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➢Research Motivation 

➢Indirect search for ultra-light dark 
matter(DM) by SKA-like experiments:                      
axion DM, axion star, dark photon DM 

➢Indirect search for heavy dark matter by 
phase transition gravitational wave 
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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This situation may point us towards new approaches,  such as 
 the Radio telescope experiments (SKA, FAST, GBT…)  
 the Laser Interferometer experiments (TianQin/LISA…)

Phys.Rev.Lett. 121 (2018) no.11, 111302 

Whenever we see this cosmic pie, we are always confused:  
what is the nature of DM?   Many experiments have been done to 
unravel this long-standing problem. However, there are no expected 
signals at LHC and DM direct search.



    What is dark matter?

Gravitational lensing 

Bullet cluster collision

CMB spectrum

Galaxy rotation curve



EW phase 
transition and 
baryogenesis:

LISA,
Tianqin/Taiji

QCD phase transition and 
axion cold dark matter:

SKA, FAST, GBT(radio telescope)

credit:D.Baumann
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  I.Explore diffused dark matter by SKA

We firstly study using the SKA-like experiments to 
explore the resonant conversion of axion cold dark 
matter to radio signal from magnetized astrophysical 
sources, such as neutron star, magnetar and pulsar.

FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001, arXiv:1803.08230

Axion or axion-like particle motivated from strong 
CP problem or string theory is still one of the most 
attractive and promising dark matter candidate.



The Square Kilometre Array (SKA) 

credit: SKA website

Early science observations are expected to start in 2021 with a partial array.



The Five-hundred-meter Aperture Spherical radio Telescope (FAST)

Credit:FAST website 

From 25 Sep. 2016



The Green Bank Telescope (GBT) 

credit:GBT website

GBT is running observations roughly 6,500 hours each year



FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001



Radio telescope search for the resonant 
conversion of cold dark matter axions  

from the magnetized astrophysical sources 

➢Cold DM is composed of non-relativistic axion or 
axion-like particles, and can be accreted around 
the neutron star 

➢Neutron star (or pulsar and magnetar) has the 
strongest position-dependent magnetic field in the 
universe 

➢Neutron star is covered by magnetosphere and 
photon becomes massive in the magnetosphere 

Three key points:



Quick sketch of the neutron star size 

The radius of the neutron star is slightly larger than the 
radius of the LHC circle. 



Strong magnetic field in the magnetosphere of   
Neutron star, Pulsar, Magnetar:  

the strongest magnetic field  in the universe

1.  Mass:from 1 to 2 solar mass 

2. Radius: 

3. Strongest magnetic field at the surface  
of the neutron star

B0 ⇡ 1012 � 1015G

4. Neutron star is surrounded by large 
 region of magnetosphere,  

where photon becomes massive. 

r0 ⇠ 10� 20km

r ⇠ 100r0

B0 ⇠ 3.3⇥ 1019
p

PṖ G
P is the period of neutron star

The typical diameter of neutron star  
is  just  half  Marathon.

Alfven



  Axion-photon conversion in the magnetosphere

Massive Photon: In the magnetosphere of the neutron 
star, photon obtains the effective mass in the magnetized 
plasma.  

convert to the spin-1 photon in the presence of the external
magnetic field perpendicular to the photon propagation,
and the interaction term in the Lagrangian for the electro-
magnetic field and the axion is

Lint ¼
1

4
gF̃μνFμνa ¼ −gE ·Ba; ð2Þ

where g represents the axion-photon coupling with the
dimension ½mass%−1, E is the electric field associated with
the photon, and B is the transverse component (with respect
to the photon propagation) of the magnetic field.1 The
axion in our discussions, for the sake of brevity, refers to
the axion and more generally to the ALP as well defined by
this Lagrangian characterized by its mass and coupling to
the photon (we accordingly treat ma, g as independent
parameters).
LQED represents the quantum correction to the Maxwell

equation (due to the QED vacuum polarization), and it can
be given by the Euler-Heisenberg action whose leading
order term is [16,39]

LQED ¼ α2

90m4
e

7

4
ðFμνF̃μνÞ2; ð3Þ

where α ¼ e2=4π is the fine-structure constant. The photon
obtains the effective mass in the magnetized plasma. The
contribution of the photon mass m2

γ ¼ Qpl −QQED comes
from the vacuum polarization

QQED ¼ 7α
45π

ω2 B2

B2
crit

; ð4Þ

with Bcrit ¼ m2
e=e ¼ 4.4 × 1013 G and the plasma mass

characterized by the plasma frequency ωpl,

Qplasma ¼ ω2
plasma ¼ 4πα

ne
me

; ð5Þ

with the charged plasma density ne. It has been pointed out
that the QED vacuum polarization effect spoils the reali-
zation of the adiabatic resonant conversion between the
relativistic axion (with the observable X-ray energy range)
and the photon in the vicinity of a neutron star with strong
magnetic fields [16,17]. We note here that the vacuum
polarization effect is not important compared with the
plasma effect for our axion CDM scenario. As a simple
estimation, adopting the Goldreich-Julian charge density
[40] for the plasma density,

nGJe ¼ 7 × 10−2
1s
P
BðrÞ
1 G

1

cm3
; ð6Þ

where P is the neutron star spin period,

Qpl

QQED
∼ 5 × 108

!
μeV
ω

"
2 1012 G

B
1 sec
P

: ð7Þ

We can, hence, safely ignore QQED with respect to Qpl for
the parameter range of our interest because of a small
photon frequency ω relevant for the frequency range
sensitive to the radio telescopes in our CDM axion scenario
(ω ∼ma).
The equation for the axion-photon plane wave with a

frequency ω reads
#
ω2 þ ∂2

z þ
!−m2

γ gBω

gBω −m2
a

"$!
γ

a

"
¼ 0; ð8Þ

where we assumed for simplicity the time-independent
magnetic field BðrÞ [16]. The mass matrix here can be
diagonalized by the rotation unitary matrix,

U ¼
!

cos θ̃ sin θ̃

− sin θ̃ cos θ̃

"
; ð9Þ

with

cos 2θ̃ ¼
m2

a −m2
γffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4g2B2ω2 þ ðm2
γ −m2

aÞ2
q

sin 2θ̃ ¼ 2gBωffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4g2B2ω2 þ ðm2

γ −m2
aÞ2

q ; ð10Þ

where the tilde represents the mixing angle in the medium
to be distinguished from that in the vacuum. The maximum
mixing can occur when m2

γðrÞ ≈ma. The mass eigenvalues
are

m2
1;2 ¼

ðm2
γ þm2

aÞ '
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

γ −m2
aÞ2 þ 4g2B2ω2

q

2
ð11Þ

with the corresponding momentum for the mass eigen-
states:

k21;2 ¼ ω2 −m2
1;2: ð12Þ

If the magnetic field is homogeneous, the conversion
probability for the axion into photon becomes

pa→γ ¼ sin2 2θ̃ðzÞ sin2½zðk1 − k2Þ=2% ð13Þ

for the wave dominated by the axion component at z ¼ 0.
This is analogous to the neutrino oscillations, and we can
interpret the axion-photon conversion in an analogous
manner. Even though the magnetic field is inhomogeneous
in the neutron star magnetosphere, the conversion in such a

1The photon here has a liner polarization parallel to the
external magnetic field. The other photon polarization state
and the photon mass term due to the Cotton-Mouton effect
(which can cause the birefringence) are of little importance in our
discussions and thus will be ignored [16,39].

HUANG, KADOTA, SEKIGUCHI, and TASHIRO PHYS. REV. D 97, 123001 (2018)
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m2
� = !2

plasma = 4⇡↵ ne
me

<latexit sha1_base64="L58cI1J7FwgwKskfLeuk5nVojjc="></latexit>



nonuniform magnetic field can be studied analogously to
the MSWeffect for the neutrino oscillations in the spatially
varying matter background [41,42]. The wave initially
dominated by the axion component can maximally mix
with the photon in the resonance region in the presence of
the strong magnetic fields, and it gets adiabatically trans-
formed into the photon state, resulting in the photon-
dominated wave outside the magnetosphere.
We now more quantitatively discuss the conditions for

the adiabatic resonant conversion of the CDM axion into
photons.

III. THE ADIABATIC RESONANT CONVERSION
OF AXIONS INTO PHOTONS

The resonance can occur when the maximum mixing
angle is realized for m2

γðrÞ ≈m2
a. The photon mass or the

plasma mass depends on the plasma density. The realistic
modeling of the magnetosphere of a neutron star is beyond
the scope of this paper, and we simply assume a simple
dipole magnetic field with a magnitude at the neutron star
surface B0 and the charged plasma density obeying the
Goldreich-Julian density,

BðrÞ ¼ B0

!
r
r0

"−3
; ð14Þ

and

m2
γðrÞ ¼ 4πα

neðrÞ
me

;

neðrÞ ¼ nGJe ðrÞ ¼ 7 × 10−2
1s
P
BðrÞ
1 G

1

cm3
; ð15Þ

where r0 is the neutron star radius. The resonance radius is
defined at the level crossing point m2

γðrresÞ ¼ m2
a given by

!
rres
r0

"−3
≈ 10−3

!
ma

μeV

"
2
!
1014 G
B0

"!
P

10 sec

"
: ð16Þ

At the resonance, jm2
γ −m2

aj ≪ gBω andm2
1;2 ≈m2

a $ gBω.
From the mixing angle given in Eq. (10),

sin 2θ̃ ¼
ð2gBω=m2

γÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4g2B2ω2=m4

γÞ þ ð1 − ðma=mγÞ2Þ2
q

≡ c1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c21 þ ð1 − fðrÞÞ2

p ; ð17Þ

where c1 is a constant independent of the radius, we can see
that the resonance occurs when fðrÞ≡ ðma=mγÞ2 ¼ 1 with
the resonance width Γ ¼ 2c1 ≡ 4gBω=m2

γ .
We first examine the adiabatic condition for the sufficient

conversion of axions. The adiabatic resonant conversion
requires that the region in which the resonance is approx-
imately valid inside the resonance width,

δr ∼ δfjdf=drj−1res ∼ 2c1jdf=drj−1res; ð18Þ

is sufficiently bigger than the oscillation length scale at the
resonance,

losc ¼
2π

jk1 − k2jres
; ð19Þ

δr > losc hence requires

jd ln f=drj−1res > 650½m'
!
ma

μeV

"
3
!
vres
10−1

"!
1=1010 GeV

g

"
2

×
!
1012 G
BðrresÞ

"
2
!
μeV
ω

"
2

: ð20Þ

The velocity at the resonance vres can be affected by the
gravitational acceleration near the neutron star and can be
much bigger than the characteristic CDM velocity in our
solar neighborhood v ∼ 10−3 (e.g., the escape velocity can
be of order v ∼Oð0.1Þ inside the magnetosphere of a
neutron star). This adiabaticity condition means the scale
relevant for the plasma density variation should be bigger
than the scale indicated on the right-hand side. The typical
scale for the magnetosphere (or the Alfven radius) is of
order 100r0 ∼Oð106Þm, and we can infer that this variation
length scale required for the adiabaticity can well be within
the neutron star magnetosphere. This condition is equiv-
alent to jdθ̃=drjres < l−1osc as readily checked by using
Eq. (10) and the resonance condition m2

γ ¼ m2
a. The

adiabatic condition hence assures us that the mixing angle
variation is slow enough assuming that the density variation
is sufficiently smooth so that the higher order terms do not
become significant.
For the axion-photon wave propagation in the magneto-

sphere, due to the existence of the plasma medium, we also
demand the coherence of the wave propagation for the
resonant conversion. This gives additional constraints
which do not show up for the analysis of the conventional
neutrino oscillations. The incoherent scatterings between
the converted photon and plasma medium, such as the
Thomson scatterings, can lose the coherence of the wave
propagation [16,17]. We demand that the photon mean free
path exceeds the oscillation length to prevent the photon
component of the beam from incoherently scattering with
the plasma. The Thomson scattering,

σ ¼ 8πα2=3m2
e; ð21Þ

and the mean free path is

1

σne
∼

107 km
ne=ð1012=cm3Þ

; ð22Þ

which exceeds all the relevant length scales of our
discussions (ne ∼ 1012=cm3 corresponds to the gas density
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nonuniform magnetic field can be studied analogously to
the MSWeffect for the neutrino oscillations in the spatially
varying matter background [41,42]. The wave initially
dominated by the axion component can maximally mix
with the photon in the resonance region in the presence of
the strong magnetic fields, and it gets adiabatically trans-
formed into the photon state, resulting in the photon-
dominated wave outside the magnetosphere.
We now more quantitatively discuss the conditions for

the adiabatic resonant conversion of the CDM axion into
photons.

III. THE ADIABATIC RESONANT CONVERSION
OF AXIONS INTO PHOTONS

The resonance can occur when the maximum mixing
angle is realized for m2

γðrÞ ≈m2
a. The photon mass or the

plasma mass depends on the plasma density. The realistic
modeling of the magnetosphere of a neutron star is beyond
the scope of this paper, and we simply assume a simple
dipole magnetic field with a magnitude at the neutron star
surface B0 and the charged plasma density obeying the
Goldreich-Julian density,

BðrÞ ¼ B0

!
r
r0

"−3
; ð14Þ

and

m2
γðrÞ ¼ 4πα

neðrÞ
me

;

neðrÞ ¼ nGJe ðrÞ ¼ 7 × 10−2
1s
P
BðrÞ
1 G

1

cm3
; ð15Þ

where r0 is the neutron star radius. The resonance radius is
defined at the level crossing point m2

γðrresÞ ¼ m2
a given by

!
rres
r0

"−3
≈ 10−3

!
ma

μeV

"
2
!
1014 G
B0

"!
P

10 sec

"
: ð16Þ

At the resonance, jm2
γ −m2

aj ≪ gBω andm2
1;2 ≈m2

a $ gBω.
From the mixing angle given in Eq. (10),

sin 2θ̃ ¼
ð2gBω=m2

γÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4g2B2ω2=m4

γÞ þ ð1 − ðma=mγÞ2Þ2
q

≡ c1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c21 þ ð1 − fðrÞÞ2

p ; ð17Þ

where c1 is a constant independent of the radius, we can see
that the resonance occurs when fðrÞ≡ ðma=mγÞ2 ¼ 1 with
the resonance width Γ ¼ 2c1 ≡ 4gBω=m2

γ .
We first examine the adiabatic condition for the sufficient

conversion of axions. The adiabatic resonant conversion
requires that the region in which the resonance is approx-
imately valid inside the resonance width,

δr ∼ δfjdf=drj−1res ∼ 2c1jdf=drj−1res; ð18Þ

is sufficiently bigger than the oscillation length scale at the
resonance,

losc ¼
2π

jk1 − k2jres
; ð19Þ

δr > losc hence requires

jd ln f=drj−1res > 650½m'
!
ma

μeV

"
3
!
vres
10−1

"!
1=1010 GeV

g

"
2

×
!
1012 G
BðrresÞ

"
2
!
μeV
ω

"
2

: ð20Þ

The velocity at the resonance vres can be affected by the
gravitational acceleration near the neutron star and can be
much bigger than the characteristic CDM velocity in our
solar neighborhood v ∼ 10−3 (e.g., the escape velocity can
be of order v ∼Oð0.1Þ inside the magnetosphere of a
neutron star). This adiabaticity condition means the scale
relevant for the plasma density variation should be bigger
than the scale indicated on the right-hand side. The typical
scale for the magnetosphere (or the Alfven radius) is of
order 100r0 ∼Oð106Þm, and we can infer that this variation
length scale required for the adiabaticity can well be within
the neutron star magnetosphere. This condition is equiv-
alent to jdθ̃=drjres < l−1osc as readily checked by using
Eq. (10) and the resonance condition m2

γ ¼ m2
a. The

adiabatic condition hence assures us that the mixing angle
variation is slow enough assuming that the density variation
is sufficiently smooth so that the higher order terms do not
become significant.
For the axion-photon wave propagation in the magneto-

sphere, due to the existence of the plasma medium, we also
demand the coherence of the wave propagation for the
resonant conversion. This gives additional constraints
which do not show up for the analysis of the conventional
neutrino oscillations. The incoherent scatterings between
the converted photon and plasma medium, such as the
Thomson scatterings, can lose the coherence of the wave
propagation [16,17]. We demand that the photon mean free
path exceeds the oscillation length to prevent the photon
component of the beam from incoherently scattering with
the plasma. The Thomson scattering,

σ ¼ 8πα2=3m2
e; ð21Þ

and the mean free path is

1

σne
∼

107 km
ne=ð1012=cm3Þ

; ð22Þ

which exceeds all the relevant length scales of our
discussions (ne ∼ 1012=cm3 corresponds to the gas density
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nonuniform magnetic field can be studied analogously to
the MSWeffect for the neutrino oscillations in the spatially
varying matter background [41,42]. The wave initially
dominated by the axion component can maximally mix
with the photon in the resonance region in the presence of
the strong magnetic fields, and it gets adiabatically trans-
formed into the photon state, resulting in the photon-
dominated wave outside the magnetosphere.
We now more quantitatively discuss the conditions for

the adiabatic resonant conversion of the CDM axion into
photons.

