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1. The darkside of neutron stars.  


2. Axion condensation.


3. RG invariance and new 3 nucleon forces.
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Tidal Deformability & Compact Object Populations   
3 Overview

Figure 3.4: Astrophysical horizon of current and proposed future detectors for compact binary systems.
As in the bottom of Fig. �.�, the lines indicate the maximum redshift at which a detection with signal-to-
noise ratio � could be made. The detectors shown here are Advanced LIGO during its third observing run
(“O�”), Advanced LIGO at its anticipated sensitivity for the fifth observing run (“A+”), a possible cryogenic
upgrade of LIGO called Voyager (“Voy”), the Einstein Telescope (“ET”), and Cosmic Explorer (“CE”, see
§� for observatory descriptions). The yellow and white dots are for a simulated population of binary
neutron star mergers and binary black hole mergers, respectively, following Madau and Dickinson [��]
with a characteristic binary merger time of ���million years.
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The Dark Side of Neuton stars 

Neutron stars are great places to look for dark matter: 

• They accrete and trap dark matter. 

•Produce “baryonic” or “leptonic” dark matter due to 
its high density 

•Produce thermal dark matter due to high 
temperatures at birth or during mergers.  

Mχ < 10−14M⊙ ( ρχ

1 GeV/cm3 ) t
Gyr

Mχ ≲ M⊙ for mχ ≲ 2 GeV

Mχ ≲ 10−1 M⊙ for mχ < 100 MeV



Black-Holes in the Neutron Star Mass-Range

MBosons ≈ 10−18 M⊙ ( GeV
mχ )

The maximum mass of weakly Interacting bosons 
is negligible: 

For a concise reviews see Kouvaris (2013) and Zurek (2013)

Idea:  Accretion of asymmetric bosonic dark matter can induce the collapse of an NS to a BH.    
Goldman & Nussinov (1989)
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FIG. 1: Exclusion regions of the asymmetric bosonic dark
matter as a function of the WIMP mass and the WIMP-
nucleon cross section for an isolated neutron star at local DM
density ρdm = 0.3GeV/cm3 (such as J0437-4715 and J0108-
1431) and for a neutron star in the core of a globular cluster
with ρdm = 103GeV/cm3.

m > 2 keV [6]. If the accreted dark matter mass within
a billion years Macc is larger than Mcrit of Eqs. (2), and
(7), (9), and (11) are satisfied, the WIMPs form a black
hole that can destroy the star. There are some subtle is-
sues regarding how fast the black hole consumes the star
that have been addressed to some extend in [6]. The con-
straints on asymmetric bosonic dark matter are depicted
in Fig. 1. As it can be seen, depending on the WIMP-
nucleon cross section, WIMP candidates from 100 keV up
to roughly 16 GeV are severely constrained by the exis-
tence of nearby old neutron stars. The constrained region
is bound at 100 keV due to the fact that below that mass
accretion is not sufficient to acquire Mcrit from Eq. (2).
These constraints can be enlarged down to 2 keV (the
limit from WIMP evaporation we mentioned before) as
long as we consider old neutron stars in globular clusters
with ρdm � 30 GeV/cm3.

Now we can consider the case where the WIMP mass
is larger than 10 TeV and therefore self-gravitation of
the WIMP sphere happens before BEC formation. As
we mentioned above, black holes of critical mass (2) with
WIMP masses roughly larger than ∼ 16 GeV, do not
survive due to Hawking radiation. Therefore one should
expect that black holes of Mcrit (of Eq. (2)) formed out
of 10 TeV WIMPs (or heavier) would evaporate quite
fast. However, since self-gravitation takes place before
BEC, and the self-gravitating mass of Eq. (6) for m > 10
TeV is much larger than the crucial mass for the survival
of the black hole of Eq. (11), there were speculations in
the literature [7, 9, 10] that constraints can be imposed
also for m > 10 TeV. The claim was that instead of
forming a black hole of Mcrit that is below the surviving
threshold for Hawking radiation, a much larger black hole
coming from the collapse of the self-gravitating WIMP
sphere Msg forms, that due to its larger mass can grow

and destroy the star, thus imposing constraints on this
part of the parameter space of asymmetric bosonic dark
matter. However we review here the argument that was
put forward in [23] that demonstrates that the formation
of smaller (non-surviving) black holes of mass Mcrit is
unavoidable and therefore the Msg instead of collapsing
to a single large black hole, it forms a series of black holes
of Mcrit that evaporate one after the other, thus resulting
to no constraint for WIMP masses with m > 10 TeV.

