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Outline

1. Summary of 3.5 keV observations

2.  The model: 

3.                     vs               morphology

4.  A Cosmic Axion Background
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Timeline of observational evidence

• Bulbul et al.: Det. in stacked cluster (XMM, Chandra)

• Boyarsky et al.: Det. in Perseus & M31 (XMM)

• Riemer-Sørensen: No Det. in MW (Chandra)

• Jeltema et al.: Det. in GC, no det. in M31 (XMM) 

• Boyarsky et al.: Comment on M31

• Bulbul et al.: Comment on atomic lines

• Boyarsky et al.: Det. in GC (XMM)

• Malyshev et al.: No det. in dwarfs (XMM)

• Anderson et al.: No det. in spirals (XMM, Chandra)
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Timeline of observational evidence

• Urban et al.: Det. in Perseus (Suzaku)

• Carlson, Jeltema, Profumo: Morphology of signal 
in Perseus and GC (XMM)

• Jeltema Profumo: Reply to comments of Bulbul et 
al. and Boyarsky et al.

• ...
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The stacked cluster analysis

• Stacked data of 73 galaxy clusters (0.01 < z < 0.4) 
yielding ~ 8 Ms of XMM observation time

• Blue-shifted to cluster rest frame

• Detected independently in XMM-Newton PN and 
MOS instruments at 4-5 sigma

• Detected in all three subsamples (Perseus - also with 
Chandra, Coma+Ophiuchus+Centaurus, all others)

6

[Bulbul, Markevitch, Foster, Smith, Loewenstein, Randall ’14(Feb)]
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The observed line
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Figure 5. Top panels: 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the samples. The figures
show the energy band where the new spectral feature is detected. The Gaussian lines with maximum values of the flux normalizations of K
xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels (shown only for the full sample)
show the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new
line. Middle panels shows the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the e↵ective area
curves (the corresponding ARF). Redshift smearing greatly reduces variations of the e↵ective area in the high-z sample.

bution of each cluster i to the total DM line flux in the
stacked spectrum is

!i,dm =
Mproj

i,DM (< Rext)(1 + zi)

4⇡D2
i,L

ei
etot

. (4)

where zi is the redshift of ith cluster, and ei and etot are
the exposure time of ith cluster and the total exposure
time of the sample.
The dark matter mass within the extraction radius is

[Bulbul, Markevitch, Foster, Smith, Loewenstein, Randall ’14(Feb)]
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The observed line
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[Bulbul, Markevitch, Foster, Smith, Loewenstein, Randall ’14(Feb)]
20

4

4.5

5

5.5

6

Fl
ux

 (c
nt

s 
s-1

 k
eV

-1
)

R
es

id
ua

ls

3.2 3.4 3.6 3.8 4
Energy (keV)

320

330

340

350

Ef
f. 

Ar
ea

 (c
m

2 )

0.02

-0.02

-0.06

0.06

0

3.56 keV Chandra ACIS-I
Perseus
487 ks

3

3.5

4

4.5

5

5.5
Fl

ux
 (c

nt
s 

s-1  k
eV

-1
)

-0.06
-0.04
-0.02

0
0.02
0.04
0.06

R
es

id
ua

ls

3 3.2 3.4 3.6 3.8
Energy (keV)

400

405

410

415

420

425

Ef
f. 

Ar
ea

 (c
m

2 )

Chandra 
ACIS-S
Perseus
883 ks

3.56 ± 0.02 (0.03) keV

Figure 10. Close-up 3.1 � 4.1 keV energy interval of the co-added spectrum obtained from Chandra ACIS-I and ACIS-S observations of
the Perseus Cluster. The continuum emission was fit with the 2T line-free apec model, while emission lines were modeled with additional
Gaussian components. The K xviii (3.51 keV), Ar xvii (3.62 keV), and Ar xvii (3.68 keV) lines are also included in the total model shown
as a red line on the top panel. The blue line shows the total model after a Gaussian component is added to the total model, indicating that
the weak residual can be modeled with a Gaussian. The bottom panels show the weak residual before and after the Gaussian is added to
the total model.

Table 7
Best-fit Temperature and Normalizations of line-free apec Model Fit to the Co-added Chandra Observations of the Perseus and Virgo

Clusters. Fluxes of the S xvi, Ca xix, Ca xx at the rest energies 2.63 keV, 3.90 keV, 4.11 keV are given.

Perseus Virgo

Model Paramaters ACIS-I ACIS-S ACIS-I

kT1 (keV) 4.58 ± 0.07 2.77 ± 0.18 1.18 ± 0.07

N1 (10�1 cm�5) 1.20 ± 0.01 3.21 ± 0.35 2.22 ± 0.10

kT2 (keV) 5.34 ± 0.02 4.79 ± 0.18 5.08 ± 0.37

N2 (10�1 cm�5) 3.83 ± 0.13 2.31 ± 0.24 1.02 ± 0.23

Flux of S xvi (10�4 pht cm�2 s�1) 3.94 ± 0.15 3.72 ± 0.85 6.18 ± 0.13

Flux of Ca xix (10�4 pht cm�2 s�1) 1.29 ± 0.08 1.05 ± 0.08 1.22 ± 0.88

Flux of Ca xx (10�4 pht cm�2 s�1) 1.10 ± 0.05 1.07 ± 0.05 0.35 ± 0.05

xvii DR line at 3.62 keV at any plasma temperature as
described above. The predicted fluxes of these lines are
given in Table 8. Using 0.1 and 3 times of the upper
bound of these estimates as lower and upper limits for K
xviii andAr xvii, and 10�3 – 10�2 times the flux of the
Ar xvii triplet for the lower and upper bounds for the
Ar xvii DR line, we determined the best-fit flux of the
weak residual around 3.57 keV.
An additional Gaussian model improves the fit by ��2

of 11.8 for an additional 2 dof. The line was unre-
solved and consistent with broadening by the instrument
response in the Perseus Cluster spectra. The Perseus
ACIS-S spectra yield a best-fit energy of 3.56 ± 0.02
(0.03) keV for an additional Gaussian model, given in Ta-
ble 5. The flux of the detected signal is 1.02 +0.4

�0.4 (+0.5
�0.5)

⇥ 10�5 photons cm�2 s�1. This detection corresponds
to a false detection probability of 0.5% in the co-added
ACIS-S spectrum. The right panel of the Figure 10 shows

the signal in the Chandra ACIS-S observations of the
Perseus Cluster before and after the Gaussian model is
added to the fit.
To further demonstrate that the detected flux is in-

dependent of the spectral modeling, we fit the ACIS-S
spectrum of the Perseus Cluster with a two-temperature
vapec model with abundances of trace elements set to
that of Fe. We obtained an acceptable fit in the 3 �
6 keV energy band with �2 of 182.1 for 147 dof. An
additional Gaussian model at 3.56 keV (rest energy) im-
proved the fit by ��2 of 16 for an extra degree of free-
dom. The best-fit flux of the line is 1.09 ± 0.26 (0.42)
⇥ 10�5 photons cm2 s�1, which is consistent with the flux
measured in the line-free apec model fit with additional
Gaussian models. This test shows that the detection is
robust and independent of the method used in the spec-
trum modeling. The Perseus co-added spectrum fit with
a two-temperature vapec model is shown in Figure 11.
We then performed the same search in the co-added
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The Boyarsky et al. analysis
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[Boyarsky, Ruchayskiy, Iakubovskyi, Franse ’14(Feb)]

Detected in Perseus Cluster (0.7 Ms) and Andromeda 
(M31) galaxy (2.5 Ms) with XMM-Newton MOS data

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMd% –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).
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The galactic center
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Element Energy Strength Strength per arcmin2

(keV) (ph cm�2 s�1) (ph arcmin�2 cm�2 s�1)
95 % Upper bound 3.55 keV . 5⇥ 10�6 . 2.1⇥ 10�8

K XVIII 3.48 2.2⇥ 10�6 9.2⇥ 10�9

K XVIII 3.52 4.2⇥ 10�6 1.8⇥ 10�8

Ar XVII 3.62 4.2⇥ 10�6 1.8⇥ 10�8

Table 1. Observations of the galactic centre region with Chandra [3]. We give the 95 % upper bound
on line emission and also fitted values for atomic lines included in XSPEC [21] (note that these fitted
values are not necessarily statistically distinct from zero)

Detector Energy Strength Strength per arcmin2

(keV) (ph cm�2 s�1) (ph arcmin�2 cm�2 s�1)
XMM MOS [4] 3.5 4.1⇥ 10�5 7.7⇥ 10�8

XMM PN [4] 3.5 2.8⇥ 10�5 5.3⇥ 10�8

XMM [5] 3.53 (2.9± 0.5)⇥ 10�5 (5.5± 0.9)⇥ 10�8

Table 2. XMM-Newton observations of the galactic centre region: line emission detected around 3.5
keV

that as they do not come with error bars (due to di�culties of making XSPEC converge) it
is possible that there is actually no statistically significant line emission at these frequencies.
For subsequent comparison with XMM-Newton observations, we re-express these in terms of
flux per arcminute2. In [3], the central 2.50 radius around Sgr A* is masked. Hence, for the
analysis in Section 4, we use an e↵ective field of view of 240 arcminute2.2

Using archival XMM-Newton data, references [4] and [5] both detect an emission line at
E ⇠ 3.5 keV with high significance. The former paper however focuses on interpreting this
line in terms of K XVIII emission while the latter paper focuses on a possible dark matter
interpretation. The fluxes as observed by XMM-Newton are shown in Table 2. We have
treated the e↵ective field of view of the MOS and PN chips as 530 arcminute2. For the MOS
camera, this comes from averaging the field of view of MOS1 and MOS2 from the tables in
the appendix of [5], and we have assumed the same field of view for the PN camera.

The line strength observed with XMM-Newton is at a level markedly stronger than the
upper bound from Chandra observations. In terms of interpretations involving K XVIII lines,
it is unclear what importance to place on this: the galactic centre environment is complex
and multiphase, and it is conceivable that the regions enclosed by the XMM-Newton field
of view involve a higher average K abundance than those within the Chandra field of view.
However, this would be surprising for the case of dark matter decaying to produce photons.

One aim of this paper is to explain how, in the context of the DM ! a ! � scenario, this
di↵erence can arise naturally. In this scenario, the signal is suppressed within the galactic
plane, and so the XMM-Newton field of view, which extends further vertically out of the
plane, contains more signal region. To understand this we now discuss the astrophysics of
the galactic centre.

2There is further reduction in field of view due to masking of point sources, corresponding to an additional
7% reduction [3]. We omit this here as a similar point source masking was carried out for XMM-Newton, and
we do not know the percentage of field of view lost there. Given the other uncertainties, this error is minor.
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[Riemer-Sørensen ’14 (Aug)]No detection with Chandra (750 ks):

But detection with XMM (~2 Ms):

[4] Jeltema, Profumo ’14 (Aug), [5] Boyarsky, Ruchayskiy, Iakubovskyi, Franse ’14 (Aug) 
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The galactic center

• Atomic composition of GC more complicated 
(multi-phase and multi temperature)

• Potassium line cannot be excluded
11
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FIG. 1: Left: Folded count rate for MOS1 (lower curve, red) and MOS2 (upper curve, blue) and residuals (bottom) when the line at 3.54 keV
is not added. Right: Zoom at the range 3.0–4.0 keV.

However, significance of this results is not sufficient to con-
firm the hypothesis, they can be considered only as a success-
ful sanity checks. More results are clearly needed to preform
a convincing checking program described above.

A classical target for DM searches is the centre of our Galaxy.
Its proximity allows to concentrate on the very central part
and therefore, even for decaying DM, one can expect a sig-
nificant gain in the signal if the DM distribution in the Milky
Way happens to be steeper than a cored profile. The Galactic
Center (GC) region has been extensively studied by the XMM
and several mega-seconds of raw exposure exist. On the other
hand, the GC region has strong X-ray emission, many com-
plicated processes occur there [91–99]. In particular, the X-
ray emitting gasmay contain several thermal componentswith
different temperatures; it may be more difficult to constraint
reliably abundances of potassium and argon that in the case
of intercluster medium. Therefore the GC data alone would
hardly provide convincing detection of the DM signal, as even
a relatively strong candidate line could be explained by astro-
physical processes. In this paper we pose a different question:
Are the observations of the Galactic Center consistent with
the dark matter interpretation of 3.53 keV line of [1, 2]?