III. THE ADIABATIC RESONANT CONVERSION
OF AXIONS INTO PHOTONS

The resonance can occur when the maximum mixing
angle is realized for m2

γðrÞ ≈m2
a. The photon mass or the

plasma mass depends on the plasma density. The realistic
modeling of the magnetosphere of a neutron star is beyond
the scope of this paper, and we simply assume a simple
dipole magnetic field with a magnitude at the neutron star
surface B0 and the charged plasma density obeying the
Goldreich-Julian density,

BðrÞ ¼ B0

!
r
r0

"−3
; ð14Þ

and

m2
γðrÞ ¼ 4πα

neðrÞ
me

;

neðrÞ ¼ nGJe ðrÞ ¼ 7 × 10−2
1s
P
BðrÞ
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1

cm3
; ð15Þ

where r0 is the neutron star radius. The resonance radius is
defined at the level crossing point m2

γðrresÞ ¼ m2
a given by

!
rres
r0

"−3
≈ 10−3

!
ma

μeV

"
2
!
1014 G
B0
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"
: ð16Þ

At the resonance, jm2
γ −m2

aj ≪ gBω andm2
1;2 ≈m2

a $ gBω.
From the mixing angle given in Eq. (10),

sin 2θ̃ ¼
ð2gBω=m2
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p ; ð17Þ

where c1 is a constant independent of the radius, we can see
that the resonance occurs when fðrÞ≡ ðma=mγÞ2 ¼ 1 with
the resonance width Γ ¼ 2c1 ≡ 4gBω=m2

γ .
We first examine the adiabatic condition for the sufficient

conversion of axions. The adiabatic resonant conversion
requires that the region in which the resonance is approx-
imately valid inside the resonance width,

δr ∼ δfjdf=drj−1res ∼ 2c1jdf=drj−1res; ð18Þ

is sufficiently bigger than the oscillation length scale at the
resonance,

losc ¼
2π

jk1 − k2jres
; ð19Þ

δr > losc hence requires
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The velocity at the resonance vres can be affected by the
gravitational acceleration near the neutron star and can be
much bigger than the characteristic CDM velocity in our
solar neighborhood v ∼ 10−3 (e.g., the escape velocity can
be of order v ∼Oð0.1Þ inside the magnetosphere of a
neutron star). This adiabaticity condition means the scale
relevant for the plasma density variation should be bigger
than the scale indicated on the right-hand side. The typical
scale for the magnetosphere (or the Alfven radius) is of
order 100r0 ∼Oð106Þm, and we can infer that this variation
length scale required for the adiabaticity can well be within
the neutron star magnetosphere. This condition is equiv-
alent to jdθ̃=drjres < l−1osc as readily checked by using
Eq. (10) and the resonance condition m2

γ ¼ m2
a. The

adiabatic condition hence assures us that the mixing angle
variation is slow enough assuming that the density variation
is sufficiently smooth so that the higher order terms do not
become significant.
For the axion-photon wave propagation in the magneto-

sphere, due to the existence of the plasma medium, we also
demand the coherence of the wave propagation for the
resonant conversion. This gives additional constraints
which do not show up for the analysis of the conventional
neutrino oscillations. The incoherent scatterings between
the converted photon and plasma medium, such as the
Thomson scatterings, can lose the coherence of the wave
propagation [16,17]. We demand that the photon mean free
path exceeds the oscillation length to prevent the photon
component of the beam from incoherently scattering with
the plasma. The Thomson scattering,

σ ¼ 8πα2=3m2
e; ð21Þ

and the mean free path is

1

σne
∼

107 km
ne=ð1012=cm3Þ

; ð22Þ

which exceeds all the relevant length scales of our
discussions (ne ∼ 1012=cm3 corresponds to the gas density
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  Axion-photon conversion in magnetosphere

Here, we choose the simplest magnetic field 
configuration and electron density distribution to 

clearly see the underlying physics.  
 

Thus, the photon mass is position r dependent, and within some region the photon  
mass is close to the axion DM mass.



  The Adiabatic Resonant Conversion 

The resonance radius is defined at the level crossing point 
 
Within the resonance region, the axion-photon conversion  
rate is greatly enhanced due to large mixing angle.

nonuniform magnetic field can be studied analogously to
the MSWeffect for the neutrino oscillations in the spatially
varying matter background [41,42]. The wave initially
dominated by the axion component can maximally mix
with the photon in the resonance region in the presence of
the strong magnetic fields, and it gets adiabatically trans-
formed into the photon state, resulting in the photon-
dominated wave outside the magnetosphere.
We now more quantitatively discuss the conditions for

the adiabatic resonant conversion of the CDM axion into
photons.

III. THE ADIABATIC RESONANT CONVERSION
OF AXIONS INTO PHOTONS

The resonance can occur when the maximum mixing
angle is realized for m2

γðrÞ ≈m2
a. The photon mass or the

plasma mass depends on the plasma density. The realistic
modeling of the magnetosphere of a neutron star is beyond
the scope of this paper, and we simply assume a simple
dipole magnetic field with a magnitude at the neutron star
surface B0 and the charged plasma density obeying the
Goldreich-Julian density,

BðrÞ ¼ B0
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where r0 is the neutron star radius. The resonance radius is
defined at the level crossing point m2

γðrresÞ ¼ m2
a given by
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At the resonance, jm2
γ −m2

aj ≪ gBω andm2
1;2 ≈m2

a $ gBω.
From the mixing angle given in Eq. (10),

sin 2θ̃ ¼
ð2gBω=m2

γÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where c1 is a constant independent of the radius, we can see
that the resonance occurs when fðrÞ≡ ðma=mγÞ2 ¼ 1 with
the resonance width Γ ¼ 2c1 ≡ 4gBω=m2

γ .
We first examine the adiabatic condition for the sufficient

conversion of axions. The adiabatic resonant conversion
requires that the region in which the resonance is approx-
imately valid inside the resonance width,

δr ∼ δfjdf=drj−1res ∼ 2c1jdf=drj−1res; ð18Þ

is sufficiently bigger than the oscillation length scale at the
resonance,

losc ¼
2π
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δr > losc hence requires
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The velocity at the resonance vres can be affected by the
gravitational acceleration near the neutron star and can be
much bigger than the characteristic CDM velocity in our
solar neighborhood v ∼ 10−3 (e.g., the escape velocity can
be of order v ∼Oð0.1Þ inside the magnetosphere of a
neutron star). This adiabaticity condition means the scale
relevant for the plasma density variation should be bigger
than the scale indicated on the right-hand side. The typical
scale for the magnetosphere (or the Alfven radius) is of
order 100r0 ∼Oð106Þm, and we can infer that this variation
length scale required for the adiabaticity can well be within
the neutron star magnetosphere. This condition is equiv-
alent to jdθ̃=drjres < l−1osc as readily checked by using
Eq. (10) and the resonance condition m2

γ ¼ m2
a. The

adiabatic condition hence assures us that the mixing angle
variation is slow enough assuming that the density variation
is sufficiently smooth so that the higher order terms do not
become significant.
For the axion-photon wave propagation in the magneto-

sphere, due to the existence of the plasma medium, we also
demand the coherence of the wave propagation for the
resonant conversion. This gives additional constraints
which do not show up for the analysis of the conventional
neutrino oscillations. The incoherent scatterings between
the converted photon and plasma medium, such as the
Thomson scatterings, can lose the coherence of the wave
propagation [16,17]. We demand that the photon mean free
path exceeds the oscillation length to prevent the photon
component of the beam from incoherently scattering with
the plasma. The Thomson scattering,

σ ¼ 8πα2=3m2
e; ð21Þ

and the mean free path is

1

σne
∼

107 km
ne=ð1012=cm3Þ

; ð22Þ

which exceeds all the relevant length scales of our
discussions (ne ∼ 1012=cm3 corresponds to the gas density
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nonuniform magnetic field can be studied analogously to
the MSWeffect for the neutrino oscillations in the spatially
varying matter background [41,42]. The wave initially
dominated by the axion component can maximally mix
with the photon in the resonance region in the presence of
the strong magnetic fields, and it gets adiabatically trans-
formed into the photon state, resulting in the photon-
dominated wave outside the magnetosphere.
We now more quantitatively discuss the conditions for

the adiabatic resonant conversion of the CDM axion into
photons.

III. THE ADIABATIC RESONANT CONVERSION
OF AXIONS INTO PHOTONS

The resonance can occur when the maximum mixing
angle is realized for m2

γðrÞ ≈m2
a. The photon mass or the

plasma mass depends on the plasma density. The realistic
modeling of the magnetosphere of a neutron star is beyond
the scope of this paper, and we simply assume a simple
dipole magnetic field with a magnitude at the neutron star
surface B0 and the charged plasma density obeying the
Goldreich-Julian density,
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defined at the level crossing point m2
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γ −m2

aj ≪ gBω andm2
1;2 ≈m2

a $ gBω.
From the mixing angle given in Eq. (10),

sin 2θ̃ ¼
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≡ c1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c21 þ ð1 − fðrÞÞ2
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where c1 is a constant independent of the radius, we can see
that the resonance occurs when fðrÞ≡ ðma=mγÞ2 ¼ 1 with
the resonance width Γ ¼ 2c1 ≡ 4gBω=m2

γ .
We first examine the adiabatic condition for the sufficient

conversion of axions. The adiabatic resonant conversion
requires that the region in which the resonance is approx-
imately valid inside the resonance width,

δr ∼ δfjdf=drj−1res ∼ 2c1jdf=drj−1res; ð18Þ

is sufficiently bigger than the oscillation length scale at the
resonance,

losc ¼
2π

jk1 − k2jres
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δr > losc hence requires
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The velocity at the resonance vres can be affected by the
gravitational acceleration near the neutron star and can be
much bigger than the characteristic CDM velocity in our
solar neighborhood v ∼ 10−3 (e.g., the escape velocity can
be of order v ∼Oð0.1Þ inside the magnetosphere of a
neutron star). This adiabaticity condition means the scale
relevant for the plasma density variation should be bigger
than the scale indicated on the right-hand side. The typical
scale for the magnetosphere (or the Alfven radius) is of
order 100r0 ∼Oð106Þm, and we can infer that this variation
length scale required for the adiabaticity can well be within
the neutron star magnetosphere. This condition is equiv-
alent to jdθ̃=drjres < l−1osc as readily checked by using
Eq. (10) and the resonance condition m2

γ ¼ m2
a. The

adiabatic condition hence assures us that the mixing angle
variation is slow enough assuming that the density variation
is sufficiently smooth so that the higher order terms do not
become significant.
For the axion-photon wave propagation in the magneto-

sphere, due to the existence of the plasma medium, we also
demand the coherence of the wave propagation for the
resonant conversion. This gives additional constraints
which do not show up for the analysis of the conventional
neutrino oscillations. The incoherent scatterings between
the converted photon and plasma medium, such as the
Thomson scatterings, can lose the coherence of the wave
propagation [16,17]. We demand that the photon mean free
path exceeds the oscillation length to prevent the photon
component of the beam from incoherently scattering with
the plasma. The Thomson scattering,

σ ¼ 8πα2=3m2
e; ð21Þ

and the mean free path is

1

σne
∼

107 km
ne=ð1012=cm3Þ

; ð22Þ

which exceeds all the relevant length scales of our
discussions (ne ∼ 1012=cm3 corresponds to the gas density
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The adiabatic resonant conversion requires the resonance region is approximately 
valid inside the resonance width. Coherent condition is also needed.

Resonant conversion is essential to observe the radio 
signal.



Line-like radio signal for non-relativistic axion 
conversion:  

⌫peak ⇡ ma

2⇡
⇡ 240

ma

µeV
MHz

The FAST covers 70 MHz–3 GHz, the SKA covers 50 MHz–
14 GHz, and the GBT covers 0.3–100 GHz, so that the radio 
telescopes can probe axion mass range of 0.2–400 µeV  

Radio Signal

1 GHz ~ 4 µeV

⌫ : 0.07 ! 100 GHz

ma : 0.2 ! 400 µeV



Signal:  For adiabatic resonant conversion, and the 
photon flux density can be estimated to be of order  

at the neutron star surface) and hence does not affect our
discussions.2 We also require the photon effective refractive
index to be real,

n21;2 ¼ 1 −
m2

1;2

ω2
¼

k21;2
ω2

> 0; ð23Þ

to avoid the loss of coherence in the axion-photon oscil-
lation and the attenuation of the wave propagation.

