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coupling to volume modulus in type IIB)
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Br(� � visibles) vs Br(� � hidden)

Planck: Ne� = 3.30 ± 0.27
Planck + H0: Ne� = 3.62 ± 0.25

� � ALPs

[Conlon, Marsh ’13]

[see Talk by  S. Angus]
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Properties of the CAB
• Modulus decay produces relativistic non-thermal 

ALPs    with 

• Energy density: 

• CAB energy: 

• For                          (                   to avoid CMP) 

• Couples to photons via

5

angle single-domain formula (Eq. 3.9) over all directions, and the fact that ✓ is always in
the small angle approximation. For the case that the characteristic coherence length scales
inversely with electron density, the distribution p(L) and ⇤min,⇤max become dependent on
the position x in the cluster.
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Figure 4. Luminosity from ALP-photon conversion for the single domain formula, the small angle
single domain formula and the full simulation in the central regions of the cluster for Model A for
M = 6.5 · 1012 GeV and hECABi = 0.15 keV. The vertical line is at 0.5�, where our analysis of the
outer regions begins. The agreement between small angle and single domain approximation in the
outskirts improves for larger hECABi and is still satisfactory for hECABi at the lower end of the
considered values hECABi & 0.05 keV. The errors for the simulation are estimated from the variation
of the values when repeating the runs.

To get a sense of its reliability, the single domain formula has been tested against the
full simulation of the ALP conversion in the central 1Mpc3. Using the single domain formula
qualitatively reproduces the radial dependence of the conversion probability and luminosity
for the two models considered in this paper (see Figure 4). However, compared to the full
simulation, the value of M required to give the same overall magnitude of luminosity di↵ers
by about 50% compared to the full simulation in the central Mpc3 of Coma for both Model
A and Model B. Given that there are in any case significant astrophysical uncertainties on
the magnetic field, the single domain formula serves as a reasonable semi-analytic estimate
for ALP-photon conversion in the outer regions of the cluster.

The energy density of the CAB is determined via [21]

⇢CAB = �Neff
7

8

✓
4

11

◆
4/3

⇢CMB , (3.10)

if the ALPs are the only additional relativistic species in the universe. The combination of
the overall energy density of the CAB, the spectral shape X(E) and the conversion proba-
bility allows the calculation of the spectrum and luminosity of the converted photons. The

– 13 –

a Ea = m�/2
 String Phenomenology 2014, Trieste.                                                   David Marsh, University of Oxford

For the rest of this talk, I will entertain the theoretically 
and observationally well-motivated assumption that there 
is some axionic dark radiation in our universe.
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Cosmic Axion Background (CAB):

Axionic dark radiation

end of inflation.4 An oscillating scalar field redshifts like matter,

⇢
moduli

⇠ a(t)�3 ,

where a(t) denotes the Friedmann-Robertson-Walker scale factor. Owing to their feeble, Planck-mass
suppressed interactions, the moduli are long-lived. The oscillating moduli fields subsequently come to
dominate over any initial radiation, which redshifts as ⇢

radiation

⇠ a(t)�4. The universe then enters
a modulus-dominated stage, which lasts until the moduli decay into visible and hidden sector matter
and radiation, thus inducing reheating.

The characteristic decay rate of a modulus of mass m
�

is

� ⇠ 1

8⇡

m3

�

M2

P

, (3.1)

where M
P

denotes the reduced Planck mass, M
P

= 2.48 ⇥ 1018 GeV. The energy density of the
universe at the time of modulus decay, ⌧�1

decay

⇠ H ⇠ �, is

V
decay

⇠ 3H2M2

P

⇠ m6

�

M2

P

. (3.2)

The visible sector decays of the modulus rapidly thermalise and initiate the Hot Big Bang at a
temperature

T
reheat

⇠ m
3/2
�

M
1

2

P

⇠ 1GeV
⇣ m

�

106 GeV

⌘
3/2

. (3.3)

However, the gravitational origin of the moduli — for example as extra-dimensional modes of the
graviton — implies that moduli can also decay to any hidden sector. Furthermore, visible and hidden
sector decay modes are approximately democratic, and in particular the branching ratios into hidden
sector massless particles with extremely weak interactions (such as axions) need not be vanishingly
small [81–84] (also see [85]).

Two-body decays of a modulus field into axions are induced by the Lagrangian coupling �

MP
@µa@

µa,
resulting in axions with an initial energy Ea = m

�

/2. Since they are weakly interacting, the axions
do not thermalise and the vast majority of axions propagate freely to the present day, where they
form a homogeneous and isotropic Cosmic Axion Background. Furthermore, being relativistic, they
contribute to the dark radiation energy density of the universe.

The characteristic axion energy today is set by the initial axion energy, redshifted to the present.
Since the current CMB temperature is found simply by redshifting the primordial thermal plasma

(up to a small
⇣

g⇤,now

g⇤,init

⌘�1/3

boost as species decouple), we have

Ea,now

T�,now
' Ea,init

T�,init
⇠

✓
M

P

m
�

◆
1/2

.

