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Outline

• Axion-like particles

• Galaxy Clusters

• ALP induced spectral distortions
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Axion-Like Particles

• Generically arise in string compactifications

• For general ALPs                 and       are unspecified 
and unrelated (unlike for the QCD axion)

•                                Supernovae Bound

• Coupling to electromagnetism:

Galaxy Cluster Thermal X-Ray Spectra Constrain Axion-Like Particles
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Rudolf Peierls Centre for Theoretical Physics, University of Oxford,
Keble Road, Oxford, OX1 3NP, United Kingdom

M. C. David Marsh‡

Department of Applied Mathematics and Theoretical Physics,
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Axion-like particles (ALPs) and photons inter-convert in the presence of a magnetic field. At keV
energies in the environment of galaxy clusters, the conversion probability can become unsuppressed
for light ALPs. Conversion of thermal X-ray photons into ALPs can introduce a step-like feature
into the cluster thermal bremsstrahlung spectrum, and we argue that existing X-ray data on galaxy
clusters should be su�cient to extend bounds on ALPs in the low-mass region ma . 1 ⇥ 10�12 eV
down to M ⇠ 7 ⇥ 1011 GeV, and that for 1011 GeV < M . 1012 GeV light ALPs give rise to
interesting and unique observational signatures that may be probed by existing and upcoming X-
ray (and potentially X-ray polarisation) observations of galaxy clusters.

Galaxy clusters are the largest gravitationally bound
objects in the universe and provide a powerful testing
ground for theories of new physics. Recently, it has been
appreciated that clusters are highly e�cient at inter-
converting light axion-like particles (ALPs) and photons
[1–3] (see [4–6] for some earlier work). In this paper, we
show that the absence of large distortions of the cluster
thermal X-ray bremsstrahlung spectrum may be used to
derive the strongest bounds to date on the ALP–photon
coupling for light ALPs.

ALPs, reviewed in [7], arise in many theories of physics
beyond the Standard Model and are ubiquitous in string
theory compactifications. The phenomenological low-
energy Lagrangian for ALPs and photons is given by,
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where M is the ALP-photon coupling, and m
a

denotes
the mass of the ALP.

Significant observational and theoretical e↵ort has
gone into searching for and constraining such parti-
cles. The strongest current bound arises from obser-
vations of SN1987A, leading to M & 2 ⇥ 1011 GeV [8–
10]. Planned experiments such as ALPS-II or IAXO
are expected to produce competitive bounds [11, 12],
e.g. M > 3 ⇥ 1011 GeV in the IAXO best-case-scenario.

For massive ALPs, a recent paper used the absence of
CMB distortions through clusters to produce bounds on
M [13], although as this relies on resonance e↵ects it is
only relevant for a small range of ALP masses.

Here, we argue that current and future data from X-ray
observations of galaxy clusters can significantly improve
the bounds on M for the entire small m

a

region (. 1 ⇥
10�12 eV), reaching down to around M ⇠ 1012 GeV.

Photon-ALP conversion in galaxy clusters

As is well known, the third term of the Lagrangian (1)
induces ALP-photon inter-conversion in the presence of
coherent magnetic fields [14–16]. The linearised equa-
tions of motion for the modes of energy ! propagating in
the z-direction are given by,
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accounts for Faraday rotation. However this e↵ect
depends on wavelength as �2 and thus is negligible at
X-ray energies.
For a constant magnetic field in a domain of length

L, the photon-to-ALP conversion probability for unpo-
larised light is given by,
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Here B? denotes the component of the magnetic field
that is perpendicular to the ALP wave vector. The factor
of 1

2

accounts for the fact that only one polarisation state
of light participates in the mixing.
It is instructive to consider the typical values of ⇥ and

� in galaxy clusters. For m
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How could we see ALPs?
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ALP photon conversion

• BIG magnetic fields      and/or

• LONG coherence length

• Suppressed by weak couplings

P (a � �) � B2L2

4M2

General scaling of conversion probability in coherent 
magnetic fields: 

Needs
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M�2
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ALP photon conversion
General conversion formula in transverse magnetic 
field      of domain size    :

P (a � �) = sin2(2�) sin2
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with

Seeing ALPs

ALP-to-photon conversion probability for ALP energy Ea in
transverse magnetic field B⊥ of domain size L is:

P(a → γ) = sin2(2θ) sin2
(
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Joseph Conlon, Oxford University Galaxy Clusters as Tele-ALP-scopes
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FIG. 1: Prediction of the axion-photon coupling versus its mass (yellow band). Also shown are excluded regions arising from the
non-observation of an anomalous energy loss of massive stars due to axion or ALP emission [12], of a �-ray burst (in coincidence
with the observed neutrino burst) from SN 1987A due to conversion of an initial ALP burst in the galactic magnetic field, of
changes in quasar polarizations due to photon-ALP oscillations, and of dark matter axions or ALPs converted into photons
in microwave cavities placed in magnetic fields [13–17]. Axions and ALPs with parameters in the regions surrounded by the
red lines may constitute all or a part of cold dark matter (CDM), explain the cosmic �-ray transparency, and the soft X-ray
excess from Coma. The green regions are the projected sensitivities of the light-shining-through-wall experiment ALPS-II, of
the helioscope IAXO, of the haloscopes ADMX and ADMX-HF, and of the PIXIE or PRISM cosmic microwave background
observatories.

arise as pseudo Nambu-Goldstone bosons from the breaking of accidental global U(1) symmetries that appear as low
energy remnants of exact discrete symmetries occurring in string compactifications [64–66]. Intriguingly, very light
and weakly coupled generic ALPs ai, with decay constants in the same range as Eq. (6), share with the axion the
property of being cold dark matter candidates since they are also produced via the vacuum-realignment mechanism
[67–69]. In fact, their relic abundance, in the now strongly favored post-inflationary symmetry breaking scenario, is
roughly given by2

⌦ai
h2 ⇡ 0.053⇥

⇣mai

eV

⌘1/2
✓

fai

1011 GeV

◆2

. (13)

Therefore, there is a strong motivation to search not only for the axion A, but also for additional light ALPs ai, for
which the low-energy e↵ective Lagrangian describing their interactions with (the lightest Standard Model particles)

2 The red line labelled “ALP CDM” in Fig. 1 corresponds to the ALP photon coupling, where an ALP, according to (13), can account for
all of the dark matter in the universe, assuming that it couples with strength gai� = ↵/(2⇡fai ). The region below this line is strongly
disfavored after BICEP2 by overdensity constraints [34, 35].

ALP Parameter Space

[e.g. Ringwald 12]
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Galaxy Clusters
Perseus Cluster

z = 0.018z = 0.023
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Thermal Spectra of Galaxy Cluster
Arnaud et al.: The temperature structure in the central region of Coma 3

Fig. 1. The EPIC/MOS mosaic image of the central region of

Coma (5 overlapping pointings) in the [0.3 − 2] energy band.
The iso contours are the residuals (in σ) after subtracting the

best fit 2–D β model. The step size is 4σ and the lowest iso-

contour corresponds to 3σ significance. The position of the
bright galaxies are marked.

nates of the background event file using the aspect solution
of the considered Coma observation.

For consistency, the background spectra were obtained
using the same correction method as used for the source.
The background component induced by CR is not vi-
gnetted, but as we extract the background and source
spectra from the same region in detector coordinates the
correction factor is the same and does not introduces bias.

