
J
C
A
P
0
2
(
2
0
2
0
)
0
3
2

ournal of Cosmology and Astroparticle Physics
An IOP and SISSA journalJ

A new probe of axion-like particles:
CMB polarization distortions due to
cluster magnetic fields

Suvodip Mukherjee,a,b,c David N. Spergel,c,d Rishi Khatrie and
Benjamin D. Wandelta,b,c,d
aInstitut d’Astrophysique de Paris,
98bis Boulevard Arago, 75014 Paris, France
bSorbonne Universites, Institut Lagrange de Paris,
98 bis Boulevard Arago, 75014 Paris, France
cCenter for Computational Astrophysics, Flatiron Institute,
162 5th Avenue, 10010, New York, NY, U.S.A.
dDepartment of Astrophysical Sciences, Princeton University,
4 Ivy Lane, Princeton, NJ 08544, U.S.A.
eTata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai, 400005, India
E-mail: mukherje@iap.fr, dspergel@flatironinstitute.org, khatri@theory.tifr.res.in,
bwandelt@iap.fr

Received August 23, 2019
Revised December 20, 2019
Accepted February 9, 2020
Published February 26, 2020

Abstract. We propose using the upcoming Cosmic Microwave Background (CMB) ground
based experiments to detect the signal of ALPs (Axion like particles) interacting with mag-
netic fields in galaxy clusters. The conversion between CMB photons and ALPs in the
presence of the cluster magnetic field can cause a polarized spectral distortion in the CMB
around a galaxy cluster. The strength of the signal depends upon the redshift of the galaxy
cluster and will exhibit a distinctive spatial profile around it depending upon the structure
of electron density and magnetic field. This distortion produces a different shape from the
other known spectral distortions like y-type and µ-type and hence are separable from the
multi-frequency CMB observation. The spectrum is close to Kinematic Sunyaev-Zeldovich
(kSZ) signal but can be separated from it using the polarization information. For the future
ground-based CMB experiments such as Simons Observatory and CMB-S4, we estimate the
measurability of this signal in the presence of foreground contamination, instrument noise
and CMB anisotropies. This new avenue can probe the photon-ALP coupling over the ALP
mass range from 10−13 eV to 10−12 eV with two orders of magnitude better accuracy from
CMB-S4 than the current existing bounds.

Keywords: axions, CMBR polarisation, CMBR experiments

ArXiv ePrint: 1908.07534

c© 2020 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2020/02/032

mailto:mukherje@iap.fr
mailto:dspergel@flatironinstitute.org
mailto:khatri@theory.tifr.res.in
mailto:bwandelt@iap.fr
https://arxiv.org/abs/1908.07534
https://doi.org/10.1088/1475-7516/2020/02/032


J
C
A
P
0
2
(
2
0
2
0
)
0
3
2

Contents

1 Introduction 1

2 Resonant photon-ALP conversion signal: formalism 3

3 Resonant photon-ALPs conversion in a galaxy cluster 5

3.1 Polarized spectral distortion of CMB around a single galaxy cluster 8

3.1.1 Spatial shape of the ALPs-distortion 8

3.1.2 Amplitude of the photon-ALP distortion in a galaxy cluster 8

4 Simulated sky map of photon-ALPs distortion in the presence of galactic
foregrounds, CMB anisotropy and instrument noise 13

4.1 Simulation of the photon-ALPs distortion signal 13

4.2 Simulations of galactic foregrounds and CMB primary and secondary
anisotropies 14

4.3 Instrument noise for Simons Observatory and CMB-S4 15

4.4 Sky model in the presence of photon-ALP distortion, foregrounds and instru-
ment noise 16

4.5 Cleaning the foregrounds using the internal linear combination method 18

5 Forecast for the measurement of the photon-ALP distortion signal from
Simons Observatory and CMB-S4 19

5.1 Aperture photometry 21

5.2 SNR to measure the photon-ALPs distortion from SO and CMB-S4 23

6 Conclusions and future prospects 25

1 Introduction

Since its discovery in 1965, the Cosmic Microwave Background (CMB) has been a powerful
probe of the Universe over a large redshift range 0 ≤ z . 2 × 106 [1–4]. Different cosmic
epochs leave their imprints in the spatial fluctuations of the temperature and polarization
field of the CMB and in the CMB spectral distortions. The distortions in CMB blackbody
are expected from several effects that include Sunyaev-Zeldovich (y-distortions or thermal
SZ (tSZ)) [1, 5], µ-type [6, 7], i- type (or residual r-type) [4, 8, 9], relativistic SZ [10],
recombination lines [11, 12], and α-type (axions) [13, 14] The spectral distortions signal can
also be polarized due to resonant conversion between CMB photons and ALPs [13] in the
presence of a medium and external magnetic fields. The CMB-ALPs conversion depends
upon the coupling strength gγγa (which we write as gγa) between photons and ALPs as well
as how slowly (adiabatic) the medium changes along the photon geodesic. The spectral
distortions due to ALPs can also arise from non-resonant conversion and produce spatially
fluctuating unpolarized spectral distortions [13–26].

Several CMB experiments have explored the spatially varying part of the blackbody and
non-blackbody (particularly y-distortions) over the last three decades from space, balloon

– 1 –



J
C
A
P
0
2
(
2
0
2
0
)
0
3
2

and ground platforms.1 Along with the unprecedented measurement of the temperature and
polarization anisotropy by WMAP [27] and Planck [28], ground-based experiments such as
ACT (Atacama Cosmology Telescope) [29] and SPT (South-Pole Telescope) [30] have also
explored the y-distortion signals from galaxy clusters [10, 31–36]. However, the spatially non-
varying spectrum of the CMB has not been explored after COBE-FIRAS (Cosmic Background
Explorer-Far Infrared Absolute Spectrophotometer) experiment [37–40] which had imposed
an upper bound on y-distortions and µ-distortions of 15× 10−6 and 9× 10−5 respectively at
95% C.L. Current and near-term ground-based CMB experiments (such as Adv-ACT [41],
SPT-3G [42], Simons Array [43], Simons Observatory (SO) [44], and CMB-S4 [45, 46]) and
the upcoming space-based CMB experiment such as LiteBIRD [47], and several proposed
CMB experiments (such as CMB-Bharat,2 PRISTINE (Polarized Radiation Interferometer
for Spectral disTortions and INflation Exploration) and PICO (Probe of Inflation and Cosmic
Origins) [48, 49]) plan to explore both blackbody and non-blackbody part of CMB with much
higher instrument sensitivity and finer angular resolutions than the ongoing surveys.

In this paper, we explore the signatures of the polarized spectral distortion of CMB
originating from galaxy clusters due to resonant photon-ALP conversion. Galaxy clusters
possess magnetic fields of the order of µ-Gauss (µG) as evident from multiple observations [50,
51]. As a result, CMB photons while passing through galaxy clusters can undergo conversion
into ALPs. The component of the CMB photons with polarization vector parallel to the
local magnetic field direction gets converted into ALPs while the other polarization state
remains unaltered. As a result, every conversion of CMB photons into ALPs leads to a
polarized distortion in the blackbody spectrum of the CMB. For non-resonant conversion,
these distortions take place everywhere along the line of sight and if the magnetic field is not
coherent but turbulent, both polarizations of the CMB photons will be converted to ALPs
with equal probability leading to an unpolarized distortion signal in the clusters. The typical
strength of this distortion is expected to be small due to high electron densities present in
these systems [13]. A detailed study of this effect is performed for Milky Way galaxy in [13]
and these results are also applicable to galaxy clusters. However, the polarization signal
can be preserved for the resonant conversion case which takes place only at a specific spatial
location where the ALP mass is equal to the effective mass of photons. The polarized photon-
ALP signal has a radial profile that depends upon the spatial structure of electron density
and magnetic field in the cluster.

The paper is organized as follows. We review the basic formalism of resonant photon-
ALP conversion in section 2. In section 3 and section 4 respectively, we describe the signal
from a single cluster and simulate a realistic sky signal by adding galactic and extragalactic
contamination. The forecast for measurability of this signal from future CMB experiments
such as Simons Observatory (SO) [44] and CMB-S4 [45, 46] are presented in section 5. Finally,
future prospects and our conclusions are presented in section 6.

1A comprehensive list of the CMB experiments can be found in this website
https://lambda.gsfc.nasa.gov/product/expt/.

