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Abstract: Primordial black holes (PBHs) are classical candidates for dark matter and
may be captured by stars when passing through galaxies at suitable velocities. If the
PBH follows a highly eccentric orbit with a periastron inside the stellar radius, it can
penetrate the stellar interior, experiencing dynamical friction and accreting matter.
Taking an asteroid-mass PBH orbiting the Sun as an example, we find that the
conditions for eventual capture are extremely stringent, requiring eccentricities near
unity and approximating radial infall. The effects of friction and accretion on orbital
energy are minimal. Depending on the PBH–star configuration, capture timescales
range from millions of years to the age of the Universe. Through physically motivated
estimates, we find that the cosmological probability of such events is exceedingly low.

1. Introduction

Primordial black holes (PBHs) were first postulated by Hawking and Carr in the 1970s as potential
products of high-density fluctuations in the early universe. Unlike black holes of stellar origin, PBHs
could have formed during radiation domination through various mechanisms such as inflationary
perturbations, phase transitions, or bubble collisions [1–7]. Given their formation before baryogenesis,
PBHs are naturally non-luminous, electrically neutral, and nearly collisionless—characteristics that
render them viable dark matter candidates [8–9].

Numerous observational strategies have been employed to constrain the abundance of PBHs across
mass ranges, including microlensing surveys, cosmic microwave background (CMB) analyses, and
gravitational wave detections [10–12]. While substantial parameter space has been ruled out, certain
mass windows remain unconstrained, especially in the sub-lunar and asteroid-mass ranges [13–15].

If PBHs are indeed constituents of the dark matter halo, their occasional passage through stars could
lead to energy loss via accretion and dynamical friction, potentially resulting in gravitational capture. In
such scenarios, the PBH transitions from an unbound hyperbolic orbit to a bound elliptical one, and may
ultimately spiral into the stellar center [16–18]. The outcome—a PBH–stellar merger—could give rise
to novel astrophysical signatures or serve as a precursor to exotic compact objects, such as Hawking
stars [19–21]. While previous studies have analyzed drag and radiation during single transits, few have
systematically modeled the multi-pass, secular orbital decay, nor have they computed the statistical
likelihood of eventual merger.

This paper addresses this gap by constructing a physically consistent, semi-analytical framework
for modeling PBH capture and inspiral in stellar environments. We incorporate energy loss from
dynamical friction, consider realistic stellar structure, and evaluate the evolution of orbital elements
through successive transits. We then perform Monte Carlo integrations over initial conditions to derive
expected merger probabilities and event rates. These calculations are based on physically motivated but
idealized assumptions—chosen specifically to maximize the merger probability; the resulting estimates
should thus be interpreted as optimistic upper bounds, reinforcing the robustness of our conclusions.
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2. Method

2.1. Keplerian Orbital Equation
We begin with the two-body problem under Newtonian gravity. In this scenario, assuming only
gravitational interaction and setting the orbital plane of the primordial black hole (PBH) as the
coordinate plane, the total energy and angular momentum of the system are given by:

ܧ = ଵ
ଶ

ଶݒ − ఓ
௥

= − ఓ
ଶ௔

, ܮ = ඥܽ1)ߤ − ݁ଶ) = ఏ                               (1)ݒݎ
Here, ߤ = where ,(௣௕௛݉+⋆ܯ)ܩ ,is the gravitational constant ܩ ,is the stellar mass ⋆ܯ ݉௣௕௛ is the

PBH mass, a is the semi-major axis, and e is the orbital eccentricity.