For moduli masses m ⇡ 106 GeV, this gives Ea ⇠ 106 T
CMB

⇡ 200 eV.

To find the exact spectral shape of the CAB, we must account for the fact that moduli do not
decay instantaneously, and meanwhile the expansion rate of the universe changes as it transitions
from matter (modulus) domination prior to reheating into radiation domination after all moduli have
decayed. Moduli that decay early give rise to present-day lower-energy axions as they have more time
to redshift, whereas more energetic axions arise from late-decaying moduli. The spectral shape was
computed numerically in [8] and may be described as ‘quasi-thermal’, with an exponential fall-o↵ at
high energies (c.f. figure 1). The overall magnitude is normalised to the axionic contribution to �N

e↵

,
and the peak location is determined by the mass of the modulus and its lifetime.

4
The displacement is driven by the large inflationary energy density and its coupling to the moduli fields. A large

displacement will arise whenever Vinf & m2
�,vacM

2
P, where m�,vac is the vacuum mass of the modulus, and in practice

moduli domination will come to occur even for very small initial displacements.

– 12 –

m� � 106 GeV

�ECAB� � 200 eV (X-ray)

Model A Model B
⇤min 2 kpc 2 kpc
⇤max 34 kpc 100 kpc
n 17/3 4
B

0

4.7 µG 5.4 µG
⌘ 0.5 0.7

Table 1. Magnetic field models giving good fits for the Faraday rotation measures to the central
regions of the Coma cluster. The magnetic field spectrum ranges in wave number from 2⇡

⇤
min

to 2⇡
⇤

max

.

B ⇠ 0.2� 0.4µG magnetic fields on distance scales of 4Mpc from the centre of Coma. From
the study of Faraday rotation measures in the Hercules-Pisces supercluster, [64] estimates
a magnetic field of B ⇠ 0.3µG and considers typical electron densities in this region as
between 5⇥ 10�6 cm�3 and 2⇥ 10�5 cm�3. [65] estimate a magnetic field B ⇠ 0.5� 1µG for
a filamentary region of galaxies over a scale d ⇠ 6Mpc.

Normalization of the thermal component fitted in the R7 band depends on the ICM
density, C

ICM

= aZ2nIne (see Section 2). Here a is a known numerical factor, Z is the ionic
charge, nI the ion density, and ne the electron density. The normalization therefore provides
a cross-check on the double-� model for the electron density we use to describe the Coma
cluster. The modelled ICM density is to within a factor of two compared to the density
deduced by fitting the thermal component to observations.4

A recent observation of the Coma cluster by Suzaku [49] measured the temperature,
metallicity and electron density radial profiles along five di↵erent directions. The values
for kT and metallicity A for the hard thermal component used in this paper are consistent
with the observation. Our modelled electron density agrees well with the observed radial
profile. The measurement of the X-ray surface brightness along the five directions converges
to the same value above 80 arcmin. Below that the most prominent feature is a bump in
the SW direction roughly centred on the NGC4839. Thus the double-� model we use also
encapsulates the approximate morphology of the Coma cluster.

Based on the above observations, it appears that the electron densities and magnetic
field strengths we are using in the outskirts region are physically sensible. Of course one
should probably not trust the magnetic field strengths to within a factor of two, but there
does not seem to be any reason to suppose an order of magnitude error in the values.

3.4 Axion conversion

The part of the ALP-photon Lagrangian responsible for the conversion is

L � 1

M
aE ·B , (3.5)

where M�1 is the ALP-photon coupling.
The ALP to photon conversion probability for a single domain of homogeneous magnetic

field of size L is [32]:

P (a ! �) = sin2(2✓) sin2
✓

�

cos 2✓

◆
, (3.6)

4With the exception of 2� � 2.5� radial bin where there is no hard thermal component after background
subtraction.

– 11 –

� 104 GeV
[see Talk by  E. Dudas]
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Proposed astrophysical explanations:

In sum, neither proposed astrophysical explanation is 
completely compelling.

a

�

How about axion-photon 
conversion of the CAB?

Conlon, DM ’13, Angus, Conlon, DM, Powell, Witkowski, ’13.

The cluster soft X-ray excess

      Interesting “Labs” to 
study the CAB via ALP to 
photon conversion!

[Conlon, Marsh ’13]

�
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Soft X-ray Excess in Coma
• Clusters are filled by hot gas which 

emits in X-rays via thermal 
bremsstrahlung

• Soft Excess is observed by EUVE 
and ROSAT in ~30% of 38 clusters
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4 Bonamente et al.

R2 R7
4 − 6◦ 555.7 ± 2.3 42.8 ± 0.7
4 − 10◦ 558.0 ± 1.2 43.1 ± 0.3

TABLE 1
Background levels in 10−6 PSPC counts s−1 arcmin−2.

Region kT R2/R7
(◦) (keV) c/r ratio
0-0.5 8 1.04
0.5-2 4 1.28
2-4 2 1.80

TABLE 2
Average temperature of the Coma plasma, and ratio of

R2-to-R7 count rate for PSPC.

