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Axions in the Dark Matter Halo

2

Assumptions 

• Dark matter energy density:   

•  

• Axion dark matter:      

• Dark matter local velocity:  

• Coherence time:  

•

ρa = a2
0m2

a /2 ≃ 0.3 GeV/cm3

a(t) = a0 cos(mat + δτ(t))

10−3

τ =
2π

mav2
a

∼ 1 ( 10−16 eV
ma ) year

Tools at our disposal (within the ALPS group)  

• Long baseline cavities 

• Hall North: 245 m baseline 

• World record cavity storage time 

• Hall West: 20 m baseline 

• Operate cavity with 100,000 finesse 

• Demonstrated pm length control 

• Capable of shot noise limited detection in the 
MHz range 
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Phase velocity oscillation
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Signal 

• Axion field induces a circular birefringence in vacuum 

• Left vs. right handed circularly polarized states experience different phase velocity 

•       ➜                    

• Phase oscillation over propagation length L: 

•      ➜      

c2
L/R = 1 ∓

gaγγ
·a

k
cL/R ≃ 1 ∓

gaγγ
·a

2k

ϕL/R(t) = kL ∓
gaγγ

2 ∫
t

t−L

·a(t′ ) dt′ ϕL/R(t) = kL ∓
gaγγ

2
{a(t) − a(t − L)}
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Axion induced polarization rotation

4

Signal 

• Relative phase oscillation between circularly polarized fields leads to polarization rotation: 

•  

• Polarization state of linearly polarized fields:  

•  

θ(t) =
ϕR(t) − ϕL(t)

2

θ(t) =
gaγγ 2ρa

ma
sin ( maL

2 ) sin (mat + δτ(t) −
maL

2 )
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Projections for Gravitational Wave Interferometers
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Idea pursued by Nagano et al for current/future GW observatories 

•   
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Accumulation of polarization rotation
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Polarization rotation 

•  

• If  : 

•  

• So amplitude of the oscillation is   

• For L = 245 m, gaɣɣ = 2×10-10 GeV-1, ρa = 0.3 GeV/cm3, the amplitude is ~10-13

θ(t) =
gaγγ 2ρa

ma
sin ( maL

2 ) sin (mat + δτ(t) −
maL

2 )
maL ≪ 1

θ(t) = gaγγL
ρa

2
sin (mat −

maL
2 )
gaγγL

ρa

2
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Accumulation of polarization rotation
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Polarization rotation 

•  

• If         for        

•  

• The oscillation in the phase velocity perfectly cancels itself

θ(t) =
gaγγ 2ρa

ma
sin ( maL

2 ) sin (mat + δτ(t) −
maL

2 )
maL = 2Nπ N = 1,2,3...

θ(t) = 0

maL = 2π
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Accumulation of polarization rotation
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Polarization rotation 

•  

• If         for        

• Amplitude of the oscillation is    

θ(t) =
gaγγ 2ρa

ma
sin ( maL

2 ) sin (mat + δτ(t) −
maL

2 )
maL = (2N + 1)π N = 0,1,2...

gaγγL 2ρa

(2N + 1)π

maL = π
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Signal projection
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Polarization rotation 

• L = 245 m 

• gaɣɣ = 2×10-10 GeV-1 

• ρa = 0.3 GeV/cm3 
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Measuring the effect
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Single pass laser setup 

• Measure polarization noise from laser propagating over long baseline 

• Filter DC power with polarization optics to only measure modulation

̂s

̂p

̂s

̂p

̂s

̂p

̂s

̂p
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Measuring the effect
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Pushing the sensitivity with precision interferometry

Sensitivity 

• Calculate the power spectral density of measured data 

• If shot noise limited SNR: 

• Sensitivity to gaɣɣ (SNR = 1,  ) 

•

Tobs ≫ τa

gaγγ(ma) = 2 × 10−8 GeV−1 ( ma

2.5 neV )
5/4

( 1 W
P0

1064 nm
λ )

1/2

( 1 day
Tobs )

1/4

sin ( maL
2 )

−1

Tobs

2 Sshot(m)
δc0 (Tobs ≲ τa)

(Tobsτa)1/4

2 Sshot(m)
δc0 (Tobs ≳ τa)
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Measuring the effect
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Sensitivity 

• Sensitivity to gaɣɣ (SNR = 1, ,  ) 

•  

• Sensitivity to gaɣɣ (SNR = 1, ,  ) 

•

Tobs ≫ τa maL ≪ 1

gaγγ(ma) ≃ 1 × 10−8 GeV−1 ( ma

2.5 neV )
1/4

( 245 m
L ) ( 1 W

P0

1064 nm
λ )

1/2

( 1 day
Tobs )

1/4

Tobs ≫ τa maL = π

gaγγ(ma) = 2 × 10−8 GeV−1 ( 245 m
L )

5/4

( 1 W
P0

1064 nm
λ )

1/2

( 1 day
Tobs )