Further details on the characteristic of the EPIC/MOS
background and subtraction method can be found in
Arnaud et al. 2001.

2.2.3. Spectra extraction and spectral fitting

The source and background spectra of a given region (de-
fined in sky coordinates) are first extracted separately for
each MOS camera and each pointing, using the method de-
scribed above. As the spectra are corrected for vignetting,
the spectra of the same physical region observed with dif-
ferent off-axis angle (from different pointings) and differ-
ent camera can be simply added to maximize the signal
to noise ratio. The errors are propagated using quadratic
summation.

Before model fitting, the source spectra are binned so
that the S/N ratio is greater than 3 σ in each bin af-
ter background subtraction. The spectra are fitted with
XSPEC using isothermal mekal models (with fixed red-
shift z = 0.0231). Although the thermodynamic state of
the plasma could be more complex (e.g. see the isobaric
multiphase model of Nagai et al. 2000), this is adequate to
study temperature spatial variations, the derived best fit
temperature being an estimate of the mean temperature

Fig. 2. EPIC/MOS1 (green) and EPIC/MOS2 (blue) spectra

extracted from within 10′ in radius of the galaxy NGC 4874.
Red line: best fit redshifted isothermal model: kT = 8.25 keV

and an abundance of 0.25. Bottom panel: residuals between

model and data.

in each projected region considered. Since the spectra are
‘corrected’ for vignetting effects we can use the on axis
MOS response file, which is considered to be the same for
MOS1 and MOS2 (version v3.15). Only data above 0.3
keVare considered due to remaining uncertainties in the
MOS detector response below this energy. Unless other-
wise stated errors are with a 90% confidence level.

2.3. Imaging analysis

The MOS mosaic image in the [0.3−2] keV energy band is
presented in Fig. 1. The count images for each camera and
each pointing are extracted using the weighting procedure
described above to correct for vignetting. They are then
projected on a common sky reference axis, summed and
divided by the mosaic exposure map (which takes into
account the exposure time and FOV coverage for each
pointing). The images are not background subtracted. In
that energy range and in this central area of the cluster,
the particle background is negligible for MOS.

3. Results

3.1. Core morphology

To identify significant substructures in the core, we fitted
the MOS image with a 2–D ellipsoidal β model plus back-
ground and built up the map of the residuals of the data
over the best fit model. The method is discussed in detail
in Neumann & Böhringer (1997) and Neumann (1999).
The iso-contours of significance of the excess (number of
σ over background plus cluster model) are overlaid on the
MOS image in Fig. 1.

We unambiguously confirm the excess emission around
the two central galaxies (NGC4874 and NGC 4889) and

Well known to 
~ 1% accuracy

XMM-Newton, 
Coma cluster,
central 300 kpc
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For ⇥,� ⌧ 1, conversion is quadratic in both size and
coherence length of the magnetic field,
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and ALP-photon conversion is energy-independent.
However, for ⇥ ⌧ 1 and � � 1, the conversion prob-
ability is energy-dependent and progressively suppressed
at lower energies,
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We can define a critical energy marking the crossover
between the regimes,
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and thus for typical clusters and for M & 1011GeV, the
crossover between regimes occurs within the range of ob-
served X-ray photon energies. We now show that this can
lead to substantial distortions of the thermal spectrum of
the intra-cluster medium, using the Coma cluster as our
prime example.

X-ray emission from galaxy clusters

The intracluster medium (ICM) permeating galaxy
clusters is a hot thermal plasma with temperatures,
depending on the cluster, of between 2 and 10 keV.
The cluster is visible in X-rays through the thermal
bremsstrahlung of the ICM, with both continuum and
line emission.

The continuum emissivity is given by,

I(⌫) = An2

e

g(⌫, T ) exp
�� h⌫

kT

�
p

kT
, (9)

where A is a constant and the Gaunt factor g(⌫, T ) is
a slowly varying function of frequency. The strength of
the atomic lines is set by both the overall metallicity
and individual abundance of heavy elements, as well as
the local ICM temperature, and can be calculated using
programs such as AtomDB [17].

Thermal emission from the ICM has been extensively
observed by several generations of X-ray satellites across
the last few decades, providing an excellent fit to observa-
tions. Figure 1 shows fits to emission from the Coma clus-
ter (adapted from [18] and [19]), which hosts an approx-
imately isothermal ICM with a temperature of 8.1 keV.
Note the excellent quality of the fits, with residuals all
below the 10% level. As a further illustration of the at-
tained precision, we note that the possible 3.55 keV dark

matter line reported in [20] is observed as a per cent level
e↵ect above the background, thereby requiring the abil-
ity to characterise the background thermal emission to
the same level of accuracy.
Thus, galaxy clusters provide an intrinsic, di↵use,

bright and well characterised source of X-ray photons.

Cluster spectral distortions from ALPs

If a significant proportion of the thermal photons were
to convert to ALPs, the resulting X-ray spectrum would
be distorted. The photon-to-ALP conversion probabil-
ity is determined largely by the structure of the cluster
magnetic field.
Generically, clusters support magnetic fields of O(µG)

strength that are coherent over 1–10 kpc scales (for re-
views see [21, 22]). For the Coma cluster, a detailed
multi-scale model of the tangled magnetic field was con-
structed in [23], and shown to give a good fit to observed
Faraday rotation measures.
For the Coma magnetic field of [23], we have simu-

lated photon-to-ALP conversion of the ICM by numer-
ically solving (2) along a set of sightlines that sample
a given field-of-view. Along any given sightline, photons
originate along each point in the cluster, and the net con-
version probability is an average weighted by the thermal
photon density at each point, which scales as ⇠ n2

e

.
The distorted X-ray spectrum is then given by,

f
distorted

(!) = (1 � hP
�!a

i(!)) f
intrinsic

(!) , (10)

where hP
�!a

i(!) denotes the net conversion probability
for the sightlines, averaged over the relevant field-of-view.
For M . 1011 GeV, the conversion probability satu-

rates for the entire X-ray range, leading to a uniform
reduction of the cluster luminosity to 2/3 of its orig-
inal amount. However, as shown in equation 8, for
precisely the most observationally interesting range of
1011 < M/GeV . 1012, the photon-to-ALP conversion
probability is large at higher X-ray energies, while be-
ing suppressed at lower energies. Thus, such photon-to-
ALP conversion induces spectral distortions of the ther-
mal ICM spectrum [24]. In Figure 2a we illustrate this by
plotting hP

�!a

i(!) obtained from the simulations with
m

a

= 0, M = 4 ⇥ 1011 GeV and a field-of-view of size
(100 kpc)2 at the centre of the Coma cluster.
Given the quality of the fits in Figure 1, the simulated

photon-to-ALP conversion probabilities can be used to
constrain the ALP parameters M and m

a

. By conserva-
tively stipulating the absence of deviations in the spec-
trum of 10% or greater, we find the constraints plotted in
Figure 2b. For m

a

. 5⇥ 10�12 eV this provides a bound
on the ALP coupling M . 7⇥ 1011 GeV, while for m

a

&
5⇥10�12 eV, the conversion probability is suppressed by
the large ALP mass, and for m

a

& 1⇥ 10�11 eV the cor-

+ atomic lines
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Thermal Spectra of Galaxy Cluster
3

(a) XMM-Newton best fit flux model from Coma, within

radius of ⇠ 300 kpc [18].

