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The anomalous orbits of trans-Neptunian objects (TNOs) can be explained by the planet 9 hypothesis.
We propose that the planet 9 can be an axion star. Axion stars are gravitational bound clusters condensed by
QCD axions or axionlike particles (ALPs), which we call axions for brevity. We find that the probability of
capturing an axion star by the solar system is the same order of magnitude as the probability of capturing a
free floating planet (FFP), and even higher for the case of axion star, with axion star mass 5M⊕ ≈ 1.5 ×
10−5M⊙ and ΩAS=ΩDM ≃ 1=10. Although axion star can emit monochromatic signals through two-photon
decay, we find that the frequency of decay photon is either not within the frequency range of the radio
telescope, or the decay signal is too weak to be detected. Therefore, if planet 9 is composed by an axion star,
it may be difficult to distinguish it from an isolated primordial black hole by spontaneous decay of axion.
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I. INTRODUCTION

Mounting evidence from various observations and theo-
retical models has led to the realization that dark matter
constitutes a substantial portion of the total energy density.
However, the nature and composition of dark matter
particles remain shrouded in mystery. The discovery and
confirmation of the Higgs boson’s existence [1,2] have
sparked a resurgence of interest in boson stars. The
existence of other scalar fields stemming from theories
beyond the Standard Model of particle physics has further
fueled curiosity. For instance, the Peccei-Quinn mecha-
nism [3,4], a prominent solution to the strong-CP problem
in quantum chromodynamics (QCD), predicts the existence
of the QCD axion [5,6]. String theory provides compelling
motivations for the existence of a vast multitude of axion-
like particles (ALPs) spanning a wide range of mass scales,
giving rise to what is known as the “axiverse” [7]. ALPs can
also arise from “π-axiverse” [8]. For brevity, wewill refer to
QCD axions and ALPs as axions. The axions can be
produced by misalignment mechanism [9–11], string
defects [12], or kinetic misalignment mechanism [13],
etc. Given their bosonic nature, axions possess the ability
to attain remarkably high phase space density, leading to
the intriguing phenomenon of Bose-Einstein condensation
(BEC) [14]. As a consequence of BEC, axions can
aggregate into gravitationally bound structures known as

axion stars. See Refs. [15,16] for recent reviews.
Importantly, it is plausible that a considerable portion of
the elusive axion dark matter [9–11] manifests itself in the
form of these captivating axion stars.
The anomaly orbits of trans-Neptunian objects

(TNOs) [17–19] and gravitational anomalies observed by
the Optical Gravitational Lensing Experiment (OGLE) [20]
need to be explained. The planet 9, with mass M9 ∼
5–15M⊕ and distance 300–1000 AU from the Sun, was
proposed to explain the anomalies connected to the orbits
of TNOs [21]. The free floating planets (FFPs) or primor-
dial black holes (PBHs) with massM ∼ 0.5–20M⊕ [22] can
explain the gravitational anomalies observed by the OGLE.
It is an interesting possibility that planet 9 can be explained
by the PBH captured by solar system [23] or planetary
mass black hole due to heavy dark matter accretion into
planet [24]. We consider another interesting possibility:
planet 9 is composed of axion star and captured by the solar
system. In this paper we use the natural units, c ¼ ℏ ¼ 1.

II. AXION STARS

Although a significant amount of research has been
conducted on compact objects made up of fermions, such
as neutron stars and white dwarfs, there is also an ongoing
endeavor to investigate localized solitons composed of
bosons. This quest can be traced back to Wheeler’s initial
concept of electromagnetic “geons” [25]. Complex scalar
fields possess the capacity to aggregate and lead to
the formation of compact entities recognized as boson
stars [26]. Contrasting a real scalar field, which lacks a
U(1) symmetry essential for the presence of a conserved
charge, stability becomes less certain. Nevertheless, even
in the absence of a clearly conserved Noether current,
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solutions in the form of solitons for the scalar boson field
equation persist, referred to as oscillatons [27,28].
The QCD axion [5,6], characterized as a spin-0 pseudo-

scalar boson, possesses a minute mass labeled as mϕ. It
exhibits exceedingly feeble self-interaction, and extremely
weak interaction with Standard Model particles. The need
for the Lagrangian to maintain shift symmetry invariance
results in the axion potential VðϕÞ displaying cyclic
behavior in relation to ϕ:

VðϕÞ ¼ Vðϕþ 2πfaÞ; ð1Þ

where fa is called axion decay constant representing the
energy scale of spontaneous breaking of the Uð1Þ sym-
metry. The simplest model employed in the majority of
axion’s phenomenological investigations is the instanton
potential [3]:

