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Abstract

Some theories in Nuclear Astrophysics suggest the existence of stable quark
matter where at the high densities of the stellar core quarks may be deconfined.
This matter could take the form of a compact stellar object, a quark star. However
due to a lack of either experimental or theoretical knowledge about quark matter
it has been difficult to produce models that conclusively differentiate quark stars
from neutron stars. This thesis attempts to produce a preliminary model of quark
stars using a bag model for the equation of state, i.e. the equation of state, EOS,
of a free Fermi gas of up, down, and strange quarks and electrons ”minus” a bag
constant, B, for an effective strong force. For a purely free Fermi gas EOS, B =
0, the mass radius relation is found to have a peak mass of 7.4 M⊙ with radius
of 77 km. This peak mass decreases rapidly with increasing bag constant. A bag
constant of 50 MeV

fm3 is found to give a peak mass of 2 M⊙ at 8.9 km.
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1 Introduction

At the end of a massive, greater than 8M⊙, star’s life, when it runs out of viable atomic
nuclei to fuse, the core of the star collapses and eventually rebounds in a core collapse
supernovae. This collapse leaves behind an extremely dense nugget of matter that can
take the form of a neutron star or black-hole depending on the initial conditions before
the collapse. In particular, if the star is not too massive this nugget will be a neutron
star, a core held up against gravity almost exclusively by neutron degeneracy pressure.
Some other potential routes to a neutron star are mergers of compact stellar objects and
white dwarf accretion from a companion star. The gravitational pull in the neutron star
is so strong that the nuclei are forced together and most of the protons and electrons
combined to form a massive core of neutron matter. This object represents one of the
most extreme environments in the universe having a mass of about 1 M⊙ but a radius
of about 10 km. At this density very little is known about the structure and behavior of
nuclear matter and as such neutron stars present an interesting laboratory for nuclear
and astro physicists.

One interesting thing that may exist at these densities is unbound quark matter. At
the normal low densities of everyday life quarks remain bound in baryonic or mesonic
states, three or two valence quarks. They have never been observed in any configuration
with greater than this number of quarks. More than that a quark cannot be isolated. The
force that mediates quark-quark interactions is the strong force. A peculiar property
of this force is that, as opposed to all the other forces, it increases with increasing
distance. So, if a pair of quarks were to be pulled apart the potential between them
would rapidly increase with distance until there is enough energy to produce another
pair of quarks which would then bind to each of the original quarks. Thus quarks always
exist in bound systems. However, there is no a priori reason that quarks can only exist
as baryons or mesons. At extreme densities and temperatures the boundaries between
adjacent baryons will dissolve and the constituent quarks become unbound. While this
will occur in principle it takes enormous densities to achieve.

A place where unbound quark matter may be stable is in either the core of a neutron
star or possibly as pure unbound quark matter in a quark star. At the extreme densities
of the stellar core during a core collapse supernovae it is conceivable that quarks may
become unbound and could take the form a stable quark star. This has been hypothe-
sized to explain many anomalous neutron stars, however in every case a lack of either
experimental or theoretical knowledge has prevented a clear identification. For example,
PSR B0943+10’s small polar cap area could be explained if it were a low-mass quark
star [1] but questions as to whether quark matter could radiate Planck-like emissions
and difficulties measuring the real precession rate prevent a conclusive identification.
Another candidate is RX J1856.5-3754 [2], it is extremely compact but many of its
properties seem to be incompatible with current models of neutron stars, yet none of
the evidence, a lack of pulsed features and spectral lines, conclusively identifies it as a
quark star. This ambiguity has been in part due to a lack of information on the equation
of state of quark matter and the corresponding lack of observational signatures of quark
stars differentiating them from neutron stars.
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This thesis attempts to model quark stars with a simplified equation of state. To do
this several assumptions will be made. It will be assumed that the star has had enough
time to reach thermodynamic equilibrium and that the star is at zero temperature.
The equation of state of quark matter is assumed to be that of a free Fermi gas of
up, down, and strange quarks and electrons modified with a bag constant to account
for inter-particle interactions, in particular the strong force. These components are
initially assumed to have effective masses of 300 MeV for the up and down quarks, 500
MeV for the strange quarks, and 0.511 MeV for the electrons. Neutrinos are neglected.
In tandem with the Tolman-Oppenheimer-Volkoff (TOV) equation [3] this will provide
enough information to calculate the mass and pressure profiles of a quark star and graph
the mass radius relation for different values of the bag constant.

