1
3.26 0 0 3.38 1 0
3.38 1 0 3.92 2 1
3.45 1 1 3.93 1 0
3.45 0 1 3.98 3 0
3.90 1 1 4.25 0 1
3.92 2 0 4.35 1 1
3.93 1 0 4.88 4 1
3.98 2 1 5.00 1 0
3.98 3 0
4.02 3 1 Baryons ,
4.05 1 1 Mass/+/o Spin Isospin
4.25 0 0 0.71 0 0
4.35 1 0 1.55 1 1
4.86 4 1 3.24 2 2
4.88 4 0 5.77 3 3

TABLE A.3: The mesons, diquarks, and baryons in the four-color antisymmetric theory. (See Table
A 4 for remaining particles in this theory.)
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ii)/u\r/guark objects m /\(;gntmued) (continued) (continued)
s 9 ¥ 9 m/Vo  gs  a m/\/o  gs g
0.00 1 1 5.36 3 3

6.86 9 9 790 66 66
1.43 1 1 5.40 7 7

694 25 25 794 27 27
1.86 3 3 5.57 9 9

6.95 15 15 795 49 49
2.79 3 3 5.68 1 1

6.98 15 15 7.96 9 9
2.86 1 1 5.78 18 18

6.99 9 9 8.02 15 15
3.02 5 5 5.79 9 9

700 40 40 8.06 9 9
3.06 3 3 5.81 15 15

7.01 3 3 8.08 3 3
3.08 1 1 584 21 21

704 24 24 8.14 9 9
3.26 1 1 5.85 9 9

7.06 7 7 8.17 5 5
3.29 3 3 5.87 3 3

7.14 9 9 8.18 3 3
3.38 3 3 6.05 28 28

7.18 5 5 8.23 7 7
3.72 9 9 6.08 15 15

7.19 3 3 826 30 30
3.92 5 5 6.11 5 5

7.24 7 7 827 15 15
3.93 3 3 6.11 3 3

7.27 5 5 8.28 9 9
3.98 7 7 6.12 9 9

7.30 15 15 833 21 21
4.21 3 3 6.14 3 3

7.31 12 12 8.38 9 9
4.25 1 1 617 10 10

7.33 1 1 8.50 1 1
4.35 3 3 6.21 9 9

736 21 21 8.60 3 3
4.45 5 5 6.29 5 5

737 15 15 8.70 9 9
4.49 3 3 6.31 9 9

7.41 9 9 880 45 45
4.51 1 1 6.32 3 3

7.43 3 3 8.81 27 27
4.65 9 9 6.35 1 1

7.51 1 1 886 63 63
4.69 1 1 6.40 15 15

7.61 3 3 8.92 15 15
4.81 3 3 6.43 3 3

7.63 3 3 8.93 9 9
4.88 9 9 6.44 9 9

767 27 27 898 21 21
4.89 15 15 6.46 3 3

7.73 9 9 9.13 9 9
492 9 9 6.52 1 1

7.79 9 9 923 27 27
4.95 3 3 6.64 3 3

783 25 25 9.25 3 3
5.00 3 3 6.70 15 15

7.85 15 15 9.35 9 9
512 3 3 6.71 9 9

7.86 9 9 976 81 81
024 2 J 674 27 27 789 35 35 988 27 27
5.35 5 5 676 30 30

TABLE A.4: The included tetraquarks, di-mesons, and diquark-mesons in the four-color antisym-
metric theory. (There is one of each of these particle types for each line in this table.) Here, m, gs,
and gp are the mass, total spin, and isospin degeneracies, respectively. As noted above in Section
4.1.2, we need not determine how all of the four-quark-object degrees of freedom break up into
spin and isospin multiplets because of the mass degeneracy.