The DM interpretation of the 3.53 keV line in M31 and the
Perseus cluster puts a lower limit on the flux from the GC. On
the other hand, a non-detection of any signal in the off-center
observations of the Milky Way halo (the blank sky dataset
of [1]) provides an upper limit on the possible flux in the
GC, given observational constraints on the DM distribution in
the Galaxy. Therefore, even with all the uncertainties on the
DM content of the involved objects, the expected signal from
the GC is bounded from both sides and provides a non-trivial
check for the DM interpretation of the 3.53 keV line.

We use XMM-Newton observations of the central 14′ of the
Galactic Center region (total clean exposure 1.4 Msec). We

find that the spectrum has a ∼ 5.7σ line-like excess at ex-
pected energy. The simultaneous fitting of GC, Perseus and
M31 provides a∼ 6.7σ significant signal at the same position,
with the detected fluxes being consistent with the DM inter-
pretation. The fluxes are also consistent with non-observation
of the signal in the blank-sky and M31 off-center datasets,
if one assumes steeper-than-cored DM profile (for example,
NFW of Ref. [100]).

Below we summarize the details of our data analysis and dis-
cuss the results.

Data reduction.We use all archival data of the Galactic Cen-
ter obtained by the EPICMOS cameras [101] with Sgr A* less
than 0.5′ from the telescope axis (see Appendix, Table I). The
data are reduced by standard SAS1 pipeline, including screen-
ing for the time-variable soft proton flares by espfilt. We
removed the observations taken during theMJD 54000–54500
due to strong flaring activity of Sgr A* in this period (see
Fig. 3 in Appendix). The data reduction and preparation of the
final spectra are similar to [1]. For each reduced observation
we select a circle of radius 14′ around Sgr A* and combine
these spectra using the FTOOLS [102] procedure addspec.

Spectral modeling. To account for the cosmic-ray induced
instrumental background we have subtracted the latest closed
filter datasets (exposure: 1.30 Msec for MOS1 and 1.34 Msec
for MOS2) [103]. The rescaling of the closed filter data has
been performed to reduce to zero flux at energiesE > 10 keV
(see [104] for details). We model the resulting physical spec-
trum in the energy range 2.8–6.0 keV. The X-ray emission
from the inner part of the Galactic Center contains both ther-
mal and non-thermal components [93, 94]. Therefore, we
chose to model the spectrum with the thermal plasma model

1 v.13.5.0 http://xmm.esa.int/sas

[Boyarsky, Ruchayskiy, Iakubovskyi, Franse ’14(Aug)]
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Dwarf spheroidal galaxies

• Stacked XMM data of 8 dwarfs analyzed            
(~ 0.6 Ms)

• high mass to light ratio

• not a source of thermal X-ray emission

12

[Malyshev, Neronov, Eckert ’14(Aug)]

No detection: Exclusion of Dark matter origin of        
3.5 keV line at only ~ 2 sigma

�
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Stacked galaxy spectra

• 89 galaxies (XMM, 14.6 Ms) and 81 galaxies 
(Chandra, 15 Ms) with

• dark matter masses via virial radius

• instrumental background is not modeled and 
substracted but fitted with smoothing spline

13

[Anderson, Churazov, Bregman ’14(Aug)]

kT � 1 keV

No detection: Exclusion of dark matter origin 
at 4.4 sigma (Chandra), 11.8(!) sigma (XMM)

�
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Suzaku: Perseus and nearby cluster

14

Dark Matter X-Ray Emission Lines in Galaxy Clusters 5

Figure 2. Improvement of the fit for one additional degree of freedom (the line normalization) as a function of the rest-frame line energy for the core (left)
and the confining (right) regions of the Perseus Cluster. The top panels show the change in the C-statistic value between the models with and without the
additional line component. Black lines show the results when simultaneously using the data from all the detectors and colored lines (red, green, orange, blue)
using the data from the individual detectors. Bottom panels show the best-fit value for the line normalization in units of 1

202⇡
photons cm�2s�1arcmin�2 using

the data from all detectors. Note the di↵erent scales of the vertical axes. Note also the presence of formal requirements for both emission (positive residuals)
and absorption (negative residuals) features in the fits at di↵erent energies.

for both positive and negative line normalizations, and measured
the improvement (�C) of the fit as a function of the line energy. In
all cases we assume that the line has zero intrinsic velocity width
(meaning that the width of the line in the spectral fit is set by the
spectral resolution of the Suzaku detectors).

For each cluster, fits were performed on both a combined data
set (fitting the data for all detectors simultaneously) and the data
for the separate XIS detectors individually. The results are shown
in Figs. 2 and 3.

In the rest of this section, we focus our discussion on the pres-
ence of a possible emission feature at E ⇠3.55 keV, highlighted in
previous works (see Sect. 1). A discussion of the other, and in some
case formally more significant features, can be found in Sect. 4.3.

3.2.1 3.55 keV features in the Perseus Cluster

The most prominent improvement to the baseline model with the
introduction of an additional line at energies around 3.55keV is
found in the data for the Perseus Cluster core region, shown in
the left panel of Fig. 2. We measure �C = �54.82, with respect
to the baseline model, with the introduction of a line at 3.525 keV.
Performing a separate fit with the line energy included as a free pa-
rameter but constrained to be in the range 3.4�3.6 keV, we find E =
3.510+0.023

�0.008keV and a flux of 2.87+0.33
�0.38 ⇥ 10�7ph s�1cm�2arcmin�2

(�C = �55.36 for two additional d.o.f with respect to the baseline
model).

A less significant feature, at E = 3.575 keV, is found in the
confining region of Perseus, plotted in the right panel of Fig. 2
(�C = �10.41). Including the line energy as a free parameter, we
measure a line energy E = 3.592+0.021

�0.024 keV and flux 4.78+1.65
�1.41 ⇥

10�8ph s�1cm�2arcmin�2 (�C = �10.93 for two additional d.o.f).
The energies of the lines in the core and confining regions are

formally separated by more than 3 �. Given that tests based on the

observed energy of the Fe-K line at 6.7 keV indicate the gain to be
stable within ⇠5 eV during the Perseus observations, this separation
is significant. Nonetheless, the 82 eV di↵erence is smaller than the
resolution of the Suzaku CCD detectors (⇠150 eV).

In the following argument, we adopt the assumption that these
two lines have the same origin. In Sect. 3.2.3 we show, that as-
suming a DM decay origin of these lines, and an NFW profile for
the DM density, we would expect the dark matter lines from the
core and confining regions of Perseus to be comparable in strength,
which is in tension with our results. Using the best-fit energies of
the respective lines, they di↵er in fluxes by a factor of 6. This dif-
ference increases to a factor of ⇠14, when the energy of the line in
the confining region is fixed to 3.51 keV (the best fit value in the
core). On the other hand, when we fix the energy of the line in the
core to 3.592 keV (the best-fit energy from the confining region)
the di↵erence in fluxes slightly decreases to a factor of ⇠4.

3.2.2 Absence of the 3.55 keV features from the Coma, Virgo and
Ophiuchus clusters

We found no comparably significant emission features with en-
ergies around 3.55 keV in the Suzaku data for the Coma, Virgo
or Ophiuchus clusters, with formal 95 per cent confidence up-
per limits on the strength of any line at E = 3.55 keV of
2.65 ⇥ 10�9ph s�1cm�2arcmin�2, 2 ⇥ 10�8ph s�1cm�2arcmin�2 and
7.06⇥10�8ph s�1cm�2arcmin�2, respectively. By fitting the energies
of the strongest astrophysical emission lines in the Coma, Virgo and
Ophiuchus clusters we determined, that gain calibration changes
can shift the energies of various spectral features by at most 30 eV
in either direction in energy space. Therefore, it is improbable that
other features present in the spectra of the Coma, Virgo and Ophi-
uchus clusters beyond this range (e.g. the 3.45 keV emission feature

c� 0000 RAS, MNRAS 000, 000–000

• Detected in Perseus (740 ks): Flux & Energy broadly 
consistent with Bulbul et al. and Boyarsky et al.

• Not detected in Coma (164 ks), Virgo (90 ks) and 
Ophiuchus (83 ks)

[Urban, Werner, Allen, Simionescu, Kaastra, Strigari ’14(Nov)]
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Figure 5. Comparisons between 3.45-3.6 keV residuals after subtracting the best fit contin-
uum+isotropic templates for di↵erent models of the continuum near the Galactc Center (top
row) and the Perseus cluster (bottom row). Black ‘+’s in the top row indicate Sgr A* while the
shell of SNR Sgr A East is shown by the black ellipse [26]. Maps have been smoothed by a Gaus-
sian kernel with � = 2000. For the high-energy continuum model, the GC and Perseus cluster
maps have been rescaled by a factor 1/2 and 1/3, respectively, in order to maintain visibility on
a common scale.

radial fallo↵. Notice that the small deviations seen in the DM template are due to the
combined exposure masks A(l, b). The Perseus residual shows evidence of a distinct core
which is truncated around 0.04� ⇡ 50 kpc, matching what seen for the lines. Compared
with DM, this is much too sharply peaked than even the most concentrated physical
NFW profile.

For Perseus, we also overlay the steepest of the radial profiles expected from pho-
toconversion of axion-like-particles (ALPs) in Perseus’ large scale magnetic field as cal-
culated in Ref. [34]. Note that this line is arbitrarily normalized and has been convolved
with the o↵-axis e↵ective area, but not with the point source masks. The ALP scenario
appears relatively similar to the decaying DM case and is also clearly incompatible with
the morphology of the residual emission. Recently, Ref. [35] also calculated the mor-
phology expected in the Milky Way’s center where it is expected to essentially trace the
projected free electron density (see also Ref. [36]). Based on the NE2001 model for the
free electron distribution [37, 38], the expected signal is (i) highly elliptical with an axis

– 15 –

Morphology in Perseus and GC

• Both morphologies seem inconsistent with dark 
matter decay to photons

• Caution: low count rates
15

GC

Perseus

[Carlson, Jeltema, Profumo ’14(Nov)]
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Possible origins of the line

• Seen by 5 different detectors (2 XMM, 2 Chandra, 
Suzaku)

• De-redshifting of clusters leaves line at 3.55 keV

• Not seen in blanck sky survey (16 Ms)

16

Instrumental effect?
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Possible origins of the line

• Seen by 5 different detectors (2 XMM, 2 Chandra, 
Suzaku)

• De-redshifting of clusters leaves line at 3.55 keV

• Not seen in blanck sky survey (16 Ms)

16

Instrumental effect?

Atomic line?
• No known atomic line at this energy. Apart from 

known lines exceeding expectation by factor ~20

• Line also detected in Andromeda (no hot gas!)
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Possible origins of the line

• Sterile neutrinos (compatible with previous bounds)

• ALP (Axion Like Particle) DM, Axinos, excited states 
of DM, Gravitinos, ...

17

Dark matter decay/annihilation?

