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The axion, as a leading dark matter candidate, is the target of many ongoing and proposed experimental
searches based on its coupling to photons. Ultralight axions that couple to photons can also cause
polarization rotation of light which can be probed by the cosmic microwave background. In this work,
we show that a large axion field is inevitably developed around black holes due to the Bose-Einstein
condensation of axions, enhancing the induced birefringence effects. Therefore, measuring the modulation
of supermassive black hole imaging polarization angles is a strong probe to the axion-photon coupling due
to the formation of the axion condensation (axion star) which enhances the axion field. The oscillating
axion field around black holes induces polarization rotation on the black hole image, which is detectable
and distinguishable from astrophysical effects on the polarization angle, as it exhibits distinctive temporal
variability and frequency invariability. In this work, we perform the theoretical calculation on the axion star
formation rate and correspondingly the enhanced axion field value near supermassive black holes. Then,
we present the range of axion-photon couplings within the axion mass range 10−21–10−16 eV that can be
probed by the Event Horizon Telescope. The axion parameter space probed by black hole polarimetry will
expand with the improvement in sensitivity on the polarization measurement and more black hole
polarimetry targets with determined black hole masses.
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I. INTRODUCTION

The axion, proposed to solve a fundamental puzzle
in strong interactions, is also a viable dark matter
candidate [1–8]. The current spectrum of axions expands
to models that do not solve the puzzle, which motivates
us to consider a broader range of axion parameters [9].
Laboratory searches for axions in the ultralight mass
ranges (ma ≲ 10−11 eV) have also been proposed and
performed. These experimental methods include magne-
tometers [10–16], cavities [17–29], and optical interfer-
ometers [30–33]. On the other hand, astrophysical and
cosmological observations placed the strongest bound on
axion parameters in this mass range, such as the spinning

down of black holes from superradiance [34–36], recurrent
axinovae [37], spectral distortion [38–42], X-ray observa-
tions [43–51], gamma-ray observations [52–58], solar
basin [59,60], heating of dwarf galaxies [61–63], cosmic
axion background [64–66], finite density effects inside
stellars [67,68], radio telescope [69–75], and solar tele-
scope [76–78]. In this work, we propose a complementary
search on axions using themeasurements on themodulation
of the electric vector position angle (EVPA) of black hole
images. The polarization angle in the vicinity of black
holes will experience birefringence effects from the dense
axion field, which is developed through axion dark matter
accretion onto black holes. We illustrate this concept
schematically in Fig. 1.
The axion field with masses ≲10−18 eV, if accounting

for the dark matter density, can rotate the polarization of
light passing through it, which is known as the cosmic
birefringence effect. It can be probed in cosmic microwave
background (CMB) polarization measurements [79–82].
Extensive searches for axionlike polarizations in CMB
have recently been performed by BICEP/Keck [83],
POLARBEAR [84], and SPT-3G [85]. Other polarimetric
observations that can detect axion strings or axion dark
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matter are studied in [86–95]. In our proposal, the axion
field value is greatly enhanced compared to its expectation
value predicted by the cosmic dark matter density due to the
formation of axion stars in the gravitational potential well of
black holes, increasing our sensitivity to axion-photon
couplings. The first image of supermassive black holes
(SMBHs)M87* by the Event Horizon Telescope [96] opens
thewindow into the new physics beyond the standardmodel
that is only accessible around the Schwarzschild radius of
black holes. Our axion stars near the supermassive black
holesmostly have a sizemuch larger than the Schwarzschild
radius; therefore, it does not necessarily require such high
spatial resolution. The polarimetric studies of EventHorizon
Telescope targets have been performed actively with inter-
ferometric observations [97–99], further enabling us to use
black hole polarimetry to study the birefringence effects
induced by axion stars with larger radii.
Therefore, the crucial question becomes whether the

axion star formation rate is large enough to build up a large
axion field value around the SMBH. Assuming the axion is
the dark matter, the self-scattering of ultralight axions is
greatly enhanced due to the large phase density. Both
numerical and analytical studies confirmed the formation
of axion stars (sometimes called solitons) in dense dark
matter halos from the gravitational scattering of axionwaves
or from the quartic self-couplings [100–107], which provide
us with the tools to study the axion field value after the axion
star formed. In current studies of axion stars, stable con-
figurations of axion fields are numerically solved, with the
dilute branch of axion stars being balanced by their gravity
and kinetic pressure, while the dense branch is unstable due
to the emission of relativistic axions [108–110]. We obtain a
solution of stable axion field configurations in the black hole

background, which allows a much larger stabilized axion
field than the usual dilute branch. Stable axion stars around
black holes will provide a significant and unique photon
signal with a modulating polarization angle. In this work,
we focus on the theoretical calculation of the axion star
formation rates around supermassive black holes, which
enhance axion field values. Similar ideas were proposed in
the context of the axion cloud generated by black hole
superradiance [111–114]. Our calculation suggests that a
broader axion mass range can be probed with individual
black holes sincewe do not rely on the axion cloud generated
by BH superradiance but the axion cloud generated by
accretion around the SMBH. Our work demonstrates the
great potential of using black hole polarimetry to detect axion
dark matter, which will motivate both observational efforts
on supermassive black holes and theoretical progress on the
exact axion star formation rate in the black hole background.