IV. THE PHOTON FLUX SEARCH BY
THE RADIO TELESCOPE

To estimate the photon flux, let us start by considering
the axion particle trajectory with the initial velocity v0 far
away from the neutron star in the Schwarzschild metric.
The impact parameter b, whose closest approach to the
neutron star is R, is given by

bðRÞ ¼ R
vescðRÞ
v0

ð1–2GM=RÞ−1=2; ð24Þ

where M is the neutron star mass and vesc ¼ ð2GM=RÞ1=2.
Recalling our discussion on the adiabatic resonance in

Sec. III (the efficient conversion can occur for m2
γðrresÞ ≈

m2
a with the resonance width Δm2

γ ≈ 4gBω), we can
estimate that the axion mass going through the efficient
axion-photon conversion region is of order [45–48]

dma

dt
∼πðb2ðrþÞ−b2ðr−ÞÞρav0∼

8π
3
rresGMv−10 ρagBωm−2

a ;

ð25Þ

where ρa is the axion CDM density and we used gBω < m2
a

for the parameter range of our interest. r% is defined by
m2

γðr%Þ ¼ m2
a ∓ Δm2

γ=2, and we, for a conservative esti-
mation, do not count the axions going through r < r− to
avoid the wave attenuation. The photon energy from the
axion-photon conversion is

dE
dt

¼ pa→γ
dma

dt
ð26Þ

where the conversion probability p can be close to unity for
the adiabatic resonant conversion, and the photon flux
density can be estimated to be of order

Sγ ¼
dE=dt
4πd2Δν

∼ 4.2μJy
ð rres
100 kmÞð

M
Msun

Þð ρa
0.3 GeV=cm3Þð10

−3

v0
Þð g

1=1010 GeVÞð
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ω
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ma

Þ2

ð d
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2ðma=2π
μeV=2πÞð

vdis
10−3

Þ;
ð27Þ

where d represents the distance from the neutron star to us.
The photon flux peaks around the frequency νpeak ∼ma=2π,
and Δν ∼ νpeakvdis represents the spectral line broadening
around this peak frequency due to the DM velocity
dispersion vdis.
We are interested in the detectability of this photon flux

as a result of the axion-photon resonant conversion by a
radio telescope. For this purpose, one can consider the
antenna temperature induced by the total flux density S,

T ¼ 1

2
AeffS; ð28Þ

where Aeff represents the effective collecting area of the
telescope [49]. The minimum detectable brightness temper-
ature (sensitivity) can be given by the root mean square
noise temperature of the system (which consists of the
added sky/instrumental noises of the system)

Tmin ≈
Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔBtobs

p ; ð29Þ

where ΔB is the bandwidth and tobs is the integrated
observation time. We can hence estimate, from Eqs. (28)
and (29), that the smallest detectable flux density is of order

Smin≈0.29μJy
"
1GHz
ΔB

#
1=2

"
24 hrs
tobs

#
1=2

"
103 m2=K
Aeff=Tsys

#

ð30Þ

to be compared with the photon flux from the axion
conversion given by Eq. (27). Aeff=Tsys differs for different
experiment specifications. For instance, the SKA-mid in
the Phase 1 (SKA1) will be able to provide Aeff=Tsys ∼
2.7 × 103 assuming Aeff ∼ ð180 mÞ2 and Tsys ∼ 12 K, and
it would increase by more than an order of magnitude
assuming Aeff ∼ ð1 kmÞ2 in the Phase 2 (SKA2) [50].
There still exists a wide range of axion parameter space

of ma, g which still has not been explored, and the radio
telescope can complement the other experiments to fill in
the gap of those unexplored parameter spaces. For instance
the FAST (Five Hundred Meter Aperture Spherical Radio
Telescope) covers 70 MHz–3 GHz, the SKA (Square
Kilometre Array) covers 50 MHz–14 GHz, and the GBT
(Green Bank Telescope) covers 0.3–100 GHz, so that the
radio telescopes can probe the axion mass range of

2The strong magnetic fields can possibly affect the Thomson
scattering cross section, which however does not lead to the
violation of this coherence condition for the parameter range of
our interest [43,44].
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at the neutron star surface) and hence does not affect our
discussions.2 We also require the photon effective refractive
index to be real,

n21;2 ¼ 1 −
m2

1;2

ω2
¼

k21;2
ω2

> 0; ð23Þ

to avoid the loss of coherence in the axion-photon oscil-
lation and the attenuation of the wave propagation.

IV. THE PHOTON FLUX SEARCH BY
THE RADIO TELESCOPE

To estimate the photon flux, let us start by considering
the axion particle trajectory with the initial velocity v0 far
away from the neutron star in the Schwarzschild metric.
The impact parameter b, whose closest approach to the
neutron star is R, is given by

bðRÞ ¼ R
vescðRÞ
v0

ð1–2GM=RÞ−1=2; ð24Þ

where M is the neutron star mass and vesc ¼ ð2GM=RÞ1=2.
Recalling our discussion on the adiabatic resonance in

Sec. III (the efficient conversion can occur for m2
γðrresÞ ≈

m2
a with the resonance width Δm2

γ ≈ 4gBω), we can
estimate that the axion mass going through the efficient
axion-photon conversion region is of order [45–48]
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where ρa is the axion CDM density and we used gBω < m2
a

for the parameter range of our interest. r% is defined by
m2

γðr%Þ ¼ m2
a ∓ Δm2

γ=2, and we, for a conservative esti-
mation, do not count the axions going through r < r− to
avoid the wave attenuation. The photon energy from the
axion-photon conversion is

dE
dt

¼ pa→γ
dma

dt
ð26Þ

where the conversion probability p can be close to unity for
the adiabatic resonant conversion, and the photon flux
density can be estimated to be of order
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4πd2Δν

∼ 4.2μJy
ð rres
100 kmÞð

M
Msun

Þð ρa
0.3 GeV=cm3Þð10

−3

v0
Þð g

1=1010 GeVÞð
BðrresÞ
1012 GÞð

ω
μeVÞð

μeV
ma

Þ2

ð d
1 kpcÞ

2ðma=2π
μeV=2πÞð

vdis
10−3

Þ;
ð27Þ

where d represents the distance from the neutron star to us.
The photon flux peaks around the frequency νpeak ∼ma=2π,
and Δν ∼ νpeakvdis represents the spectral line broadening
around this peak frequency due to the DM velocity
dispersion vdis.
We are interested in the detectability of this photon flux

as a result of the axion-photon resonant conversion by a
radio telescope. For this purpose, one can consider the
antenna temperature induced by the total flux density S,

T ¼ 1

2
AeffS; ð28Þ

where Aeff represents the effective collecting area of the
telescope [49]. The minimum detectable brightness temper-
ature (sensitivity) can be given by the root mean square
noise temperature of the system (which consists of the
added sky/instrumental noises of the system)

Tmin ≈
Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔBtobs

p ; ð29Þ

where ΔB is the bandwidth and tobs is the integrated
observation time. We can hence estimate, from Eqs. (28)
and (29), that the smallest detectable flux density is of order

Smin≈0.29μJy
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to be compared with the photon flux from the axion
conversion given by Eq. (27). Aeff=Tsys differs for different
experiment specifications. For instance, the SKA-mid in
the Phase 1 (SKA1) will be able to provide Aeff=Tsys ∼
2.7 × 103 assuming Aeff ∼ ð180 mÞ2 and Tsys ∼ 12 K, and
it would increase by more than an order of magnitude
assuming Aeff ∼ ð1 kmÞ2 in the Phase 2 (SKA2) [50].
There still exists a wide range of axion parameter space

of ma, g which still has not been explored, and the radio
telescope can complement the other experiments to fill in
the gap of those unexplored parameter spaces. For instance
the FAST (Five Hundred Meter Aperture Spherical Radio
Telescope) covers 70 MHz–3 GHz, the SKA (Square
Kilometre Array) covers 50 MHz–14 GHz, and the GBT
(Green Bank Telescope) covers 0.3–100 GHz, so that the
radio telescopes can probe the axion mass range of

2The strong magnetic fields can possibly affect the Thomson
scattering cross section, which however does not lead to the
violation of this coherence condition for the parameter range of
our interest [43,44].

HUANG, KADOTA, SEKIGUCHI, and TASHIRO PHYS. REV. D 97, 123001 (2018)

123001-4

Sensitivity:  The smallest detectable flux density of 
the radio telescope (SKA, FAST, GBT)  is of order  

at the neutron star surface) and hence does not affect our
discussions.2 We also require the photon effective refractive
index to be real,

n21;2 ¼ 1 −
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1;2
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¼

k21;2
ω2

> 0; ð23Þ

to avoid the loss of coherence in the axion-photon oscil-
lation and the attenuation of the wave propagation.

IV. THE PHOTON FLUX SEARCH BY
THE RADIO TELESCOPE

To estimate the photon flux, let us start by considering
the axion particle trajectory with the initial velocity v0 far
away from the neutron star in the Schwarzschild metric.
The impact parameter b, whose closest approach to the
neutron star is R, is given by

bðRÞ ¼ R
vescðRÞ
v0

ð1–2GM=RÞ−1=2; ð24Þ

where M is the neutron star mass and vesc ¼ ð2GM=RÞ1=2.
Recalling our discussion on the adiabatic resonance in

Sec. III (the efficient conversion can occur for m2
γðrresÞ ≈

m2
a with the resonance width Δm2

γ ≈ 4gBω), we can
estimate that the axion mass going through the efficient
axion-photon conversion region is of order [45–48]
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where ρa is the axion CDM density and we used gBω < m2
a

for the parameter range of our interest. r% is defined by
m2

γðr%Þ ¼ m2
a ∓ Δm2

γ=2, and we, for a conservative esti-
mation, do not count the axions going through r < r− to
avoid the wave attenuation. The photon energy from the
axion-photon conversion is

dE
dt

¼ pa→γ
dma

dt
ð26Þ

where the conversion probability p can be close to unity for
the adiabatic resonant conversion, and the photon flux
density can be estimated to be of order
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where d represents the distance from the neutron star to us.
The photon flux peaks around the frequency νpeak ∼ma=2π,
and Δν ∼ νpeakvdis represents the spectral line broadening
around this peak frequency due to the DM velocity
dispersion vdis.
We are interested in the detectability of this photon flux

as a result of the axion-photon resonant conversion by a
radio telescope. For this purpose, one can consider the
antenna temperature induced by the total flux density S,

T ¼ 1

2
AeffS; ð28Þ

where Aeff represents the effective collecting area of the
telescope [49]. The minimum detectable brightness temper-
ature (sensitivity) can be given by the root mean square
noise temperature of the system (which consists of the
added sky/instrumental noises of the system)

Tmin ≈
Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔBtobs

p ; ð29Þ

where ΔB is the bandwidth and tobs is the integrated
observation time. We can hence estimate, from Eqs. (28)
and (29), that the smallest detectable flux density is of order

Smin≈0.29μJy
"
1GHz
ΔB

#
1=2

"
24 hrs
tobs

#
1=2

"
103 m2=K
Aeff=Tsys

#

ð30Þ

to be compared with the photon flux from the axion
conversion given by Eq. (27). Aeff=Tsys differs for different
experiment specifications. For instance, the SKA-mid in
the Phase 1 (SKA1) will be able to provide Aeff=Tsys ∼
2.7 × 103 assuming Aeff ∼ ð180 mÞ2 and Tsys ∼ 12 K, and
it would increase by more than an order of magnitude
assuming Aeff ∼ ð1 kmÞ2 in the Phase 2 (SKA2) [50].
There still exists a wide range of axion parameter space

of ma, g which still has not been explored, and the radio
telescope can complement the other experiments to fill in
the gap of those unexplored parameter spaces. For instance
the FAST (Five Hundred Meter Aperture Spherical Radio
Telescope) covers 70 MHz–3 GHz, the SKA (Square
Kilometre Array) covers 50 MHz–14 GHz, and the GBT
(Green Bank Telescope) covers 0.3–100 GHz, so that the
radio telescopes can probe the axion mass range of

2The strong magnetic fields can possibly affect the Thomson
scattering cross section, which however does not lead to the
violation of this coherence condition for the parameter range of
our interest [43,44].
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Signal: For a trial parameter set,  

satisfies the conditions for the adiabatic resonance 
conditions and the existed axion search constraints 
with signal Sγ ∼0.51 µJy.  

Sensitivity:  

SKA-like experiment can probe the axion dark matter and 
the axion mass which corresponds to peak frequency. 
More detailed study taking into account astrophysical 
uncertainties and more quantitatively numerical analysis for 
our adiabatic resonance conversion scenario is still working 
in progress.

0.2–400 μeV [50–52]. The current axion search experi-
mental upper bounds on the axion-photon coupling corre-
sponding to this radio telescope frequency range are
g < 6.6 × 10−11 GeV−1, which comes from the helioscope
experiment and also from the energy loss rate enhancement
of the horizontal branch stars of global clusters through the
Primakoff effect [23,53]. The haloscope (microwave cav-
ity) experiments give even tighter bounds for some limited
axion mass ranges. For instance, g≲ 10−15 GeV−1 for the
axion mass of 2–3.5 μeV and g≲ 10−13 GeV−1 for the
axion mass of 4.5–10 μeV [19,21,22,24,54]. The exclusive
parameter search for our study on the radio telescope probe
for axions is beyond the scope of this paper partly because
of the astrophysical uncertainties in the magnetosphere
modeling and a wide range of the possible parameters for
the neutron stars (e.g., the spin period can vary in a wide
range (Oð10−3–103Þ sec) and the magnetic field can reach
up to 1015 G) [55–63]). Dark matter properties such as the
dark matter velocity dispersion in the neighborhood of a
neutron star remain to be clarified too. The dark matter
density in the vicinity of a neutron star does not have to be
same as that in the solar neighborhood ρa ∼ 0.3 GeV=cm3.
For instance, in the region where the neutron star
distribution peaks in our galaxy (∼ a few kpc from the
galactic center), the density can well be enhanced by more
than an order of magnitude (e.g., ρa ∼Oð10–100Þ×
0.3 GeV=cm3) and could be even bigger ρa ∼Oð104Þ ×
0.3 GeV=cm3 around the neutron star found near the
galactic center due to a dark matter spike [64–70].
For a trial parameter set, let us adopt the DM velocity and

the dispersion velocity of order v0 ∼ vdis ∼ 10−3 and a factor
10 enhancement of the local DM density compared with the
value near the earth ρa ∼ 3 GeV=cm3. Let us also assume a
neutron star of order a kpc away from us and take the DM
velocity in the resonance region of order the escape velocity
at the resonance radius. Then, for our toy magnetosphere
model with a simple dipole magnetic field profile [Eqs. (14)
and (15)], a parameter set (B0 ¼ 1015 G, ma ¼ 50 μeV,
P ¼ 10 s, g ¼ 5 × 10−11 GeV−1, r0 ¼ 10 km, M ¼
1.5Msun) satisfies the conditions for the adiabatic resonance
conditions with Sγ ∼ 0.51μJy. This can exceed the estimated
minimum required flux Smin ∼ 0.48μJy for the SKA1 and
Smin ∼ 0.016Jy for the SKA2 with 100 hour observation
time, wherewe assumed the optimized band width matching
the signal width ΔB ¼ Δν. This simple parameter set
examplewouldwork as an existence proof for themotivation
to seek a potential radio telescope probe of the adiabatic
resonant conversion of axions. Even though the further
parameter search with more detailed astrophysical model
setups is left for future work, we have a few comments
regarding the astrophysical uncertainties involved in our
estimation before concluding our work. The measurements
of the neutron star radiation in the different wavebands
have been fitted well by assuming a magnetic field profile
more complicated than a simple vacuum dipole profile