2.2. Energy Dissipation Mechanisms
When a primordial black hole passes through the interior of a star (e.g., the Sun), energy loss
mechanisms must be considered, including dynamical friction, accretion, and radiation. The total
dissipative force is:

݂ = ௗ݂௙ + ௔݂௖ + ఊ݂                                                            (2)

2.2.1 Dynamical Friction. Dynamical friction depends on the density and temperature distribution of
the stellar interior as well as the PBH velocity. We adopt the formalism from Thun et al. (2016) [23], in
which the acceleration due to gravitational drag in a bound gaseous medium is given by:

ௗ݂௙ = ସగீమఘ௠೛್೓
మ

௩మ ,ݒ)ܫ Λ)                                                       (3)
Here, is the local stellar density around the PBH. Since the PBH considered is of asteroid mass ߩ

and atomic-scale size, the density gradient in its vicinity is negligible, and we directly adopt the solar
density profile. The function ,ݒ)ܫ Λ)  is a dimensionless quantity dependent on temperature,
encapsulating the hydrodynamic details of dynamical friction.

For the Sun, which can be approximated as a monatomic ideal gas, the adiabatic index is ߛ = 5/3.
According to [23], we have:

,ݒ)்ܫ Λ) = ln ቂ2Λ ቀ1 − ଵ
ℳమቁቃ                                                    (4)

The Coulomb logarithm Λ = ܴ௠௔௫ / ܴ௠௜௡  describes the effective range of hydrodynamic drag.
For stellar interiors, we take ܴ௠௔௫ = ܴ⊙ ,  and  for  PBHs, ܴ௠௜௡ = ൫2݉ܩ௣௕௛൯/ݒଶ . Particles with
distances smaller than ܴ௠௜௡  move faster than the PBH and thus do not contribute to drag.
Hydrodynamic friction is also dependent on the sound speed of the medium, and the above formula
applies for Mach number ℳ = ௦௢௨௡ௗ_௦௣௘௘ௗݒ/ݒ  > 1. In the case of PBHs transiting through the Sun,
the escape velocity near the solar surface is approximately and the local sound speed is ,ݏ/615݇݉ ~ ݒ
௦௢௨௡ௗ_௦௣௘௘ௗݒ satisfying ,ݏ/350݇݉ ~  ℳ > 1 [24].Once the stellar model is specified, the accretion by
PBHs can be evaluated using:

݌ = ௞ಳ
ఓ௠ಹ

,ܶߩ ௦௢௨௡ௗೞ೛೐೐೏ݒ = ටߛ ௣
ఘ

, ℳ = ௩

ට ఱೖಳ೅
యഋ೘ಹ

                                   (5)

2.2.2 Accretion and Radiation. Solving the equations of motion under general relativity for moving
PBHs is notoriously difficult [22]. The stellar density is orders of magnitude lower than that of neutron
stars, and the PBH is of atomic scale. The accretion region is negligible compared to the stellar radius.
Prior works [16, 19] have ignored the effects of accretion and radiation. However, given that the capture
timescale could be comparable to the age of the solar system, we adopt a conservative upper bound
using the Eddington limit to estimate the maximum mass increase of a PBH during stellar passage:

ாௗௗܮ = ସగீெ௠ು௖
ఙ೅

, ாௗௗܮ = cଶ                                            (6)ܯ̇ߟ
Here, ݉௉  is the proton mass, ்ߪ  is the Thomson scattering cross-section, and is the accretion ߟ

efficiency factor, typically for black holes. The Eddington limit assumes complete conversion of 0.1~ߟ
gravitational potential energy into radiation, and we apply this only when the PBH is inside the star.
Numerical simulations (see Section 4) show that for asteroid-mass PBHs, the total mass gain during the
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process is only on the order of 1000 tons, and thus negligible. Therefore, radiation from accretion is also
negligible and is not considered further in this work.

2.3. Merger Timescale and Probability

2.3.1. Initial Condition Constraints. It is impractical to compute the full trajectory of a primordial black
hole (PBH) from an initial position to merger with a star, especially when considering all stars in the
universe. When the PBH is initially very far from the star, the orbital eccentricity must be sufficiently
large for the PBH to penetrate the stellar interior. Furthermore, if the initial distance from the PBH to
the Sun is sufficiently large, then even for a parabolic orbit, the initial tangential-to-radial velocity ratio
| -௥| is very small. Therefore, only PBHs whose initial velocities result in nearly radial (free-fallݒ/ఏݒ
like) trajectories can penetrate the stellar interior, provided that their periastron distances lie within the
stellar radius.