[Bulbul, Markevitch, Foster, Smith, Loewenstein, Randall; 
Czerny, Hamaguchi, Higaki, Ibe, Ishida, Jeong, Nakayama, Takahashi,Yanagida, Yokozaki; 
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ABSTRACT

We detect a weak unidentified emission line at E = (3.55�3.57)±0.03 keV in a stacked XMM-Newton
spectrum of 73 galaxy clusters spanning a redshift range 0.01 � 0.35. MOS and PN observations
independently show the presence of the line at consistent energies. When the full sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 3� statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only ⇠ 1 eV) and located
within 50–110 eV of several known faint lines; the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
matter is in sterile neutrinos with ms = 2E = 7.1 keV, our detection in the full sample corresponds to
a neutrino decay mixing angle sin2(2✓) ⇡ 7⇥ 10�11, below the previous upper limits. However, based
on the cluster masses and distances, the line in Perseus is much brighter than expected in this model,
significantly deviating from other subsamples. This appears to be because of an anomalously bright
line at E = 3.62 keV in Perseus, which could be an Ar xvii dielectronic recombination line, although
its emissivity would have to be 30 times the expected value and physically di�cult to understand. In
principle, such an anomaly might explain our line detection in other subsamples as well, though it
would stretch the line energy uncertainties. Another alternative is the above anomaly in the Ar line
combined with the nearby 3.51 keV K line also exceeding expectation by a factor 10–20. Confirmation
with Chandra and Suzaku, and eventually Astro-H, are required to determine the nature of this new
line. (APJ HAS THE ABRIDGED ABSTRACT)

1. INTRODUCTION

Galaxy clusters are the largest aggregations of hot in-
tergalactic gas and dark matter. The gas is enriched
with heavy elements (Mitchell et al. (1976); Serlemitsos
et al. (1977) and later works) that escape from galaxies
and accumulate in the intracluster/intergalactic medium
(ICM) over billions of years of galactic and stellar evo-
lution. The presence of various heavy ions is seen from
their emission lines in the cluster X-ray spectra. Data
from large e↵ective area telescopes with spectroscopic ca-
pabilities, such as ASCA, Chandra, XMM-Newton and
Suzaku, uncovered the presence of many elements in the
ICM, including O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni
(for a review see, e.g., Böhringer & Werner 2010). Re-
cently, weak emission lines of low-abundance Cr and Mn
were discovered (Werner et al. 2006; Tamura et al. 2009).
Relative abundances of various elements contain valuable
information on the rate of supernovae of di↵erent types in
galaxies (e.g., Loewenstein 2013) and illuminate the en-
richment history of the ICM (e.g., Bulbul et al. 2012b).

ebulbul@cfa.harvard.edu

Line ratios of various ions can also provide diagnostics
of the physical properties of the ICM and uncover the
presence of multi-temperature gas, nonequilibrium ion-
ization states, and nonthermal emission processes such
as charge exchange (CX, Paerels & Kahn 2003).
As for dark matter, 80 yr from its discovery by (Zwicky

1933, 1937), its nature is still unknown (though now we
do know for sure it exists, from X-ray and gravitational-
lensing observations of the Bullet Cluster; Clowe et al.
(2006), and we know accurately its cosmological abun-
dance, e.g., Hinshaw et al. (2013)). Among the vari-
ous plausible dark matter candidates, one that has mo-
tivated our present work is the hypothetical sterile neu-
trino that is included in some extensions to the standard
model of particle physics (Dodelson & Widrow (1994)
and later works; for recent reviews see, e.g., Abazajian
et al. (2007); Boyarsky et al. (2009)). Sterile neutrinos
should decay spontaneously with the rate

��(ms, ✓) = 1.38⇥ 10�29 s�1

✓
sin2 2✓

10�7

◆⇣ ms

1 keV

⌘5

,

(1)
where the particle mass ms and the “mixing angle” ✓
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Problems of DM to photons

• 11.8 sigma inconsistency from stacked galaxy 
spectra

• Non-detection in dwarf spheroidals

• Galactic center: Non-detection with Chandra but 
detection with XMM, (morphology does not fit)

18

[Anderson, Churazov, Bregman ’14(Aug)]

[Malyshev, Neronov, Eckert ’14(Aug)]

[Riemer-Sørensen ’14 (Aug)], [Jeltema, Profumo ’14 (Aug)],                                   
[Boyarsky, Ruchayskiy, Iakubovskyi, Franse ’14 (Aug)], [Carlson, Jeltema, Profumo ’14 (Nov)]
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Problems of DM to photons

19

XMM-Newton MOS:

Full Sample
(73 cluster)

Coma
+Centaurus
+Ophiuchus

Perseus 
(without core)

Perseus
(with core)

[Bulbul, Markevitch, Foster, Smith, Loewenstein, Randall ’14]

sin2(2�)
(10�11)

6.8+1.4
�1.4 18.2+4.4

�3.9 23.3+7.6
�6.9 55.3+25.5

�15.9
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Similar with Suzaku: 85% of signal is within central 
130 kpc (66% expected from DM to photons)
[Urban, Werner, Allen, Simionescu, Kaastra, Strigari ’14(Nov)]
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XMM morphology: Signal is concentrated in cool core    
[Carlson, Jeltema, Profumo ’14]Consistent with                      !DM � a � �
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1. Summary of 3.5 keV observations

2.  The model: 

3.                     vs               morphology

4.  A Cosmic Axion Background

DM � a � � DM � �

Outline

20

DM � a � �
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Dark matter to axion to photon

• Axions transform to photons in cluster/galactic 
magnetic fields

• Theoretically equally well motivated as                
(axions are typically associated to a high scale, 
nothing is known about the particle nature of DM) 

• Signal strength follows DM density and strength 
of the magnetic field

21

DM � �

� Signal peaks on scales of the cluster magnetic field! 
(Perseus)

DM � a � �
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Dark matter to axion decays

22

DM is a scalar

or DM is a fermion

2

Such features, if persisting in a fuller subsequent analysis,
would be inconsistent with an interpretation of the line
in terms of dark matter decaying to photons.

In this paper we propose a model which can recon-
cile these features with a dark matter origin of the 3.55
keV line. Our proposal is that the dark matter decay
generates a monochromatic 3.55 keV line for an axion-
like particle (ALP), which then converts into a 3.55 keV
photon in the magnetic field of the galaxy cluster.

The existence of axion-like particles is theoretically
well motivated. The QCD axion is by far the most plau-
sible solution to the strong CP problem of the Standard
Model. Axion-like particles frequently arise in compact-
ifications of string theory [17–19] and there is an active
experimental program searching for their existence [20–
22]. The observability of axion-like particles is set by
their coupling to photons,

a

M
E ·B ,

which implies that ALPs convert to photons in back-
ground magnetic fields. For massless ALPs, M is
bounded by M & 1011GeV.

The intracluster medium of galaxy clusters is pervaded
by large-scale turbulent magnetic fields. The existence of
these magnetic fields is established from observation of
synchrotron emission from clusters in the form of radio
halos, minihalos or relics, and from Faraday Rotation
Measures of background radio sources with the cluster
as a Faraday screen. These measurements imply that
cluster magnetic fields are generally B ⇠ O(µG), with
larger values of B ⇠ O(10 µG) found near the center
of cool core clusters. The magnetic field is multiscale,
with typical coherence lengths L ⇠ 1� 10 kpc which can
extend to L ⇠ 100 kpc.

This intracluster medium can in fact be an e�cient
convertor of ALPs to photons (e.g. see [23–25]). For
M ⇠ 1011 GeV, a massless ALP with X-ray energies will
have a conversion probability that is at or close to the sat-
uration level of hP

a!�

i = 1/3, although with stochastic
variations that depend on the line-of-sight realisation of
the magnetic field. Any significant source of X-ray ALPs
in a cluster can then generate an appreciable source of
X-ray photons.

The conversion of X-ray ALPs to photons in the Coma
cluster has been studied in detail in [25]. Many string
theory scenarios of the early universe predict a dark ra-
diation cosmic axion background in the 0.1�1 keV wave-
band, originating from moduli decays in the early uni-
verse. Such axions can convert to photons in the clus-
ter magnetic field, generating a broad excess X-ray flux
which may explain the long-standing excess in soft X-rays
from many galaxy clusters [26–28], which is particularly
well established for the case of Coma [27, 29–31].

In [25], axions were propagated through a full 20003

simulation of the magnetic field of the Coma cluster us-
ing the magnetic field parameters determined in [32] as
a best fit to Faraday Rotation Measures. For this case of

the Coma cluster, it was found that for an axion-photon
coupling M ⇠ 1013 GeV, the central conversion proba-
bility of a 3.55 keV axion was P

a!�

⇠ 10�3. This prob-

ability scales as
⇣

10

13
GeV

M

⌘
2

.

As described in the original papers [1, 2], if the 3.55
keV line is produced by dark matter decaying directly
to photons, the dark matter lifetime is ⌧ ⇠ 1028 s. As
the age of the universe is ⌧ ⇠ 4 ⇥ 1017 s, it is clear that
there is significant room for a shorter lifetime for decay to
axions ⌧ ⌧ 1028 s balanced by a conversion probability
P
a!�

⌧ 1. We impose a conservative value ⌧ > 2 ·1019 s
for the dark matter lifetime [33].

A. Models for Axion Production

A monochromatic ALP can be produced by the decay
of either scalar or fermionic dark matter. For the scalar
case, an example is moduli dark matter, which can decay
to axions via the kinetic coupling

�

⇤
@
µ

a@µa .

This coupling has been considered in the context of dark
radiation in [34–37]. This induces decays of moduli to
ALPs with a decay rate of

�
�

=
1

32⇡

m3

�

⇤2

. (1)

The corresponding lifetime is then
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=

✓
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1.85⇥ 1027 s . (2)

An explicit string model with stabilised moduli which
features a very light modulus with these properties has
been derived in [38] in the context of type IIB LARGE
Volume Scenarios. The model described in [38] is char-
acterised by the presence of two very light moduli �

1

and
�
2

with masses:

m
�1 ' M

P

✏5/3 ⌧ m
�1 ' M

P

✏3/2 (3)

with ✏ =
m3/2

MP
⌧ 1. TeV-scale supersymmetry in this

model requires ✏ ' 10�14, leading to the prediction:
m

�1 ' O(1) MeV and m
�2 ' O(10) keV. Similarly

to what has been recently proposed in [15], these light
moduli could not create any cosmological problem in
the presence of a primordial mechanism that suppresses
their misalignment during inflation [39]. In particular,
�
2

would have a life time of order ⌧ ⇠ 1027 s and could
account for most of the dark matter density without over-
closing our Universe.
For the fermionic case, a massive fermionic dark matter

particle  can decay to a fermion � and an ALP as  !
�a via the coupling

@
µ

a

⇤
 ̄�µ�5� . (4)

Decay via with lifetime
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Such features, if persisting in a fuller subsequent analysis,
would be inconsistent with an interpretation of the line
in terms of dark matter decaying to photons.

In this paper we propose a model which can recon-
cile these features with a dark matter origin of the 3.55
keV line. Our proposal is that the dark matter decay
generates a monochromatic 3.55 keV line for an axion-
like particle (ALP), which then converts into a 3.55 keV
photon in the magnetic field of the galaxy cluster.

The existence of axion-like particles is theoretically
well motivated. The QCD axion is by far the most plau-
sible solution to the strong CP problem of the Standard
Model. Axion-like particles frequently arise in compact-
ifications of string theory [17–19] and there is an active
experimental program searching for their existence [20–
22]. The observability of axion-like particles is set by
their coupling to photons,

a

M
E ·B ,

which implies that ALPs convert to photons in back-
ground magnetic fields. For massless ALPs, M is
bounded by M & 1011GeV.

The intracluster medium of galaxy clusters is pervaded
by large-scale turbulent magnetic fields. The existence of
these magnetic fields is established from observation of
synchrotron emission from clusters in the form of radio
halos, minihalos or relics, and from Faraday Rotation
Measures of background radio sources with the cluster
as a Faraday screen. These measurements imply that
cluster magnetic fields are generally B ⇠ O(µG), with
larger values of B ⇠ O(10 µG) found near the center
of cool core clusters. The magnetic field is multiscale,
with typical coherence lengths L ⇠ 1� 10 kpc which can
extend to L ⇠ 100 kpc.

This intracluster medium can in fact be an e�cient
convertor of ALPs to photons (e.g. see [23–25]). For
M ⇠ 1011 GeV, a massless ALP with X-ray energies will
have a conversion probability that is at or close to the sat-
uration level of hP

a!�

i = 1/3, although with stochastic
variations that depend on the line-of-sight realisation of
the magnetic field. Any significant source of X-ray ALPs
in a cluster can then generate an appreciable source of
X-ray photons.