2 Tolman-Oppenheimer-Volkoff Equations

The (TOV) Equations are a set of equations defining the behavior of a massive rela-
tivistic gravitationally bound spherical fluid. Given an equation of state they will give
the mass and pressure relations with regard to radius, r.

dP (r)

dr
= −

G

c2
(ξ(r) + P (r))(M(r) + 4π

c2
r3P (r))

r2(1− 2G
c2

M(r))
r

)
(1)

dM(r)

dr
=

4π

c2
r2ξ(r) (2)

Where ξ(r), P(r), and M(r) are the energy density, pressure and mass profiles, re-
spectively. They can be thought of as a relativistic extension of the usual Newtonian
hydro-static equilibrium.

dP (r)

dr
= −

GM(r)ρ

r2
(3)

dM(r)

dr
= 4πr2ρ(r) (4)

While the TOV equations and an equation of state in theory are everything that is
needed to model a quark or neutron star, in their current form differences in scale make
them difficult to solve computationally. Most neutron stars have a mass about that of
our sun, 2x1030kg while much of the relevant physics occurs on the scale of neutrons,
around 2x10−27kg for a scale difference of 1057. This demonstrates that an appropriate
system of units must be used to numerically solve these equations efficiently and without
errors from size constraints on numerical values in the computer. The work of Jorge
Piekarewicz, [3], is used in this analysis to find this system of units. A unitless form of
the TOV equation will be used,

dp

dx
= −

1

2

(ǫ(x) + p(x))(m(x) + 3x3p(x))

x2(1− m(x))
x

)
(5)
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dm

dx
= 3x2ǫ(x) (6)

Where p, m, ǫ and x are unitless variables for the pressure, mass energy density and
radius, respectively. To convert back into SI units simply multiply the unitless quantity
of interest by its corresponding constant.

r =

√

3π

αG

γux = R0x (7)

M = (
R0

R⊙
s

)M⊙m = M0m (8)

P =
1

8π2

(mc2)4

(h̄c)3
p = P0p (9)

ξ =
1

8π2

(mc2)4

(h̄c)3
ǫ = ξ0ǫ (10)

Where γu is the Compton wavelength of an neutron, αG is the gravitational coupling
between neutrons, and M⊙ and R⊙

s are the mass and Schwarzchild radius of the sun,
respectively. See Appendix A for a full derivation of these equations and factors.

3 Equation of State: Free Fermi Gas Single Com-

ponent Case and Multi Component Case

The next step is to determine the equation of state of quark matter. Before the TOV
equations can be used a relation between the energy density and pressure has to be found.
There is very little experimental data regarding unbound quark matter. Therefore
the equation of state of this matter must be inferred from theory. First inter-particle
interactions, the strong force, is neglected. In this case the quark matter is a zero
temperature Fermi gas of non interacting particles.

Before working out the equation of state of quark matter it is instructive to work
out the equation of state of a single component Fermi gas. Following the work in ref.

3, for particles satisfying the relativistic dispersion relation, ξparticle =
√

(pc)2 + (mc2)2,
, where in this case p is momentum and m is the mass of a particle of the Fermi gas,
the energy density, ξ = E/V, for a single particle Fermi gas as a function of the number
density, n = N/V, can be written as

ξ(n) =
(mc2)4

(h̄c)3
1

π2

∫ xf

0
x2
√
1 + x2dx = ξ0[xfyf (x

2
f + y2f )− ln(xf − yf )] (11)

where the dimensional constant (the same constant as in eq. 6), dimensionless Fermi
momentum and dimensionless Fermi energy are,

ξ0 =
1

8π2

(mc2)4

(h̄c)3
(12)
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xf =
pfc

mc2
(13)

yf =
√

1 + x2
f (14)

respectively.
The number density is related to the Fermi momentum by,

n =
k3
f

3π2
(15)

where

pf = h̄kf (16)

This determines the energy density of a one component Fermi gas. The final quantity
that needs to be determined is the pressure which, for a zero temperature gas, is

P = n
δξ

δn
− ξ =

1

3
xf

δξ

δxf

− ξ (17)

therefore, for a one component gas,

P = ξ0[
2

3
x3
fyf − xfyf + ln(xf + yf )] (18)

which determines the constant in equ. 5,

P0 = ξ0 =
1

8π2

(mc2)4

(h̄c)3
(19)

Having expressions for the both pressure and energy density in terms of the Fermi
momentum, this is then the equation of state of a single component zero temperature
Fermi gas.