4 Gastaldello et al.

regions free of cluster emission so we can not apply straight-
forwardly the procedure adopted by nuskybgd. We have an
empirical nominal model based on blank field observations
that we adopted in the fit of the various regions (see Figure 2
for an example).

In order to determine the best fit value and confidence in-
terval for the spectral parameter of interests we used Bayesian
statistics and a Markov chain Monte Carlo (MCMC) tech-
nique. We performed MCMC simulations using the Xspec
implementation of the algorithm of Goodman & Weare (2010)
where an ensemble of "walkers", which are vectors of the fit
parameters, are evolved via random steps determined by the
difference between two walkers. We evolved eight walkers
for a total of 104 steps, after discarding the initial 5000 steps
(“burn-in” phase) to ensure the chain reached a steady state.
We turned on the Bayesian statistic setting up Gaussian priors
centered on the expected value forecasted by nuskybgd for
the particular region of interest. We set widths equal to the ex-
pected systematic error for the various background normaliza-
tions (8% for the aperture component, 3% for the instrumental
continuum, 50% on the FCXB, 10% on the solar component),
and used constant priors for the temperature, abundance and
normalization of the APEC cluster thermal component. We
then marginalized over all the other parameters to generate
posterior probabilities for the parameter of interest, such as
the temperature or the normalization of the thermal compo-
nent, using the Xspec command margin. The results found
with this method are consistent with the procedure adopted in
Wik et al. (2014). For ease of presentation we will show in
the following figures the background-subtracted spectra using
the realizations provided by nuskybgd.

4.1. Global Spectrum

FIG. 3.— Background-subtracted Coma Cluster spectrum extracted from
the central 120 ⇥ 120 region. The spectra of detector A and B have been
combined for clarity. The best-fit 1T model and ratio of the spectrum over
the model are also shown.

To compare with results obtained with other satellites we
extracted the global A plus B spectra from a box of 12�⇥12�

encompassing 85% of the FOV. The spectra have excellent
statistical quality with ⇠ 2.5 ⇥ 105 total counts with a source
contribution to the total emission of 89% in the 3-30 keV en-
ergy band.

We first consider a single temperature (1T) model fit to
the data, which is the simplest possible description of the

spectrum. This is unlikely to be a realistic description as it
is known that even the very center of Coma hosts tempera-
ture variations (e.g., Sanders et al. 2013). However multi-
temperature, featureless, spectra with a range of temperatures
can be well fitted by a 1T model (e.g., Mazzotta et al. 2004).
We find a temperature of 8.52 keV as a peak of the marginal-
ized posterior distribution, with a 68% confidence interval of
[8.48,8.55] keV. As shown in Table 1, a fit in the 3–30 keV
energy band obtained with background subtraction of a real-
ization of the background model (the procedure used in Wik
et al. 2014) returns consistent results. In Figure 3 we show
the co-added A and B background-subtracted spectrum in the
3–30 keV energy band obtained with this latter method. The
spectrum is well, but not perfectly, described by an isother-
mal spectrum over an order of magnitude in energy. We use
the background-subtraction method to quickly explore the de-
pendence of the temperature determination when using dif-
ferent energy bands for the spectral fitting. In the absence of
systematic calibration issues, different temperatures returned
when fitting different energy bands is yet another indication
of a multi-temperature component spectrum. This is indeed
the case for the Coma global spectrum as increasing either
the upper end or the lower end of the baseline energy band
increases the derived temperature, as detailed in Table 1.

The next step to add complexity to the fitting model is a
two temperature (2T) model consisting of two APEC com-
ponents with abundances tied together. This model is rou-
tinely used when dealing with multi-temperature component
spectra. The fits improve, though the temperature found for
the low-T component (1.02 ± 0.21 keV) does not represent
any real temperature in the spectrum. This seems more a
result of the fit procedure that is accommodating the curva-
ture of the residuals that are not well fitted by a 1T model
in the low energy part of the spectrum where the statistical
quality of the data is higher. To support this hypothesis we
performed simulations with the NuSTAR responses of a two
thermal component model with temperatures of 7 and 9 keV
respectively. We chose the ratio of the normalization of the
two components to be equal to that which best approximates
the observed spectrum. When a 2T model is applied, the fit-
ting process favors a high–T component of the order of 8–9
keV accounting for most of the emission in the fitted band
and a lower–T component (0.5–1 keV), which improves the
fit at the lower range of the energy band. Similar results when
fitting a 2T model have been obtained by Ajello et al. (2009)
when fitting XMM and Swift BAT data (kThigh = 8.40+0.25

�0.24 keV
and kTlow = 1.45+0.21

�0.11 keV). The low–T component has been
interpreted as due to thermal X-ray emission from the galax-
ies in Coma (Finoguenov et al. 2004; Sun et al. 2007). While
this might be a possible interpretation for satellites sensitive
to energies down to 0.5 keV, it can be ruled out for emission
above 3 keV as seen by NuSTAR.

Following the success of the XMM-derived temperature
map for explaining the thermal origin of the Suzaku HXD-PIN
and Swift BAT high-energy spectra (Wik et al. 2009, 2011) we
adopted the same approach exploiting the temperature map
obtained by NuSTAR itself (discussed in the following Section
4.2). We summed the 36 1T APEC models with temperature,
abundances and normalization fixed to construct a Tmap model
for which only the overall normalization was allowed to vary
(an adjustment at the 2% level) to give a fit with the same
quality as the 2T fit (see Table 1). The comparison in the 3-30
keV energy band (cstat/dof = 1208/1129 for the Tmap model

(b) NuSTAR spectrum and best-fit single temperature model

for the central 12

0 ⇥ 12

0
of the Coma cluster [19].

FIG. 1: Thermal X-ray spectrum from Coma as seen by XMM-Newton and NuSTAR.

responding bound on the coupling becomes weaker than
existing astrophysical constraints.

We therefore conclude that constraints on spectral de-
viations of the cluster thermal bremsstrahlung spectrum
can provide the strongest astrophysical bounds to date on
the ALP-photon coupling, excluding an interesting range
of parameters that will be probed in upcoming laboratory
experiments.

Further properties of the distorted spectrum

There are several further properties, and thus poten-
tially correlated signals, of an ALP-distorted cluster spec-
trum.

First, along a single line of sight photon-to-ALP con-
version is highly stochastic and energy-dependent. These
features can provide several additional observational sig-
natures, which are observable for small field-of-views. In
Figure 3a we illustrate this by showing the averaged con-
version probability for a (5 kpc)2 field-of-view. Since the
simulated field is random in nature, the exact energy de-
pendence of the real field will di↵er, but the presence of
these sinusoidal oscillations at X-ray energies is a charac-
teristic feature of ALP-photon conversion, with the fre-
quency of these oscillations decreasing with increasing
energy.

When averaging over a large field-of-view of size far
greater than the coherence length of the cluster magnetic
field (as in Figure 2a), these variations wash out. How-
ever, by extracting the cluster X-ray spectrum across a
small region it may be possible to directly observe such
oscillations. The best candidates for this are very nearby
clusters, where the fixed telescope angular resolution cor-
responds to the smallest physical scales.

