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Experimental Tests of the Invisible Axion

Primakoff effect:

Axion-photon transition in external
static E or B field
(Originally discussed for π0

by Henri Primakoff 1951)

Pierre Sikivie:

Macroscopic B-field can provide a
large coherent transition rate over
a big volume (low-mass axions)

• Axion helioscope:
Look at the Sun through a dipole
magnet 

• Axion haloscope:
Look for dark-matter axions with
A microwave resonant cavity
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Primakov effect
External B or E External B or E

γ → φ φ → γ

generation detection

e.g CAST solar plasma

ADMX ma ∼ Fπmπ

fa
∼ µeV

10−12eV
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String axiverse

Superstring theory in compact 6D

4D low energy EFT +  Axions + Moduli ….
Wide mass ranges

ex. Large Volume Scenario 4W TW M IT  ,

Probe of exDim

Predicts extremely light axions

Inflaton, DM candidate (Fuzzy DM)
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Axions in string theory can obtain potentials from a variety of non-perturbative ef-
fects (see e.g. Refs. [5, 17, 58, 63]). In general, instantons provide a contribution to the
superpotential, W for the axion field a = φ/fa:

W = M3e−Sinst.+ia , (33)

where Sinst. is the instanton action and M is the scale of instanton physics, which in string
theory may be the Planck scale. If SUSY is broken at a scalemSUSY then the axion potential
at low energies is

V (φ) = Λ4
a[1− cos(φ/fa)] with Λ4

a = m2
SUSYM

2
ple

−Sinst. . (34)

A non-Abelian gauge group has instantons with action given by Eq. (20). In string
theory, the moduli couple to the gauge kinetic term for a non-Abelian group realized by
a stack of D-branes wrapping the corresponding cycle, and the gauge coupling g2 ∝ 1/σ
(this occurs e.g. in Type IIB theory for gauge theory on a stack of D7 branes filling 3+1
spacetime and wrapped on the same four-cycles as C4). Thus, if an axion obtains mass
from these instantons as above, we find that the axion mass scales exponentially with the
cycle volumes:

m2
a ∼ µ4

f2
a

e−#σi , (35)

where µ is a hard scale. In general, from the above, we expect µ =
√
mSUSYMpl. If the

moduli are stabilised by perturbative SUSY breaking effects giving mσ ∼ mSUSY ≫ ma

then the moduli can be set to constant values at late times in cosmology and the axion
mass will be a constant (for dynamical moduli as dark energy, see Refs. [64, 65]).

The two observations, Eqs. (32,35), form the key basis for the phenomenology of the
axiverse. Thanks to the exponential scaling of the potential energy scale with respect to
the moduli, string axions will have masses spanning many orders of magnitude. The axion
decay constants will (generally) be parametrically smaller than the Planck scale, and are
expected to span only a small range of scales due to the power-law scaling with the moduli.

Let’s end this discussion with a few examples of explicit string theory constructions
displaying the above properties. The so-called “model independent axion” in heterotic
string theory emerges from compactification of BMN on two-cycles. It has decay constant
fa = αGUTMpl/2

√
2π and the shift symmetry of the axions is broken by wrapped NS-

5 branes with Sinst. = 2π/αGUT [5]. Gauge coupling unification at αGUT = 1/25 gives
fa ∼ 1.1× 1016 GeV.

The M-theory axiverse [66] is realized as a compactification of M-theory on a G2 mani-
fold, with axions arising from the number of three-cycles. The G2 volume is small, fixing one
heavy string-scale axion by leading non-perturbative effects, and giving fa ≈ 1016 GeV. The
remaining axions obtain potentials from higher order effects, and are hierarchically lighter.
Fixing the GUT coupling requires that an additional axion take a massma,GUT ≈ 10−15 eV.
The other axions in the theory will be distributed around these characteristic values ac-
cording to the scalings we have discussed.

The Type IIB axiverse [67] is a LARGE volume Calabi-Yau compactification [68, 69],
with axions arising from C4 as discussed above. At least two axions are required in this
scenario, one of which is the almost-massless volume-axion associated to the exponentially
large volume-modulus, and the other is again associated to the GUT coupling. The volume,
V, is exponentially large in string units and gives the decay constant of the volume-axion
as fa ≈ 1010 GeV. Other light axions are associated to perturbatively fixed moduli, since
they must obtain masses only from higher order effects. Larger values of the effective
decay constant for very light axions with ma ∼ H0 can be achieved in this scenario by
alignment [70].
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Ultra-light axion (DM) search

  

Observational challenges                                                                        
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Astrophysical bodies provide a good probe of ULA DM

- Model dependence of astrophysical bodies 

- Calibration error etc..

- Other contaminations{
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We need to take into account …



X-ray observation
Milli- parsec

Hundred kilo-parsecs

Megaparsecs

68 Mpc

NGC1275                      

AGN

Perseus cluster

Chandra
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ma ≤ 10−13∼−12eV
<latexit sha1_base64="noslr2fD0/Uib9pNrN5l1sO5Ops=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHctCStoMuiG5cV7AOaWCbT23boTBJnJkIJ2bvxV9y4UMStP+DOv3H6WGjrgQuHc+7l3nuCmDOlHefbWlldW9/YzG3lt3d29/btg8OmihJJoUEjHsl2QBRwFkJDM82hHUsgIuDQCkZXE7/1AFKxKLzV4xh8QQYh6zNKtJG6dkF0CfY43GPXuUtLbhV7iglccitZ6kmBoZl17aJTdqbAy8SdkyKao961v7xeRBMBoaacKNVxnVj7KZGaUQ5Z3ksUxISOyAA6hoZEgPLT6S8ZPjFKD/cjaSrUeKr+nkiJUGosAtMpiB6qRW8i/ud1Et2/8FMWxomGkM4W9ROOdYQnweAek0A1HxtCqGTmVkyHRBKqTXx5E4K7+PIyaVbKbrVcuTkr1i7nceTQMSqgU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1xZrPHKE/sD5/AI1imNk=</latexit>

modulation in X-ray  
spectrum due γ-a conv.   

