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Dead stars are controlled extreme-matter experiments:  
reveal new particles and even new phases of matter.



The Standard Model of particle physics
It works. Where do we look next?

+ nothing else ?



Fundamental scales of Standard Model of particle physics
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Standard model as an effective field theory

The SM is not UV complete 

1) Gravity requires a consistent UV completion
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irrelevant op. 

2)  We know we need to add more quantum fields to SM, given evidence on  
     dark matter, inflation, and baryogenesis,  …
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Majorana or Dirac neutrinos?

Why is there more matter  
than antimatter?

What is it? 

Is it a constant?  
Why so small?



       What is the scale of new physics?
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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A comparison of the masses of all the fundamental fermions, particles with
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mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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A comparison of the masses of all the fundamental fermions, particles with
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mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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was insufficient energy to produce further massive neutrinos.
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L → ωµa

fa
ε̄iciϑ

µϑ5εi, i = e, p, n, . . . <latexit sha1_base64="orV1y/sZZSwx0R1dFm08cSLKhaI=">AAAB8XicbVDLSgNBEOyNrxhfUY9ehgRBEOKuh+gx6MVjBPPA7BJmJ7PJkJnZZWZWWEL+IhcPinj1b7zlb5w8DppY0FBUddPdFSacaeO6Uye3sbm1vZPfLeztHxweFY9PmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2Fw/uZ33qhSrNYPpksoYHAfckiRrCx0rOvmUDeVdTF3WLZrbhzoHXiLUm5VvIvJ9NaVu8Wv/1eTFJBpSEca93x3MQEI6wMI5yOC36qaYLJEPdpx1KJBdXBaH7xGJ1bpYeiWNmSBs3V3xMjLLTORGg7BTYDverNxP+8Tmqi22DEZJIaKsliUZRyZGI0ex/1mKLE8MwSTBSztyIywAoTY0Mq2BC81ZfXSfO64lUr1Uebxh0skIczKMEFeHADNXiAOjSAgIQJvMG7o51X58P5XLTmnOXMKfyB8/UDqEOTPw==</latexit>

→ 1/fa



Axion parameter space
https://github.com/cajohare/AxionLimits
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Axion parameter space
https://github.com/cajohare/AxionLimits

How can we find these  
light axions ?

axion mass
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Punchline: Finite-density effects can qualitatively change axion physics. 
We found they destabilize the vacuum -> stellar-structure signatures (WD/NS)

axion mass



ax
io

n 
co

up
lin

g Density corrections 
are crucial in the 
calculation of the 
supernova bound

Punchline: Finite-density effects can qualitatively change axion physics. 
We found they destabilize the vacuum -> stellar-structure signatures (WD/NS)

axion mass



Presence of matter…  

… modifies the axion potential—altering stellar behavior 

 … changes the couplings, affecting how physical 
processes unfold



Axion properties are highly susceptible to matter effects

Potential changes with density n
<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (�)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>
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<latexit sha1_base64="SmXWj8/V5mQ8IwEvNMRurncoXDU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89iMqzWP5YCYJ+hEdSh5yRo2V7uWV2y9X3Ko7B/lLvJxUIEejX/7sDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUpOrDIgYaxsSUPm6s+JjEZaT6LAdkbUjPSyNxP/87qpCS/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqCOfZeXPeF60FJ585hF9wPr4BysmNfg==</latexit>

n = 0

2211.02661, 2307.14418, 2408.07740

vacuum
<latexit sha1_base64="yOsFtvZiRJjBkPV3etwoPLgJtvI="></latexit>

→a(x)↑vacuum ↓ 0



Axion properties are highly susceptible to matter effects

Potential changes with density n
<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (�)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>
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<latexit sha1_base64="SmXWj8/V5mQ8IwEvNMRurncoXDU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89iMqzWP5YCYJ+hEdSh5yRo2V7uWV2y9X3Ko7B/lLvJxUIEejX/7sDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUpOrDIgYaxsSUPm6s+JjEZaT6LAdkbUjPSyNxP/87qpCS/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqCOfZeXPeF60FJ585hF9wPr4BysmNfg==</latexit>

n = 0

2211.02661, 2307.14418, 2408.07740

vacuum

<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (�)
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="5VIVEg96ep2LRohAZAI/y2cBnlc=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkAbymY7adduduPuRiih/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2tUwVxQaVXKp2SDRyJrBhmOHYThSSOOTYCkc3U7/1hEozKe7NOMEgJgPBIkaJsVJTdAU+er1S2at4M7jLxM9JGXLUe6Wvbl/SNEZhKCdad3wvMUFGlGGU46TYTTUmhI7IADuWChKjDrLZtRP31Cp9N5LKljDuTP09kZFY63Ec2s6YmKFe9Kbif14nNdFVkDGRpAYFnS+KUu4a6U5fd/tMITV8bAmhitlbXTokilBjAyraEPzFl5dJ87ziVyvVu4ty7TqPowDHcAJn4MMl1OAW6tAACg/wDK/w5kjnxXl3PuatK04+cwR/4Hz+AFjCjv8=</latexit>

n →= 0

Hook, Huang ’17, Balkin, Serra, Springmann, Stelzl, AW ’22 

inside star <latexit sha1_base64="12X5/qHITmwqiO4/e0fbz+W2X8o="></latexit>

→a(x)↑star ↓ ωfa

<latexit sha1_base64="yOsFtvZiRJjBkPV3etwoPLgJtvI="></latexit>

→a(x)↑vacuum ↓ 0



Axion properties are highly susceptible to matter effects

Potential changes with density n
<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (�)