For example, the Virgo cluster is at a redshift of z =

0.004 and there is approximately 500 ks of observation
time on Virgo with the Chandra telescope, whose superb
imaging capabilities gives it arcsecond resolution. By
considering spectra extracted from small angular regions
instead of the full field-of-view, one could search for the
presence (or absence) of such oscillatory features.

There is another approach to searching for these small
scale features. Clusters are large Mpc-scale objects, and
gradients in their internal structure will generally also be
large-scale. In the absence of photon-axion conversion,
the bremsstrahlung photon count from nearby pixels on
a detector is expected to be identical, subject to the vari-
ations due to Poisson statistics. Photon-ALP conversion
can lead to significant variations in conversion probabil-
ities from nearby sightlines, and so in the presence of
ALPs the photon count from nearby pixels should have
a greater variation than would be expected simply from
Poisson statistics.

Furthermore, along a single line of sight the X-ray
emission becomes highly polarised. In Figure 3b we
show that with a small field-of-view this induced polari-
sation would be observable, but again for larger field-of-
views this e↵ect gets washed out. The result is that for
1011 GeV . M . 1012 GeV, the di↵use thermal ICM
emission extracted from a small region would be po-
larised. If an X-ray telescope with polarisation capability,
such as the European LOFT or Chinese XTP missions, is
(finally, after forty years) flown, the presence or absence
of polarised emission from the ICM could lead either to
the detection of ALPs or strong bounds on their coupling.
While optical polarisation induced by ALP–photon oscil-
lations has been considered before (see for example [25]),
the advantage of a galaxy cluster environment is e�cient
X-ray conversion and better studied magnetic fields.

The small-scale spectral oscillations can also be sought
by considering X-ray point sources that are fortuitously

NuSTAR, 
Coma cluster,
central 100 kpc
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of magnitude in extreme cases.
Under the assumption that the soft excess is explained by a photon spectrum (2.3)

originating from a CAB, the fitting procedure can be used to bound ECAB - or equivalently
the mean CAB energy - from above. Raising ECAB corresponds to shifting the CAB peak
in Figure 2 to higher energies, and above a certain Emax

CAB there will be significant energy
deposition in the R7 band. This is undesirable since the R7 emission can be solely explained
by thermal ICM emission. We find that the quality of the overall fit to the R2 and R7
spectrum worsens significantly for hECABi > hECABimax ' 0.37 keV in all five regions that
the cluster outskirts have been divided into.

3 Predicted Excess from ALP conversion

Our aim is to see whether the excess soft X-ray halo around the Coma cluster can be explained
by the conversion of ALPs into photons. ALPs convert to photons in homogeneous magnetic
fields, with a mixing that is set by the di↵erence between the ALP mass and the e↵ective
photon mass (the plasma frequency). The computation of ALP-photon mixing therefore
requires knowledge of both the magnetic field and the electron density. We first describe
our model for the electron density in the Coma outskirts (Section 3.1) and then describe
our model for the magnetic field (Section 3.2). In Section 3.3 we perform some consistency
checks to show that our numbers are reasonable, before finally describing in Section 3.4 how
we compute the probability of ALP to photon conversion for a given astrophysical model.

3.1 Density profile of hot gas in Coma

The Coma cluster has a complex structure when examined in detail [51]. However, the broad
X-ray picture of the cluster is simpler. It consists of a roughly spherical central region,
with the merging NGC4839 group located about 0.6� south-west from the centre and some
emission in between (e.g., see Figure 1 of [47]). This suggests the use of a simple analytical
model to describe the cluster, consisting of the sum of two �-models.

X-rays emitted from clusters come chiefly from the intracluster medium (ICM), a hot
plasma, via thermal bremsstrahlung. Good fits for the electron density are obtained from
the �-model [46]:

ne(r) = n
0

✓
1 +

r2

r2c

◆� 3
2�

. (3.1)

The expression is inspired by considering an isothermal cluster in hydrostatic equilibrium.
The parameters rc and � of the �-model are empirical, allowing for the accurate determination
of the gas density even when the isothermal-hydrostatic assumption is not valid [52].

Using ROSAT to fit the surface brightness, best fit parameters were found by [47] to be
� = 0.75± 0.03, rc = 291± 17 kpc and n

0

= 3.44± 0.04 · 10�3 cm�3. This fit was performed
up to a distance of about 100 arcmin (1.67� or 2.8Mpc from the centre). The central density
n
0

is a derived quantity from the best-fit central surface brightness [47].
Another study of the Coma X-ray surface brightness (with XMM-Newton) [53] focused

on the core region (central 1000 arcsec ⇠ 0.3� ) of the cluster. They found the parameters
for the �-model to be � = 0.6 and rc = 245 kpc. Within the central region the ROSAT
and XMM-Newton fits, assuming the same central density, are consistent with each other
(less than 5% di↵erence). An older fit to the Coma cluster using the Einstein Observatory
within the central 0.2 degrees [52], once corrected for cosmology, results in � = 0.67 and
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Figure 1. Colours: X-ray emission from the Coma cluster and the NGC4839 group from the Rosat All Sky Survey (Briel et al. 1992). Contours: Radio emission
fromWSRT at 325 MHz (Venturi et al. 1990). Contours level are at 0.3, 1 and 3 mJy/beam. The beam is ∼ 50”×125”. Crosses mark the position of the sources
in the Coma cluster (green and red) and in the NGC4839 group (white crosses), analysed in this work.

2 kpc at the cluster’s redshift. Having a high resolution is crucial to
determine small-scale RM fluctuations. At the same time, we also
need good sensitivity to the extended emission, in order to image
RM variations on the largest scales. The largest angular scale
(LAS) visible in the 20-cm band with the B array is 120′′ . From
NVSS the sources 5C4.20 and 5C4.43 have a larger angular extent,
hence we also observed them with C array configuration. Details
of the observations are given in Table 1. Since observations were
taken in the VLA-EVLA transition period, baseline calibration was
performed, using the source 1310+323 as calibrator. The source
3C286 was used as both primary flux density calibrator1 and as
absolute reference for the electric vector polarisation angle. The
source 1310+323 was observed as both a phase and parallactic
angle calibrator.
We performed standard calibration and imaging using the NRAO
Astronomical Imaging Processing Systems (AIPS). Cycles of
phase self-calibration were performed to refine antenna phase
solutions on target sources, followed by a final amplitude and
gain self-calibration cycle in order to remove minor residual gain
variations. Total intensity, I, and Stokes parameter Q and U images
have been obtained for each frequency separately. The final images
were then convolved with a Gaussian beam having FWHM =
5′′×5′′ (∼ 2.3×2.3 kpc). Polarization intensity P =

√

U2 + Q2,
polarization angle Ψ = 1

2 atan(U,Q) and fractional polarization
FPOL = P

I images were obtained from the I, Q and U images.
Polarization intensity images have been corrected for a positive
bias. The calibration errors on the measured fluxes are estimated to
be ∼ 5%.

1 we refer to the flux density scale by (Baars et al. 1977)

2.2 Radio properties of the observed sources

In this section the radio properties of the observed sources are
briefly presented. Further details are given in Table 2.
Redshift information is available for three out of the seven radio
sources. Although the redshift is not known for the other four radio
sources, they have not been associated with any cluster galaxy
down to very faint optical magnitudes: Mr ! -15 (see Miller et al.
2009). This indicates that they are background radio sources, seen
in projection through the radio relic. In the following, the radio
emission arising from the selected sample of sources is described
together with their main polarisation properties.

