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Strong CP problem Compactifications

(Planck 2015)

(2df redshift survey)

In turn they can affect: 
early Universe cosmology, inflation, 
big bang nucleosynthesis, CMB formation,  
dark matter, dark energy, stellar evolution,  
galaxy formation, large scale structure… 

Axions are light (sub-eV) pseudo-Goldstone bosons, characterised 
broadly by their mass and an overall scale (their decay constant)

They arise both as a minimal extension of the Standard Model, to 
solve the Strong CP problem, whilst also being a generic prediction 
of the exotic physics of string and M theory



Converting Axions into photons

Axion “a”
!  (photon)γ

!  (magnetic field)B

!gaγγ

!ℒ = gaγγa ⃗E ⋅ ⃗B

DM Axions

Radio waves

Neutron Star



How to calculate this flux?
• Input: Standard dark matter density, velocity distribution. From Liouville’s theorem 


� 


• Conversion: Use a GJ model for the NS magnetosphere:


� 


• Solve EOMs to find axion/photon oscillation probability


� 


• Output: Use geodesic equations to propagate photons to Earth, ideally accounting for time dependence, gravitational, 
plasma effects etc


• First explored in Pshirkov et al, J.Exp.Theor.Phys. 108 (2009), arxiv: 0711.1264. However this was mostly ignored until Hook 
et al, Phys.Rev.Lett. 121 (2018), arxiv: 1804.03145. Since then �  theory/observational papers
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The majority of such experiments utilize the coupling
of the axion to electromagnetic fields, though some ex-
periments, such as CASPEr [16], directly use the ax-
ion coupling to nucleons. For example, ADMX utilizes
a microwave cavity to induce DM axion-photon con-
version in the presence of an external B-field. ADMX
has already constrained axion DM scenarios in a narrow
mass range around 10�6 eV, and future runs of ADMX
should expand the sensitivity to axion masses in the
range ma ⇠ 10�6 – 10�5 eV [10, 17]. The HAYSTAC
collaboration will try to push the reach to masses as high
as 10�4 eV using similar technology [18–20], while MAD-
MAX [21] will probe a similar mass range with dielectric
haloscopes [22]. A separate set of experiments, such as
ABRACADABRA [23, 24] and DM-Radio [25, 26], are
working to test the axion DM hypothesis at lower masses,
potentially down to 10�9 eV, by exploiting the coupling
aE ·B in the limit where the axion wavelength is much
larger than the size of the experiment. Our work com-
plements these approaches by providing an avenue for
indirect detection of QCD axion DM in the mass range
⇠ 0.2� 40 µeV utilizing existing and planned radio tele-
scopes.

NSs have long been recognized as promising targets for
axion searches due to their strong magnetic fields. Pre-
vious e↵orts have focused on either photon-axion conver-
sion leading to spectral distortions in the outgoing elec-
tromagnetic emission [27] or the conversion of thermal
axions, produced inside of the NS, into photons in the
NS magnetosphere [28]. However, neither of these pro-
cesses require the axion to be DM, and also neither are
sensitive enough to probe the QCD axion. In particular,
thermal axions are ultrarelativistic and hence cannot un-
dergo resonant conversion in the magnetosphere [29], but
DM axions are only mildly relativistic and resonant con-
version is obtained over a broad range of parameters. Our
work builds upon this previous work by calculating the
radio flux from axion DM conversion into photons within
the magnetosphere. Assuming that the axion makes up
all of the DM, we show that radio searches may be sen-
sitive to QCD-axion-strength couplings ga�� .2

Neutron Star Magnetosphere. — The magnetic field
in the vicinity of the NS surface is thought to be well
described by a dipole configuration, with an axis m̂ that
is misaligned from the rotation axis (which we take to
be the z-axis) by an angle ✓m. Charged particles are
stripped from the surface of the NS at the magnetic
poles and accelerated along open field lines, producing
the non-thermal, pulsed radio and gamma-ray emission
seen from pulsars. These regions near the magnetic poles

2 Our work is similar in spirit to that of [11], which also consid-
ered DM axion-photon conversion within the NS magnetosphere.
However, we disagree with the details of many aspects of their
calculations.

