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Galaxy Clusters

15% of their total 
mass is in baryons



• Galaxy clusters are the largest 
reservoirs of DM

• Thermal Bremsstrahlung 

+atomic emission lines

• Very weak emission lines from 
dark matter decay
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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. When the full sample is divided into three subsamples
(Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at >3σ statistical significance in all three
independent MOS spectra and the PN “all others” spectrum. It is also detected in the Chandra spectra of the
Perseus Cluster. However, it is very weak and located within 50–110 eV of several known lines. The detection is
at the limit of the current instrument capabilities. 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 corresponds
to a neutrino decay rate consistent with 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
difficult to understand. 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 of 10–20. Confirmation with Astro-H will be critical to determine the
nature of this new line.
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1. INTRODUCTION

Galaxy clusters are the largest aggregations of hot intergalac-
tic 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 evolution. The presence of various heavy ions is seen
from their emission lines in the cluster X-ray spectra. Data from
large effective area telescopes with spectroscopic capabilities,
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). Recently, 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 valu-
able information on the rate of supernovae of different types
in galaxies (e.g., Loewenstein 2013) and illuminate the enrich-
ment history of the ICM (e.g., Bulbul et al. 2012a). Line ratios of
various ions can also provide diagnostics of the physical proper-
ties of the ICM and uncover the presence of multi-temperature
gas, nonequilibrium ionization 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 abundance, e.g., Hinshaw et al. 2013). Among
the various plausible dark matter candidates, one that has

motivated our present work is the hypothetical sterile neutrino
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

Γγ (ms, θ ) = 1.38 × 10−29 s−1
(

sin2 2θ

10−7

) ( ms

1 keV

)5
, (1)

where the particle mass ms and the “mixing angle” θ are
unknown but tied to each other in any particular neutrino
production model (Pal & Wolfenstein 1982). The decay of sterile
neutrino should produce a photon of E = ms/2 and an active
neutrino. The mass of the sterile neutrino may lie in the keV
range, which would place its decay line in the range accessible to
X-ray observations of dark matter aggregations, such as clusters
of galaxies, nearby galaxies, and the Milky Way (Abazajian
et al. 2001a, 2001b). So far, searches in various types of massive
systems have resulted only in upper limits (e.g., Boyarsky et al.
2012; Abazajian et al. 2012).

Current X-ray archives of XMM-Newton, Chandra, and
Suzaku contain vast collections of galaxy cluster observations.
Mining these databases can result in significant improvement
in sensitivity to faint spectral features compared to individual
cluster observations (as proposed, e.g., by Abazajian et al.
2001b), with respect to both the statistical and (in a less obvious
way) systematic or instrumental uncertainties. In this paper, we
undertake a fishing expedition that combines the spectra of many
bright clusters from the XMM-Newton archive in order to search

1

• Stacked clusters at their 

rest frame

• Smeared non-source 

signal

• Analysis is sensitive to 

weak lines



0.6

0.7

0.8

F
lu

x
 (

c
n

ts
 s

-1
 k

e
V

-1
)

3 3.2 3.4 3.6 3.8 4
Energy (keV)

-0.005

0

0.005

0.01

0.015

R
e

s
id

u
a

ls

XMM - MOS

Full Sample

6 Ms

3.57 ± 0.02 (0.03)

No Line Added
Bulbul+2014

6 Ms MOS 
Observations 

4.5σ

An Unidentified Emission Line is Discovered



1 10 100
7

7.02

7.04

7.06

7.08

7.1

7.12

7.14

7.16

m
s (k

eV
) Full Sample (MOS)

Coma + Centaurus + 
Ophiuchus (MOS)

Perseus (Core-Cut) (MOS)

Other Clusters (MOS)

Full Sample (PN)

Coma + Centaurus +
Ophiuchus (PN)

Perseus (Core-Cut) (PN)

Other Clusters (PN)

Perseus (ACIS-I)
Perseus (ACIS-S)
Virgo (ACIS-I)

10    sin2 (2θ)-11

B08

H14

Comparison of Perseus with Others
M

as
s 

(k
eV

)

Mixing angle à

Perseus is 
anomalously 
bright!



Testing for Decaying Dark Matter
Detections ( ≥3σ )
1- Perseus Cluster – too bright

(Bulbul+2014a, Urban+2015, Franse+2016)   

2- Stacked clusters (Bulbul+2014a)✓
3- Galactic Center ✓

(Boyarsky+2015, Jeltema & Profumo 2015)

4- Coma,  A2199, and A2319✓
(Iakubovskyi & Bulbul+15)

5- M31 (Boyarsky+2014) ✓

6- NuSTAR Galactic Halo (Neronov+2016)✓

7- NuSTAR Bullet Cluster (Wik+2014)✓

8- Chandra Galactic Halo Observations
(Cappelluti +2017)✓

1- Virgo Cluster
(Bulbul+2014a) consistent ✓

2- Coma, Ophiuchus (Suzaku)
(Urban+2015) consistent ✓

3- Stacked galaxies 
(Anderson+2015) inconsistent!

4- Perseus Cluster 
(Hitomi Collaboration) ✓

Non- Detections (≥ 3σ )



Detection in the 10Ms Chandra Fields

CDFS

COSMOSHDFN 8

Fig. 4.— 1� (continuous line) and 2� (dashed line) limits on the
expected 3.5 keV line flux as function of the angular distance from
the GC by assuming a NFW profile with parameters from Nesti
& Salucci (2013). The profile is compared with our measurements
from the deep fields (black filled circles) and with the NuSTAR
results (red/blue filled circles). The downward � black arrow
represents the 3� limit derived from simulations. The downward�
blue arrow represents the 3� sensitivity to the 3.5 keV line with 50
Ms Chandra.

and shape are still highly debated (Bland-Hawthorn &
Gerhard 2016).
Assuming that all the intervening dark matter is asso-

ciated with a cold component that can be modeled with
an NFW profile (Navarro et al. 1997) given by:

⇢DM =
⇢⇤

x(1 + x)2
(4)

where x = r/rH ; here we adopt the parameters measured
by Nesti & Sallucci (2013): and therefore use d=8.02±0.2
kpc, rH=16.1+12.2

�5.6 , ⇢⇤=13.8+20.7
�6.6 ⇥ 106 M�/kpc3 and

SDM,GC=0.63±0.11 ph/s/cm2/sr. Using Eq. 2 we cal-
culated, with Monte Carlo integration, the 1� and 2�
confidence levels of the flux from DM decay along the
line of sight as a function of the angular distance from
the GC. This is shown in Fig. 4, wherein we overplot our
measurement and the NuSTAR measurement. The two
fields investigated here are basically at the same angular
distance from the GC of ✓ ⇠115 deg. Remarkably, our
measurements are consistent at the 1� level with such a
profile. This means the ratio of fluxes at ✓=115 and ✓=0
is consistent with the NFW DM decay model.
In terms of constraints on the number of neutrino

species (allowing one additional species of a sterile neu-
trino along with the 3 other usual flavors), Planck Col-
laboration et al. (2015) report that with the CMB tem-
perature data alone it is di�cult to constrain Ne↵ , and
data from Planck alone do not rule out Ne↵ = 4. At the
95% C.L. combining Planck + WMAP + high l experi-
ments they obtain Ne↵ = 3.36+0.68

�0.64. The Planck collabo-
ration has only investigated an eV mass sterile neutrino
as a potential additional species. So other than saying

that Ne↵ = 4 is permitted, there are no concrete CMB
constraints on keV sterile neutrinos.
Performing the line integral through the halo of the