(e.g., twisted magnetosphere) and a plasma charge density
larger (e.g., a few orders of magnitude larger) than the
classical Goldreich-Julian value [62,71–77]. Such an
enhancement in the plasma density would increase the
resonance radius and affect the adiabaticity condition and
the photon flux estimation. In addition to the DM velocities
and velocity dispersions which can affect our photon flux
estimation, the galactic drift velocities of neutron stars are
also uncertain parameters whose velocity distribution does
not follow a simple Gaussian-like distribution and spans in a
wide range (typically Oð100–500Þ km=s with a significant
fraction (∼Oð10Þ%) of theneutron star populationhaving the
velocity exceeding 1000 km=s) [78]. Such variations in the
relative velocity between a neutron star and the axions can
affect the photon flux estimation too. A more detailed study
taking into account such astrophysical uncertainties and the
numerical analysis for our adiabatic resonance conversion
scenario along with the extension of our scenario to the one
including the nonadiabatic axion-photon conversion are left
for our future work.
Let us here also briefly comment on the comparison of our

scenario with the other relevant works. The conditions of the
complete conversion of axions into photons were first
studied in [17], which considered the relativistic axions
with the X-ray energy range, in contrast to the radio range in
our scenario, and hence could not realize the sufficient
adiabaticity due to the QED effect. Our CDM axion scenario
is also in contrast to the resonant conversion scenarios where
only the partial axion-photon conversion, hence with a
smaller conversion probability compared with the complete
conversion scenarios, occurs due to the insufficient adiaba-
ticity and/or coherence. Such a partial conversion scenario
would relax the bounds on the model parameters and would
be applicable for a larger sample of the neutron stars, but one
needs to require some way to compensate a smaller con-
version probability to detect the axion signals by the radio
telescopes such as a large dark matter density near the
neutron star (e.g., the dark matter density enhancement
factor of Oð1010Þ with respect to the local density in the
solar neighborhood [79]).3 How the model parameters are
affected by the astrophysical uncertainties would differ
depending on the scenarios too. For instance, for the partial
conversion scenarios, a smaller g would become viable if we
allow a bigger DM density enhancement because a bigger
dark matter density (to which the photon flux is proportional)
could compensate for a smaller conversion probability. On
the other hand, for the complete conversion scenario, in

3Reference [79] assumes the signal bandwidth broadening of
order the DM velocity squared, in contrast to ours and the other
literature which take account of a more dominant line width linear
in the velocity (e.g., from the Doppler broadening effect). This
can result in the overestimation of the signal flux by three to four
orders of magnitude and we quoted here the required dark matter
density enhancement factor bigger than their adopted value
taking account of this correction.

RADIO TELESCOPE SEARCH FOR THE RESONANT … PHYS. REV. D 97, 123001 (2018)

123001-5

0.2–400 μeV [50–52]. The current axion search experi-
mental upper bounds on the axion-photon coupling corre-
sponding to this radio telescope frequency range are
g < 6.6 × 10−11 GeV−1, which comes from the helioscope
experiment and also from the energy loss rate enhancement
of the horizontal branch stars of global clusters through the
Primakoff effect [23,53]. The haloscope (microwave cav-
ity) experiments give even tighter bounds for some limited
axion mass ranges. For instance, g≲ 10−15 GeV−1 for the
axion mass of 2–3.5 μeV and g≲ 10−13 GeV−1 for the
axion mass of 4.5–10 μeV [19,21,22,24,54]. The exclusive
parameter search for our study on the radio telescope probe
for axions is beyond the scope of this paper partly because
of the astrophysical uncertainties in the magnetosphere
modeling and a wide range of the possible parameters for
the neutron stars (e.g., the spin period can vary in a wide
range (Oð10−3–103Þ sec) and the magnetic field can reach
up to 1015 G) [55–63]). Dark matter properties such as the
dark matter velocity dispersion in the neighborhood of a
neutron star remain to be clarified too. The dark matter
density in the vicinity of a neutron star does not have to be
same as that in the solar neighborhood ρa ∼ 0.3 GeV=cm3.
For instance, in the region where the neutron star
distribution peaks in our galaxy (∼ a few kpc from the
galactic center), the density can well be enhanced by more
than an order of magnitude (e.g., ρa ∼Oð10–100Þ×
0.3 GeV=cm3) and could be even bigger ρa ∼Oð104Þ ×
0.3 GeV=cm3 around the neutron star found near the
galactic center due to a dark matter spike [64–70].
For a trial parameter set, let us adopt the DM velocity and

the dispersion velocity of order v0 ∼ vdis ∼ 10−3 and a factor
10 enhancement of the local DM density compared with the
value near the earth ρa ∼ 3 GeV=cm3. Let us also assume a
neutron star of order a kpc away from us and take the DM
velocity in the resonance region of order the escape velocity
at the resonance radius. Then, for our toy magnetosphere
model with a simple dipole magnetic field profile [Eqs. (14)
and (15)], a parameter set (B0 ¼ 1015 G, ma ¼ 50 μeV,
P ¼ 10 s, g ¼ 5 × 10−11 GeV−1, r0 ¼ 10 km, M ¼
1.5Msun) satisfies the conditions for the adiabatic resonance
conditions with Sγ ∼ 0.51μJy. This can exceed the estimated
minimum required flux Smin ∼ 0.48μJy for the SKA1 and
Smin ∼ 0.016Jy for the SKA2 with 100 hour observation
time, wherewe assumed the optimized band width matching
the signal width ΔB ¼ Δν. This simple parameter set
examplewouldwork as an existence proof for themotivation
to seek a potential radio telescope probe of the adiabatic
resonant conversion of axions. Even though the further
parameter search with more detailed astrophysical model
setups is left for future work, we have a few comments
regarding the astrophysical uncertainties involved in our
estimation before concluding our work. The measurements
of the neutron star radiation in the different wavebands
have been fitted well by assuming a magnetic field profile
more complicated than a simple vacuum dipole profile

(e.g., twisted magnetosphere) and a plasma charge density
larger (e.g., a few orders of magnitude larger) than the
classical Goldreich-Julian value [62,71–77]. Such an
enhancement in the plasma density would increase the
resonance radius and affect the adiabaticity condition and
the photon flux estimation. In addition to the DM velocities
and velocity dispersions which can affect our photon flux
estimation, the galactic drift velocities of neutron stars are
also uncertain parameters whose velocity distribution does
not follow a simple Gaussian-like distribution and spans in a
wide range (typically Oð100–500Þ km=s with a significant
fraction (∼Oð10Þ%) of theneutron star populationhaving the
velocity exceeding 1000 km=s) [78]. Such variations in the
relative velocity between a neutron star and the axions can
affect the photon flux estimation too. A more detailed study
taking into account such astrophysical uncertainties and the
numerical analysis for our adiabatic resonance conversion
scenario along with the extension of our scenario to the one
including the nonadiabatic axion-photon conversion are left
for our future work.
Let us here also briefly comment on the comparison of our

scenario with the other relevant works. The conditions of the
complete conversion of axions into photons were first
studied in [17], which considered the relativistic axions
with the X-ray energy range, in contrast to the radio range in
our scenario, and hence could not realize the sufficient
adiabaticity due to the QED effect. Our CDM axion scenario
is also in contrast to the resonant conversion scenarios where
only the partial axion-photon conversion, hence with a
smaller conversion probability compared with the complete
conversion scenarios, occurs due to the insufficient adiaba-
ticity and/or coherence. Such a partial conversion scenario
would relax the bounds on the model parameters and would
be applicable for a larger sample of the neutron stars, but one
needs to require some way to compensate a smaller con-
version probability to detect the axion signals by the radio
telescopes such as a large dark matter density near the
neutron star (e.g., the dark matter density enhancement
factor of Oð1010Þ with respect to the local density in the
solar neighborhood [79]).3 How the model parameters are
affected by the astrophysical uncertainties would differ
depending on the scenarios too. For instance, for the partial
conversion scenarios, a smaller g would become viable if we
allow a bigger DM density enhancement because a bigger
dark matter density (to which the photon flux is proportional)
could compensate for a smaller conversion probability. On
the other hand, for the complete conversion scenario, in

3Reference [79] assumes the signal bandwidth broadening of
order the DM velocity squared, in contrast to ours and the other
literature which take account of a more dominant line width linear
in the velocity (e.g., from the Doppler broadening effect). This
can result in the overestimation of the signal flux by three to four
orders of magnitude and we quoted here the required dark matter
density enhancement factor bigger than their adopted value
taking account of this correction.
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0.2–400 μeV [50–52]. The current axion search experi-
mental upper bounds on the axion-photon coupling corre-
sponding to this radio telescope frequency range are
g < 6.6 × 10−11 GeV−1, which comes from the helioscope
experiment and also from the energy loss rate enhancement
of the horizontal branch stars of global clusters through the
Primakoff effect [23,53]. The haloscope (microwave cav-
ity) experiments give even tighter bounds for some limited
axion mass ranges. For instance, g≲ 10−15 GeV−1 for the
axion mass of 2–3.5 μeV and g≲ 10−13 GeV−1 for the
axion mass of 4.5–10 μeV [19,21,22,24,54]. The exclusive
parameter search for our study on the radio telescope probe
for axions is beyond the scope of this paper partly because
of the astrophysical uncertainties in the magnetosphere
modeling and a wide range of the possible parameters for
the neutron stars (e.g., the spin period can vary in a wide
range (Oð10−3–103Þ sec) and the magnetic field can reach
up to 1015 G) [55–63]). Dark matter properties such as the
dark matter velocity dispersion in the neighborhood of a
neutron star remain to be clarified too. The dark matter
density in the vicinity of a neutron star does not have to be
same as that in the solar neighborhood ρa ∼ 0.3 GeV=cm3.
For instance, in the region where the neutron star
distribution peaks in our galaxy (∼ a few kpc from the
galactic center), the density can well be enhanced by more
than an order of magnitude (e.g., ρa ∼Oð10–100Þ×
0.3 GeV=cm3) and could be even bigger ρa ∼Oð104Þ ×
0.3 GeV=cm3 around the neutron star found near the
galactic center due to a dark matter spike [64–70].
For a trial parameter set, let us adopt the DM velocity and

the dispersion velocity of order v0 ∼ vdis ∼ 10−3 and a factor
10 enhancement of the local DM density compared with the
value near the earth ρa ∼ 3 GeV=cm3. Let us also assume a
neutron star of order a kpc away from us and take the DM
velocity in the resonance region of order the escape velocity
at the resonance radius. Then, for our toy magnetosphere
model with a simple dipole magnetic field profile [Eqs. (14)
and (15)], a parameter set (B0 ¼ 1015 G, ma ¼ 50 μeV,
P ¼ 10 s, g ¼ 5 × 10−11 GeV−1, r0 ¼ 10 km, M ¼
1.5Msun) satisfies the conditions for the adiabatic resonance
conditions with Sγ ∼ 0.51μJy. This can exceed the estimated
minimum required flux Smin ∼ 0.48μJy for the SKA1 and
Smin ∼ 0.016Jy for the SKA2 with 100 hour observation
time, wherewe assumed the optimized band width matching
the signal width ΔB ¼ Δν. This simple parameter set
examplewouldwork as an existence proof for themotivation
to seek a potential radio telescope probe of the adiabatic
resonant conversion of axions. Even though the further
parameter search with more detailed astrophysical model
setups is left for future work, we have a few comments
regarding the astrophysical uncertainties involved in our
estimation before concluding our work. The measurements
of the neutron star radiation in the different wavebands
have been fitted well by assuming a magnetic field profile
more complicated than a simple vacuum dipole profile

(e.g., twisted magnetosphere) and a plasma charge density
larger (e.g., a few orders of magnitude larger) than the
classical Goldreich-Julian value [62,71–77]. Such an
enhancement in the plasma density would increase the
resonance radius and affect the adiabaticity condition and
the photon flux estimation. In addition to the DM velocities
and velocity dispersions which can affect our photon flux
estimation, the galactic drift velocities of neutron stars are
also uncertain parameters whose velocity distribution does
not follow a simple Gaussian-like distribution and spans in a
wide range (typically Oð100–500Þ km=s with a significant
fraction (∼Oð10Þ%) of theneutron star populationhaving the
velocity exceeding 1000 km=s) [78]. Such variations in the
relative velocity between a neutron star and the axions can
affect the photon flux estimation too. A more detailed study
taking into account such astrophysical uncertainties and the
numerical analysis for our adiabatic resonance conversion
scenario along with the extension of our scenario to the one
including the nonadiabatic axion-photon conversion are left
for our future work.
Let us here also briefly comment on the comparison of our

scenario with the other relevant works. The conditions of the
complete conversion of axions into photons were first
studied in [17], which considered the relativistic axions
with the X-ray energy range, in contrast to the radio range in
our scenario, and hence could not realize the sufficient
adiabaticity due to the QED effect. Our CDM axion scenario
is also in contrast to the resonant conversion scenarios where
only the partial axion-photon conversion, hence with a
smaller conversion probability compared with the complete
conversion scenarios, occurs due to the insufficient adiaba-
ticity and/or coherence. Such a partial conversion scenario
would relax the bounds on the model parameters and would
be applicable for a larger sample of the neutron stars, but one
needs to require some way to compensate a smaller con-
version probability to detect the axion signals by the radio
telescopes such as a large dark matter density near the
neutron star (e.g., the dark matter density enhancement
factor of Oð1010Þ with respect to the local density in the
solar neighborhood [79]).3 How the model parameters are
affected by the astrophysical uncertainties would differ
depending on the scenarios too. For instance, for the partial
conversion scenarios, a smaller g would become viable if we
allow a bigger DM density enhancement because a bigger
dark matter density (to which the photon flux is proportional)
could compensate for a smaller conversion probability. On
the other hand, for the complete conversion scenario, in

