Analysis on the black hole formations inside old neutron
stars by isospin-violating dark matter with self-interaction
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Fermionic dark matter (DM) with attractive self-interaction is possible to form black holes (BH)
inside the Gyr-old neutron stars (NS). Therefore by observing such NS corresponding to their
adjacent DM environments can place bounds on DM properties, eg. DM-baryon cross section
𝜎𝜒𝑏 , DM mass 𝑚 𝜒 , dark coupling 𝛼 𝜒 and mediator mass 𝑚 𝜙 . In case of isospin violation, DM
couples to neutron and proton in different strengths. Even NS is composed of protons roughly one
to two percent of the total baryons, the contribution from protons to the DM capture rate could
be drastically changed in the presence of isospin violation. We demonstrate that this effect can
be important in certain cases. On the other hand, DM-forming BH inside the star is subject to
many criteria and the underlying dynamics is rich with interesting features. We also systematically
review the relevant physics based on the virial equation.
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1. Introduction

The couplings 𝜀 𝛾 and 𝜀 𝑍 arise from kinetic mixing and 𝑍 mass mixing. Therefore, we can link
DM-proton scattering cross section 𝜎𝜒 𝑝 and DM-neutron scattering cross section 𝜎𝜒𝑛 by
  −2
𝜀𝑛
𝜎𝜒 𝑝 =
𝜎𝜒𝑛
(3)
𝜀𝑝
where 𝜀 𝑛 /𝜀 𝑝 is the isospin factor. If it is not unity, then isospin is violated. The phenomenological
detail is left in Ref. [6].

2. Dark matter capture and black hole formation
2.1 The capture mechanism
When the halo DM particles scatter with NS and lose significant amount of energies, they are
gravitationally trapped in the star. The evolution of DM number 𝑁 𝜒 in NS can be characterized by
the differential equation
𝑑𝑁 𝜒 (𝑡)
= 𝐶𝑐 − 𝐶𝑒 𝑁 𝜒 (𝑡),
(4)
𝑑𝑡
where 𝐶𝑐 is the NS capture rate due to DM-baryon scattering and 𝐶𝑒 is the evaporation rate. It is
argued that 𝐶𝑒 is negligible unless 𝑚 𝜒 . O (keV) [7]. In our interested parameter space, 𝐶𝑒 can be
ignored so that 𝑁 𝜒 (𝑡) is given by
𝑁 𝜒 (𝑡) = 𝐶𝑐 𝑡.
(5)
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Dark matter (DM) composites one-fifth of the Universe but its particle essence remains elusive.
To discern the nature of DM is a great challenge in modern physics. Plethora of experiments to
detect the signal from dark sector either from the direct interaction between DM and the Standard
Model (SM) particles [1, 2] or from the indirect measurement of the events produced by DM
annihilation or decay [3, 4] are undergoing.
If no anti-DM exists, the asymmetric DM (ADM) [5], No annihilation can happen and DM
can be captured by the stellar objects, e.g. neutron stars (NSs), without depletion. The total
amount of DMs grows unlimitedly until gravitational collapse is triggered and become a black hole
(BH) that consumes the entire NS. A giga-year-old (Gyr-old) NS has enough time to accumulate
sufficient DMs that collapse into a BH. We examine such scenario in the presence of attractive DM
self-interaction. In addition, isospin symmetry is not necessary for DM-baryon interaction. The
implication is discussed as well.
Without loss of generality, We assume DM self-interaction is described by the Yukawa potential
𝛼𝜒
𝑉 (𝑟) = − 𝑒 −𝑚 𝜙 𝑟
(1)
𝑟
where 𝛼 𝜒 and 𝑚 𝜙 are the dark fine structure constant and mediator mass respectively. For DMbaryon interaction, we distinguish neutron coupling 𝜀 𝑛 and proton coupling 𝜀 𝑝 to DM, where they
are given by
𝜀𝑍
≈ −0.6𝜀 𝑍 ,
(2a)
𝜀𝑛 = −
4𝑠𝑊 𝑐 𝑊
𝜀𝑍
2
𝜀 𝑝 = 𝜀𝛾 +
(1 − 4𝑠𝑊
) ≈ 𝜀 𝛾 + 0.05𝜀 𝑍 .
(2b)
4𝑠𝑊 𝑐 𝑊
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Thus, DM would accumulate without limit in the star. The DM self-capture is not important in this
study and can be safely ignored.
The capture rate is investigated extensively in Ref. [7] and references therein. It is written as