For a multi component Fermi gas the energy density can be written as the sum of
the energy densities of each of the components,

ξ(n) =
(m0c

2)4

(h̄c)3
1

π2

∑

i

∫ xi

0
x2

√

x2 + (
mi

m0

)2dx (20)

xi is simply Pi

m0

where Pi is the Fermi momentum of component i and where m0 is an
arbitrarily chosen mass, for example the mass of one of the components, used to keep a
consistent definition of the xi. Using the unitless variables defined in the above section
and in appendix A, the unitless energy density is,

ǫ =
∑

i

∫ xi

0
x2

√

x2 + (
mi

m0

)2dx =
∑

i

ǫi (21)

Integrating ǫi,

8



ǫi = xiyi(x
2
i + y2i )− (

mi

m0

)4(ln(xi + yi)− ln(
mi

m0

)) (22)

Similarly, for a Fermi gas, the pressure can be written as the sum of the partial
pressures

p =
∑

i

pi =
∑

i

(ni

δǫi

δni

− ǫi) =
∑

i

(
1

3
xi

δǫi

δxi

− ǫi) (23)

This relates both the pressure and energy density to the Fermi momentum, giving
a sufficient equation of state. The only task left is to determine the Fermi momenta
of each component or equivalently the relative distribution of particle fractions. The
particle fraction of a particular component i will be defined as,

Yi =
Ni

N
(24)

where Ni is the particle number of a particular component and N is the total particle
count of some conserved quantity. The particle density of a given species is related to
the total particle density by the relation,

ni = Yin (25)

by extension,
x3
i = Yix

3
f (26)

Relating the particle fraction back to the relative Fermi momenta. The variable xf

is the total unitless Fermi momentum of the system. The relative particle fractions have
to be found from various assumptions about the system, such as charge neutrality and
chemical equilibrium.

4 Equation of State: Neutron Star

As a proof of concept the case of a neutron star will be dealt with first. For a neutron
star, neutrons, protons and electrons, the particle fraction of a species is defined to be
the count of the particular species over baryon number, the conserved quantity in this
context. The total particle count is not conserved in this problem since neutrinos are
being neglected meaning that both lepton number and the total particle count are not
conserved. This leaves baryon number as the natural conserved quantity to use in the
definition of particle fraction. By the definition of baryon number,

Yp + Yn = 1 (27)

Further for this analysis the star is assumed to be uncharged,

Yp − Ye = 0 (28)
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Finally, since the star is assumed to be in thermodynamic equilibrium, the energy is
minimized with regard to changes in all three particle fractions which results in chemical
equilibrium. For a neutron star, i.e. a Fermi gas of protons, neutrons and electrons,

µn = µp + µe (29)

where, for a zero temperature Fermi gas the chemical potential of a particular component
µi is,

µi =
√

(Pic)2 + (mic2)2 (30)

Treating the proton and neutron masses as the same, 900 MeV, and the electron mass
as negligible, as was done in the work of [3], these equations can be solved exactly.

xp =
x2
n

2yn
(31)

and, somewhat trivially for the case of charge neutrality,

xe = xp (32)

where xp and xn are Pp

mn
and Pn

mn
, respectively, where mn was chosen for m0. The total

Fermi momentum is,

xf = (x3
n + x3

p + x3
e)

1

3 = (x3
n +

x6
n

4y3n
)
1

3 (33)

Figure 1 graphs the proton and neutron fractions against energy density. At zero
energy density the gas is exclusively neutrons but the proton number increases slightly
as the energy density increases.

Figure 1: The neutron and proton fractions, the particular particle count over the baryon
number, with regard to energy density. Note that the electron fraction is the same as
the proton fraction due to charge conservation.
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5 Neutron Star Mass Radius Relation

Having the equation of state for a free Fermi gas of neutron matter the TOV equation
can be solved using a standard Runge-Kutta solver. The mass is initially zero and the
central Fermi momentum, which determines the central pressure and energy density, is
chosen arbitrarily and then the solver iterates until the pressure zeroes. Figures 2 and
3 show the mass and pressure profiles of a typical neutron star and the proton/electron
fraction and neutron fraction of a typical neutron star with regard to radius, respectively.
This particular neutron star has a mass of 0.69 M⊙ and a radius of 10.2 km. Note that
at the surface, where the Fermi energy is small, the proton fraction is zero but at the
center, the peak of the energy density, there are a small number of protons present.
Figure 4 shows the mass radius relation of a neutron star. A peak mass of 0.7 M⊙ is
found at a radius of 9.2 km, consistent with the expectations for this simple EOS [3]
and [4].

