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Neutron Stars

The densest stars in the universe,

An exceptional laboratory for fundamental physics.

The strongest magnetic fields in the universe.

Very precise measurements of their spin (pulsars).

Observed in merger events via gravitational waves.
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Excellent experimental prospects in the next decade.



We can learn about how matter behaves at such extreme densities.

Neutron Stars

(Watts et al. ’16)



We can learn about how matter behaves at such extreme densities.

Neutron Stars

(Newton ’13, Nature Phys. 9 396)



Neutron Stars

Probe of QCD at high densities (low temperatures) — extremely important to understand. 4
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FIG. 2 Hypothetical states of matter accessed by neutron
stars and current or planned laboratory experiments (Large
Hadron Collider and other heavy ion collision experiments,
shown by black arrows), in the parameter space of tempera-
ture against baryon chemical potential (1-2 GeV corresponds
to ⇠ 1-6 times the density of normal atomic nuclei). Quarky-
onic matter: a hypothesised phase where cold dense quarks
experience confining forces (McLerran and Pisarski, 2007;
Fukushima and Hatsuda, 2011). The stabilizing e↵ect of grav-
itational confinement in neutron stars permits long-timescale
weak interactions (such as electron captures) to reach equi-
librium, generating matter that is neutron rich (see Figure 2
of Watts et al. 2015) and may involve matter with strange
quarks. This means that neutron stars access unique states
of matter that can only be created with extreme di�culty
in the laboratory: nuclear superfluids, strange matter states
with hyperons, deconfined quarks, and color superconducting
phases.

cludes nuclear masses and charge radii (see, for exam-
ple, Klüpfel et al., 2009; Kortelainen et al., 2010, 2014;
Nikšić et al., 2015) as well as giant dipole resonances
and dipole polarizabilities (Trippa et al., 2008; Tamii
et al., 2011; Piekarewicz et al., 2012). Neutron-rich mat-
ter can be probed by measuring the neutron skin thick-
ness of heavy nuclei (Horowitz et al., 2001; Roca-Maza
et al., 2011). However, all of these laboratory exper-
iments probe only matter at nuclear densities and be-
low. Low-energy heavy-ion collisions probe hot and dense
matter, but have uncontrolled extrapolations to zero tem-
perature and to extreme neutron-richness (Tsang et al.,
2009). Neutron stars therefore provide a unique environ-
ment for testing our understanding of the physics of the
strong interaction and dense matter.

At very high densities, possibly reached in neutron
star cores, transitions to non-nucleonic states of mat-
ter may occur. Some of the possibilities involve strange
quarks: unlike heavy-ion collision experiments, which al-
ways produce very short-lived and hot dense states, the
stable gravitationally confined environment of a neutron
star permits slow-acting weak interactions that can form

states of matter with a high net strangeness. Strange
matter possibilities include the formation of hyperons
(strange baryons, Ambartsumyan and Saakyan, 1960;
Glendenning, 1982; Balberg et al., 1999; Vidaña, 2015),
deconfined quarks (forming a hybrid star, Collins and
Perry, 1975), or color superconducting phases (Alford
et al., 2008). It is even possible that the entire star might
convert into a lower energy self-bound state consisting of
up, down and strange quarks, known as a strange quark
star (Bodmer, 1971; Witten, 1984; Haensel et al., 1986).
Other states that have been hypothesized include Bose-
Einstein condensates of mesons (pions or kaons, the latter
containing a strange quark, see for example Kaplan and
Nelson, 1986; Kunihiro et al., 1993). The densities at
which such phases may appear are highly uncertain.
Figure 2 compares the parameter space that can be

accessed within the laboratory to that which can be ex-
plored with neutron stars. The physical ground state of
dense matter is neutron rich, which develops via weak
interactions, and it is unbound so gravitational confine-
ment is necessary to realize the ground state of dense
matter in nature. Only neutron stars sample this low
temperature regime of the dense matter EOS. The exotic
non-nucleonic states of matter described in the previous
paragraph can be reached only with extreme di�culty in
the laboratory.