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>
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<latexit sha1_base64="SmXWj8/V5mQ8IwEvNMRurncoXDU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89iMqzWP5YCYJ+hEdSh5yRo2V7uWV2y9X3Ko7B/lLvJxUIEejX/7sDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUpOrDIgYaxsSUPm6s+JjEZaT6LAdkbUjPSyNxP/87qpCS/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqCOfZeXPeF60FJ585hF9wPr4BysmNfg==</latexit>

n = 0

2211.02661, 2307.14418, 2408.07740

Minimum becomes  
maximum at finite 

density!

vacuum

<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (�)
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="5VIVEg96ep2LRohAZAI/y2cBnlc=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkAbymY7adduduPuRiih/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2tUwVxQaVXKp2SDRyJrBhmOHYThSSOOTYCkc3U7/1hEozKe7NOMEgJgPBIkaJsVJTdAU+er1S2at4M7jLxM9JGXLUe6Wvbl/SNEZhKCdad3wvMUFGlGGU46TYTTUmhI7IADuWChKjDrLZtRP31Cp9N5LKljDuTP09kZFY63Ec2s6YmKFe9Kbif14nNdFVkDGRpAYFnS+KUu4a6U5fd/tMITV8bAmhitlbXTokilBjAyraEPzFl5dJ87ziVyvVu4ty7TqPowDHcAJn4MMl1OAW6tAACg/wDK/w5kjnxXl3PuatK04+cwR/4Hz+AFjCjv8=</latexit>

n →= 0

Hook, Huang ’17, Balkin, Serra, Springmann, Stelzl, AW ’22 

inside star <latexit sha1_base64="12X5/qHITmwqiO4/e0fbz+W2X8o="></latexit>

→a(x)↑star ↓ ωfa

<latexit sha1_base64="yOsFtvZiRJjBkPV3etwoPLgJtvI="></latexit>

→a(x)↑vacuum ↓ 0
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Hook, Huang ’17, Balkin, Serra, Springmann, AW ‘20

long-range force

axion core EM
 conversion

Stars can develop an axion ‘core’ + long-range field outside.


This changes hydrostatic equilibrium and can open new observational channels.



White Dwarfs: 

Fermi pressure from 
electron gas



Mass radius curve for white dwarfs
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• Electron degeneracy pressure is well understood  


• SM predicts an accurate M–R curve


• Axion sourcing / EOS change  
         → visible M–R distortion



… power of dimensional analysis (aka laziness)
Back of the envelope … 

vs.



White dwarfs simplified
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White dwarfs simplified
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Now derive the same for neutron stars. 


What do we need to change?
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RWD → mN

me
RNS
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MWD → MNS



White dwarf mass-radius curve
Solution of full TOV equations  
with free electron gas EOS
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White dwarf mass-radius curve
Solution of full TOV equations  
with free electron gas EOS

agrees very well with SM 
   -> use to constrain BSM
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• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Axion EOM:

Stellar Structure with New Scalars
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M 0 = 4⇡r2"

<latexit sha1_base64="6y4HszZJGjNfV0SOrLYcX9v/lxs="></latexit>
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<latexit sha1_base64="VqvwITm8PgBfeeVaCNYjpHC94+w="></latexit>
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r2


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p
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Oppenheimer Volkoff

Tolman



<latexit sha1_base64="hQPqaucDEpTkIQu8m0clPsB3q7I="></latexit>

M 0 = 4⇡r2

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1

2

✓
1� 2GM

r

◆
(�0)

2
�

• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Axion EOM: 

• Changed EOS: 

Stellar Structure with New Scalars

<latexit sha1_base64="yF+PndC8/omOkJWdv5GqZLZ8A4c="></latexit>

p0 = �GM"

r2


1 +

p
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1� 2GM

r
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<latexit sha1_base64="ZpGX5fzMzDri1jWo0i9CUBmPoJo="></latexit>

�00

1� 2GM

r

�
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2

r
�0


1� GM

r
� 2⇡Gr2 ("� p)

�
=

@V

@�
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⌘ U(�, ⇢)

