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Axions and axion like particles
Pseudoscalar particles originally postulated to solve the strong CP 
problem: QCD axions.

String theory predicts axion like particles (ALP). 

Dark matter candidate. 

Can we find them?

What would be the observable signatures?



Ultralight axions

Huge mass range: 10!"# eV to 10!$$ eV. 

The entire range of masses is being explored for observational 
signatures.  



Ultralight axions
Huge mass range: 10!"# eV to 10!$$ eV. 

Why? Because this scale coincides with several other astrophysical 
energy scales. 

Interplay of these scales → interesting theoretical and observational 
implications. 

Focusing around here



Condensates

Axions are bosons.

Can form Bose Einstein condensates: 
coherently oscillating spatial lump. 

Condensates: Axion stars, superradiant
condensates around black holes.  



Decay and 
conversion to 
photons
Axions couple to photons.

One axion to two photons 
coupling: stimulated emission, 
spontaneous emission from 
condensates. 

Conversion of one axion to a 
photon in a background 
magnetic field: neutron stars. 



Highlights: what is exciting?
What are the different contexts in which the scales of around ∼
10!"" eV arises.

How these scales conspire to facilitate electromagnetic radiation 
from axion condensates. 

Neutron stars with strong magnetic fields can play an important role 
in facilitating this decay. 

Binary neutron star mergers with time dependent magnetic fields 
can further facilitate such decays. 



Axion condensates decaying to photons

Lagrangian 
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Axion-
photon 
coupling

Axion potential: 
condensate physics

To get to axion condensate profile:

Set 𝐶 = 0.

Solve classical EOM, to find localized lumps. 

To get to EM fields, radiation:

Write equations of motion for electromagnetic 
fields. 

Plug in the condensate profile.

Serves as a source term for EM fields.



Superradiant Condensates

Axion condensates around Black holes, take into account gravity in equation of 
motion.

Mass of the axion that condenses is set by the black hole mass.

For a few solar mass black holes, the axion mass is around 10!""eV.

For larger mass black holes, the axion mass is even smaller. 

Since the minimum mass of a Black hole is of the order of a few solar mass, the 
maximum mass of superradiant condensate axions is 10!""eV.

String Axiverse 2010, Arvanitaki, Dimopolous, Dubovsky, Kaloper, March-Russell 

Phys. Rev. D 91, 084011, Arvanitaki, Baryakhtar, Huang

Phys. Rev. D96, 035019 (2017), Baryakhtar, Lasenby, Teo



Other types of axion condensates
Solve axion EOM for a fixed axion number.

The axion potential (with or without gravity) forces the axions to form 
clumps. 

Axion mass is not constrained as in the case of superradiant condensates 
(constrained by Black hole mass).

Condensate size set by the equation of motion for a fixed axion mass and 
a fixed number of axions*. 



A useful approximation for the 
condensate
Coherently oscillating uniform condensate

𝜙 ∼ 𝜙, cos(𝑚-𝑡)

Better approximation 𝜙 ∼ 𝜙,(𝑟) cos(𝜔 𝑡)

Axion mass. 

spatial 
dependence 
contained 
here

𝜔 close to 
𝑚!

Typically 𝜙#(𝑟) approximated by
sech $

%
profile where the radius

of the condensate is 𝑅.

JCAP 01 (2018) 037, Schiappacasse, Hertzberg



Background magnetic field

Axion condensate acts like a transmitting antenna

Plug in 𝜙 ∼ 𝜙# cos(𝑚&𝑡)
here

Plug in 𝐵 = 𝐵#�̂� here



Background magnetic field
Axion condensate acts like a transmitting antenna

�̇� = 𝛁×𝑩 − !"
#$'

𝜙%𝐵%𝑚& sin 𝑚&𝑡 �̂� .

EM Radiation!

Oscillating current source

To capture propagating EM waves, consider finite size condensates.

Waves propagate out from the source, i.e. location of the condensate.



With a sech !
"

condensate profile

current of the medium Jµ
p . In writing Eq. 2.8 we have assumed that the radiated

electromagnetic fields are small compared to the background electric and magnetic
fields, i.e. Er,Br ⌧ E0,B0. This is justified as long as the axion-photon coupling
is small so that a weak coupling analysis holds. As is clear from Eq. 2.8, the axion
couplings to external electric and magnetic fields act like an oscillating current source
for the radiated fields Er and Br. If we set the matter current of the medium Jµ

p and
the external electric field E0 to zero, we can solve Eq. 2.8 with a current and charge
density
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where we have substituted B0(x, t) with a constant magnetic field in the z direction
B(x, t) = B0x̂z.