Milky Way taking into account the f.o.v and given that
all 3 deep fields included in this analysis are at roughly
115 degrees, we compute the surface mass density along
the line of sight. Similar to our assumption adopted
above, the MW halo is once again modeled with an NFW
profile and the current best-fit parameters are adopted
from Nesti & Salucci (2013). Using the formulation de-
veloped in Abazajian et al. (2007), we use the measured
flux in the line to constrain the mixing angle sin2 2✓. Al-
though we use the integrated surface mass density of dark
matter in the Milky Way halo integrated out to the virial
radius, the dominant contribution comes from the inner
region - from within a few scale radii - of the density
profile due to the shape of the NFW profile. Using the
higher bound and the lower bound estimates for the total
mass of the Milky Way, we obtain the following values
for ⌃ the integrated surface mass density of DM:

⌃DM,High = 0.0362 gmcm�2;

⌃DM,Low = 0.0109 gmcm�2. (5)

Using these values and the equation:

sin2 2✓ ⇥ (
m⌫

1 1 keV
)4 ⇥ ⌃DM

gm cm�2
=

(
I⌫

1.45⇥ 10�4
) photons cm�2 s�1 arcsec�2,

(6)

we obtain that sin2 2✓DM,High = 6.92 ⇥ 10�10 and
sin2 2✓DM,Low = 2.29⇥ 10�10. Furthermore, we can now
estimate the lifetime ⌧ for this sterile neutrino species,
using equation 2 of Boyarsky et al. (2015):

⌧DM = 7.2⇥ 1029 sec(
10�8

sin2 2✓
) (

1 keV

m⌫
)5 (7)

and find that it is ⌧DM,High = 6.09 ⇥ 1027 sec and
⌧DM,Low = 1.83⇥1027 sec respectively. These mixing an-
gle estimates are in very good agreement with Figures 13
and 14 of Bul14. They can also be overplotted and seen
clearly to be consistent with Figure 3 of Iakubovskyi et
al. (2015).
However, despite concordance with parameters ex-

tracted from other observational constraints obtained
from X-ray data of stacked galaxy clusters and the Galac-
tic center, due to the significance of our detection only at
the 3� level, we cannot conclusively claim that this ob-
served 3.51 keV line originates from decaying dark mat-
ter. It would require a non-detection with at least 50 Ms
of Chandra observations to rule out this hypothesis (see
Fig. 4).

6. SUMMARY

In this paper, we have presented a 3� detection of an
unidentified emission feature at ⇠3.5 keV in the spec-
trum of the CXB with extremely deep integration time.
Examining the sources of possible origin for this feature,
we conclude that the line does not have a clear known
instrumental origin. The intensity and the energy of the
line is consistent with previous measurements that were

Cappelluti+2017
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Hitomi 3-4 keV Band
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Hitomi Constraints on the 3.5 keV Line
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Dividing the Hitomi Observations

Obs 2

Obs 3+4 

are a week 

apart

6 HITOMI COLLABORATION

Fig. 4.— Ratios of data to best-fit models in the interesting energy range.
Upper panel shows ratio of the same Perseus spectrum and model as in Fig.
1, but binned by 8 eV. A line at 3.57 keV (rest-frame) with a flux derived
by XMM in the SXS FOV (§4.2) is shown with curves of different colors,

which denote different l.o.s. velocity dispersions (gray: 180 km s−1, blue:
800 km s−1, red: 1300 km s−1, see §4.2). Position of the potentially interest-
ing S xvi feature (§4.3.1) is marked. Two middle panels show the residuals
for power-law sources Crab and G21.5–0.9. The area modification (§3.1) is
not included. The Crab spectrum has sufficient statistics to exclude a signif-
icant effective area artifact around 3.5 keV. Lower panel shows the effective
area curve (gray line shows the modification from §3.1), including the fine
structure above the Au M1 edge measured during ground calibration.

The Crab spectrum (shown binned to 32 eV, which roughly
corresponds to the expected DM line width) has 1.5 times
more counts at these energies than the Perseus spectrum, and
has sufficient statistics to exclude any effective area artifact
around 3.5 keV of much more than 1% (the size of the error-
bars). The area systematic uncertainty (§3.1), shown in the
lower panel of Fig. 4, is also a smaller (1%) effect. The fine
structure of the Au M1 edge (same panel), measured with high
energy resolution during ground calibration, occurs on energy
scales smaller than the “dip”.

We have also checked if this dip may be caused by some
time-dependent instrumental effect. For this, we divided the
full Perseus dataset into the early and late subsets — obser-
vations 2 and 3+4, respectively, separated by a week (§2).
Results from these subsets for the broadened line, analogous
to those shown by red line in Fig. 3 for the full exposure, are
shown in Fig. 5. The dip appears in the early subset but not
in the late one. However, the subsets are only ∼ 2σ apart at
3.5 keV, so the statistics are insufficient to determine if this
is a systematic time-dependent change. The Crab observa-
tion (Fig. 4) was performed later than our late subset and thus
does not help in ruling out a transient instrumental artifact in
earlier data; however, we can not think of a physical expla-
nation for such effect. Given the available data, we have to

Fig. 5.— The best-fit flux (curves) and ±3σ limits (shaded bands) for a
1300 km s−1 broadened line (similar to the red line and pink band in Fig.
3), derived separately for the early subset (“Obs 2”, black and gray) and later
subset (“Obs 3+4”, red and pink). The axes and the blue cross are the same
as in Fig. 3. The “dip” around 3.5 keV is present in the early subset and not
in the late one, but the results are statistically consistent.

conclude that the dip is most likely an unfortunate statistical
fluctuation, and base our results on the whole dataset in order
to avoid statistical biases.

4.3.1. A possible excess at 3.44 keV (rest frame)

The only positive deviation in Fig. 3 is a broad excess above
the best-fit thermal model at E = 3.38− 3.39 keV (observed).
The statistical significance of this feature is only 1.5σ and it
would not be worth mentioning, if not for the fact that it is
located at the energy of the high-n to n = 1 transitions of
S xvi. Excess flux in these transitions can be interpreted as
a signature of charge exchange between heavy nuclei com-
ing in contact with neutral gas — possibly the molecular neb-
ula observed in the Perseus core. These particular transitions
were proposed as a possible explanation for the 3.5 keV line in
clusters by Gu et al. (2015). A detection of charge exchange
in the ICM would be of great astrophysical importance, but it
should be confirmed with other elements (to be addressed in
future work) and eventually with a longer exposure.

5. DISCUSSION

Our analysis of the Hitomi spectrum of the Perseus cluster
core reveals no unidentified emission line around the energy
reported by B14. It is inconsistent with the presence of a line
at the flux reported by B14 using XMM MOS (as rederived for
the approximate SXS FOV). Taking into account the uncer-
tainties of the XMM MOS measurement in this region, which
itself is only 3σ significant, the inconsistency with Hitomi for
a broad line (that would be emitted by DM) is at the 99% con-
fidence level, and 99.7% for a narrow line from the ICM. The
broad line exclusion level is 97% if we force the SXS line
flux to be zero, assuming in effect that the mild “dip” in the
residuals (§4.3) is not statistical as we concluded, but some
instrumental artifact present only in Perseus and not in other

Hitomi Collaboration, 2017
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9 Hitomi 15th SWG May 19, 2016

•  SXS cal pixel has a dedicated 55-Fe source.
•  Sole method of gain tracking until MXS or FW 55-Fe source
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Summary

• Most of the astrophysical 

including potassium has 

been eliminated

• Upper limits provided by the 

Hitomi observations are 

consistent with decaying 

dark matter model
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Hitomi (Launched 2/17/2016)

Spectrometer 
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Claims:
• Various line ratios indicate wide and inconsistent plasma temperatures