(a) (b)

Figure 2: The mass and pressure profiles of a typical neutron star with a mass of 0.69
M⊙ and a radius of 10.2 km. Figure 1a is a standard linear graph. Figure 1b is a log
graph. Note the extremely fast drop off in the pressure at the surface of the neutron
star, the zero in the pressure. This means that the step size of the Runge-Kutta must
be fairly small to reliably capture this behavior and accurately find the radius.
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Figure 3: The particle fractions in a typical neutron star. Note that the proton fraction
is equal to the electron fraction. The proton fraction finds a maximum in the center of
the star and drops off to zero at the surface of the neutron star.

Figure 4: The mass radius relation of a neutron star. Note a peak mass of 0.7 M⊙

at a radius of 10 km. This meets the expectation since the above model is a slight
modification of Oppenheimer’s model of solely neutrons which produced peak mass of
0.71 M⊙ at 9.2 km, see [3].
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6 Equation of State: Quark Star

6.1 Free Fermi Gas

Having confirmed that the TOV solver is working correctly, it is time to move on to
the case of a quark star, a gas of up, down and strange quarks and electrons. Again,
the neutrinos are neglected and the total particle count is not conserved, leaving the
total quark number as the natural conserved quantity in this case. Thus the particle
fraction is defined to be the count of the particular particle over quark number. By the
definition of quark number,

Yu + Yd + Ys = 1 (34)

Again, charge neutrality is assumed,

2

3
Yu −

1

3
Yd −

1

3
Ys − Ye = 0 (35)

Finally, since the star is assumed to be in thermodynamic equilibrium, chemical equi-
librium is also applicable.

µd = µu + µe (36)

and
µs = µd (37)

where the chemical potential for a particular component, µi, is defined in the above
section, equation 30. For this analysis the effective mass of the up and down quarks
was taken to be 300 MeV, the effective mass of the strange quarks was 500 MeV and
the electron mass was not assumed to be negligible but taken to be 0.511 MeV, as
opposed to the neutron star case. These equations are not solvable analytically. Using
a root finder the particle fractions are graphed with regard to Fermi momentum and
energy density below, Figure 5. For energy densities less than 209 MeV

fm3 the system is an

approximately homogeneous system of ∼2/3 down quarks and ∼1/3 up quarks with an
electron fraction on the order of 10−4. At 209 MeV

fm3 strange quarks appear after which the

system approaches a configuration of 1/3 up quarks, 1/3 down quarks and 1/3 strange
quarks.
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Figure 5: Above is the particle fractions in a quark star, the particular particle count
over the quark number, with regard to the energy density. Note that the electron fraction
is on the order of 10−4 and that strange quarks are not energetically favorable until an
energy density 0.209 GeV

fm3 . Before that threshold the system is a homogeneous mixture

of ∼2/3 down quarks and ∼1/3 up quarks. After the strange quarks appear the particle
fractions of the up, down and strange quarks all approach 1/3.

6.2 Bag Model

The above work defines the equation of state of a free Fermi gas. This, however, com-
pletely neglects inter particle interactions. In a more general form the pressure can be
written as,

P =
∑

i

P
(fermigas)
i +

∑

i

P
(interactions)
i (38)

For a free Fermi gas the P (interactions) terms are treated as 0. A more physically mean-
ingful approach requires these terms. Following the work of [5] these terms can be
approximated by subtracting a bag constant, B, from the pressure.

P = Pg −
4

3
B (39)

where Pg is the pressure of a free Fermi gas as calculated in section 3, see equation 23.
This comes from the MIT bag model of quark quark interactions where the strong force
is thought of as an elastic bag that all of the quarks are bound up in. Inside the bag
quarks are effectively free but as a quark tries to leave the bag it stretches and pulls
with greater force the farther away the quark gets. This bag would diminish the pressure
that the quarks could exert.
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7 Quark Star Mass Radius Relation

Now having the effective equation of state of a quark star the mass radius relation of
these stars can be graphed. For the free Fermi gas EOS, B = 0, the mass radius relation
is found to have a peak mass of 7.4 M⊙ at a radius of 77 km, see Fig. 6 and 7a. Checking
order of magnitude, it can be shown that for the single component free Fermi gas EOS
the stellar mass and radius are proportional to the mass of the constituent particles, mi.