are characterized by a high-density, boosted plasma. On
the other hand, the NS “lobes” consist of closed magnetic
field lines and likely much more modest plasma densities.
We will take a simplistic approximation to the neutron-
star magnetosphere, inspired by Goldreich and Julian
(GJ) [30]. The GJ model gives the minimum plasma den-
sity necessary in the presence of the NS magnetic field,
by finding a self-consistent solution to Maxwell’s equa-
tions when particles on magnetic field lines corotate with
the star.
Though originally proposed for aligned NSs with ✓m =

0, the GJ derivation applies equally well to misaligned
NSs, and gives a charge density

nc =
2⌦ ·B

e

1

1 � ⌦2r2 sin2 ✓
, (1)

where ⌦ = 2⇡/P with P the NS spin period, and ✓ is the
polar angle with respect to the rotation axis. We will take
the charge density as a rough estimate of the electron
number density: ne = |nc|.3 The plasma frequency is
!p ⇡

p
4⇡↵ne/me, so that within the GJ model

!p ⇡
�
1.5 ⇥ 102 GHz

�
s✓

Bz

1014 G

◆✓
1 sec

P

◆
, (2)

where

Bz =
B0

2

⇣r0
r

⌘3 ⇥
3 cos ✓ m̂ · r̂ � cos ✓m

⇤
(3)

is the component of the magnetic field along the ẑ direc-
tion. Note that

m̂ · r̂ = cos ✓m cos ✓ + sin ✓m sin ✓ cos(⌦t) (4)

depends on time due to the rotation of the NS. In (2)
we have neglected the relativistic correction in the de-
nominator of (1), which can be important for millisec-
ond pulsars but is typically a percent-level correction for
the pulsars with large P that we will be concerned with
in this analysis. In practice, the true plasma density is
likely more complicated than the simple GJ model. In
particular, there could be non-trivial time dependence
and boosts within the plasma. However, the GJ model
provides a straightforward starting point for this analysis,
which we hope can be improved in future work with more
realistic models for the NS magnetosphere. In this analy-
sis, we focus only on the region of closed field lines where
the plasma is expected to be nonrelativistic, leaving the

3 When the charge density is positive, it could consist only of pro-
tons leading to a much smaller plasma mass. If this were the
case, some results may become stronger because low-mass ax-
ions would convert closer to the NS radius, where the magnetic
field is higher.
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complications of boosted plasma near the magnetic poles
to future work.

As we show below, the axion-photon conversion occurs
resonantly within the vicinity of the conversion radius rc,
defined to be the radius at which the plasma frequency
equals the axion mass. Using the expressions above, we
find that in the GJ model the time-dependent rc is given
by

rc(✓, ✓m, t) = 224 km ⇥
��3 cos ✓ m̂ · r̂ � cos ✓m

��1/3⇥
⇣ r0
10 km

⌘
⇥

"
B0

1014 G

1 sec

P

✓
1 GHz

ma

◆2
#1/3

.
(5)

Conversion Probability from Mixing Equations. —
Since the axion DM starts out non-relativistic far away
from the NS and is accelerated to semi-relativistic veloc-
ities at radius rc, we can approximate the axion trajec-
tories as radial. In the Supplementary Material (SM) we
give a set of physical arguments that may be used to un-
derstand the parametric dependence of the axion-photon
conversion probability. Here, we calculate the conver-
sion probability by solving the coupled wave equations
for the axion-photon system in the presence of the in-
teraction term �

1
4ga��aE ·B in the Lagrangian, which

leads to mixing between the axion a and the component
of the photon vector potential Ak that is transverse to
the axion’s motion but coplanar with the magnetic field.

Following [29], we assume radial plane wave solu-
tions of the form a(r, t) = iei!t�ikrã(r) and Ak(r, t) =

ei!t�ikrÃk(r), where k2 = !2
� m2

a. As we will show,
the resonant conversion takes place in a narrow enough
region around rc that we may neglect the r dependence
of !. Similarly, while the dispersion relation for k holds
for both the axion and the photon at rc, the photon dis-
persion changes away from the conversion radius due to
the continuously varying plasma mass. We account for
both of these e↵ects in turn. The analytic arguments pre-
sented below are supported by a full numerical analysis
in the SM, where we also derive the equations of motion
for the coupled axion-photon system in the plasma.