2.3.2. Physical Model. Performing full MESA evolution simulations for every star is unfeasible. Instead,
we assume a uniform stellar density profile, such that:

effߩ = ቊ
ெ∗
௏∗

= ଷெ∗
ସగோ∗

య ݎ ≤ ܴ∗

0 ݎ > ܴ∗
                                                   (7)

Here, ܴ∗ and are the stellar radius and mass, respectively. Under this approximation, the PBH ∗ܯ
motion inside the star reduces to a simple harmonic oscillator:

ܨ = − ସ
ଷ

⇒ ݎeffߩܩߨ ݎ̈ = −߱ଶ(8)                                                ݎ

with ߱ଶ = ସ
ଷ

ܶ:eff, yielding a periodߩܩߨ = ටߨ2 ଷ
ସగீఘeff

We define the energy dissipation during a single periastron passage (fall from distance ଴, then riseݎ
back to the distance where the speed is 0) as:

ܧߜ = finalܧ| − |iniܧ = ቚ− ீெ∗௠೛್೓

௥బ
+ ீெ∗௠೛್೓(௥బ)

௥భ
ቚ = accܧߜ + dif               (9)ܧߜ

where ݉୮ୠ୦ is the initial PBH mass and .is the PBH mass after accretion (଴ݎ)݉ acc is the contributionܧߜ
from mass accretion, and difܧߜ  is due to dynamical friction. We analyze these two components
separately:
κ Energy Loss from Accretion δEacc

Assuming Eddington-limited accretion and (଴ݎ)݉ ≈ ݉଴ , the accretion rate can be approximated as
constant:݉̇Edd = ସగீ௠೛್೓(௥బ)௠೛

ఙ೅௖ఎ
≈ ସగீ௠೛್೓௠೛

ఙ೅௖ఎ
. The PBH traverses the stellar interior in approximately

half an oscillation period:ݐin ≈ ටߨ ଷ
ସగீఘeff

. Assuming accretion occurs only within the stellar interior, the

mass gain is:݉߂௣௕௛(ݎ଴) ≈ ݉̇Edd × inݐ
κ Energy Dissipation Due to Dynamical Friction δEdif

The rate of energy dissipation due to dynamical friction can be expressed as:
ௗா
ௗ௧

= ݒdifܨ− ≈ − ସగீమఘ(௥)௠೛್೓
మூబ

௩(௥)                                           (10)
Inside the stellar interior, as the PBH travels from the stellar surface (ݎ = ܴ∗) to the core and then

back outward, the total energy loss becomes:
difܧߜ = ∫ ݐ݀ ݒdifܨ = ∫

ସగீమఘ(௥)௠೛್೓
మூబ

௩(௥)
௥out

௥in
ݎ݀                                   (11)

Here, we approximate the stellar density as a uniform effective value eff, and adopt a typical PBHߩ
velocity ‾ݒ ≃ ඥ2ܯܩ∗/ܴ∗. The path length is approximated as ݈ = 2ܴ∗.
κ  Combined Energy Loss

Combining the contributions from both accretion and dynamical friction, the total energy loss per stellar
passage is approximated as:
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(଴ݎ)ܧߜ = (଴ݎ)accܧߜ + difܧߜ ≈ ஼భ
௥బ

+ ଶܥ                                        (12)

where: ଵܥ = ସగమீ
య
మ௠೛್೓௠೛

ఙ೅௖ఎ
ඥܯ∗ܴ∗

ଷ, ܥଶ = ଷீ௠೛್೓
మூబ

ோ∗
.