3Reference [79] assumes the signal bandwidth broadening of
order the DM velocity squared, in contrast to ours and the other
literature which take account of a more dominant line width linear
in the velocity (e.g., from the Doppler broadening effect). This
can result in the overestimation of the signal flux by three to four
orders of magnitude and we quoted here the required dark matter
density enhancement factor bigger than their adopted value
taking account of this correction.
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0.2–400 μeV [50–52]. The current axion search experi-
mental upper bounds on the axion-photon coupling corre-
sponding to this radio telescope frequency range are
g < 6.6 × 10−11 GeV−1, which comes from the helioscope
experiment and also from the energy loss rate enhancement
of the horizontal branch stars of global clusters through the
Primakoff effect [23,53]. The haloscope (microwave cav-
ity) experiments give even tighter bounds for some limited
axion mass ranges. For instance, g≲ 10−15 GeV−1 for the
axion mass of 2–3.5 μeV and g≲ 10−13 GeV−1 for the
axion mass of 4.5–10 μeV [19,21,22,24,54]. The exclusive
parameter search for our study on the radio telescope probe
for axions is beyond the scope of this paper partly because
of the astrophysical uncertainties in the magnetosphere
modeling and a wide range of the possible parameters for
the neutron stars (e.g., the spin period can vary in a wide
range (Oð10−3–103Þ sec) and the magnetic field can reach
up to 1015 G) [55–63]). Dark matter properties such as the
dark matter velocity dispersion in the neighborhood of a
neutron star remain to be clarified too. The dark matter
density in the vicinity of a neutron star does not have to be
same as that in the solar neighborhood ρa ∼ 0.3 GeV=cm3.
For instance, in the region where the neutron star
distribution peaks in our galaxy (∼ a few kpc from the
galactic center), the density can well be enhanced by more
than an order of magnitude (e.g., ρa ∼Oð10–100Þ×
0.3 GeV=cm3) and could be even bigger ρa ∼Oð104Þ ×
0.3 GeV=cm3 around the neutron star found near the
galactic center due to a dark matter spike [64–70].
For a trial parameter set, let us adopt the DM velocity and

the dispersion velocity of order v0 ∼ vdis ∼ 10−3 and a factor
10 enhancement of the local DM density compared with the
value near the earth ρa ∼ 3 GeV=cm3. Let us also assume a
neutron star of order a kpc away from us and take the DM
velocity in the resonance region of order the escape velocity
at the resonance radius. Then, for our toy magnetosphere
model with a simple dipole magnetic field profile [Eqs. (14)
and (15)], a parameter set (B0 ¼ 1015 G, ma ¼ 50 μeV,
P ¼ 10 s, g ¼ 5 × 10−11 GeV−1, r0 ¼ 10 km, M ¼
1.5Msun) satisfies the conditions for the adiabatic resonance
conditions with Sγ ∼ 0.51μJy. This can exceed the estimated
minimum required flux Smin ∼ 0.48μJy for the SKA1 and
Smin ∼ 0.016Jy for the SKA2 with 100 hour observation
time, wherewe assumed the optimized band width matching
the signal width ΔB ¼ Δν. This simple parameter set
examplewouldwork as an existence proof for themotivation
to seek a potential radio telescope probe of the adiabatic
resonant conversion of axions. Even though the further
parameter search with more detailed astrophysical model
setups is left for future work, we have a few comments
regarding the astrophysical uncertainties involved in our
estimation before concluding our work. The measurements
of the neutron star radiation in the different wavebands
have been fitted well by assuming a magnetic field profile
more complicated than a simple vacuum dipole profile

(e.g., twisted magnetosphere) and a plasma charge density
larger (e.g., a few orders of magnitude larger) than the
classical Goldreich-Julian value [62,71–77]. Such an
enhancement in the plasma density would increase the
resonance radius and affect the adiabaticity condition and
the photon flux estimation. In addition to the DM velocities
and velocity dispersions which can affect our photon flux
estimation, the galactic drift velocities of neutron stars are
also uncertain parameters whose velocity distribution does
not follow a simple Gaussian-like distribution and spans in a
wide range (typically Oð100–500Þ km=s with a significant
fraction (∼Oð10Þ%) of theneutron star populationhaving the
velocity exceeding 1000 km=s) [78]. Such variations in the
relative velocity between a neutron star and the axions can
affect the photon flux estimation too. A more detailed study
taking into account such astrophysical uncertainties and the
numerical analysis for our adiabatic resonance conversion
scenario along with the extension of our scenario to the one
including the nonadiabatic axion-photon conversion are left
for our future work.
Let us here also briefly comment on the comparison of our

scenario with the other relevant works. The conditions of the
complete conversion of axions into photons were first
studied in [17], which considered the relativistic axions
with the X-ray energy range, in contrast to the radio range in
our scenario, and hence could not realize the sufficient
adiabaticity due to the QED effect. Our CDM axion scenario
is also in contrast to the resonant conversion scenarios where
only the partial axion-photon conversion, hence with a
smaller conversion probability compared with the complete
conversion scenarios, occurs due to the insufficient adiaba-
ticity and/or coherence. Such a partial conversion scenario
would relax the bounds on the model parameters and would
be applicable for a larger sample of the neutron stars, but one
needs to require some way to compensate a smaller con-
version probability to detect the axion signals by the radio
telescopes such as a large dark matter density near the
neutron star (e.g., the dark matter density enhancement
factor of Oð1010Þ with respect to the local density in the
solar neighborhood [79]).3 How the model parameters are
affected by the astrophysical uncertainties would differ
depending on the scenarios too. For instance, for the partial
conversion scenarios, a smaller g would become viable if we
allow a bigger DM density enhancement because a bigger
dark matter density (to which the photon flux is proportional)
could compensate for a smaller conversion probability. On
the other hand, for the complete conversion scenario, in

3Reference [79] assumes the signal bandwidth broadening of
order the DM velocity squared, in contrast to ours and the other
literature which take account of a more dominant line width linear
in the velocity (e.g., from the Doppler broadening effect). This
can result in the overestimation of the signal flux by three to four
orders of magnitude and we quoted here the required dark matter
density enhancement factor bigger than their adopted value
taking account of this correction.

RADIO TELESCOPE SEARCH FOR THE RESONANT … PHYS. REV. D 97, 123001 (2018)

123001-5

0.2–400 μeV [50–52]. The current axion search experi-
mental upper bounds on the axion-photon coupling corre-
sponding to this radio telescope frequency range are
g < 6.6 × 10−11 GeV−1, which comes from the helioscope
experiment and also from the energy loss rate enhancement
of the horizontal branch stars of global clusters through the
Primakoff effect [23,53]. The haloscope (microwave cav-
ity) experiments give even tighter bounds for some limited
axion mass ranges. For instance, g≲ 10−15 GeV−1 for the
axion mass of 2–3.5 μeV and g≲ 10−13 GeV−1 for the
axion mass of 4.5–10 μeV [19,21,22,24,54]. The exclusive
parameter search for our study on the radio telescope probe
for axions is beyond the scope of this paper partly because
of the astrophysical uncertainties in the magnetosphere
modeling and a wide range of the possible parameters for
the neutron stars (e.g., the spin period can vary in a wide
range (Oð10−3–103Þ sec) and the magnetic field can reach
up to 1015 G) [55–63]). Dark matter properties such as the
dark matter velocity dispersion in the neighborhood of a
neutron star remain to be clarified too. The dark matter
density in the vicinity of a neutron star does not have to be
same as that in the solar neighborhood ρa ∼ 0.3 GeV=cm3.
For instance, in the region where the neutron star
distribution peaks in our galaxy (∼ a few kpc from the
galactic center), the density can well be enhanced by more
than an order of magnitude (e.g., ρa ∼Oð10–100Þ×
0.3 GeV=cm3) and could be even bigger ρa ∼Oð104Þ ×
0.3 GeV=cm3 around the neutron star found near the
galactic center due to a dark matter spike [64–70].
For a trial parameter set, let us adopt the DM velocity and

the dispersion velocity of order v0 ∼ vdis ∼ 10−3 and a factor
10 enhancement of the local DM density compared with the
value near the earth ρa ∼ 3 GeV=cm3. Let us also assume a
neutron star of order a kpc away from us and take the DM
velocity in the resonance region of order the escape velocity
at the resonance radius. Then, for our toy magnetosphere
model with a simple dipole magnetic field profile [Eqs. (14)
and (15)], a parameter set (B0 ¼ 1015 G, ma ¼ 50 μeV,
P ¼ 10 s, g ¼ 5 × 10−11 GeV−1, r0 ¼ 10 km, M ¼
1.5Msun) satisfies the conditions for the adiabatic resonance
conditions with Sγ ∼ 0.51μJy. This can exceed the estimated
minimum required flux Smin ∼ 0.48μJy for the SKA1 and
Smin ∼ 0.016Jy for the SKA2 with 100 hour observation
time, wherewe assumed the optimized band width matching
the signal width ΔB ¼ Δν. This simple parameter set
examplewouldwork as an existence proof for themotivation
to seek a potential radio telescope probe of the adiabatic
resonant conversion of axions. Even though the further
parameter search with more detailed astrophysical model
setups is left for future work, we have a few comments
regarding the astrophysical uncertainties involved in our
estimation before concluding our work. The measurements
of the neutron star radiation in the different wavebands
have been fitted well by assuming a magnetic field profile
more complicated than a simple vacuum dipole profile

(e.g., twisted magnetosphere) and a plasma charge density
larger (e.g., a few orders of magnitude larger) than the
classical Goldreich-Julian value [62,71–77]. Such an
enhancement in the plasma density would increase the
resonance radius and affect the adiabaticity condition and
the photon flux estimation. In addition to the DM velocities
and velocity dispersions which can affect our photon flux
estimation, the galactic drift velocities of neutron stars are
also uncertain parameters whose velocity distribution does
not follow a simple Gaussian-like distribution and spans in a
wide range (typically Oð100–500Þ km=s with a significant
fraction (∼Oð10Þ%) of theneutron star populationhaving the
velocity exceeding 1000 km=s) [78]. Such variations in the
relative velocity between a neutron star and the axions can
affect the photon flux estimation too. A more detailed study
taking into account such astrophysical uncertainties and the
numerical analysis for our adiabatic resonance conversion
scenario along with the extension of our scenario to the one
including the nonadiabatic axion-photon conversion are left
for our future work.
Let us here also briefly comment on the comparison of our

scenario with the other relevant works. The conditions of the
complete conversion of axions into photons were first
studied in [17], which considered the relativistic axions
with the X-ray energy range, in contrast to the radio range in
our scenario, and hence could not realize the sufficient
adiabaticity due to the QED effect. Our CDM axion scenario
is also in contrast to the resonant conversion scenarios where
only the partial axion-photon conversion, hence with a
smaller conversion probability compared with the complete
conversion scenarios, occurs due to the insufficient adiaba-
ticity and/or coherence. Such a partial conversion scenario
would relax the bounds on the model parameters and would
be applicable for a larger sample of the neutron stars, but one
needs to require some way to compensate a smaller con-
version probability to detect the axion signals by the radio
telescopes such as a large dark matter density near the
neutron star (e.g., the dark matter density enhancement
factor of Oð1010Þ with respect to the local density in the
solar neighborhood [79]).3 How the model parameters are
affected by the astrophysical uncertainties would differ
depending on the scenarios too. For instance, for the partial
conversion scenarios, a smaller g would become viable if we
allow a bigger DM density enhancement because a bigger
dark matter density (to which the photon flux is proportional)
could compensate for a smaller conversion probability. On
the other hand, for the complete conversion scenario, in

3Reference [79] assumes the signal bandwidth broadening of
order the DM velocity squared, in contrast to ours and the other
literature which take account of a more dominant line width linear
in the velocity (e.g., from the Doppler broadening effect). This
can result in the overestimation of the signal flux by three to four
orders of magnitude and we quoted here the required dark matter
density enhancement factor bigger than their adopted value
taking account of this correction.
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Smin ⇠ 0.016µJy for SKA2 with 100 hours observation time.
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1. Astrophysical uncertainties:the magnetic profile of the 
neutron star, the dark matter density around the neutron 
star, the location of the neutron star, the velocity dispersion, 
the plasma mass, background including the optimized 
bandwidth… 
2. There are more and more detailed studies after our first 
estimation on the radio signal: 

  Comments on the radio probe of  
axion dark matter 

   arXiv:1804.03145 by Anson Hook, Yonatan Kahn, Benjamin R. Safdi, Zhiquan Sun 
where they consider more details and extremely high dark matter density around  

the neutron star, thus the signal is more stronger.

arXiv:1811.01020 by Benjamin R. Safdi, Zhiquan Sun, Alexander Y. Chen 

arXiv:1905.04686,Thomas, D.P.Edwards,Marco Chianese, Bradley J. Kavanagh,  
   Samaya M. Nissanke, Christoph Weniger, where they consider multi-messenger of   
    axion dark matter detection. Namely, using LISA to detect the dark matter density 
   around the neutron star, which can determine the radio strength detected by SKA



FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001, arXiv:1803.08230, 
Cited by 39 times, including nature and PRL papers.

This idea becomes a hot topic.



  Generalization to axion star case 

James Buckley, Bhupal Dev, Francesc Ferrer, FPH, 
arXiv:2004.06486, Phys.Rev.D 103 (2021) 4, 043015,       
Fast radio bursts from axion stars moving through pulsar 
magnetospheres 

arXiv:2102.05680, Sami Nurmi, Enrico D. Schiappacasse, and 
Tsutomu T. Yanagida

1. Axion DM can condense to BEC and then form axion star. We 
study the radio signal of dense axion star and use it to explain 
the FRBs. 



The fact that the energy released by FRBs is close 
to                , which is the typical axion star mass, and 
that their frequency (several hundred MHz to several 
GHz) coincides with that expected from    eV axion 
particles, motivates us to further explore whether the 
axion-FRB connection can be made viable in a pulsar 
magnetosphere and tested with the future data.

A collection of axions can condense into a bound Bose-
Einstein condensate called an axion star.  The typical 
axion star mass is             

FRB-Axion star correlation

10�13M�
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In this work, we assume that dense axion stars with 
a mass around               can survive to the present, and 
have a chance to encounter a neutron star for some 
very flat axion potential.  The radius of a dense axion 
star is 

Dilute axion star is balanced by kinetic pressure 
and self-gravity, with the following radius

Axion star-Neutron star encounter

10�13M�
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(several hundred MHz to several GHz) coincides with
that expected from µeV axion particles, motivates us to
further explore whether the axion-FRB connection can
be made viable in a neutron star environment and tested
with the future data.1

In this letter, we propose a new explanation for FRBs
based on the resonant axion-to-photon conversion that
takes place when a dense axion star passes through the
resonant region in the magnetosphere of a neutron star,
as shown in Fig. 1. We will mainly focus on non-repeating
FRBs in this work, since repeating FRBs may correspond
to a di↵erent source class [43]. So far, more than 60 non-
repeating FRBs have been observed [44, 45] mainly by
Parkes, ASKAP, and UTMOST radio telescopes. Our ex-
planation of the non-repeating FRB signals roughly from
800 MHz to 1.4 GHz involves dense stars made of axions
with mass of about 10 µeV. By the Primako↵ process,
the huge number of axions in the dense axion star can
be converted to radio signals within the strong magnetic
field through resonant e↵ect in the resonant conversion
region of the magnetosphere of a pulsar. In the magneto-
sphere, the photon obtains a position-dependent e↵ective
plasma mass. In the resonant region, where the photon
mass equals the axion mass, the conversion probability
is large enough to produce the radiation power of the
observed FRBs. Thus, the highest frequency of the emit-
ted radio signal is determined by the axion mass, while
cosmological redshifts and Doppler shifts could provide
the required bandwidth needed to reproduce observations
over a wide frequency range. Similarly, the total energy
released is determined by the axion star mass and the
conversion probability.