• can’t restrict the temperature range and use other lines to predict the K 

XVIII flux

• there may be a very cool component which will produce a much 

brighter K line

• Possible contribution of Cl XVII at 3.51 keV not included  
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Dark matter searches going bananas:
the contribution of Potassium (and Chlorine) to the 3.5 keV line

Tesla Jeltema1⋆ and Stefano Profumo1†
1Department of Physics and Santa Cruz Institute for Particle Physics University of California, Santa Cruz, CA 95064, USA

11 August 2014

ABSTRACT
We examine the claimed excess X-ray line emission near 3.5 keV with a new analysis of
XMM-Newton observations of the Milky Way center and with a re-analysis of the data on M 31
and clusters. In no case do we find conclusive evidence for an excess. We show that known
plasma lines, including in particular K XVIII lines at 3.48 and 3.52 keV, provide a satisfactory
fit to the XMM data from the Galactic center. We assess the expected flux for the K XVIII lines
and find that the measured line flux falls squarely within the predicted range based on the
brightness of other well-measured lines in the energy range of interest. We then re-evaluate
the evidence for excess emission from clusters of galaxies, including a previously unaccounted
for Cl XVII line at 3.51 keV, and allowing for systematic uncertainty in the expected flux from
known plasma lines and for additional uncertainty due to potential variation in the abundances
of different elements. We find that no conclusive excess line emission is present within the
systematic uncertainties in Perseus or in other clusters. Finally, we re-analyze XMM data for
M 31 and find no statistically significant line emission near 3.5 keV to a level greater than one
sigma.

Key words: dark matter – line: identification – Galaxy: centre – X-rays: galaxies – X-rays:
galaxies: clusters

1 INTRODUCTION

The particle nature of the dark matter, comprising most of the
gravitationally bound structures in the universe, is unknown. A
far-ranging experimental and observational program is in place
to search for non-gravitational signals that could point to a given
class of particle dark matter candidates. While weakly interact-
ing massive particles have attracted much attention, other particle
candidates remain theoretically robust and observationally viable.
Among such candidates, “sterile” neutrinos offer the appealing pos-
sibility of tying the dark matter problem to the issue of generating
a mass for the Standard Model “active” neutrinos, provide an inter-
esting warm dark matter candidate, and can be potentially associ-
ated with a mechanism to explain the baryon-antibaryon asymme-
try in the universe (see Boyarsky et al. 2009, for a recent review).

Sterile neutrinos can mix with active neutrinos, and decay,
on timescales much longer than the age of the Universe, to the
two-body final state given by an active neutrino and a photon.
The details of such process depend on the particular extension to
the Standard Model that accommodates the sterile neutrino(s) (see
e.g. Pal & Wolfenstein 1982), but the lifetime is set by a model-
independent combination of the sterile-active neutrino mixing an-

⋆ tesla@ucsc.edu
† profumo@ucsc.edu

gle θ and of the sterile neutrino mass ms of the form

τ ≃ 7.2× 1029 sec

(

10−4

sin(2θ)

)2 (

1 keV
ms

)5

. (1)

Such a decay mode produces an almost monochromatic photon sig-
nal at an energy approximately equal to half the sterile neutrino
mass. Cosmological production mechanisms and constraints from
phase-space density restrict the relevant range for the sterile neu-
trino mass to, roughly, 0.5 – 100 keV (Boyarsky et al. 2009). As a
result, the expected line from sterile neutrino two-body decays falls
in the X-ray range.

Earlier this year, Bulbul et al. (2014) claimed the existence of
an unidentified emission line at E = (3.55 − 3.57) ± 0.03 keV
from stacked XMM-Newton observations of 73 galaxy clusters with
redshift ranging between 0.01 and 0.35. The line is observed with
statistical significance greater than 3σ in three separate subsam-
ples: (i) the individual Perseus cluster; (ii) combined data for the
Coma, Centaurus and Ophiuchus clusters; (iii) all stacked 73 clus-
ters in the sample. Chandra observations of Perseus indicate a line
feature compatible with the XMM results; The line was not, how-
ever, observed in the Virgo cluster with Chandra data. Bulbul et al.
(2014) explored possible contaminations from metal lines, notably
from K and Ar, which would require however typical fluxes factors
of 10-30 larger than predicted.

Shortly after the analysis of Bulbul et al. (2014), a 3.5 keV
line was reported from XMM-Newton observations of both the

c⃝ 0000 RAS
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ABSTRACT

The recent paper by Jeltema & Profumo (2014) claims that contributions from K XVIII and Cl XVII
lines can explain the unidentified emission line found by Bulbul et al. (2014) and also by Boyarsky
et al. (2014a,b). We show that their analysis relies upon incorrect atomic data and inconsistent
spectroscopic modeling. We address these points and summarize in the appendix the correct values
for the relevant atomic data from AtomDB.

1. INTRODUCTION

In a recent preprint “Dark matter searches going ba-
nanas: the contribution of Potassium (and Chlorine) to
the 3.5 keV line,” Jeltema & Profumo (2014, hereafter
JP) claim that the unidentified E ⇡ 3.55�3.57 keV emis-
sion line that we detected in the stacked galaxy cluster
spectra (Bulbul et al. 2014, hereafter B14) and Boyarsky
et al. (2014a) detected in Perseus and M31 (as well as
their more recent detection of the same line in the Galac-
tic Center, (Boyarsky et al. 2014b)) can be accounted for
by an additional Cl XVII Ly� line and by broadening
the model uncertainty for the flux of the K XVIII He-like
triplet. These transitions occur at E ⇡ 3.51 keV, close to
our unidentified line. In B14, we considered the K line
among other possibilities and concluded that it cannot
explain the new line. Here we respond to JP’s concerns,
focusing on our galaxy cluster analysis.
Specifically, JP raise three key points about the anal-

ysis in B14:

1. A possible Cl XVII Ly� line at E = 3.51 keV was
not included in our model;

2. The plasma temperatures derived from the ratios
of fluxes of S XVI, Ca XIX and Ca XX lines in the
cluster spectra are inconsistent, thus a much larger
range of temperatures must be allowed in modeling;

3. When using a wider range of possible temperatures,
and scaling from the fluxes for the S XVI, Ca XIX,
Ca XX lines reported by B14 for the Perseus clus-
ter, the total flux in the K XVIII and Cl XVII lines
can match that of the unidentified line.

They conclude that, accounting for these points, no ad-
ditional line is required by the B14 data. We address
these items below.

1.1. Atomic Data

In a study of this nature, using accurate atomic data
is vital. JP state that they have used AtomDB (Smith
et al. 2001) to calculated their line fluxes. Though they
do not cite the version, from the fact that they used the
recently added lines of Chlorine, it must be the latest
version 2.0.2 (Foster et al. 2012). However, we have been
unable to recreate the line ratios in Table 3 of JP using

AtomDB v2.0.2. In theory, these should be the fluxes
from their Table 2, multiplied by the ratio of predicted
K XVIII emissivities to that of the line in question.
We can, however, recreate their Table 3 if we use the

approximate values available in the “strong lines” option
at http://www.atomdb.org/WebGUIDE/webguide.php.
As described on that page, this option uses an approxi-
mation

✏(T ) = ✏(Tpeak)N(T )/N(Tpeak) (1)

where ✏ is the emissivity, T is the requested temperature,
Tpeak is the temperature for which the transition’s emis-
sivity is its maximum, and N is the abundance of the
ion. This approximation is intended for quick identifica-
tion of possible strong lines, as it disregards the change
in line emissivity with temperature, instead accounting
only for the relative change in ion abundance.1

Using these approximate data, we were able to recreate
the values in JP’s Table 3 exactly from the data in Ta-
ble 2, to identify exactly which lines JP included in their
flux ratio calculations, and to explain the line ratios dis-
cussed in their §3.1. The error due to the use of this
approximation can be very large for temperatures away
from the line peak emissivity temperature, as illustrated
in Fig. 1 for our four relevant lines.