5C4.20 - NGC 4789
The radio emission of NGC 4789 is associated with an elliptical
galaxy with an apparent optical diameter of ∼ 1′.7 located at
redshift z∼0.028 (De Vacoulers et al. 1976). It lies at ∼ 1.5◦ from
the cluster centre, South-West of the Coma relic. The radio source
is characterised by a Narrow Angle Tail (NAT) structure. In our
high-resolution images the source shows two symmetric and colli-
mated jets that propagate linearly from the centre for ∼ 35′′ in the
SE- NW direction (see Fig. 2). Then, the jets start bending toward
North-East up to a linear distance of ∼ 130′′ from the galaxy. The
brightness decreases from the centre of the jets towards the lobes
that appear more extended in the 20-cm band images. On average
the source is polarised at the 20% level at 1.485 GHz and at the
24% level at 4.935 GHz. Lower resolution images by Venturi et al.
(1989) show that the total extent of the source is ∼ 6′, from the
core to the outermost low-brightness features. Venturi et al. (1989)
also note that no extended lobes are present at the edges of the jets,
and the morphology of the low brightness regions keeps following
the jets’ direction without transverse expansion.
5C4.16

c⃝ 0000 RAS, MNRAS 000, 000–000

[Bonafede,Vazza,Bruggen,Murgia,
Govoni,Feretti,Giovannini,Ogrean’13]

rc = 0.31Mpc. This density profile is again broadly consistent with the ROSAT and XMM-
Newton studies and the more recent Suzaku observations of the Coma cluster [49].

To model the electron density in the outskirts up to distances of around 4 degrees or
6.8Mpc, we use the �-model evaluated at these radii. This gives an estimate for the electron
density there as ne(6Mpc) ⇠ 6 · 10�6 cm�3. This region is part of the Coma supercluster,
and these electron densities are typical of those expected from supercluster regions, and is
an order of magnitude above the mean density of hydrogen nuclei in the universe n̄H =
⌦b

⇢crit
mH

(1 � Y )(1 + z)3 ⇡ 2 · 10�7 cm�3.3 This suggests that the model for the electron
density is meaningful at such large radii and does not produce results which are physically
implausible.

As the �-model is extended beyond the infalling NGC4839 group, the contribution of
this group to ne and consequently to the magnetic field needs to be included. Little is known
about the plasma distribution in the group. The mass of NGC4839 is ⇠ 0.1 of the Coma
cluster [54]. It was modeled by [55] as another �-model localised at the position of NGC4839
scaled in a self-similar way from the model for the central part of the cluster with NGC4839
�-model parameters of n

0

= 3.44 ⇥ 10�3 cm�3, � = 0.75 and rc = 134 kpc. Away from the
group the double-� model (Coma+NGC4839) quickly converges to the single-� model fitted
by excluding the group. It also agrees well with the gas density profile obtained by Suzaku
observations in the direction of NGC4839 (see Figure 14 in [55]). For this paper we use the
double-� model.

3.2 Magnetic field model in the outskirts of Coma

As we discuss below in Section 3.4, the magnitude of ALP-photon conversion depends on
the square of the magnetic field. The first evidence for the magnetic field in the Coma
cluster came from the di↵use radio halo [56] associated with synchrotron radiation that
extends beyond the central 1Mpc of the cluster. The magnitude of synchrotron emission
is degenerate between the density of the relativistic electron population and the strength
of the magnetic field. The equipartition assumption can be used to break this degeneracy,
leading to an estimate of B ⇠ 0.7�1.9µG [57], averaged over the central 1Mpc3. A potential
observational method to break the degeneracy is by directly observing the relativistic electron
population via a hard X-ray signal from inverse Compton scattering of CMB photons o↵ the
relativistic electrons. The lack of such non-thermal hard X-ray emission from Coma then
places a lower bound on the average magnetic field of B > 0.2µG [58, 59].

A di↵erent method for determining the magnetic field comes from Faraday rotation
of linearly polarised light. The ICM plasma and the magnetic field induce di↵erent phase
velocities for right-handed and left-handed circularly polarised light. This causes a wave-
length dependent rotation of the plane of polarisation for linearly polarised light coming
from localised radio sources.

 obs(�) =  0

+ �2 RM, (3.2)

where  is the angle of polarisation, � the frequency of light and

RM =
e3

2⇡m2

e

Z

l.o.s
ne(l)Bk(l)dl , (3.3)

is the rotation measure. The Faraday rotation method probes the component of the mag-
netic field parallel to the line of sight multiplied by the electron density. To constrain the

3⌦b is the baryon fraction in the universe, ⇢crit the critical density of the universe and Y is the Helium
abundance.

– 9 –

magnitude, simulated magnetic fields with a given spectrum are used to produce mock RM
images which are then compared with the measured ones [60]. This in turn provides the
perpendicular component of the field which is relevant for ALP conversion (Section 3.4).

Radio halo observations and magneto-hydrodynamics simulations suggest the magni-
tude of the magnetic field is attenuated with distance from the cluster centre [60]. Therefore
the radial dependence of the absolute value of the magnetic field is modelled as a scaling of
the electron density,

B(r) = C ·B
0

✓
ne(r)

n
0

◆⌘

, (3.4)

where the constant C is chosen such that B
0

corresponds to the average magnetic field in
the core of the cluster. The ⌘ parameter is determined empirically (e.g., through fitting
Faraday rotation measures [33, 55, 60]). Theoretically motivated values come from either the

isothermal result, B(r) / ne(r)
1
2 or the case where the magnetic field is ‘frozen’ into matter

B(r) / ne(r)
2
3 .

The actual magnetic field is turbulent and multi-scale. It can be modelled as a Gaussian
field with a power spectrum h|B̃(k)|2i / |k|�n+2 over a range of scales between kmin =
2⇡/⇤max and kmax = 2⇡/⇤min. The magnetic field then has structure between the two
scales ⇤max and ⇤min.

In [33], Faraday rotations measures within 1.5 Mpc from the Coma cluster centre were
used to constrain models of the magnetic field. The best fit values for the central magnetic
field and the ⌘ parameter were B

0

= 4.7µG and ⌘ = 0.5, with a 1� range between (B
0

=
3.9µG; ⌘ = 0.4) and (B

0

= 5.4µG; ⌘ = 0.7). There is a degeneracy between the power-law
index n and the maximum coherence scale ⇤max. The data can be fitted by a Kolmogorov
spectrum (n = 17/3) with scales between ⇤min = 2kpc and ⇤max = 34 kpc, but equally well
by a flat spectrum (n = 4) with coherence lengths between ⇤min = 2kpc and ⇤max = 100 kpc,
and (B

0

= 5.4µG; ⌘ = 0.7). These two models are summarised in Table 1.
Our description of the magnetic field will be based on these models, with the radial

parameter taken to the outskirts region. On general grounds, the coherence length is expected
to grow as one moves to the outskirts and the electron density decreases. We will analyse
this by considering two extreme cases. For equilibrium cool-core clusters the characteristic
turbulence length scale has been argued to grow as L / n�1

e [61]. The best fit for the
magnetic field profile from Faraday rotation measures coincides with the isothermal scaling
(⌘ = 0.5) and the spectrum that well describes the data is Kolmogorov. Hence this scaling
of the characteristic length (L / n�1

e ) is adopted as an extremal case that could apply to the
Coma cluster. The other case is where the coherence lengths stay the same all the way to the
outskirts of the cluster, with the most adequate description being somewhere between the
two extremes. In the case where the characteristic length scale grows with radius its value is
fixed by specifying the average coherence lengths within the cluster core.