II. AXION STARS AROUND BLACK HOLES

In the following, we will study the solution of axion stars
around black holes and the formation rate of such objects in
the limit that the black hole is dominating the gravitational
interaction, which will enable us to calculate the axion field
value. Solving axion electrodynamics in the presence of
axion fields, one would obtain modified Maxwell’s equa-
tions under which photons with different polarizations will
propagate differently. The polarization angle shift induced
by the axion field is [79,80]

Δϕpolar ¼
gaγγ
2

½asource − aearth�; ð1Þ

where asource and aearth are the axion field values at source
and earth, respectively. They are related to the energy density
of axions ρa and the axion mass ma and are written as

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρa=m2

a

q
cosðmatÞ; ð2Þ

which reveals the characteristics of time modulations with
the frequency ma. Therefore, if there is a significant differ-
ence in the axion amplitude between the source and Earth,
the polarization angle shift can be large. It is crucial to
calculate the axion field value developed around black holes
to determine the exact value of the polarization angle
induced by axions. We will study a new solution of stable
axion stars around black holes and the formation rate of
those axion stars to determine the axion field value.

A. Stable axion field configuration
around black holes

The axion Lagrangian we consider in this work is

L ¼ −
1

4
F2 þ 1

4
gaγγaFF̃ þ 1

2
∂μa∂μa − VðaÞ; ð3Þ

FIG. 1. The schematic diagram of the polarimetry of super-
massive black hole (SMBH) with the axion star surrounding it. In
this diagram, the small black circle denotes the SMBH, the large
cyan circular cloud denotes the axion star in SMBH’s gravita-
tional background, and R� denotes the radius of the axion star.
When the light produced near the vicinity of the SMBH (orange
dotted line) propagates through the axion star to Earth, the light’s
polarization angle (blue solid arrowed lines) is rotated by the
oscillating axion field with a rotation angle Δϕpolar. Such
variation on the polarization also has the time modulation with
an angular frequency ωa ∼ma, and the modulation is coherent
over the size of the axion star.
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where the axion potential can be expressed as the quartic
self-coupling and the mass term

VðaÞ ≃ 1

2
m2

aa2 −
λ

4!
a4: ð4Þ

The quartic coupling can be related to the axion decay
constant as λ ¼ m2

a=f2a. Axion-photon couplings can be
parametrized as gaγγ ¼ cγαem=ð2πfaÞ, where cγ is a model-
dependent constant. Although typically cγ ∼ 1, it could be
easily enhanced in various models, including the clockwork
axion model [115–117], the ZN models [117–119], and the
two-axion alignment models [116]. Therefore, we will treat
gaγγ as a free parameter and study the phenomenology of
axion stars with axion-photon couplings. In the following
discussion, we will see that the axion with cγ ∼ 1 can be
detected by the next generation Event Horizon Telescope
(EHT), and the axion with cγ ∼ 102 can be detected by the
current EHT observation.
We will study the axion star solution under the

assumption MBH ≫ M�, where M� is the axion star’s
mass. For the moment, we neglect the axion self-inter-
actions arising from the axion potential, which will appear
later when we calculate the critical mass of axion stars
above which axion fields cannot remain stable. To describe
the axion’s profile in the background of the black hole
quantitatively, we solve the Klein-Gordon equation

∇μ∇μa ¼ −V 0ðaÞ ð5Þ

in the black hole background, where ∇μ is the covariant
derivative in the curved background of the black hole. To
solve the time-dependent profile of axion, we write the
axion profile as

aðr; tÞ ¼ faΘðrÞ cosðωatÞ; ð6Þ

where ΘðrÞ is the spatial-dependent part of the oscillation
angle. The Schrödinger-Newton-type equation that governs
the spatial part of the axion fields is written as

∇2Θ ¼ 2

�
m2

aΦþm2
a − ω2

a

2

�
Θ; ð7Þ

where

ΦðrÞ ≃ −
GMBH

r
ð8Þ

is the gravitational potential of the black hole. Here, we
have made the assumption R� ≫ GMBH; therefore, the
black hole can be approximated by a pointlike source.
Because we focus on the region where MBH ≫ M�, we
ignore the axion’s back reaction to the BH background. The
contribution of the gravitational field of the BH has not
been included in previous studies but is essential in this

work to generate a significantly enhanced axion field in
stable axion stars.
Noting that Eq. (7) has the same form as the Schrödinger

equation for the electron radial wave function of hydrogen,
we obtain the eigenfunction

ΘðrÞ ¼ Θ0e−GMBHm2
ar ð9Þ

and the eigenfrequency

ωa ¼ ma

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðGMBHmaÞ2

q
: ð10Þ

ΘðrÞ in Eq. (9) is the profile of the axion star in the ground
state, which is spherically symmetric. ωa in Eq. (10) is the
axion’s oscillation frequency given the ground state
profile. The coefficient Θ0 represents Θðr ¼ 0Þ, and it
needs to be determined by the amount of mass accreted
onto the gravitational potential well of black holes. The
above axion profile has interesting implications for the
polarization measurements. It suggests that the stable
configuration of the axion field will have a spherical
profile that oscillates coherently over space with the same
frequency that is determined by the axion mass. Therefore,
axion-induced polarization angles exhibit both spatial
correlations and oscillatory temporal variations, which
can be distinguished from contributions from other astro-
physical sources. On the other hand, astrophysical sources
might also cause a periodic rotating polarization angle.
The observed rotation of the electric vector position angle
at a timescale of ∼70 min of the Galactic Center SMBH
Sgr A* has been interpreted as the orbital motion of a hot
spot embedded in a magnetic field [120]. Looking at the
spatially correlated signals should suppress astrophysical
systematics, which we leave for future explorations. A
similar discussion on the ultralight particle in the gravi-
tational background, referred to as the “gravitational
atom,” can be found in [121–124]. From Eq. (9), we find
that the axion star radius is