II. AXION STAR – PULSAR ENCOUNTER

The properties of an axion star depend on its mass
Ma, and on the axion parameters, namely, mass ma and
decay constant fa. Dilute axion stars, supported by self-
gravity, have a radius [46]
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where GN is Newton’s constant of gravitation. Hence,
the typical radius of a dilute axion star is about sev-
eral hundred kilometers for stars in the mass range
Ma ⇠ 10�14

� 10�12M�. The existence of a dense star
branch was first proposed in Ref. [47], where solutions
supported by self-interactions were described using non-
relativistic field theory. Nevertheless, it was pointed out
in Ref. [48] that such stars reach & O(1) field values
in the core. The axions are then relativistic and the

1
See Refs. [41, 42] for alternative proposals not involving neutron

stars.

analysis in Ref. [47] is inconsistent (see also Refs. [49–
51]). Since gravity is negligible inside such dense stars,
their profiles can instead be found as solutions of a Sine-
Gordon type equation. One is thus led to the natural
identification of stars in the dense branch with oscillons.
In contrast to the natural expectation that localized, fi-
nite energy configurations of the axion field decay within
⌧ ⇠ 1/ma ⇠ 6⇥10�11 (10 µeV/ma) s, oscillons can lastO
(100-1000) oscillations [52–56], before disappearing into
a burst of relativistic axions [23]. For a QCD axion in the
mass range of interest here, these timescales still fall short
of being of cosmological relevance. Nevertheless, flatter
potentials at large field values in well motivated ALP
models have been shown to feature much longer-lived os-
cillons, ⌧ >

�
108�9

�
/ma, and for plateau-like potentials

only lower bounds on their lifetime are known [57]. Sta-
ble dense profiles are also possible when fa & 0.1MPl [58].
On the other hand, axion stars could have been created
much after matter domination. Both the shape of the
potential and the initial field amplitude of the axion at
the start of the oscillations can trigger parametric am-
plification of axion fluctuations even if the PQ symmetry
is broken before inflation [57, 59]. Given that oscillons
are attractor solutions, it cannot be excluded that dense
axion configurations are being generated and are present
in astrophysical settings such as pulsars [60]. We will as-
sume their existence in the following discussion. In this
work, we assume that dense axion stars with a a mass
around 10�13M� can survive to the present, and have a
chance to encounter a neutron star. If heavier stars are
stable, these would give a stronger signal.
For dense axion stars, the radius can be approximated

as [47]
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r
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(with ga�� being the axion-photon coupling), roughly of
order meter or even smaller, which makes it easy to avoid
tidal disruption.
It is worth noticing that tidal e↵ects become important

when the distance of the axion star to the center of the
neutron star approaches the so called Roche limit:

rt = Ra
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, (2)

where MNS is the neutron star mass (typically in the
range of 1.4M�–3M�). A gravitationally bound object
approaching a star closer than this radius will be dis-
rupted by tidal e↵ects [35, 41]. For a 100 km dilute axion
star, the Roche limit is about 106 km, so it will be de-
stroyed long before it gets to the magnetosphere and the
resonant conversion region of the neutron star (which is
only about a thousand km from the neutron star). Tidal
disruption may quickly rip apart the dilute axion star,
producing a stream of axion debris that would then be
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(several hundred MHz to several GHz) coincides with
that expected from µeV axion particles, motivates us to
further explore whether the axion-FRB connection can
be made viable in a neutron star environment and tested
with the future data.1

In this letter, we propose a new explanation for FRBs
based on the resonant axion-to-photon conversion that
takes place when a dense axion star passes through the
resonant region in the magnetosphere of a neutron star,
as shown in Fig. 1. We will mainly focus on non-repeating
FRBs in this work, since repeating FRBs may correspond
to a di↵erent source class [43]. So far, more than 60 non-
repeating FRBs have been observed [44, 45] mainly by
Parkes, ASKAP, and UTMOST radio telescopes. Our ex-
planation of the non-repeating FRB signals roughly from
800 MHz to 1.4 GHz involves dense stars made of axions
with mass of about 10 µeV. By the Primako↵ process,
the huge number of axions in the dense axion star can
be converted to radio signals within the strong magnetic
field through resonant e↵ect in the resonant conversion
region of the magnetosphere of a pulsar. In the magneto-
sphere, the photon obtains a position-dependent e↵ective
plasma mass. In the resonant region, where the photon
mass equals the axion mass, the conversion probability
is large enough to produce the radiation power of the
observed FRBs. Thus, the highest frequency of the emit-
ted radio signal is determined by the axion mass, while
cosmological redshifts and Doppler shifts could provide
the required bandwidth needed to reproduce observations
over a wide frequency range. Similarly, the total energy
released is determined by the axion star mass and the
conversion probability.

II. AXION STAR – PULSAR ENCOUNTER

The properties of an axion star depend on its mass
Ma, and on the axion parameters, namely, mass ma and
decay constant fa. Dilute axion stars, supported by self-
gravity, have a radius [46]
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where GN is Newton’s constant of gravitation. Hence,
the typical radius of a dilute axion star is about sev-
eral hundred kilometers for stars in the mass range
Ma ⇠ 10�14

� 10�12M�. The existence of a dense star
branch was first proposed in Ref. [47], where solutions
supported by self-interactions were described using non-
relativistic field theory. Nevertheless, it was pointed out
in Ref. [48] that such stars reach & O(1) field values
in the core. The axions are then relativistic and the
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analysis in Ref. [47] is inconsistent (see also Refs. [49–
51]). Since gravity is negligible inside such dense stars,
their profiles can instead be found as solutions of a Sine-
Gordon type equation. One is thus led to the natural
identification of stars in the dense branch with oscillons.
In contrast to the natural expectation that localized, fi-
nite energy configurations of the axion field decay within
⌧ ⇠ 1/ma ⇠ 6⇥10�11 (10 µeV/ma) s, oscillons can lastO
(100-1000) oscillations [52–56], before disappearing into
a burst of relativistic axions [23]. For a QCD axion in the
mass range of interest here, these timescales still fall short
of being of cosmological relevance. Nevertheless, flatter
potentials at large field values in well motivated ALP
models have been shown to feature much longer-lived os-
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only lower bounds on their lifetime are known [57]. Sta-
ble dense profiles are also possible when fa & 0.1MPl [58].
On the other hand, axion stars could have been created
much after matter domination. Both the shape of the
potential and the initial field amplitude of the axion at
the start of the oscillations can trigger parametric am-
plification of axion fluctuations even if the PQ symmetry
is broken before inflation [57, 59]. Given that oscillons
are attractor solutions, it cannot be excluded that dense
axion configurations are being generated and are present
in astrophysical settings such as pulsars [60]. We will as-
sume their existence in the following discussion. In this
work, we assume that dense axion stars with a a mass
around 10�13M� can survive to the present, and have a
chance to encounter a neutron star. If heavier stars are
stable, these would give a stronger signal.
For dense axion stars, the radius can be approximated

as [47]
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(with ga�� being the axion-photon coupling), roughly of
order meter or even smaller, which makes it easy to avoid
tidal disruption.
It is worth noticing that tidal e↵ects become important

when the distance of the axion star to the center of the
neutron star approaches the so called Roche limit:
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where MNS is the neutron star mass (typically in the
range of 1.4M�–3M�). A gravitationally bound object
approaching a star closer than this radius will be dis-
rupted by tidal e↵ects [35, 41]. For a 100 km dilute axion
star, the Roche limit is about 106 km, so it will be de-
stroyed long before it gets to the magnetosphere and the
resonant conversion region of the neutron star (which is
only about a thousand km from the neutron star). Tidal
disruption may quickly rip apart the dilute axion star,
producing a stream of axion debris that would then be



A gravitationally bound object approaching a star 
closer than Roche limit will be disrupted by tidal effects. 
The Roche limit is

Tidal effects
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(several hundred MHz to several GHz) coincides with
that expected from µeV axion particles, motivates us to
further explore whether the axion-FRB connection can
be made viable in a neutron star environment and tested
with the future data.1

In this letter, we propose a new explanation for FRBs
based on the resonant axion-to-photon conversion that
takes place when a dense axion star passes through the
resonant region in the magnetosphere of a neutron star,
as shown in Fig. 1. We will mainly focus on non-repeating
FRBs in this work, since repeating FRBs may correspond
to a di↵erent source class [43]. So far, more than 60 non-
repeating FRBs have been observed [44, 45] mainly by
Parkes, ASKAP, and UTMOST radio telescopes. Our ex-
planation of the non-repeating FRB signals roughly from
800 MHz to 1.4 GHz involves dense stars made of axions
with mass of about 10 µeV. By the Primako↵ process,
the huge number of axions in the dense axion star can
be converted to radio signals within the strong magnetic
field through resonant e↵ect in the resonant conversion
region of the magnetosphere of a pulsar. In the magneto-
sphere, the photon obtains a position-dependent e↵ective
plasma mass. In the resonant region, where the photon
mass equals the axion mass, the conversion probability
is large enough to produce the radiation power of the
observed FRBs. Thus, the highest frequency of the emit-
ted radio signal is determined by the axion mass, while
cosmological redshifts and Doppler shifts could provide
the required bandwidth needed to reproduce observations
over a wide frequency range. Similarly, the total energy
released is determined by the axion star mass and the
conversion probability.

II. AXION STAR – PULSAR ENCOUNTER

The properties of an axion star depend on its mass
Ma, and on the axion parameters, namely, mass ma and
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in Ref. [48] that such stars reach & O(1) field values
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analysis in Ref. [47] is inconsistent (see also Refs. [49–
51]). Since gravity is negligible inside such dense stars,
their profiles can instead be found as solutions of a Sine-
Gordon type equation. One is thus led to the natural
identification of stars in the dense branch with oscillons.
In contrast to the natural expectation that localized, fi-
nite energy configurations of the axion field decay within
⌧ ⇠ 1/ma ⇠ 6⇥10�11 (10 µeV/ma) s, oscillons can lastO
(100-1000) oscillations [52–56], before disappearing into
a burst of relativistic axions [23]. For a QCD axion in the
mass range of interest here, these timescales still fall short
of being of cosmological relevance. Nevertheless, flatter
potentials at large field values in well motivated ALP
models have been shown to feature much longer-lived os-
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/ma, and for plateau-like potentials

only lower bounds on their lifetime are known [57]. Sta-
ble dense profiles are also possible when fa & 0.1MPl [58].
On the other hand, axion stars could have been created
much after matter domination. Both the shape of the
potential and the initial field amplitude of the axion at
the start of the oscillations can trigger parametric am-
plification of axion fluctuations even if the PQ symmetry
is broken before inflation [57, 59]. Given that oscillons
are attractor solutions, it cannot be excluded that dense
axion configurations are being generated and are present
in astrophysical settings such as pulsars [60]. We will as-
sume their existence in the following discussion. In this
work, we assume that dense axion stars with a a mass
around 10�13M� can survive to the present, and have a
chance to encounter a neutron star. If heavier stars are
stable, these would give a stronger signal.
For dense axion stars, the radius can be approximated
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(with ga�� being the axion-photon coupling), roughly of
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tidal disruption.
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when the distance of the axion star to the center of the
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where MNS is the neutron star mass (typically in the
range of 1.4M�–3M�). A gravitationally bound object
approaching a star closer than this radius will be dis-
rupted by tidal e↵ects [35, 41]. For a 100 km dilute axion
star, the Roche limit is about 106 km, so it will be de-
stroyed long before it gets to the magnetosphere and the
resonant conversion region of the neutron star (which is
only about a thousand km from the neutron star). Tidal
disruption may quickly rip apart the dilute axion star,
producing a stream of axion debris that would then be

 Tidal disruption may quickly rip apart the dilute axion 
star, producing a stream of axion debris, long before a dilute 
axion star enters the magnetosphere of neutron star. For100 
km dilute axion, the Roche limit is about       km. 106
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For a dense axion star, the radius is smaller 
 than 1m and the Roche limit is below 10 km.  
Thus, a dense axion star can reach the resonant     

conversion region without being tidally ripped.

3

FIG. 1. Schematic diagram of the proposed FRB signal from dense axion stars. When a dense axion star passes through the
resonant conversion region in the magnetosphere of a neutron star (where the e↵ective photon mass equals the axion mass),
powerful transient radio signals can be produced in the strong external magnetic field through the Primako↵ process.

swallowed by the neutron star. It is conceivable that this
subsequent interaction of the tidal debris with the neu-
tron star leads to a multiplicity of radio signals, similar
to repeating FRBs (mostly observed by CHIME), and
this possibility deserves further investigation.

For a dense axion star, however, the radius is smaller
than a meter and the Roche limit is below 10 km. Thus, a
dense axion star can reach the resonant conversion region
without being tidally ripped. Tidal forces will certainly
stretch the axion star in the radial direction and compress
it in the transverse direction. Since the resonant conver-
sion region is located over a hundred Schwarzschild radii
from the neutron star, we can use Newtonian gravity to
estimate the tidal deformation ratio:

�Ra

Ra
=

9MNS

8⇡⇢ASr3
(3)

where ⇢AS is the axion star density and r is its dis-
tance from the neutron star. For typical values, the
tidal deformation e↵ect is negligible for a dense axion
star. For example, when a 10�13M� dense axion star
approaches a 1.5M� neutron star at a distance of 100
km, �Ra/Ra ⇠ 10�3.

The axion mass should lie around the observed FRB
frequency, roughly from several µeV to several tens of
µeV. Non-repeating FRBs can be produced when an ax-
ion star enters the resonant conversion region of the neu-
tron star magnetosphere, and overlaps with this region
for about several milliseconds on its inspiral fall onto the
neutron star. The trajectory is schematically shown in
Fig. 1. By radiating the radio signal, the axion star loses

energy and shrinks to smaller radii. As we argue below,
between 0.1% to 100% of the axion star energy can be
released in the form of FRBs lasting several milliseconds.

III. FRBS FROM RESONANT AXION TO
PHOTON CONVERSION

When a dense axion star enters the magnetosphere,
it can produce radio signals from axion conversion into
photons. We begin our discussion with the axion-photon
interaction term

L = �
ga��
4

aFµ⌫ F̃µ⌫ = ga��a ~E · ~B , (4)

where a represents the axion field, Fµ⌫ is the elec-
tromagnetic field strength, and F̃µ⌫ its dual. Several
observations constrain the coupling ga�� to be below
ga��  10�13 GeV�1 for axion masses in the range be-
tween about 4 µeV and 16 µeV [61, 62]. This interaction
allows the conversion of an axion to a photon in an exter-
nal magnetic field and vice versa. Neutron star magne-
tospheres, featuring the strongest magnetic fields known
in the Universe, are one of the best candidates to dis-
play this process. Due to the extremely small coupling
ga�� , however, the conversion probability is expected to
be very small even in the magnetosphere of neutron star.
On the other hand, the conversion rate can be signifi-
cantly enhanced in the resonant conversion region of the
magnetosphere, where the plasma mass equals the axion
mass, as shown in Fig. 1. Indeed, the photon acquires a



    Mysterious FRBs
In recent ten years,  Fast Radio Bursts (FRBs) become the most 
mysterious phenomenon in astrophysics and cosmology, especially 
from 2013(D. Thornton, et al., (2013)  Science, 341, 53).  They are intense,  
transient radio signals with large dispersion measure, light years away. 
However, their origin and physical nature are still obscure.
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neutron star. As the axion star moves through the resonant region where the plasma-induced
photon mass becomes equal to the axion mass, the axions can e�ciently convert into photons,
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mass and conversion probability. Similarly, the peak frequency of the emitted radio signal is fixed
by the axion mass, while cosmological redshift and Doppler shift could give rise to a wide range of
frequencies. In particular, we show that a dense axion star with a mass ⇠ 10�13M� composed of
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I. INTRODUCTION

Weakly coupled pseudoscalar particles such as axions,
that arise from a solution to the strong CP-problem [1–
7], or more generic axion-like particles (ALPs) predicted
by string theory [8–10], are promising dark matter (DM)
candidates and may contribute significantly to the energy
density of the Universe [11–13]. In recent years, renewed
increased interest in axion DM has motivated a broad
experimental program (see e.g. Ref. [14] for a recent re-
view). Most of these experimental searches are based
on the Primako↵ process [15], whereby axions transform
into photons in external magnetic fields and vice versa.