The conversion of X-ray ALPs to photons in the Coma
cluster has been studied in detail in [25]. Many string
theory scenarios of the early universe predict a dark ra-
diation cosmic axion background in the 0.1�1 keV wave-
band, originating from moduli decays in the early uni-
verse. Such axions can convert to photons in the clus-
ter magnetic field, generating a broad excess X-ray flux
which may explain the long-standing excess in soft X-rays
from many galaxy clusters [26–28], which is particularly
well established for the case of Coma [27, 29–31].

In [25], axions were propagated through a full 20003

simulation of the magnetic field of the Coma cluster us-
ing the magnetic field parameters determined in [32] as
a best fit to Faraday Rotation Measures. For this case of

the Coma cluster, it was found that for an axion-photon
coupling M ⇠ 1013 GeV, the central conversion proba-
bility of a 3.55 keV axion was P
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⇠ 10�3. This prob-

ability scales as
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As described in the original papers [1, 2], if the 3.55
keV line is produced by dark matter decaying directly
to photons, the dark matter lifetime is ⌧ ⇠ 1028 s. As
the age of the universe is ⌧ ⇠ 4 ⇥ 1017 s, it is clear that
there is significant room for a shorter lifetime for decay to
axions ⌧ ⌧ 1028 s balanced by a conversion probability
P
a!�

⌧ 1. We impose a conservative value ⌧ > 2 ·1019 s
for the dark matter lifetime [33].

A. Models for Axion Production

A monochromatic ALP can be produced by the decay
of either scalar or fermionic dark matter. For the scalar
case, an example is moduli dark matter, which can decay
to axions via the kinetic coupling
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µ
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This coupling has been considered in the context of dark
radiation in [34–37]. This induces decays of moduli to
ALPs with a decay rate of
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An explicit string model with stabilised moduli which
features a very light modulus with these properties has
been derived in [38] in the context of type IIB LARGE
Volume Scenarios. The model described in [38] is char-
acterised by the presence of two very light moduli �

1

and
�
2

with masses:

m
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P
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with ✏ =
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MP
⌧ 1. TeV-scale supersymmetry in this

model requires ✏ ' 10�14, leading to the prediction:
m

�1 ' O(1) MeV and m
�2 ' O(10) keV. Similarly

to what has been recently proposed in [15], these light
moduli could not create any cosmological problem in
the presence of a primordial mechanism that suppresses
their misalignment during inflation [39]. In particular,
�
2

would have a life time of order ⌧ ⇠ 1027 s and could
account for most of the dark matter density without over-
closing our Universe.
For the fermionic case, a massive fermionic dark matter

particle  can decay to a fermion � and an ALP as  !
�a via the coupling
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Such features, if persisting in a fuller subsequent analysis,
would be inconsistent with an interpretation of the line
in terms of dark matter decaying to photons.

In this paper we propose a model which can recon-
cile these features with a dark matter origin of the 3.55
keV line. Our proposal is that the dark matter decay
generates a monochromatic 3.55 keV line for an axion-
like particle (ALP), which then converts into a 3.55 keV
photon in the magnetic field of the galaxy cluster.

The existence of axion-like particles is theoretically
well motivated. The QCD axion is by far the most plau-
sible solution to the strong CP problem of the Standard
Model. Axion-like particles frequently arise in compact-
ifications of string theory [17–19] and there is an active
experimental program searching for their existence [20–
22]. The observability of axion-like particles is set by
their coupling to photons,

a

M
E ·B ,

which implies that ALPs convert to photons in back-
ground magnetic fields. For massless ALPs, M is
bounded by M & 1011GeV.

The intracluster medium of galaxy clusters is pervaded
by large-scale turbulent magnetic fields. The existence of
these magnetic fields is established from observation of
synchrotron emission from clusters in the form of radio
halos, minihalos or relics, and from Faraday Rotation
Measures of background radio sources with the cluster
as a Faraday screen. These measurements imply that
cluster magnetic fields are generally B ⇠ O(µG), with
larger values of B ⇠ O(10 µG) found near the center
of cool core clusters. The magnetic field is multiscale,
with typical coherence lengths L ⇠ 1� 10 kpc which can
extend to L ⇠ 100 kpc.

This intracluster medium can in fact be an e�cient
convertor of ALPs to photons (e.g. see [23–25]). For
M ⇠ 1011 GeV, a massless ALP with X-ray energies will
have a conversion probability that is at or close to the sat-
uration level of hP

a!�

i = 1/3, although with stochastic
variations that depend on the line-of-sight realisation of
the magnetic field. Any significant source of X-ray ALPs
in a cluster can then generate an appreciable source of
X-ray photons.

The conversion of X-ray ALPs to photons in the Coma
cluster has been studied in detail in [25]. Many string
theory scenarios of the early universe predict a dark ra-
diation cosmic axion background in the 0.1�1 keV wave-
band, originating from moduli decays in the early uni-
verse. Such axions can convert to photons in the clus-
ter magnetic field, generating a broad excess X-ray flux
which may explain the long-standing excess in soft X-rays
from many galaxy clusters [26–28], which is particularly
well established for the case of Coma [27, 29–31].

In [25], axions were propagated through a full 20003

simulation of the magnetic field of the Coma cluster us-
ing the magnetic field parameters determined in [32] as
a best fit to Faraday Rotation Measures. For this case of

the Coma cluster, it was found that for an axion-photon
coupling M ⇠ 1013 GeV, the central conversion proba-
bility of a 3.55 keV axion was P

a!�

⇠ 10�3. This prob-

ability scales as
⇣
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⌘
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.

As described in the original papers [1, 2], if the 3.55
keV line is produced by dark matter decaying directly
to photons, the dark matter lifetime is ⌧ ⇠ 1028 s. As
the age of the universe is ⌧ ⇠ 4 ⇥ 1017 s, it is clear that
there is significant room for a shorter lifetime for decay to
axions ⌧ ⌧ 1028 s balanced by a conversion probability
P
a!�

⌧ 1. We impose a conservative value ⌧ > 2 ·1019 s
for the dark matter lifetime [33].

A. Models for Axion Production

A monochromatic ALP can be produced by the decay
of either scalar or fermionic dark matter. For the scalar
case, an example is moduli dark matter, which can decay
to axions via the kinetic coupling

�

⇤
@
µ

a@µa .

This coupling has been considered in the context of dark
radiation in [34–37]. This induces decays of moduli to
ALPs with a decay rate of
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The corresponding lifetime is then
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An explicit string model with stabilised moduli which
features a very light modulus with these properties has
been derived in [38] in the context of type IIB LARGE
Volume Scenarios. The model described in [38] is char-
acterised by the presence of two very light moduli �

1

and
�
2

with masses:

m
�1 ' M

P

✏5/3 ⌧ m
�1 ' M

P

✏3/2 (3)

with ✏ =
m3/2

MP
⌧ 1. TeV-scale supersymmetry in this

model requires ✏ ' 10�14, leading to the prediction:
m

�1 ' O(1) MeV and m
�2 ' O(10) keV. Similarly

to what has been recently proposed in [15], these light
moduli could not create any cosmological problem in
the presence of a primordial mechanism that suppresses
their misalignment during inflation [39]. In particular,
�
2

would have a life time of order ⌧ ⇠ 1027 s and could
account for most of the dark matter density without over-
closing our Universe.
For the fermionic case, a massive fermionic dark matter

particle  can decay to a fermion � and an ALP as  !
�a via the coupling
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This generates a tree-level decay  ! �a, with a rate of
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While this has been written for general fermionic dark
matter  , we see no reason this may not also exist for
the particular case of a massive sterile neutrino (as an
additional decay channel to ⌫�).

Although axions are generally weakly coupled to mat-
ter, when dealing with lifetimes ⌧ > 1020 s, there is no
good reason to neglect axionic decay channels. Given
the often-considered range for the QCD axion of f

a

⇠
109 � 1012 GeV, we see that the axionic coupling con-
stants considered above are entirely reasonable from a
particle physics perspective.

B. Axion-photon conversion

Once an axion is produced, axion to photon conversion
occurs via the operator

a

M
E ·B . (7)

It follows that the morphology and strength of an ob-
served photon line signal is set by the magnetic field en-
vironment. At the simplest level, the signal scales as
the square of the magnetic field, although as we discuss
below the magnetic field coherence length and the elec-
tron density also play significant roles. It is this that
both distinguishes the predictions of our model from the
many variants of dark matter decaying directly to pho-
tons, and also allows it to explain aspects of the data
that are inconsistent with conventional explanations.

After including the operator (7), the linearised equa-
tions of motion for axion-photon modes of energy ! is
given by,
0
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(8)
Here, �

�

= �!2
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/2!, where
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n
e

m
e

◆
1/2

= 1.2 · 10�12
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denotes the plasma frequency of the ICM. Furthermore,
�

a

= �m2

a

/!, �
�ai

= B
i

/2M , and �
F

, which will be
unimportant for the subsequent discussion, denotes the
Faraday rotation of photon polarisation states caused by
the cluster magnetic field.

Equation (8) is easily solved for a single domain of
length L with a constant magnetic field. Denoting the
component of the magnetic field transverse to the motion
by B

?

, the resulting conversion probability is given by
[40, 41],

P single domain

a!�

= sin2(2✓) sin2
✓

�

cos 2✓

◆
, (9)

where tan 2✓ = 2B?!
Mm

2
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� !2
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.

For ALP masses smaller than the plasma frequency in
the cluster, we can write m2

eff

= �!2

pl

, and the angles ✓
and � evaluate to
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In the small-angle approximation |✓| ⌧ 1 and � ⌧ 1,
the single domain conversion probability is simply given
by

P single domain

a!�

=
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4

✓
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L
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◆
2

= 2.3 · 10�10 ⇥
✓

B
?

1 µG

L

1 kpc
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◆
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. (12)

Given a model of the turbulent, multi-scale magnetic
field in galaxy clusters, equation (8) can be solved nu-
merically as was done in [25] for the particular case of
the Coma cluster. However, as noted in [25], many of
the features of the resulting conversion probabilities can
be already understood from the single-domain formula,
equation (9). Thus, we expect that for the purpose of
order-of-magnitude estimates and scalings, the conver-
sion probability in a cluster is su�ciently well approxi-
mated by

P cluster

a!�

(B̄, L̄) ⇡
X

i

P single domain

i,a!�

=
R

cluster

L̄
P single domain

a!�

(B̄, L̄)

! B̄2LR
cluster

4M2

, (13)

where R
cluster

is a measure of the size of the cluster and
where, in the last line, we have imposed the small ✓ and
small � approximation.
For axion masses m

a

� !
pl

, the axion to photon con-
version probability scale like P

a!�

⇠ m�4

a

, thus rapidly
making the conversion process ine�cient. For ⌧

DM

&
2 ·1019 s, this constrains the ALP mass to m

a

. 6 ·10�11

eV.

(cosmological moduli problem, 
unless [Linde ’96, Takahashi,Yanagida ’11])
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[Raffelt, Stodolsky ’87]

Sample Instrument
sin2(2✓)

(10�11)

Full Sample XMM
MOS

PN

6.8+1.4
�1.4

6.7+1.7 †
�1.0

[1]

Coma + Ophiuchus +
Centaurus

XMM
MOS

PN

18.2+4.4
�5.9

< 17.6
[1]

Perseus

XMM
MOS

PN

XMM
MOS

PN
(No Core)

Chandra
ACIS-S

ACIS-I

(No Core)

55.3+25.5
�15.9

< 18.8

23.3+7.6
�8.9

< 17.6

40.1+14.5
�13.7

28.3+11.8
�12.1

[1]

Perseus (O↵set) XMM-MOS ⇠ 7� 40 †† [2]

‘All Other Clusters’ XMM
MOS

PN

6.0+1.1
�1.4

5.4+0.8
�1.3

[1]

Virgo Chandra ACIS-I < 10.5 [1]

M31 (Andromeda) XMM 2.2� 20 [2]

Milky Way Chandra ACIS-I . 2.5 (95% C.L.) [5]

Table 1. Observational constraints on sin2(2✓) from [1, 2, 5]. All errors are quoted at 68% confidence,
all upper limits on sin2(2✓) are quoted at 90% confidence unless stated otherwise. †: the line energy
in the MOS and PN from the full stacked sample in [1] are in tension, this sin2(2✓) reduces if the line
energies are made to coincide at 3.57 keV. ††: the line energy in [2] is slightly lower than in [1], if the
energies were fixed to coincide these sin2(2✓) values would likely go down.

keV ALP through numerically simulated magnetic fields that roughly correspond to the types
of magnetic field structure expected in actual galaxy clusters. In particular we focus on the
di↵erences between DM! a ! � and DM! �, and within DM! a ! � we distinguish
between observations of ‘cool-core’ and ‘non-cool-core’ clusters (see Section 2).