R� ∼
1

GMBHm2
a
; ð11Þ

which is independent of the mass of the axion star. This is
distinctly different from the mass-radius relation of self-
gravitating axion stars which obeys Rself� ∼ 1=ðGM�m2

aÞ.
Such difference can be explained by the difference in the
gravitational energy of these two kinds of axion stars. For
stable configurations, the gradient energy balances the
gravitational energy, and therefore, the radii of these two
axion stars have different M�-dependence.
To estimate the axion star’s mass, we use the formula

M� ¼
Z

d3rρ� ∼ ρ�R3�; ð12Þ
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where ρ� is the energy density of the axion star. We have

ρ� ≃
�
1

2
ȧ2 þ 1

2
∇a2 þ 1

2
m2

aa2 −
λ

4!
a4
�
; ð13Þ

where h� � �i represents the time-averaged values, the first
term is the oscillation energy, the second term is the
gradient energy, the third term is the potential energy from
the axion’s mass term, and the fourth term is the potential
energy from the axion’s self-interaction. From Eq. (9),
we find that the gradient energy is suppressed by an extra
ðGMBHmaÞ2 factor and therefore it is negligible when
GMBHma ≪ 1. Before the axion star’s mass reaches the
critical value, the energy contribution from the self-
interaction can also be neglected. Therefore, the axion
star’s energy density can be approximately written as

ρ� ∼m2
af2aΘ2

0: ð14Þ

Substituting Eqs. (11) and (14) into Eq. (12), we have

M� ∼
f2aΘ2

0

G3M3
BHm

4
a
; ð15Þ

which reveals the relation between M� and Θ0. From
Eq. (1), we have

jΔϕpolarj ≃
1

2
gaγγΘ0fa; ð16Þ

where j � � � j denotes the amplitude of oscillation.
Combining Eqs. (15) and (16), we can write the amplitude
of polarization angle as

jΔϕpolarj ∼ gaγγðG3M3
BHm

4
aM�Þ1=2; ð17Þ

which depends on the mass of the axion star.
With self-interaction, only axion stars with mass smaller

than some critical value M� < Mmax� are stable against a
bosenova [125,126]. Otherwise, the axion star will radiate
the relativistic axions until its mass falls below the critical
mass. In what follows, we will calculate the critical mass
Mmax� of the axion star in the BH background. In the total
energy of the axion star, the relevant components are the
gradient energy, Egrad

� , responsible for the kinetic pressure
that stabilizes axion stars, and the attractive self-energy, Eλ�,
that causes a bosenova. These energy components of axion
stars can be written as

Eλ� ≃ −
λG3m2

aM3
BHM

2�
128π

ð18Þ

and

Egrad
� ≃

1

2
G2m2

aM2
BHM�: ð19Þ

The exact coefficients of these energy components are
calculated in Appendix B. The critical mass is reached

when j Eλ�
Egrad
�

j ¼ 1
6
. This ratio is obtained by minimizing the

total energy of axion stars and looking for viable solutions
of mass-radius relation. See more discussions in
Appendix C. Hence, we obtain

Mmax� ¼ 32π

3λGMBH
: ð20Þ

The critical mass can increase if the self-coupling of axions
is smaller. Since a larger axion star mass corresponds to a
larger axion field value, the maximum fa with a critical
star formation will achieve the largest field value induced
by axion stars. The maximum polarization angle one
can achieve with the maximum allowed axion star is thus
given by

jΔϕmax
polarj ∼ 2gaγγfaGMBHma: ð21Þ

Note that a large fa will correspond to a better sensitivity to
the probe of axion-photon coupling gaγγ since a larger
critical star mass can be achieved. We will discuss what is
the largest fa which still allows the formation of axion stars
at the critical mass later. Substituting gaγγ ¼ cγαem=ð2πfaÞ
into Eq. (21), the maximum axion-induced rotation angle is
jΔϕmax

polarj ∼ cγαemGMBHma. From Sec. III, we know that the
sensitivities of the EHT and next-generation EHT (ngEHT)
are 3° and 0.05°, respectively. Therefore, we know that the
current EHT observation can test the axion with cγ ∼ 102

and the next-generation EHT can test the axion with cγ ∼ 1.

B. Axion star formation at the halo center

Axions, originally unbound from each other, can form
axion stars near black holes in the presence of self-
scattering in dense environments. The consequence of
axion star formation will populate dense axion clouds
around supermassive black holes as gravitational atoms
since the SMBH will accrete and absorb the axion star
formed in the Galactic Center [127]. Such an alignment
between the axion star and the SMBH can be easily
achieved because the SMBH has a much smaller potential,
which maximizes the probability for the axion star to form
around it. In our work, the enhancement in the axion star
formation rate from BHs is not considered. In the follow-
ing, we will study the formation rate of axion stars in
Navarro–Frank–White (NFW) halos and determine the
axion field value. The relevant timescale in this problem
is the scattering timescale between axions as wavelike
particles, which approximately gives the condensation
timescale of axion stars in simulations of axion fields.
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If we consider both gravity and self-interaction, the con-
densation time scale is [104]