In order for the WIMP sphere to collapse,
the whole mass should be confined within the
Schwarzschild radius rs = 2GM of the black hole.
The density of WIMPs just before forming the
black hole would be nBH ∼ 3(32πG3M2

sgm)−1 ∼
1074 cm−3(GeV/m)(Msg/1040GeV)−2. It is easy to see
that this density is higher from the density required for
BEC formation of Eq. (7). This means that unless the
WIMP sphere collapses violently and rapidly, it should
pass from a density where BEC is formed. As the self-
gravitating WIMP sphere of mass Msg contracts, at some
point it will reach the density where BEC is formed. Any
further contraction of the WIMP sphere will not lead
to an increase in the density of the sphere. The density
remains that of BEC. The formation of BEC happens
on time scales of order [22] tBEC ∼ �/kBT ∼ 10−16s,
i.e. practically instantaneously. Further shrinking of
the WIMP sphere results in increasing the mass of the
condensate rather than the density of non-condensed
WIMPs. This process happens at a time scale which is
determined by the cooling time of the WIMP sphere as
discussed below. As we shall show, this cooling time
is the relevant time scale for the BEC formation. As
in the previous case, the ground state will start being
populated with WIMPs which at some point will become
self-gravitating themselves. This of course will happen
not when Eq. (9) is satisfied. Eq. (9) was derived
as the WIMP ground state becomes denser than the
surrounding nuclear matter (since the dark matter that
is not in the ground state of the BEC is less dense).
Here, the condition is that the density of the ground
state of the BEC should be larger than the density of the
surrounding dark matter (that is already denser than
the nuclear matter at this point). The condition reads

MBEC, sg =
4π

3
nBECmr3BEC = 9.6×1021GeV

� m

10TeV

�−7/8
.

(12)
Once the BEC ground state obtains this mass, the ground
state starts collapsing within the collapsing WIMP
sphere. Any contraction of the WIMP sphere does not
change the density of the sphere but only the density
of the ground state. MBEC, sg is smaller than Mcrit and
therefore the BEC ground state cannot form a black hole
yet. However as the ground state gets populated at some
point it reaches the point where its mass is Mcrit and this
leads to the formation of a black hole of mass Mcrit and
not Msg. The evaporation time for such a black hole of

The existence of old neutron stars in the 
Milkyway with estimated age ~ Gyr provides 
strong constraints on asymmetric DM.  

Kouvaris (2013)

Mχ ≈ 10−14M⊙ Min [ σ
2 × 10−45cm2

,1] ( ρχ

1 GeV/cm3 ) t
Gyr



Time Scale for Converting NSs into BHs 

For dark matter in the 1-106 GeV 
mass range, black hole formation 
is complex and involves several 
timescales. 


Capture time is typically the 
limiting step. But, thermalization 
can be slow in exotic superfluid 
phases and depends on 
processes in the inner core!  

C. Kouvaris and P. Tinyakov (2011)

S. D. McDermott, H.-B. Yu, and K. M. Zurek, 
(2012)

B. Bertoni, A. E. Nelson, and S. Reddy (2013)

+ many more, more refined recent analyses. 

Divya Singh, Gupta, Berti, Reddy, Sathyaprakash (2024)
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A measurement of the tidal 
deformability will allow us to 
distinguish BBH from BNS 
to infer the collape time in 
next generation detectors.  

The number of merging black 
holes formed from NS implosion 
grows rapidly when the collape 
time is less than a Gyr.    



Constraining Dark Baryons

There was speculation that a dark baryon with mass m𝛘 between 
937.76 - 938.78 MeV might explain the discrepancy between 
neutron lifetime measurements. 
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Exotic new particles carrying baryon number and with mass of order the nucleon mass have been
proposed for various reasons including baryogenesis, dark matter, mirror worlds, and the neutron
lifetime puzzle. We show that the existence of neutron stars with mass greater than 0.7 M� places
severe constraints on such particles, requiring them to be heavier than 1.2 GeV or to have strongly
repulsive self-interactions.

I. INTRODUCTION

Exotic states that carry baryon number and have mass-
es below a few GeV have been theorized in a number of
contexts, such as asymmetric dark matter [1, 2], mirror
worlds [3], neutron-antineutron oscillations [4] or in nu-
cleon decays [5]. In general, such states are highly con-
strained because they can drastically alter the proper-
ties of normal baryonic matter–in particular, if too light,
they can potentially render normal matter unstable. We
currently understand that matter is observationally sta-
ble because the standard model (accidentally) conserves
baryon number. This ensures that the proton, the light-
est baryon, does not decay (up to effects caused by higher
dimensional operators that violate baryon number).

Now, consider the simple case of a single new fermion
state, �, that is electrically neutral, carries unit baryon
number, and carries no other conserved charge. (Note
that a new boson carrying baryon number does not lead
to proton decay as long as lepton number is conserved.)
Assuming that its couplings to ordinary matter are not
highly suppressed, because of the conservation of baryon
number and electric charge, it must have a mass larg-
er than the difference between the proton and electron
masses, m� > mp � me = 937.76 MeV, in order to not
destabilize the proton. In fact, a slightly stronger low-
er bound on m� comes from the stability of the weakly
bound 9Be nucleus: m� > 937.90 MeV. If the � mass
is less than that of the neutron, mn = 939.57 MeV, a
new neutron decay channel can open up, n ! � + . . . ,
where the ellipsis includes other particles that allow the
reaction to conserve (linear and angular) momentum.

It is interesting to note that if m� < mp + me =
938.78 MeV, � is itself kept stable by the conservation of
baryon number and electric charge. It could therefore be
a potential candidate for the dark matter, which we know
to be electrically neutral and stable on the timescale of
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§ zdk@uw.edu

the age of the Universe. It is compelling that in such
a situation that the stability of normal matter and of
dark matter is ensured by the same symmetry: baryon
number.