AGN of Hydra A cluster
AGN NGC in Perseus cluster
AGN M87 in Virgo cluster IY P M IT  (.
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Credit; J.Conlon

gaγ ≤ O(1)× 10−12GeV−1
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* ALP does not have to be DM

cluster BGeorg Raffelt, Max-Planck-Institut für Physik, München, Germany IPMU Colloquium, 10 June 2009, Tokyo, Japan

Experimental Tests of the Invisible Axion

Primakoff effect:

Axion-photon transition in external
static E or B field
(Originally discussed for π0
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γ axion

Depends on
- Exact configuration of B-field along

the γ path
- Modeling of emission mechanism



Birefringence

linear polarization 

A±
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circular polarization 

linear polarization 

Rotation 



Birefringence

linear polarization 

A±
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circular polarization 

linear polarization 

Rotation 

due to ALP dark matter

CS coupling 
gaγ
4

φFµν F̃
µν
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]
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Inhomogeneous patches 
(k/m >> 1) 

a



Cosmic birefringence due to ALP dark matter

- Cosmic Microwave Background
7MLLMYSM M IT  (0 3:46A& MKS KWTTIJWYI W  )

gaγ ≤ O(1)× (10−11GeV−1)m/(10−21eV)
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Limited by calibration / CV(Washout)

- Pulsar

- AGN emission going through axion cloud  ATI KM K I I L EYJI W  (.

- Jet of AGN

- Protoplanetary disks

Limited by astrophysical modeling, angle calibration,…

IU I L WUI  )See also                



A galaxy lens at z = 0.44                                            

Karl G. Jansky Very Large Array
Socorro, NM, USA

(Polarization obs.: 1–8 GHz)

CLASS B1152+199

6.5 kpc

2.6 kpc

HST F815W
JVLA 7 GHz

Mao, w/ Basu et al., (2017) Nature Astron.

Ultra-light ALP DM search through lensed AGN
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Active galactic Nuclei (AGN)

• Efficient particle accelerators

• Relativistic jets  
     (w/magnetic field lines)

• Non-thermal emission

•  Unified picture of blazer, quasar, 
   radio galaxy



Emission from AGN jet
7MYU 2D KWTTIJWYI W  ((

Synchrotron  
radiation

Inverse  
Compton

γ-ray
X-ray

optical

radio

Radio band is dominated by synchrotron radiation.  



 Synchrotron radiation

Relativistic e- (γ >> 1) moving perpendicular to B
Acceleration due to Lorentz force Synchrotron radiation

•  For γ >> 1, the emission pattern is  
    sharply collimated forward.  

(peaked in the direction of velocity)

Cone aperture ~ 1/γ

• Emitted photons are polarized.

Radio emission from AGN is polarized.  
✔ Necessary to measure birefringence   



Radio telescopes (under operation) 

Karl G. Jansky Very Large Array (JVLA)  @Socorro, New Mexico 

 27 antennas arranged in Y-shape 
→ Effective aperture up to ~ 36km

• Frequency: 1.0GHz - 50 GHz
• Resolution: 0.04 - 0.2 arcsec

© NRAO

Very Long Baseline Array (VLBA) 

© NRAO

 10 dishes w/max baseline ~ 8,600km
• Frequency: 0.3GHz - 96 GHz
• Resolution: 0.17 - 22 milliarcsec



ALP search via AGN 

  

Observational challenges                                                                        
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intrinsic calibration 

birefringence due to ALP
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Constraining ALP 3

mass ALPs with shorter λdB are probed via laboratory ex-
periments (cite XXX). Because, in addition to gravitational
interaction, ALPs induces birefringence, of late polarization
angle measurements in the centimetre (cm) to micrometre
(µm) wavelengths has been used to constrain ma and gaγ.

However, determining the angle of rotation induced by
the ALP field depends on the knowledge of the plane of lin-
ear polarization intrinsically emitted by the astrophysical
object used as a probe. Only for a handful of astrophysical
systems the intrinsic polarization properties can be inferred.
For example, in proto-planetary discs, unpolarized light from
the parent star is polarized when the photons scatter off
material in the disc in a direction perpendicular to the ini-
tial photon propagation. Therefore, for thin face-on discs,
the angle of polarization of scattered light is expected to be
perpendicular to the radial vector of the disc, i.e., the direc-
tion of photon propagation in proto-planetary discs. Fujita
et al. (2019) used polarization angles measured at 1.6 µm
for the proto-planetary disc, AB Aurigae, and compared
them with simulations to determine the birefringence angle
due to photon interaction with ALPs. Within the sensitivity
of observations, they constrained gaγ < 5 × 10−11 GeV−1 for
ma ! 10−20 eV.

In order to overcome the complication from unknown
angle of intrinsic polarization, Ivanov et al. (2019) used
multi-epoch polarization measurements of knots in a parsec-
scale jet of active galactic nuclei and searched for the same
periodicity in angle variations of polarized synchrotron emis-
sion from multiple knots. In this case, the period of oscilla-
tion would allow to constraining mALP and in addition, the
amplitude of birefringence angle would constrain gaγ. They
used observations from the MOJAVE survey performed with
the Very Large Baseline Array at 15 GHz to image polarized
knots at ∼ 1 mas angular resolutions. At these frequencies,
the plane of polarization of synchrotron emission is also ro-
tated due to Faraday rotation. Ivanov et al. (2019) argued
that the separation between emitting regions are sufficiently
large to be causally connected and therefore any correlated
intrinsic periodicity in angle variations or Faraday depth
variations is not possible. However, no periodic angle os-
cillation were detected and constrain gaγ ! 10−12 GeV−1 for
ma in the range ∼ 5 × 10−23 to ∼ 1.2 × 10−21 eV.

In contrast to constraining ALPs from a single astro-
physical system, Sigl & Trivedi (2018) used the E-mode
polarization of the cosmic microwave background (CMB)
radiation to statistically constrain the overall amplitude
of birefringence due to ALP oscillations. They constrain
gaγ ! 10−17–10−12 GeV−1 for ma in the range 10−27 to 10−24 eV.
Their constraints are limited by the instrumental accuracy
to which the CMB polarization angles are measured.