2Proposal for a space-based CMB mission is submitted to Indian Space Research Organization (ISRO).
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2 Resonant photon-ALP conversion signal: formalism

Photon to ALP conversion in presence of magnetic field and electron density can be expressed
in the relativistic limit by the following coupled system of equations [52].3ω +

 ∆e ∆f ∆x
γa

∆f ∆e ∆y
γa

∆x
γa ∆y

γa ∆a

+ i∂z


Ax

Ay

a

 = 0, (2.1)

where (Ax, Ay) are two polarizations of photons propagating in the z-direction, a is the axion
field and the entries in the coupling matrix are defined as(

∆i
γa

Mpc−1

)
≡ gγa|Bi|

2
= 15.2

(
gγa

10−11Gev−1

)(
Bi
µG

)
,(

∆a

Mpc−1

)
≡ −m

2
a

2ν
= −1.9× 104

( ma

10−14eV

)(100 GHz

ν

)
,(

∆e

Mpc−1

)
≈
ω2

p

2ν

[
−1 + 7.3× 10−3nH

ne

( ω
eV

)2
]

= −2.6× 106
( ne

10−5 cm−3

)(100 GHz

ν

)
×
[
1− 7.3× 10−3nH

ne

( ω
eV

)2
]
,(

∆f

Mpc−1

)
= (n+ − n−)ν = 7.3× 10−3

(
ne

10−3 cm−3

)(
B||

µG

)(
100 GHz

ν

)2

,

(2.2)

where ω2
p = 4παne/(me) is the plasma frequency, me is the electron mass, ne is the electron

density, α is the fine structure constant, ma is the mass of ALP, Bi is the magnetic field
along the direction î (where i can be x or y), nH is the density of the hydrogen atoms and ∆f

gives rise to the Faraday rotation written in terms of the difference in the refractive index for
left (n−) and right (n+) component circularly polarized light [56, 57]. Typical lines of sight
through a galaxy cluster will undergo a Faraday rotation of the polarization plane by about an
arc-min for the frequency of CMB photons ν ≥ 90 GHz. This is a minor rotation of the plane
of polarization in comparison to the resolution of the instrument beam4 and hence we ignore
the effect from Faraday rotation in our analysis. We can reduce eq. (2.1) to a two flavour sys-
tem by choosing the x-axis along the magnetic field, so that ∆y

γa = 0 and Ay is decoupled from
the three flavour system consisting of Ax and a from the other two eigenstates. The dispersion
relation that defines the two eigenstates of the photon-ALP system is then given by [58]

2ω(ω − k) = −ω (∆e + ∆a)± ω∆osc

=
m2

a +m2
γ

2
±

(m2
a −m2

γ

2

)2

+ ω2g2
γaB

2
T

1/2

, (2.3)

where ∆2
osc = (∆a − ∆e)

2 + 4∆2
γa and mγ is the effective mass of the photon defined as

m2
γ = 4παne

me
. The detailed calculations of resonant and non-resonant photon-ALP conversion

can be found in [13, 26, 58]. In the remainder of this section, we only overview the formalism

3Analogous to the Mikheyev-Smirnov-Wolfenstein (MSW) effect [53–55] in neutrino oscillations.
4See table 1 and table 2.
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of resonant-conversion between photons and ALPs which is relevant for this paper. The
contribution from the non-resonant photon-ALPs conversion will be explored in a future work.

Resonant photon-ALP conversion happens when the ALP mass becomes equal to the
photon effective mass in the plasma, i.e. ma = mγ . As a result the mixing angle (θ =
1
2 cos−1(∆a−∆e

∆osc
)) becomes π/4. In the galaxy cluster, the electron density and magnetic field

change with spatial position in the cluster. So, the important quantity to compare is the
length scale over which the electron density and magnetic field vary with the oscillation
length scale of photon-ALP conversion ∆−1

osc. The ratio of these two quantities defines the
adiabaticity parameter

γad =

∣∣∣∣∆2
osc

∇∆e

∣∣∣∣
at resonance

, (2.4)

=

∣∣∣∣∣2g2
γaB

2ν

∇ω2
p

∣∣∣∣∣
at resonance

, (2.5)

where ∇ denotes spatial gradient. For γad � 1, we are in the adiabatic limit resulting in
complete conversion of photons to axions or vice versa when passing a single resonance. The
value of γad � 1 denotes the non-adiabatic limit, which implies that the length scale over
which oscillation is happening is much larger than the physical scale over which the electron
density is varying. For a locally (where ma = mγ) linearly varying electron density, the
transition probability from initial eigenstate |ψi(0)〉 to final eigenstate |ψj(1)〉 after crossing
one resonance can be written as [59, 60]

|〈ψi(1)|ψj(0)〉|2 =

(
1− p p

p 1− p

)
, (2.6)

where p is given by the Landau-Zener formula [58, 59, 61–63]

p = e−πγad/2, (2.7)

≈ 1− πγad

2
for γad � 1, (2.8)

in the non-adiabatic limit. The initial and final eigenstates are superposition of both photons
and ALPs determined by the mixing angle θ and the corresponding conversion probability
from photon to ALP can be calculated as [13, 26, 58]

P (γ → a) =
1

2
(1− (1− 2p) cos 2θ0 cos 2θd) , (2.9)

where θ0 and θd are the initial mixing angle when the photon is emitted and the mixing
angle at the detection, respectively. Assuming that emission and detection happens far from
resonance gives θ0 ≈ θd ≈ 0 and P (γ → a) = 1

2(1 − (1 − 2p)). In the case of multiple (N)
resonances, the transition probability from initial eigenstate to final eigenstate can be written
as [59, 60]

|〈ψi(N)|ψj(0)〉|2 = |〈ψi(N)| · · · |ψk(a)〉〈ψk(a)|ψl(a− 1)〉〈ψl(a− 1)| · · ·ψj(0)〉|2 ,

=

N∏
a=1

(
1− pa pa

pa 1− pa

)
≡

(
1− p p

p 1− p

)
, (2.10)
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where p is the net level crossing probability which can be written in terms of the level crossing
probability pa at each ath resonance as

p =
1

2

(
1−

N∏
a=1

(1− 2pa)

)
. (2.11)

In the above calculation we have ignored the interference between different resonances and
treated the level crossing probabilities as classical probabilities. Eq. (2.11) along with eq. (2.9)
determines the conversion probability from photons to ALPs after N resonances. Given a
photon produced in the high electron density region and detected at a high (or low) electron
density region, uniquely determines whether the resonant conversion is even (or odd). There
remains no additional freedom to choose both N as even (or odd) and the electron density
at the detection independently. Fixing one of them naturally fixes the other one. As a result
we can write eq. (2.9) as [13]

P (γ → a) =
p : N even,

1− p : N odd.
(2.12)

With the probability of transition given by eq. (2.7), we can write eq. (2.12) after
retaining only the leading order terms in γad as

P (γ → a) =
πγad

2 : N = 1,
π(γad1+γad2)

2 : N = 2.
(2.13)

The preceding description of resonant photon-ALP conversion is general; it can take
place in different scenarios whenever the electron density changes along the photon path and
there is an external magnetic field present transverse to the photon propagation direction.
Examples of physical effects due to resonant conversions include the cosmic evolution of the
electron density in the Universe [13, 64, 65], giving a monopole spectral distortion in the
CMB blackbody; or resonant conversion in the Milky Way [13]. In this paper we focus on
the resonant photon-ALP conversion in galaxy clusters.

3 Resonant photon-ALPs conversion in a galaxy cluster

The polarized spectral distortion in presence of the magnetic field from galactic clusters
leaves its imprint in the Q and U Stokes parameters of the CMB polarization map (see [66]
for a review). The cluster locations are readily identifiable using the tSZ (Thermal Sunyaev-
Zeldovich) signal. We see in figure 1 that the spectrum of resonant photon-ALP distortion
is very close to the kSZ (kinematic SZ) signal. Therefore polarization information is crucial
in distinguishing between the two signals. The kSZ effect does not have the same profile,
especially for small axion masses. That can help to distinguish them even in the case of
partial (or complete depolarization).5 The scattering by the electrons in the galaxy clusters
of the local (at the redshift of the cluster) CMB quadrupole can generate a small polarized
signal and an estimate of this signal is discussed in section 3.1.2.

5A previous study [26] addressed the photon-ALP signal from the Coma and Hydra clusters without ex-
ploiting the unique polarization signature to disentangle the signal. While this study considered the tSZ effect
as foreground, it ignored the kSZ effect which would be the most worrisome contamination in their analysis.

– 5 –



J
C
A
P
0
2
(
2
0
2
0
)
0
3
2

Figure 1. Comparison of the photon-ALP signal to standard model spectral distortions. While the
kSZ and the photon-ALP distortions have nearly degenerate distortions, they can be distinguished
because the photon-ALP signal is polarized and the kSZ is not. Shown are photon-ALP distortions
(for gγa = 10−12 GeV−1, and ma = 10−13 eV), synchrotron (for the amplitude Async = 288 Jy/sr
and spectral index, αs = −0.82), dust (for the amplitude Adust = 1.36× 106 Jy/sr and dust
temperature Td = 21K, dust spectral index βd = 1.53), CMB anisotropy/kSZ (for the amplitude
∆T = 10−6K) and tSZ (for the amplitude y = 2× 10−6) are shown for the frequency channels of the
proposed CMB-S4 project. [45, 46].

The distortion in the CMB due to the photon-ALP conversion (which we refer as α-type
distortion) is given by

∆Iν = P (γ → a)IBBν ,

= αγa fI
BB
ν

(3.1)

where IBBν =
(

2hν3

c2

)
1

(ef−1)
is the intensity of the blackbody spectrum of CMB, with f =

hν/kBTCMB and TCMB = 2.7255K and h, c and kB are Planck’s constant, speed of light and
Boltzmann constant respectively. αγa ≡ P (γ → a)/f is the dimensionless ALPs distortion
parameter.