The potential existence of a new decay channel for the
neutron has recently received attention as a solution to
the 4� discrepancy between values of the neutron life-
time measured using two different techniques, the “bot-
tle” and “beam” methods [3, 6, 7]. The “bottle” method,
which counts the number of neutrons that remain in a
trap as a function of time and is therefore sensitive to
the total neutron width gives ⌧bottlen = 879.6 ± 0.6 s [8].
The “beam” method counts the rate of protons emitted
in a fixed volume by a beam of neutrons, thus mea-
suring only the �-decay rate of the neutron, results in
⌧beamn = 888.0 ± 2.0 s [9]. These two measurements can
be reconciled by postulating a new decay mode for the
neutron, such as n ! �+ . . . , with a branching fraction

Brn!� = 1� ⌧bottlen

⌧beamn

= (0.9± 0.2)⇥ 10�2. (1)

However, a recent reevaluation of the prediction for the
neutron lifetime from post 2002 measurements of the neu-
tron gA concludes that any nonstandard branching for
the neutron is limited to less than 2.7 ⇥ 10�3 at 95%
CL [10].

In this work we note that a new state that carries bary-
on number and has a mass close to the neutron’s can
drastically affect the properties of nuclear matter at den-
sities seen in the interiors of neutron stars. In neutron
stars the neutron chemical potential can be significantly
larger than mn, reaching values ' 2 GeV in the heaviest
neutron stars [11]. Thus any exotic particle that carries
baryon number and has a mass . 2 GeV will have a large
abundance if in chemical equilibrium. Because they re-
place neutrons, their presence will soften the equation of
state of dense matter by reducing the neutron Fermi ener-
gy and pressure, while contributing to an increase in the
energy density. This will in turn reduce the maximum
mass of neutron stars from those obtained using stan-
dard equations of state for nuclear matter. As we shall
show below, even a modest reduction in the pressure at
high density can dramatically lower the maximum mass
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energy density. This will in turn reduce the maximum
mass of neutron stars from those obtained using stan-
dard equations of state for nuclear matter. As we shall
show below, even a modest reduction in the pressure at
high density can dramatically lower the maximum mass
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Exotic new particles carrying baryon number and with mass of order the nucleon mass have been
proposed for various reasons including baryogenesis, dark matter, mirror worlds, and the neutron
lifetime puzzle. We show that the existence of neutron stars with mass greater than 0.7 M� places
severe constraints on such particles, requiring them to be heavier than 1.2 GeV or to have strongly
repulsive self-interactions.

I. INTRODUCTION

Exotic states that carry baryon number and have mass-
es below a few GeV have been theorized in a number of
contexts, such as asymmetric dark matter [1, 2], mirror
worlds [3], neutron-antineutron oscillations [4] or in nu-
cleon decays [5]. In general, such states are highly con-
strained because they can drastically alter the proper-
ties of normal baryonic matter–in particular, if too light,
they can potentially render normal matter unstable. We
currently understand that matter is observationally sta-
ble because the standard model (accidentally) conserves
baryon number. This ensures that the proton, the light-
est baryon, does not decay (up to effects caused by higher
dimensional operators that violate baryon number).

Now, consider the simple case of a single new fermion
state, �, that is electrically neutral, carries unit baryon
number, and carries no other conserved charge. (Note
that a new boson carrying baryon number does not lead
to proton decay as long as lepton number is conserved.)
Assuming that its couplings to ordinary matter are not
highly suppressed, because of the conservation of baryon
number and electric charge, it must have a mass larg-
er than the difference between the proton and electron
masses, m� > mp � me = 937.76 MeV, in order to not
destabilize the proton. In fact, a slightly stronger low-
er bound on m� comes from the stability of the weakly
bound 9Be nucleus: m� > 937.90 MeV. If the � mass
is less than that of the neutron, mn = 939.57 MeV, a
new neutron decay channel can open up, n ! � + . . . ,
where the ellipsis includes other particles that allow the
reaction to conserve (linear and angular) momentum.

It is interesting to note that if m� < mp + me =
938.78 MeV, � is itself kept stable by the conservation of
baryon number and electric charge. It could therefore be
a potential candidate for the dark matter, which we know
to be electrically neutral and stable on the timescale of
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the age of the Universe. It is compelling that in such
a situation that the stability of normal matter and of
dark matter is ensured by the same symmetry: baryon
number.

The potential existence of a new decay channel for the
neutron has recently received attention as a solution to
the 4� discrepancy between values of the neutron life-
time measured using two different techniques, the “bot-
tle” and “beam” methods [3, 6, 7]. The “bottle” method,
which counts the number of neutrons that remain in a
trap as a function of time and is therefore sensitive to
the total neutron width gives ⌧bottlen = 879.6 ± 0.6 s [8].
The “beam” method counts the rate of protons emitted
in a fixed volume by a beam of neutrons, thus mea-
suring only the �-decay rate of the neutron, results in
⌧beamn = 888.0 ± 2.0 s [9]. These two measurements can
be reconciled by postulating a new decay mode for the
neutron, such as n ! �+ . . . , with a branching fraction

Brn!� = 1� ⌧bottlen

⌧beamn

= (0.9± 0.2)⇥ 10�2. (1)

However, a recent reevaluation of the prediction for the
neutron lifetime from post 2002 measurements of the neu-
tron gA concludes that any nonstandard branching for
the neutron is limited to less than 2.7 ⇥ 10�3 at 95%
CL [10].