It is important to note that, in addition to constraining
ALPs through birefringence, several alternative approaches
have also been used. For example, conversion into photons
of background ALP interaction with magnetic fields can give
to excess X-ray emission (see e.g. Berg et al. 2017; Ayad &
Beck 2019). Porayko et al. (2018) probed the gravitational
effects of oscillating ALPs and explored oscillations in pulse
time of arrival from pulsars in pulsar timing array.

I think this paragraph is the strongest point of this pa-
per, so shouldn’t we already emphasize this in Introduction?
Most of the astrophysical probes of ALPs heavily relies on
astrophysical assumptions and modelling, or are limited by

instrumental angle calibrations and sensitivity. In the follow-
ing sections, we will show that spectro-polarimetric observa-
tions at cm-wavelengths of gravitational lensed systems that
have multiple lensed images provides an unique advantage
for probing ALPs and the only limitation stems from signal-
to-noise ratio of observations that can be easily improved
either through sensitive instruments or by increasing obser-
vations time. Multiply lensed gravitational lenses has the
benefit of performing differential angle measurements which
does not depend on the intrinsic polarization angle, and as-
trophysical effects from Faraday rotation gets mitigated.

3 GALAXY GRAVITATIONAL LENS
SYSTEMS AS PROBES OF ALP

Studies performed using absolute polarization angles are
faced with two challenges – (1) accuracy of instrumental an-
gle calibration and (2) birefringence caused by Faraday effect
when a linearly polarized signal traverse through magneto-
ionic media. Although, current instruments are capable of
measuring the angle of polarization to fraction of a degree,
the accuracy of absolute angle measurement is limited to a
few degrees due to the accuracy to which the angle of polar-
ization calibrators are known. On the other hand, Faraday
effect depends on the wavelength (λ) of observations wherein
the plane of polarization is rotated known as Faraday rota-
tion, as,

θ(λ) = θ0 + FD λ2. (11)

Here, θ0 is the intrinsic angle of the plane of linear polar-
ization and FD is the Faraday depth. The effect of Faraday
rotation can be vastly reduced by performing observations at
low wavelengths, i.e., frequencies " 100 GHz (λ ! 300 mm).
However, at these frequencies very few astrophysical systems
give rise to substantial linearly polarized emission and of-
ten the polarized emission originate through indirect mech-
anisms.

Linearly polarized emission at cm-wavelengths directly
originate from synchrotron mechanism and can be measured
easily with high accuracy using modern radio telescopes.
These telescopes also allow one to observe polarized emission
over large bandwidths divided into several spectral channels
(spectro-polarimetry). The effects of Faraday rotation and
additional complexities introduced by the presence of tur-
bulence can be robustly tackled by applying the technique
of Stokes Q,U fitting (see e.g., O’Sullivan et al. 2012; An-
derson et al. 2016; Pasetto et al. 2018). Stokes Q,U fitting
uses a combination of various analytic models of turbulent
magneto-ionic medium (Sokoloff et al. 1998) which enables
us to measure properties of the intrinsic polarized emission
including the intrinsic polarization angle (θ0). If there is an
additional angle contribution through coupling between the
photon and the ALP field, the measured intrinsic angle is
given by θ0 = θqso + ∆ θa + δ θcal. Here, θqso is the intrinsic an-
gle of a polarized source, for example, a quasar, δ θcal is the
offset angle due to calibration, and ∆ θa is the rotation angle
induced by the ALP field given by eq. (7). For observations
along a single line of sight, it is not possible to determine
∆ θa, if present.

MNRAS 000, 1–7 (2002)

Observed rotation angle θqso

θ0

θqso

* VLA, VLBA (, SKA) are stable at best several weeks.  



Strong gravitational lensing

Copyright: NASA



Detecting birefringence in lens system

A galaxy lens at z = 0.44                                            

Karl G. Jansky Very Large Array
Socorro, NM, USA

(Polarization obs.: 1–8 GHz)

CLASS B1152+199

6.5 kpc

2.6 kpc

HST F815W
JVLA 7 GHz

Mao, w/ Basu et al., (2017) Nature Astron.
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θ0,A − θ0,B = ∆θa =
gaγ
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Differential birefringence in lensing system
tem tobs

temA

temB

tobs

Gravitational lensing and relative angles                        

}
Free of systematic errors!

Image A

Image B

Δt}

lens modeling
B M IT  )Δt ~ 13 days

CLASS B1152+199

(J)VLA

Constraining ALP 3

mass ALPs with shorter λdB are probed via laboratory ex-
periments (cite XXX). Because, in addition to gravitational
interaction, ALPs induces birefringence, of late polarization
angle measurements in the centimetre (cm) to micrometre
(µm) wavelengths has been used to constrain ma and gaγ.

However, determining the angle of rotation induced by
the ALP field depends on the knowledge of the plane of lin-
ear polarization intrinsically emitted by the astrophysical
object used as a probe. Only for a handful of astrophysical
systems the intrinsic polarization properties can be inferred.
For example, in proto-planetary discs, unpolarized light from
the parent star is polarized when the photons scatter off
material in the disc in a direction perpendicular to the ini-
tial photon propagation. Therefore, for thin face-on discs,
the angle of polarization of scattered light is expected to be
perpendicular to the radial vector of the disc, i.e., the direc-
tion of photon propagation in proto-planetary discs. Fujita
et al. (2019) used polarization angles measured at 1.6 µm
for the proto-planetary disc, AB Aurigae, and compared
them with simulations to determine the birefringence angle
due to photon interaction with ALPs. Within the sensitivity
of observations, they constrained gaγ < 5 × 10−11 GeV−1 for
ma ! 10−20 eV.

In order to overcome the complication from unknown
angle of intrinsic polarization, Ivanov et al. (2019) used
multi-epoch polarization measurements of knots in a parsec-
scale jet of active galactic nuclei and searched for the same
periodicity in angle variations of polarized synchrotron emis-
sion from multiple knots. In this case, the period of oscilla-
tion would allow to constraining mALP and in addition, the
amplitude of birefringence angle would constrain gaγ. They
used observations from the MOJAVE survey performed with
the Very Large Baseline Array at 15 GHz to image polarized
knots at ∼ 1 mas angular resolutions. At these frequencies,
the plane of polarization of synchrotron emission is also ro-
tated due to Faraday rotation. Ivanov et al. (2019) argued
that the separation between emitting regions are sufficiently
large to be causally connected and therefore any correlated
intrinsic periodicity in angle variations or Faraday depth
variations is not possible. However, no periodic angle os-
cillation were detected and constrain gaγ ! 10−12 GeV−1 for
ma in the range ∼ 5 × 10−23 to ∼ 1.2 × 10−21 eV.