C. Methodology: how neutron star mass and radius specify
the EOS

The relativistic stellar structure equations relate the
EOS to macroscopic observables including the mass M
and radius R of the neutron star. The dependence of
the EOS on temperature can be neglected in comput-
ing bulk structure for neutron stars older than ⇠ 100
s: by this point the neutron star has cooled far be-
low the Fermi temperature of the particles involved, the
matter is degenerate, and hence temperature e↵ects are
negligible (see for example Haensel et al., 2007). For
non-rotating and non-magnetic stars, the classic Tolman-
Oppenheimer Volko↵ stellar structure equations would
apply (Tolman, 1939; Oppenheimer and Volko↵, 1939).
However rotation is important, and the equations must
be modified accordingly. For neutron stars spinning at
a few hundred Hz the slow rotation (to second order)
Hartle-Thorne metric is appropriate for most applica-
tions (Hartle and Thorne, 1968). One can also com-
pute full GR models for stars spinning at up to break-up
speeds using a variety of methods implemented in well-
tested codes (for a review see Stergioulas, 2003). Codes
such as rotstar (Bonazzola et al., 1998) and rns (Ster-
gioulas and Friedman, 1995) generate masses and radii
for rapidly rotating neutron stars that are accurate to
better than one part in 10�4 � 10�5.
There is a one to one map from the EOS to the M -R

(Watts et al. ’16)

Such an environment serves also as probe of physics beyond the Standard Model.



New Physics in Neutron Stars

There are many good reasons to expect physics beyond the SM.
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strong-CP problem

dark matter

EW hierarchy problem

quantum gravity

CC problem

Neutron stars can offer valuable clues on many of these problems. 



Vacuum energy shows largest disagreement between natural expectation and experiment.

quantum fields = oscillators
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One should try to test the problem experimentally.
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Figure 1: Sketch of the evolution of vacuum energy (dotted-red) and the total pressure
(solid-purple) dominated by radiation (dashed-blue) during the expansion of the Universe.
Left: standard model evolution where the vacuum energy jumps at every PT (the ones
pictured here correspond to the GUT, EW and QCD PTs). Right: the evolution assuming
some form of adjustment mechanism for vacuum energy.

cosmological constant as the gravitational e↵ect of the vacuum energy of the quantum field
theory of our Universe, and would thus yield a test of the Equivalence Principle for vacuum
energy. The di�culty in verifying this picture experimentally is clear: until very recently,
vacuum energy was always a sub-leading component of the energy density, and thus was
never the main driver of the expansion. Moreover, the most recent known PT is that of
QCD, at a temperature TQCD

c
⇠ 200 MeV. While this is a relatively low particle physics

scale, most of the phenomena relevant to experimental cosmology (nucleosynthesis, struc-
ture formation, CMBR) are sensitive only to temperatures well below the QCD scale. Thus
one would need to consider new observables that are potentially sensitive to the details of
the QCD or the EW PTs. This is further complicated by the fact that both of these PTs are
thought to be quite weak: the QCD PT is a cross-over, while the EW PT in the SM with
a 125 GeV Higgs boson is second order. The imprints of such PTs are weaker than those
of strongly first order PTs would be. For example a strongly first order PT is expected to
lead to the production of gravitational waves (GWs), whose spectrum could potentially be
sensitive to the evolution of vacuum energy during the PT [7]. Since neither of the PTs is
expected to be first order, no significant GWs would have been produced.

In order to experimentally test properties of vacuum energy, we must find systems
where vacuum energy contributes a sizable fraction of the total energy. This can be either
in a compact system that can be observed today, or at some earlier epoch in the cosmic
expansion in the Universe. We will suggest examples of both types in this paper: we will

vacuum energy that is always very small, except for some spikes during the PTs, though there is no known,
successful, implementation of such a mechanism. Other adjustment mechanisms would go as far as invoking
non-local and acausal dynamics, see e.g. [5, 6].

