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Outline

1. The 3.55 keV photon line and its 
morphology

2.  

3.                     vs               morphology 
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The 3.55 keV photon line

• Stacked data of 73 galaxy clusters (0.01 < z < 0.4)

• 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)

3

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

[Boyarsky, Ruchayskiy, Iakubovskyi, Franse ’14]

• Detected in Perseus Cluster and Andromeda galaxy 
with XMM-Newton MOS data
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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 ßux in the
stacked spectrum is

! i,dm =
M proj

i,DM (< R ext )(1 + zi )

4" D 2
i,L

ei

etot
. (4)

wherezi is the redshift of i th cluster, and ei and etot are
the exposure time of i th 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]
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Possible origins of the line

• Seen by 4 different detectors (2 XMM, 2 Chandra)

• De-redshifting of clusters leaves line at 3.55 keV

5

Instrumental effect?
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Possible origins of the line

• Seen by 4 different detectors (2 XMM, 2 Chandra)

• De-redshifting of clusters leaves line at 3.55 keV

5

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, ...

6

Dark matter decay/annihilation?

[Bulbul, Markevitch, Foster, Smith, Loewenstein, Randall; 
Czerny, Hamaguchi, Higaki, Ibe, Ishida, Jeong, Nakayama, Takahashi,Yanagida, Yokozaki; 
Jaeckel,Redondo,Ringwald;   El Asiati, Hambye, Scarna;
Dudas, Heurtier, Mambrini;   Bomark, Roszkowski;   Frandsen, Sannino, Shoemaker, Svendsen;
Kolda, Unwin;   Finkbeiner, Weiler;   Kubo, Lim, Lindner;   Choi, Seta;   Baek, Okada, Toma;     
Lee, Park, Park;   Chen, Liu, Nath;   Ishida, Okada;   Geng, Huang, Tsai;   Chiang, Yamada;  
Dutta, Gogoladze, Khalid, Shafi]

...roughly fits the signal...
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... only roughly fits the signal...

7

XMM-Newton MOS:

Full Sample
(73 cluster)

Coma
+Centaurus
+Ophiuchus

Perseus 
(without core)

Perseus
(with core)

! DM ! !

(1027s) 5.9+1 .2
! 1.2 2.2+0 .53

! 0.47 1.7+0 .56
! 0.51 0.72+0 .33

! 0.21

[Bulbul, Markevitch, Foster, Smith, Loewenstein, Randall ’14]
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Dark matter to photon may not fit the morphology�

• Signal in Perseus ~8 times stronger than in full sample

• Half of the Perseus Signal is within the central 20 kpc 
but RDM � 360 kpc
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DM ! a ! ! DM ! !

Outline

1. The 3.55 keV photon line and its 
morphology
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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) 

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

9

DM ! !

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

DM ! a ! !
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DM ! !
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Dark matter to axion decays

10

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 Þeld 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-
iÞcations of string theory [17Ð19] and there is an active
experimental program searching for their existence [20Ð
22]. The observability of axion-like particles is set by
their coupling to photons,

a
M

E áB ,

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

The intracluster medium of galaxy clusters is pervaded
by large-scale turbulent magnetic Þelds. The existence of
these magnetic Þelds 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 Þelds are generallyB ⇠ O(µG), with
larger values of B ⇠ O(10 µG) found near the center
of cool core clusters. The magnetic Þeld is multiscale,
with typical coherence lengthsL ⇠ 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 [23Ð25]). 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 Þeld. Any signiÞcant 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 Þeld, generating a broad excess X-ray ßux
which may explain the long-standing excess in soft X-rays
from many galaxy clusters [26Ð28], which is particularly
well established for the case of Coma [27, 29Ð31].

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

simulation of the magnetic Þeld of the Coma cluster us-
ing the magnetic Þeld parameters determined in [32] as
a best Þt 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 wasP

a!�

⇠ 10�3. This prob-

ability scales as
⇣

1013GeV
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 signiÞcant room for a shorter lifetime for decay to
axions ⌧ ⌧ 1028 s balanced by a conversion probability
P
a!�

⌧ 1. We impose a conservative value⌧ > 2á1019 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 [34Ð37]. This induces decays of moduli to
ALPs with a decay rate of

�
�

=
1

32⇡
m3

�

⇤2 . (1)

The corresponding lifetime is then

⌧
�

=
✓

7.1 keV
m

�

◆3 ✓ ⇤

1017 GeV

◆2

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 inßation [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
⇤

ø �µ�5� . (4)

Decay via with lifetime
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The corresponding lifetime is then

! ! =
#

7.1 keV
m!