In contrast to constraining ALPs from a single astro-
physical system, Sigl & Trivedi (2018) used the E-mode
polarization of the cosmic microwave background (CMB)
radiation to statistically constrain the overall amplitude
of birefringence due to ALP oscillations. They constrain
gaγ ! 10−17–10−12 GeV−1 for ma in the range 10−27 to 10−24 eV.
Their constraints are limited by the instrumental accuracy
to which the CMB polarization angles are measured.

It is important to note that, in addition to constraining
ALPs through birefringence, several alternative approaches
have also been used. For example, conversion into photons
of background ALP interaction with magnetic fields can give
to excess X-ray emission (see e.g. Berg et al. 2017; Ayad &
Beck 2019). Porayko et al. (2018) probed the gravitational
effects of oscillating ALPs and explored oscillations in pulse
time of arrival from pulsars in pulsar timing array.

I think this paragraph is the strongest point of this pa-
per, so shouldn’t we already emphasize this in Introduction?
Most of the astrophysical probes of ALPs heavily relies on
astrophysical assumptions and modelling, or are limited by

instrumental angle calibrations and sensitivity. In the follow-
ing sections, we will show that spectro-polarimetric observa-
tions at cm-wavelengths of gravitational lensed systems that
have multiple lensed images provides an unique advantage
for probing ALPs and the only limitation stems from signal-
to-noise ratio of observations that can be easily improved
either through sensitive instruments or by increasing obser-
vations time. Multiply lensed gravitational lenses has the
benefit of performing differential angle measurements which
does not depend on the intrinsic polarization angle, and as-
trophysical effects from Faraday rotation gets mitigated.

3 GALAXY GRAVITATIONAL LENS
SYSTEMS AS PROBES OF ALP

Studies performed using absolute polarization angles are
faced with two challenges – (1) accuracy of instrumental an-
gle calibration and (2) birefringence caused by Faraday effect
when a linearly polarized signal traverse through magneto-
ionic media. Although, current instruments are capable of
measuring the angle of polarization to fraction of a degree,
the accuracy of absolute angle measurement is limited to a
few degrees due to the accuracy to which the angle of polar-
ization calibrators are known. On the other hand, Faraday
effect depends on the wavelength (λ) of observations wherein
the plane of polarization is rotated known as Faraday rota-
tion, as,

θ(λ) = θ0 + FD λ2. (11)

Here, θ0 is the intrinsic angle of the plane of linear polar-
ization and FD is the Faraday depth. The effect of Faraday
rotation can be vastly reduced by performing observations at
low wavelengths, i.e., frequencies " 100 GHz (λ ! 300 mm).
However, at these frequencies very few astrophysical systems
give rise to substantial linearly polarized emission and of-
ten the polarized emission originate through indirect mech-
anisms.

Linearly polarized emission at cm-wavelengths directly
originate from synchrotron mechanism and can be measured
easily with high accuracy using modern radio telescopes.
These telescopes also allow one to observe polarized emission
over large bandwidths divided into several spectral channels
(spectro-polarimetry). The effects of Faraday rotation and
additional complexities introduced by the presence of tur-
bulence can be robustly tackled by applying the technique
of Stokes Q,U fitting (see e.g., O’Sullivan et al. 2012; An-
derson et al. 2016; Pasetto et al. 2018). Stokes Q,U fitting
uses a combination of various analytic models of turbulent
magneto-ionic medium (Sokoloff et al. 1998) which enables
us to measure properties of the intrinsic polarized emission
including the intrinsic polarization angle (θ0). If there is an
additional angle contribution through coupling between the
photon and the ALP field, the measured intrinsic angle is
given by θ0 = θqso + ∆ θa + δ θcal. Here, θqso is the intrinsic an-
gle of a polarized source, for example, a quasar, δ θcal is the
offset angle due to calibration, and ∆ θa is the rotation angle
induced by the ALP field given by eq. (7). For observations
along a single line of sight, it is not possible to determine
∆ θa, if present.

MNRAS 000, 1–7 (2002)
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VLA monitoring of CLASS B1152+199

  

VLA monitoring of CLASS B1152+199                                                    

No evidence of AGN variability over 7 months (cadence ~3.5 days)

Rumbaugh et al. (2015) MNRAS

* Time variation is within the expected calibration error. 



Contamination: Faraday effectA galaxy lens at z = 0.44                                            

Karl G. Jansky Very Large Array
Socorro, NM, USA

(Polarization obs.: 1–8 GHz)

CLASS B1152+199

6.5 kpc

2.6 kpc

HST F815W
JVLA 7 GHz

Mao, w/ Basu et al., (2017) Nature Astron.
Faraday effect due to galactic/intergalactic B field.

  

Image A

Image B

Spectropolarimetry at cm-wavelengths is needed to remove electromagnetic
(chromatic) birefringence induced by Faraday e4ect.

Dq
Faraday

  RM l2    →   0 at l = 0

Strong gravitational lensing: Di4erential birefringence                          

Basu et al. (2021), PRL

11 Aritra Basu (abasu@tls-tautenburg.de), TLS Tautenburg       MKSP 2021Spectropolarimetry at cm wavelength to remove 
chrometric birefringence due to Faraday effect  
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ALPs search from differential birefringence
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Observation proposal just submitted….