2.3.3. Number of Passages and Capture Timescale. Provided that the energy loss per passage ܧߜ ≪ iniܧ
is much smaller than the total orbital energy the number of stellar passages required for merger can ,ܧ
be approximated as:

ܰ~ ቚாini
ఋா

ቚ                                                                (13)

The mechanical energy of the system is conserved and given by:ܧ = ଵ
ଶ

ଶݒ − ீெ⋆
௥

= − ீெ∗
௥బ

. Then,

the time differential is: ݐ݀ = ௗ௥
௩(௥) = ௗ௥

ටଶீெ∗ቀభ
ೝି భ

ೝబ
ቁ
.

Integrating from ଴ toݎ 0 gives the free-fall timescale: (଴ݎ)ݐ = ටߨ ௥బ
య

ଶீெ∗
.

The total PBH capture time is then: ௖ܶ௔௣௧௨௥௘ = ܰ × .(଴ݎ)ݐ
In our calculation of the capture timescale, this simplification neglects the gradual circularization

of the orbit and feedback between orbital parameters and dissipation efficiency; it intentionally
maximizes the cumulative energy loss rate and thus shortens the predicted capture time. In more realistic
scenarios, orbital precession and angular momentum buildup would typically lengthen the timescale or
suppress capture altogether. Therefore, our approximation yields a conservative upper limit on the
merger probability and serves to demonstrate that, even under assumptions favorable to capture, the
expected event rate remains negligible.

2.3.4. Cosmological Assumptions and Statistical Distributions. We assume that the mass m of
primordial black holes (PBHs) is uniformly distributed within a narrow mass range. PBHs are treated as
a subcomponent of dark matter, comprising no more than 1% of the total dark matter abundance, and
are locally uniformly distributed around stars in space. The stellar mass follows the Salpeter Initial ⋆ܯ
Mass Function (IMF). Under the gravitational influence of an individual star, PBHs fall in from
isotropically distributed initial positions, with the radial distance :satisfying ݔ ݔ ∈ [ܴ⋆ , 10ସܴ⋆], where
ܴ⋆ is the stellar radius.

Finally, we consider the effect of directional selection. The periastron distance ௣ݎ  of  a  PBH
determines whether it will merge with a star or bypass it. If ௣ݎ > ܴ⋆, the PBH will not enter the stellar
interior and will therefore bypass the star without undergoing a merger. To evaluate this probability, we
assume that PBHs are isotropically distributed in incident direction over a spherical surface. Under this
assumption, the polar angle must satisfy the condition that the tangential velocity component remains ߠ

below a critical threshold: ఏݒ = ߠsinݒ = ටଶீெ∗
௥

 sinߠ, To ensure the PBH passes within the stellar

radius ܴ⋆, the condition is:ߠ ≤ ଴ߠ = arcsinටܴ∗

௥
, The corresponding probability that the PBH trajectory

is sufficiently radial to intersect the stellar interior is then:

dܲir(ݎ) = ∫ ୱ୧୬ఏ
ଶ

ఏబ
଴ ߠ݀ × 2 = 1 − ට1 − ܴ∗

௥
                                       (14)

Considering all the above factors—namely the spatial distribution of PBHs, the probability of
directional incidence, the merger energy loss mechanism, and capture timescale—the average PBH–star
merger rate per star is denoted by:

ܴ୮ୣ୰ ୱ୲ୟ୰ = ୔୆ୌߩ ∫ ௗ௠
௠ౣ౗౮ି௠ౣ౟౤

௠ౣ౗౮
௠ౣ౟౤

∫ ெషమ.యఱ

ః౤౥౨ౣ

ெౣ౗౮
ெౣ౟౤

ܯ݀ ∫ ଷ௫మ

(ଵ଴రோ∗)యିோ∗
య

ଵ଴రோ∗(ெ)
ோ∗(ெ)