∫ 𝑣esc (𝑟 )
∫ ∞
∫ 𝑅0
𝜌 𝜒 𝑓 (𝑢)
𝑤(𝑟)𝑑𝑢
𝑅 − (𝑤 → 𝑣)𝑑𝑣
(6)
4𝜋𝑟 2 𝑑𝑟
𝐶𝑐 =
𝑚
𝑢
𝜒
0
0
0

2.2 Gravitational collapse of DM in the NS
When DMs are captured, they will thermalize with the surrounding nucleons within a short
time interval and form a dark spherical cloud. The thermal radius of the cloud 𝑟 can be determined
by the virial equation [8]

𝑁 𝜒 −1 
𝐺 𝑁 𝜒 𝑚 2𝜒 Õ
𝛼 𝜒 −𝑚 𝜙 𝑟 𝑗
4
2
−𝑚 𝜙 𝑟 𝑗
2h𝐸 𝑘 i = 𝜋𝐺 𝜌 𝑏 𝑚 𝜒 𝑟 +
+
𝑒
+ 𝛼𝜒 𝑚 𝜙 𝑒
3
𝑟
𝑟𝑗
𝑗

(7)

where 𝜌 𝑏 is the NS baryon density. The first two terms on the RHS arise from gravitational
potentials of NS and DM, respectively, and the last term is from the Yukawa interactions between
DMs.
When NS keeps capturing DMs, 𝑁 𝜒 becomes larger and DMs are degenerate when 𝑁 𝜒 & 1036 .
The corresponding Fermi energy is
𝐸 𝑘,deg =

(9𝜋𝑁 𝜒 /4) 2/3
.
2𝑚 𝜒 𝑟 2

(8)

Eventually, when too much DMs are accumulated in the star, they trigger the gravitational instability. Unless the Fermi degeneracy pressure is strong enough to overcome both the gravitational
contraction and attractive DM self-interaction. DM collapse into a BH is inevitable. To avoid BH
evaporation, it is also required that DM should collapse under
 𝑚𝜒 
𝑁 𝜒 > 3.4 × 1036
.
(9)
GeV
The mathematical detail in provided in Refs. [6, 8].

3. Isospin violation and its implication
In the presence of isospin violation, 𝜎𝜒 𝑝 can be much larger than 𝜎𝜒𝑛 . Though proton yield
𝑛 𝑝 is roughly 50 times smaller than the neutron yield 𝑛𝑛 in the NS, the contribution from proton
to the capture rate can be comparable or even larger than the neutron contribution. Thus, proton is
taken into consideration in this work.
3
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where 𝜌 𝜒 is the local DM density near the NS, 𝑓 (𝑢) the DM velocity distribution in the NS rest
frame and
p assumed to be Maxwell-Boltzmannian, 𝑣 esc (𝑟) the escape velocity at layer 𝑟 of the NS
and 𝑤 = 𝑢 2 + 𝑣 2esc (𝑟) the velocity of DM falling into layer 𝑟. The quantity 𝑅 − (𝑤 → 𝑣) is the DM
differential scattering rate from the initial velocity 𝑤 to a smaller final velocity 𝑣. We also include
Pauli blocking effect in 𝑅 − (𝑤 → 𝑣) where it suppresses the capture rate if the momentum transfer
during the collision is not large enough to overcome the Fermi degeneracy pressure.
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Figure 1: The exclusion plane over 𝑚 𝜒 − 𝑚 𝜙 plane with 𝛼 𝜒 = 1 (left) and 10−4 (right) and 𝜎𝜒𝑛 = 10−47 cm2 .
Red shaded region is excluded by a 5-Gyr-old NS with 𝜀 𝑛 /𝜀 𝑝 = 0.01 and green with 𝜀 𝑛 /𝜀 𝑝 = 1. The DM
environment has the local density 𝜌 𝜒 = 0.3 GeV cm−3 and the velocity dispersion 𝑣¯ = 220 km s−1 . Light blue
shaded region is allowed by the SIDM constraint.