In order to calculate the CMB distortion from a single galaxy cluster, we need a model
of electron density and magnetic fields inside the cluster. For simplicity, one can consider
two extreme cases. Case I: the electron density and magnetic fields inside the cluster are
completely stochastic and turbulent. In this case, we will have multiple resonances with
arbitrary direction for magnetic field and therefore the polarization direction of CMB photons
converting to ALPs. The result will be a completely depolarization of the α-type distortion.
Since the spectrum is close to the kSZ spectrum, such a distortion will be very hard to separate
from kSZ signal. Ref. [26] studied this case but ignored the denegracy with kSZ effect. Case-
II: we will study the second extreme where turbulence is negligible and the magnetic field and
electron density are described by a smooth profile as a function of the radius of the cluster.
A real cluster would be in between these two extremes [67–69]. We would expect to reach
this smooth limit for clusters in hydrostatic equilibrium. In this analysis, we have considered
the strength of the magnetic field from the center of the galaxy cluster to follow a radial
profile and the direction of the magnetic field is considered to be randomly oriented. The
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model of electron density and magnetic field considered in this analysis is discussed below.
The impact of the variation in the magnetic field radial dependence on the photon-ALPs
conversion probability is discussed in section 3.1.2. A detail study showing the variation of
the photon-ALPs signal for different models of electron density and magnetic field will be
presented in a future analysis.

Electron density. Electron density in galaxy clusters has been well studied in obser-
vations [70–75] as well as from hydrodynamical simulations [76]. The large scale spatial
structure of electron density in galaxy clusters is well described by the modified β-electron
model [70–75]. In this analysis, we consider the following observation motivated modified
β-electron density model [71]

npne = n2
0

(r/rc1)−α

((1 + r2/r2
c1)3β−α/2)((1 + rγ/rγs )ε/γ)

+
n2

02

(1 + r2/r2
c2)3β2

, (3.2)

where the values of the parameters are chosen as rc = 100 kpc, n0 = 10−3 cm−3, rs = 1000
kpc, α = 2, γ = 3, rc2 = 10, β = 0.64, β2 = 1, n02 = 10−1 cm−3 from [71]. Recent studies [75]
have shown that the electron density in the cluster are remarkably self-similar over a wide
range of redshift z = 0−1.9 beyond the inner core of the cluster (r ≥ 100kpc), with error-bar
about 20% − 40% (See for figure 3 in the ref. [75]). Variation in the profile of the cluster
electron density will directly translate into a variation in them2

a and∇ne. The variation of the
photon-ALP signal with the variation in the electron density will be explored in a future work.

Magnetic fields. There have been several studies attempting to measure the typical
strength of the magnetic field in galaxy clusters using radio observations, synchrotron emis-
sion, and Faraday rotation in the clusters [50, 51]. The typical strength obtained from these
observations indicates that the magnetic field in the galaxy clusters is of the order of µG. It
also exhibits a dependence on the electron density B(r) = (ne(r)/n0)η [77], with the value
of η = 0.5 for the Coma cluster [77]. We therefore adopt a simple model of the radial profile
of the strength of the cluster magnetic field

B(r) =
B0√
(r/rb)

, (3.3)

with rb = 10kpc and B0 = 3µG. In reality, a turbulent component may be present in addition
to the large scale coherent magnetic field. As long as the magnetic fields are coherent on
scales of angular resolution of our telescope, the exact structure of the magnetic fields does
not affect our main results. Turbulence on scales smaller than the beam size will however at
least partially depolarize the distortion. For this study we will assume that these effects are
small and leave a more detailed calculation for future work.

For the resonant photon-ALP conversion, the signal strength along a particular line of
sight does not depend upon the complete magnetic field structure, but only depends on the
local region where the resonant conversion takes place (i.e. ma = mγ). So, locally within
a narrow spatial range, we can consider a uniform value of the magnetic field. From the
current models of magnetic field [51, 77], we expect the magnetic field of the order 0.1µG
on the Mpc scales. In our analysis, we have taken the direction of the magnetic field in the
cluster as random and its strength varies with radius according to eq. (3.3).

– 7 –
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Figure 2. The schematic diagram showing the spatial structure of resonant photon-ALP conversion
in the galaxy cluster for a spherically symmetric electron density. For three different ALP masses
m1 (light red), m2 (medium red) and m3 (dark red) (with m1 < m2 < m3), resonant conversion
happens within a narrow shell at different radii r1, r2, r3 respectively with r1 > r2 > r3. The
projection of the 3-D spherical shell, will appear as a disk in the plane of the sky.

3.1 Polarized spectral distortion of CMB around a single galaxy cluster

3.1.1 Spatial shape of the ALPs-distortion

CMB photons passing through the galaxy clusters can undergo resonant conversion into ALPs
in the spatial regions where the condition ma = mγ is satisfied. In the case of multiple reso-
nances, the total conversion is given by eq. (2.13). For a spherically symmetric monotonically
changing electron density profile, photons can convert into ALPs of a particular mass ma at
most twice: (i) entering and (ii) leaving the galaxy cluster. As a result, in the frame of the
galaxy cluster, the conversion from photons to ALP of a particular mass will appear as a
spherical shell of radius r0 set by the condition ma = mγ(r0).

The projection of the 3-D spherical shell on the two dimensional plane of the sky will
appear like a disc as shown in figure 2. For ALPs of different masses, the resonant conversion
happens at different radii and hence produces discs of different sizes (See figure 3b).

3.1.2 Amplitude of the photon-ALP distortion in a galaxy cluster

The adiabaticity parameter for a galaxy cluster at a redshift z can be written as

γad(r, z) =

∣∣∣∣∣2g2
γaB

2(r, z)ν0(1 + z)

∇ω2
p(r, z)

∣∣∣∣∣ , (3.4)

where ν0 is the observed frequency of the CMB photons. In this analysis, we have taken
universal magnetic field [51] and electron density [71–74] profiles of galaxy clusters. Eq. (3.4)
implies that P (γ → a) around every cluster can exhibit a redshift dependence through the
factor (1 + z). The radial profile of the distortion follows the spatial structure of the electron
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density and magnetic field in the galaxy clusters. The angular size of the distortion will be
decided by the ratio of the radius at which resonant photon-ALP conversion is taking place
and the angular diameter distance to the galaxy cluster.

We solve eq. (2.13) and eq. (3.4) to calculate the photon-ALP conversion signal in
the galaxy cluster scenario using electron density and magnetic field model mentioned in
section 3. The estimated signal as a function of the cluster radius from its center is shown in
figure 3a. The variation of the signal with the redshift of the galaxy cluster (over the range
0.1− 2.0) is also shown in figure 3a. A future CMB experiment with a noise level of 10−9K,
can probe Pγa of the same order,6 which can be translated into a minimum radius rmin and
hence a maximum axion mass (ma)max. This is shown by the black solid line and the cyan
line in figure 3a. The regions on the right side of the cyan line and above the black solid line
are accessible to measure from galaxy clusters with the next generation CMB experiments
having instrument noise 10−9K. However, the spectral distortion signal of the order 10−10 is
also possible to reach technologically and in that case, we can probe to a radius of 70kpc,
which is shown by the black dotted line and the corresponding radius is shown by the red line.
From eq. (2.13) and eq. (3.4), we see that the distortion is proportional to the magnetic field
strength and is inversely proportional to the electron density. As a result, for the low-mass
ALPs the resonant conversion takes place far from the core of the cluster resulting into a
stronger conversion of the signal in contrast to the case of heavier ALPs.

The ALP signal at different radius originates from different ALP masses for which
mγ = ma. In figure 3b, we plot the values of ALP mass as a function of radial distance from
the center of the galaxy cluster at which we expect a resonant conversion to take place. By
comparing figure 3a and figure 3b, we see that the range of radius for which the distortion
Pγa ≥ 10−9, corresponds to a mass range below 5× 10−13 eV (the region below the black line
and to the right side of the cyan-line).

The spatial profile of Pγa as a function of the radius perpendicular to the line of sight
(i.e. cluster radius projected on the sky) is shown for four ALP masses ma(×10−14eV ) =
45, 27, 17, 12 is shown in figure 4. ALPs with higher mass gets converted close to the cluster
center with a lower value of Pγa and has smaller angular size on the sky. As a result, the signal
projected on the sky will appear like a disc of different radius depending upon the ALP mass.

The variation of the electron density in galaxy clusters can lead to variation in the
signal strength and shape of the distortion. We show in figure 5 the variation in the radius at
which the resonant conversion takes place to a ALP mass ma by varying the electron density
parameters such as rc, rs, α, β, γ and ε. These parameters typically affect the values for the
ALPs masses in the range 10−12− 10−13 eV, which is the interested regime for this analysis7

The variation of the magnetic field in the galaxy clusters can also lead to variation in the
photon-ALPs conversion probability Pγa. We show the variation of Pγa for different values
of the magnetic field radial dependence B(r) = B0(r/rb)

−αB in figure 6. A variation in the
value of αB by ±20% leads to about a factor of three variation in the value of Pγa for rc up to
2000 kpc. Change in the value of B0 and rb leads to only a constant shift in the value of Pγa.

The spectral shape of the photon-ALP distortion signal also carries a spectral shape
different from other polarized foreground contamination like synchrotron and dust. The
frequency spectrum of the photon-ALP conversion signal along with those of potential con-
taminants is depicted in figure 1 for CMB-S4 [45, 46] frequency channels. The shape of the

6Assuming no foreground contamination.
7See figure 14 for the interested ALP mass regime for the upcoming CMB missions.
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(a) Signal strength for photon-ALP conversion for a range of redshifts z from 0.1 (bottom, blue) to
1.8 (top, magenta) with ∆z = 0.2. Photons convert to ALPs at a radius corresponding to the ALP
mass, see figure 3b. The black solid and dotted line indicates the typical future CMB instrument
noise level of the order 10−9K and 10−10K, respectively. The distortion from a single cluster can
therefore probe ALPs from the region right to the cyan and red lines respectively for the distortion
strengths 10−9K and 10−10K. The dominant contribution to the distortion is going to arise for low
masses, when conversion occurs far from the core of the galaxy cluster.