The basic ALP Lagrangian is

L =
1

2
@

µ

a@

µ

a� 1

2
m

2
a

a

2 +
a

M

E ·B. (1.2)

Throughout this paper we assume a massless ALP with m

a

= 0. The general properties
and phenomenology of ALPs are reviewed in [9], and the physics of a ! � conversion in the

– 3 –

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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� � B�Ea
M ne

, � � neL
Ea

Axion-photon coupling in 
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P cluster
a�� � B2 L Rcluster

M2

[Raffelt, Stodolsky ’87]

Sample Instrument
sin2(2✓)

(10�11)

Full Sample XMM
MOS

PN

6.8+1.4
�1.4

6.7+1.7 †
�1.0

[1]

Coma + Ophiuchus +
Centaurus

XMM
MOS

PN

18.2+4.4
�5.9

< 17.6
[1]

Perseus

XMM
MOS

PN

XMM
MOS

PN
(No Core)

Chandra
ACIS-S

ACIS-I

(No Core)

55.3+25.5
�15.9

< 18.8

23.3+7.6
�8.9

< 17.6

40.1+14.5
�13.7

28.3+11.8
�12.1

[1]

Perseus (O↵set) XMM-MOS ⇠ 7� 40 †† [2]

‘All Other Clusters’ XMM
MOS

PN

6.0+1.1
�1.4

5.4+0.8
�1.3

[1]

Virgo Chandra ACIS-I < 10.5 [1]

M31 (Andromeda) XMM 2.2� 20 [2]

Milky Way Chandra ACIS-I . 2.5 (95% C.L.) [5]

Table 1. Observational constraints on sin2(2✓) from [1, 2, 5]. All errors are quoted at 68% confidence,
all upper limits on sin2(2✓) are quoted at 90% confidence unless stated otherwise. †: the line energy
in the MOS and PN from the full stacked sample in [1] are in tension, this sin2(2✓) reduces if the line
energies are made to coincide at 3.57 keV. ††: the line energy in [2] is slightly lower than in [1], if the
energies were fixed to coincide these sin2(2✓) values would likely go down.

keV ALP through numerically simulated magnetic fields that roughly correspond to the types
of magnetic field structure expected in actual galaxy clusters. In particular we focus on the
di↵erences between DM! a ! � and DM! �, and within DM! a ! � we distinguish
between observations of ‘cool-core’ and ‘non-cool-core’ clusters (see Section 2).

The basic ALP Lagrangian is

L =
1

2
@

µ

a@

µ

a� 1

2
m

2
a

a

2 +
a

M

E ·B. (1.2)

Throughout this paper we assume a massless ALP with m

a

= 0. The general properties
and phenomenology of ALPs are reviewed in [9], and the physics of a ! � conversion in the
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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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1. Summary of 3.5 keV observations

2.  The model: 

3.                     vs               morphology

4.  A Cosmic Axion Background
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[Conlon, Powell ’14(June)]

Cool-core     vs    non-cool-core�

eta =0.5 (Coma): [Bonafede, Feretti, Murgia, Govoni, Giovannini, Dallacasa, Dolag, Taylor ’10]
eta = 1 (Hydra A): [Kuchar, Enßlin ’11]

magnetic fields of galaxy clusters is described in detail in [6, 10, 11].
In the next section we review clusters and outline the di↵erence between cool-core and

non-cool-core clusters. We discuss the computational methodology in Section 3. We then
present our quantitative results in Section 4, and finally we conclude in Section 5 by stating
our predictions for the model, in light of future planned analyses.

2 Galaxy Clusters

This section mostly contains a standard review on galaxy clusters relevant for the DM !
a ! � scenario, particularly the distinction between cool-core and non-cool-core clusters.
It is included for completeness as it may be unfamiliar to readers with a particle theory
background.

Galaxy clusters are the largest virialised structures in the universe involving 100� 1000
galaxies and a characteristic size of O(1) Mpc. The dominant mass contribution is dark
matter, which makes up ⇠ 90% of the mass of the cluster. The baryonic matter consists
principally of a hot ionised plasma — the intracluster medium (ICM) — with characteristic
temperature T ⇠ 2�10 keV and free electron density n

e

⇠ 10�3 cm�3. This hot gas gives rise
to large-scale di↵use X-ray emission via thermal bremsstrahlung. The ICM is also permeated
by turbulent multi-scale magnetic fields, with O(1�10) kpc coherence lengths. The magnetic
fields are strongest in the center of a cluster and decrease towards the outskirts with a scaling

B(r) ⇠ B0

⇣
ne(r)
ne(0)

⌘
⌘

. Faraday rotation measurements imply that the typical size of the cluster

magnetic field is O(µG), with values up to O(10 µG) at the centre of cool-core clusters [12].
The di↵use X-ray emission implies that the ICM is losing energy and will over time, if

isolated, cool. As the cooling is collisional, the cooling will occur most rapidly in the centres
of clusters where the ICM is densest. The apparent cooling time in the centre of dense
clusters is much less than the age of the cluster, and it was originally believed — the ‘cooling
flow’ model — that for an isolated cluster the cooling was runaway, giving rise to cold gases
and intense star formation at the centre of the cluster. However this is not observed, and it
is now understood that this does not occur and a feedback mechanism, possibly associated
to central AGN activity, injects energy into the cooling core leading to a steady state.

Clusters can be divided into two distinct types: cool-core clusters and non-cool-core
clusters (for example, see [13]). Roughly, a cool-core cluster can be viewed as the endpoint of
the above evolution. Cool-core clusters are characterised by a central core region within which
the ICM temperature decreases sharply, the ICM electron density increases sharply, and the
ICM magnetic field increases sharply. The size of the core region is rather small compared
to the entire cluster (e.g. R

core

. 100 kpc compared to R

cluster

⇠ 1 Mpc). A prototypical
example of a cool-core cluster is Perseus, for which deep Ms Chandra observations of the core
are described in [14].

If a cluster has been disturbed — for example through a merger with another cluster —
the hot gas will be disturbed and heated up in the collision (a famous example is the Bullet
cluster). If observed at this epoch in its evolution, the cluster will not show a cool-core, and
instead may be roughly isothermal and with a large-scale radio halo. Such clusters do not
have a core region of lower ICM temperatures, and instead show a roughly constant electron
density and temperature over the central ⇠ 100 kpc. A prototypical non-cool-core cluster
is the Coma cluster, which is believed to have undergone a major merger in the relatively
recent past.
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Figure 1. The relative signal strength for the a) cool-core cluster and b) non-cool-core cluster as
a function of extraction radius. The relative strength — the inferred value of sin2 (2✓) — is plotted
relative to that for an extraction radius of 1 Mpc, which has been set to have strength of unity. We
note that DM! � would have a normalised relative signal strength of 1 for all field of views.

the inferred sin2(2✓) values. We hope that future o↵-axis observations will shed light on this
interesting aspect of the model.

4.3 Radial Behaviour

We next consider the e↵ect of dividing clusters into annuli, and extracting the signal sepa-
rately within each annulus. According to [1] this is currently being performed on the large
sample of clusters contained there, so one can anticipate additional data on this in the rel-
atively near future. For concreteness we separate the annular radii in 100 kpc steps. The
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Figure 1. The relative signal strength for the a) cool-core cluster and b) non-cool-core cluster as
a function of extraction radius. The relative strength — the inferred value of sin2 (2✓) — is plotted
relative to that for an extraction radius of 1 Mpc, which has been set to have strength of unity. We
note that DM! � would have a normalised relative signal strength of 1 for all field of views.

the inferred sin2(2✓) values. We hope that future o↵-axis observations will shed light on this
interesting aspect of the model.

4.3 Radial Behaviour

We next consider the e↵ect of dividing clusters into annuli, and extracting the signal sepa-
rately within each annulus. According to [1] this is currently being performed on the large
sample of clusters contained there, so one can anticipate additional data on this in the rel-
atively near future. For concreteness we separate the annular radii in 100 kpc steps. The
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Predictions: Clusters
• Nearby cluster do not fit in Field of view of XMM 

(2-3 sigma excess of nearby clusters over full sample)
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Figure 1. The relative signal strength for the a) cool-core cluster and b) non-cool-core cluster as
a function of extraction radius. The relative strength — the inferred value of sin2 (2✓) — is plotted
relative to that for an extraction radius of 1 Mpc, which has been set to have strength of unity. We
note that DM! � would have a normalised relative signal strength of 1 for all field of views.
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We next consider the e↵ect of dividing clusters into annuli, and extracting the signal sepa-
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sample of clusters contained there, so one can anticipate additional data on this in the rel-
atively near future. For concreteness we separate the annular radii in 100 kpc steps. The
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a function of extraction radius. The relative strength — the inferred value of sin2 (2✓) — is plotted
relative to that for an extraction radius of 1 Mpc, which has been set to have strength of unity. We
note that DM! � would have a normalised relative signal strength of 1 for all field of views.
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interesting aspect of the model.

4.3 Radial Behaviour

We next consider the e↵ect of dividing clusters into annuli, and extracting the signal sepa-
rately within each annulus. According to [1] this is currently being performed on the large
sample of clusters contained there, so one can anticipate additional data on this in the rel-
atively near future. For concreteness we separate the annular radii in 100 kpc steps. The
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29Figure 3. The expected 3.55 keV line flux across the sky in the ALP scenario, using the NFW dark
matter density and an electron density scale height h = 1.1 kpc.

Figure 4. The expected 3.55 keV line flux across the sky for direct dark matter decay to photons,
using the NFW dark matter density.

We firstly note that the expected flux in the ALP scenario is almost 1000 times lower
than for direct decay. This is because the ALP to photon conversion probability in the Milky
Way is much lower than that in galaxy clusters, predominantly due to the Milky Way’s
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DM � a � � [Conlon, Day ’14(April)]

Magnetic field: [Janson, Farrar ’12]

(excluding galactic center)

Electron density: [Gomez, Benjamin, Cox ’01]
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Figure 3. The expected 3.55 keV line flux across the sky in the ALP scenario, using the NFW dark
matter density and an electron density scale height h = 1.1 kpc.

Figure 4. The expected 3.55 keV line flux across the sky for direct dark matter decay to photons,
using the NFW dark matter density.

We firstly note that the expected flux in the ALP scenario is almost 1000 times lower
than for direct decay. This is because the ALP to photon conversion probability in the Milky
Way is much lower than that in galaxy clusters, predominantly due to the Milky Way’s
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Figure 3. The expected 3.55 keV line flux across the sky in the ALP scenario, using the NFW dark
matter density and an electron density scale height h = 1.1 kpc.

Figure 4. The expected 3.55 keV line flux across the sky for direct dark matter decay to photons,
using the NFW dark matter density.

We firstly note that the expected flux in the ALP scenario is almost 1000 times lower
than for direct decay. This is because the ALP to photon conversion probability in the Milky
Way is much lower than that in galaxy clusters, predominantly due to the Milky Way’s
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M31
• In many ways similar to MW but twice as big

• Regular magnetic field is significantly bigger and 
significantly more coherent than in MW

•                                       between 6 - 14 kpc     
vs generally

• No sign of large scale field reversal as in MW

• Close to edge on (77.5 degrees inclination)

31
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Breg � Brandom � 5µG
Breg � Brandom

3
[Han, Beck, Berkhuijsen ’98], [Flechter, 
Berkhuijsen, Beck, Shukurov  ’03]
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For                 ,                :field. Taking B? ⇠ 5µG, and L ⇠ 20 kpc, we estimate

Pa!�,M31 ⇠ 2.3⇥ 10�4

✓
1013GeV

M

◆2

, (4.2)

which is two orders of magnitude higher than typical conversion probabilities for the Milky
Way. The di↵erence arises from the greater magnitude and coherence length of the M31
magnetic field compared to that of the Milky Way, coupled to the close to edge on nature of
M31. In fact, the above conversion probability is only smaller by a factor of four than that
found for a 1Mpc path through the central region of the Coma cluster. This shows that in
this scenario the observed signal strength from M31 can be comparable to that from clusters,
consistent with the results of [2].