3.3 Consistency checks in outskirts

We find typical magnetic fields in the outskirts region at about 4 Mpc from the Coma centre
to be B ⇠ 0.35µG for Model A and B ⇠ 0.15µG for Model B.

Let us check that these values are reasonable. There have been a limited number of
observational studies of magnetic fields in the outskirts of clusters/ on supercluster scales.
A value of B ⇠ 0.5µG was found by [62] in the study of the bridge region of the Coma
cluster, at a distance of around 1.5Mpc from the Coma centre. [63] also finds evidence for

– 10 –
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� turbulent B � O(µG) with L � O(10kpc)
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M = 4 ⇥ 10

11
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field-of-view. The dashed line represents the saturation

value of 1/3.

(b) Astrophysical bounds from the lack of an observation

of a gamma-ray burst with SN1987a in red, bounds on

the parameter space from this study in blue. Because of

uncertainties in the cluster magnetic field, the precise

values of M excluded may be uncertain by a factor of

two.

FIG. 2: Averaged conversion photon-to-ALP conversion probability and constraints on M .

(a) The averaged conversion probabilities. (b) The di↵erence between conversion probabilities for the

two polarisations of X-rays, showing the induced polarisation

caused by ALP–photon oscillations.

FIG. 3: Conversion probabilities and polarisation for a small 5 kpc field-of-view, with coupling M = 4 ⇥ 1011 GeV
and mass m

a

= 0 eV.

observed through a cluster. Such a search has been car-
ried out for the Hydra A cluster in [26] using a central
AGN source. However this is not an ideal source. Hydra
A is at a redshift of z = 0.06, more than ten times further
away than e.g. the Virgo cluster, and furthermore the
AGN is optically thick, with significant intrinsic absorp-
tion at lower X-ray energies, making it harder to separate
photon-ALP leakage from this e↵ect.

Another interesting e↵ect would be that the spectral
distortions would have a radial dependence within a clus-
ter. The free electron density decreases with radius, and
observations indicate the magnetic field strength also de-
creases with radial distance from the centre of the cluster.
Photons travelling along o↵-centred sightlines will then
convert at a reduced rate at higher energies (see equation
6), and the ‘step’ in the conversion probability appear at
lower energies, as implied by equation 8. This behaviour

would be characteristic of ALP-induced distortions.

Conclusions and Outlook

The main point of this paper is that thermal emis-
sion from galaxy clusters provides a well characterised
X-ray source, arising within a magnetic field environ-
ment that would lead to significant spectral distortion
for ALP masses m

a

. 1 ⇥ 10�12 eV and ALP-photon
couplings 1011 GeV . M . 7 ⇥ 1011 GeV. As such spec-
tral distortions do not appear to be observed, this places
highly competitive, and potentially the most stringent,
bounds on ALP parameter space. We should of course
also caution that bounds on M can only ever be as good
as knowledge of the astrophysical magnetic field, which
for clusters is probably currently uncertain up to a factor

2

� = 0.54
⇣ n

e

10�3 cm�3

⌘✓
L

10 kpc

◆✓
1 keV

!

◆
. (5)

For ⇥,� ⌧ 1, conversion is quadratic in both size and
coherence length of the magnetic field,

P
�!a

=
1

2
⇥2�2 =

B2

?L2

8M2

, (6)

and ALP-photon conversion is energy-independent.
However, for ⇥ ⌧ 1 and � � 1, the conversion prob-
ability is energy-dependent and progressively suppressed
at lower energies,

P
�!a

=
1

2
⇥2 sin2(�) ⇠ m2

e

B2

?
⇡2↵2n2

e

M2

!2 sin2
✓
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m
e

n
e

L

!

◆
.

(7)
We can define a critical energy marking the crossover
between the regimes,
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✓
L
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◆
,

(8)
and thus for typical clusters and for M & 1011GeV, the
crossover between regimes occurs within the range of ob-
served X-ray photon energies. We now show that this can
lead to substantial distortions of the thermal spectrum of
the intra-cluster medium, using the Coma cluster as our
prime example.

X-ray emission from galaxy clusters

The intracluster medium (ICM) permeating galaxy
clusters is a hot thermal plasma with temperatures,
depending on the cluster, of between 2 and 10 keV.
The cluster is visible in X-rays through the thermal
bremsstrahlung of the ICM, with both continuum and
line emission.

The continuum emissivity is given by,

I(⌫) = An2

e

g(⌫, T ) exp
�� h⌫

kT

�
p

kT
, (9)

where A is a constant and the Gaunt factor g(⌫, T ) is
a slowly varying function of frequency. The strength of
the atomic lines is set by both the overall metallicity
and individual abundance of heavy elements, as well as
the local ICM temperature, and can be calculated using
programs such as AtomDB [17].

Thermal emission from the ICM has been extensively
observed by several generations of X-ray satellites across
the last few decades, providing an excellent fit to observa-
tions. Figure 1 shows fits to emission from the Coma clus-
ter (adapted from [18] and [19]), which hosts an approx-
imately isothermal ICM with a temperature of 8.1 keV.
Note the excellent quality of the fits, with residuals all
below the 10% level. As a further illustration of the at-
tained precision, we note that the possible 3.55 keV dark

matter line reported in [20] is observed as a per cent level
e↵ect above the background, thereby requiring the abil-
ity to characterise the background thermal emission to
the same level of accuracy.
Thus, galaxy clusters provide an intrinsic, di↵use,

bright and well characterised source of X-ray photons.

Cluster spectral distortions from ALPs

If a significant proportion of the thermal photons were
to convert to ALPs, the resulting X-ray spectrum would
be distorted. The photon-to-ALP conversion probabil-
ity is determined largely by the structure of the cluster
magnetic field.
Generically, clusters support magnetic fields of O(µG)

strength that are coherent over 1–10 kpc scales (for re-
views see [21, 22]). For the Coma cluster, a detailed
multi-scale model of the tangled magnetic field was con-
structed in [23], and shown to give a good fit to observed
Faraday rotation measures.
For the Coma magnetic field of [23], we have simu-

lated photon-to-ALP conversion of the ICM by numer-
ically solving (2) along a set of sightlines that sample
a given field-of-view. Along any given sightline, photons
originate along each point in the cluster, and the net con-
version probability is an average weighted by the thermal
photon density at each point, which scales as ⇠ n2

e

.
The distorted X-ray spectrum is then given by,

f
distorted

(!) = (1 � hP
�!a

i(!)) f
intrinsic

(!) , (10)

where hP
�!a

i(!) denotes the net conversion probability
for the sightlines, averaged over the relevant field-of-view.
For M . 1011 GeV, the conversion probability satu-

rates for the entire X-ray range, leading to a uniform
reduction of the cluster luminosity to 2/3 of its orig-
inal amount. However, as shown in equation 8, for
precisely the most observationally interesting range of
1011 < M/GeV . 1012, the photon-to-ALP conversion
probability is large at higher X-ray energies, while be-
ing suppressed at lower energies. Thus, such photon-to-
ALP conversion induces spectral distortions of the ther-
mal ICM spectrum [24]. In Figure 2a we illustrate this by
plotting hP

�!a

i(!) obtained from the simulations with
m

a

= 0, M = 4 ⇥ 1011 GeV and a field-of-view of size
(100 kpc)2 at the centre of the Coma cluster.
Given the quality of the fits in Figure 1, the simulated

photon-to-ALP conversion probabilities can be used to
constrain the ALP parameters M and m

a

. By conserva-
tively stipulating the absence of deviations in the spec-
trum of 10% or greater, we find the constraints plotted in
Figure 2b. For m

a

. 5⇥ 10�12 eV this provides a bound
on the ALP coupling M . 7⇥ 1011 GeV, while for m

a

&
5⇥10�12 eV, the conversion probability is suppressed by
the large ALP mass, and for m

a

& 1⇥ 10�11 eV the cor-

100 � 100 kpc
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FIG. 2: Averaged conversion photon-to-ALP conversion probability and constraints on M .