Using the standard retarded Green’s function

G(x, t; x0t0) = ��(t� t0 � |x� x0|)
4⇡|x� x0| , (2.10)

we can now obtain the radiated electric and magnetic fields in the radiation zone (at a
distance much larger than the size of the axion condensate)
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where kma = ma. The corresponding time-averaged radiated power is given by
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Note that even though Er = @tA � rA0, rA0 does not contribute to the outgoing
radiated power. Thus, if we define E0

r = Er+rA0 and B0
r = Br, the outgoing radiated
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Here, 𝑘(! = 𝑚&

Using 𝜙 = 2𝜙 sech '
(
cos 𝑚&𝑡 ,

Note these spatial profiles



With a sech !
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condensate profile
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Note this spatial profile.

For 𝑅 ≫ "
#!

, radiation is suppressed. So, large condensates don’t radiate efficiently.

Neither do very small ones.

For efficient radiation we need 𝑅 ∼ "
#!

1 2 3 4 5
R in units of

� kma

2

0.05

0.10

0.15

0.20

0.25
P (normalized)

But this is in free space.



What if you had a plasma medium
If the medium has a plasma frequency of 𝜔$.

All formulae remain the same, except 𝑘#! = 𝑚!
% − 𝜔$%

So, condensates with large radius can radiate efficiently as long as 𝑘#! ≪ 𝑚!

and 𝑅 ∼ 1/𝑘#! . This happens when 𝑚! ∼ 𝜔$.

current of the medium Jµ
p . In writing Eq. 2.8 we have assumed that the radiated

electromagnetic fields are small compared to the background electric and magnetic
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couplings to external electric and magnetic fields act like an oscillating current source
for the radiated fields Er and Br. If we set the matter current of the medium Jµ

p and
the external electric field E0 to zero, we can solve Eq. 2.8 with a current and charge
density

J(x, t) = �C�

⇡fa

h�
@t�(x, t)

�
B0(x, t)

i
⇠ C�

⇡fa
ma�̃ sin(mat) sech

h |x|
R

i
B0x̂z,

⇢(x, t) =
C�

⇡fa
r�(x, t) ·B0(x, t) ⇠ �C�

⇡fa
�̃ cos(mat)

sech
⇥ |x|
R

⇤
tanh

⇥ |x|
R

⇤

R
B0 x̂ · x̂z,

(2.9)

where we have substituted B0(x, t) with a constant magnetic field in the z direction
B(x, t) = B0x̂z.

Using the standard retarded Green’s function

G(x, t; x0t0) = ��(t� t0 � |x� x0|)
4⇡|x� x0| , (2.10)

we can now obtain the radiated electric and magnetic fields in the radiation zone (at a
distance much larger than the size of the axion condensate)

Er(x, t) = �@tA(x, t)�rA0(x, t)

⇡ C�

⇡fa

�̃B0ma⇡2R2

4|x|


tanh(⇡kmaR/2)

cosh(⇡kmaR/2)
cos(mat� kma |x|)

�
x̂z

+

✓
C�

⇡fa

◆
�̃B0kma⇡

2R2

4|x|


tanh(⇡kmaR/2)

cosh(⇡kmaR/2)
cos(mat� kma |x|)

�
x̂,

Br(x, t) = r⇥A(x, t)

⇡ C�

⇡fa

�̃B0ma⇡2R2

4|x|


tanh(⇡kmaR/2)

cosh(⇡kmaR/2)
cos(mat� |x|kma)

�
(x̂⇥ x̂z), (2.11)

where kma = ma. The corresponding time-averaged radiated power is given by

P =

✓
C�

⇡fa

◆2 �̃2B2
0m

2
aR

4⇡5

12

✓
tanh(⇡kmaR/2)

cosh(⇡kmaR/2)

◆2

. (2.12)

Note that even though Er = @tA � rA0, rA0 does not contribute to the outgoing
radiated power. Thus, if we define E0

r = Er+rA0 and B0
r = Br, the outgoing radiated

– 7 –

A resonance in radiation of large condensates! 
First conspiracy.



Where can such a conspiracy happen: Interstellar 
medium?

Model the interstellar medium with ionized Hydrogen with density 1/cc and 
0.001/cc at 𝑇 = 10) − 10*K.

One can use the Drude model to describe the plasma.

Involves augmenting Maxwells equations with constitutive relation for the 
current in linear response 𝐽 = 𝜎𝐸

where 𝜎 can be frequency dependent, 

expressed as

�(!) =
4⇡nee2⌧coll

me(1� i⌧coll!)
(9)

where ne is the density of electrons in the medium, me is the mass of an electron and ⌧coll

is the inverse collision frequency. In the limit !⌧coll ⌧ 1, one is in the collision dominated

regime where conductivity is independent of the frequency and is given by 4⇡nee2⌧coll
me

. In the

collision-less limit with !⌧coll � 1, the conductivity is frequency dependent and is given by

i4⇡nee2

!me
.

In principle one can solve Maxwell’s equations as a function of an arbitrary conductivity.

