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Strong-!  Problem & AxionsCP

ℒQCD ⊃
θ

32π2
Tr GμνG̃μν ⟹

Upper bound on nEDM � .  ⟹ θ0 + arg det MuMd ≲ 10−10

Peccei-Quinn Solution: � .θ → a(x)/fa

a

VNP(a)

Vafa & Witten (1984)

Instantons generate potential, axion  
dynamically relaxes to � -conserving 
value.

CP

Ubiquitous in String Theory. Svrček, Witten (2006)



Axions in String Theory
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell (2009)
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Misalignment Production

··ϕ + 3H ·ϕ + m2
aϕ = 0

ϕ
/f a

Early time: ! constantρa ∝ Late time: !  ρa ∝ a−3

Dark MatterDark Energy

log(mat)

 !  nDMλ3
a ≫ 1

(! )ma ≲ 1 eV

Axion: coherently oscillating field

(··x + γ ·x + ω2x = 0)ϕ = ϕ0 cos(mat + φ)
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Hardy (2016)

�  is drawn from �  in each 
Hubble volume, uncorrelated across 
different volumes. 

θPQ 𝒰[−π, π]

�  fluctuations on horizon scale at 
symmetry breaking collapse to form 
axion miniclusters (MCs).

𝒪(1)

Axion Miniclusters

Present-day abundance of MCs with mass 

MMC =
4π
3 ( π

ℋ(t0) )
3

ρ0,a ≃ 2 × 10−13 M⊙ ( ma

10−6 eV )
−3/2

ρMC ≃ 7 × 106 Φ3(1 + Φ) GeV/cm3 ρ̄CDM ≃ 0.3 GeV/cm3
Tcoll = Teq(1 + Φ)

Post-inflationary PQ SSB � .( fPQ < HI /2π)



Fairbairn, Marsh, Quevillon & Rozier (2017)



Misalignment MechanismLarge 

a−πfa πfa

At high �  dynamics probe the full, 
non-harmonic potential.

ϕi

··ϕ + 3H ·ϕ + V′�(ϕ) = 0

Delay in the onset of oscillations. 

log(mat)

ϕ
/f a

Parametric resonant growth of modes 
with wavelength !  at time 

oscillations begin.
λ ∼ 2π/ma

M ≃ 5 × 10−15 M⊙ ( ma

10−6 eV )
−3/2

ρ ∼ 103 − 107ρCDM

Arvanitaki et al (2019)

Femtohalos



Solitons and Oscillons

At small scales, scalar field 
dynamics become important.

Hydrostatic equilibrium of quantum 
pressure + gravity = solitons

Hydrostatic equilibrium of quantum 
pressure + attractive self-
interactions = oscillons

At very high misalignment 
� , collapse may 
take place deep into RD, giving 
ultradense structures. 

(ϕi /fa − π ≪ 1)

Adapted from Visinelli et al (2017)



Oscillon Phenomenology
Central axion amplitude � , central 
density � .

a0 ≳ fa
ρ0 ∼ m2

a f 2
a

Metastable, QCD axion lifetime 
� , decay before matter-
radiation equality.
τQCD ≲ 103/ma

V(a)

a−πfa πfa

V(a) =
1
2

m2
aa2

V(a) = m2
a f 2

a 1 − cos ( a
fa )

V(a) =
m2

a f 2
a

2p (1 +
a2

f 2
a )

p

− 1

Ollé, Pujolàs & Rompineve (2019) 

p = 0 p = 1/2

p = − 1/2



Summary of Axion Clumps

Clump

CDM Halo

Femtohalo

Minicluster

Soliton

Oscillon

D
en

si
ty

Mass Density

0.3 GeV/cm3

(103 − 107) ρ̄CDM

(108 − 1012) ρ̄CDM

∼ 1036 ρ̄CDM

∼ 1012 M⊙

∼ 10−15 M⊙

∼ 5 × 10−15 M⊙

∼ 2 × 10−13 M⊙

ma = 10−6 eV, fa = 1012 GeV

≲ 6 × 10−11 M⊙ ≲ 1029 ρ̄CDM



Non-Gravitational Signatures 
of Axion Clumps

⃗B

AP & Rapidis AP 

ℒ ⊃ −
gaγγ

4
aF̃μνFμν = − gaγγaE ⋅ B
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Linear-order term is a total derivative and only contributes 
through boundary terms. 

Emission EmissionObservation Observation



Optical Effects at !𝒪(gaγγ)
Linear-order term is a total derivative and only contributes 
through boundary terms. 

Emission EmissionObservation Observation



Optical Effects at !𝒪(gaγγ)
Linear-order term is a total derivative and only contributes 
through boundary terms. 

CMB Relative phase shift 
between LHCP, RHCP light

δϕ ∼ gaγγ [a(tem, xem) − a(tobs, xobs)]
Fedderke, Graham, Rajendran (2019)

Emission EmissionObservation Observation



Optical Effects at !𝒪(gaγγ)
Linear-order term is a total derivative and only contributes 
through boundary terms. 

Birefringent refraction

δk
k

∼ gaγγ [∇⊥a(tem, xem) − ∇⊥a(tobs, xobs)]

!  Transverse gradient∇⊥ :

Emission EmissionObservation Observation
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Refraction at !𝒪(g2
aγγ)

Quadratic order term in dispersion relation gives integrated 
effects.