(b) The mass of the ALPs and the radius at which the resonant conversion takes place are shown
above for the model of electron density shown in eq. (3.2). The black solid and dotted line resembles
the lines drawn in figure 3a. The region below the solid and dotted lines produce distortions more
than 10−9K and 10−10K respectively. The corresponding minimum radius of the galaxy cluster for
which the resonant conversion can take place is shown by the cyan and red lines. This plot indicates
that the lighter ALPs produce photon-ALPs distortion signal away from the core of galaxy clusters
with a higher strength of the distortion (as can be seen from figure 3a).

Figure 3. Resonant photon-ALP conversion signal as a function of radius of the galaxy cluster from
its center are shown above for gγa = 10−13 GeV−1.
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Figure 4. Radial signal profiles Pγa of the projected conversion spheres (see figure 2) around the
clusters for four ALP masses (ma in units of 10−14 eV) as a function of the radius the cluster center
perpendicular to the line of sight. We have used the value of gγa = 10−13 GeV−1 to obtain this plot.

distortion resembles the primary CMB anisotropy which is therefore a potential contaminant
of the photon-ALP distortion signal.

Along with this signal at the location of the clusters, other spectral distortion and
secondary anisotropies are generated around clusters such as tSZ, kSZ, and relativistic-SZ.
These distortions differ from the photon-ALP distortion signal in multiple ways: (i) the shape
of the spectral distortion signal is different; (ii) spectral distortion signal from the ALP is
100% polarized and remains highly polarized even in the case of multiple resonances; (iii)
the photon-ALP conversion gives a characteristic radial profile that grows with distance from
the cluster center and then drops to zero.

One of the potential source of contamination is due to scattering of the local CMB
quadrupole at the location of the cluster by the electrons in the galaxy cluster [78, 79], and
hence depends upon the optical depth τ(n̂) in the galaxy clusters. Using the model of electron
density mentioned in section 3, we estimate the radial profile of τ(n̂) [78, 79]

τ(θ, z) =

∫
σTne(r(l), z)dl ≈ 10−3 − 10−4, (3.5)

where r(l) =
√
l2+(DAθ)2 and σT is the Thompson scattering cross-section. For a local

CMB temperature quadrupole fluctuation
√
C2 ≈ 20µK, we can expect a RMS polarization

fluctuation of the order PQ ≈ 2τµK. Cluster have τ ≈ 10−3−10−4 giving the polarization
contamination 10−3 − 10−4 µK. For massive clusters, contamination from the scattering of
CMB quadrupole will become important and may limit the sensitivity of photon-ALP con-
version. One way to push the sensitivity when we hit this limit would be to use only the
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(a) Variation in rs.
(b) Variation in rc1.

(c) Variation in β. (d) Variation in γ.

(e) Variation in α. (f) Variation in ε.

Figure 5. Variation in the radius at which the resonant photon-ALP conversion takes place to a
particular ALP mass ma due to the variations in the parameters of the model of electron density are
shown by changing the parameters rs, rc1, β, γ, α, ε by ±20% from the fiducial values rs = 1000 kpc,
rc1 = 100 kpc, β = 0.64, γ = 3, α = 2 and ε = 4.

low optical depth clusters. Another approach will be to use the correlation of PQ with the
CMB quadrupole at the source redshift of the cluster [78, 79] to separate the axion distor-
tion from PQ. In the next section, we will discuss the possible contamination from several
foregrounds and will study the realistic appearance of the photon-ALP distortion signal in
the simulated sky.
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Figure 6. We show the variation in the value of Pγa for the variation in the radial dependence of
the magnetic field value B(r) = B0(r/rb)

−αB .

4 Simulated sky map of photon-ALPs distortion in the presence of galactic
foregrounds, CMB anisotropy and instrument noise

The microwave sky contains several astrophysical signals originating from galactic and ex-
tragalactic sources and is a contamination to the spectral distortion signals [80–82]. These
astrophysical signals like synchrotron emission, thermal dust, Anomalous Magnetic Emission
(AME), free-free, etc. are dominant in different frequency ranges of the microwave sky [82]. To
measure the spatially fluctuating part of spectral distortions of CMB, we also need to remove
primordial CMB, along with tSZ and kSZ. In this section, we explore the foreground contam-
ination to the photon-APLs distortion signal and simulate realistic maps of the photon-ALP
distortion in presence of these foregrounds.

4.1 Simulation of the photon-ALPs distortion signal

The photon-ALPs spectral distortion signal around every cluster given in eq. (3.1) depends on
the electron density and the magnetic field of the galaxy cluster as discussed in section 3.1.2.
In this analysis, we have assumed an universal profile of the cluster electron density as
discussed in eq. (3.2) for a typical cluster of mass ∼ 1014M� which will be probed by the
upcoming missions such as SO [44] and CMB-S4 [45, 46]. The strength of magnetic field in the
galaxy cluster is taken as an universal profile as discussed in eq. (3.3) and the direction of the
magnetic field is considered to be randomly oriented. As a result, the polarization direction
of the ALP distortion (which is parallel to the magnetic field direction) is also going to be
randomly oriented. But the strength of the distortion which depends on the magnitude of
the magnetic field B2 is going to follow the radial profile as given in eq. (3.3). The spatial
shape of the ALP signal for a fixed ALP mass around every cluster localization is a disc with
varying sizes due to different angular diameter distance to the cluster. The strength of the
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(a) Synchrotron polarization Q map at ν = 28 GHz and ν = 150 GHz from PySM.

(b) Dust polarization Q map at ν = 150 GHz and ν = 230 GHz from PySM.

Figure 7. 30% sky fraction is masked to remove the contamination from the galactic plane.

ALPs distortion signal and the size of the disc increases with decrease in the mass of the
ALPs, as shown in figure 4. We have taken the position of the galaxy clusters distributed
randomly on the sky outside the galactic plane with the redshift distribution following the
N(z)/∆z as shown in figure 8.

4.2 Simulations of galactic foregrounds and CMB primary and secondary
anisotropies

The primary sources of contamination to the polarization signal of photon-ALPs conversion
is due to synchrotron, dust and CMB anisotropies. TSZ and kSZ signals are not polarized,
and we ignore there contribution in this analysis. We use the publicly available foreground
simulation code Python Sky model (PySM) [81] to estimate the foregrounds sky with the
Model s-3 parameters for synchrotron power-law with a curved index [81] and, we use Model
d-5 for dust [81]. The c-1 model is used to generate the CMB sky maps [81, 83]. Details for
the code and models are provided on the PySM website [83]. We consider the polarization
map (Stokes Q and U) for synchrotron and thermal dust from PySM at the SO [44] and
CMB-S4 [45, 46] frequency channels (mentioned in section 4.3). The corresponding Q and
U maps (in Rayleigh-Jeans temperature KRJ units) for synchrotron and dust at a few fre-
quency channels are shown in figure 7. We masked the galactic plane covering the 30% sky
fraction to reduce the foreground contamination. The polarised SZ effect [79, 84] can also
be a contamination for this signal but will be weaker than other contamination like CMB,
synchrotron and dust and we ignore the effect from polarised SZ in this forecast.
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Figure 8. The number distribution of galaxy clusters as a function of redshift assumed in this
analysis for Simons Observatory [44] and CMB-S4 [45, 46] are shown above.

4.3 Instrument noise for Simons Observatory and CMB-S4

Simons Observatory (SO) [44] is an upcoming ground-based CMB experiment located at
Cerro Toco in Chile, going to be operational from the early 2020s. The science goals of
SO [44] encompasses a wide range of topics and a detailed study of this can be found in [44].
SO [44] has six frequency channels covering a range from 27−280 GHz. The goal-instrument
noise and beam resolution for the Large Aperture Telescope (LAT) setup are shown in table 1.

CMB-S4 [45, 46] is a ground-based CMB mission proposed to measure the microwave sky
with about 105 high sensitivity detectors and angular resolution of typically one arcminute.
The desired detector noise specifications and frequency channels are shown in table 2.

The high-frequency channels of both these missions are expected to be useful for clean-
ing the dust, whereas the low-frequency channels are going to be useful for cleaning the
synchrotron. In order to capture the effect from the instrument noise, we add Gaussian
instrument noise using the specifications provided in table 1 and 2. As the PySM soft-
ware [81, 83] requires the instrument noise in the Rayleigh-Jeans temperature units (TRJ),
we convert the instrument noise provided in table 1 and 2 into TRJ by using the relation

∆TRJ = ∆TCMB
f2ef

(ef − 1)2
, (4.1)
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ν (GHz)
∆T
(µKCMB-
arcmin)

Beam
(arcmin)

27 52 7.4

39 27 5.1

93 5.8 2.2

145 6.3 1.4

225 15 1.0

280 37 0.9

Table 1. Simons Observatory noise used in the analysis with ∆P =
√

2∆T [44]. We have used only
40% sky in this analysis.