1.2. Line Ratios as Temperature Diagnostics

Incorrect atomic data easily lead to incorrect conclu-
sions about the gas temperature structure based on the
observed line ratios. In particular, JP find that the ob-
served ratios of the S XVI, Ca XIX, Ca XX lines (the
lines used in B14 to estimate the K XVIII flux) indi-
cate very di↵erent plasma temperatures. (Of course, in
a single-component plasma in ionization equilibrium, all
line ratios must correspond to the same temperature.)
Therefore, they conclude that the plasma has to have
a very complex temperature structure, and so B14 were
not justified to restrict the temperature range for our es-
timates of the K XVIII flux. We will address the K line
in the next section, and here we check if the relevant line
ratios are indeed in disagreement.

1 A note that accompanies the results of every line search on that
web page further states: “The emissivities listed here are intended
only as a guide, and should not be used for analysis ... For correct
emissivities, please use the full AtomDB database.

ar
X

iv
:1

40
9.

41
43

v1
  [

as
tro

-p
h.

H
E]

  1
5 

Se
p 

20
14 • The line ratio temperatures in JP 

are inconsistent because JP used 

incorrect atomic data — in fact, 

different ratios are in agreement.

kT = 3.5 keV



ApJ

Preprint typeset using LATEX style emulateapj v. 5/2/11

COMMENT ON “DARK MATTER SEARCHES GOING BANANAS: THE CONTRIBUTION OF POTASSIUM
(AND CHLORINE) TO THE 3.5 KEV LINE”

Esra Bulbul (1), Maxim Markevitch (2), Adam R. Foster (1), Randall K. Smith (1), Michael Loewenstein (2),

Scott W. Randall (1)

(1) Harvard-Smithsonian Center for Astrophysics, (2) NASA/GSFC
Draft version September 16, 2014

ABSTRACT

The recent paper by Jeltema & Profumo (2014) claims that contributions from K XVIII and Cl XVII
lines can explain the unidentified emission line found by Bulbul et al. (2014) and also by Boyarsky
et al. (2014a,b). We show that their analysis relies upon incorrect atomic data and inconsistent
spectroscopic modeling. We address these points and summarize in the appendix the correct values
for the relevant atomic data from AtomDB.

1. INTRODUCTION

In a recent preprint “Dark matter searches going ba-
nanas: the contribution of Potassium (and Chlorine) to
the 3.5 keV line,” Jeltema & Profumo (2014, hereafter
JP) claim that the unidentified E ⇡ 3.55�3.57 keV emis-
sion line that we detected in the stacked galaxy cluster
spectra (Bulbul et al. 2014, hereafter B14) and Boyarsky
et al. (2014a) detected in Perseus and M31 (as well as
their more recent detection of the same line in the Galac-
tic Center, (Boyarsky et al. 2014b)) can be accounted for
by an additional Cl XVII Ly� line and by broadening
the model uncertainty for the flux of the K XVIII He-like
triplet. These transitions occur at E ⇡ 3.51 keV, close to
our unidentified line. In B14, we considered the K line
among other possibilities and concluded that it cannot
explain the new line. Here we respond to JP’s concerns,
focusing on our galaxy cluster analysis.
Specifically, JP raise three key points about the anal-

ysis in B14:

1. A possible Cl XVII Ly� line at E = 3.51 keV was
not included in our model;

2. The plasma temperatures derived from the ratios
of fluxes of S XVI, Ca XIX and Ca XX lines in the
cluster spectra are inconsistent, thus a much larger
range of temperatures must be allowed in modeling;

3. When using a wider range of possible temperatures,
and scaling from the fluxes for the S XVI, Ca XIX,
Ca XX lines reported by B14 for the Perseus clus-
ter, the total flux in the K XVIII and Cl XVII lines
can match that of the unidentified line.

They conclude that, accounting for these points, no ad-
ditional line is required by the B14 data. We address
these items below.

1.1. Atomic Data

In a study of this nature, using accurate atomic data
is vital. JP state that they have used AtomDB (Smith
et al. 2001) to calculated their line fluxes. Though they
do not cite the version, from the fact that they used the
recently added lines of Chlorine, it must be the latest
version 2.0.2 (Foster et al. 2012). However, we have been
unable to recreate the line ratios in Table 3 of JP using

AtomDB v2.0.2. In theory, these should be the fluxes
from their Table 2, multiplied by the ratio of predicted
K XVIII emissivities to that of the line in question.
We can, however, recreate their Table 3 if we use the

approximate values available in the “strong lines” option
at http://www.atomdb.org/WebGUIDE/webguide.php.
As described on that page, this option uses an approxi-
mation

✏(T ) = ✏(Tpeak)N(T )/N(Tpeak) (1)

where ✏ is the emissivity, T is the requested temperature,
Tpeak is the temperature for which the transition’s emis-
sivity is its maximum, and N is the abundance of the
ion. This approximation is intended for quick identifica-
tion of possible strong lines, as it disregards the change
in line emissivity with temperature, instead accounting
only for the relative change in ion abundance.1

Using these approximate data, we were able to recreate
the values in JP’s Table 3 exactly from the data in Ta-
ble 2, to identify exactly which lines JP included in their
flux ratio calculations, and to explain the line ratios dis-
cussed in their §3.1. The error due to the use of this
approximation can be very large for temperatures away
from the line peak emissivity temperature, as illustrated
in Fig. 1 for our four relevant lines.

1.2. Line Ratios as Temperature Diagnostics

Incorrect atomic data easily lead to incorrect conclu-
sions about the gas temperature structure based on the
observed line ratios. In particular, JP find that the ob-
served ratios of the S XVI, Ca XIX, Ca XX lines (the
lines used in B14 to estimate the K XVIII flux) indi-
cate very di↵erent plasma temperatures. (Of course, in
a single-component plasma in ionization equilibrium, all
line ratios must correspond to the same temperature.)
Therefore, they conclude that the plasma has to have
a very complex temperature structure, and so B14 were
not justified to restrict the temperature range for our es-
timates of the K XVIII flux. We will address the K line
in the next section, and here we check if the relevant line
ratios are indeed in disagreement.

1 A note that accompanies the results of every line search on that
web page further states: “The emissivities listed here are intended
only as a guide, and should not be used for analysis ... For correct
emissivities, please use the full AtomDB database.
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ABSTRACT

The recent paper by Jeltema & Profumo (2014) claims that contributions from K XVIII and Cl XVII
lines can explain the unidentified emission line found by Bulbul et al. (2014) and also by Boyarsky
et al. (2014a,b). We show that their analysis relies upon incorrect atomic data and inconsistent
spectroscopic modeling. We address these points and summarize in the appendix the correct values
for the relevant atomic data from AtomDB.