3

O(1) contribution to pressure/energy close to phase transitions.

Evolution during expansion/cooling of the universe.

vacuum energy

radiation

(Bellazzini, Csaki, Hubisz, JS, Terning ’15)



Vacuum Energy in Neutron Stars
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FIG. 2 Hypothetical states of matter accessed by neutron
stars and current or planned laboratory experiments (Large
Hadron Collider and other heavy ion collision experiments,
shown by black arrows), in the parameter space of tempera-
ture against baryon chemical potential (1-2 GeV corresponds
to ⇠ 1-6 times the density of normal atomic nuclei). Quarky-
onic matter: a hypothesised phase where cold dense quarks
experience confining forces (McLerran and Pisarski, 2007;
Fukushima and Hatsuda, 2011). The stabilizing e↵ect of grav-
itational confinement in neutron stars permits long-timescale
weak interactions (such as electron captures) to reach equi-
librium, generating matter that is neutron rich (see Figure 2
of Watts et al. 2015) and may involve matter with strange
quarks. This means that neutron stars access unique states
of matter that can only be created with extreme di�culty
in the laboratory: nuclear superfluids, strange matter states
with hyperons, deconfined quarks, and color superconducting
phases.

cludes nuclear masses and charge radii (see, for exam-
ple, Klüpfel et al., 2009; Kortelainen et al., 2010, 2014;
Nikšić et al., 2015) as well as giant dipole resonances
and dipole polarizabilities (Trippa et al., 2008; Tamii
et al., 2011; Piekarewicz et al., 2012). Neutron-rich mat-
ter can be probed by measuring the neutron skin thick-
ness of heavy nuclei (Horowitz et al., 2001; Roca-Maza
et al., 2011). However, all of these laboratory exper-
iments probe only matter at nuclear densities and be-
low. Low-energy heavy-ion collisions probe hot and dense
matter, but have uncontrolled extrapolations to zero tem-
perature and to extreme neutron-richness (Tsang et al.,
2009). Neutron stars therefore provide a unique environ-
ment for testing our understanding of the physics of the
strong interaction and dense matter.

At very high densities, possibly reached in neutron
star cores, transitions to non-nucleonic states of mat-
ter may occur. Some of the possibilities involve strange
quarks: unlike heavy-ion collision experiments, which al-
ways produce very short-lived and hot dense states, the
stable gravitationally confined environment of a neutron
star permits slow-acting weak interactions that can form

states of matter with a high net strangeness. Strange
matter possibilities include the formation of hyperons
(strange baryons, Ambartsumyan and Saakyan, 1960;
Glendenning, 1982; Balberg et al., 1999; Vidaña, 2015),
deconfined quarks (forming a hybrid star, Collins and
Perry, 1975), or color superconducting phases (Alford
et al., 2008). It is even possible that the entire star might
convert into a lower energy self-bound state consisting of
up, down and strange quarks, known as a strange quark
star (Bodmer, 1971; Witten, 1984; Haensel et al., 1986).
Other states that have been hypothesized include Bose-
Einstein condensates of mesons (pions or kaons, the latter
containing a strange quark, see for example Kaplan and
Nelson, 1986; Kunihiro et al., 1993). The densities at
which such phases may appear are highly uncertain.
Figure 2 compares the parameter space that can be

accessed within the laboratory to that which can be ex-
plored with neutron stars. The physical ground state of
dense matter is neutron rich, which develops via weak
interactions, and it is unbound so gravitational confine-
ment is necessary to realize the ground state of dense
matter in nature. Only neutron stars sample this low
temperature regime of the dense matter EOS. The exotic
non-nucleonic states of matter described in the previous
paragraph can be reached only with extreme di�culty in
the laboratory.