We also note that the spiral magnetic field in M31 implies that for observations o↵set
from the centre we expect a rapid fallo↵ in the signal. As we move away from the centre,
the field lines of the spirals will become parallel to the observational line of sight rather than
transverse to the line of sight. As ALP-photon conversion only occurs for transverse magnetic
fields, this will rapidly reduce the signal strength. This is consistent with the absence, albeit
at low statistics, of an observed o↵-centre M31 line in [2].

We note that - within the DM ! a ! � scenario - the above points make M31 an
unusually favourable galaxy for observing a 3.55 keV line. For general galaxies in this scenario
the signal strength of the 3.55 keV line would be much lower than for galaxy clusters, and
the fact that for M31 these can be comparable is rather uncommon.

5 Conclusions

In this paper we have studied the expected signal from the process DM ! a ! � in the Milky
Way halo, assuming that the same process is responsible for the 3.55 keV line observed in
both galaxy clusters and M31. We have also studied the same process in M31.

We can therefore make the following predictions for a 3.55 keV photon line from the
Milky Way halo in the case that the dark matter decays to an ALP:

1. In this scenario, the flux from the Milky Way halo will be significantly lower than for
the case of direct dark matter decay to photons. This arises as the ALP to photon
conversion probability in the Milky Way is much lower than in galaxy clusters. This is
due to both the relatively small magnetic field and relatively small coherence length in
the Milky Way.

2. The flux from the Milky Way halo will be unobservable with ASTRO-H, unless the
magnetic fields in both galaxy clusters and M31 have been significantly overestimated,
or the Milky Way magnetic field has been significantly underestimated.

3. Although M31 is in some ways similar to the Milky Way, the conversion probabilities
for DM ! a ! � for M31 are larger by approximately two orders of magnitude. This
is because M31 is close to edge on to us, with a large regular magnetic field coherent
over a large distance. In fact the a ! � conversion probabilities for ALPs travelling
through M31 to us are comparable to those for clusters.

4. A non-observation of the 3.55 keV line from the Milky Way with ASTRO-H will not
rule out a dark matter origin of the signal.
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Way. The di↵erence arises from the greater magnitude and coherence length of the M31
magnetic field compared to that of the Milky Way, coupled to the close to edge on nature of
M31. In fact, the above conversion probability is only smaller by a factor of four than that
found for a 1Mpc path through the central region of the Coma cluster. This shows that in
this scenario the observed signal strength from M31 can be comparable to that from clusters,
consistent with the results of [2].

We also note that the spiral magnetic field in M31 implies that for observations o↵set
from the centre we expect a rapid fallo↵ in the signal. As we move away from the centre,
the field lines of the spirals will become parallel to the observational line of sight rather than
transverse to the line of sight. As ALP-photon conversion only occurs for transverse magnetic
fields, this will rapidly reduce the signal strength. This is consistent with the absence, albeit
at low statistics, of an observed o↵-centre M31 line in [2].

We note that - within the DM ! a ! � scenario - the above points make M31 an
unusually favourable galaxy for observing a 3.55 keV line. For general galaxies in this scenario
the signal strength of the 3.55 keV line would be much lower than for galaxy clusters, and
the fact that for M31 these can be comparable is rather uncommon.

5 Conclusions

In this paper we have studied the expected signal from the process DM ! a ! � in the Milky
Way halo, assuming that the same process is responsible for the 3.55 keV line observed in
both galaxy clusters and M31. We have also studied the same process in M31.

We can therefore make the following predictions for a 3.55 keV photon line from the
Milky Way halo in the case that the dark matter decays to an ALP:

1. In this scenario, the flux from the Milky Way halo will be significantly lower than for
the case of direct dark matter decay to photons. This arises as the ALP to photon
conversion probability in the Milky Way is much lower than in galaxy clusters. This is
due to both the relatively small magnetic field and relatively small coherence length in
the Milky Way.

2. The flux from the Milky Way halo will be unobservable with ASTRO-H, unless the
magnetic fields in both galaxy clusters and M31 have been significantly overestimated,
or the Milky Way magnetic field has been significantly underestimated.

3. Although M31 is in some ways similar to the Milky Way, the conversion probabilities
for DM ! a ! � for M31 are larger by approximately two orders of magnitude. This
is because M31 is close to edge on to us, with a large regular magnetic field coherent
over a large distance. In fact the a ! � conversion probabilities for ALPs travelling
through M31 to us are comparable to those for clusters.

4. A non-observation of the 3.55 keV line from the Milky Way with ASTRO-H will not
rule out a dark matter origin of the signal.

– 10 –

Pa��,M31 � 102 Pa��,MW



/ 50A 3.5 keV Photon Line from a 3.5 keV ALP Line Markus Rummel

Predictions: Galaxies

32

• Signals from edge on galaxies should be stronger 
than from face on 

• Consistent with Anderson et al. non-detection!
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angle ✓i. We will refer to these models ‘Milky Way-like’ and ‘M31-like’. We assumed that
these galaxies were located a 1 Mpc from Earth and observed with a circular field of view
with a 150 radius pointed at the centre of a galaxy (so that the central 4.4 kpc of the galaxy
are included in the observation).

For the Milky Way-like galaxy we used the recent magnetic field model by [26] with
the central 1 kpc sphere (not considered in [26]) filled in with a 5µG poloidal field with an
exponential vertical scale height of 1 kpc. We use the electron density given in the thick and
thin disc components of [23] (imposing a minumum value of ne = 10�7 cm2) and a NFW
dark matter distribution [44] with the parameters given in [49]. We note that the Milky
Way magnetic field includes a significant halo component in addition to the disk component,
whereas there is no evidence for such a halo component in M31.

For the M31-like galaxy, based on [11] we assume a constant azimuthal field of 5µG in
the disk cut o↵ at a cylindrical radius of 20 kpc. We assume an exponential fall o↵ above and
below the disk with a scale height of 2 kpc. This is clearly a vastly simplifed representation
of the true field in M31, underestimating the field in the centre and overestimating the field
on the outskirts, but is su�cient to predict the qualitative relationship between inclination
angle and flux. We use the electron density

ne = 0.09 cm�3 ⇥ e
� (r�3.7 kpc)2

160 kpc2 ⇥ sech2
✓

z

0.14 kpc

◆
. (5.2)

This is an adapted version of the thin disk component of [23], chosen by considering the
electron density values given in [11]. For the Milky Way-like case, we impose a minimum
electron density of ne = 10�7 cm2. We assume an NFW dark matter distribution with
parameters from [50].

For the M31-like galaxy in Figure 4, the peak flux is expected at inclination angle
✓i = 90� (edge-on). The flux for such an edge-on galaxy is over 10 times the flux for an
equivalent galaxy with ✓i = 0� (face-on). Note that in this case the magnetic field model
used is symmetric above and below the disc, and so the expected flux will be symmetric
around ✓i = 90�. For the Milky Way-like galaxy in Figure 5, the expected flux is lower
primarily due to the smaller and less coherent field. Furthermore, rotating the galaxy from
✓i = 0� to ✓i = 90� only increases the flux by a factor of ⇠ 3. This is due to the significant
halo component of the Milky Way field. The halo component of the Milky Way field is
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16.8� � 16.8�r = 15�

3.2 Electron density

As discussed in Section 2.2, ALP to photon conversion depends on the free electron density,
with large electron densities suppressing the conversion amplitude. The electron density
in the Milky Way centre is therefore an important input into the resulting signal for the
DM! a ! � scenario.

We first describe the coordinates used. We use right-handed Cartesian (x, y, z) coordi-
nates, where the origin (0, 0, 0) corresponds to the centre of galactic coordinates (r, b, l) =
(8.5 kpc, 0, 0). The x-coordinate points from the Milky Way centre towards the sun, y is
in direction of decreasing l and z points vertically upwards out of the galactic plane (to-
wards positive b). However note that, in these coordinates, the true dynamic marker of the
Milky Way centre Sgr A* (where the majority of observations considered here are centred)
is slightly o↵set, with a physical location of (l, b) = (�0.06,�0.05) [22]. This corresponds to
(ySgrA*, zSgrA*) = (8.9 pc,�7.4 pc).

In this paper, we will use the NE2001 model for the Milky Way electron density [23]. The
NE2001 model contains several components, and in particular a galactic centre component
that is given in our notation by,

ne,GC(x, y, z) = 10 cm�3 exp


�x2 + (y � yGC)2

L2
GC

�
exp


�(z � zGC)2

H2
GC

�
, (3.1)

with LGC = 145 pc and HGC = 26pc. This dominates over thin and thick disk components
in the innermost galaxy. The centroid of the distribution is o↵set by yGC = 10pc and
zGC = �20 pc. However, note that the physical o↵set from Sgr A* is reduced as Sgr A*
is itself o↵set from x = y = z = 0. Also note in the NE2001 model, the electron density
in (3.1) is formally truncated to zero when the argument of the exponential is less than -1.
However, this truncation reflects an abrupt change in scattering diameters for OH masers in
the galactic center, and can be omitted if we are interested only in the free electron density
rather than its fluctuations (see the discussion in Section 2.4 of [24]). We shall therefore use
(3.1) as our baseline electron density model in this paper. We also include the thick disk
component of [23], which becomes comparable to the galactic centre component at the edge
of our region of interest.

Let us enumerate the caveats on the above electron density.3 This electron density is
derived via pulsar dispersion and emission measures, which are sensitive to integrated electron
densities along the line of sight. The electron density thus determined is a smooth function,
and does not account for patchiness, or the presence of dense clouds with partial filling factors
interspersed by voids. It is also a single simple function that will represent a fit to data for
all lines of sight within O(100) pc from Sgr A*, while our interest is only in lines of sight
enclosed by the fields of view of XMM-Newton and Chandra (extending to a maximum of
37 pc from Sgr A*), and in particular the regions along them with large transverse magnetic
fields. For all these caveats, the distribution in [23] is nonetheless observationally derived
and captures genuine features of the free electron distribution in the galactic centre. While
aware of its limitations, we shall therefore use it in our subsequent studies.

3.3 Magnetic field

The magnitude, direction and coherence of the transverse magnetic field in the galactic
centre region are clearly important for us to determine the a ! � conversion probability.

3More detailed studies of gas distributions within the inner 10 pc appear in [25].
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Figure 1. The values of Pa!� as a function of the galactocentric coordinates (y, z) according to a
numerical simulation of (2.5) with M = 1013 GeV. The outer solid circle indicates the field of view
of XMM-Newton. The field of view of Chandra is indicated by the solid square (parallel orientation
to y-axis) and the dashed square (45� orientation to y-axis). As observations are centred on Sgr A*
they are slightly o↵set from (y, z) = (0, 0).

Figure 1 shows a marked suppression of the conversion probabilities at low values of
z. This arises as the conversion probability is sensitive to the di↵erence between the ALP
mass and the plasma frequency - and the latter is set by the free electron density. High
electron densities lead to a large ALP-photon mass di↵erence and a suppression of the ALP-
photon conversion probabilities. At larger galactic altitudes, the electron density is lowest
and the resulting ALP-photon conversion probability is well approximated by the zeroth order
expansion of the cosine in equation (4.8), giving Pa!�(L) = B2

?L
2/(4M2). This explains the

apparent constancy of the conversion probability at z & 30 pc.

