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Principal message: 
 

Galaxy clusters are extremely efficient at converting any 
population of light axion-like particles into photons.  

 
 
!
 
!
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Galaxy clusters are extremely efficient at converting any 
population of light axion-like particles into photons.  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The photons exhibit distinct observational signatures !
that well correlate with two unexplained features of the 

cluster X-ray spectrum.
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Axion-like particles (ALPs)
ALPs have already been introduced 7 times at this 
conference. The low-energy effective theory is given by, 

Axions are interesting extensions of the Standard Model.
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Axions are interesting extensions of the Standard Model.
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Raffelt, 
Stodolsky ’88.
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Axions are interesting extensions of the Standard Model.

ALP-photon conversion:
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Axion-like particles (ALPs)

Axions are interesting extensions of the Standard Model.
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Axions are interesting extensions of the Standard Model.

Conversion probability for a coherent magnetic field:
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Look for strong magnetic fields (P~B2) coherent over large 
distances (P~L2).
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Galaxy clusters as ALP converters

7

Image by HST.

Galaxy clusters are the largest gravitationally bound 
structures of the universe (1≲R≲10 Mpc, 1012≲M≲1015 M⊙), 
and consists of hundreds or thousands of galaxies.
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Galaxy clusters as ALP converters
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Galaxy clusters are the largest gravitationally bound 
structures of the universe (1≲R≲10 Mpc, 1012≲M≲1015 M⊙), 
and consists of hundreds or thousands of galaxies.

They are dark matter dominated (~85% in mass), and is 
permeated by hot (T~ keV) gas (~14% in mass).

The Coma 
cluster, as seen 
by ROSAT.
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Galaxy clusters as ALP converters
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Galaxy clusters are the largest gravitationally bound 
structures of the universe (1≲R≲10 Mpc, 1012≲M≲1015 M⊙), 
and consists of hundreds or thousands of galaxies.

XMM-Newton 
(MOS1 & MOS2) 
spectrum for 
central region of 
Coma.!
Arnaud et al., 
2001.

Thermal 
bremsstrahlung with!
I(E)∝g(E) exp[-c E], 
plus ion lines.

They are dark matter dominated (~85% in mass), and is 
permeated by hot (T~ keV) gas (~14% in mass).
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Galaxy clusters as ALP converters
Clusters support magnetic fields with O(|B|)=1-10 μG.

10

From Bonafede’s 
thesis.

C.f. Bonafede’s 
talk.

The birefringence of the magnetised plasma gives rise to 
Faraday rotation of polarised photons: �✓ / �2

Z
ne(l) ~B · d~l .
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Galaxy clusters as ALP converters
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Bonafede et al., 
2010.

Magnetic field model for the Coma cluster: !

1.                         !

2.      !

The parameters n, kmin, kmax, η, and B0 may then be 
constrained by comparing the observed distribution of RMs 
from a set of radio sources to simulated mock RMs. 
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Bonafede et al., 
2010.

Magnetic field model for the Coma cluster: !

1.                         !

2.      !

The parameters n, kmin, kmax, η, and B0 may then be 
constrained by comparing the observed distribution of RMs 
from a set of radio sources to simulated mock RMs. 
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Baseline: n=17/3, kmin=2π/(34 kpc), kmax=2π/(3 kpc), 
η=0.4-0.7, and B0=3.9-5.4 μG. 

Alternate model: n=4, kmin=2π/(100 kpc), kmax=2π/(2 kpc), 
η=0.7, and B0=5.4 μG. 
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Galaxy clusters as ALP converters

12

a

γ

Clusters source the conversion of light ALPs to photons 
with probabilities of order P(a⟶γ) ~ O(1) for M = 1011 GeV 
and ma < ωpl ≈ 10-12 eV. !
More massive ALPs generically have P(a⟶γ) ~ (ωpl/ma)4.

B
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a

γ

Clusters source the conversion of light ALPs to photons 
with probabilities of order P(a⟶γ) ~ O(1) for M = 1011 GeV 
and ma < ωpl ≈ 10-12 eV. !
More massive ALPs generically have P(a⟶γ) ~ (ωpl/ma)4.
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Galaxy clusters as ALP converters

13

Angus, Conlon, 
D.M., Powell, 
Witkowski, ’13.

E = 2 keV, M= 7×1012 GeV!
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Galaxy clusters as ALP converters

14

Angus, Conlon, 
D.M., Powell, 
Witkowski, ’13.