We estimate the ratio of R2-to-R7 band count rates using
the method described in Snowden et al. (1997), which
consists of using the on-axis PSPC response function
in conjunction with an optically thin plasma emission
model 5. The distribution of Galactic HI in the di-
rection of Coma was investigated in Bonamente et al.
(2003), by means of the Dickey & Lockman (1990) and
Hartmann & Burton (1997) 21-cm data, and IRAS 100
µm data. For a region within 5◦ from the cluster center,
the HI column density is between NH = 0.8− 1.1× 1020

cm−2, with no evidence of large-scale gradients; for the
count-rate ratios in Table 2, we assumed NH = 0.9×1020

cm−2, which is appropriate for the radial range of inter-
est. The count-rate ratio is also sensitive to the chem-
ical composition of the plasma; in particular, a higher
abundance A of metals results in a lower R2-to-R7 ra-
tio, due to emission lines processes. We therefore used a
conservative value of A = 0 in deriving the estimates of
Table 2; if an abundance of A = 0.3 was used instead,
the count-rate ratio would decrease respectively to 1.03
(8 keV), 1.20 (4 keV) and 1.48 (2 keV), causing a lower
prediction for the contribution of the hot ICM in the R2
band and higher soft X-ray fluxes. For each annulus, we
thus estimate the hot ICM contribution to the 1/4 keV
band by multiplication of the background-subtracted R7
intensity (Figure 2) by the factor in Table 2.

In Figure 3 we show the R2 band excess emission above
the contribution of the hot ICM. This determination of
the excess emission clearly depends on our choices in the
modelling of the thermal plasma. If the plasma tempera-
ture in the 0.5-2◦ region is higher, then our estimates are
a strict lower limit. The excess emission is still detected
at high significance by using a temperature as low as 2
keV for the 0.5-2◦ region; in this case, the significance of
detection of the three bins in Figure 3 between 0.5 and 2◦

decreases, respectively, from 7.0, 8.0 and 6.1 σ to 4.2, 6.9
and 5.1 σ. The uncertainty in the R2 excess takes into
account the error in the background measurements from
the 4-6◦ region. As noted above in Section 2.3, the excess
is detected with same statistical significance if the 4-10◦

region is used to estimate the background. The increase
in the 1/4 keV band flux at radii ≥ 8 ◦ is associated with
a North Polar Spur feature clearly visible in Figure 1,

5 This procedure was also confirmed by S. Snowden, private
communication. The PSPC-C camera was used for the All-Sky
Survey.

and gives rise to a spurious 1/4 keV excess. This emis-
sion was the reason for our choice of the local background
in the 4-6◦ region – which is less affected by the North
Polar Spur emission– and highlights the need of a local
background for the purpose of background subtraction.

Fig. 3.— Radial profile of the excess emission in R2 band, above
the contribution from the hot ICM . Units of the excess emissions
are 10−6 PSPC counts s−1 arcmin−2.

3. INTERPRETATION OF THE EXCESS EMISSION

In Section 2 we discussed possible sources of system-
atic error that may affect the excess emission shown in
Figure 3, and concluded that the signal cannot be ex-
plained by errors in the HI column density, modelling of
the hot plasma, or background subtraction. We there-
fore proceed to investigate if the emission can be due to
unresolved point sources, and then discuss two scenarios
for a cluster origin of the emission.

3.1. Point source emission

Given the limited angular resolution of these ROSAT
All-Sky Survey data, a possible explanation for the de-
tected excess is that the signal is associated with a num-
ber of unresolved point sources (e.g., galaxies) in the
Coma field. We address this possibility by using the anal-
ysis of X-ray point sources detected by Finoguenov et al.
(2004) in an XMM-Newton mosaic observation of the cen-
tral Coma cluster with the XMM-Newton EPIC detector.
Their analysis detects a number of X-ray point sources
for a total combined flux of F = 0.67±0.01 EPIC counts
per second in the 1-2 keV band, in a circular area of ap-
proximate radius 0.78◦. We can use these numbers to
estimate the contribution of unresolved point sources in
our ROSAT All-Sky Survey data. First, we rescale the
EPIC count rate to the PSPC count rate in the same
energy band, taking into account that the PSPC camera
has an average effective area that is ∼ 7.5% that of the
EPIC detectors, in the 1-2 keV band (Finoguenov et al.
2004; Snowden et al. 1997). Then, assuming (conserva-
tively) that an equivalent population of X-ray sources is
present at larger radii, we can estimate that the average
brightness due to point sources in the R7 band is of or-
der S = 7.2 × 10−6 PSPC counts per second per square
arcmin. The contribution of these point sources to the

Fractional excess

15 arcmin = 0.4 Mpc 3� = 5.2 Mpc

[Bonamente et al ’09]

[Bonamente et al ’02]
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Proposed astrophysical 
explanations

• Thermal Bremsstrahlung from a ‘colder’ (T ~ 200 
eV) gas: But associated emission lines not seen 