In this work we note that a new state that carries bary-
on number and has a mass close to the neutron’s can
drastically affect the properties of nuclear matter at den-
sities seen in the interiors of neutron stars. In neutron
stars the neutron chemical potential can be significantly
larger than mn, reaching values ' 2 GeV in the heaviest
neutron stars [11]. Thus any exotic particle that carries
baryon number and has a mass . 2 GeV will have a large
abundance if in chemical equilibrium. Because they re-
place neutrons, their presence will soften the equation of
state of dense matter by reducing the neutron Fermi ener-
gy and pressure, while contributing to an increase in the
energy density. This will in turn reduce the maximum
mass of neutron stars from those obtained using stan-
dard equations of state for nuclear matter. As we shall
show below, even a modest reduction in the pressure at
high density can dramatically lower the maximum mass

Fornal & Grinstein (2018)

Dark sectors could contain particles in the MeV-GeV mass range that mix with baryons. 

A model for hidden baryons that mix with the neutron:

Mixing angle: θ =
δ

ΔM
An explanation of the anomaly requires θ ≃ 10−9

Neutron stars can probe much smaller mixing angles:  θ ≃ 10−18
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FIG. 1. The mass-radius relationship for selected nuclear EOS
and resulting hybrid configurations. The standard nuclear
matter relationships are shown as dash-dotted curves. The
“Stiff” EOS makes a second order transition to a causal EOS
at nB = 1.5 ns. This is the stiffest possible EOS and pre-
dicts a maximum mass ' 3.3 M�. Adding a dark baryon
with m� = 938 MeV results in the solid curves, which dif-
fer by their nuclear EOS. Even for the extremely stiff EOS,
the maximum mass of hybrid stars containing non-interacting
dark neutrons does not exceed 0.8 M�. The measured mass-
es of the two most massive neutron stars J0348+0432 and
J1614-2230 are also shown.

which carries baryon number and has a mass in the range
937.90 MeV < m� < 938.78 MeV. In fact, we shall
find that any such weakly interacting particle with mass
m� . 1.2 GeV can be excluded.

In Fig. 1 we show the mass-radius curve for neutron
stars predicted by the standard nuclear EOS as dash-
dotted curves. The curve labelled APR was obtained
with a widely used nuclear EOS described in Ref. [18].
The curves labelled “Soft” and “Stiff” are the extreme
possibilities consistent with our current understanding
of uncertainties associated with the nuclear interactions
up to 1.5 ns. The curves terminate at the maximum
mass. The softest possible nuclear equation of state just
falls short of making a 2 M� neutron star. The curve
labelled “Stiff” is obtained by using the nuclear EOS that
produces that largest pressure up to 1.5ns, and at higher
density we use the maximally stiff EOS with P (✏) = P0+
(✏ � ✏0) where P0 and ✏0 are the pressure and energy
density predicted by the nuclear EOS at 1.5 ns. For
the maximally stiff EOS the speed of sound in the high
density region cs = c, and this construction produces the
largest maximum mass of neutron stars compatible with
nuclear physics.

Any exotic neutron decay channel n ! � + · · · which
makes even a small contribution to the neutron width,
of order the inverse lifetime of a neutron star, will be
fast enough to ensure that � is equilibrium inside the
star. The typical age tNS of old observed neutron stars is
tNS ⇡ 106� 108 years. In a dense medium, due to strong
interactions, the dispersion relation of the neutron can be

written as !n(p) =
p

p2 +m2
n+⌃r+i⌃i where ⌃r and ⌃i

are the real and imaginary parts of its self-energy. The
mixing angle is suppressed at finite density and is given
by

✓̃ =
�q

g�m
2
+ ⌃2

i

, (8)

where g�m = �m + ⌃r. Since ⌃r and ⌃i are expect-
ed to be of the order of 10 � 100 MeV at the densities
attained inside neutron stars [22], it is reasonable to ex-
pect the ratio ✓̃/✓ to be in the range 0.01 � 0.1. The
rate of production of �0s in the neutron star interior
due to neutron decay, defined in Eq. 6, is suppressed
by the factor (✓̃/✓)2 but enhanced by (g�m/�m)3 when
g�m > �m. For g�m ⇡ 10 MeV the neutron decay life-
time is < 108 yrs when � > 10�19 GeV, and it is safe to
assume that for the phenomenologically interesting val-
ues of � ' 10�14 � 10�12 GeV, � will come into equilib-
rium on a timescale t ⌧ tNS.2