C. Methodology: how neutron star mass and radius specify
the EOS

The relativistic stellar structure equations relate the
EOS to macroscopic observables including the mass M
and radius R of the neutron star. The dependence of
the EOS on temperature can be neglected in comput-
ing bulk structure for neutron stars older than ⇠ 100
s: by this point the neutron star has cooled far be-
low the Fermi temperature of the particles involved, the
matter is degenerate, and hence temperature e↵ects are
negligible (see for example Haensel et al., 2007). For
non-rotating and non-magnetic stars, the classic Tolman-
Oppenheimer Volko↵ stellar structure equations would
apply (Tolman, 1939; Oppenheimer and Volko↵, 1939).
However rotation is important, and the equations must
be modified accordingly. For neutron stars spinning at
a few hundred Hz the slow rotation (to second order)
Hartle-Thorne metric is appropriate for most applica-
tions (Hartle and Thorne, 1968). One can also com-
pute full GR models for stars spinning at up to break-up
speeds using a variety of methods implemented in well-
tested codes (for a review see Stergioulas, 2003). Codes
such as rotstar (Bonazzola et al., 1998) and rns (Ster-
gioulas and Friedman, 1995) generate masses and radii
for rapidly rotating neutron stars that are accurate to
better than one part in 10�4 � 10�5.
There is a one to one map from the EOS to the M -R

Vacuum energy can be O(1) fraction of total energy.

Study how vacuum energy changes the properties of the neutron star, e.g. mass-radius relation.

Possibly test cosmological constant relaxation mechanism vs anthropics.

(Bellazzini, Csaki, Hubisz, JS, Terning ’15)
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model dependent equation of state
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Israel junction conditions

(unexplored) additional model dependence — customarily, continuous pressure and energy
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Toy Model I (+6 months)

(Bellazzini, Csaki, Hubisz, JS, Terning ’15)

1 layer, polytropic outside, polytropic + adjustable vacuum energy inside, discontinuous ϵ.

O(1) change of the mass-radius relation.

p+ = +✏
�+
m , ✏+ = ✏m

p� = �✏
��
m � ⇤ , ✏� = ✏m + ⇤
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Figure 2: Radius versus mass trajectories for a two-polytropic fluid with �� = 1 and �+ =
5/3, for various values of the vacuum energy in the inner core, sign(⇤)|⇤|1/4 = �90MeV
(red dot-dashed), �75MeV (brown dotted), 0MeV (black solid), 50MeV (blue dashed),
and 100MeV (orange dot-dashed).

vary the pressure at the center of the star, p0 = p(r = 0), takes place when @M/@p0 = 0.
For the EoS’s at hand, it can be shown that we can avoid a stationary point for the total
mass of the star if at the transition between the inner and outer fluid the energy density
jump is positive,

⇢+(rcr)� ⇢�(rcr) =

✓
pcr
+

◆1/�+

�

"✓
pcr + ⇤

�

◆1/��

+ ⇤

#
� 0 . (2.10)

This condition imposes an upper bound on the value of the vacuum energy, which depends
on pcr and the EoS’s parameters.

In Fig. 2 we show a representative set of radius versus mass curves for di↵erent val-
ues of the vacuum energy. We have taken a critical pressure above nuclear saturation,
pcr = (100MeV)4. Each trajectory has been obtained by varying the central pressure, p0.
As the central pressure increases, so does the mass of the star, until it reaches its max-
imum. Notice that all the curves converge at low masses, since the outer EoS does not
depend on ⇤. Most importantly, note that there is a significant variation of the maximum
mass depending on the value of ⇤. This fact can be best appreciated in Fig. 3. We show
in the left panel several curves of maximum mass as a function of ⇤ for several values of
the critical density p1/4cr = 75, 100, 150MeV, while the right panel shows contours of the
maximal mass as a function of the vacuum energy and the critical pressure. If ⇤ is of the
order of pcr, then there is a sizable di↵erence between the maximal possible neutron star

8

Maximal mass particularly sensitive.
(sensitive as well as to other EOS parameters)

Need more experiment and theory input.



Toy Model II (+3 years)

(Csaki, Eroncel, Hubisz, Rigo, Terning ’18)

7 layers, polytropics, polytropic + vacuum energy in core, continuous µB, discontinuous ϵ in core.