At lower galactic altitude, the factor ne,GC(0, y, z) = n
(0)
e exp

h
�
⇣
(y�yGC)

2

L2
GC

+ (z�zGC)
2

H2
GC

⌘i
,

that encodes the e↵ective line-of-sight electron density for a given path, is too large to
justify a zeroth order expansion. On the contrary, the most striking feature of Figure 1
are the spatial oscillations in the conversion probability in the (y, z)-plane, and these are
directly sourced by the varying line-of-sight electron densities, as is clear from the analytical
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we find that the expected photon flux ratio between XMM-Newton and Chandra is given by,

FXMM

FChandra
=

(
4.6 for ↵r = 0�

4.4 for ↵r = 45�
. (4.12)

Such a substantial flux ratio is consistent with a detectable signal in XMM-Newton, and
a non-detection in Chandra. For the dark matter column density given in (4.4), and for
⌧DM = 8.0⇥ 1022 s, M = 1013GeV, we find an expected photon flux of,

FXMM = 2.9⇥ 10�5 photons s�1cm�2 , (4.13)

FChandra = 6.7⇥ 10�6 photons s�1cm�2 , (4.14)

where we have used ↵r = 45� to estimate the Chandra flux. The value of ⌧DMM2 here has
been set to match the XMM flux observed by [5].

For comparison, in [10], the parameter values ⌧DM = 5⇥ 1024 s and M = 1013GeV were
used, motivated by the observed flux from galaxy clusters [1] and an estimated average ALP
to photon conversion probability of ⇠ 10�3 for M = 1013GeV in the stacked cluster sample.
This value of 10�3 comes from numerical simulations of the centre of the Coma cluster in [46].
There are however significant uncertainties on this number of 10�3. Even within Coma, the
magnetic field is uncertain to a factor of two, corresponding to a factor of four uncertainty in
conversion probability. It is also probable that conversion probabilities in the centre of the
bright cluster Coma are biased high compared to those for a stacked average of many clusters.
We shall also see in Section 4.3 that this ratio of ⌧DM,clusters/⌧DM, GC ⇠ 60 is highly sensitive
to the assumed electron density profile in the galactic centre, and can vary by a factor of 10
for small changes in the electron scale height. Therefore, despite the large apparent di↵erence
in ⌧DMM2, the observations of a 3.5 keV line from clusters and from the galactic centre may
both be explainable as originating from dark matter in the DM! a ! � scenario.5

Finally, let us apply a masking that restricts the field of view of XMM-Newton to the
⇠ 10�4 conversion probability region z > 20 pc, see Figure 1. The field of view shrinks from
530 arcmin2 to 90 arcmin2, but since the field of view averaged conversion probability is
significantly larger than for the total field of view of XMM-Newton, the flux is rather similar
to (4.13):

Fz>20pc
XMM = 2.1⇥ 10�5 photons s�1cm�2 . (4.15)

We see that the DM! a ! � model can reconcile the conflicting results from Chandra and
XMM-Newton if the magnetic field in the galactic centre is large enough. In addition, we
predict that the clear majority of the XMM-Newton signal will remain when all but the
z > 20 pc region is masked out, despite the ⇠ 80% reduction in the field of view. This
prediction is easily testable and, if confirmed, would be di�cult to explain within any other
dark matter model.

4.3 Sensitivity to model parameters

In Section 4.2 we noted that for the default model of the electron density, XMM-Newton ob-
tains a higher averaged conversion probability by observing regions at large z where the

5Decreasing ⌧DM by an order of magnitude from 5⇥1024s would make the prediction in [12] of no observable
signal in the Milky Way slightly less strong, but only by changing the predicted signal from the general Milky
Way halo to two (instead of three) orders of magnitude weaker than that from galaxy clusters.
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approximation, (4.10). In addition, the conversion probability scales with an overall factor

of (1/n(e↵)
e,GC(0, y, z))

2, which explains the suppression of the conversion probability near the
galactic plane.

We note that while the galactic centre contribution to the electron density dominates
in the very centre of the galaxy, it quickly drops below the contribution from the ‘thick disc’
component of the NE2001 model at large z and x. According to this model for the electron
density, the thick disc contributes with nthick disc

e = 0.1 cm�3 in the central region, and our
full model of the electron density should then be ne = nGC

e +nthick disc
e . In deriving equation

(4.10), we only included the contribution from nGC
e and not that from nthick disc

e . This neglect
however, is harmless: for small enough values of ne, the argument of the cosine of equation
(4.8) can be Taylor expanded with the leading order contribution giving Pa!� = B2

?L
2/4M2.

For ne  0.1 cm�3, this ‘small angle’ approximation is in good agreement with the numerical
solution of equation (2.5). We used a full discretized simulation of equation (2.5) with the
full NE2001 electron density ne = nGC

e + nthick disc
e to obtain the results in Sections 4.2, 4.3

and 5.

4.2 Predictions for XMM-Newton and Chandra

The predictions from the dark matter DM! a ! � scenario are now easily obtained by
combining (4.2) and the simulation results of (2.5). We first compare the ALP-photon
conversion probabilities in the total field of view of XMM-Newton and Chandra. XMM-
Newton has a radial total field of view with a radius of 150 (although only the inner 140 were
used in [5]), while Chandra has a square total field of view of 16.80 ⇥ 16.80. Note that the
searches for a 3.5 keV line in the galactic centre actually use a smaller field of view than the
total one for both XMM-Newton [5] and Chandra [3]. As discussed in Section 3.1, we use
530 arcmin2 for the actual XMM-Newton field of view for the observations in [4, 5]and 240
arcmin2 for the actual Chandra field of view for the observations [3].

The roll-angle, ↵r, of Chandra was not fixed during the observations considered in [3],
and hence the exact orientation of the detectors during each observation was not fixed and
may well have varied. As the average conversion probability over the Chandra field of view
is sensitive to the orientation, we here consider two extreme cases as indicated in Figure 1. If
the symmetry axes of the Chandra field of view are aligned parallel to the y and z coordinate
axes, hence ↵r = 0� in our notation, most of the region with high conversion probability falls
outside the field of view. A slightly larger average conversion probability can be expected for
the tilted field of view with ↵r = 45�.

The field of view of the XMM-Newton observations of the galactic centre is a factor
of 2.2 times larger than that of the Chandra observations. Furthermore, as the XMM-
Newton observations include a substantial coverage of the z > 20 pc region where the electron
density is suppressed with respect to that of the galactic plane, the ALP-photon conversion
probability for XMM-Newton is larger than that of Chandra when averaged over the field of
view. For a magnetic field of B? = 1mG which is constant for |x| < 150 pc within the field
of view, the ratio of the averaged conversion probabilities is given by

hPa!�iXMM

hPa!�iChandra
=

(
3.0⇥10�5

1.4⇥10�5 = 2.1 for ↵r = 0�

3.0⇥10�5

1.5⇥10�5 = 2.0 for ↵r = 45�
. (4.11)

Combining the larger conversion probability of XMM-Newton with its larger field of view,
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for B = 1 mG over 150 pc
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Figure 1. The values of Pa!� as a function of the galactocentric coordinates (y, z) according to a
numerical simulation of (2.5) with M = 1013 GeV. The outer solid circle indicates the field of view
of XMM-Newton. The field of view of Chandra is indicated by the solid square (parallel orientation
to y-axis) and the dashed square (45� orientation to y-axis). As observations are centred on Sgr A*
they are slightly o↵set from (y, z) = (0, 0).

Figure 1 shows a marked suppression of the conversion probabilities at low values of
z. This arises as the conversion probability is sensitive to the di↵erence between the ALP
mass and the plasma frequency - and the latter is set by the free electron density. High
electron densities lead to a large ALP-photon mass di↵erence and a suppression of the ALP-
photon conversion probabilities. At larger galactic altitudes, the electron density is lowest
and the resulting ALP-photon conversion probability is well approximated by the zeroth order
expansion of the cosine in equation (4.8), giving Pa!�(L) = B2

?L
2/(4M2). This explains the

apparent constancy of the conversion probability at z & 30 pc.

At lower galactic altitude, the factor ne,GC(0, y, z) = n
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that encodes the e↵ective line-of-sight electron density for a given path, is too large to
justify a zeroth order expansion. On the contrary, the most striking feature of Figure 1
are the spatial oscillations in the conversion probability in the (y, z)-plane, and these are
directly sourced by the varying line-of-sight electron densities, as is clear from the analytical

– 12 –

Galactic center

35

[Alvarez, Conlon, Day, Marsh, MR ’14(Oct)]

we find that the expected photon flux ratio between XMM-Newton and Chandra is given by,

FXMM

FChandra
=

(
4.6 for ↵r = 0�

4.4 for ↵r = 45�
. (4.12)

Such a substantial flux ratio is consistent with a detectable signal in XMM-Newton, and
a non-detection in Chandra. For the dark matter column density given in (4.4), and for
⌧DM = 8.0⇥ 1022 s, M = 1013GeV, we find an expected photon flux of,

FXMM = 2.9⇥ 10�5 photons s�1cm�2 , (4.13)

FChandra = 6.7⇥ 10�6 photons s�1cm�2 , (4.14)

where we have used ↵r = 45� to estimate the Chandra flux. The value of ⌧DMM2 here has
been set to match the XMM flux observed by [5].

For comparison, in [10], the parameter values ⌧DM = 5⇥ 1024 s and M = 1013GeV were
used, motivated by the observed flux from galaxy clusters [1] and an estimated average ALP
to photon conversion probability of ⇠ 10�3 for M = 1013GeV in the stacked cluster sample.
This value of 10�3 comes from numerical simulations of the centre of the Coma cluster in [46].
There are however significant uncertainties on this number of 10�3. Even within Coma, the
magnetic field is uncertain to a factor of two, corresponding to a factor of four uncertainty in
conversion probability. It is also probable that conversion probabilities in the centre of the
bright cluster Coma are biased high compared to those for a stacked average of many clusters.
We shall also see in Section 4.3 that this ratio of ⌧DM,clusters/⌧DM, GC ⇠ 60 is highly sensitive
to the assumed electron density profile in the galactic centre, and can vary by a factor of 10
for small changes in the electron scale height. Therefore, despite the large apparent di↵erence
in ⌧DMM2, the observations of a 3.5 keV line from clusters and from the galactic centre may
both be explainable as originating from dark matter in the DM! a ! � scenario.5

Finally, let us apply a masking that restricts the field of view of XMM-Newton to the
⇠ 10�4 conversion probability region z > 20 pc, see Figure 1. The field of view shrinks from
530 arcmin2 to 90 arcmin2, but since the field of view averaged conversion probability is
significantly larger than for the total field of view of XMM-Newton, the flux is rather similar
to (4.13):

Fz>20pc
XMM = 2.1⇥ 10�5 photons s�1cm�2 . (4.15)

We see that the DM! a ! � model can reconcile the conflicting results from Chandra and
XMM-Newton if the magnetic field in the galactic centre is large enough. In addition, we
predict that the clear majority of the XMM-Newton signal will remain when all but the
z > 20 pc region is masked out, despite the ⇠ 80% reduction in the field of view. This
prediction is easily testable and, if confirmed, would be di�cult to explain within any other
dark matter model.

4.3 Sensitivity to model parameters

In Section 4.2 we noted that for the default model of the electron density, XMM-Newton ob-
tains a higher averaged conversion probability by observing regions at large z where the

5Decreasing ⌧DM by an order of magnitude from 5⇥1024s would make the prediction in [12] of no observable
signal in the Milky Way slightly less strong, but only by changing the predicted signal from the general Milky
Way halo to two (instead of three) orders of magnitude weaker than that from galaxy clusters.
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approximation, (4.10). In addition, the conversion probability scales with an overall factor

of (1/n(e↵)
e,GC(0, y, z))

2, which explains the suppression of the conversion probability near the
galactic plane.

We note that while the galactic centre contribution to the electron density dominates
in the very centre of the galaxy, it quickly drops below the contribution from the ‘thick disc’
component of the NE2001 model at large z and x. According to this model for the electron
density, the thick disc contributes with nthick disc

e = 0.1 cm�3 in the central region, and our
full model of the electron density should then be ne = nGC

e +nthick disc
e . In deriving equation

(4.10), we only included the contribution from nGC
e and not that from nthick disc

e . This neglect
however, is harmless: for small enough values of ne, the argument of the cosine of equation
(4.8) can be Taylor expanded with the leading order contribution giving Pa!� = B2

?L
2/4M2.