Because � carries baryon number, in equilibrium it-
s chemical potential µ� = µB , where µB is the bary-
on chemical potential. Given a nuclear EOS the baryon
chemical potential is obtained using the thermodynamic
relation µB = (Pnuc + ✏nuc)/nB where nB is the baryon
number density. If � is a Dirac fermion with spin 1/2
and its interactions are weak, its Fermi momentum and
energy density are given by

kF� =
q

µ2
B �m2

� , (9)

✏� =
1

⇡2

Z kF�

0
dk k2

q
k2 +m2

� , (10)

respectively. The dark neutron number density n� =
k3F�/3⇡

2 and its pressure P� = �✏� + µBn�. The to-
tal pressure Ptot = Pnuc + P� and energy density ✏tot =
✏nuc+ ✏� are easily obtained, and the TOV equations are
solved again to determine the mass-radius relation for
hybrid stars containing an admixture of � particles. The
net result is a softer EOS where the pressure is lower
at a given a energy density, because, as we mentioned
earlier, � replaces neutrons and reduces their Fermi mo-
mentum and pressure. Results for m� = 938 MeV are
shown in Fig. 1 as solid curves which terminate at the
maximum mass. We allow the nuclear EOS to vary from
maximally stiff to soft, and also show the results for the
APR EOS. The striking feature is the large reduction in
the maximum mass. This reduction is quite insensitive
to the nuclear EOS. Even for the maximally stiff EOS,
the presence of non-interacting dark neutrons reduce the
maximum mass to values well below observed neutron s-
tar masses. Thus, a dark neutron with a m� ' 938 MeV

2 We delegate to future work a detailed calculation of the produc-
tion rate for such small values of � which may be interesting in
other contexts.

m𝛘 = mn

m𝛘 = 1.2 GeV

Weakly Interacting Dark Baryons Destabilize Neutron Stars 

n p e n p eχ

Neutron decay lowers the nucleon 
density at a given energy density. 

When dark baryons are weakly 
interacting the equation of state is soft 
~ similar to that of a free fermi gas. This lowers the maximum mass of neutron stars. 

Mckeen, Nelson, Reddy, Zhou (2018) Baym, Beck, Geltenbort, Shelton (2018) Motta, Guichon and Thomas (2018)



Self-interacting Dark Matter
Using Gravitational Waves to Discover Hidden Sectors 

NS + dark-core 

NS + dark-halo 

Gravitational wave observations of binary 
compact objects whose masses and tidal 
deformability’s differ from those expected 
from neutron stars  and stellar black holes 
would provide conclusive evidence for a 
strongly self-interacting dark sector:

Nelson, Reddy, & Zhou (2018) Horowitz &  Reddy  (2018)

Compact Dark Objects 
Mass < 0.1 Msolar
Tidal Deformability > 600

Self-interacting dark matter can be stable 
and bound to neutron stars - a new class 
of compact dark objects. 



Dark Halos Alter Tidal Interactions 

Trace amount of light dark 
matter ~ 10-4-10-2  Msolar is 
adequate to enhance the 
tidal deformability
Λ > 800 !

4

FIG. 2. Dependence on nuclear EoS. Solid lines are ⇤ and
dashed lines represent radii. All configurations are approxi-
mately 1.4M� within 0.1%. ⇤1.4M� for selected realistic nu-
clear EoSs vary from 150 to 500. Hybrid stars based on these
nuclear EoSs all exhibit R5 growth for large R. Bosonic DM
with m� = 100 MeV and g�/m� = 0.1 MeV�1 is assumed.

strong coupling or light mediator masses can result in
large ⇤ even when only trace amounts of DM with total
mass M� ⌧ MNS is present. Inspiral dynamics can be

FIG. 3. ⇤ increases rapidly with increasing total DM mass
M�. For self-interacting DM with g�/m� > 1 MeV�1, M� >
10�4M� will increase ⇤ above the upper bound (' 800) set
by GW170817.

modeled by the simple approach described by Eq. 2 in
which all finite size e↵ects are incorporated through ⇤
only when the radius of halo is smaller than the orbital
separation

rorb ' 140

✓
M

M�

◆1/3 ✓ fGW

100 Hz

◆�2/3

km , (10)

at frequencies relevant to Ad. LIGO. For this reason
we restrict our study to dark halos whose radii R . 150
km. With this restriction we find that obtaining ⇤ > 800
requires M� & 5⇥ 10�6M�.

Fermion dark halos are larger and have larger ⇤ due
to the additional contribution from the Fermi degener-
acy pressure. For m� = 100 MeV, the di↵erence be-
tween fermions and bosons is modest but the di↵erence
increases rapidly with decreasing m�. We find that for
fermions with m� . 30 MeV, the dark halo and its
tidal polarizability is large even in the absence of self-
interactions. For example, we find that ⇤ = 800 is
reached for m� = 30 MeV at total dark matter mass
M� = 10�4M�, for m� = 10 MeV at M� = 3⇥10�6M�,
and for m� = 5 MeV at M� = 4⇥ 10�7M�. However in
these cases the radius of the dark halo is large: R ' 210
km for m� = 10 MeV, R ' 140 km for m� = 20 MeV,
and R ' 100 km for m� = 30 MeV. A more sophisti-
cated hydrodynamic treatment is needed to study these
situations when the dark halos overlap strongly and this
is beyond the scope of this work.