$ 3 #
#

1017 GeV

$ 2

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 ' MP %5/ 3 ⌧ m" 1 ' MP %3/ 2 (3)

with %= m 3/ 2

M P
⌧ 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 inßation [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

" µa

#
ø&( µ ( 5' . (4)Decay via with lifetime

3

This generates a tree-level decay! ! " a, with a rate of

! ! ! " a =
1

16#

(m2
! " m2

" )3

m3
! " 2 , (5)

which for m" # m! corresponds to a lifetime of

$! =
!

7.1 keV
m!

" 3 !
"

1017 GeV

" 2

0.92$ 1027 s. (6)

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 off 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 Þeld en-
vironment. At the simplest level, the signal scales as
the square of the magnetic Þeld, although as we discuss
below the magnetic Þeld coherence length and the elec-
tron density also play signiÞcant 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,

#

$ ' +

#

$
# # # F # #ax
# F # # # #ay

# #ax # #ay # a

%

& " i ( z

%

&

#

$
|&x &
|&y &
|a&

%

& = 0 .

(8)
Here, # # = " ' 2

pl / 2' , where

' pl =
!

4#)
ne

me

" 1/ 2

= 1 .2 · 10" 12

'
ne

10" 3cm" 3 eV

denotes the plasma frequency of the ICM. Furthermore,
# a = " m2

a/ ' , # #ai = Bi / 2M , and # F , which will be
unimportant for the subsequent discussion, denotes the
Faraday rotation of photon polarisation states caused by
the cluster magnetic Þeld.

Equation (8) is easily solved for a single domain of
length L with a constant magnetic Þeld. Denoting the
component of the magnetic Þeld transverse to the motion
by B# , the resulting conversion probability is given by
[40, 41],

Psingle domain
a! # = sin 2(2*) sin2

!
#

cos 2*

"
, (9)

where tan 2* = 2B ?$
Mm 2

eff
, # =

m 2
effL
4$ , m2

ef f = m2
a " ' 2

pl .

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

ef f = " ' 2
pl , and the angles*

and # evaluate to

|* | '
B# '

Mm 2
eff

= 5 .0 · 10" 4 $
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ne
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. (10)

# = 0 .015$
( ne

10" 3 cm" 3
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1 kpc

"
.(11)

In the small-angle approximation |* | # 1 and # # 1,
the single domain conversion probability is simply given
by

Psingle domain
a! # =

1
4

!
B# L
M

" 2

= 2 .3 · 10" 10 $
!

B#

1 µG
L

1 kpc
1014 GeV

M

" 2

. (12)

Given a model of the turbulent, multi-scale magnetic
Þeld 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

Pcluster
a! # ( øB, øL) '

*

i

Psingle domain
i,a ! #

=
Rcluster

øL
Psingle domain

a! # ( øB, øL)

!
øB 2LR cluster

4M 2 , (13)

where Rcluster 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 massesma ( ' pl , the axion to photon con-
version probability scale like Pa! # % m" 4

a , thus rapidly
making the conversion process ine$ cient. For $DM !
2·1019 s, this constrains the ALP mass toma " 6·10" 11

eV.

(cosmological moduli problem, 
unless [Linde ’96, Takahashi,Yanagida ’11])
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Axion-photon conversion
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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 off 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
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It follows that the morphology and strength of an ob-
served photon line signal is set by the magnetic Þeld en-
vironment. At the simplest level, the signal scales as
the square of the magnetic Þeld, although as we discuss
below the magnetic Þeld coherence length and the elec-
tron density also play signiÞcant 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,
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unimportant for the subsequent discussion, denotes the
Faraday rotation of photon polarisation states caused by
the cluster magnetic Þeld.

Equation (8) is easily solved for a single domain of
length L with a constant magnetic Þeld. Denoting the
component of the magnetic Þeld transverse to the motion
by B# , the resulting conversion probability is given by
[40, 41],
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In the small-angle approximation |* | # 1 and # # 1,
the single domain conversion probability is simply given
by

Psingle domain
a! # =

1
4

!
B# L
M

" 2

= 2 .3 á10" 10 $
!