However, this is cumbersome and unnecessary in the present context. Instead it is much

more useful to begin with an estimate of the conductivity in regions around the black hole

which simplifies the equations significantly. With this in mind, I now proceed to estimate

the conductivity of the black hole environment. In the presence of a thin accretion disc, the

region around a black hole outside of the disc is expected to resemble the interstellar medium

to first approximation. Interstellar medium typically consists of hot ionized hydrogen plasma

with a density of about 1/cc � 0.001/cc and temperature of about 104K � 106K. In order

to determine the conductivity of this region I have to first estimate the collision frequency

of electrons in it. The collision frequency is related to the mean free path of electrons which

is given by

�mfp =
T 2

ne⇡e4 ln(⇤)
(10)

for coulomb collisions in a neutral plasma. Here T is the temperature, ne is the density of

electrons and the Coulomb logarithm ln(⇤) ⇠ 10. Assuming the density to be one particle

per cubic centimeter ne ⇠ 8 ⇥ 10�15eV3and a temperature of 104K ⇠ 1eV, the mean free

path is given by � ⇠ 4.72⇥ 1014
⇣

1/cc
ne

T 2

(1eV2)

⌘
eV�1. The collision frequency is related to the

mean free path as ⌫coll ⇠ ve(�)�1 where ve is the speed of an electron ve ⇠
p
T/me. For the

temperature and densities under consideration ve ⇠ 10�3eV and the collision frequency is

⇠ 10�18
�
1eV
T

�3/2 ne
1/cceV. Since the frequency of the lasing photons is set by the axion mass

⇠ 10�11eV10M�
M , it is clear that one is in the collision-less limit outside of the accreting disc.

The conductivity is then given by i4⇡nee2

!me
upto corrections of the order ma⌧coll. Maxwell’s

equations in the collisionless limit with � = 0 has propagating modes only for frequencies

larger than the plasma frequency given by !2
P = !Im[�] = 4⇡nee2

me
. The corresponding

dispersion relation is given by !2 = k2 + !2
P .
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𝑛+ = electron density 𝜏,-.. = collision time

In the limit of 𝜏,-.. ≫
/
0
, collision-less regime.

𝜎 𝜔 = 𝑖
4𝜋𝑛7 𝑒8

𝑚7𝜔

𝑚+ = electron mass



Interstellar plasma

Plug this conductivity in Maxwell’s equation

∇×𝐵 − �̇� − 𝜎𝐸 = source

Wave equation with a dispersion relation 𝜔 = 𝑘+ +𝜔9+

where 𝜔9 =
"':" ;#

<"

∼ 𝑘) ∼ 𝜔) ∼ 𝜔*) (In the collision-less limit)



Interstellar plasma 
Is in the collision-less limit for frequencies ∼ 10!"# − 10!"" eV. 

Plasma frequency is 𝜔$ ∼ 10!"# eV plugging in a density of 1/cc!

For smaller density, the frequency can be even smaller. 

Right in the range of the mass scale of interest 10!"" eV. 

With an axion frequency(mass) of 𝜔 ∼ 𝑚% ∼ 10!"" eV, the wavelength for resonance
k&" = 𝜔' − 𝜔$' is much smaller than 𝑚% itself → efficient radiation for large condensates of 
size 𝑅 ∼ 1/ 𝜔' − 𝜔$' . 

So, large condensates of axions of mass 10!"" eV can decay quickly, 
thanks to the interstellar medium 



Time dependent B field: another way to 
enhancement
Consider a time dependent magnetic field, of frequency Ω.

Then Maxwells equations

The current source term separates into two frequencies 
(𝑚! − Ω) and (𝑚! + Ω). 

Power radiated 

�̇� = 𝛁×𝑩 − !"
#$'

2𝜙 𝐵% cos Ω𝑡 𝑚& sin 𝑚&𝑡 �̂� .

This amount to substituting the axion field �̃ by �̃ sin(↵) in Eq. 2.12. Similarly, for
the latter case we should be able to ignore the magnetic field frequency in the current
density and the radiated power should be obtainable from replacing the magnetic field
B0 by B0 cos(�) in Eq. 2.12. In order to see how these expression for radiated power
emerge from Eq. 2.21, let’s consider the two limits ma ⌧ ⌦ and ma � ⌦ sequentially.
For ma ⌧ ⌦, in the expression for instantaneous power in Eq. 2.21 we should set
ma
⌦ ! 0 and then average the instantaneous power over the time scale of 2⇡/⌦. This

produces the expected result for the limit of ma ⌧ ⌦ obtained by substituting �̃ by
�̃ sin(↵) in Eq. 2.12. In the case of ⌦ ⌧ ma, one should replace ⌦ ! 0 in the expression
for the instantaneous power in Eq. 2.22, and then average the instantaneous power over
a period of time 2⇡/ma. This produces the expected result for the radiated power in
the limit of ⌦ ⌧ ma obtained from Eq. 2.12 by substituting B0 by B0 cos(�).