(a) The averaged conversion probabilities. (b) The di↵erence between conversion probabilities for the

two polarisations of X-rays, showing the induced polarisation

caused by ALP–photon oscillations.

FIG. 3: Conversion probabilities and polarisation for a small 5 kpc field-of-view, with coupling M = 4 ⇥ 1011 GeV
and mass m

a

= 0 eV.

observed through a cluster. Such a search has been car-
ried out for the Hydra A cluster in [26] using a central
AGN source. However this is not an ideal source. Hydra
A is at a redshift of z = 0.06, more than ten times further
away than e.g. the Virgo cluster, and furthermore the
AGN is optically thick, with significant intrinsic absorp-
tion at lower X-ray energies, making it harder to separate
photon-ALP leakage from this e↵ect.

Another interesting e↵ect would be that the spectral
distortions would have a radial dependence within a clus-
ter. The free electron density decreases with radius, and
observations indicate the magnetic field strength also de-
creases with radial distance from the centre of the cluster.
Photons travelling along o↵-centred sightlines will then
convert at a reduced rate at higher energies (see equation
6), and the ‘step’ in the conversion probability appear at
lower energies, as implied by equation 8. This behaviour

would be characteristic of ALP-induced distortions.

Conclusions and Outlook

The main point of this paper is that thermal emis-
sion from galaxy clusters provides a well characterised
X-ray source, arising within a magnetic field environ-
ment that would lead to significant spectral distortion
for ALP masses m

a

. 1 ⇥ 10�12 eV and ALP-photon
couplings 1011 GeV . M . 7 ⇥ 1011 GeV. As such spec-
tral distortions do not appear to be observed, this places
highly competitive, and potentially the most stringent,
bounds on ALP parameter space. We should of course
also caution that bounds on M can only ever be as good
as knowledge of the astrophysical magnetic field, which
for clusters is probably currently uncertain up to a factor

Can be used to bound M: 
[Conlon, Marsh, Powell 15]
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FIG. 1: Prediction of the axion-photon coupling versus its mass (yellow band). Also shown are excluded regions arising from the
non-observation of an anomalous energy loss of massive stars due to axion or ALP emission [12], of a �-ray burst (in coincidence
with the observed neutrino burst) from SN 1987A due to conversion of an initial ALP burst in the galactic magnetic field, of
changes in quasar polarizations due to photon-ALP oscillations, and of dark matter axions or ALPs converted into photons
in microwave cavities placed in magnetic fields [13–17]. Axions and ALPs with parameters in the regions surrounded by the
red lines may constitute all or a part of cold dark matter (CDM), explain the cosmic �-ray transparency, and the soft X-ray
excess from Coma. The green regions are the projected sensitivities of the light-shining-through-wall experiment ALPS-II, of
the helioscope IAXO, of the haloscopes ADMX and ADMX-HF, and of the PIXIE or PRISM cosmic microwave background
observatories.

arise as pseudo Nambu-Goldstone bosons from the breaking of accidental global U(1) symmetries that appear as low
energy remnants of exact discrete symmetries occurring in string compactifications [64–66]. Intriguingly, very light
and weakly coupled generic ALPs ai, with decay constants in the same range as Eq. (6), share with the axion the
property of being cold dark matter candidates since they are also produced via the vacuum-realignment mechanism
[67–69]. In fact, their relic abundance, in the now strongly favored post-inflationary symmetry breaking scenario, is
roughly given by2

⌦ai
h2 ⇡ 0.053⇥

⇣mai

eV

⌘1/2
✓

fai

1011 GeV

◆2

. (13)

Therefore, there is a strong motivation to search not only for the axion A, but also for additional light ALPs ai, for
which the low-energy e↵ective Lagrangian describing their interactions with (the lightest Standard Model particles)

2 The red line labelled “ALP CDM” in Fig. 1 corresponds to the ALP photon coupling, where an ALP, according to (13), can account for
all of the dark matter in the universe, assuming that it couples with strength gai� = ↵/(2⇡fai ). The region below this line is strongly
disfavored after BICEP2 by overdensity constraints [34, 35].

100 � 100 kpc
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Distortion small field of view

4

(a) Averaged conversion probabilities for

M = 4 ⇥ 10

11
GeV, ma = 0 eV, for a 100 kpc

field-of-view. The dashed line represents the saturation

value of 1/3.

(b) Astrophysical bounds from the lack of an observation

of a gamma-ray burst with SN1987a in red, bounds on

the parameter space from this study in blue. Because of

uncertainties in the cluster magnetic field, the precise

values of M excluded may be uncertain by a factor of

two.

FIG. 2: Averaged conversion photon-to-ALP conversion probability and constraints on M .
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(a) The averaged conversion probabilities. (b) The di↵erence between conversion probabilities for the

two polarisations of X-rays, showing the induced polarisation

caused by ALP–photon oscillations.

FIG. 3: Conversion probabilities and polarisation for a small 5 kpc field-of-view, with coupling M = 4 ⇥ 1011 GeV
and mass m

a

= 0 eV.

observed through a cluster. Such a search has been car-
ried out for the Hydra A cluster in [26] using a central
AGN source. However this is not an ideal source. Hydra
A is at a redshift of z = 0.06, more than ten times further
away than e.g. the Virgo cluster, and furthermore the
AGN is optically thick, with significant intrinsic absorp-
tion at lower X-ray energies, making it harder to separate
photon-ALP leakage from this e↵ect.

Another interesting e↵ect would be that the spectral
distortions would have a radial dependence within a clus-
ter. The free electron density decreases with radius, and
observations indicate the magnetic field strength also de-
creases with radial distance from the centre of the cluster.
Photons travelling along o↵-centred sightlines will then
convert at a reduced rate at higher energies (see equation
6), and the ‘step’ in the conversion probability appear at
lower energies, as implied by equation 8. This behaviour

would be characteristic of ALP-induced distortions.

Conclusions and Outlook

The main point of this paper is that thermal emis-
sion from galaxy clusters provides a well characterised
X-ray source, arising within a magnetic field environ-
ment that would lead to significant spectral distortion
for ALP masses m

a

. 1 ⇥ 10�12 eV and ALP-photon
couplings 1011 GeV . M . 7 ⇥ 1011 GeV. As such spec-
tral distortions do not appear to be observed, this places
highly competitive, and potentially the most stringent,
bounds on ALP parameter space. We should of course
also caution that bounds on M can only ever be as good
as knowledge of the astrophysical magnetic field, which
for clusters is probably currently uncertain up to a factor

2

� = 0.54
⇣ n

e

10�3 cm�3

⌘✓
L

10 kpc

◆✓
1 keV

!