M ∝
1

m2
i

(40)

R ∝
1

m2
i

(41)

See the end of appendix A for a more complete explanation. According to Oppenheimer
the peak mass and radius of a neutron star with the EOS of a free Fermi gas of solely
neutrons is 0.71 M⊙ and 9.2 km, respectively, see [3]. For a quark star composed of
solely down quarks with a free Fermi gas EOS the effective mass of the down quark is
1/3 of that of the neutron. Therefore, the mass and radius of the this quark star is
9 times that of Oppenheimer’s neutron star, a mass of 6.3 M⊙ and radius of 82.8 km.
This is about what is seen above for the four component quark star, 7.4 M⊙ at a radius
of 77 km.

The radius and mass of a quark star fall quickly as the bag constant increases. For
a bag constant of 50 MeV

fm3 the peak mass is 2.0 M⊙ at a radius of 8.9 km, an 8th the
radius of the free Fermi gas star, Fig. 7b. Also for the free Fermi gas quark star mass
radius relation the radius could continue past 160 km where it stops in Figure 7a. The
B = 50 MeV

fm3 EOS quark star mass radius relation, however, stops at a radius of 9.38

km. The mass radius relation for a bag constant of 50 MeV
fm3 cannot produce radii greater

than 9.38 km.
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Figure 6: The peak quark star mass in the mass radius relation against the bag constant.
For a free Fermi gas EOS, B = 0, the peak mass is 7.4 M⊙. This mass decreases
significantly as the bag constant increases reaching a peak mass of 2.0 M⊙ at a bag
constant of 50 MeV

fm3 .

(a) (b)

Figure 7: The mass radius relation of a quark star with a free Fermi gas EOS in (a)
and a bag constant of 50 MeV

fm3 in (b). For a free Fermi gas the radius is 77 km or more.
This radius shrinks by a factor of 8 to about 9 km for a quark star with an EOS with a
bag constant of 50 MeV

fm3 . Note that for the free Fermi gas the mass radius relation could
in principal continue past a radius of 160 km, the point at which to stop increasing the
stellar radius was chosen arbitrarily. The mass radius relation with a bag constant of
50 MeV

fm3 , however, cannot produce a radius greater than 9.38 km. Finally, both mass
radius relations stop around the peak mass since any star past this peak mass is unstable
against collapse, see [6].

Figures 8 (a) and (b) are examples of the mass, pressure and energy density profiles
of the free Fermi gas EOS quark star and B = 50 MeV

fm3 EOS quark star. For the free Fermi
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gas the energy density and pressure are rather low, on the order of MeV
fm3 as opposed to

the neutron star with energy density and pressure on the order of GeV
fm3 . This is reflected

in the particle fraction for the free Fermi gas quark star model, see Figure 9a. The
energy density in the free Fermi gas never reaches the threshold for strange quarks and
is a homogeneous mixture of approximately ∼2/3 down quarks and ∼1/3 up quarks.
This low energy density and lack of strange quarks is true in general for free Fermi gas
quark stars. For the B = 50 MeV

fm3 quark star the energy density is much greater, on

the order of GeV
fm3 , like the neutron star. This leads to a high fraction of strange quarks

throughout the star, even on the surface, see figure 9b.

(a) (b)

Figure 8: (a) is the mass, pressure and energy density profiles of a free Fermi gas quark
star, B = 0, of a 7.4 solar mass quark star with radius 82 km. (b) is the mass, pressure
and energy density profiles of a quark star with a bag constant of 50 MeV

fm3 , mass of 2.0
solar masses and radius of 9.1 km. The bag constant increases the energy density of the
star considerably from 10s of Mev

fm3 to Gev
fm3 . Also, note that with the bag constant there is

a nonzero energy density at the surface of the star since a zero in the pressure no longer
equates to a zero in the energy density.
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(a) (b)

Figure 9: The particle fractions of a free Fermi gas quark star with mass of 7.4 solar
masses and radius of 82 km, (a), and of quark star with a bag constant of 50 MeV

fm3 ,

mass of 2.0 solar masses and radius of 9.1 km, (b). The free Fermi gas is approximately
homogeneous with ∼2/3 down quarks and ∼1/3 up quarks. Due to its much higher
energy density the B = 50 MeV

fm3 quark star has strange quarks throughout its structure.