• Inverse-Compton scattering of the CMB by 
relativistic cosmic ray electrons: But no associated 
gamma ray bremsstrahlung flux
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� Known astrophysical explanations not compelling
� Explore cosmological CAB explanation of the soft X-

ray excess!
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ALP-photon conversion:
a

M
Fµ⌫ F̃

µ⌫ =
a

M
~E · ~B .Recall:

~B
Soft
X-ray

L

Detecting a CAB

Sikivie ’83

ALP to photon conversion

• Conversion via

•

11

Model A Model B
⇤min 2 kpc 2 kpc
⇤max 34 kpc 100 kpc
n 17/3 4
B

0

4.7 µG 5.4 µG
⌘ 0.5 0.7

Table 1. Magnetic field models giving good fits for the Faraday rotation measures to the central
regions of the Coma cluster. The magnetic field spectrum ranges in wave number from 2⇡

⇤
min

to 2⇡
⇤

max

.

B ⇠ 0.2� 0.4µG magnetic fields on distance scales of 4Mpc from the centre of Coma. From
the study of Faraday rotation measures in the Hercules-Pisces supercluster, [64] estimates
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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

c© 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.
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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
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Figure 9. Luminosity comparison for the di↵erent models compared to the ’thermal’ excess data. For
�Ne↵ = 0.5 and hECABi = 150 eV, normalisation of the integrated luminosities gives M = 6.5 ⇥ 1012,
5.2⇥ 1012 and 5.7⇥ 1012 GeV for Models 1 (⌘ = 0.7), 2, and 3 respectively.

rotation measures.6 This is our Model 2, to which we now turn.

Model 2: In this model the generated magnetic field, prior to modulation by a function of the
electron density, only varies on scales between 2� 5 kpc. In this range, the magnetic field varies with
n = 17/3 and the modulation with electron density is obtained with ⌘ = 0.7, setting B

0

= 5.4 µG.

6
Note that the small scales in this model are however not necessarily unphysical. Faraday rotation constrains the

magnitude and coherence lengths of the parallel component of the magnetic field along the line of sight, whereas axion

conversion involves the transverse components. The magnetic field models used here make these equal by assumption,

but if the latter is actually smaller than the former by a factor of a few, this model could still be consistent with Faraday

rotation.
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Figure 10. The values of M required to normalise the total soft excess from axion-photon conversion in
the 0.2 � 0.4 keV band to the observed total excess luminosity with the central 18 arcminutes of Coma as a
function of hECABi for �Ne↵ = 0.5. Model 1 is represented by the blue solid curve, Model 2 by the black
curve and Model 3 by the orange curve. The supernova �-burst bound is indicated by a dashed grey line, and
the bounds from overproduction of X-rays in the 0.5 � 0.6 keV range are indicated by a vertical dashed line
for each model.

The simulated photon luminosities from this model match the observational data for the soft excess
very well, as is shown in figure 9.

Based on our discussion in section 5.2.1 on the radial dependence of the simulated conversion
probabilities, we may interpret the improved fit as due to a decreased ‘e↵ective coherence length’,
resulting in modes approaching the small-� attractor at smaller radii, c.f. figures 6a and 6b.

Model 3: We now return to magnetic field models consistent with observations of Faraday rotation
measures in Coma, but focus on models which concentrate more power on smaller scales relative to
Model 1. The e↵ective degeneracy between values of n and ⇤

max

allows for reducing n by simulta-
neously increasing ⇤

max

, as is illustrated in figure 16 of reference [12]. Here again, we take ⌘ = 0.7
and B

0

= 5.4 µG. The resulting photon luminosities from CAB conversion are shown in figure 9 and
again show a good agreement with the observed soft excess.

The conclusions to draw from these are that an explanation of the soft excess via axion-photon
conversion appears to require the transverse components of the magnetic field to have more power
on shorter scales than in the Kolmogorov spectra of [12]. This can be achieved either by allowing a
flatter spectrum, so as to be consistent with Faraday rotation measures even for a Gaussian magnetic
field, or by having di↵erent coherence lengths for transverse and parallel components of the magnetic
field.

5.2.3 Constraints on the axion-photon coupling

Having established that the CAB explanation of the cluster soft excess is in reasonable agreement
with observations for magnetic field models motivated by observations of Faraday rotation measures,
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Model A Model B
⇤min 2 kpc 2 kpc
⇤max 34 kpc 100 kpc
n 17/3 4
B

0

4.7 µG 5.4 µG
⌘ 0.5 0.7

Table 1. Magnetic field models giving good fits for the Faraday rotation measures to the central
regions of the Coma cluster. The magnetic field spectrum ranges in wave number from 2⇡

⇤
min

to 2⇡
⇤

max

.