Near rc, we may use the WKB approximation
|Ã00

k(r)| ⌧ k|Ã0(r)| and |ã00(r)| ⌧ k|a0(r)|. The mixing
equations reduce to the first-order ordinary di↵erential
equation


�i

d

dr
+

1

2k

✓
m2

a � ⇠ !2
p �B

�B 0

◆�✓
Ãk
ã

◆
= 0 , (6)

where

⇠ =
sin2 ✓̃

1 �
!2

p

!2 cos2 ✓̃
, �B = Bga��ma

⇠

sin ✓̃
, (7)

! = ma

p
1 + v2c , and k = mavc. Above, we have defined

✓̃ to be the angle between the propagation direction r̂
and the magnetic field B.

For r � rc, the axion-photon system no longer strongly
mixes, but the amplitude of Ak modulates due to the
varying plasma frequency of the medium. This e↵ect is
familiar from wave mechanics as it is exactly analogous to
the increasing amplitude of ocean waves as they approach
the shore (though in our analysis, we are considering the
opposite case of waves leaving the shore). The net e↵ect
is a suppression of the outgoing electromagnetic wave by
a factor of

p
vc asymptotically far away from the NS,

namely Ak(1) ⇠
p
vcAk(rc).

To calculate the energy flux in electromagnetic radi-
ation asymptotically far from the NS, we may use the
formalism of transition amplitudes by analogy to time-
dependent perturbation theory in the Schrödinger equa-
tion, working to first order in �B [29]. Taking initial
conditions Ãk(r0) = 0 and ã(r0) = a0, and neglecting
the modulation of the outgoing electromagnetic wave for
now, (6) gives

pa�(r) =

����
Z r

0
dr0

B(r0)⇠(r0)ga��

2vc sin ✓̃

⇥e
�i

R r0
0 dr̃

⇥
m2

a�⇠(r̃)!2
p(r̃)

⇤
2mavc

�����

2

.

(8)

This expression represents |Ak(r)|
2/a20 and may be in-

terpreted classically as the ratio of energy density in the
electromagnetic field to the energy density in the axion
field at a radius r. Taking r ! 1 and including the
amplitude modulation of the outgoing electromagnetic
field, we evaluate (8) by the method of stationary phase
to obtain the energy transfer function

p1a� ⇡
1

2vc
g2a��B(rc)

2L2 , (9)

with L =
p
2⇡rcvc/(3ma) and p1a� ⌘ vc limr!1 pa�(r).

Note that L may be interpreted as the distance over
which the resonant conversion takes place at ✓̃ = ⇡/2.
While derived for ✓̃ = ⇡/2, the expression in (9) holds
for generic ✓̃ to leading order in vc.
Radiated Power. — Next, we calculate the electro-

magnetic power emitted from the NS by axions con-
verting into photons. We first note that since the NS
plasma is optically thin, Thomson scattering of photons
is negligible for the long-period NSs under considera-
tion [29], and thus outgoing photons do not scatter. Be-
cause m�1

a ⌧ rc for ma in the MHz–GHz range, L is
parametrically smaller than rc, and thus conversion takes
place in a small region around rc. We thus estimate the
radiated power P by multiplying the flux of DM through
a surface subtending a solid angle d⌦ at rc by the energy
transfer function:

dP(✓, ✓mt)

d⌦
⇡ 2 ⇥ p1a� ⇢

rc
DMvcr

2
c , (10)

where ⇢rcDM is the DM mass density at r = rc and vc is
the DM velocity at r = rc. We note that all quantities
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Mapping Data to Theory
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Following here the theoretical analysis of Hook et al, Phys.Rev.Lett. 121 (2018)
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Figure made using AxionLimits code  
(https://cajohare.github.io/AxionLimits/)

https://cajohare.github.io/AxionLimits/


Summary: 

• For 10-hours MeerKAT observations, we obtained the axion decay 
constant upper limit � , over 769-1051 MHz, 
corresponding to the mass range of  3.1-4.5 � .

gaγγ < 4.6 × 10−11 [GeV−1]
μeV

Outlook (future experiment) 

• Better frequency resolution


• Broader frequency range


• More isolated neutron stars/exotic candidate with strong magnetic field.