1

Observing Application Date:
Proposal ID: VLA/2021-06-041

PI: Aritra Basu
Type: Regular

Category: High Redshift and Source
Surveys

Total time: 21.55

Searching for axionlike particles using the JVLA and the VLBA

Abstract:
Axionlike particles (ALPs) are one of the most promising candidates for dark matter predicted in theories beyond the
Standard Model, and if they exist, can have imprints on astrophysical scales. A tiny interaction between light and
ALPs gives rise to achromatic birefringence wherein the polarization of light rotates, and the amount of rotation can
be used to infer the coupling. The birefringence angle also oscillates with a period determined by their mass. Recently
we have demonstrated that the differential polarization angle measured between the images of gravitationally
lensed polarized quasars contains a clean ALP induced birefringence signal which is free of observational and
astrophysical systematics, thereby allowing us to probe an ALP parameter space at sensitivity comparable to or
better than lab experiments. In this proposal we harness the complimentarity between radio spectro-polarimetry and
particle physics to take a leap forward in realistically detecting, or strongly constraining, ALPs using multi-epoch
simultaneous observations with the JVLA and the VLBA. The JVLA observations will enable us to expand the ALP-
search parameter space and pin down the ALP mass, and the VLBA observations will be used to pin down any
external effects which might mimic an ALP signal.

Authors:
Name Institution Email Status

Basu, Aritra ThÃ¼ringer
Landessternwarte Tautenburg

abasu@tls-tautenburg.de

Schwarz, Dominik Bielefeld, UniversitÃ¤t dschwarz@physik.uni-bielefeld.de
Urakawa, Yuko High Energy Accelerator

Research Organization
yukour@post.kek.jp

Mao, Sui Ann Max-Planck-Institut fÃ¼r
Radioastronomie

mao@mpifr-bonn.mpg.de

Ros, Eduardo Max-Planck-Institut fÃ¼r
Radioastronomie

ros@mpifr-bonn.mpg.de

Deshmukh, Shivani Bielefeld, UniversitÃ¤t sdeshmukh@physik.uni-bielefeld.de Graduating:  N/A
Thesis:  false

Schumacher,
Samuel

Bielefeld, UniversitÃ¤t sschumacher@physik.uni-bielefeld.de Graduating:  N/A
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Selecting 5 out of 220 lensed AGNs.

- Incl. lens system w/larger time delay 
 (Δtdelay=420 days)

- Longer monitoring 



Square Kilometer Array (SKA)
SKA1 low

SKA1 mid 

- 50MHz - 350 MHz
- 130,000 antennas
- max baseline 70 km

- 350MHz - 14 GHz
- 200 antennas
- max baseline 150 km

Improvement of sensitivity, speed of performing surveys, resolution 
(of extensive sources)



Forecast on SKA1

  

SKA1-MID → 105 strong lenses
McKean et al. (2015), AASKA14

Future outlook – SKA1                                                                             

Basu et al. (2021), PRL

Pessi
misti

c

Optim
isti

c

Straightforward to improve signal-to-noise
from a large sample → SKA1-MID

5% with polarized quasars ~5000 systems

15 Aritra Basu (abasu@tls-tautenburg.de), TLS Tautenburg       MKSP 2021

• Increase parameter space by at least
  2 orders of magnitude 

• Surpass dedicated Axion search experiments

-  Wider mass range

- (At least) 2 orders of  
    magnitude improvement

SKA1-mid  
105 strong lenses  
if 5% is quasars  
 → 5,000 systems



SummaryA galaxy lens at z = 0.44                                            

Karl G. Jansky Very Large Array
Socorro, NM, USA

(Polarization obs.: 1–8 GHz)

CLASS B1152+199

6.5 kpc

2.6 kpc

HST F815W
JVLA 7 GHz

Mao, w/ Basu et al., (2017) Nature Astron.

- Lensed quasars provide the cleanest tool to look for ULA DM.  

- Lensed quasar CLASS B1152 + 199 

  

Summary                                                                                                

– Axions are a promising candidate for dark matter & observational astrophysics
  will play a pivotal role in their search.

– Radio spectropolarimetry can contribute fruitfully towards addressing fundamental 
  issues with the Standard Model of Particle Physics.

– Gravitational lens systems are the cleanest tool to constrain ALPs, allowing us to 
   measure both coupling constant and mass.

– In the strongly lensed quasar in CLASS B1152+199 system:

   Coupling is constrained at:   g
ag

 < 9.2 × 10-11 GeV-1           for     m
a
 < 3.6 × 10-21 eV.

– Dedicated, concerted e=orts from the astrophysics community are needed
   in the quest for unveiling dark matter.

Aritra Basu (abasu@tls-tautenburg.de), TLS Tautenburg       MKSP 2021

Basu, Goswami, Schwarz, Urakawa (2021), Phys. Rev. Lett., 126, 191102 (arXiv:2007.01440)

Schwarz, Goswami, Basu (2021), Phys. Rev. D Lett., 103, 081306 (arXiv:2003.10205)
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Supplement



Spectropolarimetry

CLASS B1152+199 via JVLA

  

Constraint from CLASS B1152+199                                                        
CLASS B1152+199

6.5 kpc
2.6 kpc

HST F815W
JVLA 7 GHz

Image A

Image B
Mao, w/ Basu et al., (2017) Nature Astron.

Frequency (GHz)

Frequency (GHz)

Karl G. Jansky Very Large Array
(Polarization obs.: 1–8 GHz)

Aritra Basu (abasu@tls-tautenburg.de), TLS Tautenburg

Credit: NRAO

Extrapolated to l=0

by applying 
Stokes Q,U /tting.

O’Sullivan et al., (2012), MNRAS
Pasetto, w/ Basu, et al. (2018), A&A

The background quasar 
undergoes Faraday rotation 
and depolarization in the 
lensing galaxy.
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Lensing galaxy of B1152+199

B M IT  BC )Radio observation by VLBA
Precise optical astrometry by HST  
Mass modeling

Scaled surface density 
bestfit

* Different H0 value is used in our analysis.



Birefringence on CMB
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Inhomogeneous patches 
(k/m >> 1) 

decoupling

3

fields ⟨Q(n̂)⟩ and ⟨U (n̂)⟩, we have
(

Q(n̂, t)
U(n̂, t)

)
=

(
1 −f(t)

f(t) 1

)(
⟨Q(n̂)⟩
⟨U (n̂)⟩

)
, (2)

where

f(t) ≡ gφγφ0 cos(mt+ α). (3)

To linear order, the polarization oscillation causes a mix-
ing of Stokes parameters. The parameter f(t) is small
compared with unity, so the mixing matrix in Eq. 2 can
be viewed as a rotation matrix expanded to leading order.
The time-averaged fields ⟨Q(n̂)⟩ and ⟨U (n̂)⟩ are rotated
into each other by an angle f(t). This is equivalent to
an on-sky rotation of the polarization pseudovectors by
an angle f(t)/2. In Eq. 2, the washout effect has been
absorbed into the definition of the time-averaged polar-
izations fields, i.e., ⟨Q(n̂)⟩ = J0(gφγ ⟨φ∗⟩)Q0(n̂) and sim-
ilarly for Stokes U . Since the time-averaged polarization
fields are direct observables of CMB polarimetry exper-
iments, we can use Eq. 2 to search for the Stokes mix-
ing f(t) without referring to the decoupled limit, i.e.,
to Q0(n̂) and U0(n̂).