1/4
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Projecting the sensitivity 
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Sensitivity 

• P = 2 W 

• 1 day observation time 

• 1064 nm wavelength 
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Using Fabry-Perot Cavities
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Boosting signal with optical cavity 

• Each pass incurs polarization modulation 

• Coherent build up of polarization modulation for empty cavity when:
  for   maL = π(2N + 1) N = 0, 1, 2...
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̂p

̂s

̂p

Using Fabry-Perot Cavities

Boosting signal with optical cavity 

• Each pass incurs polarization modulation 

• Problem: no low mass sensitivity, incoming rotation cancels outgoing rotation, upon reflection 

̂p

̂s

̂s

̂p
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Boosting signal with optical cavity 

• Each pass incurs polarization modulation 

• Coherent build up of polarization modulation for empty cavity when:                              
  for   

• Polarization rotation enhanced by the finesse of the cavity 

•  

•
     with     

maL = π(2N + 1) N = 0, 1, 2...

θ(t) = 2
gaγγ 2ρa

ma
β(maL) sin2 ( maL

2 ) sin (mat + δτ(t) −
maL

2 )

β(maL) =
t1t2

1 − r1r2

r1r2

1 − r1r2e−i2maL
β(Nπ) = β0 ≃

4t1t2

(t2
1 + t2

2 + l2)2

Using Fabry-Perot Cavities
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Boosting signal with optical cavity 

• Each pass incurs polarization modulation 

• Coherent build up of polarization modulation for empty cavity when:
  for   

• Polarization rotation enhanced by the finesse of the cavity 

• Sensitivity to gaɣɣ (SNR = 1, ,  ) 

•

maL = π(2N + 1) N = 0, 1, 2...

Tobs ≫ τa maL = π

gaγγ(ma) = 2.5 × 10−13 GeV−1 ( 245 m
L )

5/4

( β0

40,000 ) ( 1 W
P0

1064 nm
λ )

1/2

( 1 day
Tobs )

1/4

Using Fabry-Perot Cavities
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Optical Cavity vs Single Pass 

• Cavity likely limited to 150 kW 

• Input power limited to 40 W 

• Regions exist where single 
pass is more sensitive than the 
optical cavity (under these 
constraints)
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Challenges 

• Requires pm absolute length stability of the cavity  

• Relative length control demonstrated in ALPS II with pm precision 

• Must demonstrate absolute length sensing

Additional Challenges
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Other cavity configurations 

• Cavity with QWPs at each end 

• Ideal case: 

• Signal amplified for the 0-th order resonance (no other resonances amplified) 

•  θ(t) = 2
gaγγ 2ρa

ma
β(maL) sin (maL) sin (mat + δτ(t) −

maL
2 )

Probing low mass axions
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QWP cavity configuration 

• Cavity with QWPs only 
resonance is at low masses 

• Higher resonances 

• Cavity transfer function nearly 
canceled by sinusoidal axion 
mass response
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Potential search program 

• 4 configurations 

• 245 m empty cavity 

• 245 m cavity with QWPs 

• 20 m empty cavity 

• 20 m cavity with QWPs 

• 30 day observation time each 

• Probe beyond the CAST limit
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Axion halo search potential at DESY using ALPS Cavities



              | Probing the dark matter halo with long-baseline optical cavities |  Aaron Spector  |  FH Particle Physics Discussion | September 11, 2023

Axion parameter space

23

From Ciaran O’Hare: https://cajohare.github.io/AxionLimits/

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

From Ciaran O’Hare: https://cajohare.github.io/AxionLimits/

Axion parameter space

https://cajohare.github.io/AxionLimits/
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How to tune the resonances with respect to the axion mass 

• 245 m cavities ~3 m of length tuning range (3% of the space between 1st and 2nd resonances) 

• Tuning by varying cavity FSR has limited range, not efficient 

• Changing orientation of QWPs, different resonance for orthogonal polarization states 

• Not likely possible with high-finesse cavities 

• Folding mirror setup 

• Khalili cavity setup

Applying new technologies 
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We can search for axions in the dark matter halo using the optical cavities we built for ALPS II! 

• Polarization modulation induced by axions would be a measurable signal  

• Realistic to achieve sensitivities beyond the CAST limit with technology demonstrated at DESY 

• Mass range between  and  

• Sensitivities down to  

• Tuning to fill the gaps between resonances is more complicated but we have some ideas

10−12 eV 10−9 eV

gaγγ > 10−13

Conclusions
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Infrastructure at DESY
Providing the foundation for experiments with precision interferometry

Tunnels with 250 m straight sections 

• Cryogenic infrastructure  

• 2x strings of 12 HERA dipole magnets 

• 3 clean rooms at the different end stations of the experiment

27
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Infrastructure at DESY

Tunnels with 250 m straight sections 

• Cryogenic infrastructure  

• 2x strings of 12 HERA dipole magnets 

• 3 clean rooms at the different end stations of the experiment

28

Providing the foundation for experiments with precision interferometry
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Infrastructure at DESY