Low mass (long wavelength) axions or ALPs that con-
tribute appreciably to the DM must have extremely high
occupation numbers, and can be modeled by a classical
field condensate. If such condensates or other substruc-
tures survive to the present, the large number density
in astrophysical environments makes it possible to probe
their existence indirectly through the detection of low
energy photons; for axion masses consistent with the ob-
served DM density, ma ⇠ a few µeV, the emitted pho-
tons have frequencies in the range probed by radio tele-
scopes. Along these lines, signals resulting from the axion
decay to two photons [16, 17], or from resonant axion-
photon conversion [18–20] have been recently explored.

If the Peccei-Quinn (PQ) symmetry [1] is broken after
inflation, the axionic DM distribution is expected to be
highly inhomogeneous, leading to the formation of axion
miniclusters as soon as the Universe enters the matter-
domination regime [21–23], which in turn may lead to
the formation of dense boson stars [24, 25]. Boson stars
made of axionic Bose-Einstein condensate are called ax-
ion stars, when the kinetic pressure is balanced by self-
gravity, or axitons, when stabilized by self-interactions
(see Ref. [26] for a recent review). In this scenario, part
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of the DM could be in the form of axion stars [27]. Gravi-
tational microlensing could potentially constrain the frac-
tion of DM in collapsed structures [28], but typical axion
star signals fall in the femtolensing regime which is not
robustly constrained [29]. Although their presence may
be unveiled in future by observations of highly magnified
stars [30], it is important to look for other experimental
probes.

Such dense clumps of axion DM can lead to enhanced
radio signals, which might explain the mysterious ob-
servation of Fast Radio Bursts (FRBs) [31, 32]. For
instance, the oscillating axion configuration associated
with a dilute axion star hitting the atmosphere of a neu-
tron star was conjectured to induce dipolar radiation of
the dense electrons in the atmosphere, which would in
turn give rise to a powerful radio signal [33] similar to
the FRBs. A related proposal considered neutrons in the
interior of the neutron star as the source of FRBs [34].
However, as pointed out in Ref. [35], the radius of a di-
lute axion star is about several hundred kilometers, which
means that tidal e↵ects will destroy it well before it can
reach the surface of the neutron star, at about 106 km.
Moreover, the photon radiated at the surface of the neu-
tron star has a plasma mass, which is much larger than
the intrinsic frequency of the dipole radiation (equivalent
to the axion mass). Hence, medium e↵ects would greatly
suppress the signal.

Even in the optimistic scenario of a dense axion
star directly hitting the surface of a neutron star,
this would lead to, at most, a µJy radio signal [36],
whereas FRBs range from O(0.1) to O(100) Jy (where
1 Jy=10�23 erg · s�1

· cm�2
· Hz�1). Their large disper-

sion measure suggests that the FRBs are of extragalac-
tic origin, generated at redshift 0.1 . z . 2.2. This
means that the total energy released in an FRB is about
O(1038) to O(1040) erg, and their observed millisecond
duration requires that the radiated power reaches 1041–
1043 erg · s�1. Although their origin and physical na-
ture are still obscure [37–40], the fact that the energy
released by FRBs is about a few percent of 10�13M�
(where 1 M� = 1.1⇥ 1057 GeV is the solar mass), which
is the typical axion star mass, and that their frequency
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I. INTRODUCTION

Weakly coupled pseudoscalar particles such as axions,
that arise from a solution to the strong CP-problem [1–
7], or more generic axion-like particles (ALPs) predicted
by string theory [8–10], are promising dark matter (DM)
candidates and may contribute significantly to the energy
density of the Universe [11–13]. In recent years, renewed
increased interest in axion DM has motivated a broad
experimental program (see e.g. Ref. [14] for a recent re-
view). Most of these experimental searches are based
on the Primako↵ process [15], whereby axions transform
into photons in external magnetic fields and vice versa.

Low mass (long wavelength) axions or ALPs that con-
tribute appreciably to the DM must have extremely high
occupation numbers, and can be modeled by a classical
field condensate. If such condensates or other substruc-
tures survive to the present, the large number density
in astrophysical environments makes it possible to probe
their existence indirectly through the detection of low
energy photons; for axion masses consistent with the ob-
served DM density, ma ⇠ a few µeV, the emitted pho-
tons have frequencies in the range probed by radio tele-
scopes. Along these lines, signals resulting from the axion
decay to two photons [16, 17], or from resonant axion-
photon conversion [18–20] have been recently explored.

If the Peccei-Quinn (PQ) symmetry [1] is broken after
inflation, the axionic DM distribution is expected to be
highly inhomogeneous, leading to the formation of axion
miniclusters as soon as the Universe enters the matter-
domination regime [21–23], which in turn may lead to
the formation of dense boson stars [24, 25]. Boson stars
made of axionic Bose-Einstein condensate are called ax-
ion stars, when the kinetic pressure is balanced by self-
gravity, or axitons, when stabilized by self-interactions
(see Ref. [26] for a recent review). In this scenario, part
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of the DM could be in the form of axion stars [27]. Gravi-
tational microlensing could potentially constrain the frac-
tion of DM in collapsed structures [28], but typical axion
star signals fall in the femtolensing regime which is not
robustly constrained [29]. Although their presence may
be unveiled in future by observations of highly magnified
stars [30], it is important to look for other experimental
probes.

Such dense clumps of axion DM can lead to enhanced
radio signals, which might explain the mysterious ob-
servation of Fast Radio Bursts (FRBs) [31, 32]. For
instance, the oscillating axion configuration associated
with a dilute axion star hitting the atmosphere of a neu-
tron star was conjectured to induce dipolar radiation of
the dense electrons in the atmosphere, which would in
turn give rise to a powerful radio signal [33] similar to
the FRBs. A related proposal considered neutrons in the
interior of the neutron star as the source of FRBs [34].
However, as pointed out in Ref. [35], the radius of a di-
lute axion star is about several hundred kilometers, which
means that tidal e↵ects will destroy it well before it can
reach the surface of the neutron star, at about 106 km.
Moreover, the photon radiated at the surface of the neu-
tron star has a plasma mass, which is much larger than
the intrinsic frequency of the dipole radiation (equivalent
to the axion mass). Hence, medium e↵ects would greatly
suppress the signal.

Even in the optimistic scenario of a dense axion
star directly hitting the surface of a neutron star,
this would lead to, at most, a µJy radio signal [36],
whereas FRBs range from O(0.1) to O(100) Jy (where
1 Jy=10�23 erg · s�1

· cm�2
· Hz�1). Their large disper-

sion measure suggests that the FRBs are of extragalac-
tic origin, generated at redshift 0.1 . z . 2.2. This
means that the total energy released in an FRB is about
O(1038) to O(1040) erg, and their observed millisecond
duration requires that the radiated power reaches 1041–
1043 erg · s�1. Although their origin and physical na-
ture are still obscure [37–40], the fact that the energy
released by FRBs is about a few percent of 10�13M�
(where 1 M� = 1.1⇥ 1057 GeV is the solar mass), which
is the typical axion star mass, and that their frequency
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I. INTRODUCTION

Weakly coupled pseudoscalar particles such as axions,
that arise from a solution to the strong CP-problem [1–
7], or more generic axion-like particles (ALPs) predicted
by string theory [8–10], are promising dark matter (DM)
candidates and may contribute significantly to the energy
density of the Universe [11–13]. In recent years, renewed
increased interest in axion DM has motivated a broad
experimental program (see e.g. Ref. [14] for a recent re-
view). Most of these experimental searches are based
on the Primako↵ process [15], whereby axions transform
into photons in external magnetic fields and vice versa.

Low mass (long wavelength) axions or ALPs that con-
tribute appreciably to the DM must have extremely high
occupation numbers, and can be modeled by a classical
field condensate. If such condensates or other substruc-
tures survive to the present, the large number density
in astrophysical environments makes it possible to probe
their existence indirectly through the detection of low
energy photons; for axion masses consistent with the ob-
served DM density, ma ⇠ a few µeV, the emitted pho-
tons have frequencies in the range probed by radio tele-
scopes. Along these lines, signals resulting from the axion
decay to two photons [16, 17], or from resonant axion-
photon conversion [18–20] have been recently explored.

If the Peccei-Quinn (PQ) symmetry [1] is broken after
inflation, the axionic DM distribution is expected to be
highly inhomogeneous, leading to the formation of axion
miniclusters as soon as the Universe enters the matter-
domination regime [21–23], which in turn may lead to
the formation of dense boson stars [24, 25]. Boson stars
made of axionic Bose-Einstein condensate are called ax-
ion stars, when the kinetic pressure is balanced by self-
gravity, or axitons, when stabilized by self-interactions
(see Ref. [26] for a recent review). In this scenario, part
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of the DM could be in the form of axion stars [27]. Gravi-
tational microlensing could potentially constrain the frac-
tion of DM in collapsed structures [28], but typical axion
star signals fall in the femtolensing regime which is not
robustly constrained [29]. Although their presence may
be unveiled in future by observations of highly magnified
stars [30], it is important to look for other experimental
probes.

Such dense clumps of axion DM can lead to enhanced
radio signals, which might explain the mysterious ob-
servation of Fast Radio Bursts (FRBs) [31, 32]. For
instance, the oscillating axion configuration associated
with a dilute axion star hitting the atmosphere of a neu-
tron star was conjectured to induce dipolar radiation of
the dense electrons in the atmosphere, which would in
turn give rise to a powerful radio signal [33] similar to
the FRBs. A related proposal considered neutrons in the
interior of the neutron star as the source of FRBs [34].
However, as pointed out in Ref. [35], the radius of a di-
lute axion star is about several hundred kilometers, which
means that tidal e↵ects will destroy it well before it can
reach the surface of the neutron star, at about 106 km.
Moreover, the photon radiated at the surface of the neu-
tron star has a plasma mass, which is much larger than
the intrinsic frequency of the dipole radiation (equivalent
to the axion mass). Hence, medium e↵ects would greatly
suppress the signal.

Even in the optimistic scenario of a dense axion
star directly hitting the surface of a neutron star,
this would lead to, at most, a µJy radio signal [36],
whereas FRBs range from O(0.1) to O(100) Jy (where
1 Jy=10�23 erg · s�1

· cm�2
· Hz�1). Their large disper-

sion measure suggests that the FRBs are of extragalac-
tic origin, generated at redshift 0.1 . z . 2.2. This
means that the total energy released in an FRB is about
O(1038) to O(1040) erg, and their observed millisecond
duration requires that the radiated power reaches 1041–
1043 erg · s�1. Although their origin and physical na-
ture are still obscure [37–40], the fact that the energy
released by FRBs is about a few percent of 10�13M�
(where 1 M� = 1.1⇥ 1057 GeV is the solar mass), which
is the typical axion star mass, and that their frequency
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Duration: milliseconds

We focus on FRBs events with 
frequency range 800 MHz to 1.4GHz, 
mainly observed by Parkes, ASKAP, 
and UTMOST.

We do not include other non- 
repeating FRBs with frequencies 
lower than 800 MHz, like the events 
from CHIME and Pushchino, which 
may be better explained by a lighter 
axion or other sources. 
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FRB-Axion star correlation



Recently, people realize  light dark photon can be a  
promising DM candidate.  
We study how to detect this dark photon DM by radio 
telescope, following the same idea as the axion  DM case. 
We can obtain the strongest constraint. 

 Generalisation to dark photon DM case
Raidofrequency Dark Photon Dark Matter across the Sun, Haipeng An, FPH, Jia 
Liu, Wei Xue arXiv:2010.15836 



For dark photon DM，the 
resonant conversion could 
happen without magnetic  
Field. We can directly study 
the resonant conversion  
process in the solar corona. 

Two advantages: closer and 
larger conversion volume. 
Disadvantage: stronger  
background 

 Generalisation to dark photon DM case

During a total solar eclipse, the Sun's corona and prominences are visible to 
the naked eye. 

https://en.wikipedia.org/wiki/Solar_eclipse
https://en.wikipedia.org/wiki/Solar_prominence
https://en.wikipedia.org/wiki/Naked_eye
https://en.wikipedia.org/wiki/Solar_eclipse
https://en.wikipedia.org/wiki/Solar_prominence
https://en.wikipedia.org/wiki/Naked_eye


 Generalisation to dark photon DM case
Raidofrequency Dark Photon Dark Matter across the Sun, Haipeng An, FPH, Jia 
Liu, Wei Xue arXiv:2010.15836 



 Generalisation to dark photon DM case
Raidofrequency Dark Photon Dark Matter across the Sun, Haipeng An, FPH, Jia 
Liu, Wei Xue arXiv:2010.15836 



 Resonant production
Raidofrequency Dark Photon Dark Matter across the Sun, Haipeng An, FPH, Jia 
Liu, Wei Xue arXiv:2010.15836 



Propagation effects
Raidofrequency Dark Photon Dark Matter across the Sun, Haipeng An, FPH, Jia 
Liu, Wei Xue arXiv:2010.15836 
It turns out that the dominant absorption process is 
the inverse bremsstrahlung process. 
 



 Sensitivity of radio telescope
The minimum detectable flux density of a radio telescope is 



 The sensitivity reach
Raidofrequency Dark Photon Dark Matter across the Sun,        Haipeng An,  
FPH, Jia Liu, Wei Xue arXiv:2010.15836 under review in Phy. Rev. Let 
 



II. How can we use gravitational waves to 
explore dark matter?

Hearing the signal of dark sectors with gravitational wave detectors  
J.Jaeckel, V. V. Khoze, M. Spannowsky, Phys.Rev. D94 (2016) no.10, 103519  

Yan Wang,Chong Sheng Li, and FPH,    arXiv:2012.03920 
FPH, Eibun Senaha         Phys.Rev. D100 (2019) no.3, 03501 
FPH                                 PoS ICHEP2018 (2019) 397 
FPH, Chong Sheng Li      Phys.Rev. D96 (2017) no.9, 095028 
FPH, Jiang-Hao Yu          Phys.Rev. D98 (2018) no.9, 095022  
FPH, Xinmin Zhang,        Phys.Lett. B788 (2019) 288-29

➢The observation of GW by LIGO has initiated a 
new era of exploring DM by GW. 

➢ DM can trigger first-order phase transition in the 
early universe, which can leads to detectable 
gravitational wave signals. 