Although relatively faint compared with many polar-
ized astrophysical sources, the CMB provides a num-
ber of serendipitous advantages in the search for axion-
like polarization oscillations. Current-generation CMB
experiments have deployed thousands of photon-noise-
limited detectors that scan CMB-dominated patches of
sky repetitively for years. The steady increase in detec-
tor count in CMB experiments translates directly to an
increase in the statistical weight of each instantaneous
measurement. Since the signal is a coherent all-sky rota-
tion of polarization angles, every optically active detec-
tor can contribute to the measurement. The detectors
are observing the CMB for a substantial fraction of each
year, which provides temporal sensitivity on timescales of
hours to years. By repetitively scanning the same patch
of sky, the time-averaged maps ⟨Q(n̂)⟩ and ⟨U (n̂)⟩ can
be well estimated and used as templates to search for
time-variability as in Eq. 2. The oscillation signal is co-
herent both over the sky and over wavelength, so all CMB
instruments can contribute independent of angular reso-
lution and observing frequency.

The CMB has a theoretical advantage in that the axion
field at the point of emission is effectively zero [15]. The
surface of last scattering represents an era much longer
(O(104) yr) than the axion oscillation periods under con-
sideration in this work (O(1) yr). Emissions from differ-
ent redshifts occur with different axion field values that,
taken together, average to approximately zero along all
lines of sight. An oscillation observed in the CMB today
is, therefore, a direct measure of the local axion field only,
i.e., the field at the point of absorption.

Polarization oscillations may also be observed in as-
trophysical sources such as pulsars [16, 17], the jets of
active galaxies [18], protoplanetary disks [19] and strong
gravitational lens systems [20]. A complication in set-
ting constraints with polarized astrophysical sources is

the uncertainty in both the amplitude and the phase of
the axion field at the point of emission, and these am-
plitudes and phases are, in general, different for different
sources, which may introduce a large number of free pa-
rameters. A CMB-based search is constrained to have
the same amplitude and phase across the entire sky, at
every wavelength and at every observing site.
One of the main challenges in many CMB polarime-

try experiments is contamination from Galactic fore-
grounds. These foregrounds are less problematic in an
axion-oscillation search for two reasons. The first is that
the oscillations affect all CMB polarization, i.e., both
E- and B-modes. While the Galactic foregrounds dom-
inate at, e.g., 150 GHz in B-modes even in the cleanest
patches of sky, they are subdominant in E-modes. In
the BICEP observation patch, the polarization power in
foregrounds is ∼ 10% as strong as the CMB power. By
considering the much brighter E-modes, we make the
foreground contamination relatively weaker. The second
reason is that the foregrounds do not present an all-sky
coherent polarization oscillation. Some polarized signals
from the Galaxy may be emitted from regions with a
substantially different axion field value, and these signals
would oscillate. The amplitude and phase of these oscil-
lations, however, would depend on the axion field value at
the point of emission, and these axion field values would
not be coherent across the entire observing region. By
constraining our search to polarization oscillations that
are both global and coherent, we suppress contamination
from Galactic foregrounds. For these reasons, we con-
sider foreground contamination to be a minor concern.
Polarization oscillations are sensitive to the prod-

uct gφγφ0 (Eq. 3) and, therefore, depend on both
the axion-photon coupling constant gφγ and the axion
mass m. The latter dependence comes from the axion
field strength

φ0 =
(
2.1× 109 GeV

) ( m

10−21 eV

)−1

×
(

κρ0
0.3 GeV/cm3

)1/2

,

(4)

where ρ0 is the local density of dark matter and κ is
the fraction of dark matter composed of axion-like
particles [15]. The m-dependence of φ0 implies that
oscillation-derived limits on the coupling constant will
roughly follow gφγ ∝ m. The coupling constant can be
probed approximately independently of mass in a num-
ber of ways, e.g., by conversion of solar axions to x-rays
in strong laboratory magnetic fields [21], by conversion
of supernova-produced axions to gamma rays in Galac-
tic magnetic fields [22], from the x-ray transparency of
the intracluster medium [23] (though we note that this
bound has been challenged [24]) and by conversion of ax-
ions produced in Wolf-Rayet stars to x-rays in Galactic
magnetic fields [25]. At the same time, the axion mass
can be constrained approximately independently of the
coupling constant through considerations of small-scale

For |f(t)| << 1 with
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To linear order, the polarization oscillation causes a mix-
ing of Stokes parameters. The parameter f(t) is small
compared with unity, so the mixing matrix in Eq. 2 can
be viewed as a rotation matrix expanded to leading order.
The time-averaged fields ⟨Q(n̂)⟩ and ⟨U (n̂)⟩ are rotated
into each other by an angle f(t). This is equivalent to
an on-sky rotation of the polarization pseudovectors by
an angle f(t)/2. In Eq. 2, the washout effect has been
absorbed into the definition of the time-averaged polar-
izations fields, i.e., ⟨Q(n̂)⟩ = J0(gφγ ⟨φ∗⟩)Q0(n̂) and sim-
ilarly for Stokes U . Since the time-averaged polarization
fields are direct observables of CMB polarimetry exper-
iments, we can use Eq. 2 to search for the Stokes mix-
ing f(t) without referring to the decoupled limit, i.e.,
to Q0(n̂) and U0(n̂).