E = 1 keV, M= 7×1012 GeV!
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Galaxy clusters as ALP converters
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Angus, Conlon, 
D.M., Powell, 
Witkowski, ’13.

E = 0.6 keV, M= 7×1012 GeV!
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Galaxy clusters as ALP converters
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Angus, Conlon, 
D.M., Powell, 
Witkowski, ’13.

E = 0.3 keV, M= 7×1012 GeV!
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Galaxy clusters as ALP converters
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Angus, Conlon, 
D.M., Powell, 
Witkowski, ’13.

E = 0.1 keV, M= 7×1012 GeV!
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Galaxy clusters as ALP converters
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Angus, Conlon, 
D.M., Powell, 
Witkowski, ’13.

E = 0.025 keV, M= 7×1012 GeV!
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Galaxy clusters as ALP converters

19

Galaxy clusters are extremely efficient at converting any 
population of very light axion-like particles into 
photons.
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Where would such ALPs come from? 

Galaxy clusters are extremely efficient at converting any 
population of very light axion-like particles into photons.
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Galaxy clusters as ALP converters

19

Where would such ALPs come from? 

Galaxy clusters are extremely efficient at converting any 
population of very light axion-like particles into photons.

The decay of any heavier particle that couples to it, e.g. 
through: 

1. Dark matter decaying to ALPs.  

2. ALPs being produced at reheating.
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Operator:                      !

Process:     νs       ν+a!

Rate: 

1. Dark Matter decaying into ALPs:

20

Example 2: Moduli (scalar) dark matter 

Example 1: Sterile neutrino dark matter 
L � @µa
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The nature of dark matter is not known, and effective field 
theory is useful in parametrising the possible couplings.
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The photon flux for DM     ALP      γ is then given by,

21

F !⌫� =
�DM!a
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Z
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% d% d�

Z

l.o.s.

⇢DM(l, %,�)

mDM
Pa!� (l, %,�) dl,

c.f. to standard, decaying sterile neutrino flux:

F !⌫� =
� !⌫�

4⇡

Z

FOV

% d% d�

Z

l.o.s.

⇢DM(l, %,�)

m 
dl .

1. Dark Matter decaying into ALPs:

stronger signal for 
strong magnetic field

Can DM      ALP      γ  explain the claimed observations of a 
3.55 keV line from clusters? 
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The 3.55 keV line
The observational status of the unidentified X-ray line at 
~3.55 keV was reviewed yesterday by Bulbul, and 
discussed by Boyarsky and Carlson. 
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The 3.55 keV line
The observational status of the unidentified X-ray line at 
~3.55 keV was reviewed yesterday by Bulbul, and 
discussed by Boyarsky and Carlson. 
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Target [detector] ∆χ

Perseus [MOS] 15.7 [1]

Coma+Centaurus+Ophiuchus [MOS] 17.1 [1]

“All others” (69 clusters) [MOS] 16.5 [1]

“All others” (69 clusters) [PN] 15.8 [1]

Perseus [ACIS-I] 11.8 [2]

Perseus [ACIS-S] 6.2 [1]

Perseus outskirts [MOS] 9.1 [2]

Perseus outskirts [PN] 8.0 [2] 

Andromeda (M31) [MOS] 13.0 [2]

Bulbul et al. ‘14

Boyarsky et al. 
‘14

The 3.55 keV line: estimated statistical significance
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The decay rate is set by the mixing angle, sin2(2θ): 

� = 1.38 · 10�29 s�1

✓
sin2(2✓)

10�7

◆⇣ ms

7.1 keV

⌘5
.

Sterile neutrino dark matter with ms=7 keV may produce a 
3.5 keV X-ray line by the (one-loop) decay νs       ν+γ. 

The 3.55 keV line: sterile neutrino interpretation

Bulbul et al. ‘14
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The 3.55 keV line: sterile neutrino interpretation
Issues with the decaying sterile neutrino explanation: !

• The line in Perseus is much stronger than expected.!

• In Perseus, a large fraction of the flux comes from the 
cool core (central 20 kpc).!

• In the Coma+Ophiuchus+Centaurus sample, the cool 
core cluster again give a very large contribution.Bulbul et al. ‘14
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Anderson et al.!
arXiv:1408.4115

list and pitch to —> check marks for problems that are consistent with 

• Suzaku data of Perseus: line observed by Urban et al, 
not found by Tamura et al, but found by Bulbul et al.!