1. INTRODUCTION

In a recent preprint “Dark matter searches going ba-
nanas: the contribution of Potassium (and Chlorine) to
the 3.5 keV line,” Jeltema & Profumo (2014, hereafter
JP) claim that the unidentified E ⇡ 3.55�3.57 keV emis-
sion line that we detected in the stacked galaxy cluster
spectra (Bulbul et al. 2014, hereafter B14) and Boyarsky
et al. (2014a) detected in Perseus and M31 (as well as
their more recent detection of the same line in the Galac-
tic Center, (Boyarsky et al. 2014b)) can be accounted for
by an additional Cl XVII Ly� line and by broadening
the model uncertainty for the flux of the K XVIII He-like
triplet. These transitions occur at E ⇡ 3.51 keV, close to
our unidentified line. In B14, we considered the K line
among other possibilities and concluded that it cannot
explain the new line. Here we respond to JP’s concerns,
focusing on our galaxy cluster analysis.
Specifically, JP raise three key points about the anal-

ysis in B14:

1. A possible Cl XVII Ly� line at E = 3.51 keV was
not included in our model;

2. The plasma temperatures derived from the ratios
of fluxes of S XVI, Ca XIX and Ca XX lines in the
cluster spectra are inconsistent, thus a much larger
range of temperatures must be allowed in modeling;

3. When using a wider range of possible temperatures,
and scaling from the fluxes for the S XVI, Ca XIX,
Ca XX lines reported by B14 for the Perseus clus-
ter, the total flux in the K XVIII and Cl XVII lines
can match that of the unidentified line.

They conclude that, accounting for these points, no ad-
ditional line is required by the B14 data. We address
these items below.

1.1. Atomic Data

In a study of this nature, using accurate atomic data
is vital. JP state that they have used AtomDB (Smith
et al. 2001) to calculated their line fluxes. Though they
do not cite the version, from the fact that they used the
recently added lines of Chlorine, it must be the latest
version 2.0.2 (Foster et al. 2012). However, we have been
unable to recreate the line ratios in Table 3 of JP using

AtomDB v2.0.2. In theory, these should be the fluxes
from their Table 2, multiplied by the ratio of predicted
K XVIII emissivities to that of the line in question.
We can, however, recreate their Table 3 if we use the

approximate values available in the “strong lines” option
at http://www.atomdb.org/WebGUIDE/webguide.php.
As described on that page, this option uses an approxi-
mation

✏(T ) = ✏(Tpeak)N(T )/N(Tpeak) (1)

where ✏ is the emissivity, T is the requested temperature,
Tpeak is the temperature for which the transition’s emis-
sivity is its maximum, and N is the abundance of the
ion. This approximation is intended for quick identifica-
tion of possible strong lines, as it disregards the change
in line emissivity with temperature, instead accounting
only for the relative change in ion abundance.1

Using these approximate data, we were able to recreate
the values in JP’s Table 3 exactly from the data in Ta-
ble 2, to identify exactly which lines JP included in their
flux ratio calculations, and to explain the line ratios dis-
cussed in their §3.1. The error due to the use of this
approximation can be very large for temperatures away
from the line peak emissivity temperature, as illustrated
in Fig. 1 for our four relevant lines.

1.2. Line Ratios as Temperature Diagnostics

Incorrect atomic data easily lead to incorrect conclu-
sions about the gas temperature structure based on the
observed line ratios. In particular, JP find that the ob-
served ratios of the S XVI, Ca XIX, Ca XX lines (the
lines used in B14 to estimate the K XVIII flux) indi-
cate very di↵erent plasma temperatures. (Of course, in
a single-component plasma in ionization equilibrium, all
line ratios must correspond to the same temperature.)
Therefore, they conclude that the plasma has to have
a very complex temperature structure, and so B14 were
not justified to restrict the temperature range for our es-
timates of the K XVIII flux. We will address the K line
in the next section, and here we check if the relevant line
ratios are indeed in disagreement.

1 A note that accompanies the results of every line search on that
web page further states: “The emissivities listed here are intended
only as a guide, and should not be used for analysis ... For correct
emissivities, please use the full AtomDB database.
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ABSTRACT
We examine the claimed excess X-ray line emission near 3.5 keV including both a new anal-
ysis of XMM-Newton observations of the Milky Way center and a reanalysis of the data on
M 31 and clusters. In no case do we find conclusive evidence for an excess. In the case of
the Galactic center we show that known plasma lines, including in particular K XVIII lines at
3.48 and 3.52 keV, provide a satisfactory fit to the XMM data. We estimate the expected flux
of the K XVIII lines and find that the measured line flux falls squarely within the predicted
range based on the brightness of other well-measured lines in the energy range of interest and
on detailed multi-temperature plasma models. We then re-assess the evidence for excess emis-
sion from clusters of galaxies, allowing for systematic uncertainty in the expected flux from
known plasma lines and additional uncertainty due to potential variation in the abundances of
different elements. We find that no conclusive excess line emission can be advocated when
considering systematic uncertainties in Perseus or in other clusters. We also re-analyze the
XMM data for M 31 and find no statistically significant line emission near 3.5 keV to a level
greater than one sigma. Finally, we analyze the Tycho supernova remnant, which shows sim-
ilar plasma features to the sources above, but does not host any significant dark matter. We
detect a 3.55 keV line from Tycho, which points to possible systematic effects in the flux de-
termination of weak lines, or to relative elemental abundances vastly different from theoretical
expectations.

Key words: X-rays: galaxies; X-rays: galaxies: clusters; X-rays: ISM; line: identification;
(cosmology:) dark matter

1 INTRODUCTION

The particle nature of the dark matter, comprising most of the
gravitationally bound structures in the universe, is unknown. A
far-ranging experimental and observational program is in place
to search for non-gravitational signals that could point to a given
class of particle dark matter candidates. While weakly interact-
ing massive particles have attracted much attention, other particle
candidates remain theoretically robust and observationally viable.
Among such candidates, “sterile” neutrinos offer the appealing pos-
sibility of tying the dark matter problem to the issue of generating
a mass for the Standard Model “active” neutrinos, provide an inter-
esting warm dark matter candidate, and can be potentially associ-
ated with a mechanism to explain the baryon-antibaryon asymme-
try in the universe (see Boyarsky et al. 2009, for a recent review).

Sterile neutrinos can mix with active neutrinos and decay,
on timescales much longer than the age of the Universe, to the
two-body final state given by an active neutrino and a photon.
The details of such process depend on the particular extension to

⋆ tesla@ucsc.edu
† profumo@ucsc.edu

the Standard Model that accommodates the sterile neutrino(s) (see
e.g. Pal and Wolfenstein 1982), but the lifetime is set by a model-
independent combination of the sterile-active neutrino mixing an-
gle θ and of the sterile neutrino mass ms of the form

τ ≃ 7.2× 1029 sec

(

10−4

sin(2θ)

)2 (

1 keV
ms

)5

. (1)

Such a decay mode produces an almost monochromatic photon sig-
nal at an energy approximately equal to half the sterile neutrino
mass. Cosmological production mechanisms and constraints from
phase-space density restrict the relevant range for the sterile neu-
trino mass to, roughly, 0.5 – 100 keV (Boyarsky et al. 2009). As a
result, the expected line from sterile neutrino two-body decay falls
in the X-ray range.