Although relatively faint compared with many polar-
ized astrophysical sources, the CMB provides a num-
ber of serendipitous advantages in the search for axion-
like polarization oscillations. Current-generation CMB
experiments have deployed thousands of photon-noise-
limited detectors that scan CMB-dominated patches of
sky repetitively for years. The steady increase in detec-
tor count in CMB experiments translates directly to an
increase in the statistical weight of each instantaneous
measurement. Since the signal is a coherent all-sky rota-
tion of polarization angles, every optically active detec-
tor can contribute to the measurement. The detectors
are observing the CMB for a substantial fraction of each
year, which provides temporal sensitivity on timescales of
hours to years. By repetitively scanning the same patch
of sky, the time-averaged maps ⟨Q(n̂)⟩ and ⟨U (n̂)⟩ can
be well estimated and used as templates to search for
time-variability as in Eq. 2. The oscillation signal is co-
herent both over the sky and over wavelength, so all CMB
instruments can contribute independent of angular reso-
lution and observing frequency.

The CMB has a theoretical advantage in that the axion
field at the point of emission is effectively zero [15]. The
surface of last scattering represents an era much longer
(O(104) yr) than the axion oscillation periods under con-
sideration in this work (O(1) yr). Emissions from differ-
ent redshifts occur with different axion field values that,
taken together, average to approximately zero along all
lines of sight. An oscillation observed in the CMB today
is, therefore, a direct measure of the local axion field only,
i.e., the field at the point of absorption.

Polarization oscillations may also be observed in as-
trophysical sources such as pulsars [16, 17], the jets of
active galaxies [18], protoplanetary disks [19] and strong
gravitational lens systems [20]. A complication in set-
ting constraints with polarized astrophysical sources is

the uncertainty in both the amplitude and the phase of
the axion field at the point of emission, and these am-
plitudes and phases are, in general, different for different
sources, which may introduce a large number of free pa-
rameters. A CMB-based search is constrained to have
the same amplitude and phase across the entire sky, at
every wavelength and at every observing site.
One of the main challenges in many CMB polarime-

try experiments is contamination from Galactic fore-
grounds. These foregrounds are less problematic in an
axion-oscillation search for two reasons. The first is that
the oscillations affect all CMB polarization, i.e., both
E- and B-modes. While the Galactic foregrounds dom-
inate at, e.g., 150 GHz in B-modes even in the cleanest
patches of sky, they are subdominant in E-modes. In
the BICEP observation patch, the polarization power in
foregrounds is ∼ 10% as strong as the CMB power. By
considering the much brighter E-modes, we make the
foreground contamination relatively weaker. The second
reason is that the foregrounds do not present an all-sky
coherent polarization oscillation. Some polarized signals
from the Galaxy may be emitted from regions with a
substantially different axion field value, and these signals
would oscillate. The amplitude and phase of these oscil-
lations, however, would depend on the axion field value at
the point of emission, and these axion field values would
not be coherent across the entire observing region. By
constraining our search to polarization oscillations that
are both global and coherent, we suppress contamination
from Galactic foregrounds. For these reasons, we con-
sider foreground contamination to be a minor concern.
Polarization oscillations are sensitive to the prod-

uct gφγφ0 (Eq. 3) and, therefore, depend on both
the axion-photon coupling constant gφγ and the axion
mass m. The latter dependence comes from the axion
field strength

φ0 =
(
2.1× 109 GeV

) ( m

10−21 eV

)−1

×
(

κρ0
0.3 GeV/cm3

)1/2

,

(4)

where ρ0 is the local density of dark matter and κ is
the fraction of dark matter composed of axion-like
particles [15]. The m-dependence of φ0 implies that
oscillation-derived limits on the coupling constant will
roughly follow gφγ ∝ m. The coupling constant can be
probed approximately independently of mass in a num-
ber of ways, e.g., by conversion of solar axions to x-rays
in strong laboratory magnetic fields [21], by conversion
of supernova-produced axions to gamma rays in Galac-
tic magnetic fields [22], from the x-ray transparency of
the intracluster medium [23] (though we note that this
bound has been challenged [24]) and by conversion of ax-
ions produced in Wolf-Rayet stars to x-rays in Galactic
magnetic fields [25]. At the same time, the axion mass
can be constrained approximately independently of the
coupling constant through considerations of small-scale

AC effect Washout effect
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derstanding of its particle properties is one of the main
aspirations of modern physics [1, 2]. A promising dark-
matter candidate is the QCD (quantum chromodynam-
ics) axion, which we define here to be the pseudo-Nambu-
Goldstone degree of freedom associated with the Peccei-
Quinn mechanism that has been proposed to solve the
strong CP problem [3–9]. In this work, we consider the
much larger class of axion-like particles (sometimes ab-
breviated as ALPs), which are light, bosonic particles
with couplings to the Standard Model (SM) that are
similar to that of the QCD axion but with important
differences. Whereas the QCD axion requires a specific
coupling to the QCD field strength that generically gives
rise to a relationship between the mass of the QCD axion
and its coupling to the SM, albeit with some model de-
pendence, the axion-like particles considered in this work
lack this coupling to QCD. They are, therefore, not re-
lated to solutions of the strong CP problem and generally
have no fixed relationship between their mass and cou-
pling to the SM. Because of this, they occupy a much
larger area in the mass-coupling parameter space. For
simplicity, we will hereafter refer to axion-like particles
as axions.

Very light axions can have astrophysically large de-
Broglie wavelengths, which have macroscopic conse-
quences for the formation of structure. Such dark-matter
candidates are sometimes referred to as fuzzy dark matter
(FDM) [10].

An important property of an axion field is that it cre-
ates an effective birefringence for opposite-helicity pho-
tons. Linear polarizations are, therefore, rotated, and
the amount of rotation is proportional to the change in
the axion field between the point of emission and the
point of absorption [11–14]. In particular, we emphasize
that the rotation of polarization responds to the har-
monic oscillations of the axion field that occur with a
frequency m/(2π), where m is the axion mass. In this
paper, we consider axion masses in the range of 10−21-
10−18 eV, which roughly corresponds to oscillation peri-
ods of hours to months.