ν (GHz)
∆T
(µKCMB-
arcmin)

Beam
(arcmin)

28 20 5.1

41 17.5 3.4

90 2 1.6

150 1.8 1.0

230 6.3 0.6

Table 2. CMB-S4 [45, 46] noise used in the analysis with ∆P =
√

2∆T . The exact value of the
CMB-S4 noise is going to vary from the current values depending upon the real design. We have used
only 70% sky in this analysis.

where f = hν/kBTCMB and TCMB = 2.7255K and h, kB are the Planck’s constant and
Boltzmann constant respectively. In the next section, we discuss the ALP signal in presence
of these contamination and simulate a realistic sky map.

4.4 Sky model in the presence of photon-ALP distortion, foregrounds and in-
strument noise

The photon-ALP distortion signal arising from galaxy clusters is going to be highly distorted
from the actual predicted shape due to the strong contamination from foregrounds and in-
strument noise. A realistic sky signal after accounting for the foregrounds and instrument
noise can be written as8

S{Q,U}νi (p̂) = Aνijx
{Q,U}
j (p̂) + nνi(p̂),

S{Q,U}(p̂) = Ax{Q,U}(p̂) + n(p̂),
(4.2)

where S{Q,U}(p̂) is the polarization map Q(p̂) and U(p̂) in the sky direction p̂, Aνij is the

mixing matrix and x
{Q,U}
j are different components with j ∈ {CMB, ALP, synchrotron, dust}.

8Bold notations denote matrix.
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(a) The photon-ALP distortion signal without any foreground contamination and instrument noise.
The spatial anisotropy in the photon-ALPs distortion arises due to the spatial variation in the electron
density and magnetic field. We have taken the spatial profile of the electron density and magnetic field
as described in eq. (3.2) and eq. (3.3) respectively. The direction of the magnetic field is assumed to
be randomly oriented at every location, a conservative assumption because it will maximally reduce
the observable signal after averaging with the beam.

(b) Sky signal at the frequency channel ν = 230 GHz in the presence of foreground contamination
and instrument noise of CMB-S4 [45, 46] given in table 2.

Figure 9. The Q map of the photon-ALP distortion for the axion mass ma = 10−13 eV and photon-
ALP coupling gγa = 10−12 GeV−1 for a single cluster at redshift z = 0.2.
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Following eq. (4.2), we add simulated ALP signal at a randomly selected sky localization
outside the galactic plane (which are assumed to be the cluster locations) along with CMB,
foreground and instrument noise.

We show the maps of the ALP signal (for axion mass 10−13 eV and gγa = 10−12 GeV−1)
around a single cluster for two cases, (i) only the sky signal of photon-ALP distortion without
any contamination (figure 9a), (ii) photon-ALP distortion signal in the presence of foreground
contamination and instrument noise (figure 9b). The cluster location is assumed to be at
redshift z = 0.2. The size of the disc of the signal depends on the radius at which the
resonant conversion is taking place and also on the angular diameter distance to the galaxy
cluster. So, if the electron density of all the galaxy clusters has a universal spatial structure,
then it will produce a same angular size at a fixed redshift. The electron density and the
magnetic field are considered as described in section 3. The directions of the magnetic field
are considered to be randomly oriented in the galaxy cluster. Along each line of sight, the
photon-ALPs conversion happens twice and the magnetic field direction is considered to be
randomly oriented at both the conversions and varies for each line of sight. This is the
source of the fluctuations in figure 9a, even in the absence of any contaminations. This is a
conservative choice, and the polarization signal can be more prominent if the magnetic field
is ordered within the instrument beam. Due to the presence of foreground contamination,
the ALPs distortion is noise dominated as shown in figure 9b and the presence of the signal
is nearly impossible to detect for a single object without foreground cleaning.

4.5 Cleaning the foregrounds using the internal linear combination method

We obtain the photon-ALP distortion signal from the contaminated sky, we apply ILC (In-
ternal Linear Combination) method [85–87] on this simulated map (Sνi(p̂)) to extract the
ALP signal which obeys the spectrum fγa given in figure 1. The noise minimized sky map
for the ALP signal (denoted by x̂γa) can be obtained as [85–87]

x̂{Q,U}γa (p̂) = ŴT
γaS
{Q,U}(p̂), (4.3)

where Ŵγa(ν) = C−1
S fγa(f

T
γaC

−1
S fγa)

−1 are the ILC weight factors and CS is the covariance
matrix obtained from this map (which includes CMB, ALP signal, synchrotron, thermal
dust and instrument noise). The maps of the ALP signal (for axion mass 10−13 eV and
gγa = 10−12 GeV−1) around a single galaxy cluster at a redshift z = 0.2 after performing
the ILC cleaning is shown in figure 10. ILC method successfully removes the foreground
contamination and makes the photon-ALP distortion signal more evident in the sky, as can
be understood by comparing figure 9b and figure 10.

The variation of the photon-ALP distortion signal with the change in the redshift of the
galaxy cluster are shown in figure 11a and figure 11b respectively for redshift z = 0.1 and
z = 1.33 after cleaning the foreground contamination using ILC method. There are two major
effects on the photon-ALP distortion with the change in redshift. First, the angular size of
the disc increases with redshift, which can be seen from figure 10 and figure 11. Second, the
signal strength increases with redshift according to the eq. (3.4). The changes in the signal
strength are not very evident from the plots due to the contamination from foregrounds.
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Figure 10. The Q map of the photon-ALP distortion for the axion mass ma = 10−13 eV and photon-
ALP coupling gγa = 10−12 GeV−1 for a cluster at redshift z = 0.2, after cleaning the contamination
from CMB, synchrotron, dust using the Internal Linear Combination (ILC) method in the presence
of the instrument noise of CMB-S4 [45, 46] given in table 2.

5 Forecast for the measurement of the photon-ALP distortion signal from
Simons Observatory and CMB-S4

In this section, we discuss the method to detect photon-ALP distortions from galaxy clusters
and obtain the detection limits achievable from the upcoming CMB experiments such as
SO [44] and CMB-S4 [45, 46]. In order to identify the photon-ALP distortion from the
polarization map, we identify the location of galaxy clusters in the polarization map using the
cluster locations identified from the temperature map of CMB using the tSZ signal. Then one
can identify the same location of galaxy cluster in the foreground cleaned Q and the U map
of CMB polarization, which can be obtained after implementing the ILC method on the data
for the known frequency spectrum of the photon-ALP distortion as described in section 4.5.

In order to measure the photon-ALP distortion for a particular ALP mass, we need to
resolve the disc of the distortion. The spectral distortion signal from the large ALP mass
originates at a smaller radius from the center of the galaxy cluster and hence can only be re-
solved from the low redshift objects, for a fixed instrument beam resolution. In figure 12, we
show the maximum mass of the ALP as a function of the redshift which can be resolved by the
CMB experiments having three different beam resolutions 0.5 arcmin, 1 arcmin and 2 arcmin.
The masses above the line cannot be accessed from the redshift range considered in this anal-
ysis. The plot implies that a future CMB experiment such as CMB-S4 [45, 46] with 1 arcmin
beam resolution can probe ALP mass up to 10−12 eV. The results shown in figure 12 are ob-
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(a) Q map of ALPs-distortion for single galaxy cluster located at redshift z = 0.1.

(b) Q map of ALPs-distortion for single galaxy cluster located at redshift z = 0.3.

Figure 11. ALPs-distortions around a single galaxy cluster for axion mass ma = 10−13 eV and
photon-ALPs coupling gγa = 10−12 GeV−1 after cleaning the foreground contamination using the
Internal Linear Combination (ILC) method in the presence of the instrument noise of CMB-S4 [45, 46].
The angular size of the distortion is larger for a cluster at lower redshift than the cluster at high
redshift.
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Figure 12. The higher ALPs mass produces a smaller angular size at a fixed redshift. The smallest
angular scale which can be resolved by an experiment depends upon the instrument beam. We plot
here the maximum mass of ALPs as a function of redshift for which the distortion in the CMB polar-
ization can be spatially resolved from the future CMB experiments having different beam resolutions
such as 0.5 arcmin, 1 arcmin and 2 arcmin, and which obeys the electron density given in eq. (3.2).

tained for the model of the electron density described in section 3.2 and are going to vary for
different model of electron density. In the next section this uncertainty will inform our choice
of aperture photometry to forecast the signal strength detectable with future CMB data.

5.1 Aperture photometry

There are several filtering techniques such as matched filtering [88, 89], constrained realiza-
tion [90–92], and aperture photometry [93] that can be applied to recover the photon-ALP
distortion signal around the clusters. Aperture photometry is more robust to the details of
profile shape but less optimal than the matched filter approach, which relies on having a
good, if not perfect, estimate of the spatial shape of the photon-ALP distortion. With the
improvement of our knowledge regarding the electron density and magnetic field of galaxy
clusters, we can accurately estimate spatial profile of the photon-ALP distortion. This will
make it possible to implement matched filtering technique to extract the photon-ALP dis-
tortion signal, which is going to improve SNR over the aperture photometry method.