B#

1 µG
L

1 kpc
1014 GeV

M

" 2

. (12)

Given a model of the turbulent, multi-scale magnetic
Þeld 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
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where Rcluster 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 massesma ( ' pl , the axion to photon con-
version probability scale like Pa! # % m" 4

a , thus rapidly
making the conversion process ine$ cient. For $DM !
2á1019 s, this constrains the ALP mass toma " 6á10" 11

eV.
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[Raffelt, Stodolsky ’87]
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DM ! a ! !

Outline

1. The 3.55 keV photon line and its 
morphology

2.  

3.                     vs               morphology 

12

DM ! a ! ! DM ! !
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Predictions: Cluster morphology
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Figure 3 . The relative strength for di ! erent annuli, betweenn and (n + 1)*100 kpc, for a) the cool-
core cluster, and b) the non-cool-core cluster. The signal strength is normalised so the 500 - 600 kpc
annulus has strength unity. We note that DM! ! would have a normalised relative signal strength
of 1 for all annuli.

Þelds than non-cool-core clusters outside the core region). Assuming that the magnetic Þeld
at a radius of 500 kpc is roughly comparable, we expect that signals extracted within the
central " 250 kpc will be stronger for cool-core clusters by a factor 1.5 # 4.5. Thus it would
be interesting to stack cluster centres separately as cool-core and non-cool-core in order to
see whether this e! ect is present.

5 Caveats and Conclusions

Let us discuss some possible caveats to the above.
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Figure 3 . The relative strength for di↵erent annuli, betweenn and (n + 1)*100 kpc, for a) the cool-
core cluster, and b) the non-cool-core cluster. The signal strength is normalised so the 500 - 600 kpc
annulus has strength unity. We note that DM! � would have a normalised relative signal strength
of 1 for all annuli.

Þelds than non-cool-core clusters outside the core region). Assuming that the magnetic Þeld
at a radius of 500 kpc is roughly comparable, we expect that signals extracted within the
central ⇠ 250 kpc will be stronger for cool-core clusters by a factor 1.5� 4.5. Thus it would
be interesting to stack cluster centres separately as cool-core and non-cool-core in order to
see whether this e↵ect is present.

5 Caveats and Conclusions

Let us discuss some possible caveats to the above.
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FDM ! a = ! DM ! a
4!d (z)2 (1 + z)

!
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" DM
m DM

Pa! # dV

FDM ! ! = ! DM ! !

4"d (z)2 (1 + z)
!

V
#DM
m DM

dV

(Flux extracted in annuli          )

Cool-core     vs    non-cool-core�
[Conlon, Powell ’14]
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Predictions: Galaxies

14

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

• What about the Milky Way,  Andromeda?
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Predictions: Milky Way

15Figure 3 . The expected 3.55 keV line ßux across the sky in the ALP scenario, using the NFW dark
matter density and an electron density scale heighth = 1 .1 kpc.

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

We Þrstly note that the expected ßux 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 WayÕs

Ð 8 Ð

DM ! a ! ! [Conlon, Day ’14]
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Predictions: Milky Way

Figure 3 . The expected 3.55 keV line ßux across the sky in the ALP scenario, using the NFW dark
matter density and an electron density scale heighth = 1 .1 kpc.

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

We Þrstly note that the expected ßux 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 WayÕs
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Figure 3 . The expected 3.55 keV line ßux across the sky in the ALP scenario, using the NFW dark
matter density and an electron density scale heighth = 1 .1 kpc.

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

We Þrstly note that the expected ßux 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 WayÕs

Ð 8 Ð

DM ! a ! !
[Conlon, Day ’14]

DM ! !

(Not found in Chandra data [Riemer-Sorensen ’14])



/ 17A 3.55 keV Photon Line and its Morphology from a 3.55 keV ALP Line Markus Rummel

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                )

• Predictions will be tested in the near future

17

DM ! a ! !

FDM ! a! ! ! ! DM ! a/M 2

DM ! �

DM ! �
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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                )

• Predictions will be tested in the near future

17

DM ! a ! !

FDM ! a! ! ! ! DM ! a/M 2

DM ! �

DM ! �

Thank you for your attention!
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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)

18

Field of view
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Predictions: Clusters
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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 Ñ the inferred value of sin 2 (2! ) Ñ 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 Þeld 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 Ñ the inferred value of sin 2 (2! ) Ñ 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 Þeld 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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Instruments have different FOV

Seems to be already in the data!
[Conlon, Powell ’14]