B ⇠ 0.2� 0.4µG magnetic fields on distance scales of 4Mpc from the centre of Coma. From
the study of Faraday rotation measures in the Hercules-Pisces supercluster, [64] estimates
a magnetic field of B ⇠ 0.3µG and considers typical electron densities in this region as
between 5⇥ 10�6 cm�3 and 2⇥ 10�5 cm�3. [65] estimate a magnetic field B ⇠ 0.5� 1µG for
a filamentary region of galaxies over a scale d ⇠ 6Mpc.

Normalization of the thermal component fitted in the R7 band depends on the ICM
density, C

ICM

= aZ2nIne (see Section 2). Here a is a known numerical factor, Z is the ionic
charge, nI the ion density, and ne the electron density. The normalization therefore provides
a cross-check on the double-� model for the electron density we use to describe the Coma
cluster. The modelled ICM density is to within a factor of two compared to the density
deduced by fitting the thermal component to observations.4

A recent observation of the Coma cluster by Suzaku [49] measured the temperature,
metallicity and electron density radial profiles along five di↵erent directions. The values
for kT and metallicity A for the hard thermal component used in this paper are consistent
with the observation. Our modelled electron density agrees well with the observed radial
profile. The measurement of the X-ray surface brightness along the five directions converges
to the same value above 80 arcmin. Below that the most prominent feature is a bump in
the SW direction roughly centred on the NGC4839. Thus the double-� model we use also
encapsulates the approximate morphology of the Coma cluster.

Based on the above observations, it appears that the electron densities and magnetic
field strengths we are using in the outskirts region are physically sensible. Of course one
should probably not trust the magnetic field strengths to within a factor of two, but there
does not seem to be any reason to suppose an order of magnitude error in the values.

3.4 Axion conversion

The part of the ALP-photon Lagrangian responsible for the conversion is

L � 1

M
aE ·B , (3.5)

where M�1 is the ALP-photon coupling.
The ALP to photon conversion probability for a single domain of homogeneous magnetic

field of size L is [32]:

P (a ! �) = sin2(2✓) sin2
✓

�

cos 2✓

◆
, (3.6)

4With the exception of 2� � 2.5� radial bin where there is no hard thermal component after background
subtraction.
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values for M(hECABi) between the central part of Coma and the outer regions is to within
a factor of a few for Model A whereas the agreement when using Model B for the magnetic
field is much better (see Figure 7). Note that Model B also agrees much better with the
morphology of the soft excess in the center of Coma than Model A [1].

Overall, we require slightly higher values for M compared to the central regions. For
a fixed M , the single domain formula underestimates the luminosity from ALP conversion
compared to a more realistic simulation (see Figure 4). Therefore we expect that in a single
domain approach M has to be slightly lowered to agree with the more realistic treatment.
Applying this argument to the outer regions of the cluster helps to relax the di↵erences
between the constraint on M from the central region and the outer region. Another source
of discrepancy is in the details of determining M that explains the amount of soft excess.
In the study of the central region [1] the overall predicted luminosity is equated with the
observed one to determine M . However, in this study we allow for a range of values of M
such that the observed flux is within the range of our predictions. The obtained bounds for
M therefore contain the specific value for which the overall predicted flux is equal to the
overall measured flux making the comparison with the previous studies of the central part of
Coma possible.

There are of course also considerable astrophysical uncertainties on the magnetic field
and its correlation length at such large distances from the cluster centre. Given this, we
find the fact that the value for M we require di↵ers at most by a factor of a few from the
value required in the centre reassuring. This di↵erence is within the reasonable range of
uncertainty, and suggests that the CAB explanation of the soft excess can hold consistently
in both the central and outskirts region of the cluster.
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prediction for the luminosity from each annular region of the cluster of volume V is:

L =

Z

V

Z
⇤max(x)/2

⇤min(x)/2

Z Emax

Emin

c

L
P (a ! �;L,E,x) p(L,x) CCAB E XCAB(E) dE dL dx3 ,

(3.11)
where CCAB is a normalization constant such that ⇢CAB = CCAB

R
dE EXCAB(E). This

predicted luminosity (and the associated flux) is the quantity compared with the flux obtained
by spectral fitting to ROSAT data.

4 Results

Once the astrophysical model for the outer regions of the Coma cluster is fixed, with the
radial dependence of the magnetic field and its spectrum specified, the measured soft excess
can be used to constrain the ALP-photon coupling M�1 (we recall that we assume the ALP
mass to be much smaller than the plasma frequency, ma ⌧ !pl ⇠ 10�13 eV.)

For each of the two models for the magnetic field we consider two possibilities for the
coherence lengths as discussed above. We either scale the typical coherence length inversely
with the electron density, or retain the same range of coherence lengths as in the core of
the cluster. This leads to slightly di↵erent predicted luminosities for each annular bin. For
each hECABi the predicted fluxes from the ALP conversion are calculated. For a given value
of hECABi, the spectrum is used to extract the predicted flux for ROSAT. Demanding that
the predicted fluxes lie within the one sigma error6 of the observed fluxes determines the
range for M for which that is true. This gives allowed ranges for M that can explain the
morphology and the magnitude of the soft excess as a function of the impact parameter (i.e.,
annular bins). More conservatively, the range for M gives the approximate lower bound on
M , as any value above that will not overproduce soft X-rays.