Emission EmissionObservation Observation
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Axions Stars, HalosBending Angle

δθ =
g2

aγγ

8 |k0 |2 ∫
tobs

tem
∇⊥

·a2(t′�, x0(t′�; ξ))dt′� δθ ∼
g2

aγγa2
0

|k0 |2 ( b
Ra ) e−b2/R2

a
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Profile !  Impact parameterb :
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Emission EmissionObservation Observation

Effects stronger at  
low frequency !  radio observations⟹



Lensing Effects: Axions vs. Gravity

Magnitude (Oscillons)
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Lensing Effects: Axions vs. Gravity

δθa(b = Ra) ≈ 10−6 rad ( ϕ0

fa )
2

( ma

ω )
2

δθG(b = Ra) ≈ 10−10 rad ( fa
1012 GeV )

2

( maRa

10 )
2

(Axions)

(Gravity)

Dispersion
Axion: Dispersive

Gravity: Achromatic}Can be differentiated by  
multi-wavelength 

observations. 

We can search for such 
lensing signatures with 

high-precision 
astrometric missions 

(SKA). 

!fa ≲ 1014 GeVMagnitude (Oscillons)



Observation with SKA

SKA can make astrometric 
measurements of background radio 
sources  reaching � as precision. ∼ μ

Lensing of background radio 
sources by axion stars leads to 
apparent positional shifts.

Figure: NAOC

High-cadence monitoring of background radio source 
positions can give information about dark matter subhalos.

van Tilburg et al (2018)



Observables

Figure: van Tilburg et al (2018)

Candidate signals: close approach 
between AS and one (mono-blip) or 
multiple (multi-blip) background 
radio sources.
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Mono-blip Statistic 
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Figure: van Tilburg et al (2018)

Candidate signals: close approach 
between AS and one (mono-blip) or 
multiple (multi-blip) background 
radio sources.

ℬmono[xℓ(t)] =
1

σ2
δθ

∑
n

δθa (xℓ(tn)) ⋅ Δθ(tn)

Mono-blip Statistic 

Lens Path
Angular  
Position  

Noise
Axion  

Lensing Residuals

SNR � .∝ ⟨ℬ[xℓ(t)]⟩1/2



Oscillon Sensitivity
Daily measurements of �  radio sources with angular 
precision � as. 

108

σδθ = 10 μ

Mono-blips

Gravitational Astrometry  

Van Tilburg et al (2018)
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Axion-Photon Coupling

ℒ ⊃ −
gaγγ

4
aF̃μνFμν = − gaγγaE ⋅ B

ABRACADABRA
Kahn, Safdi, Thaler (2016) 

ADMX
Figure: Scientific American

Light Shining Through Walls
Figure: DESY

Bext

γ5

a E



AS-NS Collisions

B⊥

θm

B0 ∼ 1013 G
RLC

Fast Radio Bursts?

Credit: Jingchuan Yu, Beijing Planetarium/NRAO

Axion Miniclusters Solitons
Iwazaki (2014)Tkachev (2014)



Non-Resonant Conversion

CAST: Wikipedia

ℒ = gaγγaE ⋅ Bext

Axion-Photon Conversion

Bext

γ5

a E

Pa→γ = (gaγγ |Bext |L)
2

Non-resonant Conversion
Lapp ΔkLapp ≪ 1

ω
m2

a
ΔkLapp ≫ 1

Lapp

ma = ω, pa ≠ pγ



Resonant Conversion 
Hook, Kahn, Safdi, Sun (2018)

Pulsars possess large � -fields and 
a spatially varying plasma density.

⃗B

Goldreich-Julian Model

ωp(r) ∼ 20 μeV ( B0

1013 G )
1/2

( r
rNS )

−3/2

At some ``critical’’ radius � , 
�  and axions may 
resonantly convert to photons.

rc
ωp(rc) = ma

a(r, t)

A∥(r, t)

Pa→γ ≈ g2
aγγB(rc)2L2

eff Leff =
rc

ma

Raffelt, Stodolsky (1988)



Resonant Conversion of Oscillons
In order for resonant conversion to take place, the axion star 
much remain tidally stable until it reaches � .rc
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Femtohalo Minicluster Soliton Oscillon
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Resonant Conversion of Oscillons

Φ =
P

4πd2(ma /2π)
= 8.2 × 104 Jy ( B0

1014 G )
1/6

( ma

10−6 eV )
5/3

( d
1 kpc )

−2

ΓGC ≈ 200 yr−1 ( ma

10−6 eV )
1/3

( fa
1012 GeV )

−2

( B0

1014 G )
1/3

(
Nbulge
6 × 108 ) ( P

1 sec )
−1/3

In order for resonant conversion to take place, the axion star 
much remain tidally stable until it reaches � .rc

Femtohalo Minicluster Soliton Oscillon
*

Flux of Sun on Earth: !  (at 1.4 GHz)Φ = 1.6 × 106 Jy



Projected Sensitivity
Observation of the GC � , with current and planned 
radio telescopes, optimized for field-of-view.

(T = 1 year)

gaγγ = α/(2πfa), PNS = 1 sec, B0 = 1013 Gauss



Outlook

FRBs have been observed over a range of frequencies 
�  Cannot be explained by a single axion.∼ 328 MHz − 8 GHz .

So FRBs?

Many axion clumps will be tidally destroyed before converting 
significantly (still potentially detectable EM signatures).
Oscillons are the most promising candidate among axion 
clumps.



Summary

Several cosmological scenarios lead to the formation of dense 
axion clumps

These clumps may be detected by their non-gravitational 
lensing signature or by photons produced when they collide 
with NSs.

Thank you for your attention!

Collisions with NSs may be responsible for some FRBs.

Electromagnetic signatures may reach parameter space 
inaccessible to gravitational searches.



Questions?
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Plasma Lensing

np(r) = 1 −
ω2

p(r)
ω2

na(r) = 1 −
g2

aγγ
·a(r, t)2

16ω2

Degeneracy with plasma inhomogeneities?

c.t.

Time dependence of axion field imprints spectral distortions at 
frequency � .2ma





Oscillons 