Tunnels with 250 m straight sections 

• Cryogenic infrastructure  

• 2x strings of 12 HERA dipole magnets 

• 3 clean rooms at the different end stations of the experiment

29

Providing the foundation for experiments with precision interferometry
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Accumulation of polarization rotation
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Pushing the sensitivity with precision interferometry

Polarization rotation 

•  

• If    is of order 1 or greater 

• Polarization rotation can cancel itself

θ(t) =
2Δθ
ma

sin ( maL
2 ) sin (mat −

maL
2 )

maL

maL = 2π maL = π
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Measuring the effect

31

Pushing the sensitivity with precision interferometry

Double pass laser setup 

• Try to double baseline by reflecting back from a mirror, use QWP to filter DC power 

• Problem: relative inversion between s and p polarized states upon reflection
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Measuring the effect
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Pushing the sensitivity with precision interferometry

Double pass laser setup 

• Try to double baseline by reflecting back from a mirror, use QWP to filter DC power 

• Problem: relative inversion between s and p polarized states upon reflection 

• Response: 

• θ(t) = 2
gaγγ 2ρa

ma
sin2 ( maL

2 ) sin (mat + δτ(t) −
maL

2 )
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Measuring the effect
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Pushing the sensitivity with precision interferometry

Double pass laser setup with QWP 

• Solution: change position of QWP to just before mirror 

• Leads to coherent sum of polarization modulation before and after reflection 

• Response: 

•  

• For    amplitude of polarization modulation

θ(t) =
gaγγ 2ρa

ma
sin (maL) sin (mat + δτ(t) −

maL
2 )

mL ≪ 1 ≃
gaγγ 2ρa

ma
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Measuring the effect
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Pushing the sensitivity with precision interferometry

Comparing setups 

• Response:
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Measuring the effect
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Pushing the sensitivity with precision interferometry

Comparing setups 

•  

Low mass resp. Peak sens. Peak locations Zero locations

Single Pass

Double Pass none

Double QWP Pass 2Δθ L

Δθ L 2Δθ/ma

4Δθ/ma

2Δθ/ma maL = (N + 1/2)π

maL = (2N + 1)π

(N = 0,1,2,...)

maL = (2N + 1)π maL = 2Nπ

maL = 2Nπ

maL = Nπ
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Measuring the effect
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Pushing the sensitivity with precision interferometry

Comparing setups 

• Response:
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Measuring the effect

37

Pushing the sensitivity with precision interferometry

Boosting signal with optical cavity 

• Each pass incurs polarization modulation 

• Empty cavity insensitive when   for   

• Peak sensitivity when   for   

• Response: 

•  

• For    amplitude of polarization modulation

maL = 2πN N = 0, 1, 2...

maL = π(2N + 1) N = 0, 1, 2...

θ(t) =
4Δθ
ma

sin ( mL
2 ) cos ( mL

2 ) sin (mt − mL) =
2Δθ
ma

sin (maL) sin (mt − mL)

mL ≪ 1 ≃ 2Δθ L
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Optical cavity loss per unit length
Learning from gravitational wave interferometers and VMB experiments

Extra

LIGO

squeezed light/ vacuum magnetic 
birefringence experiments

plot from LIGO T-1400226-v6

ALPS IIa design

Regeneration Cavity upgrade design

20m Cavity (February 2016)

20m Cavity (September 2015)

Prototype PC (September 2016)
Prototype IIa RC (February 2016) 250 m Cavity (November 2021)

Regeneration Cavity (June 2023)

Regeneration Cavity (July 2022)

Regeneration Cavity Design
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Boosting signal with optical cavity 

• Each pass incurs polarization modulation 

• Coherent build up of polarization modulation for empty cavity when:
  for   

• Polarization rotation enhanced by the finesse of the cavity 

• On 245 m baseline    is possible 

• Requires pm length stability of the cavity (demonstrated in ALPS II)

maL = π(2N + 1) N = 0, 1, 2...

β0 = 40,000

Using Fabry-Perot Cavities
Utilizing the ALPS II infrastructure
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Optical Cavity narrow band vs wide band 

•  
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Using Fabry-Perot Cavities
Utilizing the ALPS II infrastructure
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Boosting signal with optical cavity 

•
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Using Fabry-Perot Cavities
Utilizing the ALPS II infrastructure
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Other cavity configurations 

• Cavity with QWPs at each end 
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Probing low mass axions
Utilizing the ALPS II infrastructure
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Other cavity configurations 

• Cavity with QWPs at each end 

• Ideal case: 

• If there is a non-zero integer number of wavelengths the polarization modulation cancels itself 

• Signal is only amplified for the 0-th order resonance 

• Challenges 

• Operating with QWPs inside a cavity

Probing low mass axions
Utilizing the ALPS II infrastructure