Aperture photometry is a powerful filtering technique to extract the signal within a disc
radius θd at a point in comparison to the neighboring sky area of equal area, and has been
used on the temperature map [93]. For the polarization map Q and U , we can implement
aperture photometry as

AP{P}γa,θd =

∫
s{P}γa (θ)Wθd(θ)d

2θ, (5.1)

where s
{P}
γa =

√
(x̂
{Q}
γa )2 + (x̂

{U}
γa )2 is the polarization intensity of the foreground cleaned
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Figure 13. The implementation of aperture photometry is shown in this diagram. The polarization

intensity of the photon-ALP distortion s
{P}
γa =

√
(x̂
{Q}
γa )2 + (x̂

{U}
γa )2 at a single cluster location is

shown along with two discs of radius θd and
√

2θd. This plot is made for the ALP mass
ma = 10−13 eV and photon-ALPs coupling gγa = 2× 10−12 GeV−1.

ALPs distortion at the cluster locations obtained from x̂
{Q,U}
γa given in eq. (4.3). The window

function Wθd(θ) is defined as

Wθd(θ) =
1

πθ2
d


1, if θ ≤ θd
−1, if

√
2θd ≥ θ > θd

0 otherwise.

(5.2)

This filtering scheme ensures the equal area of the disc and the neighboring circular annu-
lus. The application of the window function projected on the polarization map is shown in
figure 13. The total ALPs distortion intensity Iγa,θd is the contribution from both the Q
and U field which is given by the signal estimated using aperture photometry APγa,θd . The
signal within the disc contains both the ALPs distortion and the background signal, whereas
the outer disc of radius

√
2θd contains the polarization intensity only from the background

fluctuations. Using the window function mentioned in eq. (5.2), we subtract the background
intensity of the polarization field from the inner disc of radius θd. The covariance for the
aperture photometry method can be written as

Cθd,θ′d ≡ 〈APγa,θ′dAPγa,θd′ 〉 =

∫
d2l

(2π)2
Wθd(l)Wθ′d

(l′)N {P}ILCl , (5.3)
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where N {P}ILCl is the power spectrum of the ILC polarization intensity map and the Wθd(l)
is the Fourier transform of the window function Wθd(θ). For a fixed ALP mass at a given
fixed redshift, the signals will originate from a particular θ̄d at a fixed redshift of the galaxy
cluster. So in this analysis, we will estimate the signal for the diagonal covariance matrix.

For the implementation of this method on data of CMB-S4, we also need to mask the
center part of the galaxy cluster, in order to remove the contamination near the core of
the galaxy cluster from the secondary polarization anisotopies due to the scattering of the
local CMB quadrupole with the electrons in the galaxy cluster, PQ (See eq. (3.5)). In that
case, we need to implement aperture photometry over a ring instead of a disc and estimate
the covariance matrix for the corresponding window function. In this analysis, we have not
included PQ in simulated the sky signal. So our forecast presented here are not biased by
the contamination from PQ.

5.2 SNR to measure the photon-ALPs distortion from SO and CMB-S4

Future large aperture CMB polarization experiments such as SO [44] and CMB-S4 [45, 46],
are capable to measure clusters up to a redshift z = 2. For this analysis, we have taken the
cluster number per redshift bin (N(z)/(∆z = 0.1)) as shown in figure 8, which forecast for
SO [44] and CMB-S4 [45, 46]. Using this N(z)/∆z, we estimate the total SNR by filtering
the distortion signal within a disc size θd at every cluster location by using the aperture
photometry method. The total SNR added over all the redshifts and objects can be written as(

S

N

)2

ma

=
∑
z

∑
N(z)

(APγa,θd(ma,z))
2

Cθd(ma,z),θd(ma,z)
. (5.4)

The above equation for the SNR includes all other contamination such as CMB, synchrotron,
dust and the instrument noise (SO [44] or CMB-S4 [45, 46]) through the covariance term
CIθd,θ′d . Using the N(z) (plotted in figure 8), we show the 1-σ error bar on the photon-ALP

coupling strength gγa for different masses of ALPs in figure 14, after marginalizing over the
strength of magnetic field with a 30% prior on its amplitude given in eq. (3.3). The re-
gion shaded in cyan color indicates the part of the parameter space which can be explored
with a better knowledge of the electron density and magnetic field at distances farther away
from the core of the galaxy cluster. In this analysis, we consider the maximum radius of
around 4 Mpc from the cluster center, which leads to a minimum ALP mass 10−13 eV. The
region shaded in grey indicates the inaccessible parameter space due to the limitation from
the angular resolution of the instrument beam. The maximum mass of ALPs which can be
probed by a 1 arcmin and 0.5 arcmin instrument beam are indicated by the black dashed line
and dotted line respectively. The SNR is going to improve with a better knowledge of the
electron density of galaxy clusters. This is going to be possible from the tSZ measurement
from the CMB temperature map of SO [44] and CMB-S4 [45, 46], as well as from the X-ray
observations from the mission such as eROSITA [94]. Measurement of the cluster magnetic
field from SKA [95] is also going to improve the projected SNR. By including the galaxy
clusters catalogue from the upcoming large scale structure surveys [96–100], we are going to
make further improvement in the measurement of the photon-ALPs coupling strength.

The discovery space of this approach to detect ALPs is going to be broadened with a very
high resolution future CMB mission such as CMB-HD [101]. CMB-HD proposes to measure
the microwave sky over the frequency bands 30− 280 GHz, with an antenna of diameter 30
meters, resulting into an angular resolution of ∼ 15 arcseconds at ν = 150 GHz and better
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Figure 14. 1σ error bar achievable from CMB-S4 and Simons Observatory on the photon-ALP
coupling strength g12 ≡ (gγa in units of 10−12 GeV−1) are shown as a function of ALP masses. The
fiducial value of the magnetic field is taken according to the model given in eq. (3.3) and the fiducial
value of the photon-ALP coupling gγa is taken as zero. The black dashed line and dotted line shows
the mass of the ALPs for which we can resolve the spectral distortions in the CMB with an
instrument beam of 1 arc-minute and 0.5 arc-minute respectively.

sensitivity (0.7 µK- arcminute at ν = 150 GHz for polarization). Such a mission is going to
improve the feasibility of detecting ALPs in two ways: (i) by exploring weaker photon-ALP
coupling strength gγa, and (ii) larger masses of ALPs due to better angular resolution of the
instrument beam. This will enable us to detect photon-ALP coupling up to higher ALPs
mass ma ∼ 2× 10−12 eV. Assuming a large number of galaxy clusters (10× CMB-S4) up to
the cluster masses ∼ 1012M� from CMB-HD, the measurement of the photon-ALP coupling
strength gγa would result in an error bar about three times smaller than CMB-S4 [45, 46] for
ALPs masses in the range ma ∼ 10−13- 10−12 eV.

The bound on photon-ALP coupling gγa possible from SO [44] and CMB-S4 [45, 46]
are about two orders of magnitude better than the current bound gγa ≤ 6.6 × 10−11 GeV−1

and gγa ≤ 5.3 × 10−12 GeV−1 available from the CERN ALP Solar Telescope (CAST) [102]
and SN1987A [103] respectively. Stringent bound on the photon-ALPs coupling as gγa ≤
1.4 × 10−12 GeV−1 was obtained using the X-ray observation of Coma cluster [104] and
NGC1275 [105]. However, this bound can get weaker due to uncertainty in the strength of
the cluster magnetic field. A plot comparing the possible constraints on the photon-ALPs
coupling strength gγa from the upcoming CMB experiments with the existing bounds from
CAST [102] and SN-1987A [103] are shown in figure 15. These results are obtained assuming
that the strength of the coherent magnetic field have a radial dependence mentioned in
section 3 and the direction of the magnetic field is randomly oriented in galaxy cluster.
However the impact of turbulence within the spatial shell where resonance conversion takes
place is ignored in this analysis. A detailed analysis including the variation of the photon-
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Figure 15. The projected 2-σ constraint on the photon-ALPs coupling strength gγa (g12 ≡ (gγa in
units of 10−12 GeV−1)) from the upcoming CMB experiments such as SO [44], and CMB-S4 [45, 46]
are compared with the currently existing bounds from CAST [102], SN1987A [103], X-ray
observations from the Coma cluster [104] and NGC1275 [105]. Scaling the CMB-S4 constraints for
10 times more galaxy cluster gives the constraint labelled CMB-HD [101] (grey).

ALPs signal for different electron density and galaxy magnetic field including the turbulent
component will be addressed in a future analysis.

6 Conclusions and future prospects

Analogous to the tSZ spectral distortion due to inverse-Compton scattering in the CMB
temperature signal around the galaxy clusters, ALPs can also produce spectral distortions
in the polarization field of CMB photons around the galaxy clusters due to the resonant
conversion from photons to ALPs in the presence of the magnetic field of galaxy cluster. The
ALP of different masses can undergo resonant conversion at different radii from the center
of the cluster where the mass of ALP equals the photon mass in the plasma. As a result,
the photon-ALP distortion around the galaxy cluster depends upon the spatial structure of
the electron density in the cluster. For a universal spherical electron density in the galaxy
cluster, the signal appears in a disk-shaped region for every galaxy cluster. Deviation from the
spherical electron density profile will exhibit a non-circular shape around the galaxy cluster.
In a future analysis, we will study the variation of this ALPs distortion signal for different
electron density and magnetic field models and will explore the robustness of this feature. We
estimate the photon-ALP spectral distortion signal which can originate from galaxy cluster
for the model of electron density and the magnetic field as mentioned in eq. (3.2) and eq. (3.3)
respectively. The photon-ALP distortion signal exhibits higher strength for lower ALPs mass
and the signal appears in the sky at a larger radius as shown in figure 4. The conversion
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probability depends on the frequency of the CMB photons at the frame of the galaxy cluster
and as a result depends on the redshift of the galaxy cluster as shown in figure 3b. The
frequency dependence of photon-ALP distortion signal is different from the other spectral
distortion signals and known foreground contamination, as shown in figure 1. This makes it
possible to distinguish the photon-ALP distortion signal from other signals in the sky.