Once NS captures enough DMs, it will be destroyed by the DM-collapsed BH. For a Gyr-old
NS, it is capable of capturing sufficient 𝑁 𝜒 to trigger this effect. The benchmark NS age is 5
Gyrs and the local DM density 𝜌 𝜒 = 0.3 GeV/cm3 in our analysis. The condition is similar to the
ambience of the Solar system.
The NS sensitivity on 𝑚 𝜒 over 𝑚 𝜙 plane for the given 𝛼 𝜒 and 𝜎𝜒𝑛 is plotted in Fig. 1. The
color shaded regions indicate the NS should be destroyed after 5 Gyrs. Once future observation
find any NS older than the benchmark age, the associated parameter space is excluded. Green and
red colors stand for different isospin violation values. The red case implies 𝜎𝜒 𝑝 is 10000 times
larger than 𝜎𝜒𝑛 . Even 𝑛 𝑝 ≈ 𝑛𝑏 /50, the capture rate 𝐶𝑐 can still be strongly enhanced by the larger
𝜎𝜒 𝑝 . A sharp vertical cut to the right of each figure when 𝑚 𝜒 & 106 GeV, it is because the number
of DM at the the collapse will never satisfy Eq. (9). Thus, BH will evaporate after it was born and
NS cannot be destroyed. The light blue shaded region is the derived SIDM constraint based on the
method in Ref. [9].
In addition, we also plot the NS sensitivity on 𝜎𝜒𝑛 with given 𝛼 𝜒 and 𝑚 𝜙 in Fig. 2. The results
with various isospin violation values are shown as well. The blue shaded regions are XENON1T
constraints. Green shaded region indicates DM cannot thermalize with NS in 5 Gyrs, thus it renders
the 𝐸 𝑘 in the non-degenerate case cannot be determined by the NS core temperature. See Ref. [8]
for detail.

4. Summary
In this proceeding, we have pointed out that isospin violation could significantly change the NS
sensitivities to 𝜎𝜒𝑛 . Up to recent NS studies, proton contribution to the capture rate is ignored due
to the assumption of isospin symmetry in the fermionic DM-baryon interaction. On the other hand,
we have demonstrated that the proton contribution to the capture rate becomes comparable and even
exceeds the neutron contribution for 𝜀 𝑛 /𝜀 𝑝 much smaller than unity. Thus the sensitivity regions
are enlarged. This has not been taken into account for the case of attractive fermionic DM. In our
4
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Figure 2: The NS sensitivities on 𝜎𝜒𝑛 with 𝛼 𝜒 = 1. The solid, dashed and dotted lines correspond to
𝜀 𝑛 /𝜀 𝑝 = 0.01, 0.1 and 1, respectively. Pink-shaded regions are excluded by a 5-Gyr-old NS. Blue-shaded
regions are XENON1T exclusions and green-shaded region indicates the parameter range that DM cannot
thermalize with NS within 5 Gyrs.

new study, the DM capture rate is based on a more realistic NS profile. Moreover, the suppression
due to Pauli blocking effect has been considered in calculating 𝐶𝑐 .
For the DM-forming BH inside the NS, the fermionic case contains very rich dynamics as we
have summarized in Sec. 2. A systematic algorithm to compute the fate of NS based on the DM
particle parameters 𝛼 𝜒 , 𝑚 𝜒 , 𝑚 𝜙 and the captured 𝑁 𝜒 in the NS is given in Ref. [8].
In closing, we stress that the microscopic feature of DM self-interaction is not yet well understood at the present time. Thus, if DM self-interaction is repulsive instead of attractive, the last
term in the virial equation, Eq. (7), changes sign and consequently counteracts the gravitational
attraction. This effect would disfavor the collapse of DMs into a BH. Hence NS is no longer able
to constrain DM parameter space. On the other hand, if DMs attract each other as studied in
this work, it is possible for them to form a large nugget that contains enormous number of DM
particles as investigated in Refs. [10, 11]. The nugget may have different scattering cross section
with the baryons in NS. Hence the method employed here for constraining DM properties should
be modified. We relegate this to future studies.
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