III. ACCUMULATING DARK MATTER

A key question that remains is how & 10�5 M� of DM
can be trapped by the neutron star. We noted earlier that
the mass of asymmetric DM that can accrete onto neu-
tron stars is much smaller when the ambient DM density
is of the order of GeV/cm3. In a strongly self-interacting
dark matter scenario DM-DM scattering could increase
the capture rate. In addition, the DM distribution may
not be uniform. If dense DM clumps exist, then nearby
neutron stars might accrete large amounts of DM. An-
other possibility is that DM dynamics resulted in small
structures which could seed star formation, thus massive
stars may already contain trace amounts of DM in their
cores, and the neutron stars born subsequent to the su-
pernova explosion would inherit it. Note that microlens-
ing constraints on small objects only rule out extremely
dense objects, and there is plenty of room for clumps of
DM that are much denser than the ambient density but
not dense enough to microlense. These scenarios for how
to get dark matter into neutron stars are complicated and
speculative, and imply that di↵erent neutron stars would
have vastly di↵erent amounts of DM. In contrast, be-
low we shall estimate that light DM with mass less than
a few hundred MeV can be produced copiously during
the first few seconds subsequent to core-collapse super-
nova events, and, if their coupling to baryons is not too
weak, asymmetric capture of dark particles (�’s) versus
anti-dark particles (�̄’s) would result in an ADM-neutron
star hybrid. In this case all neutron stars would contain
a similar amount of DM.
Inside the hot newly born neutron star with a tem-

perature TNS ' 30 � 50 MeV bremsstrahlung reactions
nn ! nn� and np ! np� produce � particles when
m� is not much larger than about 3TNS. In fact, the
most stringent constraint on gB , their coupling strength
to baryons, is obtained by requiring that the total energy
radiated away as � particles does not exceed ⇡ 1053 ergs
[32–34]. Since � can couple strongly to dark fermions, the

Self-Interactions of 
“natural-size” can provide 
adequate repulsion. 

For m𝜒 = 100 MeV

g𝜒/mΦ = (0.1/MeV) or (10-6/eV)

Nelson, Reddy, Zhou (2019)

GW170817
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at frequencies relevant to Ad. LIGO. For this reason
we restrict our study to dark halos whose radii R . 150
km. With this restriction we find that obtaining ⇤ > 800
requires M� & 5⇥ 10�6M�.

Fermion dark halos are larger and have larger ⇤ due
to the additional contribution from the Fermi degener-
acy pressure. For m� = 100 MeV, the di↵erence be-
tween fermions and bosons is modest but the di↵erence
increases rapidly with decreasing m�. We find that for
fermions with m� . 30 MeV, the dark halo and its
tidal polarizability is large even in the absence of self-
interactions. For example, we find that ⇤ = 800 is
reached for m� = 30 MeV at total dark matter mass
M� = 10�4M�, for m� = 10 MeV at M� = 3⇥10�6M�,
and for m� = 5 MeV at M� = 4⇥ 10�7M�. However in
these cases the radius of the dark halo is large: R ' 210
km for m� = 10 MeV, R ' 140 km for m� = 20 MeV,
and R ' 100 km for m� = 30 MeV. A more sophisti-
cated hydrodynamic treatment is needed to study these
situations when the dark halos overlap strongly and this
is beyond the scope of this work.

III. ACCUMULATING DARK MATTER

A key question that remains is how & 10�5 M� of DM
can be trapped by the neutron star. We noted earlier that
the mass of asymmetric DM that can accrete onto neu-
tron stars is much smaller when the ambient DM density
is of the order of GeV/cm3. In a strongly self-interacting
dark matter scenario DM-DM scattering could increase
the capture rate. In addition, the DM distribution may
not be uniform. If dense DM clumps exist, then nearby
neutron stars might accrete large amounts of DM. An-
other possibility is that DM dynamics resulted in small
structures which could seed star formation, thus massive
stars may already contain trace amounts of DM in their
cores, and the neutron stars born subsequent to the su-
pernova explosion would inherit it. Note that microlens-
ing constraints on small objects only rule out extremely
dense objects, and there is plenty of room for clumps of
DM that are much denser than the ambient density but
not dense enough to microlense. These scenarios for how
to get dark matter into neutron stars are complicated and
speculative, and imply that di↵erent neutron stars would
have vastly di↵erent amounts of DM. In contrast, be-
low we shall estimate that light DM with mass less than
a few hundred MeV can be produced copiously during
the first few seconds subsequent to core-collapse super-
nova events, and, if their coupling to baryons is not too
weak, asymmetric capture of dark particles (�’s) versus
anti-dark particles (�̄’s) would result in an ADM-neutron
star hybrid. In this case all neutron stars would contain
a similar amount of DM.
Inside the hot newly born neutron star with a tem-

perature TNS ' 30 � 50 MeV bremsstrahlung reactions
nn ! nn� and np ! np� produce � particles when
m� is not much larger than about 3TNS. In fact, the
most stringent constraint on gB , their coupling strength
to baryons, is obtained by requiring that the total energy
radiated away as � particles does not exceed ⇡ 1053 ergs
[32–34]. Since � can couple strongly to dark fermions, the