• No evidence for the line in stacked XMM-Newton 
spectra of dwarf spheroidal galaxies, claimed exclusion 
of the sterile neutrino explanation at 4.6σ.!

• Non-detection of the line in stacked XMM-Newton (and 
Chandra) spectra of outskirts of 89 (81) galaxies, 
claimed exclusion of the sterile neutrino explanation 
at 11.8σ (4.4σ).!

• Galactic centre: controversy regarding existence of and 
correct interpretation of observed line.!

• M31: controversy regarding the significance of 
observed line.

Malyshev et al.!
arXiv:1408.3531

Urban et al. ‘14,  
Tamura et al ‘14,!
Bulbul’s talk.

The 3.55 keV line: subsequent results

Riemer-Sörensen!
’14, Boyarsky et 
al. ’14, Jeltema, 
Profumo ’14, 
Carlson’s talk. 
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list and pitch to —> check marks for problems that are consistent with 

The line in clusters will be tested by stacked Suzaku data, 
and resolved by long Astro-H observations of Perseus. The 
existence of a line in the dwarf spheroidal Draco is 
currently being tested. 

The 3.55 keV line:

Bulbul’s talk,!
Boyarsky’s talk.
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list and pitch to —> check marks for problems that are consistent with 

The line in clusters will be tested by stacked Suzaku data, 
and resolved by long Astro-H observations of Perseus. The 
existence of a line in the dwarf spheroidal Draco is 
currently being tested. 

Still, standard decaying dark matter scenario does not fit the 
already reported data well:

The 3.55 keV line:

Bulbul’s talk,!
Boyarsky’s talk.

• The line in Perseus is much stronger than expected.!

• In Perseus, a large fraction of the flux comes from the 
cool core (central 20 kpc).!

• In the Coma+Ophiuchus+Centaurus sample, the cool 
core cluster again give a very large contribution.!

• No evidence for the line in stacked galaxies.!

• No line from dwarf spheroidals.



M.C. David Marsh, University of Oxford /40

The 3.55 keV line: DM      ALP       γ.

28

Cicoli, Conlon, 
D.M., Rummel!
arXiv:1403.2370

!

• Conversion probability from ALP to photon is much 
larger in clusters (where R ~ 1 Mpc) than galaxies 
(where R~30 kpc).  !

• Nearby clusters particularly good targets as FOV covers 
central region in which the magnetic field is strongest.!

• Cool-core clusters (e.g. Perseus) are special because they 
have large central magnetic fields.!

• M31 is special as it’s a nearby spiral that is close to 
edge-on with an unusually large coherent magnetic field.

Conlon, Day!
arXiv:1404.7741

F !⌫� =
�DM!a

4⇡

Z

FOV

% d% d�

Z

l.o.s.

⇢DM(l, %,�)

mDM
Pa!� (l, %,�) dl,

Signal can be explained for M ≲ 5×1015 GeV. This scenario 
has distinct observational signatures:
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Cicoli, Conlon, 
D.M., Rummel!
arXiv:1403.2370

• No signal is expected from dwarf spheroidal galaxies, 
(including Draco).  !

• No signal is expected from a random sample of 
galaxies and galaxy outskirts.!

• Nearby edge-on spirals are the best candidates to 
observe the line in galaxies.

The 3.55 keV line: DM      ALP       γ.

Predictions:
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Morphology of signal

30

0.0 0.1 0.2 0.3 0.4 0.5

0.04

0.06

0.08

0.10

0.12

0.14

Distance @ Mpc D

Enhancement of conversion 
probability in Perseus like 
cluster

Cicoli, Conlon, 
D.M., Rummel!
arXiv:1403.2370

The 3.55 keV line: DM      ALP       γ.
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Signal from other galaxies?

31

Alvarez, Conlon, 
Day, D.M., 
Rummel!
arXiv:1410.1867

The 3.55 keV line: DM      ALP       γ.

“M31-like spiral”

“MW-like spiral”
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Signal from other galaxies?

32

Alvarez, Conlon, 
Day, D.M., 
Rummel!
arXiv:1410.1867

7 and 10 Ms of raw exposure on a set of nearby close to 
edge-on spiral galaxies for Chandra and XMM.

…

The 3.55 keV line: DM      ALP       γ.
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2. ALPs from reheating: motivation

33

Reheating may be driven by a massive scalar φ that decays 
into Standard Model particles. In string theory, φ is a 
modulus that couples with Planck mass suppressed 
couplings.!