<latexit sha1_base64="Ou6TE6cKMPFwZ6PMMYLkMnccpoQ=">AAACInicbVDLSgMxFM3UV62vUZdugkVoQctMkaoLoeDGZQX7gE4ZMmnahiaZkGSEMvRb3Pgrblwo6krwY0wfi1o9cOFwzr25uSeSjGrjeV9OZmV1bX0ju5nb2t7Z3XP3Dxo6ThQmdRyzWLUipAmjgtQNNYy0pCKIR4w0o+HNxG8+EKVpLO7NSJIOR31BexQjY6XQvZLwGsqQF8RpGkyfSxXpjnkYSE0LgRzQ4rgIF5wz2JjJoZv3St4U8C/x5yQP5qiF7kfQjXHCiTCYIa3bvidNJ0XKUMzIOBckmkiEh6hP2pYKxInupNPNY3hilS7sxcqWMHCqLk6kiGs94pHt5MgM9LI3Ef/z2onpXXZSKmRiiMCzRb2EQRPDSV6wSxXBho0sQVhR+1eIB0ghbGyqORuCv3zyX9Iol/xKqXJ3nq+W53FkwRE4BgXggwtQBbegBuoAg0fwDF7Bm/PkvDjvzuesNePMZw7BLzjfPxZco1s=</latexit>

p = pm(n,m (�))� V (�)

<latexit sha1_base64="1K905zbjGiTqiFHB7/jSKDKaR4k="></latexit>

" = "m(n,m (�)) + V (�)

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

<latexit sha1_base64="XorQ4xbWv+iWh2b+S3HLF9y9E3E=">AAACAHicbVDLSgMxFM34rPU16sKFm2AR6qbMlNp2WXDjsoJ9QGcYMmmmDU0yQ5IRytCNv+LGhSJu/Qx3/o1pO6BWDwQO59zLzTlhwqjSjvNpra1vbG5tF3aKu3v7B4f20XFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXByPfd790QqGos7PU2Iz9FI0IhipI0U2Kc88BJFoadjuKRlLxnTy8AuOZVm86reqEGn4izwTdyclECOdmB/eMMYp5wIjRlSauA6ifYzJDXFjMyKXqpIgvAEjcjAUIE4UX62CDCDF0YZwiiW5gkNF+rPjQxxpaY8NJMc6bFa9ebif94g1VHTz6hIUk0EXh6KUgZN2nkbcEglwZpNDUFYUvNXiMdIIqxNZ0VTgrsa+S/pVituvVK/rZVa1byOAjgD56AMXNAALXAD2qADMJiBR/AMXqwH68l6td6Wo2tWvnMCfsF6/wINdZYH</latexit>

m ! m (�): proton/neutron mass



• Hydrostatic equilibrium equation (include GR effects): 

• Mass conservation: 

• Axion EOM: 

• Changed EOS: 

<latexit sha1_base64="HU+3j4GUXm75CTdb4456Wcd9i6s="></latexit>

0 =
@V

@�
+ n

@m (�)

@�
=

@Ve↵

@�

<latexit sha1_base64="6ceMa8dUbWfbchsh1uE69dhYItQ=">AAACJnicbVBLSwMxGMz6rPW16tFLsAgtaNktUr0UCl48VrAP6JYlm6ZtaJINSVYoS3+NF/+KFw8VEW/+FNPHwbYOBIaZ78skE0lGtfG8b2djc2t7Zzezl90/ODw6dk9OGzpOFCZ1HLNYtSKkCaOC1A01jLSkIohHjDSj4f3Ubz4TpWksnsxIkg5HfUF7FCNjpdCtSFiBMuR5cZUGs+vSiCE8HPMwkJrmAzmghXEBLnnXsDE3QjfnFb0Z4DrxFyQHFqiF7iToxjjhRBjMkNZt35OmkyJlKGZknA0STaSNQH3StlQgTnQnnWWP4aVVurAXK3uEgTP170aKuNYjHtlJjsxAr3pT8T+vnZjeXSelQiaGCDwP6iUMmhhOO4Ndqgg2bGQJworat0I8QAphY5vN2hL81S+vk0ap6JeL5cebXLW0qCMDzsEFyAMf3IIqeAA1UAcYvIA3MAEfzqvz7nw6X/PRDWexcwaW4Pz8Ak89pQc=</latexit>

p = pm(n,m (�))� V (�)

<latexit sha1_base64="cgsv443/1A1KXBGvZvaz7tsNr+E="></latexit>

" = "m(n,m (�)) + V (�)

Stellar Structure with New Scalars

<latexit sha1_base64="ONSxHdbGpVxNGYMjFkg1/wiGEtY=">AAACCHicbVDLSgMxFM3UV62vqksXBovoopSZUqoboeDGjVDBPqAzlkyaaUMzmZBkCqV06cZfceNCEbd+gjv/xkw7C209EDiccy439/iCUaVt+9vKrKyurW9kN3Nb2zu7e/n9g6aKYolJA0cskm0fKcIoJw1NNSNtIQkKfUZa/vA68VsjIhWN+L0eC+KFqM9pQDHSRurmj6HB7dmVW3SLFVdQKB/K0B0hSYSiLEkU7JI9A1wmTkoKIEW9m/9yexGOQ8I1ZkipjmML7U2Q1BQzMs25sSIC4SHqk46hHIVEeZPZIVN4apQeDCJpHtdwpv6emKBQqXHom2SI9EAteon4n9eJdXDpTSgXsSYczxcFMYM6gkkrsEclwZqNDUFYUvNXiAdIIqxNdzlTgrN48jJplktOtVS9qxRq5bSOLDgCJ+AcOOAC1MANqIMGwOARPINX8GY9WS/Wu/Uxj2asdOYQ/IH1+QPs9pdn</latexit>