Finally, if we are interested in the limit where ma and ⌦ are not very different, we
can average the expression for the power radiated in Eq. 2.21 and 2.22 over a period
of time much larger than either ⌦ or ma to obtain the time averaged radiated power
Pav. We find that the time average radiated power in both cases, ma > ⌦ and ⌦ > ma

are approximately the same and given by

Pav ⇡ 4⇡

3

 
C�

⇡fa

B0ma�̃

8
⇡2R2

!2
2

64
tanh

⇣
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2
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⇣
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2
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cosh
⇣

⇡|ma�⌦|R
2

⌘2

3

75 .

(2.24)

The approximate sign in 2.24 takes into account the fact that the radiated power has
contributions from electromagnetic waves of two different frequencies |ma � ⌦| and
ma+⌦ and the time average computed in Eq. 2.24 is taken over a time interval longer
than the longest time period of the two frequency scales, i.e. 2⇡

|ma�⌦| . As we observe from
Eq. 2.24 and the discussion preceding it, the average radiated power is independent of
the initial phase shift of the magnetic field and the axion condensate unless ⌦

ma
⌧ 1

or ma
⌦ ⌧ 1. The dependence of radiation on the phase shift in the limits ma ⌧ ⌦

and ⌦ ⌧ ma can however be reinterpreted as a dependence on the amplitude of an
approximately time independent axion condensate or a magnetic field respectively.

We see from Eq. 2.24 that radiated power depends sensitively on the size of the
condensate as before. However, as opposed to the case in Eq. 2.12 when ⌦ = 0,
the peak in radiation occurs for two different values of the condensate size: one at
R ⇠ 1

|ma�⌦| , the other at R ⇠ 1
ma+⌦ . When ma ⇠ ⌦, if |ma�⌦|

ma
⌧ 1, these two length

scales can be very different. In this case, one of the peaks in radiation lies at a radius of
the order of 1

ma+⌦ ⇠ 1
ma

⇠ 1
⌦ . The other peak is at a much larger radius of the order of
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Time 
dependent B 
field
So, resonant enhancement (efficient 
radiation) can take place 

for 𝑅 ≫ "
(!

, so long as Ω is close to 𝑚%.

Where can we find time dependent 
magnetic fields?

Off axis magnetic field in neutron stars.



Frequency of magnetic field due to off axis 
rotation(NS)
Set by the orbital frequency of the neutron star.

What’s the orbital frequency?

For millisecond pulsars, it’s in the range of KHz, i.e. 10&"%eV!

Again in the mass scale range we are interested in.

10&"" − 10&"% eV axion condensates in a time-dependent B field may decay through 
resonant EM radiation.

Another conspiracy at rescue.



List of scales converging
ISM plasma frequency

Orbital frequency of neutron stars

Axion mass scales of 10!"" eV.

If you put these together, you can get a resonant enhancement of 
large axion condensate EM radiation. 

Interesting to explore how these scales interact with each other 
when their order of magnitude are the same. 



Putting magnetic field and plasma 
frequency together 
Compute radiation in a time dependent background B field and a plasma frequency.

Resonant condition becomes 

𝑅 (𝑚!∓Ω)% − 𝜔$% ∼ 1

So, 𝑚! ± Ω have to be close to 𝜔$ to get resonant enhancement.

For very large 𝑅, 𝑅 ≫ "
#!

, 𝑚! ± Ω and 𝜔$ have to be within a few percent. 

i.e. not enough to be of the same order. The cancellation has to be almost exact. 



This is in general not possible, even if the different scales are of the same 
order. 

But if one of the scales Ω or 𝜔$ varies slowly with time, even though 𝑚! − Ω
may not match 𝜔$ exactly at one instant,

it can do so at a later time. 

Where can we find time dependent magnetic field frequency?

Putting magnetic field and plasma 
frequency together 



Binary mergers?

Two neutron stars with strong magnetic fields orbiting.

Rotation frequency increases with time. 

Possible source of time dependent Ω?

If so, can allow a range of axion condensates to decay as the 
stars orbit. 



Outlook
What are the possible signatures of such decay? 

Cannot be electromagnetic, wavelength is too long for detection through EM. Has to be 
gravitational. 

These decays have implications for the stability of axion condensates in a magnetic field. 

Lifetime of condensates is dependent on photon coupling.



Outlook 2
The scales considered in this talk converge. But neutron star environments are more 
complex than described here. 

Magnetic field evolution is also more complicated than described. 

More realistic description of these effects needed to accurately capture the decay of the 
condensates. 

Several conceptual questions still remain. 

1. Take into account back-reaction of the axion condensates in EM radiation? 

2. Does the resonance survive when back-reaction is taken into account ? 