VðϕÞ ¼ ðmϕfaÞ2½1 − cosðϕ=faÞ�: ð2Þ

The leading self-interaction term in the expansion of VðϕÞ
is λϕ4=4! with attractive coupling λ ¼ −m2

ϕ=f
2
a. Due to

their bosonic nature, axions have the potential to achieve
remarkably high phase space density, leading to the
formation of a BEC [14]. This condensate can give rise
to gravitationally bound configurations called axion stars,
which can be dilute or dense [29–31]. Gravitational cooling
plays a significant role in facilitating the relaxation of
axion stars toward a stable configuration [32,33]. While
axion stars are generally self-gravitating objects [34],
their equilibrium state is significantly influenced by self-
interactions. Axion stars reach a stable state through a
balance of kinetic pressure, gravitational attraction, and
self-interactions [26,27,35–43].
Within dilute axion stars, self-interactions can generally

be overshadowed by gravity, while in more compact stars,
self-interactions emerge as the predominant influence over
the axion star’s dynamics. If a dilute axion star attains
additional axions and subsequently collapses beyond its
critical mass, it has the potential to trigger a phenomenon
called “bosenova” [35,44], ultimately resulting in a denser
axion star as the residual entity, with a mass ranging from
10−20M⊙ to about M⊙ [45]. Nevertheless, the temporal
span of a dense axion star’s existence might be too brief
to grant it cosmological significance as an astrophysical
object [15,30,46,47].
In the conventional post-inflationary scenario, the spon-

taneous breaking of the U(1) symmetry takes place sub-
sequent to the inflationary period. The fraction of dark
matter occupied by axion stars can be as high as 75% for
QCD axions [48,49], but for other models, this fraction is
much less known. In addition, observations of microlensing
events within the HSC and OGLE data consistently point to
about 27þ7

−13 percent of dark matter potentially existing in
the form of axion stars [50]. Therefore, a segment of dark

matter might exist in the configuration of axion stars, which
may affect the current detection experiments of axions.
Because of the existing uncertainties, we assume that the
proportion of axion stars to dark matter is approximately
1=10 in the following discussion.

III. CAPTURE PROBABILITY OF AXION STARS

There are three potential explanations for the origin of
planet 9: (i) planet 9 originated in its current orbit; (ii) planet
9 formed closer to the Sun and was subsequently scattered
into its current orbit; or (iii) planet 9 formed outside of
the Solar System and was later captured. Although the
chances of all three scenarios happening are slim, there
is a comparable level of probability between capturing an
Earth-mass PBH and capturing an FFP of similar mass [23].
The capture probability of the solar system can be repre-
sented in the following way:

Γ ¼ nAShσvi ¼ nAS

Z
fðvþ v⊙;ASÞ

dσ
dv

vdv; ð3Þ

where nAS and v represent the number density and velocity
of axion star, dσ=dv is the differential capture cross section,
fðvÞ is velocity distribution, and v⊙;AS is the average
velocity of the Sun toward axion star.
The differential capture cross section is identical for

FFPs, PBHs or axion stars and greatly lowered when the
relative velocity is larger than 0.4 km=s [51], which is
much smaller than the relative velocity of the Sun toward
axion star. Therefore, the velocity distribution of axion star
can be approximated by the zero order value fðv⊙;ASÞ.
Then the ratio of capturing axion star to FFP approximate
as follows

ΓAS

ΓFFP
≃

nAS
nFFP

fASðv⊙;ASÞ
fFFPðv⊙;FFPÞ

: ð4Þ

We assume v⊙;AS and velocity dispersion σ⊙;AS are same as
the relative velocity and velocity dispersion of solar system
to dark matter halo (DMH), with vDMH ¼ 220 km=s and
σDMH ¼ vDMH=

ffiffiffi
2

p
[52]. Considering FFP captured in the

field far away from the star formation region, the number
density of FFP nFFP is about 0.24 pc−3 from microlensing
surveys [53]. The local density of dark matter near the solar
system is ρ ¼ 0.38 GeV=cm3 [54]. Therefore, we can
obtain the local density of axion stars:

nAS ¼
ΩAS

ΩDM

ρDM
MAS

∼ 70 pc−3
�
10ΩAS

ΩDM

��
5M⊕

MAS

�
: ð5Þ

The velocity distribution is modeled as a Gaussian
distribution

HAORAN DI and HAIHAO SHI PHYS. REV. D 108, 103038 (2023)