τ ¼ τselfτgr
τgr þ τself

: ð22Þ

The gravitational condensation time is given by

τgr ¼
b

48π3
m3

av6

G2ρ2a log ðmavRÞ
; ð23Þ

and the self-interaction condensation time is

τself ¼
64dm7

av2

3πρ2aλ
2
: ð24Þ

The parameters b; d ∼Oð1Þ are numerical coefficients
extracted from numerical simulations [128]. In this work,
we focus on the scenario where the axion self-coupling
strength is given by λ ¼ m2

a=f2a. These are standard for-
mulas that calculate the relaxation scale of axion gas with a
given velocity distribution and agree surprisingly well with
the axion star formation timescale found in numerical
simulations [102–105]. The velocities and densities should
be calculated from halo parameters. Since the halo central
density is higher and the velocity is smaller than the halo
outskirts, the axion star formation rate will be enhanced
compared to the halo outskirts. In the postinflationary
scenario of axions, axion miniclusters will form in early
times and evolve with time [129], greatly enhancing the
axion star formation rate subject to the disruption effect of
axion miniclusters in galaxies [130,131]. Here we do not
consider the enhancement from axion miniclusters but
focus on axion star formation in the standard massive dark
matter halos. We considered the halo density in the region
where the enclosed dark matter mass is the same as the
black hole mass, which characterizes the halo environment
in the vicinity of supermassive black holes. The detailed
calculations are presented in Appendix D. The character-
istic mass scale of the axion star can be estimated by
equating the virial velocity of the axion star and the halo
velocity, which gives [102,103]

M̄� ≈
3v
Gma

; ð25Þ

where v is the velocity of axion waves in dark matter halos.
The mass growth of axion stars is found to exhibit a power-
law growth after the initial thermalization

M�ðtÞ ¼ M̄�

�
t
τ

�
1=2

; ð26Þ

where τ is the condensation time scale given in Eq. (22).
It is still debatable if such power-law growth can be

extrapolated to masses M ≫ M� [103,132]. However, for
the parameter space of interest in this paper, the axion stars
we are considering are very light and within the mass range
where the power-law growth is applicable. Since the
ground state of the gravitational atom can be absorbed
by black holes, one should also include the decay time,
tdecay, of axion star solutions near black holes [133–135].
The lifetime of axion stars in the ground state is much
shorter than that in excited states. Since we do not have a
population analysis for the occupancy number of different
eigenstates, we assume all the axion stars are in the ground
state, which will be the conservative limit. If the lifetime of
ground state tdecay is much shorter than Hubble time tH, one
could determine the axion star mass using

M� ≃ M̄�

�
tdecay
τ

�
1=2

: ð27Þ

If tH is smaller than tdecay, we replace tdecay in Eq. (27) by
tH. It is worth emphasizing again that we use the standard
formation rate for the axion stars in the Galactic Center,
which should be a conservative calculation. The axion star
itself can help capture more axions [124], and the BH may
enhance the accretion rate of axions.

III. AXION SENSITIVITIES FROM
BLACK HOLE POLARIMETRY

Now we will apply our previous calculations to obtain
the sensitivity of black hole polarimetry to axion dark
matter. EHT observations have imaged not only the
shadows of supermassive black holes such as M87 and
Sgr A* on event-horizon scales [96,136,137], but also their
polarized emissions [98,99]. The polarization of emission
can be quantized by the complex linear polarization field,
and the phase defines the EVPA. A large axion field value
will cause an oscillating angle, which can be constrained by
the time variability of the measured EVPA. For SMBHs,
the photon rings and the jets are good polarization sources,
and measurable EVPA with time modulation will be
generated as the emitted lights go through the axion stars
around SMBHs. Because the period of the time modulation
of the axion field is longer than the axion star size given,
GMBHma < 1, the washout effect is negligible.
Using the axion star mass, one can derive the sensitivity

on gaγγ with the formula in Eq. (17). The axion parameter
space that can be probed by the polarimetric measurements
of M87* and Sgr A* is presented in Fig. 2. The sensitivity
of EHT observations on the polarization angle rotation is
taken as 3° [138], which have been achieved in observa-
tions of Sgr A* with an exposure of tens of minutes. The
next-generation EHT observations should provide even
better sensitivity to the oscillating polarization angle, which
is as small as 0.05° [139,140]. M87* generally probes light
axion masses that correspond to a longer oscillating period,
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allowing for a longer sampling time and better sensitivity.
Therefore, 3° precision can be considered as a conservative
estimate, and we leave more dedicated data analysis for
future explorations. It is also important to note that the
axion densities around the SMBHs from the axion star
formations are much larger than the axion density during
the CMB epoch, from which we know that the axion field
value around SMBHs is much larger. Therefore, the black
hole polarization measurements through EHT and ngEHT
are much more sensitive than the CMB measurements. For
detailed discussions, one can refer to Appendix E.
There are two competing effects that determine the

sensitivities. In general, a large star formation rate will
lead to heavier critical axion stars, which provides better
sensitivities to lighter axions due to the large Bose enhance-
ments. The decay of axion stars near black holes should
also be taken into account, which suppresses the sensitiv-
ities when GMBHma is close to 1. On the other hand, a
larger value of GMBHma corresponds to more enhance-
ments on the axion field value of critical stars, which tends
to make the sensitivities better. Therefore, we see the
sensitivity is almost flattened in a wide range of axion
masses, as shown in Fig. 2. Note that the axion decay
constant fa is also a crucial part of the story to calculate the
axion parameter space that can be probed. A large self-
interaction can enhance the formation rate of axion stars,
which can expand the discovery space for axion parameters

until the critical mass of axion stars is reached, as shown in
Fig. 2. But axion star formation can happen even without
self-interactions, which will give us the most conservative
estimation in the sensitivity to axion parameters from black
hole polarimetry, as shown in the shaded region of Fig. 2.
Black hole polarimetry has to resolve the size of the axion

star for probing the polarization rotation induced by axion
stars. It is challenging to resolve the near-horizon region of
supermassive black holes if they are at high redshifts. The
required angular resolution to probe axions is given by
∼R�=Ds, where R� is the axion star radius given in Eq. (11)
and Ds is the comoving distance of the supermassive black
hole. Space interferometry in the future will provide a better
angular resolution with longer baselines [142], which can
resolve axion stars near supermassive black holes much
more precisely. Therefore, we expect polarimetric imaging
of the near-horizon region of supermassive black holes will
also serve as competitive axion searches in the future, with
great potential to discover axion dark matter.