M 0 = 4⇡r2"

<latexit sha1_base64="VqvwITm8PgBfeeVaCNYjpHC94+w="></latexit>
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<latexit sha1_base64="2mjyqFdD9g8PCa9Tg8wTvJ7zvtI="></latexit>

mN (a) = mN

✓
1� �N

mN
cos

✓
a

fa

◆◆

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]



Scalar changes the EOS and sources itself in matter 

In large stars gradients are often negligible → algebraic minimization of an 
effective potential 

This is why new phases / branches appear

Punchline



Example: Light QCD axion 

Scalar effective potential

<latexit sha1_base64="yYhLW3ihd8cPxUeyykwOeORETK8="></latexit>

L � �V (a)� �N N̄N

✓
cos

✓
a

fa

◆
� 1

◆



Example: Light QCD axion 
<latexit sha1_base64="Lq6wIB3h9NcdWCioWhS+fYWUQTo="></latexit>

L � �V (a)� �N N̄N

✓
cos

✓
a

fa

◆
� 1

◆

Scalar effective potential



Example: Light QCD axion 

Scalar effective potential

<latexit sha1_base64="hymu1LYmjuiLZJqpiL4j126HySY="></latexit>

L � �V (a)� �Nn

✓
cos

✓
a

fa

◆
� 1

◆
= �Ve↵(a)

<latexit sha1_base64="PT9jTKgq49rXVdKAF65CLSGQlH4=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4qjNFqguRghtXUsE+oDOUTJppQzMzIbkjlqGf4cZfceNCEbfd+Tem7Sy09ZDA4Zx7SO7xpeAabPvbyq2srq1v5DcLW9s7u3vF/YOmjhNFWYPGIlZtn2gmeMQawEGwtlSMhL5gLX94M/Vbj0xpHkcPMJLMC0k/4gGnBIzULZ65PlHp3dgcF2LsChbA1S9N8f4ArrFLpFTxEzaJkl22Z8DLxMlICWWod4sTtxfTJGQRUEG07ji2BC8lCjgVbFxwE80koUPSZx1DIxIy7aWzxcb4xCg9HMTK3AjwTP2dSEmo9Sj0zWRIYKAXvan4n9dJILj0Uh7JBFhE5w8FicCmgmlLuMcVoyBGhhCquPkrpgOiCAXTZcGU4CyuvEyalbJTLVfvz0u1SlZHHh2hY3SKHHSBaugW1VEDUfSMXtE7+rBerDfr0/qaj+asLHOI/sCa/ACau6C0</latexit>
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<latexit sha1_base64="Lq6wIB3h9NcdWCioWhS+fYWUQTo="></latexit>

L � �V (a)� �N N̄N

✓
cos

✓
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fa
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� 1

◆



Example: Light QCD axion 

Combine with axion/scalar “bare” mass:

Scalar effective potential

<latexit sha1_base64="vyldbftka1cjnwy0kNxO8vgDBsU="></latexit>
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fa
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<latexit sha1_base64="hymu1LYmjuiLZJqpiL4j126HySY="></latexit>

L � �V (a)� �Nn

✓
cos

✓
a

fa

◆
� 1

◆
= �Ve↵(a)

<latexit sha1_base64="PT9jTKgq49rXVdKAF65CLSGQlH4=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4qjNFqguRghtXUsE+oDOUTJppQzMzIbkjlqGf4cZfceNCEbfd+Tem7Sy09ZDA4Zx7SO7xpeAabPvbyq2srq1v5DcLW9s7u3vF/YOmjhNFWYPGIlZtn2gmeMQawEGwtlSMhL5gLX94M/Vbj0xpHkcPMJLMC0k/4gGnBIzULZ65PlHp3dgcF2LsChbA1S9N8f4ArrFLpFTxEzaJkl22Z8DLxMlICWWod4sTtxfTJGQRUEG07ji2BC8lCjgVbFxwE80koUPSZx1DIxIy7aWzxcb4xCg9HMTK3AjwTP2dSEmo9Sj0zWRIYKAXvan4n9dJILj0Uh7JBFhE5w8FicCmgmlLuMcVoyBGhhCquPkrpgOiCAXTZcGU4CyuvEyalbJTLVfvz0u1SlZHHh2hY3SKHHSBaugW1VEDUfSMXtE7+rBerDfr0/qaj+asLHOI/sCa/ACau6C0</latexit>
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<latexit sha1_base64="Lq6wIB3h9NcdWCioWhS+fYWUQTo="></latexit>
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✓
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fa
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� 1
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 =  1 for qcd axion,  
<< 1 for “light” axion 