103038-2



fðvÞ ¼ 1

ð2πσ2Þ3=2 e
−v2=2σ2 ; ð6Þ

where σ is the velocity dispersion. Substituting Eqs. (5)
and (6) into Eq. (4), the ratio of axion star to FFP capture
probability change to

ΓAS

ΓFFP
∼ 4.97

�
0.24 pc−3

nFFP

��
10ΩAS

ΩDM

��
5M⊕

MAS

��
σFFP

40 km=s

�
3

;

ð7Þ

where the velocity dispersion of FFP is assumed to be about
40 km=s in the thin disc which can be considered as a
plausible source of FFP [51]. From the above equation,
it can be seen that the probability of capturing an axion star
is the same order of magnitude as the probability of
capturing an FFP, and even higher for the case of axion
star, with axion star mass 5M⊕ ≈ 1.5 × 10−5M⊙ and
ΩAS=ΩDM ≃ 1=10. Therefore, planet 9 could be an axion
star captured by the solar system.

IV. QUANTUM DECAY FROM DILUTE
AXION STARS

Ignoring the self-interaction term for dilute axion star,
the general Lagrangian of QCD axion and ALP can be
written as

L ¼ 1

2
∂μϕ∂

μϕ −
m2

ϕ

2
ϕ2 þ 1

4
gaγγϕFμνF̃μν; ð8Þ

where Fμν represents the electromagnetic field tensor,
F̃μν ¼ 1

2
Fαβϵ

μναβ is the dual tensor of Fμν, ϕ is the axions
field, and the axion-photon coupling gaγγ ¼ αg=ð2πfaÞ is
related to the axion decay constant fa. α is the fine structure
constant, and g is a model-dependent constant of order one,
which we will set g ¼ 1 in the following discussion. For
QCD axions, the decay constant fa is related by the mass of
axion: fa ≃ 6 × 1011ð10−5 eV=mϕÞ GeV.
The equation governing the motion of the axion, which

approximates the early universe scenario by considering
only the quadratic segment of the axion potential, can be
expressed as:

ϕ̈þ 3Hϕ̇þm2
ϕϕ ¼ 0; ð9Þ

where H is the Hubble parameter. The relic abundance
today is decided by the initial values of axion field ϕ0 ∼ fa.
Oscillations begin when the Hubble parameter HðtÞ
becomes comparable to mϕ, i.e. 3HðtoscÞ ∼ 2mϕ, corre-
sponding to tosc ≃ 3=ð4mϕÞ. Then the energy density of
axions for a given time is

ρϕ ¼ 1

2

�
ϕ2 þm2

ϕϕ
2
�
: ð10Þ

Subsequently, at the initiation of oscillations, the number
density of axions is represented by

nϕðtoscÞ ¼
1

2
mϕf2a: ð11Þ

The current axion relic density can be formulated as
follows:

Ωϕ ¼ mϕnϕðtoscÞ
ρc

�
aðtoscÞ
a0

�
3

¼ m2
ϕf

2
a

2ρc

�
T0

Tosc

�
3

; ð12Þ

where critical density ρc ≈ 10.54h2GeV=m3 and T0 ≈
2.7 K [55]. The axion mass is related to the temperature
of oscillation by

mϕ ∼
3

2
HðtoscÞ ¼

3

2

ffiffiffiffiffi
π2

90

r
g1=2⋆ ðToscÞ

Mpl
T2
osc: ð13Þ

By bringing Eq. (13) into Eq. (12), we can obtain

Ωϕh2 ≃ 0.12
�
g⋆ðToscÞ
106.75

�
3=4

�
mϕ

10−6 eV

�
1=2

×

�
fa

5.32 × 1012 GeV

�
2

: ð14Þ

This equation, which is suitable for axions produced from
the misalignment mechanism, provides the lower limit of
the parameter space of axions, as shown in Fig. 1.
Axions are not completely stable due to the interaction

term Lint ¼ 1=4gaγγϕFμνF̃μν. The decay rate of axions into
two photons is as follows:

Γðϕ → γγÞ ¼ α2m3
ϕ

256π3f2a

¼ 1.02 × 10−11 s−1
�
mϕ

eV

�
3
�
GeV
fa

�
2

: ð15Þ

This means that the lifetime of the axion is

τϕ ¼ 9.80 × 1010 s

�
eV
mϕ

�
3
�

fa
GeV

�
2

: ð16Þ

Due to the relation fa ≃ 6 × 1011ð10−5 eV=mϕÞ GeV,
the lifetime of QCD axion becomes τϕ ¼ 3.53×
1024 sðmϕ=eVÞ−5. To be a suitable candidate for dark
matter, axions should have lifetime longer than the age
of the universe. This provides a limitation on the mass of
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axion mϕ ≲ few eV. Although the axion is very stable, the
luminosity Lϕ from decay photons of an axion star may be
detectable due to the huge particle number Nϕ in the axion
star. The luminosity of the axion star can expressed as:

Lϕ ¼ NϕmϕΓðϕ → γγÞ ¼ MϕΓðϕ → γγÞ

¼ 4.75 × 10−33
Mϕ

M⊙

�
mϕ

10−6 eV

�
3
�
1012 GeV

fa

�
2

L⊙;

ð17Þ

where M⊙ and L⊙ denote the solar mass and the solar
luminosity respectively,Mϕ represents axion star mass. The
spectral line manifests as an almost monochromatic fre-
quency, approximately f ≃mϕ=ð4πÞ, which stands out as a
distinct and recognizable signal feature.
The maximum mass and the corresponding minimum

radius of an axion star are given by [29,30,42,43,58]

MAS ¼ 1.2 × 10−6M⊙

�
mϕ

10−8 eV

�
−1
�

fa
1014 GeV

�
; ð18Þ

RAS ¼ 7.8 × 102 km

�
mϕ

10−8 eV

�
−1
�

fa
1014 GeV

�
−1
: ð19Þ

A large parameter space is potentially ruled out due to the
formation of axion stars above critical masses [59]. If the
dominant constituent of dark matter is composed of QCD

axions, then the axion’s mass would be approximately
1.17 × 10−6 eV, with a corresponding decay constant of
5.11 × 1012 GeV. When these values are inserted into
Eq. (18), the resulting mass of the axion star is roughly
5.24 × 10−10M⊙. This mass is significantly lower than that
of planet 9, indicating that QCD axion stars cannot account
for the presence of planet 9.
Given that the mass of planet 9 is at least 5M⊕, this

implies that the associated axion mass would be approx-
imately 3.19 × 10−10 eV, while the corresponding decay
constant would be approximately 3.98 × 1013 GeV if
axions are to constitute the primary component of dark
matter, as shown in Fig. 1. By substituting the axion
mass and decay constant into Eq. (19), we obtain a radius
of 6.14 × 104 km for planet 9, which is only slightly
larger than that of Saturn. However, it is worth noting
that the frequency of decay photons resulting from this
scenario is too minimal to be detected by current radio
telescopes.
The aforementioned discussion relies on the constraint

provided by the cosmological abundance as expressed in
Eq. (14). However, it is important to acknowledge that there
exist uncertainties associated with this cosmological abun-
dance limit, as discussed in Ref. [50] and the references
therein. For the purposes of our subsequent analysis, we
will omit consideration of this abundance limit. When the
QCD axion possesses a mass of approximately 10−8 eV
and a decay constant around 1015 GeV, it becomes possible
for QCD axion stars with radius 78 km to give rise to the
characteristics of planet 9, as shown in Fig. 2. Nonetheless,
these axion stars would still remain undetectable by current

FIG. 2. Constraints on the parameter space of axions without
considering the limitations of Eq. (14) due to some uncertainties,
see Ref. [50] and the references therein. It can be seen that the
QCD axion star can form the planet 9, with QCD axion mass
∼10−8 eV and fa ∼ 1015 GeV. Nonetheless, these axion stars
would still remain undetectable by current radio telescopes.
Furthermore, it is important to note that the luminosity of the
corresponding axion star would fall below the sensitivity thresh-
old of the FASTor SKA for the range of axion masses that can be
explored by radio telescopes.

FIG. 1. Constraints on the parameter space of axions. The solid
red line represents the cosmology abundance given by Eq. (14),
and the area below this line is excluded due to the production of
too much dark matter. The black solid line is the limit given by
stellar evolution [56,57], and the upper region is excluded. The
narrow brown band indicates the possible parameter space of the
axion to be the planet 9 with mass M9 ∼ 5–15M⊕. The QCD
axion is limited to the purple line due to the connection between
its mass and fa. Note that the QCD axion star cannot be the planet
9 due to its insufficient mass ≃5.24 × 10−10M⊙. The possible
axion mass range is from 1.32 × 10−10 eV to 3.19 × 10−10 eV,
which is not within the detection frequency range of the radio
telescope, such as FAST or SKA.
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radio telescopes. As a result, we intend to perform further
calculations on the luminosity and flux of axion stars within
a mass range that could potentially fall within the scope of
observation by radio telescopes. To determine the lumi-
nosity of planet 9, we substitute the mass of the axion star,
around 10−5M⊙, and Eq. (18) into Eq. (17):