IV. CONCLUSION

In this work, we systematically study the axion star
configuration, axion star formation rate, and axion bire-
fringence effect around supermassive black holes and
propose black hole polarimetry for sensitive detection of
axion dark matter. The axion birefringence effect is

FIG. 2. The range of axion-photon couplings that can be probed by the birefringence effect of axion stars in black hole images. Here
we use M87* and Sgr A* to discuss the detection capabilities, taking the precision of polarimetric measurement as 3° for both of them.
The masses of M87* and Sgr A* are taken to be 6.5 × 109M⊙ [136] and 4.2 × 106M⊙ [141], respectively. The shaded parameter space
shows the sensitivity by considering axion star formation from gravity only. In the region where ma is relatively small, tH < tdecay and

the solid lines obey gaγγ ∝ m−3=4
a . In the region where ma is large, tH > tdecay, from which we have gaγγ ∝ m3=4

a . The dashed “critical”
curve encloses the parameter space expanded by including the formation rate from self-interactions where fa is chosen to form critical
stars that maximize Δϕpolar. The parameter space above the dotted curve shows the potential maximal sensitivity when the decay rate of
axion stars Γdecay ∝ ðGMBHmaÞ5þ4l is suppressed for excited states with large l.
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distinguishable from astrophysical effects on the rotation of
polarization angle since it is frequency-independent and
modulating at the timescale of 1=ma coherently over the
size of an axion star. Therefore, if a large axion field value
is developed around supermassive black holes, it will
become a potential discovery machine for axion dark
matter. In our study, a new stable solution of axion stars
in the gravitational background of black holes is obtained,
and the axion star mass is calculated based on the
condensation timescale of axion waves considering both
gravitational and axionic self-couplings, showing that a
large axion field around black holes is indeed possible for
a broad range of parameter space. The maximal mass of
axion stars is determined by the axion self-coupling, where
a stronger self-coupling corresponds to a smaller maximal
mass and larger axion star formation rate. We studied the
axion star formation rate using analytical models motivated
by numerical simulations. The axion star formation rate
from gravity is already significant, and the self-coupling of
axions can further enhance it, expanding the parameter
space that can be probed. When the maximal mass of axion
stars is achieved with a sufficiently large axion self-
coupling but not too strong to reduce the maximum mass,
more axion parameters can be probed. The exact law for the
growth of the mass of axion stars is still being actively
studied, and future numerical studies might change the
axion star mass predicted in this work. However, our
calculation is conservative as we only considered the
condensation of axion waves in dark matter halos, which
has been extensively studied in the literature. We did not
include the possible enhancements in the formation rate
from the gravitational potential of black holes. We show
that polarimetric imaging of the near-horizon region of
supermassive black holes which can resolve the axion star
profile will provide sensitive probes to axion-photon
couplings. Future observations with the next-generation
Event Horizon Telescope will greatly expand the axion
mass range it can probe with more sources and improve the
sensitivity on the axion-photon coupling constant gaγγ with
better measurements on the polarization angle. Black hole
polarimetry not only will be interesting in astrophysics, but
also will provide one of the best complimentary searches on
the nature of dark matter.
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APPENDIX A: AXION STAR CONFIGURATION
IN THE SMBH BACKGROUND

In this section, we solve the axion star configuration in
the SMBH background. In the SMBH background, the
axion field obeys the Klein-Gordon in curved spacetime,
which is written as

1ffiffiffiffiffiffi−gp ∂μð
ffiffiffiffiffiffi
−g

p
gμν∂νaÞ ¼ −V 0ðaÞ: ðA1Þ

The metric of the SMBH background in the Newtonian
limit is

gμν ¼ diagð1þ 2Φ;−ð1 − 2ΦÞ;−r2;−r2 sin2 θÞ; ðA2Þ

where Φ represents the gravitational potential. In Eq. (A2),
we use the Newtonian approximation because we focus on
the region where r ≫ GMBH. Neglecting the axion self-
interaction, doing the time average, and neglecting the
higher order terms, we write Eq. (A1) as

∇2Θ ¼ 2

�
m2

aΦþm2
a − ω2

a

2

�
Θ; ðA3Þ

where the spatial Laplace operator can be written as

∇2 ¼ ∂
2

∂r2
þ 2

r
∂

∂r
ðA4Þ

because the axion’s ground state configuration is spheri-
cally symmetric.
In the Newtonian limit, the gravitational potential obeys

the Poisson equation, i.e., the linearized Einstein equation.
Here, we have

∇2Φ ¼ 4πGρtot; ðA5Þ

where

ρtot ¼ ρ� þ ρBH: ðA6Þ

Here, ρ� denotes the density of the axion star and ρBH
denotes the density of the black hole. Because we focus on
the region where r ≫ GMBH, we approximately have