➢New DM production scenario filtered by the 
bubbles of the first-order phase transition in the 
early universe 

 



    What is gravitational wave?
General relativity and 
Warped space time



     
      Phase transition GW in a nutshell 

E. Witten, Phys. Rev. D 
30, 272 (1984) 
C. J. Hogan, Phys. Lett. 
B 133, 172 (1983);  
M. Kamionkowski, A. 
Kosowsky and M. S. 
Turner, Phys. Rev. D 49, 
2837 (1994)) 
EW phase transition 
GW  becomes  more 
interesting and realistic 
after the discovery of  
Higgs by LHC and GW    
by LIGO.

Strong First-order  phase transition (SFOPT) can drive 
the plasma of  the early universe out of thermal 
equilibrium, and  bubbles nucleate during it, which will  
produce GW.



Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045

The GW spectra should be calculated at percolation temperature.

thermal quantum field theory



Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045

↵ quantifies the strength of SFOPT
<latexit sha1_base64="WQcWRgT6ME8VtSM29pd4iIIv0/o=">AAACGXicbVDLSitBEO1Rr4/cq0ZdumkMwl2FGRV0KQrizohGhSSEmk5NprGnZ+yuEcMQP8ONv+LGhSIudeXf2IlZ+DpQcDiniqo6YaakJd9/88bGJ/5MTk3PlP7+m52bLy8sntg0NwLrIlWpOQvBopIa6yRJ4VlmEJJQ4Wl4vjvwTy/RWJnqY+pl2Eqgq2UkBZCT2mW/CSqL4fqaNwmvqLjIQZPz0XKKkVsyqLsU8zTiR3sHteN+u1zxq/4Q/CcJRqTCRqi1yy/NTiryBDUJBdY2Aj+jVgGGpFDYLzVzixmIc+hiw1ENCdpWMfysz1ed0uFRalxp4kP180QBibW9JHSdCVBsv3sD8TevkVO01SqkznJCLT4WRbnilPJBTLwjDQpSPUdAGOlu5SIGA4JcmCUXQvD95Z/kZK0arFfXDjcq2zujOKbZMlth/1nANtk222c1VmeC3bA79sAevVvv3nvynj9ax7zRzBL7Au/1HRmHoPA=</latexit>



GW signals from SFOPT
Bubble collisions

Turbulence

Sound wave

E. Witten, Phys. Rev. D 30, 272 (1984) 
C. J. Hogan, Phys. Lett. B 133, 172 (1983);  
M. Kamionkowski, A. Kosowsky and M. S. Turner, Phys. Rev. D 49, 2837 (1994))Mark Hindmarsh, et al., 
PRL 112, 041301 (2014); Lots of unlisted papers.



provide natural 
 DM candidate  

provide strong first-order phase 
transition（FOPT） and phase 
transition GW

Inert Doublet DM Models

The tree-level potential to describe the inert doublet DM model is given 
by

FPH,  Jiang-hao Yu, PHY. REV. D 98, 095022 (2018) 



Yan Wang,Chong Sheng Li, and FPH,    arXiv:2012.03920



provide natural 
 DM candidate  

provide strong first-order phase 
transition and phase transition GW

The mixed singlet-doublet DM model 

for the mixed singlet-triplet model. To obtain the required
relic abundance, the mixing angle sin θ needs to satisfy

sin θ ≃
mχ

540 GeV
ðdoubletÞ; ð17Þ

sin θ ≃
mχ

2000 GeV
ðtripletÞ; ð18Þ

which could be deduced from Refs. [42,43]. Note that this
simple relation is only valid near the blind spot region. In
the interested mass region (mW < mχ < 300 GeV), the
well-tempered DM is favored. Therefore, we could choose
the benchmark points by acquiring λhχχ is close to zero
(blind spots) and sin θ is determined by the above Eq. (18).
Using these two conditions, we could obtain correct relic
abundance, while escaping the DM direct detection con-
straints and obtaining a strong FOPTwith detectable GWs.

A. The mixed singlet-doublet model

The MSDM contains a singlet S with hypercharge
Y ¼ 0, and a doublet with hypercharge Y ¼ 1=2. The tree
level potential in the MSDM is

V0¼
1

2
M2

SS
2þM2

DH
†
2H2þ

1

2
λSS2jΦj2þλ3Φ†ΦH†

2H2

þλ4jΦ†H2j2þ
λ5
2
½ðΦ†H2Þ2þH:c:&þA½SΦH†

2þH:c:&:

Here, we omit all interactions involving only S and H2 and
the kinetic terms. The mixed mass matrices are

M2
neutral ¼

!
M̃2

S Av

Av M̃2
D

"
; ð19Þ

where M̃2
S ¼ M2

S þ 1
2 v

2λS and M̃2
D ¼ M2

D þ 1
2 v

2λ345. The
two eigenvalues of the mass-squared matrix are

1

2
½M̃2

S þ M̃2
D '

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM̃2

S − M̃2
DÞ2 þ 4v2A2

q
&; ð20Þ

with the smaller eigenvalue corresponding to DM mass
square

m2
χ ¼

1

2

h
M̃2

S þ M̃2
D −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM̃2

S − M̃2
DÞ2 þ 4v2A2

q i
: ð21Þ

The mixing angle is

tan 2θ ¼ 2Av
M̃2

S − M̃2
D
: ð22Þ

The coupling between the Higgs boson and DM is

ahχχ ¼
1

2
vðλS þ λ345Þ

−
2vA2 þ 1

2 vðM̃
2
S − M̃2

DÞðλS − λ345Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM̃2

S − M̃2
DÞ2 þ 4v2A2

q ; ð23Þ

and the coupling between the Higgs boson and the singlet
scalar is

ahss ¼
1

2
vðλS þ λ345Þ

þ
2vA2 þ 1

2 vðM̃
2
S − M̃2

DÞðλS − λ345Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM̃2

S − M̃2
DÞ2 þ 4v2A2

q : ð24Þ

In the DM favored parameter spaces (small λhχχ ,
sin θ ≈mχ=540 GeV, and mW < mχ < 300 GeV), a strong
FOPT can be induced due to the fact that the strong FOPT
can occur in the IDM and the mixing with an inert singlet
can enhance the FOPT. The mixing term A½SΦD† þ H:c:&
does not significantly change the phase transition property
except for the change of the eigenvalues of the masses. The
strong FOPT can be easily realized if λ3 and λhss are order
one which are allowed by the above DM constraints.
We take one set of benchmark points λ3 ¼ 3.006,

λ4 ¼ −1.5, λ5 ¼ −1.5, λS ¼ 4.006, A ¼ 91 GeV, and
MD¼MS¼117.5GeV. Then, we have mχ¼ 100.6 GeV,
λhχχ ¼ 0.0009, and λhss ¼ 2.005. The corresponding GW
spectra are shown in Fig. 2. This set of benchmark points
can evade the constraints from DM direct experiments, give
the correct relic density and produce detectable GW signals
by LISA, BBO, DECIGO, and U-DECIGO. We estimate
the deviation of the hZ cross section δhZ at one-loop level

FIG. 2. The phase transition GW spectra h2ΩGW in the MSDM.
The colored regions represent the expected sensitivities of GW
interferometers U-DECIGO, DECIGO, BBO, and LISA, respec-
tively. The black line depicts the combined GW spectra in the
MSDM and the corresponding DM coupling for the set of
benchmark points. The dashed cyan, brown, and orange line
represents the contribution from sound wave, turbulence, and
bubble collision, respectively.
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095022-7

The tree-level potential to describe the mixed singlet-doublet DM 
model is given by

FPH,  Jiang-hao Yu, PHY. REV. D 98, 095022 (2018) 





Heavy DM formed by SFOPT
The cosmic phase transition with Q-balls production can 
explain baryogenesis and DM simultaneously, where 
constraints on DM mass and reverse dilution are 
significantly relaxed. We study how to probe this scenario 
by GW signals and collider signals at QCD NLO. 
FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028 

Many mechanisms to simultaneously solve the baryogenesis and DM puzzles 
usually have two strong constraints. 
B. Shuve, C. Tamarit, JHEP 1710 (2017) 122

In usual asymmetry dark matter models, nDM ⇠ nB , ⇢DM ⇡ 5⇢B

mDM ⇡ 5mp ⇡ 5GeV



SFOPT naturally correlates DM, baryogenesis, particle 
collider and GW signals.

< S > 6= 0
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And with the bubble expansion, the symmetric phase eventually shrinks to very 
small size objects and become the so-called Q-balls as DM candidates. 

Q-ball DM



Final conditions to produce the observed baryon asymmetry and 
DM density:  FPH, C.S. Li, Phys.Rev. D96 (2017) no.9, 09502 

ρDM ¼ mQnQ; ð9Þ

where the current DM mass density ρDM ≃
1×10−6GeV·cm−3. To obtain the Q-ball mass mQ, it
is necessary to minimize the following Q-ball energy2:

EðRÞ ¼ πQ
R

þ 4π
3
R3U0; ð10Þ

whereU0 ¼ λSσ4=4. And byminimizing Eq. (10), the Q-ball
mass can be written as [5]

mQ ¼ 4
ffiffiffi
2

p
π

3
Q3=4U1=4

0 : ð11Þ

The stability of the Q-balls needs mQ < Qk1σ. Since the
nonthermal decays of the heavy particles give nχ ¼ nχ% ¼
nB, one can see that

nQQ
s

¼ 2
nB
s

¼ 2ηB; ð12Þ

where ηB ∼ 10−10. From Eqs. (9) and (12), we obtain

Q
mQ

""""
t0

¼ 2ηBs0
ρDM

; ð13Þ

where the t0 and s0 represent the present value and the current
entropy density s0 ≃ 3000 cm−3. Thus, it is necessary to
calculate the number density of Q-balls and the typical Q-ball
charge at T%, which can be obtained by estimating the volume
V% from which χ particles are collected into a single Q-ball.
Based on the fact that the Q-ball volume is the same order as
the volume of the remnant of the symmetry unbroken phase,
the radius R% of the remnant can be estimated by requiring
R3
%ΓðTÞ R%

vb
∼ 1 for the bubble expansion with velocity vb [5].

In other words, R% ∼ ð vb
ΓðTÞÞ

1
4. Thus, the Q-ball volume is

approximatelyV% ¼ 4π
3 R

3
%, and the number density ofQ-balls

nQ ¼ V−1
% at T% when the phase transition terminates. From

Eq. (11), we can calculate the Q-ball mass.
To clearly see the constraints, we need to know the phase

transition dynamics from the previous results. It is neces-
sary to start with the calculation of the bubble nucleation
rate per unit volume Γ ¼ Γ0ðTÞe−SEðTÞ and Γ0ðTÞ ∝ T4

[14]. The Euclidean action SEðTÞ≃ S3ðTÞ=T [15,16], and
then Γ ¼ Γ0e−S3=T [14], where

S3ðTÞ ¼
Z

d3x
#
1

2
ð∇SÞ2 þ VeffðS; TÞ

$
: ð14Þ

From Eq. (6), the analytic result of S3=T can be obtained
[17,18] as

S3
T

≈
13.72 × 144π2

e2

%
−μ2S þ cT2

2T2

&3
2

f
#
−μ2S þ cT2

2T2

144π2λS
e2

$

ð15Þ

without assuming the thin wall approximation. Here,
fðxÞ ¼ 1þ x

4 ½1þ
2.4
1−x þ

0.26
ð1−xÞ2'. And the FOPT termination

temperature is determined by

S3ðT%Þ=T% ¼ 4 lnðT%=100 GeVÞ þ 137; ð16Þ

which means the nucleation probability of one bubble per
one horizon volume becomes order 1. This explains why
we can estimate the Q-ball volume V% when the phase
transition terminates in the above discussions.
Combing the above results, the conditions for the

observed BAU and DM density give

ρ4DMv
3=4
b ¼ 73.5ð2ηBs0Þ3λSσ4Γ3=4: ð17Þ

This equation can give explicit constraints on the model
parameters, since ΓðT%Þ is determined by the phase
transition dynamics that can be calculated from the original
Lagrangian. As for the bubble wall velocity vb, in principle,
it is also depends on the phase transition dynamics.
However, we just take vb ¼ 0.3 as the default bubble wall
velocity for simplicity. For Eq. (17) to satisfy the current
DM density, the BAU, and the condition for strong FOPT,
the critical temperature Tc is numerically around several
TeV, or roughly 1 TeV < Tc < 20 TeV. And k1 is about
Oð4Þ from Eqs. (5) and (17). We list some benchmark
points in Table I.
Here, there is a strong FOPT at several TeV scale, which

produces sizable phase transition GWs. We consider three
phase transition GW sources: the well-known bubble
collisions [19], the turbulence in the fluid, where a certain
fraction of the bubble wall energy is converted into
turbulence [20,21], and the new source of sound waves
[22]. There are usually four parameters that determine the
phase transition GW spectrum, namely, vb, λi, α, and

β
H%
.

The bubble wall velocity vb and the energy efficiency factor
λi (i ¼ co, tu, sw) are not easy to be obtained directly from
the Lagrangian, and we just choose some default value or

TABLE I. The benchmark sets after considering the combined
constraints for producing the observed DM density and BAUwith
vb ¼ 0.3.

Benchmark sets λS e c Tc [TeV] σ
TC

I 0.008 0.754 1 15.9 5
II 0.0016 0.151 1 6.6 5

2Here, we omit the surface energy of the Q-balls since the
surface energy is much smaller compared to E(R) [9].

FA PENG HUANG and CHONG SHENG LI PHYSICAL REVIEW D 96, 095028 (2017)

095028-4
Extension work for the gauged Q-balls is working in progress with Prof. P. Ko



The predicted GW spectrum for benchmark points with vb = 0.3.  Figure(a), (b), (c) 
represents the GW spectrum from bubble collision, sound waves and turbulence, 
respectively, which may be detected by future LIGO-like experiments, Einstein telescope 
or cosmic explorer. 
 



      Collider phenomenology

There are many types of combinations for the up-type quark and 
down-type quark, which result in abundant collider 
phenomenology at the LHC. 

The dominant decay channel behaves as the missing energy in the 
detector. So the interactions can be explored by performing  
mono-jet and mono-top analysis at the LHC.  

Because the LHC is a proton-proton collider with high precision, 
the QCD NLO predictions for these processes are necessary in 
order to obtain reliable results.



QCD NLO prediction at the LHC 

  The Key point for QCD NLO calculation is Infrared divergence

Tricks for QCD NLO calculations: 
Two cutoff phase space slicing method (δs,δc) 
or dipole subtraction 

We perform QCD the next-leading-order (NLO)  predictions for 
these two cases and discuss the discovery potential at the LHC.



Mono-jet analysis at QCD NLO 



Mono-top analysis at QCD NLO 

FPH, C.S. Li， Phys.Rev. D96 (2017) no.9, 095028



In the recent two years, this dynamical DM formed 
by phase transition has became a new idea and 
attracted more and more attentions. Namely， 
bubble in SFOPT can be the “filters” to packet your 
needed heavy DM. 
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Schematic phase transition GW spectra for SKA-like and  
LISA-like experiments to explore DM and baryogenesis  
FPH, Xinmin Zhang, Physics Letters B 788 (2019) 288-294  

More general cases for DM



Conclusion
  Radio signals and gravitational wave signals can 

provide new indirect  approaches to explore the nature 
of dark matter.

Comments and collaborations are welcome!

Thanks for your attention!


