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Axion gegenschein



Axions: spontaneous and stimulated emission

Interaction term for axions and photons

Laγγ = − 14gaγγaFµν F̃µν (1)

with axion mass

ma = 6× 10−6eV
(
1012GeV

fa

)
(2)

Axion decay a→ γγ

τa =
64π

m3
ag2aγγ

(3)

Contribution of CMB, galactic, and extragalactic background

fγ (ℓ,Ω,ma) ≃ fγ,CMB (ma) + fγ,gal (ℓ,Ω,ma) + fγ,ext−bkg (ma) (4) 2



Axion gegenschein

Stimulated emission→ Backscattering of astrophysical radio pulses
in the MW Halo

Axion gegenschein in the Milky Way’s dark matter halo 3



Source selection

Flux density of Cygnus A

SCygA = S0
(

ν

ν0

)−0.58
(5)

Radio contours of Cygnus A
4



Countersource features

Projection of dark matter undergoing stimulated emission along line
of site −→ Counterimage/countersource
Characteristics:

• Size comparable to source size
• Aberration owing to velocity dispersion ⊥ l.o.s.
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Background and sensitivity



Background and sensitivity

Galactic and extragalactic background in synchrotron radio emission

408-MHz Haslam all-sky map
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Background and sensitivity

Radio power from the countersource:

Pradio =
1
16g

2
aγγρ

(
dP0
dν

)∣∣∣∣
v=ma

4π

t (6)

Spectral power of the astrophysical source (Cygnus A):

dP0
dν = StotalAeff (7)

where
Aeff = ηAcoll (8)
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Background and sensitivity

Stotal: Total flux density evaluated at ν = ma/4π

SKA-low
Dipole array with number of elements ∼ 131,000
Collection area (Acoll) ∼ 419,000 m2

SKA-mid
Ntele ∼ 5600
Diameter D=15 m for each dish
Efficiency of SKA: η = 0.8
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Background and sensitivity

Detectable radio power

Pradio =
[
dPmin

dν ∆ν

]∣∣∣∣
v=ma

4π

(9)

Minimum detectable spectral power

dPmin

dν =
2Tsys√
tobs∆B

(10)

∆B = ∆ν = νσdisp (11)
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Background and sensitivity

System noise temperature

Tsys = Tsky + Trcvr (12)

Atmospheric noise temperature

Tsky = 60
(

λ

1m

)2.55
= 60

(
300MHz

ν

)2.55
(13)

and
Trcvr = 20K (SKA-mid)
Trcvr = 40K (SKA-low)
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Background and sensitivity

[
dPmin

dν ∆v
]∣∣∣∣
v=ma

4π

=
1
16g

2
aγγSCygA

∣∣∣∣
v=ma

4π

Aeff
∫ ∞

0
ρ(r)dx (14)

Dark matter density in the MW Halo follows the NFW profile

ρ(r) = δcρc

(r/rs) (1+ r/rs)2
(15)
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Background and sensitivity

Integration is performed numerically using

r2 = x2 + R2s − 2xRs cos θ (16)

Rs = 8 kpc, distance of Sun from the Galactic Center
r: radial distance

A geometric construction to illustrate the integration variable

θ: Angular separation between Cygnus A and the Sun w.r.t. the
Galactic Center
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Radio observation



Single-dish observation

Angular resolution

θFWHM ≃ 1.22λD ≃ 0.7◦
(
1GHz
v

)(
15m
D

)
(17)

Noise temperature of the instrument

Tant =
Aeff ⟨S⟩
2kb

(18)

For each telescope (
S
N

)
sd, single

=
Tpb
ant
Tmin

(19)

For an array of single-dish telescopes(
S
N

)
sd, array

=
√
Ntele npol

(
S
N

)
single

=
√
Ntele npole

Tpbant
Tmin

(20)
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Observation in the interferometric mode

Angular resolution of primary beam

θpb = 12.5′
(
1GHz
v

)(
100m
D

)
(21)

Minimum detectable flux density

Smin = SNR SEFD√
npol∆Btobs

(22)

with

SEFD =
Tsys(ν)

G (23)
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Phenomenological implications

Axion mass vs. axion photon coupling. Limits shown are for axion
gegenschein using SKA-mid (green) and SKA-low (red) sensitivities.
Bounds from stimulated emission in dSphs shown in blue [Caputo et

al. (2018)]
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Conclusions



Key takeaways and further explorations

• Astrophysical radio pulses from galactic and extragalactic
sources can induce stimulated emission in the Milky Way’s halo.

• Stimulated emission from halo dark matter can lead to a
detectable signal at future-generation radio telescopes with
conservative SNR ∼ 1.

• Axion gegenschein provides 100-fold increase in radio
sensitivity compared to contemporary frameworks!

• Detection of fainter countersources feasible with improved radio
sensitivity in the future.

• Axion gegenschein opens up a new indirect detection scheme
for dark matter. Several other radio-loud sources could provide
optimal stimulated emission.

• Further boost in (stimulated) radio emission can occur owing to
dwarfs along the line of sight.
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The End

Thank you for your attention!
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Questions?
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Backup slides

In terms of the electric and magnetic fields, E⃗(x) and B⃗(x):

Laγγ = −gaγγ
α

π

1
fa
a(x)⃗E(x) · B⃗(x), (24)
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Backup slides

Strong CP problem and Peccei-Quinn symmetry breaking

CP-violating term leading to neutron EDM

Lθ,QCD =
θQCD
32π2 TrGµνGµv (25)

→Axions as pseudo-Goldstone bosons arising from spontaneous
breaking of PQ symmetry

→Dynamical non-perturbative solution of the CP problem using
dilute instanton gas approximation

ma,QCD ≈ 6× 10−6eV
(
1012GeV
fa/C

)
(26)

Several theoretical frameworks including
Peccei-Quinn-Wilczek-Weinberg (PQWW),
Kim-Shifman-Vainshtein-Zakharov (KSVZ), &
Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) formalisms.
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Backup slides

Observation in the interferometric mode

For each synthesized beam in the interferometric mode, angular
resolution

θsynth ≈ 50′′
(
1GHz
f

)(
1km
Bmax

)
(27)

SNR is expressed as
√

δχ2

δχ2 = npoltobsG2array

Nsynth∑
i=1

F2i
BiT2i

(28)

Scaling relation for antenna gain Garray ∼ Ntele (Ntele − 1)G
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Radio signal from dwarfs

D(αint)/σdisp as a function of the field of view of the telescope 21



Backup slides

Radio signal from dwarfs

Sensitivity of SKA in the gaγγ −ma parameter space denoted using
median ±95% confidence interval in the dSph with largest

D(αint)/σdisp
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Backup slides

Radio signal from echo wave

Sensitivity in |gγ| vs. axion mass ma for an outgoing power of 10
MW/year [Sikivie et al. (2019)] 23
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