ρBH ≃MBHδ
ð3ÞðrÞ: ðA7Þ

Because we focus on the situation whereMBH ≫ M�, after
solving Eq. (A5), we have

Φ ≃ −
GMBH

r
: ðA8Þ

After substituting Eq. (A8) and imposing the boundary
condition Θðr → ∞Þ ¼ 0, we get the ground state solution
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ΘðrÞ ¼ Θ0 exp ð−GMBHm2
arÞ ðA9Þ

with the eigenfrequency

ωa ¼ ma

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðGMBHmaÞ2

q
: ðA10Þ

From Eq. (A9), we know that the radius of the axion star is
R� ∼ 1=GMBHm2

a. When r ≫ R�, the axion field decreases
exponentially. To be more specific, we define R� to be
radius which envelopes 99% of the axion star mass, then
we have

R� ¼
c99

GMBHm2
a
; where c99 ≃ 4.2: ðA11Þ

From Eq. (A10), we find that, to have a stable axion
configuration, we need

ma ≤
1

GMBH
: ðA12Þ

Otherwise, the axion’s oscillation frequency is imaginary,
which means that the axion is absorbed by the black hole
when its size is comparable with the black hole’s event
horizon.

APPENDIX B: AXION STAR ENERGY
IN THE SMBH BACKGROUND

In this section, we will do a detailed calculation of the
axion star’s energy in the SMBH background. The axion’s
energy density can be written as

ρ� ¼
ω2
af2aΘ2

4
þf2a

4

�
dΘ
dr

�
2

þm2
af2aΘ2

4
−
λf4aΘ4

64
; ðB1Þ

where we do the time-average over the time-oscillation
terms. In Eq. (B1), the first term denotes the oscillation
energy density, the second term denotes the gradient energy
density, the third term denotes the potential energy density
from axion’s mass term, and the fourth term denotes the
potential energy density from axion’s self-interaction.
Based on the discussion above, the total energy of axion

star can be written as

Etot� ¼ Eosc� þ Egrad
� þ Emass� þ Eλ� þ Egrav

� : ðB2Þ

Each term in Eq. (B2) can be written as

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

Eosc� ¼ R
d3r ω

2
af2aΘ2

4
¼ πf2aω2

aΘ2
0

4G3m6
aM3

BH

Egrad
� ¼ R

d3r f
2
a
4

�
dΘ
dr

�
2 ¼ πf2aΘ2

0

4Gm2
aMBH

Emass� ¼ R
d3r m

2
af2aΘ2

4
¼ πf2aΘ2

0

4G3m4
aM3

BH

Eλ� ¼ −
R
d3r λf

4
aΘ4

64
¼ − πλf4aΘ4

0

512G3m6
aM3

BH

Egrav
� ¼ −

R
d3r GMBHρ�

r ≃ − πf2aΘ2
0

2Gm2
aMBH

:

ðB3Þ

When GMBHma ≪ 1, ωa ≃ma; therefore, we have

M� ≃ Eosc� þ Emass� ≃
πΘ2

0f
2
a

2G3M3
BHm

4
a
; ðB4Þ

where contributions from Egrad
� and Eλ� are negligible.

Representing Θ0 in terms of M� using Eq. (B4), we can
write the gradient energy listed in Eq. (B3) as

Egrad
� ≃

Gm2
aM2

BHM�
2

: ðB5Þ

Similarly, we can write the self-interaction energy listed in
Eq. (B3) as

Eλ� ≃
λG3m2

aM3
BHM

2�
128π

ðB6Þ

and the gravitational energy listed in Eq. (B3) as

Egrav
� ≃ −G2m2

aM2
BHM�: ðB7Þ

Substituting Eq. (B4) into the equation
Δϕpolar ≃ gaγγΘ0fa=2, we have

Δϕpolar ≃ gaγγ

�
G3M3

BHm
4
aM�

2π

�
1=2

: ðB8Þ

Substituting Eq. (20) into Eq. (B8), we can write the
rotation angle of the light polarization at the critical mass as

Δϕmax
polar ≃

4ffiffiffi
3

p gaγγfaGMBHma: ðB9Þ

Therefore, if axions with larger fa can form axion stars at
critical masses, the polarization rotation angle will be
larger.

APPENDIX C: CRITICAL MASS OF THE
AXION STAR IN THE SMBH BACKGROUND

In this section, we derive the axion star’s critical mass
Mmax� in the SMBH background with M� ≪ MBH based
on the variation principle. Here we have the energy of the
axion star, i.e.,
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E� ¼ c1
M�

2m2
aR2�

− c2
λM2�

12m4
aR3�

− c3
GM�MBH

R�
; ðC1Þ

where the first term is the gradient energy, the second term
is the energy from the axion self-interaction, and the third
term is the gravitational energy of the axion star in the
SMBH background. Comparing Eq. (C1) with Eqs. (A11)
and (B5)–(B7), we can determine that

c1 ¼ c299; c2 ¼
3c399
32π

; c3 ¼ c99: ðC2Þ

It is worth noting that the numerical values of c1, c2 in
Eq. (C2) are different from those of self-gravitating axion
stars where c1 ≃ 9.9, c2 ≃ 0.85 [109,143,144].
Doing the variation of Eq. (C1) and imposing the

condition dE�=dR� ¼ 0 for the configuration’s stability,
we have

R� ¼
c1

2c3GMBHm2
a

	
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

c2c3
c21

λGM�MBH

r 

: ðC3Þ

In the weak coupling limit where λ is negligible, we have
R� ≃ c99=GMBHm2

a. This is consistent with the result in
Eq. (A11). However, the axion star is unstable and starts to
explode ifM� becomes too large. If the axion star stays in a
stable configuration, R� in Eq. (C3) has to be a real number.
This requires that