ଵ

ౙ்౗౦౪౫౨౛(௠,௫,ெ) ቈ1 − ට1 − ோ∗(ெ)
௫

቉ (15)

where norm is the normalization constant, and the total mass density of primordial black holes (PBHs)ߔ
is given by:ߩPBH = P݂BH ⋅ ,DMߩ P݂BH = 0.01.
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The assumption of uniform PBH mass and spatial distributions in our Monte Carlo sampling is
deliberately chosen to maximize the local merger probability. Realistic PBH populations are expected
to be more sparsely distributed and may exhibit clustering or exclusion effects at sub-galactic scales.
Similarly, the adopted mass range and uniform probability density neglect theoretical suppression
mechanisms and observational constraints that would further reduce the number of PBHs capable of
producing stellar-scale mergers. Thus, our calculated rates should be understood as upper bounds
derived under optimistic premises. The fact that even under these conditions, the predicted merger
probability remains orders of magnitude below detectability strengthens the robustness of our
conclusion.

3. Conclusion

3.1. Orbital Analysis
Taking the Sun as a representative case for orbital analysis, we employ a solar model computed by the
Modules for Experiments in Stellar Astrophysics (MESA) framework, which describes a star of mass
1 and metallicity Z = 0.02 at an age of 4.5 billion years [25–29]. The mass of the primordial black ⊙ܯ
hole (PBH) is chosen to be ݉௣௕௛  ~ 10ିଵଶ 2 ~  ⊙ܯ × 10ଶଵ݃.To generalize the effect of dynamical
friction, we introduce a dimensionless damping coefficient ࣥ, and rewrite the frictional force as:

ௗ݂௙ = ࣥ × ସగீమఘ௠೛್೓
మ

௩మ ,ݒ)ܫ Λ)                                            (16)
By varying the value of ࣥ, we can not only explore the orbital behavior more conveniently but also

quantify the relative strength of dynamical friction wconcerninggravitational attraction. For instance,
considering an orbit with semi-major axis ܽ = 10 ܴ⊙ and eccentricity ݁ = 0.95, the trajectory exhibits
noticeable precession. As ࣥ increases, keeping all other parameters constant, the orbit spirals inward.
As shown in Figure 1, When ࣥ ~ 10଼, the trajectory terminates near the stellar core as modeled by
MESA, forming a spiral orbit with decreasing semi-major axis and periastron distance. These results
demonstrate that the total energy dissipation due to dynamical friction is small throughout the inspiral
process, thereby supporting the physical approximations adopted in the capture timescale and merger
probability estimates.

3.2. Merger Timescale
We compute the merger (capture) timescale ௖ܶ௔௣௧௨௥௘  for all combinations of stellar mass ⋆ܯ  in
൫0.08ܯ⊙ , ൯ and PBH mass⊙ܯ100 ݉௣௕௛  in (10ଵ଼ , 10ଶସ)݃. For each mass pair, the initial orbital
radius is taken from:ݎ଴  in (ܴ∗, 10000ܴ∗)The stellar radius is modeled using a simplified scaling
relation:

ܴ∗ = ܴ⊙ ×

⎩
⎨

⎧൬ ெ∗
ெ⊙

൰
଴.଼

∗ܯ ≤ ⊙ܯ

൬ ெ∗
ெ⊙

൰
଴.ହ

∗ܯ > ⊙ܯ

                                                 (17)

The results yield the characteristic time required for the PBH to spiral in from ଴ and merge withݎ
the star. When both ݉௣௕௛ and are small (e.g.݉௣௕௛ ∗ܯ = 10ଶ݃, ∗ܯ = green dashed line in ,⊙ܯ 0.08
Figure 2), the capture time is typically long. For ଴ݎ ≳ 10ଶ  ܴ⊙, ௖ܶ௔௣௧௨௥௘  exceeds the age of the Universe.
Only for very close-in systems with ଴ݎ ≲ 10 ܴ⊙ does the merger time fall below 10ଽ  year. Furthermore,
as the PBH mass increases to 10ଶସ݃ (blue dotted line in Figure 2), the capture process accelerates
significantly: even for loose orbits with ଴ݎ ∼ 10ଷ  ܴ⊙, mergers can complete within 10଺–10଻  year.