In order to simulate a realistic sky signal, we simulate polarized foregrounds for the
synchrotron, dust using the numerical code PySM [81], along with CMB fluctuations and
the instrument noise for SO [44] and CMB-S4 [45, 46]. The spectral distortion signal from
photon-ALP around the galaxy clusters are added at randomly chosen cluster locations,
outside the plane of the galaxy clusters. The spatial profile of the photon-ALP distortion
signal around a galaxy clusters are shown in section 4. We implement the internal linear
combination (ILC) method to extract the photon-ALP distortion signal from the simulated
data, and have shown the ILC cleaned photon-ALP distortion signal for different galaxy
clusters at redshift z = 0.1, 0.2, 1.33 in figure 10, figure 11a and figure 11b respectively.

Using the aperture photometry technique, as discussed in section 5.1, we filter out the
non-ALP background distortion signal and estimate the polarization intensity of the photon-
ALP distortion signal using the ILC cleaned polarization maps. For the redshift distribution
of the cluster catalog (as shown in figure 8) which are expected from the CMB experiments
such as SO [44] and CMB-S4 [45, 46], we show the 1-σ error bar on the photon-ALP coupling
strength gγa for SO [44] and CMB-S4 [45, 46] in figure 14. These results are obtained for
a particular radial dependence of the cluster magnetic field with random directions of the
magnetic field. In a future work, we will study the impact of different magnetic field and
electron density models in the present of turbulence. This new avenue is going to explore
new parameter space of photon-ALP coupling which is beyond the reach of the ground-based
particle physics experiment such as CERN ALP Solar Telescope (CAST) [102] for ALP masses
in the range 10−13 − 10−12 eV. ALPs of lower masses (up to ∼ 10−13 eV) can be probed by
using the measurement of the magnetic field of galaxy clusters from the upcoming experiment
such as Square Kilometer Array (SKA) [95]. The synergy between SO [44], CMB-S4 [45, 46]
and SKA [95] can be used to explore a broader parameter space of ALPs. With a future
CMB experiment such as CMB-HD [101], we can also extend the reach of our method to
higher ALPs masses than what can be possible from SO [44] and CMB-S4 [45, 46]. We can
probe the photon-ALP coupling strength gγa for ma > 10−12 eV from CMB-HD [101].

One of the contaminations to the ALPs distortion will come from the scattering of the
local quadrupole by the hot electrons in the galaxy cluster (PQ) which can shadow the photon-
ALP spectral distortion signal for the coupling strength gγ = 10−14 GeV−1 for r < 3500kpc,
as discussed in section 3.1. For the 1-σ error-bars on gγa from SO [44] and CMB-S4 [45, 46],
as shown in figure 14), the bias from PQ can affect the CMB-S4 measurements by about a
1-σ for CMB-S4 [45, 46] and only by about one-third of a σ for SO [44]. A joint estimator of
both photon-ALP distortion and PQ needs to be developed for CMB-S4 [45, 46] like survey
in order to make an unbiased estimation of both PQ and Pγa. This will be addressed in a
future analysis.

This new powerful avenue to probe ALPs can also be applied to the currently detected
galaxy clusters from ACTPol [41], SPT [42], and Planck [28]. We leave this work for a future
publication. The ALPs signal from the galaxy clusters can also be probed using photons in
other wavebands, such as the X-ray galaxy catalogs from Chandra X-ray Observatory [106]
and from the recently launched eROSITA misssion [94]. In summary, CMB polarization is a
powerful probe of ALPs physics and should be explored in parallel with ongoing laboratory
experiments such as CAST.
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[51] H. Böhringer, G. Chon and P.P. Kronberg, The cosmic large-scale structure in X-rays
(CLASSIX) cluster survey I: probing galaxy cluster magnetic fields with line of sight rotation
measures, Astron. Astrophys. 596 (2016) A22 [arXiv:1610.02887] [INSPIRE].

[52] G.G. Raffelt, Stars as laboratories for fundamental physics: the astrophysics of neutrinos,
axions, and other weakly interacting particles, University of Chicago Press, Chicago, IL,
U.S.A. (1996).

[53] L. Wolfenstein, Neutrino oscillations in matter, Phys. Rev. D 17 (1978) 2369 [INSPIRE].

[54] S.P. Mikheyev and A. Yu. Smirnov, Resonance amplification of oscillations in matter and
spectroscopy of solar neutrinos, Sov. J. Nucl. Phys. 42 (1985) 913 [Yad. Fiz. 42 (1985) 1441]
[INSPIRE].

[55] S.P. Mikheev and A. Yu. Smirnov, Neutrino oscillations in a variable density medium and
neutrino bursts due to the gravitational collapse of stars, Sov. Phys. JETP 64 (1986) 4 [Zh.
Eksp. Teor. Fiz. 91 (1986) 7] [arXiv:0706.0454] [INSPIRE].

[56] G.B. Rybicki and A.P. Lightman, Radiative processes in astrophysics, Wiley, New York, NY,
U.S.A. (1979).

[57] M. Takada, H. Ohno and N. Sugiyama, Faraday rotation effect of intracluster magnetic field
on Cosmic Microwave Background polarization, astro-ph/0112412 [INSPIRE].

[58] G.G. Raffelt, Stars as laboratories for fundamental physics, University of Chicago Press,
Chicago, IL, U.S.A. (1996).

[59] T.-K. Kuo and J.T. Pantaleone, Neutrino oscillations in matter, Rev. Mod. Phys. 61 (1989)
937 [INSPIRE].

[60] G.L. Fogli, E. Lisi, D. Montanino and A. Mirizzi, Analysis of energy and time dependence of
supernova shock effects on neutrino crossing probabilities, Phys. Rev. D 68 (2003) 033005
[hep-ph/0304056] [INSPIRE].

[61] L.D. Landau, To the theory of energy transmission in collisions. II, Phys. Zs. Sowjet. 2 (1932)
46.

[62] C. Zener, Non-adiabatic crossing of energy levels, Proc. Roy. Soc. London A 137 (1932) 696.

[63] E.C.G. Stueckelberg, Theorie der unelastischen Stösse zwischen Atomen (in German), Helv.
Phys. Acta 5 (1932) 369.

[64] J. Jaeckel, J. Redondo and A. Ringwald, Signatures of a hidden Cosmic Microwave
Background, Phys. Rev. Lett. 101 (2008) 131801 [arXiv:0804.4157] [INSPIRE].

[65] A. Mirizzi, J. Redondo and G. Sigl, Constraining resonant photon-axion conversions in the
early universe, JCAP 08 (2009) 001 [arXiv:0905.4865] [INSPIRE].

[66] W. Hu and M.J. White, A CMB polarization primer, New Astron. 2 (1997) 323
[astro-ph/9706147] [INSPIRE].

[67] F. Govoni and L. Feretti, Magnetic field in clusters of galaxies, Int. J. Mod. Phys. D 13
(2004) 1549 [astro-ph/0410182] [INSPIRE].

[68] T.E. Clarke, P.P. Kronberg and H. Bohringer, A new radio-X-ray probe of galaxy cluster
magnetic fields, Astrophys. J. Lett. 547 (2001) L111.

[69] C. Pfrommer and L.J. Dursi, Detecting the orientation of magnetic fields in galaxy clusters,
Nature Phys. 6 (2010) 520 [arXiv:0911.2476] [INSPIRE].

– 30 –

https://arxiv.org/abs/1902.10541
https://inspirehep.net/search?p=find+EPRINT+arXiv:1902.10541
https://doi.org/10.1146/annurev.astro.40.060401.093852
https://doi.org/10.1146/annurev.astro.40.060401.093852
https://arxiv.org/abs/astro-ph/0110655
https://inspirehep.net/search?p=find+J+%22Ann.Rev.Astron.Astrophys.,40,319%22
https://doi.org/10.1051/0004-6361/201628873
https://arxiv.org/abs/1610.02887
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.02887
https://doi.org/10.1103/PhysRevD.17.2369
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D17,2369%22
https://inspirehep.net/search?p=find+J+%22Sov.J.Nucl.Phys.,42,913%22
https://arxiv.org/abs/0706.0454
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.0454
https://arxiv.org/abs/astro-ph/0112412
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0112412
https://doi.org/10.1103/RevModPhys.61.937
https://doi.org/10.1103/RevModPhys.61.937
https://inspirehep.net/search?p=find+J+%22Rev.Mod.Phys.,61,937%22
https://doi.org/10.1103/PhysRevD.68.033005
https://arxiv.org/abs/hep-ph/0304056
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0304056
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1103/PhysRevLett.101.131801
https://arxiv.org/abs/0804.4157
https://inspirehep.net/search?p=find+EPRINT+arXiv:0804.4157
https://doi.org/10.1088/1475-7516/2009/08/001
https://arxiv.org/abs/0905.4865
https://inspirehep.net/search?p=find+EPRINT+arXiv:0905.4865
https://doi.org/10.1016/S1384-1076(97)00022-5
https://arxiv.org/abs/astro-ph/9706147
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9706147
https://doi.org/10.1142/S0218271804005080
https://doi.org/10.1142/S0218271804005080
https://arxiv.org/abs/astro-ph/0410182
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0410182
https://doi.org/10.1086/318896
https://doi.org/10.1038/nphys1657
https://arxiv.org/abs/0911.2476
https://inspirehep.net/search?p=find+EPRINT+arXiv:0911.2476


J
C
A
P
0
2
(
2
0
2
0
)
0
3
2

[70] A. Cavaliere and R. Fusco-Femiano, The distribution of hot gas in clusters of galaxies, Astron.
Astrophys. 70 (1978) 677.