Self-Interactions of 
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-QCD  θ
• Source of CP violation

dn ≈ 3 × 10−16 θ e cm
• Induces neutron EDM:

• Experimental bound: 

dn ≲ 10−26 e cm
or θ ≲ 10−10
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 and Axionsθ

To explain ,   was promoted to a 
dynamical quantity.  New physics at a high scale 
introduced a new low energy field that relaxes to 
zero to minimize the free energy:    

θ < 10−10 θ
θ =

a
fa

Axion field

A new high energy scale 

ℒθ = θ
g2

32π2
Ga

μνG̃
μν
a

R. Peccei and H. R. Quinn (1977), S. Weinberg (1978), F. Wilczek (1978)

The axion is a pseudo-scalar particle that arises as a Goldstone boson from the breaking of a new 
U(1) symmetry introduced by Pecci and Quinn.  

where  g0
aγγ =

αem

2πfa

E
N

jμ
a,0 = Cq,0 q̄γμγ5qand  

At low energy, 
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The -term can be encoded in a complex quark mass matrix θ
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Mass Terms in the Chiral Lagrangian
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Since chiral symmetry is broken spontaneously, in the low energy EFT, chiral 
invariance is implemented by (treating  as a spurion field):    Mij

ℒM = cΛf2
π Tr[MΣ] + h . c

Parametrizing the excitations (Goldstone bosons/pions) by  Σ(x) ≡ exp ( 2iπ(x)
fπ )

The mass term in chiral perturbation theory is 
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The mass term in chiral perturbation theory is 

m2
π = cΛ(mu + md) = −

⟨q̄q⟩
3f 2

π
(mu + md)



Incorporating the transformed quark mass matrix   in Chiral Perturbation Theory 
we can study the impact of axions on low energy nuclear and axion physics. 

Mq

Axion Mass and Energy 

This leads to an axion mass which can be 
calculated from Chiral Perturbation Theory m2

a =
f2
π

f 2
a ( mumd

(mu + md)2 ) m2
π

And a corresponding contribution to the energy density or an axion potential 

V (θ =
a
fa ) = f2

πm2
π 1 − 1 −

4mumd

(mu + md)2
sin2 [ θ

2 ]
=

1
2

f2
am2

aθ2 + ⋯

Which is minimized at θ = 0.

( f 2
πm2

π)



Exceptionally light QCD axions  

V (θ =
a
fa ) = ϵ f2

πm2
π 1 − 1 −

4mumd

(mu + md)2
sin2 [ θ

2 ]

A. Hook (2018) 

There has been recent interest in more exotic scenarios involving a large number 
of BSM gauge fields that also couple to the QCD axion.  
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Renewed Interest in Axions 

PDG 2023: Rosenberg, Rybka, Safdi. 

gaγγ =
α
2π

1
fa ( E

N
− 1.92) ≈

10−3

fa

Experiments are mostly sensitive 
to 

E/N, a model-dependent parameter, 
can range from 0 to 44/3.    
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Masses of heavier vector mesons are 
relatively insensitive to the quark mass.  

Kmρ
=

mq

mρ

δmρ

δmq
≃ 0.05

Mass of the scalar sigma meson  Kmσ
=

mq

mσ

δmσ

δmq
≳ 0.1



Hadrons at  θ ≠ 0

m2
π(θ) = m2

π(θ = 0) 1 −
4mumd

(mu + md)2
sin2 [ θ

2 ]
the pion mass decreases with : θ

m2
π(θ = π)

m2
π(θ = 0)

=
md − mu

md + mu
≈

1
3

 mn(θ) = m0 + σπn
m2

π(θ)
m2

π(θ = 0)
+ ⋯

The resulting decrease in the nucleon mass  

Mq → Mq exp (2iθ Qa)Because 

≃ 50 MeV



 mn(θ) = m0 + σπn
m2

π(θ)
m2

π(θ = 0)
+ ⋯The decrease in the nucleon mass  

favors a first-order transition to a ground state with  θ = π

Neglecting interactions, the energy gain per nucleon is

nc
B ≃ 1.9 nsat

Axion Condensation

σπNnB ≳ f2
πm2

π

For σπn = 50 MeV

 ΔE ≃ σπn (1 −
m2

π(θ = π)
m2

π(θ = 0) ) ≃
2
3

σπn

The energy cost (due to axion potential) per nucleon is

 ΔE =
V(θ = π)

nB
≃

2
3

f2
πm2

π

nB

The Condensation occurs when  

A. Hook and J. Huang (2018) R. Balkin, J. Serra, K. Springmann, and A. Weiler, (2020) R. Kumamoto, J. Huang, C. Drischler, M. Baryakthar, and S. Reddy  (2024)

nc
B ≃ 2.6 nsat(First-order) (second-order)



But, nuclear interactions are important 
at nB ≃ 2nsat

If nuclear interactions become more attractive at 
, when  MeV:θ = π mπ ≃ 82

nc
B < 2 nsat

Axions would condense inside neutron stars.  
For any value of  !fa



Condensation of Light QCD axions is Robust    
Light axions would condense when    σπNnB ≳ ϵ f2

πm2
π

Or when   nc
B = ϵ

f2
πm2

π

σπn
nc

B ≃ 2ϵ nsat

For  condensation happens at low baryon density —one 
can neglect the role of nuclear interactions.      