Lϕ ¼ 7.13 × 10−42
�

mϕ

10−6 eV

�
3

L⊙: ð20Þ

Hence, the luminosity flux of the axion star as perceived
from Earth is given by the formula:

Fϕ ¼ Lϕ

4πr29
; ð21Þ

where r9 signifies the distance between the axion star and
Earth. The resulting observable flux is then computed as
follows:

Fϕ ¼ 9.70 × 10−49r−2
�

mϕ

10−6 eV

�
3

ðW=cm2Þ: ð22Þ

Here, the parameter r assumes a value within the range of
approximately 0.3 to 1, reflecting the uncertainty pertaining
to the distance separating planet 9 and Earth.
Radio telescopes can search for the potentially observ-

able signal, which would appear as a monochromatic radio
line at a universal frequency set by the unknown axion
mass. The spectral flux density Smin is a crucial measure-
ment in radio astronomy that indicates the minimum
detectable signal strength for a radio telescope when
observing normal electromagnetic signals, given by the
following equation:

Smin ¼
SEFD

ηs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npolBtobs

p ð23Þ

where SEFD refers to the equivalent flux density of a radio
telescope system, npol denotes the number of polarizations,
ηs represents the system efficiency, tobs is the observation
time, and B is the bandwidth.
Five-hundred-meter Aperture Spherical radio Telescope

(FAST) is currently the world’s largest filled-aperture radio
telescope. The frequency range of FAST is 0.1–3 GHz,
bandwidth is 800 MHz, and SEFD is 2.2 Jy [60]. The
spectral flux density Smin of FAST is

Smin ¼ 3.60 × 10−33 W=m2=Hz; ð24Þ

where the number of polarizations npol ¼ 36 for FAST.
And we have assumed the system efficiency ηs ≃ 0.6,
observation time tobs ¼ 1 hour. In the dilute axion star,
it is assumed that the axions remain nonrelativistic, thereby

leading to a small velocity dispersion δv ≪ 1, which in turn
results in a minimal spectral line spread. By employing the
natural width of 10−6f for the spectral line associated with
the decay of the axion star, the expression for the minimum
detectable flux can be derived as follows:

Fmin ¼ 3.60 × 10−43
�

f
Hz

�
W=cm2

¼ 4.36 × 10−35
�

mϕ

10−6 eV

�
W=cm2; ð25Þ

which gives the sensitivity of FAST. Compared with
Eq. (22), it can be found that Fϕ is much smaller than
Fmin and therefore the decay signal cannot be detected
by FAST.
Square Kilometer Array (SKA) includes SKA1-Low

and SKA1-Mid telescopes. The SKA1-low covers 0.05–
0.35 GHz, with B ¼ 300 MHz and SEFD ¼ 4.9 Jy. The
SKA1-Mid covers 0.35–14 GHz, with B ¼ 770 MHz and
SEFD ¼ 1.8 Jy. Relevant parameters of SKA can be found
in Ref. [60]. The spectral flux density Smin of SKA1-Low
and SKA1-Mid is Smin ¼ 1.31 × 10−32 W=m2=Hz and
Smin ¼ 3.00 × 10−33 W=m2=Hz respectively, where we
adopted the same integration time and system efficiency
as FAST. The sensitivity of SKA1-Mid is similar to FAST
and therefore the decay signal of axion star cannot be
detected by SKA.

V. CONCLUSIONS

QCD axion or ALP is a viable candidate for dark matter.
A collection of axions can condense into bound BEC called
axion star. It is possible that a significant fraction of the
axion dark matter is in the form of axion stars. We find that
the probability of capturing an axion star by the solar
system is the same order of magnitude as the probability
of capturing an FFP, and even higher for the case of
axion star, with axion star mass 5M⊕ ≈ 1.5 × 10−5M⊙ and
ΩAS=ΩDM ≃ 1=10. Therefore, the anomalous orbits of
TNOs can be explained by a QCD axion star or ALP star.
However, unfortunately, the frequency corresponding to the
decay of the axion star is either not within the frequency
range of the radio telescopes such as FAST or SKA, or the
decay signal is too weak to be detected. Therefore, if planet
9 is composed by a QCD axion star or ALP star, it may be
difficult to distinguish it from an isolated PBH.
Moreover, if the axion star, such as planet 9, exceeds the

critical mass through accretion of axions from the back-
ground [61–63], it will collapse under the self-interaction
of attraction, radiating radio waves through parametric
resonance [64,65] or generating relativistic axions [44],
which may be detected by upcoming experiments [66].
We will study other observational effects of axion stars,
including gravitational waves, in future work.
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