8 Comparison to Current Models of Neutron Stars

Following the work of Steiner et al., see [7], it is noted that current models produce
a neutron star radius of about 12 km for a 2 solar mass star while the B = 50 MeV

fm3

quark star model produces a radius of about 9 km. This means that the radius must be
measured to within 25% of the neutron star radius or to less than 3 km to differentiate
between this papers model of a quark star with a bag constant of 50 MeV

fm3 and current
models of neutron stars.

9 Conclusion

A model of quark stars composed of up, down and strange quarks and electrons was
produced using a free Fermi gas equation of state modified by a bag constant. For a
free Fermi gas EOS the peak mass of the mass radius relation of a quark star is found
to be 7.4 M⊙ at a radius of 77 km. This radius decreased rapidly with increasing bag
constant. For a bag constant of 50 MeV

fm3 the peak mass of the quark star mass radius
relation was 2 M⊙ at 8.9 km. To observational test this model against current models
of neutron stars would require a measurement of the radius to within 3 km.
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11 Appendix A

While the Tolman-Oppenheimer-Volkoff (TOV) equation is complete in its original form
it is somewhat cumbersome to use with standard SI units when applied to neutron or
quark stars.

dP (r)

dr
= −

G

c2
(ξ(r) + P (r))(M(r) + 4π

c2
r3P (r))

r2(1− 2G
c2

M(r))
r

)
(42)

dM(r)

dr
=

4π

c2
r2ξ(r) (43)

Before immediately shoving an equation of state in and putting it in a solver it is best
to find a natural set of units for the problem at hand. Rewriting the TOV equations,

dp(r)

dr
= −[

GM0ξ0

c2P0R0

]
(ǫ(r) + [P0

ξ0
]p(r))(m(r) + [

4πR3

0
P0

M0c2
]x3p(r))

r2(1− [2GM0

c2R0

]m(r))
r

)
(44)

dm(r)

dr
= [

4πR3
0P0

M0c2
]r2ǫ(r) (45)

With the TOV equations written in this form the natural system of units is

[
2GM0

c2R0

] = [
4πR3

0P0

M0c2
] = 1 (46)

The natural units for mass, radius, energy density and pressure are then

R0 =

√

3π

αG

γu = 8.378km (47)

M0 = (
R0

R⊙
s

)M⊙ = 2.837M⊙ (48)

P0 =
1

8π2

(mc2)4

(h̄c)3
= 1.285

Gev

fm3
(49)

ξ0 =
1

8π2

(mc2)4

(h̄c)3
= 1.285

Gev

fm3
(50)

Where γu is the Compton wavelength of an neutron, αG is the gravitational coupling
between neutrons, and M⊙ and R⊙

s are the mass and Schwarzchild radius of the sun,
respectively. These have values of,

αG =
Gm2

n

h̄c
= 5.922x10−39 (51)
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γu =
h̄c

mnc2
= 0.210x10−18km (52)

R⊙

s = 2.953km (53)

The variables r, M, P and ξ can finally be written,

r = R0x (54)

M = M0m (55)

P = P0p (56)

ξ = ξ0ǫ (57)

Which allows the TOV equations to be reduced to the unitless form,

dxi

dx
= −

1

2

(ǫ(x) + p(x))(m(x) + 3x3p(x))

x2(1− m(x))
x

) dp

dxi

(58)

dm

dx
= 3x2ǫ(x) (59)

This then is the final form of the TOV equations that is used in the above paper.
For the sake of continuity these units are also used in the equation of state of quark
stars. It should also be noted that the derivative was switched to the derivative of the
unitless Fermi momentum of one of the components, xi with regard to the radius. This
component is chosen for convenience, in the case of the neutron star the it was the
neutron and for the quark star it was the total Fermi momentum, since no component
offered an advantage over the others.

Finally, the neutron mass was used for both the neutron star and the quark star
models simply for the convenience of reusing the same units for both problems. mn could
be replaced with any other convenient mass. Indeed for the case of a one component
free Fermi gas it would be much more sensible to use the mass of constituent particles
of the gas, mi. Looking at the formulas for M0 and R0 and the values of αG and γu,
equations 45, 46, 49 and 50, respectively, it is clear that the mass, M, and radius, R,
of a star with a single component free Fermi gas EOS is inversely proportional to the
square of the constituent mass, mi.

M ∝
1

m2
i

(60)

R ∝
1

m2
i

(61)
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