Scalar effective potential

Light QCD axion

<latexit sha1_base64="ZjO4Bmy7agLhZgoVgEFnvLd+xz4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVC9CwYvHCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFjc2t7Z3ibmlv/+DwqHx80tJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpv77SdUmify0UxSDGI6lDzijBor+ZLcErdfrrhVdwGyTrycVCBHs1/+6g0SlsUoDRNU667npiaYUmU4Ezgr9TKNKWVjOsSupZLGqIPp4tgZubDKgESJsiUNWai/J6Y01noSh7YzpmakV725+J/XzUx0E0y5TDODki0XRZkgJiHzz8mAK2RGTCyhTHF7K2EjqigzNp+SDcFbfXmdtK6qXr1af6hVGrU8jiKcwTlcggfX0IB7aIIPDDg8wyu8OdJ5cd6dj2VrwclnTuEPnM8fcw2NxA==</latexit>

n = 0
<latexit sha1_base64="9QdGxAOHytlEAdT9Xng0mNtMsgc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVE9S8OKxgmkLbSib7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O7+Z++wmV5ol8NJMUg5gOJY84o8ZKviS3xO2XK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBFMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrauqV6/WH2qVRi2PowhncA6X4ME1NOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHdJONxQ==</latexit>

n > 0

<latexit sha1_base64="vyldbftka1cjnwy0kNxO8vgDBsU="></latexit>
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fa
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� 1
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 Scalar field gets sourced at 
finite density
⟹

Above a critical density, a new axion minimum appears
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Light QCD axion

<latexit sha1_base64="ZjO4Bmy7agLhZgoVgEFnvLd+xz4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVC9CwYvHCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFjc2t7Z3ibmlv/+DwqHx80tJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpv77SdUmify0UxSDGI6lDzijBor+ZLcErdfrrhVdwGyTrycVCBHs1/+6g0SlsUoDRNU667npiaYUmU4Ezgr9TKNKWVjOsSupZLGqIPp4tgZubDKgESJsiUNWai/J6Y01noSh7YzpmakV725+J/XzUx0E0y5TDODki0XRZkgJiHzz8mAK2RGTCyhTHF7K2EjqigzNp+SDcFbfXmdtK6qXr1af6hVGrU8jiKcwTlcggfX0IB7aIIPDDg8wyu8OdJ5cd6dj2VrwclnTuEPnM8fcw2NxA==</latexit>

n = 0
<latexit sha1_base64="9QdGxAOHytlEAdT9Xng0mNtMsgc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVE9S8OKxgmkLbSib7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O7+Z++wmV5ol8NJMUg5gOJY84o8ZKviS3xO2XK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBFMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrauqV6/WH2qVRi2PowhncA6X4ME1NOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHdJONxQ==</latexit>

n > 0
<latexit sha1_base64="OH0F1LSn0AgdVtpWqPtxKVHvai8=">AAACHHicbVDLSgMxFM34rPU16tJNsAiuykwt1Y1ScONKKtgHdMYhk2ba0CQzJBmhDP0QN/6KGxeKuHEh+Dem7Sy09cDlHs65l+SeMGFUacf5tpaWV1bX1gsbxc2t7Z1de2+/peJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vJr47QciFY3FnR4lxOeoL2hEMdJGCuxTAS+hCDC8gF4kEc48kijKYgF54CX0vgKjWR9nnqJ9joKbcWCXnLIzBVwkbk5KIEcjsD+9XoxTToTGDCnVdZ1E+xmSmmJGxkUvVSRBeIj6pGuoQJwoP5seN4bHRunBKJamhIZT9fdGhrhSIx6aSY70QM17E/E/r5vq6NzPqEhSTQSePRSlDOoYTpKCPSoJ1mxkCMKSmr9CPEAmI23yLJoQ3PmTF0mrUnZr5dpttVSv5nEUwCE4AifABWegDq5BAzQBBo/gGbyCN+vJerHerY/Z6JKV7xyAP7C+fgBZraDy</latexit>
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<latexit sha1_base64="vyldbftka1cjnwy0kNxO8vgDBsU="></latexit>
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fa
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� 1

◆

Hook, Huang ’17, Balkin, Serra, Springmann, Stelzl, AW ’22 



Phase structure best understood by looking at energy per particle 

Scalar Induced Phase Transition
<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

SM

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]



Scalar Induced Phase Transition

SM

NGS

FOPT

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

Phase structure best understood by looking at energy per particle 

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n



Phase structure best understood by looking at energy per particle 

Scalar Induced Phase Transition
<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

SM

NGS

FOPT

New Ground State (NGS): 

lowest      at      

 ground state of matter 

            : metastable 

⟹

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n
<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="EN/OE0GVE7uoCdVvz/rsc3gZqNI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTqK3BI1YINyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W587IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP47GQrNGcqpJZRpYW8lbEw1ZWgTKtkQvNWX10n7qurVqrWH60rDzeMowhmcwyV4UIcG3EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8AfO5w9BWo7T</latexit>

n < nc

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

new ground state

<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="AB0J5Ia2ixyipHz8xEWAXQDvnJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpQQ7YoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/ZV1atVa/fXlYabx1GEMziHS/CgDg24gya0gMEInuEV3hzhvDjvzseyteDkM6fwB87nD0ZkjcE=</latexit>nc