M� ≤ Mmax� ¼ 32π

3λGMBH
: ðC4Þ

During the axion accretion around the SMBH, the axion
star’s mass grows as M� ∝ t1=2 until M� ≃Mmax� .
Afterward, the axion star triggers the bosenova and main-
tains a mass ∼Mmax� . After the bosenova, the axion field
value is only changed by an Oð1Þ factor, so the conclusion
will not be changed qualitatively.
Before ending this section, we want to comment on the

different M� − R� relation for the axion star in the SMBH
background and the self-gravitating axion star. As shown in
Eq. (C3), the black hole mass replaces the axion star mass
in the usual axion star mass-radius relation. This is easily
understandable because the gravitational potential of axion
stars is more important in self-gravitating axion stars while
the gravity of black holes is dominating in our case.
Therefore, the gravitational potential of black holes natu-
rally holds the axion stars, and axion stars become more
compact from the gravitational pull of black holes.

APPENDIX D: AXION ACCRETION
IN THE SMBH BACKGROUND

In this section, we discuss the accretion of the axion
within the background of the SMBH. Axion mass accu-
mulates around the SMBH, obeying power-law growth.

This effect leads to the mass growth of the axion star. In the
meantime, because the part of the axion star inside the
horizon of the SMBH is absorbed, it experiences expo-
nential decay. Considering these two competing effects,
we have

dM�
dt

¼ M̄2�
τ

1

M�
−M�Γdecay; ðD1Þ

where M� begins to evolve from zero to nonzero values at
t ¼ 0. In the right-hand side of Eq. (D1), the first term
represents the accumulation of axions obeying the power
law M�ðtÞ ∝ t1=2. τ represents axion’s relaxation time
including both the gravitational interaction and the self-
interaction. M̄� is the characteristic mass of the axion star.
The second term represents the exponential decay of the
axion star in the gravitational field of SMBH, which
appears as the imaginary part of the energy eigenvalue.
From [133–135], we know that the decay rate is

Γdecay ∼ ðmaΩBH − ωaÞ × ðGMBHmaÞ5þ4l; ðD2Þ

where ΩBH is the spin of the black hole, l is the angular
momentum quantum number, and ωa is the real part of the
axion oscillation frequency ωa ¼ ma

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðGMBHmaÞ2

p
.

Because we focus on the region where ma ≪ 1=GMBH,
there is ωa ≃ma. For the axion star in the ground state, we
have l ¼ 0; therefore, the inverse of the decay time is

t−1decay ∼ma × ðGMBHmaÞ5: ðD3Þ

During the evolution of the Universe, the mass of an axion
star grows over time with a power law until the two terms in
the left-hand side of Eq. (D1) cancel each other. Given that
the age of the Universe is tH ≃ 1=H0, today’s axion star
mass is

M� ¼ M̄� ×
�
minðtdecay; tHÞ

τ

�
1=2

ðD4Þ

before M� reaches the critical mass Mmax� .
To calculate τ in Eq. (D4), we need to know ρa. To

specify this, we choose ρa to be the energy density at
r ¼ r0, where r0 satisfies

Mhaloðr < r0Þ ≃MBH: ðD5Þ

In the region where r > r0, the SMBH gravitational field is
subdominant and therefore the axions in this region do not
feel the existence of the SMBH. Moreover, because the
axion accretion time mostly depends on the outside mass
shell, using ρa at r ¼ r0 is a conservative approach.
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We assume that the axion halo has the NFW profile

ρNFWðrÞ ¼
ρs

r
rs

�
1þ r

rs

�
2
: ðD6Þ

If the halo mass integration is cut off at r200, where r200 is
the radius where the averaged halo density is 200 times the
average matter density ρm, we have

ρs ¼
Δ200ρmc3

3fðcÞ and rs¼
�

Mhalo

4πρsfðcÞ
�

1=3
; ðD7Þ

where

fðcÞ ¼ logð1þ cÞ − c
1þ c

ðD8Þ

and Δ200 ¼ 200. Here, c is the dark matter halo concen-
tration factor and is generally chosen to be c ∼ 10. To solve
r0, we substitute Eqs. (D7) and (D8) into Eq. (D5) and then
do the Talyor expansion over r0=rs given that r0 ≪ rs.
After some algebra, we have

r0 ≃
�

MBH

2πrsρs

�
1=2

: ðD9Þ

We also have

v0 ¼
�
2GMBH

r0

�
1=2

ðD10Þ

and

ρ0 ¼
ρs

r0
rs

�
1þ r0

rs

�
2
: ðD11Þ

Substituting Eqs. (D11) and (D10) into the formula of the
condensation timescale, we will be able to calculate the
axion star formation rate. For example, the condensation
timescale caused by self-interactions can be expressed as

τself ≃
64dm3

af4av20
3πρ20

: ðD12Þ

The gravitational condensation time is given by

τgr ≃
b

48π3
m3

av60
G2ρ20 log ðmav0RÞ

: ðD13Þ

Based on Eqs. (D4) and (D13), we can explain the power-
law behavior of the solid lines in Fig. 2, where the
gravitational condensation dominates. When ma is small,
the decay rate is suppressed, which leads to tH < tdecay.