Stellar mass also significantly affects the timescale. For example, with ݉௣௕௛ = 10ଶଵ݃ and ଴ݎ ≲
10ଶ  ܴ⊙, merger time is less than 10଼  year if ଴ݎ ≲ 10ଶ  ܴ⊙.  In  the  case  of  a  massive  star  with ∗ܯ =
⊙ܯ 100  (green dash-dotted line in Figure 2), stronger gravitational focusing further reduces the
timescale by an order of magnitude. The purple dashed line compares mergers involving star with ⊙ܯ 1
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PBHs of mass 10ଵ଼݃  amd 10ଶସ݃, respectively—showing that a six-order-of-magnitude increase in
PBH mass reduces the merger time by roughly 10଺ times.

Figure 1. Orbital trajectories of primordial black holes with identical semi-major axis and eccentricity, evolved
over the same timescale, for ࣥ = 1 and ࣥ = 10଼.

Figure 2. Merger timescales of primordial black holes and stars for different mass combinations.
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In general, the merger timescale is highly sensitive to PBH mass, with heavier PBHs (≳ 10ଶଶ  g)
leading to rapid inspirals. More massive stars, due to stronger gravity, further accelerate mergers—
especially for intermediate and large orbital separations (ݎ଴ ∼ 10ଶ–10ସ  ܴ⊙).

3.3. Merger Probability Estimation
Assuming the dark matter density is approximately ஽ெ~10ିଶ଻݇݃/݉ଷ, and that PBHs constitute aߩ
fraction P݂BH = 0.01, the mean PBH–star merger rate per star is estimated as: ܴ୮ୣ୰ ୱ୲ୟ୰~10ିଷ଼ [1/
[ݎܽ݁ݕ/ݎܽݐݏ

Given an estimated total of ~10ଶଷ  stars in the Universe, the global PBH–star merger rate is:
ܴ୮ୣ୰ ୷ୣୟ୰~10ିଵହ [1/ݎܽ݁ݕ]

Assuming the age of the Universe is ~10ଵ଴ year, the total number of PBH–star merger events up
to the present is: ݊ ~ 10ିହ

These results demonstrate that even under assumptions that maximize the likelihood of PBH–star
mergers, the expected event rate remains vanishingly small.

Acknowledgments

This work was financially supported by the Beijing Natural Science Foundation (QY25292).