As spectral information from ROSAT is poor, good fits for the thermal component and
the soft excess can be obtained for a range of peak energies of the excess. This continues until
the CAB component has significant support in the harder ROSAT bands, and would imply
a signal beyond the R2 band. This results in a bound of hECABimax ' 0.37 keV (see Section
2). The constraints on M are therefore plotted as a function of hECABi up to hECABimax.
In Figure 6 we plot the bounds on M for the case where the soft excess luminosity has been
extracted by fitting to the CAB spectrum. We do not consider hECABi < 0.05 keV since
these CAB spectra deposit energy in the R2 band only via their exponential tail, i.e., the
peak of the spectrum is far away from the region where the soft excess is observed.

4.1 Comparison with the excess in the central regions of Coma

Previous studies of the soft excess [1, 5] used the values for the soft excess luminosity that are
extracted from ROSAT count rates assuming the excess is due to a warm thermal component
(kTsoft = 0.08 keV and A = 0.3). In order to be compatible with the work done before,
particularly the study of the ALP conversion in the central region of Coma [1], we use this
thermal model in the analysis of constraints on M .

For this case we plot the results in Figure 7. This figure di↵ers from Figure 6 in that
the magnitude of the excess luminosity is determined via a fit to a thermal model. While
this is not the best approach in the CAB framework, this is necessary for comparison with

6Using two sigma errors instead results in at most 10% change in the values of M .
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⇤min 2 kpc 2 kpc
⇤max 34 kpc 100 kpc
n 17/3 4
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Table 1. Magnetic field models giving good fits for the Faraday rotation measures to the central
regions of the Coma cluster. The magnetic field spectrum ranges in wave number from 2⇡

⇤
min

to 2⇡
⇤

max

.

B ⇠ 0.2� 0.4µG magnetic fields on distance scales of 4Mpc from the centre of Coma. From
the study of Faraday rotation measures in the Hercules-Pisces supercluster, [64] estimates
a magnetic field of B ⇠ 0.3µG and considers typical electron densities in this region as
between 5⇥ 10�6 cm�3 and 2⇥ 10�5 cm�3. [65] estimate a magnetic field B ⇠ 0.5� 1µG for
a filamentary region of galaxies over a scale d ⇠ 6Mpc.

Normalization of the thermal component fitted in the R7 band depends on the ICM
density, C

ICM

= aZ2nIne (see Section 2). Here a is a known numerical factor, Z is the ionic
charge, nI the ion density, and ne the electron density. The normalization therefore provides
a cross-check on the double-� model for the electron density we use to describe the Coma
cluster. The modelled ICM density is to within a factor of two compared to the density
deduced by fitting the thermal component to observations.4

A recent observation of the Coma cluster by Suzaku [49] measured the temperature,
metallicity and electron density radial profiles along five di↵erent directions. The values
for kT and metallicity A for the hard thermal component used in this paper are consistent
with the observation. Our modelled electron density agrees well with the observed radial
profile. The measurement of the X-ray surface brightness along the five directions converges
to the same value above 80 arcmin. Below that the most prominent feature is a bump in
the SW direction roughly centred on the NGC4839. Thus the double-� model we use also
encapsulates the approximate morphology of the Coma cluster.

Based on the above observations, it appears that the electron densities and magnetic
field strengths we are using in the outskirts region are physically sensible. Of course one
should probably not trust the magnetic field strengths to within a factor of two, but there
does not seem to be any reason to suppose an order of magnitude error in the values.

3.4 Axion conversion

The part of the ALP-photon Lagrangian responsible for the conversion is

L � 1

M
aE ·B , (3.5)

where M�1 is the ALP-photon coupling.
The ALP to photon conversion probability for a single domain of homogeneous magnetic

field of size L is [32]:

P (a ! �) = sin2(2✓) sin2
✓

�

cos 2✓

◆
, (3.6)

4With the exception of 2� � 2.5� radial bin where there is no hard thermal component after background
subtraction.
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values for M(hECABi) between the central part of Coma and the outer regions is to within
a factor of a few for Model A whereas the agreement when using Model B for the magnetic
field is much better (see Figure 7). Note that Model B also agrees much better with the
morphology of the soft excess in the center of Coma than Model A [1].

Overall, we require slightly higher values for M compared to the central regions. For
a fixed M , the single domain formula underestimates the luminosity from ALP conversion
compared to a more realistic simulation (see Figure 4). Therefore we expect that in a single
domain approach M has to be slightly lowered to agree with the more realistic treatment.
Applying this argument to the outer regions of the cluster helps to relax the di↵erences
between the constraint on M from the central region and the outer region. Another source
of discrepancy is in the details of determining M that explains the amount of soft excess.
In the study of the central region [1] the overall predicted luminosity is equated with the
observed one to determine M . However, in this study we allow for a range of values of M
such that the observed flux is within the range of our predictions. The obtained bounds for
M therefore contain the specific value for which the overall predicted flux is equal to the
overall measured flux making the comparison with the previous studies of the central part of
Coma possible.