Earlier this year, Bulbul et al. (2014a) claimed the existence
of an unidentified emission line at E = (3.55− 3.57) ± 0.03 keV
from stacked XMM-Newton observations of 73 galaxy clusters with
redshift ranging between 0.01 and 0.35. The line is observed with
statistical significance greater than 3σ in three separate subsam-
ples: (i) the single Perseus cluster; (ii) the combined data for the
Coma, Centaurus and Ophiuchus clusters; (iii) all other 69 clusters.
Chandra observations of Perseus indicate a line feature compati-
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ABSTRACT
We examine the claimed excess X-ray line emission near 3.5 keV including both a new anal-
ysis of XMM-Newton observations of the Milky Way center and a reanalysis of the data on
M 31 and clusters. In no case do we find conclusive evidence for an excess. In the case of
the Galactic center we show that known plasma lines, including in particular K XVIII lines at
3.48 and 3.52 keV, provide a satisfactory fit to the XMM data. We estimate the expected flux
of the K XVIII lines and find that the measured line flux falls squarely within the predicted
range based on the brightness of other well-measured lines in the energy range of interest and
on detailed multi-temperature plasma models. We then re-assess the evidence for excess emis-
sion from clusters of galaxies, allowing for systematic uncertainty in the expected flux from
known plasma lines and additional uncertainty due to potential variation in the abundances of
different elements. We find that no conclusive excess line emission can be advocated when
considering systematic uncertainties in Perseus or in other clusters. We also re-analyze the
XMM data for M 31 and find no statistically significant line emission near 3.5 keV to a level
greater than one sigma. Finally, we analyze the Tycho supernova remnant, which shows sim-
ilar plasma features to the sources above, but does not host any significant dark matter. We
detect a 3.55 keV line from Tycho, which points to possible systematic effects in the flux de-
termination of weak lines, or to relative elemental abundances vastly different from theoretical
expectations.
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1 INTRODUCTION

The particle nature of the dark matter, comprising most of the
gravitationally bound structures in the universe, is unknown. A
far-ranging experimental and observational program is in place
to search for non-gravitational signals that could point to a given
class of particle dark matter candidates. While weakly interact-
ing massive particles have attracted much attention, other particle
candidates remain theoretically robust and observationally viable.
Among such candidates, “sterile” neutrinos offer the appealing pos-
sibility of tying the dark matter problem to the issue of generating
a mass for the Standard Model “active” neutrinos, provide an inter-
esting warm dark matter candidate, and can be potentially associ-
ated with a mechanism to explain the baryon-antibaryon asymme-
try in the universe (see Boyarsky et al. 2009, for a recent review).

Sterile neutrinos can mix with active neutrinos and decay,
on timescales much longer than the age of the Universe, to the
two-body final state given by an active neutrino and a photon.
The details of such process depend on the particular extension to
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the Standard Model that accommodates the sterile neutrino(s) (see
e.g. Pal and Wolfenstein 1982), but the lifetime is set by a model-
independent combination of the sterile-active neutrino mixing an-
gle θ and of the sterile neutrino mass ms of the form

τ ≃ 7.2× 1029 sec

(

10−4

sin(2θ)

)2 (

1 keV
ms

)5

. (1)

Such a decay mode produces an almost monochromatic photon sig-
nal at an energy approximately equal to half the sterile neutrino
mass. Cosmological production mechanisms and constraints from
phase-space density restrict the relevant range for the sterile neu-
trino mass to, roughly, 0.5 – 100 keV (Boyarsky et al. 2009). As a
result, the expected line from sterile neutrino two-body decay falls
in the X-ray range.

Earlier this year, Bulbul et al. (2014a) claimed the existence
of an unidentified emission line at E = (3.55− 3.57) ± 0.03 keV
from stacked XMM-Newton observations of 73 galaxy clusters with
redshift ranging between 0.01 and 0.35. The line is observed with
statistical significance greater than 3σ in three separate subsam-
ples: (i) the single Perseus cluster; (ii) the combined data for the
Coma, Centaurus and Ophiuchus clusters; (iii) all other 69 clusters.
Chandra observations of Perseus indicate a line feature compati-
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• 3.55 keV line is ∼ 1% of continuum, so any 

errors of continuum > few % will result in 

mapping the astrophysical continuum

• The line from the whole Perseus cluster is 

detected at 3σ significance

• small error bars on the profile cannot 

represent the line signal 
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Where do the 3.5 keV photons come

from? A morphological study of the

Galactic Center and of Perseus

Eric Carlson,

a,b
Tesla Jeltema,

a,b
Stefano Profumo
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aDepartment of Physics, University of California, Santa Cruz
1156 High St, Santa Cruz, CA 95064

bSanta Cruz Institute for Particle Physics,
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Abstract. We test the origin of the 3.5 keV line photons by analyzing the morphology
of the emission at that energy from the Galactic Center and from the Perseus cluster of
galaxies. We employ a variety of di↵erent templates to model the continuum emission
and analyze the resulting radial and azimuthal distribution of the residual emission. We
then perform a pixel-by-pixel binned likelihood analysis including line emission tem-
plates and dark matter templates and assess the correlation of the 3.5 keV emission
with these templates. We conclude that the radial and azimuthal distribution of the
residual emission is incompatible with a dark matter origin for both the Galactic center
and Perseus; the Galactic center 3.5 keV line photons trace the morphology of lines at
comparable energy, while the Perseus 3.5 keV photons are highly correlated with the
cluster’s cool core, and exhibit a morphology incompatible with dark matter decay. The
template analysis additionally allows us to set the most stringent constraints to date on
lines in the 3.5 keV range from dark matter decay.

ar
X

iv
:1

41
1.

17
58

v3
  [

as
tro

-p
h.

H
E]

  1
5 

Ja
n 

20
15

R=3’



Charge Exchange



ar
X

iv
:1

51
1.

06
55

7v
1 

 [a
str

o-
ph

.H
E]

  2
0 

N
ov

 2
01

5

Astronomy & Astrophysics manuscript no. 3.5v5 c⃝ESO 2015
November 23, 2015

Letter to the Editor

A novel scenario for the possible X-ray line feature at ∼3.5 keV:
Charge exchange with bare sulfur ions

Liyi Gu1, Jelle Kaastra1, 2, A. J. J. Raassen1, 3, P. D. Mullen4, R. S. Cumbee4, D. Lyons4, and P. C. Stancil4

1 SRON Netherlands Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands
e-mail: L.Gu@sron.nl

2 Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands
3 Astronomical Institute “Anton Pannekoek”, Science Park 904, 1098 XH Amsterdam, University of Amsterdam, The Netherlands
4 Department of Physics and Astronomy and the Center for Simulational Physics, University of Georgia, Athens, GA 30602, USA

November 23, 2015

ABSTRACT

Motivated by recent claims of a compelling ∼3.5 keV emission line from nearby galaxies and galaxy clusters, we investigate a
novel plasma model incorporating a charge exchange component obtained from theoretical scattering calculations. Fitting this kind
of component with a standard thermal model yields positive residuals around 3.5 keV, produced mostly by S xvi transitions from
principal quantum numbers n ≥ 9 to the ground. Such high-n states can only be populated by the charge exchange process. In this
scenario, the observed 3.5 keV line flux in clusters can be naturally explained by an interaction in an effective volume of ∼1 kpc3

between a ∼3 keV temperature plasma and cold dense clouds moving at a few hundred km s−1. The S xvi lines at ∼3.5 keV also
provide a unique diagnostic of the charge exchange phenomenon in hot cosmic plasmas.

Key words. Atomic processes – Line: identification – X-rays: galaxies: clusters

1. Introduction
Recently, a narrow X-ray band of around 3.5 keV has attracted
unprecedented attention in the astrophysics and particle physics
communities. Bulbul et al. (2014; hereafter BU14) and Boyarsky
et al. (2014; hereafter BO14) independently reported discoveries
of an unidentified line feature (hereafter ULF) at ∼3.5 keV in
the X-ray spectra of bright galaxy clusters and the Andromeda
galaxy, respectively. Because the nearby thermal emission lines
(e.g., K xviii at 3.51 keV) from hot astrophysical plasmas are
expected to be much weaker than the observed value, BU14 and
BO14 suggested that the ULF could stem from the decay of ∼ 7
keV sterile neutrino dark matter particles.