Recently, Fedderke et al. proposed two axion observ-
ables accessible by current and future cosmic-microwave-
background (CMB) polarimetry experiments [15]. The
first is an overall suppression of CMB polarization, which
is referred to as the “washout” effect and can be con-
strained by measurements of the TT , TE and EE power
spectra. The second is a time-varying global rotation of
CMB polarization with angular frequency m. The latter

observable is called the “AC oscillation” and is the main
focus of this work.
The washout effect is due to the axion-field evolution

during the epoch of recombination. With this observ-
able, Fedderke et al. used publicly available Planck data
to rule out regions of the axion parameter space, which
we show below in Fig. 6. The washout is, ultimately,
cosmic-variance limited, because it relies on the statis-
tics of power spectra. The limits already set with the
washout effect are within an order of magnitude of the
cosmic-variance limit.
The AC oscillation is a sinusoidal global rotation

of CMB polarization with an angular frequency m.
Whereas the washout effect is sensitive to axion dark
matter present during the epoch of recombination, the
AC oscillation is sensitive to axion dark matter at the lo-
cation of the experiment. The temporal change in CMB
polarization is a direct probe of the oscillation of the local
axion field. The measurement of axion-like polarization
oscillations in the CMB is a form of direct dark-matter
detection. The expected coherence time is ∼ 2π/(mv2),
where v ∼ 10−3 is the Galactic virial velocity. The as-
sociated coherence length is ∼ 2π/(mv). For oscillation
periods shorter than ∼ 1 day, existing axion limits are
stronger than what can be achieved with the current gen-
eration of CMB instruments, so we set a minimum oscil-
lation period of 2 hr for our search. For 2π/m = 2 hr,
the coherence time is ∼ 200 yr, and the coherence length
is ∼ 0.07 pc. We can, therefore, take the oscillation to
be in phase for all CMB experiments. Furthermore, the
signal should be in phase across all photon frequencies.
The data from experiments operating at different times,
locations and wavelengths can be combined to search for
a coherent polarization oscillation. As the signal per-
sists in time, there is no cosmic-variance limit. In the
long term, therefore, the oscillation effect will likely be a
more sensitive observable than the washout effect.
Denote by Q(n̂, t) and U(n̂, t) the Stokes parameters

that are measured at sky coordinate n̂ at time t. Denote
by Q0(n̂) and U0(n̂) the Stokes parameters that would
be measured if the axion were completely decoupled from
photons, which is also the limit in which the CMB po-
larization field is static. The axion-photon coupling con-
stant is gφγ . The amplitude of the axion field averaged
over the CMB visibility function is denoted ⟨φ∗⟩, which
we take to be isotropic. The amplitude of the local ax-
ion field today is denoted φ0. We allow for an arbitrary
phase α in the oscillation. Then the observed Stokes pa-
rameters are related to the decoupled limit by [15]

Q(n̂, t)± iU(n̂, t) = J0(gφγ ⟨φ∗⟩) exp [±igφγφ0 cos(mt+ α)] (Q0(n̂)± iU0(n̂)) . (1)

All of the combinations of the form gφγφx for x ∈ {∗, 0}
are small and dimensionless. The Bessel function can be
expanded as J0(x) ≈ 1 − x2/4 and represents an overall

suppression of CMB polarization, i.e., the washout effect
described above. Expanding the complex exponential to
first order and defining the time-averaged polarization

Oscillation at observer

X0 → ⟨X⟩ = J0(gaγφdec)X0
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FIG. 6. Excluded regions in the mass-coupling parameter space for axion-like dark matter (cf. Fig. 3 in [15]). All constraints
push the allowed regions to larger masses and smaller coupling constants, i.e., toward the bottom right of the figure. If the dark
matter is assumed to consist entirely of axion-like particles, i.e., if κ = 1, then our constraints (blue) are immediately implied
by Eq. 4 and the results of Fig. 5. A smoothed approximation is shown in cyan (Eq. 79). The orange dot-dashed and dotted
lines show the constraints that would be achieved if the rotation amplitude were constrained to 0.1◦ and 0.01◦, respectively.
The green solid line shows the constraint set by Fedderke et al. [15] by searching for the washout effect (Sec. I) in publicly
available Planck power spectra. The dashed green line shows the cosmic-variance limit for the washout effect. The dashed
grey horizontal line shows the limit from searching for a gamma-ray excess from SN1987A [22]. The solid grey horizontal line
is the limit set by the CAST experiment [21]. The dotted grey vertical line is a constraint on the minimum axion mass from
observations of small-scale structure in the Lyman-α forest [26], though we note that several similar bounds have also been set
by other considerations of small-scale structure [27, 28].

cant for multipoles larger than ℓ ∼ 2000, where the CMB
anisotropies are suppressed.

The CMB Stage-4 (CMB-S4) project will contain more
than an order of magnitude more detectors than any
current-generation experiment, and this will provide yet
another boost in sensitivity [44, 45]. An axion-oscillation
search imposes few requirements on the design and scan
strategy of CMB-S4, since the main elements are noth-
ing more than sensitive, repetitive measurements of CMB
polarization. The search is more sensitive at CMB-

dominated frequency bands like 95 and 150 GHz, since
the global oscillation affects only the CMB component of
the polarization field. To take full advantage of the po-
larization information in the CMB and thereby increase
the signal-to-noise ratio, higher-resolution instruments
are preferred, e.g., with aperture diameters of 5-10 m,
which allow for sensitivity to polarization modes into the
CMB damping tail.

The methods presented in this work can be adapted
with relatively minor alterations to analyze data from
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available Planck power spectra. The dashed green line shows the cosmic-variance limit for the washout effect. The dashed
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cant for multipoles larger than ℓ ∼ 2000, where the CMB
anisotropies are suppressed.

The CMB Stage-4 (CMB-S4) project will contain more
than an order of magnitude more detectors than any
current-generation experiment, and this will provide yet
another boost in sensitivity [44, 45]. An axion-oscillation
search imposes few requirements on the design and scan
strategy of CMB-S4, since the main elements are noth-
ing more than sensitive, repetitive measurements of CMB
polarization. The search is more sensitive at CMB-

dominated frequency bands like 95 and 150 GHz, since
the global oscillation affects only the CMB component of
the polarization field. To take full advantage of the po-
larization information in the CMB and thereby increase
the signal-to-noise ratio, higher-resolution instruments
are preferred, e.g., with aperture diameters of 5-10 m,
which allow for sensitivity to polarization modes into the
CMB damping tail.

The methods presented in this work can be adapted
with relatively minor alterations to analyze data from
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