For ne  0.1 cm�3, this ‘small angle’ approximation is in good agreement with the numerical
solution of equation (2.5). We used a full discretized simulation of equation (2.5) with the
full NE2001 electron density ne = nGC

e + nthick disc
e to obtain the results in Sections 4.2, 4.3

and 5.

4.2 Predictions for XMM-Newton and Chandra

The predictions from the dark matter DM! a ! � scenario are now easily obtained by
combining (4.2) and the simulation results of (2.5). We first compare the ALP-photon
conversion probabilities in the total field of view of XMM-Newton and Chandra. XMM-
Newton has a radial total field of view with a radius of 150 (although only the inner 140 were
used in [5]), while Chandra has a square total field of view of 16.80 ⇥ 16.80. Note that the
searches for a 3.5 keV line in the galactic centre actually use a smaller field of view than the
total one for both XMM-Newton [5] and Chandra [3]. As discussed in Section 3.1, we use
530 arcmin2 for the actual XMM-Newton field of view for the observations in [4, 5]and 240
arcmin2 for the actual Chandra field of view for the observations [3].

The roll-angle, ↵r, of Chandra was not fixed during the observations considered in [3],
and hence the exact orientation of the detectors during each observation was not fixed and
may well have varied. As the average conversion probability over the Chandra field of view
is sensitive to the orientation, we here consider two extreme cases as indicated in Figure 1. If
the symmetry axes of the Chandra field of view are aligned parallel to the y and z coordinate
axes, hence ↵r = 0� in our notation, most of the region with high conversion probability falls
outside the field of view. A slightly larger average conversion probability can be expected for
the tilted field of view with ↵r = 45�.

The field of view of the XMM-Newton observations of the galactic centre is a factor
of 2.2 times larger than that of the Chandra observations. Furthermore, as the XMM-
Newton observations include a substantial coverage of the z > 20 pc region where the electron
density is suppressed with respect to that of the galactic plane, the ALP-photon conversion
probability for XMM-Newton is larger than that of Chandra when averaged over the field of
view. For a magnetic field of B? = 1mG which is constant for |x| < 150 pc within the field
of view, the ratio of the averaged conversion probabilities is given by

hPa!�iXMM

hPa!�iChandra
=

(
3.0⇥10�5

1.4⇥10�5 = 2.1 for ↵r = 0�

3.0⇥10�5

1.5⇥10�5 = 2.0 for ↵r = 45�
. (4.11)

Combining the larger conversion probability of XMM-Newton with its larger field of view,
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Figure 1. The values of Pa!� as a function of the galactocentric coordinates (y, z) according to a
numerical simulation of (2.5) with M = 1013 GeV. The outer solid circle indicates the field of view
of XMM-Newton. The field of view of Chandra is indicated by the solid square (parallel orientation
to y-axis) and the dashed square (45� orientation to y-axis). As observations are centred on Sgr A*
they are slightly o↵set from (y, z) = (0, 0).

Figure 1 shows a marked suppression of the conversion probabilities at low values of
z. This arises as the conversion probability is sensitive to the di↵erence between the ALP
mass and the plasma frequency - and the latter is set by the free electron density. High
electron densities lead to a large ALP-photon mass di↵erence and a suppression of the ALP-
photon conversion probabilities. At larger galactic altitudes, the electron density is lowest
and the resulting ALP-photon conversion probability is well approximated by the zeroth order
expansion of the cosine in equation (4.8), giving Pa!�(L) = B2

?L
2/(4M2). This explains the

apparent constancy of the conversion probability at z & 30 pc.

At lower galactic altitude, the factor ne,GC(0, y, z) = n
(0)
e exp

h
�
⇣
(y�yGC)

2

L2
GC

+ (z�zGC)
2
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that encodes the e↵ective line-of-sight electron density for a given path, is too large to
justify a zeroth order expansion. On the contrary, the most striking feature of Figure 1
are the spatial oscillations in the conversion probability in the (y, z)-plane, and these are
directly sourced by the varying line-of-sight electron densities, as is clear from the analytical
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we find that the expected photon flux ratio between XMM-Newton and Chandra is given by,

FXMM

FChandra
=

(
4.6 for ↵r = 0�

4.4 for ↵r = 45�
. (4.12)

Such a substantial flux ratio is consistent with a detectable signal in XMM-Newton, and
a non-detection in Chandra. For the dark matter column density given in (4.4), and for
⌧DM = 8.0⇥ 1022 s, M = 1013GeV, we find an expected photon flux of,

FXMM = 2.9⇥ 10�5 photons s�1cm�2 , (4.13)

FChandra = 6.7⇥ 10�6 photons s�1cm�2 , (4.14)

where we have used ↵r = 45� to estimate the Chandra flux. The value of ⌧DMM2 here has
been set to match the XMM flux observed by [5].

For comparison, in [10], the parameter values ⌧DM = 5⇥ 1024 s and M = 1013GeV were
used, motivated by the observed flux from galaxy clusters [1] and an estimated average ALP
to photon conversion probability of ⇠ 10�3 for M = 1013GeV in the stacked cluster sample.
This value of 10�3 comes from numerical simulations of the centre of the Coma cluster in [46].
There are however significant uncertainties on this number of 10�3. Even within Coma, the
magnetic field is uncertain to a factor of two, corresponding to a factor of four uncertainty in
conversion probability. It is also probable that conversion probabilities in the centre of the
bright cluster Coma are biased high compared to those for a stacked average of many clusters.
We shall also see in Section 4.3 that this ratio of ⌧DM,clusters/⌧DM, GC ⇠ 60 is highly sensitive
to the assumed electron density profile in the galactic centre, and can vary by a factor of 10
for small changes in the electron scale height. Therefore, despite the large apparent di↵erence
in ⌧DMM2, the observations of a 3.5 keV line from clusters and from the galactic centre may
both be explainable as originating from dark matter in the DM! a ! � scenario.5

Finally, let us apply a masking that restricts the field of view of XMM-Newton to the
⇠ 10�4 conversion probability region z > 20 pc, see Figure 1. The field of view shrinks from
530 arcmin2 to 90 arcmin2, but since the field of view averaged conversion probability is
significantly larger than for the total field of view of XMM-Newton, the flux is rather similar
to (4.13):

Fz>20pc
XMM = 2.1⇥ 10�5 photons s�1cm�2 . (4.15)

We see that the DM! a ! � model can reconcile the conflicting results from Chandra and
XMM-Newton if the magnetic field in the galactic centre is large enough. In addition, we
predict that the clear majority of the XMM-Newton signal will remain when all but the
z > 20 pc region is masked out, despite the ⇠ 80% reduction in the field of view. This
prediction is easily testable and, if confirmed, would be di�cult to explain within any other
dark matter model.

4.3 Sensitivity to model parameters

In Section 4.2 we noted that for the default model of the electron density, XMM-Newton ob-
tains a higher averaged conversion probability by observing regions at large z where the

5Decreasing ⌧DM by an order of magnitude from 5⇥1024s would make the prediction in [12] of no observable
signal in the Milky Way slightly less strong, but only by changing the predicted signal from the general Milky
Way halo to two (instead of three) orders of magnitude weaker than that from galaxy clusters.
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approximation, (4.10). In addition, the conversion probability scales with an overall factor

of (1/n(e↵)
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2, which explains the suppression of the conversion probability near the
galactic plane.

We note that while the galactic centre contribution to the electron density dominates
in the very centre of the galaxy, it quickly drops below the contribution from the ‘thick disc’
component of the NE2001 model at large z and x. According to this model for the electron
density, the thick disc contributes with nthick disc

e = 0.1 cm�3 in the central region, and our
full model of the electron density should then be ne = nGC
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e . In deriving equation

(4.10), we only included the contribution from nGC
e and not that from nthick disc

e . This neglect
however, is harmless: for small enough values of ne, the argument of the cosine of equation
(4.8) can be Taylor expanded with the leading order contribution giving Pa!� = B2
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Newton observations include a substantial coverage of the z > 20 pc region where the electron
density is suppressed with respect to that of the galactic plane, the ALP-photon conversion
probability for XMM-Newton is larger than that of Chandra when averaged over the field of
view. For a magnetic field of B? = 1mG which is constant for |x| < 150 pc within the field
of view, the ratio of the averaged conversion probabilities is given by

hPa!�iXMM

hPa!�iChandra
=

(
3.0⇥10�5

1.4⇥10�5 = 2.1 for ↵r = 0�

3.0⇥10�5

1.5⇥10�5 = 2.0 for ↵r = 45�
. (4.11)

Combining the larger conversion probability of XMM-Newton with its larger field of view,

– 13 –
for B = 1 mG over 150 pc

XMM detection and Chandra non-detection reconciled�
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Conclusions

• For                        photon signal is convolution 
of DM density and magnetic field along l.o.s.

• Different morphology of cluster and galaxy signals 
than                 : (non-)cool core, edge/face on

• Observable flux effectively depends on one free 
parameter                                                    
(as                )

36

DM � a � �

DM � �

DM � �
FDM�a�� � 1/�DM�aM2
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Conclusions

• Signal is produced in galaxy clusters but absent in 
dwarf spheroidals and stacked galaxies

• A signal is observed in M31 but not in other galaxies

• Perseus signal follows the cool-core feature

37

Observational consistency of                       : DM � a � �

More observations will follow in the near future 
(particularly Astro-H), hopefully the line remains a 
signal of new physics!
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1. Summary of 3.5 keV observations

2.  The model: 

3.                     vs               morphology

4.  A Cosmic Axion Background

DM � a � � DM � �

Outline

38

DM � a � �
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Moduli Cosmology
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• String Theory compactifications 
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[Higaki, Takahashi ’12]
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A Cosmic Axion Background
•                                                          decides 

population of different sectors

• String compactifications typically come with light 
hidden sectors (e.g. hidden gauge groups, ALPs)

• Hidden light fields contribute as Dark Radiation 
(experimental hints:                                         )

•                   generally not suppressed (e.g.  via kinetic 
coupling to volume modulus in type IIB)

40

Br(� � visibles) vs Br(� � hidden)

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

� � ALPs

[Conlon, Marsh ’13]
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• String compactifications typically come with light 
hidden sectors (e.g. hidden gauge groups, ALPs)

• Hidden light fields contribute as Dark Radiation 
(experimental hints:                                         )

•                   generally not suppressed (e.g.  via kinetic 
coupling to volume modulus in type IIB)

40

Dark Radiation/a CAB is a rather generic 
prediction of String Theory Cosmology

�

Br(� � visibles) vs Br(� � hidden)

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

� � ALPs

[Conlon, Marsh ’13]
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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

41

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.

What do we know about it?
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Conlon, DM ’13. 

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 –
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Galaxy Clusters and ALPs
• Galaxy Clusters are the largest gravitationally 

bound objects in the universe

• Typically kpc scale coherent magnetic fields 
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B � O(1)µG
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• Galaxy Clusters are the largest gravitationally 

bound objects in the universe

• Typically kpc scale coherent magnetic fields 

42

B � O(1)µG
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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

43

[Bonamente, Lieu, Joy, Nevalainen’02]
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• 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, Lieu, 
Bulbulb ’09]

[Bonamente, Lieu, Joy, Nevalainen’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

44
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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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�Ne� = 0.5

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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Figure 7. Ranges for the inverse ALP-photon coupling M that explain the soft excess for the two
best-fit magnetic field models. Here the observed soft excess flux is assumed to be from a warm thermal
component (as done in [1, 5]). Larger Ms are allowed as then the soft excess is not overproduced.
Values for M in the plot are normalized with respect to �Neff as Mp

�N
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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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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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Figure 7. Ranges for the inverse ALP-photon coupling M that explain the soft excess for the two
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component (as done in [1, 5]). Larger Ms are allowed as then the soft excess is not overproduced.
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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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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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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.
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• 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:  A2199     , A2255     , A665 (     )

CAB(M, �ECAB�)

[Powell ’14]
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