Thus, we have M� ≃ M̄�ðtH=τgrÞ1=2 ∝ m−5=2
a . Because

ρ� ∼M�=R3�, we have Δϕpolar ∝ gaγγm
3=4
a . Given the

determined Δϕpolar, we conclude that the solid contours

obey gaγγ ∝ m−3=4
a . When tdecay < tH, we have M� ≃

M̄�ðtdecay=τgrÞ1=2. From Eq. (D3), we have tdecay ∝ m−6
a ,

which leads to M� ∝ m−11=2
a . Therefore, we have

Δϕpolar ∝ gaγγm
−3=4
a , from which we have gaγγ ∝ m3=4

a .
It is worth noting that the gravitational interaction will

dominate over self-interaction if fa > Mplv during the
formation of axion stars. Also note that the power-law
growth M�ðtÞ ∝ t1=2 is only a benchmark model and the
power-law index may be different. For example, the halo
profile may contribute to the power-law growth. If a star is
formed within a small radius of the halo, which is the
situation here, the mass contained in this region is small.
For an NFW profile, the mass contained within r is

MðrÞjr→0 ¼ 4πρsr3sfðr=rsÞ ≃ 2πρsrsr2: ðD14Þ

At a small radius, the mass enclosed will form an axion star
when all the axion waves are scattered with each other and
thermalized. The formation timescale dominated by self-
interactions is τself ∝ v2=ρ2. At a small radius of an NFW
halo, the dark matter density and velocity scale as ρ ∝ 1=r
and v ∝

ffiffiffi
r

p
, respectively. Therefore, MðtÞ ∝ r2 ∝ t2=3.

Similarly, if gravity dominates the axion star formation,
τgr ∝ v6=ρ2 ∝ r5 at a small radius and the mass growth
power law is given byMðtÞ ∝ t2=5. One may use a different
power-law index for the growth behavior of axion stars, but
this should not change the result significantly.
In [124], the growth of axion stars is further enhanced by

the axion star itself since it will capture axions that are
originally unbound, triggering exponential growth on the
axion star mass before it reaches the critical mass. Such a
capture rate may not be relevant in our case since the dark
matter environment is so dense and the scattering of axion
waves is already significant enough to form axion stars. As
shown in Eq. (D1), the growth term from external axion
scattering is M�2=ðτM�Þ while axion star capture will
introduce a new growth term M�=τ, which is subdominant
when M� < M�.
In Fig. 3, we plot the ma-fa plane that leads to the

formation of critical stars near supermassive black holes.
Both ma and fa are relevant for the formation and growth
of axion stars as well as their critical mass. When the
critical mass is reached, the sensitivity to axion-photon
couplings is maximized. It is worth noting that our
calculation has been conservative because we considered
the decay of axion stars near black holes using the decay
rate of axion stars in the ground state. The large decay rate
of axion stars whenGMBHma ∼ 1 is the reason why a small
fa is needed to form critical stars at the high mass end.
Future simulations of axion fields might be able to
determine the exact axion state distributions, and we will
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have a better understanding of the axion parameter space
that leads to the formation of critical stars.

APPENDIX E: AXION DENSITIES
AROUND THE SMBHS

In this section, we numerically estimate the axion
densities developed through the axion accretion around
the SMBHs and compare them with the axion densities
during the CMB epoch (zCMB ∼ 103). Through this, we can
intuitively reveal the reason why the axion constraints from
the black hole polarimetry are stronger than the CMB
polarization measurements. Here, we take Sgr A* as an
example and the discussion of M87* is similar. From
Eq. (11), the radius of the axion star around Sgr A* is

R�jSgr A� ∼ 10−4 pc
�
10−18 eV

ma

�
2

: ðE1Þ

To simplify the discussion, we assume that the axion star
formation merely comes from the gravitational interaction.
Utilizing Eqs. (25), (27), and (E1), we have the density of
the axion star around Sgr A*, which is

ρ�jSgr A� ∼ 1011 GeV=cm3

�
ma

10−18 eV

�
1=2

: ðE2Þ

To compare the sensitivities from the EHT with the
one through the CMB polarization, we also calculate
the axion density at the last scattering surface using
ρajCMB ∼ ð1þ zCMBÞ3ρ̄a;0. Here, ρ̄a;0 ∼ 1 keV=cm3 is the
average density of the axion dark matter today. Therefore,
we have

ρajCMB ∼ 103 GeV=cm3: ðE3Þ

Noticing that Eq. (E2) is much larger than Eq. (E3), we
know that the axion field values around the SMBHs are
much larger than the axion field value at the last scattering
surface. Because the sensitivity of Planck 2018 is around
Δϕpolar ∼ 1° and the future CMB measurement can only
improve by less than two orders of magnitude [80,81], we
prove that the black hole polarization measurement is much
more sensitive to detect the axion dark matter compared
with CMB polarization measurement.

FIG. 3. The axion parameter space that leads to the formation of axion stars at critical masses near the supermassive black holes is
plotted. A smaller fa is ideal for forming critical stars because the formation rate of axion stars is enhanced with a small fa and the
corresponding critical mass of axion star is also small. However, it is not required to obtain the sensitivity since axion stars can also form
with gravitational interactions. We again considered axion star formation near both M87* and Sgr A*. The light gray region is the axion
parameter space excluded by the superradiance of SMBHs [34–36]. Ultralight axion dark matter with masses lighter than 10−21 eV is
excluded by Lyman-α forest [145–150]. The ultrafaint dwarf galaxies may also place a limit on the dark matter mass to be heavier than
10−19 eV [61]. The gray region on the upper left corner shows the constraints from structure formation [124,151–153].
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