ϵ ≪ 1

A. Hook and J. Huang (2018) R. Balkin, J. Serra, K. Springmann, and A. Weiler, (2020) R. Kumamoto, J. Huang, C. Drischler, M. Baryakthar, and S. Reddy (2024)

Stability of the earth and sun require  , and 
White Dwarfs need     

ϵ > 10−13

ϵ > 10−7

For  ordinary matter (nuclei) are only metastable. ϵ < 0.1



What is the sign of  


 


at   ? 

ΔEint = Eint(mπ = 82 MeV) − Eint(m
phys
π )

nB ≲ 2 nsat

Can we do nuclear physics at  MeV?  mπ ≃ 82

Back to QCD axions ( ) ϵ = 1



How do quark masses affect nuclear interactions at low-energy?  

J. C. Berengut, E. Epelbaum, V. V. Flambaum, C. Hanhart, U.-G. Meißner, J. Nebreda, and J. R. Pela ́ez (2013), E. Epelbaum and  J. Gegelia (2013), J. Donoghue (2006) , E. 
Epelbaum, U.-G. Meißner, W. Glo ̈ckle (2003), Beane and Savage (2003), Bulgac, Miller, Strikman (1997). 

E. Epelbaum, U.-G. Meißner, W. Glo ̈ckle (2003)

Beane and Savage (2003)

Short answer: We do not really know.  

• The effect on pion-exchange is easy to 
implement, but effects at short distances are 
not.   
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E. Epelbaum, U.-G. Meißner, W. Glo ̈ckle (2003)

Beane and Savage (2003)

Short answer: We do not really know.  

• The effect on pion-exchange is easy to 
implement, but effects at short distances are 
not.   

• Models with reasonable assumptions suggest 
that the deuteron binding energy increases 
with decreasing pion mass. 
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mπ
D2
Beane, Bedaque, Detmold, Savage (NPLQCD), Walker-Loud (Cal-Lat), Aoki, Hatsuda, Ishii (HAL QCD Collaboration), ….  

Kaplan, Savage, Wise (1998)



D2  can be important.  

|D2 | ≃
C2

0

4
≈

1
5f4

π

−
1
5

< η =
D2m2

π

C0
<

1
5

RG suggests: 

Variation over a smaller range: 

has a significant impact on s-wave 
observables.  
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From resonance saturation and matching ChiEFT to the Bonn. potential model. 
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J. C. Berengut, E. Epelbaum, V. V. Flambaum, C. Hanhart, U.-G. Meißner, J. Nebreda, and J. R. Pela ́ez (2013)

A modest increase in the binding of nuclear matter at  !  θ = π

From resonance saturation and matching ChiEFT to the Bonn. potential model. 
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• ChiEFT at N2LO, with simple assumptions about 
short-distance forces. 


•  


• constant and  


• Variation of  in a limited range 

  


• Cut-off variation is significant .. suggesting 
missing short-distance pion mass dependent 
corrections. 
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Axion Condensation in Mean Field Models 

M. Kumamoto, J. Huang, C. Drischler, M. Baryakhtar, S. Reddy (2024)  Mia Kumamoto

Using our preliminary ChiEFT results we 
constructed mean field models.  


The modest increase in attraction at  
in mean field models favors axion 
condensation at   

θ = π

nc
B ≲ 2 nsat

θQCD = 0

θQCD = ?

θQCD = π

~12 km

~f
ew

 km
s

Neutron Matter

Kσ =
m2

π

mσ

δmσ

δm2
π

K σ
= 0

K σ
= 0.08

K σ
=

0.1
6



Light QCD Axions ( ) Condense in the Crust  ϵ < 1

M. Kumamoto, J. Huang, C. Drischler, M. Baryakhtar, S. Reddy (2024)  

θQCD = 0

θQCD = ?

θQCD = π

~12 km

~f
ew

 km
s

• For  < 0.1 ordinary matter is only metastable. 


• Large objects, which we call  balls, can be favored at zero pressure.


• Equation of state of matter is qualitatively altered at low pressure.    

ϵ

π

and charge-neutral



Improved Constraints on  from NS Glitchesϵ
Glitches, rapid spin-up of neutron 
stars requires a NS region in which a 
superfluid coexists with a solid. 


In the standard scenario, neutrons 
drip out of nuclei in the inner crust 
when 

Z
A

≃
1
2

1 −
aBulk

aSym
≈ 0.3

When axion condense at inner crust 
densities, neutron drip is disfavored.


There is too little superfluid to 
explain glitched observed in the Vela 
pulsar.  

R. Kumamoto, J. Huang, C. Drischler, M. Baryakthar, and S. Reddy  (2024)
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Questions?