0



Phase structure best understood by looking at energy per particle 

Scalar Induced Phase Transition
<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

SM

NGS

FOPT

New Ground State (NGS): 

lowest      at      

 ground state of matter 

            : metastable 

First Order Phase Transition: 

lowest      at 

 jump in density as field       
        becomes sourced 

⟹

⟹

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n
<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="EN/OE0GVE7uoCdVvz/rsc3gZqNI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EEguLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTqK3BI1YINyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W587IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP47GQrNGcqpJZRpYW8lbEw1ZWgTKtkQvNWX10n7qurVqrWH60rDzeMowhmcwyV4UIcG3EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8AfO5w9BWo7T</latexit>

n < nc

<latexit sha1_base64="ZSgjYolxh65CBICaT4q5tSGropY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHosePFYwdZCE8pmO2mXbnbD7qZQQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rdTWlvf2Nwqb1d2dvf2D9zDo7aWmaLQopJL1YmIBs4EtAwzHDqpApJEHB6j0e3MfxyD0kyKBzNJIUzIQLCYUWKs1HNPglgRmgdjoiDVjEsxzcW051a9mjcHXiV+QaqoQLPnfgV9SbMEhKGcaN31vdSEOVGGUQ7TSpBpSAkdkQF0LRUkAR3m8/On+NwqfRxLZUsYPFd/T+Qk0XqSRLYzIWaol72Z+J/XzUx8E+ZMpJkBQReL4oxjI/EsC9xnCqjhE0sIVczeiumQ2DyMTaxiQ/CXX14l7cuaX6/V76+qDa+Io4xO0Rm6QD66Rg10h5qohSjK0TN6RW/Ok/PivDsfi9aSU8wcoz9wPn8AdUKWaw==</latexit> "

n

<latexit sha1_base64="1L8cBNu4RSzPwDjGrrQUCdJDhoc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPcgbt1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrourVqrX7y0rdzeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/FX41s</latexit>

n = 0

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661] 
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

new ground state

<latexit sha1_base64="6qpVMBVp/kd/KQoJETtZNIxGDUY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREpHosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD7J/0S9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1WfVq1dr9VaXu5nEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfv8Y2I</latexit>n⇤

<latexit sha1_base64="AB0J5Ia2ixyipHz8xEWAXQDvnJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpQQ7YoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/ZV1atVa/fXlYabx1GEMziHS/CgDg24gya0gMEInuEV3hzhvDjvzseyteDkM6fwB87nD0ZkjcE=</latexit>nc

0

First Order Phase Transition 



Constraints from White Dwarf Mass Radius Relationship
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SM: continuous prediction

Observing New Ground States

SM
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



SM: continuous prediction 

With NGS: two branches: 

• : metastable 

• : stable 

 gap in radius 

ϕ = 0
ϕ ≠ 0

⟹

Observing New Ground States
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



SM: continuous prediction 

With NGS: two branches: 
• : metastable 
• : stable 

 gap in radius 

ϕ = 0
ϕ ≠ 0

⟹

Observing New Ground States
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mass becomes  
tachyonic

constant density object 
<latexit sha1_base64="pBJoj81TQfVHrSvIvTuzkfwISvw=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBHEQ9kVqV6EghePFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyaCG+t532hldW19Y7OwVdze2d3bLx0cNo1KNWUNqoTS7ZAYJrhkDcutYO1EMxKHgrXC0e3Ubz0xbbiSD3acsCAmA8kjTol1UlPeYNk775XKXsWbAS8TPydlyFHvlb66fUXTmElLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jksTMBNns2gk+dUofR0q7khbP1N8TGYmNGceh64yJHZpFbyr+53VSG10HGZdJapmk80VRKrBVePo67nPNqBVjRwjV3N2K6ZBoQq0LqOhC8BdfXibNi4pfrVTvL8s1L4+jAMdwAmfgwxXU4A7q0AAKj/AMr/CGFHpB7+hj3rqC8pkj+AP0+QOV845x</latexit>n = n⇤

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



SM: continuous prediction 

With NGS: two branches: 
• : metastable 
• : stable 

 gap in radius 

Observe WDs in this gap 
 exclusion 

ϕ = 0
ϕ ≠ 0

⟹

⟹

Observing New Ground States: ɸ-dwarfs
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[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]

Gap contradicts observations 
of white dwarfs!



Axion parameter space

axion mass

ax
io
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https://github.com/cajohare/AxionLimits

this work

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]



beyond axion-like theories
<latexit sha1_base64="l9yyXhDy3PHh9GOVcRzOZPFvYyQ="></latexit>

Lint =
d(2)me

2M2
p

me�
2 ̄e e

scalar-electron coupling

[Bartnick, Springmann, Stelzl, Weiler ’25]

vs.



beyond axion-like theories
<latexit sha1_base64="l9yyXhDy3PHh9GOVcRzOZPFvYyQ="></latexit>

Lint =
d(2)me

2M2
p

me�
2 ̄e e

scalar-electron coupling

<latexit sha1_base64="kCe/MsbK94jmWZsHoGU4hHxloKQ="></latexit>

Lint →
d(2)mN

2M2
p

mNω2ε̄NεN

scalar-nucleon coupling

[Bartnick, Springmann, Stelzl, Weiler ’25]

vs.