In general, φ may also decay into light particles that may be 
too weakly coupled to ever thermalise, such as ALPs.!

Such ALPs would be more energetic than CMB photons by a 
factor of (MPl/mφ)1/2, and would constitute a ‘Cosmic Axion 
Background’ (CAB) that contributes to ‘dark radiation’. !

For mφ ≈ 106 GeV, the present-day energy would be E ~ 
O(0.1-1 keV). !

Clusters could make such a background visible in the soft X-
ray spectrum through ALP-photon conversion.!

Conlon, D.M., 
’13.



M.C. David Marsh, University of Oxford /4034

Intriguingly, an excess of soft X-rays from galaxy clusters 
have been reported in a large number of clusters since 1996.   

EUVE on Virgo 
from Liu et al. 
’96.

2. ALPs from reheating: the soft X-ray excess
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Intriguingly, an excess of soft X-rays from galaxy clusters 
have been reported in a large number of clusters since 1996.   

EUVE on Virgo 
from Liu et al. 
’96.

Is this excess 
due to ALPs?

2. ALPs from reheating: the soft X-ray excess
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A CAB explanation of the soft X-ray excess gives distinct 
predictions for the morphology of the soft X-ray excess, if 
the electron density and magnetic field is known.  
 
Test with the models for the Coma clusters.   

100 200 300 400 500 600
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1 keV
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200 eV
150 eV
100 eV
50 eV
25 eV

2. ALPs from reheating: the soft X-ray excess

M= 7×1012 GeV

Powell’s talk.
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2. ALPs from reheating: the soft X-ray excess
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2. ALPs from reheating: the soft X-ray excess
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Powell!
arXiv:1411.4172!

2. ALPs from reheating: the soft X-ray excess
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2. ALPs from reheating: the soft X-ray excess
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Principal message: 
 

Galaxy clusters are extremely efficient at converting any 
population of light axion-like particles into photons.  

 
 
!
 
!

40

The photons exhibit distinct observational signatures !
that well correlate with two unexplained features of the 
cluster X-ray spectrum: i) the reported unidentified 3.55 

keV line, ii) the long-standing cluster soft X-ray excess.
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Extra slides

41
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Other explanations for the soft X-ray excess

42
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Other explanations for the soft X-ray excess

43

Thermal model: 
Default suggestion at time of detection, currently disfavoured 
as main explanation. 	


 
Problems: 	



The gas would cool too rapidly: 
pV = nRT
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Other explanations for the soft X-ray excess
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Thermal model: 
Default suggestion at time of detection, currently disfavoured 
as main explanation. 	


 
Problems: 	



The gas would cool too rapidly: 
pV = nRTSame for 	



hot & warm gas  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Other explanations for the soft X-ray excess

43

Thermal model: 
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Still, suggested to be possible explanation of excess at large 
radii. 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Non-thermal model: 

Hwang 1997, 	


Bowyer et al 2004, 	


Sarazin 1999,	


Atoyan et al 1999.

Fine-tuned IC:	


For Coma:   tinjection~ 1.0-1.4 *109  yrs.	


!
In addition: small injection even in recent past to produce 
CR’s for radio halo.
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Non-thermal model: 
Additional constraint: associated bremsstrahlung:  
Coma: predicted gamma-ray flux of ~ 2*10-8 cm-2 s-1.

Atoyan, Vollker 2000, 	


Sarazin 1999.
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• From the bulk of the MW, the signal is unobservable 
small.  !

• The magnetic field in the central region of the Milky 
Way is not known, and estimates differ by two orders 
of magnitude. The DM       ALP     γ scenario only give 
an observable signal for the highest estimates of the 
magnetic field, and if so, may suggest an explanation 
to why the line is seen in XMM-Newton data but not 
Chandra.

A galaxy cluster 3.5 keV line from  DM      ALP       γ.

Signal from the Milky Way?

48

Conlon, Day!
arXiv:1404.7741

Alvarez, Conlon, 
Day, D.M., 
Rummel!
arXiv:1410.1867
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A galaxy cluster 3.5 keV line from  DM      ALP       γ.
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Signal from the Milky Way? J&P+Carlson’s take:

Carlson, Jeltema, 
Profumo!
arXiv:1411.1758

The morphology of the 3.5 keV signal in the centre of the 
MW is distinct from that expected from decaying dark 
matter, or the scenario discussed in this talk. 

But again expected to be 
controversial.