12.0 12.5 13.0 13.5 14.0 14.51.61.82.02.22.42.62.83.0

Figure 1: Mass versus radius curves corresponding to the sti↵ parametrization of Hebeler et
al. [22] with ↵ = 3. Dotted curves in the plot on the left correspond to unstable configurations
violating Eq. (4.2). Positive values of ⇤ are shown in the plot on the left, and negative ones on
the right.

pressure exceeds the maximal value set by the causality bound. For the models we are
working with, we have found that this extension simply flattens out the curves at the point
where causality is violated, and hence does not change the value of the maximum mass
significantly. For this reason we have chosen not to make this modification and ended the
curves at the point where the speed of sound reaches unity.

The M(R) curve and the e↵ect of VE for the Hebeler et al. EoS [22] are shown in
Fig. 1. Each curve is obtained by varying the pressure at the center of the star but keeping
all of the other parameters fixed. We have fixed ↵ = 3 in this plot, as well as all those that
follow.2 When the central pressure is greater than p6, the value of ⇤ becomes relevant and
the other curves depart from the behavior of the ⇤ = 0 case. Dotted parts of the curves
correspond to unstable regions, i.e. solutions of the TOV equations in which the stability
condition (4.2) is violated. The shaded region represents the most massive neutron star
measured to date, with a mass of (2.01±0.04)M� [40]. Notice that for some positive values
of ⇤, i.e. when the jump in energy density is big enough according to Eq. (4.3), we find
a second stable region which is disconnected from the main branch, as discussed above.
This means that for a given mass, there are two possible types of stars, one with no exotic
phase in the core, and another with a significant portion of the star in the new phase.
This gives rise to interesting e↵ects, both for M(R) curves and in GW observables. For
example, assuming that the ⇤ = (165MeV)4 curve is the correct one, it would be possible
to observe two 2M� neutron stars with significantly di↵erent radii. That is, there are two
stable configurations for stars with the same mass. It is quite interesting that the physics
of QCD may allow for a plethora of di↵erent compact objects, with population numbers

2Taking ↵ to be small reduces the change in the curves relative the ⇤ = 0 case, however small values
of ↵ are not representative of most phase transitions, which are typically accompanied by a change in the
energy density as well as the vacuum energy.
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Figure 10: Combined tidal deformability ⇤̃ as a function of the heavy star massM1 for the Hebeler
et al. parametrization with ↵ = 3. The chirp mass is the same as in the event GW170817. The
figure shows the upper bounds set by the LIGO/Virgo analysis and demonstrates how a nonzero
value of ⇤ can a↵ect the allowed mass range.

observables, we have started with the conventional 7-layer parametrization of the EoS, then
assumed a nonzero value for the VE in the innermost layer leading to a jump in the energy
density. For the three benchmark models we have chosen, we have calculated the M(R)
curves and tidal Love numbers for di↵erent values of the VE. By using those results, we
have obtained individual tidal deformabilities and calculated the combined dimensionless
tidal deformability parameter which can be constrained by neutron star mergers observed in
gravitational wave observatories. We have found that for larger chirp masses, the nonzero
VE at the innermost core can have an O(1) e↵ect on the combined dimensionless tidal
deformability parameter, hence future observations of neutron star merger chirps can place
strong limits on the EoS of dense nuclear matter. We have also shown that for some
parameters, introducing a nonzero VE can create a disconnected branch of stable neutron
star solutions allowing the possibility of having two neutron stars of the same mass with
significantly di↵erent radii. This possibility is unique to EoS’s which have a phase transition
at the core, hence it is a smoking gun for new phases of QCD.

22

Modelling clearly important.

Main message remains: vacuum energy important.

Vacuum energy relevant also for tidal deformability.