Observing New Ground States (general couplings)
<latexit sha1_base64="l9yyXhDy3PHh9GOVcRzOZPFvYyQ="></latexit>
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[Bartnick, Springmann, Stelzl, Weiler ’25]



Observing New Ground States (general couplings)
<latexit sha1_base64="l9yyXhDy3PHh9GOVcRzOZPFvYyQ="></latexit>
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<latexit sha1_base64="kCe/MsbK94jmWZsHoGU4hHxloKQ="></latexit>
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[Bartnick, Springmann, Stelzl, Weiler ’25]



White dwarfs beat terrestrial probes (and don’t need DM abundance)

WD mass-radius constraints reach well beyond atomic/nuclear clocks  
	 Clocks require the scalar to be a sizable DM fraction; WD structure does not 

[Bartnick, Springmann, Stelzl, Weiler ’25]



Part 2 : Neutron stars become 
zombies thanks to the  axion



Neutron Stars



Motivation:



Motivation:

?



<latexit sha1_base64="/+66nICEsEogIAe8N6LX5NX/XGg=">AAACGHicbVDLTgIxFO3gC/E16tJNIzHBDcwoUZdEN64UE3kkDCF3SoGGdmZsOxoy4TPc+CtuXGiMW3b+jeWxUPAkTU7PuTf33uNHnCntON9Waml5ZXUtvZ7Z2Nza3rF396oqjCWhFRLyUNZ9UJSzgFY005zWI0lB+JzW/P7V2K89UqlYGNzrQUSbAroB6zAC2kgtuyA8xQQWrZvCqfcQQ9uTrNvTIGX4NP0L0D0CPLkd5lznuGVnnbwzAV4k7oxk0Qzllj3y2iGJBQ004aBUw3Ui3UxAakY4HWa8WNEISB+6tGFoAIKqZjI5bIiPjNLGnVCaF2g8UX93JCCUGgjfVI7XVPPeWPzPa8S6c9FMWBDFmgZkOqgTc6xDPE4Jt5mkRPOBIUAkM7ti0gMJRJssMyYEd/7kRVI9ybtn+eJdMVu6nMWRRgfoEOWQi85RCV2jMqoggp7RK3pHH9aL9WZ9Wl/T0pQ169lHf2CNfgCTT6Aa</latexit>

m ⇠ mN/3 ! O(10)

Recall our neutron star estimates:

NS toy model
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If axion reduces nucleon mass, large effect on M vs R or neutron star, e.g.



1) Mass reduction m∗
N < mN stiffens the EOS

additional energy density gravitates
2) Vacuum energy softens the EOS

What kind of EOS?
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additional energy density gravitates
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Figure 6: (Left panel) the M-R curves in the negligible gradient energy limit of the for

the benchmark cases, with ✏ = 10�4 for the light QCD axion. We plot two representative

combined constraints at the 68% confidence level over the neutron star mass and radius,

obtained from low-mass X-ray binaries during quiescence (NGC 6304) and thermonuclear

bursts (KS 1731-260), taken from [102]. In orange we plot the mass measurement of the

millisecond pulsar J0740+6620, taken from [97]. The gray regions are the theoretically

excluded regions with GM/R < 1/2 (Black hole), GM/R < 4/9 (p < 1, see 11.6 in

Ref. [113]) and GM/R . 0.35 (Causality limits, see e.g. [123]) . (Right panel) the MR

curve for the QCD axion. The free Fermi gas without the axion (black), the negligible

gradient limit (dashed) and the result of numerically solving the full coupled system for

f = {5 ⇥ 1016, 1016, 1015} GeV in red, purple, and blue respectively. The light-colored

curves are unstable configurations.

inside the hybrid star occupies a significant fraction of the whole object which modifies

its equilibrium configuration. This explains the visible deviations of the finite f hybrid

branches compared to the negligible gradient limit. However at higher internal pressures,

once the QCD axion is fully sourced, indicating a thin wall, all the curves in the M -R plane

converge, in particular to a similar maximal mass configuration. This is not a surprise,

since the existence of a thin bubble wall implies that the gradient energy is negligible.