These claims ignited lively debates on two basic issues: (1)
is the ULF real; and (2) if real, is it indeed a feature due to non-
baryonic matter. Several follow-up studies claimed positive de-
tections of a ULF, although the reported line central energies
are not fully reconciled with each other (e.g., Urban et al. 2015,
hereafter U15; Iakubovskyi et al. 2015). Others, e.g., Malyshev
et al. (2014), Anderson et al. (2014), Tamura et al. (2015), Carl-
son et al. (2015), and Sekiya et al. (2015), were unable to confirm
the existence of the ULF and give only upper limits. Several de-
tections and nondetections were claimed with exactly the same
datasets, indicating that the ULF search is subject to great com-
plexity and it is still premature to answer issue (1). This leads
us to study issue (2) instead to scrutinize the interpretations of a
possible 3.5 keV ULF from an astrophysical context.

We propose a novel scenario that the 3.5 keV ULF can be ex-
plained to some extent by charge exchange (hereafter CX) pro-
cesses between hot cosmic plasma and cold neutral gas. Astro-
nomical CX X-rays were first discovered in near-Earth comets
(Lisse et al. 1996) and now the related detections have been ex-

panded to various types of objects, from neighboring planets to
distant galaxy clusters (see the review by Dennerl et al. 2010). A
qualitative discussion on the possible CX lines near 3.5 keV was
presented in BU14. Compared to their model, our new plasma
code, as described in detail in Gu et al. (2015), is expected to pro-
duce more realistic line emissivities. Our code incorporates the
velocity-dependent cross-section data with resolved final states
based on the most up-to-date theoretical calculations.

This letter is organized as follows. In §2, we introduce our
CX model and describe the characteristic feature at ∼3.5 keV. In
§3, we compare our model with the actual ULF observations and
summarize the new novel scenario in §4.

2. Charge exchange recombination of bare sulfur
ions

2.1. High-n capture by charge exchange

Charge exchange occurs when multicharged ions collide with
neutrals, leaving product ions with one additional electron in
an excited state. Radiative relaxation of the product ions create
unique line emission spectra (e.g., different from collisional ex-
citation or radiative recombination), providing a novel probe to
the interactions between hot and cold astrophysical plasmas. As
described in Gu et al. (2015), we have developed a new plasma
code, as an independent model in the SPEX package (Kaastra et
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Fig. 2. (a, b, and c) The spectral fitting residuals reported in BU14 (top right panel of their Fig. 5), BO14 (right panel of their Fig. 6), and U15 (left
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§3.3. Vertical lines indicate the typical blended CIE and CX lines and the Fe xxv transitions in the 6.6-7.9 keV.

S xvi transitions from n > 8 to the ground at 3.45 − 3.47 keV.
The relative emissivities are plotted in Fig. 1c as a function of
ionization temperature. For S xvi, we also calculated line ratios
at v = 50 km s−1. The S xvi transitions at 3.45 − 3.47 keV, as
illustrated in Fig. 1c, are always the most prominent CX fea-
ture around 3.5 keV; other ions have lower cosmic abundances,
and/or weaker transitions in this band.

3. Application to the reported line at ∼3.5 keV
Based on our own calculation, we propose a new emission line
near 3.5 keV from charge exchange between bare sulfur ions and
neutral hydrogen atoms. The CX line center is close to that of
the ULF reported by BU14, BO14, U15, and Iakubovskyi et al.
(2015). Next, we examine whether or not the CX line is respon-
sible for the ULF. This immediately poses three questions to be
addressed. (i) Assuming the ULF is indeed created by CX, what
is the origin of the CX emission? (ii) Are the properties (e.g.,
flux and central energy) of the predicted CX line consistent with
the ULF observation? And (iii) why, given that CX lines are ex-
pected for many ions, is only the S xvi feature detected? Below
we examine these issues one by one.

3.1. Charge exchange in galaxy clusters and galaxies

We consider that the CX emission originates from galaxy clus-
ters by the hot tenuous intracluster medium (ICM) penetrating
and interacting with cold dense clouds. The cold clouds might
dwell around central galaxies (e.g., Conselice et al. 2001), and/or
may be entrained by member galaxies during their infall (e.g.,
Gu et al. 2013a). The former produce CX emission focused on
the cluster core, while the latter would give CX mostly in the
outer regions, as a great portion of the cold content in member
galaxies would be stripped out owing to, e.g., ICM ram pressure,
before falling into the cluster center (e.g., Gu et al. 2013b). Re-
cently, Walker et al. (2015) reported that CX might contribute
a large fraction of X-ray flux in the 0.5 − 1.0 keV band emit-
ted from Hα filaments around central galaxies. Since the ICM is
highly ionized, it is natural to expect S xvi lines from the same
filaments. This kind of cluster CX scenario can further explain

the nondetection of the ULF in the center of the Virgo cluster
(e.g., BU14 and U15), where little cold gas was found (a few
106 M⊙, Salomé & Combes 2008). In contrast, the Perseus clus-
ter, often regarded as a template example for positive ULF de-
tection, harbors a ∼1.7×1010 M⊙ cold cloud in the center (Edge
2001).

This scenario can be also applied to the central regions of spi-
ral galaxies. As reported in Koyama et al (1989, 1996), a large
amount of hot plasma was found in our Galactic center, emitting
K-shell lines from various highly-ionized ions, including S xvi.
A similar concentration of hot plasma, though relatively dim-
mer, was discovered in M31 (e.g., Takahashi et al. 2004). Such
regions are also rich in cold dense clouds (e.g., Morris & Ser-
abyn 1996).

3.2. Comparison with the ULF observations

Now we address question (ii) based on the cluster CX scenario.
To explain the observed ULF flux (4 × 108 photons s−1 cm−2,
BU14), we calculated the required emission measure nInNV for
various temperatures and velocities based on Eq. 1. By adopt-
ing the observed mean ICM density of 3 × 10−2 cm−3 (Perseus
cluster center; Churazov et al. 2003) and a typical cold cloud
density of 10 cm−3 (e.g., Heiner et al. 2008), the required in-
teraction volume was obtained and plotted in Fig. 1d as a func-
tion of temperature and velocity. This result demonstrates that a
V ∼ 1 kpc3 interaction can reproduce the observed flux, if the
ionization temperature is mild (∼ 2 − 4 keV) and v is less than
∼ 500 km s−1. This kind of plasma temperature is well in line
with the observed values in the Perseus cluster (e.g., Churazov et
al. 2003). The expected collision velocity agrees with a combina-
tion of the cold cloud velocity, thermal motion of sulfur ions, and
ICM bulk/turbulence motion, which are observed to be 0 − 400
km s−1 (Salomé et al. 2006), ∼100−200 km s−1 (for the ICM
temperature of 2 − 5 keV), and ∼100 km s−1 (Zhuravleva et al.
2014) in the Perseus case, respectively. The derived interaction
volume can be interpreted as a portion of the Hα filament, which
has a scale of several 10 kpc (Salomé et al. 2006). As shown
in Lallement et al. (2004), the thickness of CX layer is of the
same order as the mean free path of hydrogen atom against col-
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Deep XMM Observations of Draco rule out at the 99% Confidence
Level a Dark Matter Decay Origin for the 3.5 keV Line

Tesla Jeltema1⋆ and Stefano Profumo1†
1Department of Physics and Santa Cruz Institute for Particle Physics University of California, Santa Cruz, CA 95064, USA

10 March 2016

ABSTRACT
We searched for an X-ray line at energies around 3.5 keV in deep, ∼ 1.6 Msec XMM-Newton
observations of the dwarf spheroidal galaxy Draco. No line was found in either the MOS
or the PN detectors. The data in this energy range are completely consistent with a single,
unfolded power law modeling the particle background, which dominates at these energies,
plus instrumental lines; the addition of a ∼ 3.5 keV line feature gives no improvement to the
fit. The corresponding upper limit on the line flux rules out a dark matter decay origin for the
3.5 keV line found in observations of clusters of galaxies and in the Galactic Center at greater
than 99% C.L..
Key words: X-rays: galaxies; X-rays: galaxies: clusters; X-rays: ISM; line: identification;
(cosmology:) dark matter

1 INTRODUCTION

The detection of a line with an energy between 3.50 – 3.57
keV (hereafter indicated as “the 3.5 keV line” for brevity)
in the X-ray data from individual and stacked observations
of clusters of galaxies (Bulbul et al. 2014), from the Galac-
tic center (Jeltema & Profumo 2015) and, tentatively, from M31
(Boyarsky et al. 2014) (see however Jeltema & Profumo 2015;
Jeltema & Profumo 2014) has triggered widespread interest: the
line might be associated with a two-body radiative decay includ-
ing one photon of a dark matter particle with a mass of around 7
keV and a lifetime of about 6− 8× 1027 sec. Such a particle has a
natural theoretical counterpart in sterile neutrino models, a class of
dark matter candidates whose motivation goes beyond that of ex-
plaining the missing non-baryonic matter in the universe (see e.g.
Boyarsky et al. 2009, for a review).