There are of course also considerable astrophysical uncertainties on the magnetic field
and its correlation length at such large distances from the cluster centre. Given this, we
find the fact that the value for M we require di↵ers at most by a factor of a few from the
value required in the centre reassuring. This di↵erence is within the reasonable range of
uncertainty, and suggests that the CAB explanation of the soft excess can hold consistently
in both the central and outskirts region of the cluster.
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prediction for the luminosity from each annular region of the cluster of volume V is:

L =

Z

V

Z
⇤max(x)/2

⇤min(x)/2

Z Emax

Emin

c

L
P (a ! �;L,E,x) p(L,x) CCAB E XCAB(E) dE dL dx3 ,

(3.11)
where CCAB is a normalization constant such that ⇢CAB = CCAB

R
dE EXCAB(E). This

predicted luminosity (and the associated flux) is the quantity compared with the flux obtained
by spectral fitting to ROSAT data.

4 Results

Once the astrophysical model for the outer regions of the Coma cluster is fixed, with the
radial dependence of the magnetic field and its spectrum specified, the measured soft excess
can be used to constrain the ALP-photon coupling M�1 (we recall that we assume the ALP
mass to be much smaller than the plasma frequency, ma ⌧ !pl ⇠ 10�13 eV.)

For each of the two models for the magnetic field we consider two possibilities for the
coherence lengths as discussed above. We either scale the typical coherence length inversely
with the electron density, or retain the same range of coherence lengths as in the core of
the cluster. This leads to slightly di↵erent predicted luminosities for each annular bin. For
each hECABi the predicted fluxes from the ALP conversion are calculated. For a given value
of hECABi, the spectrum is used to extract the predicted flux for ROSAT. Demanding that
the predicted fluxes lie within the one sigma error6 of the observed fluxes determines the
range for M for which that is true. This gives allowed ranges for M that can explain the
morphology and the magnitude of the soft excess as a function of the impact parameter (i.e.,
annular bins). More conservatively, the range for M gives the approximate lower bound on
M , as any value above that will not overproduce soft X-rays.

As spectral information from ROSAT is poor, good fits for the thermal component and
the soft excess can be obtained for a range of peak energies of the excess. This continues until
the CAB component has significant support in the harder ROSAT bands, and would imply
a signal beyond the R2 band. This results in a bound of hECABimax ' 0.37 keV (see Section
2). The constraints on M are therefore plotted as a function of hECABi up to hECABimax.
In Figure 6 we plot the bounds on M for the case where the soft excess luminosity has been
extracted by fitting to the CAB spectrum. We do not consider hECABi < 0.05 keV since
these CAB spectra deposit energy in the R2 band only via their exponential tail, i.e., the
peak of the spectrum is far away from the region where the soft excess is observed.

4.1 Comparison with the excess in the central regions of Coma

Previous studies of the soft excess [1, 5] used the values for the soft excess luminosity that are
extracted from ROSAT count rates assuming the excess is due to a warm thermal component
(kTsoft = 0.08 keV and A = 0.3). In order to be compatible with the work done before,
particularly the study of the ALP conversion in the central region of Coma [1], we use this
thermal model in the analysis of constraints on M .

For this case we plot the results in Figure 7. This figure di↵ers from Figure 6 in that
the magnitude of the excess luminosity is determined via a fit to a thermal model. While
this is not the best approach in the CAB framework, this is necessary for comparison with

6Using two sigma errors instead results in at most 10% change in the values of M .
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Table 1. Magnetic field models giving good fits for the Faraday rotation measures to the central
regions of the Coma cluster. The magnetic field spectrum ranges in wave number from 2⇡
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B ⇠ 0.2� 0.4µG magnetic fields on distance scales of 4Mpc from the centre of Coma. From
the study of Faraday rotation measures in the Hercules-Pisces supercluster, [64] estimates
a magnetic field of B ⇠ 0.3µG and considers typical electron densities in this region as
between 5⇥ 10�6 cm�3 and 2⇥ 10�5 cm�3. [65] estimate a magnetic field B ⇠ 0.5� 1µG for
a filamentary region of galaxies over a scale d ⇠ 6Mpc.

Normalization of the thermal component fitted in the R7 band depends on the ICM
density, C

ICM

= aZ2nIne (see Section 2). Here a is a known numerical factor, Z is the ionic
charge, nI the ion density, and ne the electron density. The normalization therefore provides
a cross-check on the double-� model for the electron density we use to describe the Coma
cluster. The modelled ICM density is to within a factor of two compared to the density
deduced by fitting the thermal component to observations.4

A recent observation of the Coma cluster by Suzaku [49] measured the temperature,
metallicity and electron density radial profiles along five di↵erent directions. The values
for kT and metallicity A for the hard thermal component used in this paper are consistent
with the observation. Our modelled electron density agrees well with the observed radial
profile. The measurement of the X-ray surface brightness along the five directions converges
to the same value above 80 arcmin. Below that the most prominent feature is a bump in
the SW direction roughly centred on the NGC4839. Thus the double-� model we use also
encapsulates the approximate morphology of the Coma cluster.