[71] A. Vikhlinin et al., Chandra sample of nearby relaxed galaxy clusters: mass, gas fraction and
mass-temperature relation, Astrophys. J. 640 (2006) 691 [astro-ph/0507092] [INSPIRE].

[72] I. Bartalucci et al., Recovering galaxy cluster gas density profiles with XMM-Newton and
Chandra, Astron. Astrophys. 608 (2017) A88 [arXiv:1709.06570] [INSPIRE].

[73] G.W. Pratt, E. Pointecouteau, M. Arnaud and R.F.J. van der Burg, The hot gas content of
fossil galaxy clusters, Astron. Astrophys. 590 (2016) L1 [arXiv:1604.08223] [INSPIRE].

[74] M. McDonald et al., The growth of cool cores and evolution of cooling properties in a sample
of 83 galaxy clusters at 0.3 < z < 1.2 selected from the SPT-SZ survey, Astrophys. J. 774
(2013) 23 [arXiv:1305.2915] [INSPIRE].

[75] SPT collaboration, The remarkable similarity of massive galaxy clusters from z ∼ 0 to
z ∼ 1.9, Astrophys. J. 843 (2017) 28 [arXiv:1702.05094] [INSPIRE].

[76] N. Battaglia, The tau of galaxy clusters, JCAP 08 (2016) 058 [arXiv:1607.02442] [INSPIRE].

[77] A. Bonafede, L. Feretti, M. Murgia, F. Govoni, G. Giovannini and V. Vacca, Galaxy cluster
magnetic fields from radio polarized emission, PoS(ISKAF2010)006 (2010) [arXiv:1009.1233]
[INSPIRE].

[78] A. Hall and A. Challinor, Detecting the polarization induced by scattering of the microwave
background quadrupole in galaxy clusters, Phys. Rev. D 90 (2014) 063518 [arXiv:1407.5135]
[INSPIRE].

[79] T. Louis, E.F. Bunn, B. Wandelt and J. Silk, Measuring polarized emission in clusters in the
CMB S4 era, Phys. Rev. D 96 (2017) 123509 [arXiv:1707.04102] [INSPIRE].

[80] Planck collaboration, Planck 2015 results. X. Diffuse component separation: foreground
maps, Astron. Astrophys. 594 (2016) A10 [arXiv:1502.01588] [INSPIRE].

[81] B. Thorne, J. Dunkley, D. Alonso and S. Naess, The Python Sky Model: software for
simulating the galactic microwave sky, Mon. Not. Roy. Astron. Soc. 469 (2017) 2821
[arXiv:1608.02841] [INSPIRE].

[82] M.H. Abitbol, J. Chluba, J.C. Hill and B.R. Johnson, Prospects for measuring Cosmic
Microwave Background spectral distortions in the presence of foregrounds, Mon. Not. Roy.
Astron. Soc. 471 (2017) 1126 [arXiv:1705.01534] [INSPIRE].

[83] PySM documentation webpage, http://pysm-public.readthedocs.io/en/latest/.

[84] S.Y. Sazonov and R.A. Sunyaev, Microwave polarization in the direction of galaxy clusters
induced by the CMB quadrupole anisotropy, Mon. Not. Roy. Astron. Soc. 310 (1999) 765
[astro-ph/9903287] [INSPIRE].

[85] M. Tegmark and G. Efstathiou, A method for subtracting foregrounds from multi-frequency
CMB sky maps, Mon. Not. Roy. Astron. Soc. 281 (1996) 1297 [astro-ph/9507009] [INSPIRE].

[86] WMAP collaboration, First year Wilkinson Microwave Anisotropy Probe (WMAP)
observations: preliminary maps and basic results, Astrophys. J. Suppl. 148 (2003) 1
[astro-ph/0302207] [INSPIRE].

[87] H.K. Eriksen, A.J. Banday, K.M. Gorski and P.B. Lilje, Foreground removal by an internal
linear combination method: limitations and implications, Astrophys. J. 612 (2004) 633
[astro-ph/0403098] [INSPIRE].

[88] D. Herranz et al., Filtering techniques for the detection of Sunyaev-Zel’dovich clusters in
multifrequency CMB maps, Mon. Not. Roy. Astron. Soc. 336 (2002) 1057
[astro-ph/0203486] [INSPIRE].

– 31 –

https://doi.org/10.1086/500288
https://arxiv.org/abs/astro-ph/0507092
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0507092
https://doi.org/10.1051/0004-6361/201731689
https://arxiv.org/abs/1709.06570
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.06570
https://doi.org/10.1051/0004-6361/201628462
https://arxiv.org/abs/1604.08223
https://inspirehep.net/search?p=find+J+%22Astron.Astrophys.,590,L1%22
https://doi.org/10.1088/0004-637X/774/1/23
https://doi.org/10.1088/0004-637X/774/1/23
https://arxiv.org/abs/1305.2915
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.2915
https://doi.org/10.3847/1538-4357/aa7740
https://arxiv.org/abs/1702.05094
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.05094
https://doi.org/10.1088/1475-7516/2016/08/058
https://arxiv.org/abs/1607.02442
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.02442
https://doi.org/10.22323/1.112.0006
https://arxiv.org/abs/1009.1233
https://inspirehep.net/search?p=find+EPRINT+arXiv:1009.1233
https://doi.org/10.1103/PhysRevD.90.063518
https://arxiv.org/abs/1407.5135
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.5135
https://doi.org/10.1103/PhysRevD.96.123509
https://arxiv.org/abs/1707.04102
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.04102
https://doi.org/10.1051/0004-6361/201525967
https://arxiv.org/abs/1502.01588
https://inspirehep.net/search?p=find+J+%22Astron.Astrophys.,594,A10%22
https://doi.org/10.1093/mnras/stx949
https://arxiv.org/abs/1608.02841
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.02841
https://doi.org/10.1093/mnras/stx1653
https://doi.org/10.1093/mnras/stx1653
https://arxiv.org/abs/1705.01534
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.01534
http://pysm-public.readthedocs.io/en/latest/
https://doi.org/10.1046/j.1365-8711.1999.02981.x
https://arxiv.org/abs/astro-ph/9903287
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9903287
https://doi.org/10.1093/mnras/281.4.1297
https://arxiv.org/abs/astro-ph/9507009
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9507009
https://doi.org/10.1086/377253
https://arxiv.org/abs/astro-ph/0302207
https://inspirehep.net/search?p=find+J+%22Astrophys.J.Suppl.,148,1%22
https://doi.org/10.1086/422807
https://arxiv.org/abs/astro-ph/0403098
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0403098
https://doi.org/10.1046/j.1365-8711.2002.05704.x
https://arxiv.org/abs/astro-ph/0203486
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0203486


J
C
A
P
0
2
(
2
0
2
0
)
0
3
2

[89] J.-B. Melin, J.G. Bartlett and J. Delabrouille, Catalog extraction in SZ cluster surveys: a
matched filter approach, Astron. Astrophys. 459 (2006) 341 [astro-ph/0602424] [INSPIRE].

[90] P. Abrial, Y. Moudden, J.L. Starck, J. Fadili, J. Delabrouille and M.K. Nguyen, CMB data
analysis and sparsity, Stat. Meth. 5 (2008) 289 [arXiv:0804.1295] [INSPIRE].

[91] K.T. Inoue, P. Cabella and E. Komatsu, Harmonic inpainting of the Cosmic Microwave
Background sky I: formulation and error estimate, Phys. Rev. D 77 (2008) 123539
[arXiv:0804.0527] [INSPIRE].

[92] F. Elsner and B.D. Wandelt, Efficient Wiener filtering without preconditioning, Astron.
Astrophys. 549 (2013) A111 [arXiv:1210.4931] [INSPIRE].

[93] S. Ferraro and B. Hensley, Background subtraction uncertainty from submillimetre to
millimetre wavelengths, Mon. Not. Roy. Astron. Soc. 451 (2015) 1606 [arXiv:1406.2921]
[INSPIRE].

[94] eROSITA collaboration, eROSITA science book: mapping the structure of the energetic
universe, arXiv:1209.3114 [INSPIRE].

[95] F. Loi et al., Magnetic fields in galaxy clusters in the SKA era, J. Phys. Conf. Ser. 841
(2017) 012005 [INSPIRE].

[96] DESI collaboration, The DESI experiment part I: science, targeting and survey design,
arXiv:1611.00036 [INSPIRE].

[97] Euclid Imaging collaboration, Euclid imaging consortium science book, arXiv:1001.0061
[INSPIRE].

[98] LSST Science and LSST Project collaborations, LSST science book, version 2.0,
arXiv:0912.0201 [INSPIRE].
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