4.2 Tidal Deformabilities and LIGO/Virgo

Let us now discuss NS observables from GW’s emitted during the merger of NS’s. The
frequency versus time behavior of the waveform of the emitted gravitational wave, usually
expressed in terms of the “gravitational wave phase” appearing in the Fourier transform of
the chirp, can be determined by an expansion in relativistic e↵ects, starting at Newtonian
order, and proceeding to post-Newtonian corrections in the velocity. At dominant Newto-
nian order, where the two NS’s are approximated by point masses, the waveform depends
only on a particular combination of the masses called the chirp mass:

M = µ
3/5

M
2/5
tot =

(M1M2)3/5

(M1 +M2)1/5
, (4.4)

where µ is the reduced mass of the system [42]. For the recently observed merger event,
GW170817, the chirp mass was measured to be M = 1.188+0.004

�0.002M�.

Since this is the dominant contribution to the waveform, the chirp mass can be de-
termined quite accurately. However, the individual masses must be extracted from higher
order velocity corrections to the waveform, and are thus more di�cult to constrain. At
higher order, spin-couplings are important as well, and without information about the stars’
rotational speeds and axes, precise extraction of the masses is impossible. This information
is in principle retrievable from measurements of the waveform, but is di�cult as it relies
on data near the end of the inspiral, where current experiments lose sensitivity, and where
full numerical simulation of the merger event may be necessary [43].

At present, the individual masses can only be estimated by using the chirp mass and
some assumptions for the angular rotation frequency of the stars. For GW170817 in the
low-spin case, the estimated mass range is 1.36–1.60M� for the heavy star and 1.17–1.36M�
for the light star, while for the high-spin case, there is considerably more possible variation
in the masses: 1.36–2.26M� for the heavy star and 0.86–1.36M� for its less massive partner.

Similarly, it is not yet possible to measure individual tidal deformabilities. However, it
is possible to constrain a weighted combination of the individual masses and deformabilities
through their contribution to the gravitational wave phase at order v

5. This so-called
“combined dimensionless tidal deformability” is defined as

⇤̃ =
16

13

(M1 + 12M2)M4
1 �̄1 + (M2 + 12M1)M4

2 �̄2

(M1 +M2)5
. (4.5)

For the recent event GW170817, the current constraint placed on ⇤̃ is  800 for the low-
spin assumption and  700 for the high-spin case. In the low-spin case, the neutron star
masses are probably too low to contain an exotic QCD phase, and thus event GW170817
would not contain information about VE. Of course, this may not be the case for future
merger events, which may involve heavier NS’s. In the high-spin case, however, the inner
core could be in the exotic phase, and the constraints from GW170817 are relevant for
studying VE.
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Strong CP-problem and Axion Solution

The puzzling absence of CP violation in the interactions of hadrons.

L✓ = ✓
g2s

32⇡2
Gµ⌫

eGµ⌫
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theory experiment
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Nambu-Goldstone boson of QCD-anomalous U(1)PQ symmetry
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Figure 1: Comparison between the axion potential predicted by chiral Lagrangians, eq. (10)
(continuous line) and the single cosine instanton one, V inst(a) = �m

2

af
2

a cos(a/fa) (dashed line).

di↵erent from that of a single cosine, and its dependence on the quark masses is non-analytic, as a
consequence of the presence of light Goldstone modes. The axion self coupling, which is extracted
from the fourth derivative of the potential
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is roughly a factor of 3 smaller than �
(inst)
a = �m

2

a/f
2

a , the one extracted from the single cosine
potential V inst(a) = �m

2

af
2

a cos(a/fa). The six-axion couplings di↵er in sign as well.

The VEV for the neutral pion, h⇡0
i = �af⇡ can be shifted away by a non-singlet chiral rotation.

Its presence is due to the ⇡0-a mass mixing induced by isospin breaking e↵ects in eq. (6), but can
be avoided by a di↵erent choice for Qa, which is indeed fixed up to a non-singlet chiral rotation.
As noticed in [33], expanding eq. (6) to quadratic order in the fields we find the term

Lp2 � 2B0
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4fa
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which is responsible for the mixing. It is then enough to choose
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M

�1

q
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q i

, (14)

to avoid the tree-level mixing between the axion and pions and the VEV for the latter. Such a
choice only works at tree level, the mixing reappears at the loop level, but this contribution is
small and can be treated as a perturbation.