Jeltema & Profumo (2015) pointed out early on that atomic
de-excitation lines from He-like Potassium ions (K XVIII) are a
plausible counterpart to the 3.5 keV line both in clusters of galax-
ies and in the Milky Way. This possibility was initially discarded
by Bulbul et al. (2014) based on estimates of the required K abun-
dance that relied on photospheric K solar abundances, and on multi-
temperature models biased towards high temperatures. The latter,
as demonstrated in Jeltema & Profumo (2014), artificially suppress
the brightness of the K XVIII de-excitation lines by up to more
than one order of magnitude. Additionally, coronal K abundances
are larger by about one order of magnitude than photospheric K
solar abundances, as recently pointed out by Phillips et al. (2015).

⋆ tesla@ucsc.edu
† profumo@ucsc.edu

As a result, the case for K XVIII as the culprit for the 3.5 keV line
appears at present quite plausible.

Additional circumstantial evidence against a dark matter de-
cay origin for the 3.5 keV line has also emerged. Malyshev et al.
(2014) searched for the line in stacked, archival XMM observa-
tions of dwarf spheroidal galaxies, reporting a null result that highly
constrained a dark matter decay origin for the line. Anderson et al.
(2015) analyzed stacked observations of galaxies and galaxy
groups, systems where the thermal emission would be too faint to
produce a detectable line from e.g. K XVIII, and also failed to find
any evidence for a 3.5 keV line. Urban et al. (2015) studied Suzaku
data from X-ray-bright clusters, confirming that the 3.5 keV signal
could naturally be ascribed to K, and questioning the compatibil-
ity of the line morphology with the dark matter decay hypothesis.
Finally, Carlson et al. (2015) studied in detail the morphology of
the 3.5 keV emission from the Perseus cluster of galaxies and from
the Galactic center, finding a notable correlation with the morphol-
ogy of bright elemental emission lines, and excluding a dark matter
decay origin even for cored Galactic dark matter density profiles.
A recent study of charge exchange processes indicates that an ad-
ditional possibility is that the 3.5 keV line originates from a set
of high-n S XVI transitions (populated by charge transfer between
bare sulfur ions and neutral hydrogen) to the ground state (Gu et al.
2015).

It is important to acknowledge that null results obtained so
far are still compatible with a non-standard origin for the 3.5
keV line. Notably, axion-like particle conversion in magnetic fields
(Cicoli et al. 2014; Alvarez et al. 2015) could reproduce the mor-
phology of the 3.5 keV line in Perseus reported in Carlson et al.
(2015); other possibilities include, for example, inelastic excited
dark matter (Finkbeiner & Weiner 2014). In all such instances, the
signal strength scales non-trivially with the integrated dark matter

c⃝ 0000 The Authors
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XMM cameras are consistent with each other, we now perform a common fit of all three.
We kept the ratio of the gaussian normalisations at ⇠ 3.5 keV fixed to the ratios of
the corresponding FoVs. The common fit finds a positive residual with ��2 = 2.9 at
E = 3.60± 0.06 keV and the flux F = 1.3+0.9

�0.7 ⇥ 10�9 cts/sec/cm2/arcmin2. The resulting
flux is compatible with the best-fit PN flux (Eq. (1)) at a 2� level. As it is unclear how
the common fit is a↵ected by the uncertainties of cross-calibration between the three
cameras, and because we are conservatively interested in this paper in exclusion rather
than detection, we will use as our main result the 2� upper bound from the common fit
F2� < 2.9 ⇥ 10�9 cts/sec/cm2/arcmin2, which approximately coincides with the best-fit
PN flux, see Fig. 5.

If one interprets this signal as a line from the dark matter decay, its flux is related to
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Figure 5: Left: Common fit to the MOS1, MOS2, and PN cameras (see text for details). The normal-
ization of the 3.5 keV line between cameras is fixed according to the ⌦

fov

ratios (see Table 1). Filled
rectangles show the range of fluxes predicted from previous works. The sizes of the regions take into
account ±1� errors on the measured line fluxes and positions. The height of the rectangles also reflects
additional spread in expected DM signals from the specified objects. The previous bounds are based on:
[1] (“All clusters” and “Distant clusters” samples), [2] (“M31”) and [5] (“GC”). In particular, for “All
clusters” and “Distant clusters” samples, we included an additional 20% uncertainty on its expected DM
signal compared to the average values shown in Table 5 of [1]. Right: same as the left panel, but showing
the Draco best fit for the PN camera only and the corresponding ��

2 contours (note the di↵erent x and
y ranges).

field-of-view of the camera, DL is the luminosity distance, and in the second equality we
introduced the average DM column density, S

dm

within the FoV ⌦fov.
The expected DM signal from Draco dSph is estimated based on the most recent

stellar kinematics data, modeled in [21]. The average column density of Draco within the
central 140 is SDraco = 168M�/pc2 (with a typical error of ⇠ 20% [21]). An additional
contribution from the Milky Way halo in the direction of the Draco dSph was adopted at
the level of SMW = 93M�/pc2 – based on the profile of [23]. The scatter in the values of
the MW column density ranges from 56M�/pc2 [24] to 141M�/pc2 [25]. The resulting
column density we adopt in the direction of Draco is SDraco = 261+82

�65 M�/pc2.
The corresponding lifetime, inferred from the Draco PN camera observation is

⌧Draco =

8
><

>:

9.6+7.1
�2.8 ⇥ 1027sec for SDraco =(168 + 93)M�/pc

2

7.2+5.3
�2.1 ⇥ 1027sec for SDraco =(140 + 56)M�/pc

2

12.6+9.3
�3.7 ⇥ 1027sec for SDraco =(202 + 141)M�/pc

2

(3)

Is this lifetime of this line compatible with the previous observations of 3.5 keV line?
The answer is a�rmative (see Fig. 5). The comparison of the region depends on both
uncertainty of the flux measurement and the column density, SM31. The DM column
density in the central 140 has been estimated in [2, 26, 27] and references therein. In
this work, we adopt two values of SM31: SM31,med = 600M�/pc2 (based on [28]) and
SM31,max = 1000M�/pc2 (based on [29, 30], see [26, 27] for the discussion of various
profiles). The typical errors on M31 column densities are at the order of 50%. Notice, that
a maximal disk large core profile of [31] having S ⇡ 120M�/pc2 would be incompatible
with DM interpretation of the signal. The predicted lifetime would be too short to be
consistent with the strength of the signal. This reiterates the conclusion, already made
in [5] – the dark matter interpretation of the 3.5 keV line holds only if the density profiles
of spiral galaxies (M31 and Milky Way) are cuspy.
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