◆
. (5)

For ⇥,� ⌧ 1, conversion is quadratic in both size and
coherence length of the magnetic field,

P
�!a

=
1

2
⇥2�2 =

B2

?L2

8M2

, (6)

and ALP-photon conversion is energy-independent.
However, for ⇥ ⌧ 1 and � � 1, the conversion prob-
ability is energy-dependent and progressively suppressed
at lower energies,

P
�!a

=
1

2
⇥2 sin2(�) ⇠ m2

e

B2

?
⇡2↵2n2

e

M2

!2 sin2
✓

⇡↵

m
e

n
e

L

!

◆
.

(7)
We can define a critical energy marking the crossover
between the regimes,

!
�

keV
= 0.54

����
n
e

10�3 cm�3

�
⇣ m

a

1.2 · 10�12 eV

⌘
2

����

✓
L

10 kpc

◆
,

(8)
and thus for typical clusters and for M & 1011GeV, the
crossover between regimes occurs within the range of ob-
served X-ray photon energies. We now show that this can
lead to substantial distortions of the thermal spectrum of
the intra-cluster medium, using the Coma cluster as our
prime example.

X-ray emission from galaxy clusters

The intracluster medium (ICM) permeating galaxy
clusters is a hot thermal plasma with temperatures,
depending on the cluster, of between 2 and 10 keV.
The cluster is visible in X-rays through the thermal
bremsstrahlung of the ICM, with both continuum and
line emission.

The continuum emissivity is given by,

I(⌫) = An2

e

g(⌫, T ) exp
�� h⌫

kT

�
p

kT
, (9)

where A is a constant and the Gaunt factor g(⌫, T ) is
a slowly varying function of frequency. The strength of
the atomic lines is set by both the overall metallicity
and individual abundance of heavy elements, as well as
the local ICM temperature, and can be calculated using
programs such as AtomDB [17].

Thermal emission from the ICM has been extensively
observed by several generations of X-ray satellites across
the last few decades, providing an excellent fit to observa-
tions. Figure 1 shows fits to emission from the Coma clus-
ter (adapted from [18] and [19]), which hosts an approx-
imately isothermal ICM with a temperature of 8.1 keV.
Note the excellent quality of the fits, with residuals all
below the 10% level. As a further illustration of the at-
tained precision, we note that the possible 3.55 keV dark

matter line reported in [20] is observed as a per cent level
e↵ect above the background, thereby requiring the abil-
ity to characterise the background thermal emission to
the same level of accuracy.
Thus, galaxy clusters provide an intrinsic, di↵use,

bright and well characterised source of X-ray photons.

Cluster spectral distortions from ALPs

If a significant proportion of the thermal photons were
to convert to ALPs, the resulting X-ray spectrum would
be distorted. The photon-to-ALP conversion probabil-
ity is determined largely by the structure of the cluster
magnetic field.
Generically, clusters support magnetic fields of O(µG)

strength that are coherent over 1–10 kpc scales (for re-
views see [21, 22]). For the Coma cluster, a detailed
multi-scale model of the tangled magnetic field was con-
structed in [23], and shown to give a good fit to observed
Faraday rotation measures.
For the Coma magnetic field of [23], we have simu-

lated photon-to-ALP conversion of the ICM by numer-
ically solving (2) along a set of sightlines that sample
a given field-of-view. Along any given sightline, photons
originate along each point in the cluster, and the net con-
version probability is an average weighted by the thermal
photon density at each point, which scales as ⇠ n2

e

.
The distorted X-ray spectrum is then given by,

f
distorted

(!) = (1 � hP
�!a

i(!)) f
intrinsic

(!) , (10)

where hP
�!a

i(!) denotes the net conversion probability
for the sightlines, averaged over the relevant field-of-view.
For M . 1011 GeV, the conversion probability satu-

rates for the entire X-ray range, leading to a uniform
reduction of the cluster luminosity to 2/3 of its orig-
inal amount. However, as shown in equation 8, for
precisely the most observationally interesting range of
1011 < M/GeV . 1012, the photon-to-ALP conversion
probability is large at higher X-ray energies, while be-
ing suppressed at lower energies. Thus, such photon-to-
ALP conversion induces spectral distortions of the ther-
mal ICM spectrum [24]. In Figure 2a we illustrate this by
plotting hP

�!a

i(!) obtained from the simulations with
m

a

= 0, M = 4 ⇥ 1011 GeV and a field-of-view of size
(100 kpc)2 at the centre of the Coma cluster.
Given the quality of the fits in Figure 1, the simulated

photon-to-ALP conversion probabilities can be used to
constrain the ALP parameters M and m

a

. By conserva-
tively stipulating the absence of deviations in the spec-
trum of 10% or greater, we find the constraints plotted in
Figure 2b. For m

a

. 5⇥ 10�12 eV this provides a bound
on the ALP coupling M . 7⇥ 1011 GeV, while for m

a

&
5⇥10�12 eV, the conversion probability is suppressed by
the large ALP mass, and for m

a

& 1⇥ 10�11 eV the cor-

10 � 10 kpc
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Distortion small field of view
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Distortion small field of view
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Distortion small field of view
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Distortion small field of view
Distortion along line of sight IV, M = 1012GeV
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Distortion small field of view

Distortion along line of sight V, M = 1012GeV
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Distortion small field of view

Distortion along line of sight I, M = 3 · 1011GeV
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Distortion small field of view
Distortion along line of sight II, M = 3 · 1011GeV
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Distortion small field of view
Distortion along line of sight III, M = 3 · 1011GeV
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ALP induced spectral 
distortions on small scales

• Irregularities/ oscillations in 1/E are very 
distinctive from known astrophysical features (e.g. 
atomic lines)

• Nobody has searched for them in galaxy clusters

• We should look for them!

• Worst case, we can improve the bounds on ALP 
to photon coupling for light ALPs ma < 10�12 eV
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Which telescope?
Suzaku Chandra

Hitomi/Astro-H

�E = 5 eV, �� = 60�� �E = 500 eV, �� = 10��

Nustar

XMM-Newton

�E = 100 eV,
�� = 5��

�E = 100 eV,
�� = 60�� �� = 0.5��

�E = 100 eV,

3 � 80 keV
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Which clusters?
Nearby clusters: High count rate + angular resolution

Coma,
500 ks
z = 0.023

Centaurus,
700 ks
z = 0.009

Perseus,
600 ks
z = 0.018

Ophiuchus,
300 ks
z = 0.028
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Strategy

• Prepare observations for analysis (remove flares, 
remove point sources, substract background, 
stack observations)

• Fit temperature and atomic lines in large regions 
(e.g. 100x100 kpc)

• Fit normalization only in small regions (e.g. 10x10 
kpc) and look for deviations from the thermal 
spectrum
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The thermal spectrum
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Small scale deviations?
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Conclusions

• ALPs generically arise in string compactifications

• Their properties can be probed via ALP-photon 
conversion

• Galaxy clusters provide excellent environment to 
look for ALPs

• ALP induced small scale spectral distortions - stay 
tuned for results!
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Future Data
Chandra:

= 1000 ks � 1500 ks total!

Hitomi/Astro-H:

launched last week!
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