Based on the above observations, it appears that the electron densities and magnetic
field strengths we are using in the outskirts region are physically sensible. Of course one
should probably not trust the magnetic field strengths to within a factor of two, but there
does not seem to be any reason to suppose an order of magnitude error in the values.

3.4 Axion conversion

The part of the ALP-photon Lagrangian responsible for the conversion is

L � 1

M
aE ·B , (3.5)

where M�1 is the ALP-photon coupling.
The ALP to photon conversion probability for a single domain of homogeneous magnetic

field of size L is [32]:

P (a ! �) = sin2(2✓) sin2
✓

�

cos 2✓

◆
, (3.6)

4With the exception of 2� � 2.5� radial bin where there is no hard thermal component after background
subtraction.
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Figure 1. The inverse ALP-photon coupling M�1 versus its mass ma. The bands for M�1 where
ALPs with ma < 10�13 eV of a CAB converting to photons can explain the soft X-ray excess of the
Coma cluster are shown respectively for the center (red lines) and outskirts (brown lines). We also
show exclusions from anomalous energy loss of massive stars [34], SN 1987A [35, 36], a possible bound
from quasar polarizations [37] and ALPs converting into photons in microwave cavities in magnetic
fields [38]. Furthermore, we include the parameters where axions or ALPs can account for all or
part of cold dark matter (CDM) [39] or explain the cosmic �-ray transparency [40]. The yellow band
corresponds to the QCD axion. The green regions mark the parameter space that is expected to be
explored by the light-shining-through-wall experiment ALPS-II, the helioscope IAXO, the haloscopes
ADMX and ADMX-HF and the CMB experiments PIXIE or PRISM. This figure is extended from [41].

and hence less suitable for background extraction. Of presently available X-ray data
archives, only the RASS allows simultaneous signal and background measurement, as
it involved an all-sky survey with a large field-of-view instrument (the ROSAT field of
view was almost 1� in radius).

• Fitting the thermal ICM component: The soft excess is observed in the low energy
channels (specifically the R2 band) of the ROSAT PSPC. More precisely, the count
rates in the R7 band (1.05 � 2.04 keV) can be explained by thermal emission of the
intra-cluster medium. The PSPC count rates from the R7 band can then be used to
fit the normalisation of the thermal ICM component, in turn allowing the expected
thermal component at lower energies in the R2 band to be calculated and compared
with the observed PSPC count rates to extract the soft excess.
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Figure 1. The inverse ALP-photon coupling M�1 versus its mass ma. The bands for M�1 where
ALPs with ma < 10�13 eV of a CAB converting to photons can explain the soft X-ray excess of the
Coma cluster are shown respectively for the center (red lines) and outskirts (brown lines). We also
show exclusions from anomalous energy loss of massive stars [34], SN 1987A [35, 36], a possible bound
from quasar polarizations [37] and ALPs converting into photons in microwave cavities in magnetic
fields [38]. Furthermore, we include the parameters where axions or ALPs can account for all or
part of cold dark matter (CDM) [39] or explain the cosmic �-ray transparency [40]. The yellow band
corresponds to the QCD axion. The green regions mark the parameter space that is expected to be
explored by the light-shining-through-wall experiment ALPS-II, the helioscope IAXO, the haloscopes
ADMX and ADMX-HF and the CMB experiments PIXIE or PRISM. This figure is extended from [41].

and hence less suitable for background extraction. Of presently available X-ray data
archives, only the RASS allows simultaneous signal and background measurement, as
it involved an all-sky survey with a large field-of-view instrument (the ROSAT field of
view was almost 1� in radius).

• Fitting the thermal ICM component: The soft excess is observed in the low energy
channels (specifically the R2 band) of the ROSAT PSPC. More precisely, the count
rates in the R7 band (1.05 � 2.04 keV) can be explained by thermal emission of the
intra-cluster medium. The PSPC count rates from the R7 band can then be used to
fit the normalisation of the thermal ICM component, in turn allowing the expected
thermal component at lower energies in the R2 band to be calculated and compared
with the observed PSPC count rates to extract the soft excess.

– 4 –
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• Dark Radiation/a CAB is a generic prediction of 
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• Soft X-ray excess is present in many clusters

• Cosmological vs astrophysical explanation:        
One CAB to fit them all

• Has to match both morphology and magnitude of 
soft excess

• Coma Center      , Coma Outskirts      , Other 
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Thank you for your attention!

• Dark Radiation/a CAB is a generic prediction of 
String Cosmology

• Soft X-ray excess is present in many clusters

• Cosmological vs astrophysical explanation:        
One CAB to fit them all

• Has to match both morphology and magnitude of 
soft excess

• Coma Center      , Coma Outskirts      , Other 
clusters (?)

CAB(M, �ECAB�)