The non-trivial potential (10) allows for domain wall solutions. These have width O(m�1
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Vacuum Axion Potential

Low-energy chiral Lagrangian plus axion.

SU(3)L ⇥ SU(3)R ⇥ U(1)B ⇥ U(1)A
SU(3)L+R ⇥ U(1)B
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Axion potential is of QCD size.
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Axion in Neutron Stars

Properties of the axion change at finite baryon chemical potential.

(expectation value, mass, self-coupling, couplings to matter)

(Hook, Huang ’17)

Axion background and neutron star EOS:

Axion/photon emissivity:
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Axion force in merger events:

Figure 1:
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Small Density Axion Potential

µ/⇤QCD ⌧ 1
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Decreasing chiral condensate:

Meson (kaon) condensation:
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Predictivity is lost at relatively low nuclear densities.
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Figure 2: Phase diagram in the {u, x} plane based on the numerical solution of Eqs. (5.32)

and (5.33) and using the linear approximation of hq̄qi
nb
, neglecting c2 and c3. The blue

region marks the kaon condensed phase. The green region indicates where the axion mass

becomes negative. The green region and is divided into two separate subregions. The green

striped region marks the region in parameter space where hūui
nb

=
⌦
d̄d
↵
nb

< 0, and the

axion mass is negative. In this region we naively expect the axion mass to become negative

in the absence of kaon condensation. The green unstriped region indicates the region where

the axion mass becomes negative due to its interaction with the kaon condensate, while

the hūui
nb

,
⌦
d̄d
↵
nb

condensates are positive.

If Re(⌃0) is a diagonal matrix s.t [Re(⌃0), hq̄qinb
] = 0, the Qa matrix defined by
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satisfies 5.37, thus removing the tree-level mixing between the axion and the pions. Plug-

ging Eq. (5.38) in Eq. (5.1), we find the axion mass
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The analytical expression for the axion mass is quite cumbersome. We report our result

to leading order in md/ms in App. C. In Fig. 2 we plot the phase diagram based on the

linear approximation of hq̄qi
nb

for �⇡N = {45, 30} MeV, based on the numerical solution of

Eqs. (5.32) and (5.33). The blue region marks the region in parameter space where ✓ 6= 0,

namely the kaon condensed phase. The green striped region marks the region in parameter

space where the hūui and
⌦
d̄d
↵
condensate flip sign, and the axion field naively destabilizes,

leading to a non-trivial VEV for the axion field hai 6= 0. The green unstriped region singles

out a non-trivial e↵ect of the kaon condensate on the axion mass: the axion mass flips sign

even before the quark condensates become negative, namely at lower densities.
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Figure 15: The phase diagram as a function of light quark mass m and strange quark mass ms and
m ≡ (mu+md)/2. The phases marked “CFL”,” K0”, “η”, and “η+K0” are respectively the CFL
phase without meson condensation, with kaon condensation, with η/η′ condensation, and with
both η/η′ and K0 condensation. Phase transitions are represented by a solid line if first order,
a dashed line if second order. The location of the tetracritical point (m∗, m∗s) is parametrically

m∗ = O(∆α3/4
s ), m∗s = O(∆α1/4

s ); they are calculated in ref. [57].

We see that even at very high densities where QCD is weakly coupled, dense quark
matter exhibits an incredibly rich phase structure, still far from fully understood. Effective
field theory has played an important role in unraveling this structure. We can only hope
that some day numerical techniques will be available to explore this phase structure directly
from QCD in regimes where QCD is strongly coupled, and where EFT techniques fail.
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It is plausible that the QCD-axion is sourced inside neutron stars.
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Summary

Needless to say, theoretical input on the nuclear/QCD phase diagram is crucial.

Neutron stars offer an unexplored playground to look for physics beyond the SM.

To test the validity of the current cosmological constant paradigm.

To gain clues on axion solution to the strong CP-problem.
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