3.1.2 Lighter QCD axions

Recently, the QCD axion solution to the strong CP problem was extended by relaxing the

relation between the mass of the axion and its coupling to the SM, allowing for lighter-than-

expected QCD axions [46, 105, 139], which lead to exciting astrophysical signatures [46,

54, 66, 140]. We consider the light QCD axion model at finite density,

V (�, ⇢s) = �
�
✏m

2
⇡f

2
⇡ � �⇡N⇢s

�
 s

1�
4mumd

(mu +md)2
sin2

✓
�

2f

◆
� 1

!
, (3.8)

– 23 –

Mass vs. Radius of NS
Black Hole 
R = 2 GM



Neutron stars with light scalars

Figure 4: The {m⇤(✓1), V (✓1)} parameter space. The black line (Eq. (3.1)) is the

CE-NGS boundary. Curves of constant stellar mass and radius for the most massive con-

figuration allowed by the EOS are shown in dashed and solid gray, respectively. In the gray

region, the ✓ = ✓1 approximation breaks down. In the light-blue region, neutron stars are

not dense enough to source the scalar. We show the QCD axion (red dot), light QCD axions

(purple line) and two generic ALP benchmark points (blue dots) with m⇤(✓1) = mN/2 and

V (✓1) = 2 ⇥ (0.075 GeV)4 (BM1) and m⇤(✓1) = mN/3 and V (✓1) = 2 ⇥ (0.075 GeV)4

(BM2). BM1 is discussed in the text including finite f e↵ects. The thick-blue line de-

scribes a generic model with f(�)GG coupling, which allows for large nucleon couplings.

As indicated by the arrows, this line can move vertically depending on the magnitude of

the potential, thereby populating most of the parameter space. Towards small m⇤(✓1) cal-

culability is lost as indicated by the decreasing opacity, see App. C for more details. Below

green contours, finite f e↵ects become important for the corresponding value shown.

To illustrate the e↵ect of the axion field on the stellar configuration, in Fig. 5 we

plot in red the energy density and pressure profiles of a representative point in the BM2

benchmark (see Fig. 4) compared to the free Fermi gas solution of similar radius. The

emergence of a new ground state can be deduced from energy density at the edge of the

star, where vanishing pressure is found at finite energy density.
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Figure 4: The {m⇤(✓1), V (✓1)} parameter space. The black line (Eq. (3.1)) is the

CE-NGS boundary. Curves of constant stellar mass and radius for the most massive con-

figuration allowed by the EOS are shown in dashed and solid gray, respectively. In the gray

region, the ✓ = ✓1 approximation breaks down. In the light-blue region, neutron stars are

not dense enough to source the scalar. We show the QCD axion (red dot), light QCD axions

(purple line) and two generic ALP benchmark points (blue dots) with m⇤(✓1) = mN/2 and

V (✓1) = 2 ⇥ (0.075 GeV)4 (BM1) and m⇤(✓1) = mN/3 and V (✓1) = 2 ⇥ (0.075 GeV)4

(BM2). BM1 is discussed in the text including finite f e↵ects. The thick-blue line de-

scribes a generic model with f(�)GG coupling, which allows for large nucleon couplings.

As indicated by the arrows, this line can move vertically depending on the magnitude of

the potential, thereby populating most of the parameter space. Towards small m⇤(✓1) cal-

culability is lost as indicated by the decreasing opacity, see App. C for more details. Below

green contours, finite f e↵ects become important for the corresponding value shown.

To illustrate the e↵ect of the axion field on the stellar configuration, in Fig. 5 we

plot in red the energy density and pressure profiles of a representative point in the BM2

benchmark (see Fig. 4) compared to the free Fermi gas solution of similar radius. The

emergence of a new ground state can be deduced from energy density at the edge of the

star, where vanishing pressure is found at finite energy density.
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Part 3 : Axion emission in SN
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Bound from SN 1987A
Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud 



Bound from SN 1987A
Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud 

• Neutrino burst observed in 3 indep. experiments 
 neutrinos within ∼ 20 ∼ 10 sec



Bound from SN 1987A

Raffelt criterion:
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• For QCD axion, this directly gives constraint on 
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fa

Raffelt, Lect.Notes Phys. 741 (2008) 51-71


• Uncertainty in SN dynamics and axion production

• If new lightly coupled particle gets produced, it could 
shorten the duration of the neutrino signal

Bar, Blum, D’Amico (’19)
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• Systematically via QFT in Real-Time Formalism:

Nucleon propagator at finite density
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Corrections to the coupling can be calculated systematically in

Axion-Nucleon Coupling: Loop corrections
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Axion-Nucleon Coupling: Finite density
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Accidental cancellation is lifted, 5x larger!

Stadlbauer, Springmann, Stelzl, Weiler ‘24
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Supernova bound revisited

Emissivity Luminosity

Tree level:

Vertex corrections:

KSVZ axion

Stadlbauer, Springmann, Stelzl, Weiler ‘24



• We used HBχPT + finite-density corrections → big effect 
already.


• At higher density the expansion breaks down. Opportunity 
for nuclear QCD experts (theory & experiment)


• Need: reliable response for SN, NS cooling, mergers.

Where we need nuclear input



Conclusions
• The Big Question: Is the Standard Model completion natural? What is it? 


• The Third Frontier: Beyond Energy and Intensity, we must explore Density.


• White Dwarfs and Neutron Stars are not just graveyards; they are controlled 
experiments for finite-density QFT.


• Density can trigger phase transitions and destabilize the vacuum.


• The Future: Precision astrometry + Gravitational Waves = A new era for Nuclear-
Particle physics.


• We need your help to understand QCD at extreme densities to sharpen the 
sensitivies
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