References
[1] Hawking S.W., Moss I.G., Stewart J.M. (1982) Bubble collisions in the very early universe. Phys. Rev. D 26(10): 2681.
[2] Kodama H., Sasaki M., Sato K. (1982) Abundance of primordial holes produced by cosmological first-order phase
transition. Prog. Theor. Phys. 68(6): 1979–1998.
[3] Musco I. (2019) Threshold for primordial black holes: Dependence on the shape of the cosmological perturbations. Phys.
Rev. D 100(12): 123524.
[4] Carr B.J., Lidsey J.E. (1993) Primordial black holes and generalized constraints on chaotic inflation. Phys. Rev. D 48(2):
543.
[5] Pattison C., Vennin V., Assadullahi H., Wands D. (2017) Quantum diffusion during inflation and primordial black holes. J.
Cosmol. Astropart. Phys. 2017(10): 046.
[6] Carr B., Kohri K., Sendouda Y., Yokoyama J. (2021) Constraints on primordial black holes. Rep. Prog. Phys. 84(11):
116902.
[7] Crawford M., Schramm D.N. (1982) Spontaneous generation of density perturbations in the early universe. Nature
298(5874): 538–540.
[8] Jenkins A.C., Sakellariadou M. (2020) Primordial black holes from cusp collapse on cosmic strings. arXiv preprint
arXiv:2006.16249.
[9] Yuan C., Huang Q.G. (2024) Primordial black hole interpretation in subsolar mass gravitational wave candidate
SSM200308. J. Cosmol. Astropart. Phys. 2024(09): 051.
[10] Huang Q.G., Yuan C., Chen Z.C., Pi S. (2024) GW230529_181500: A potential primordial binary black hole merger in
the mass gap. J. Cosmol. Astropart. Phys. 2024(08): 030.
[11] MACHO Collaboration. (1997) The MACHO project LMC microlensing results from the first two years and the nature
of the galactic dark halo. Astrophys. J. 486: 697.
[12] Hawking S. (1971) Gravitationally collapsed objects of very low mass. Mon. Not. R. Astron. Soc. 152(1): 75–78.
[13] MacGibbon J.H. (1991) Quark-and gluon-jet emission from primordial black holes. II. The emission over the black-hole
lifetime. Phys. Rev. D 44(2): 376.
[14] Carr B., Kühnel F. (2019) Primordial black holes with multimodal mass spectra. Phys. Rev. D 99(10): 103535.
[15] Carr B., Kühnel F. (2020) Primordial black holes as dark matter: Recent developments. Annu. Rev. Nucl. Part. Sci. 70(1):
355–394.
[16] De Lorenci V.A., Kaiser D.I., Peter P. (2024) Orbital motion of primordial black holes crossing Solar-type stars. arXiv
preprint arXiv:2405.08113.
[17] Kesden M., Hanasoge S. (2011) Transient solar oscillations driven by primordial black holes. Phys. Rev. Lett. 107(11):
111101.
[18] Abramowicz M.A., Becker J.K., Biermann P.L., et al. (2009) No observational constraints from hypothetical collisions
of hypothetical dark halo primordial black holes with galactic objects. Astrophys. J. 705(1): 659.
[19] De Lorenci V.A., Kaiser D.I., Peter P. (2024) Orbital motion of primordial black holes crossing Solar-type stars. arXiv
preprint arXiv:2405.08113.
[20] Bambi C., Spolyar D., Dolgov A.D., Freese K. (2009) Implications of primordial black holes on the first stars and the
origin of the super-massive black holes. Mon. Not. R. Astron. Soc. 399(3): 1347–1356.



CMAM-2025
Journal of Physics: Conference Series 3119 (2025) 012025

IOP Publishing
doi:10.1088/1742-6596/3119/1/012025

8

[21] Luo Y., Hanasoge S., Tromp J., et al. (2012) Detectable seismic consequences of the interaction of a primordial black
hole with Earth. Astrophys. J. 751(1): 16.
[22] Baumgarte T.W., Shapiro S.L. (2024) Primordial black holes captured by neutron stars: Relativistic point-mass treatment.
Phys. Rev. D 109(12): 123012.
[23] Thun D., Kuiper R., Schmidt F., Kley W. (2016) Dynamical friction for supersonic motion in a homogeneous gaseous
medium. Astron. Astrophys. 589: A10.
[24] Bahcall J.N., Pinsonneault M.H., Basu S. (2001) Solar models: Current epoch and time dependences, neutrinos, and
helioseismological properties. Astrophys. J. 555(2): 990.
[25] Paxton B., Smolec R., Schwab J., et al. (2019) Modules for experiments in stellar astrophysics (MESA): Pulsating
variable stars, rotation, convective boundaries, and energy conservation. Astrophys. J. Suppl. Ser. 243(1): 10.
[26] Paxton B., Schwab J., Bauer E.B., et al. (2017) Modules for experiments in stellar astrophysics (MESA): Convective
boundaries, element diffusion, and massive star explosions. arXiv preprint arXiv:1710.08424.
[27] Paxton B., Marchant P., Schwab J., et al. (2015) Modules for experiments in stellar astrophysics (MESA): Binaries,
pulsations, and explosions. Astrophys. J. Suppl. Ser. 220(1): 15.
[28] Paxton B., Cantiello M., Arras P., et al. (2013) Modules for experiments in stellar astrophysics (MESA): Planets,
oscillations, rotation, and massive stars. Astrophys. J. Suppl. Ser. 208(1): 4.
[29] Paxton B., Bildsten L., Dotter A., et al. (2010) Modules for experiments in stellar astrophysics (MESA). Astrophys. J.
Suppl. Ser. 192(1): 3.


