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ABSTRACT

There have been several reports of a detection of an unexplained excess of X-ray emission at ~3.5 keV in astrophysical systems.
One interpretation of this excess is the decay of sterile neutrino dark matter. The most influential study to date analysed 73
clusters observed by the XMM-Newton satellite. We explore evidence for a ~~3.5-keV excess in the XMM-PN spectra of 117
redMaPPer galaxy clusters (0.1 < z < 0.6). In our analysis of individual spectra, we identify three systems with an excess of
flux at ~3.5 keV. In one case (XCS J0003.3+0204), this excess may result from a discrete emission line. None of these systems
are the most dark matter dominated in our sample. We group the remaining 114 clusters into four temperature (7x) bins to
search for an increase in ~3.5-keV flux excess with T — a reliable tracer of halo mass. However, we do not find evidence of a
significant excess in flux at 3.5 keV in any 7x bins. To maximize sensitivity to a potentially weak dark matter decay feature
at 3.5 keV, we jointly fit 114 clusters. Again, no significant excess is found at ~3.5 keV. We estimate the upper limit of an
undetected emission line at ~3.5 keV to be 2.41 x 10~® photons cm~2 s~!, corresponding to a mixing angle of sin2(26) =
4.4 x 107!, lower than previous estimates from cluster studies. We conclude that a flux excess at ~3.5 keV is not a ubiquitous

feature in clusters and therefore unlikely to originate from sterile neutrino dark matter decay.
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1 INTRODUCTION

Galaxy clusters, the largest gravitationally collapsed objects in the
universe, are vast assemblages of dark matter and hot gas, making
them invaluable probes of both cosmology and astrophysics. The
dark matter content is estimated to be roughly 85 per cent of the total
cluster’s mass, encompassing each member galaxy’s dark matter halo
in addition to a larger cluster halo. Hot, energetic gas is found between
the cluster member galaxies, forming the intracluster medium (ICM).
The ICM is a plasma of predominantly ionized hydrogen and helium,
which emits X-ray radiation via the thermal bremsstrahlung process.
The gas is additionally enriched with heavier ions, which can be
detected via their emission lines in the cluster’s X-ray spectrum, e.g.
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0O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni (see Bohringer & Werner 2010,
for areview). The spectral properties of clusters have been studied for
several decades, so it came as a surprise when a previously unknown
feature at ~3.5 keV was reported from an analysis of stacked and
individual XMM—-Newton spectra of 73 galaxy clusters (Bulbul et al.
2014, hereafter B14, 0.01 < z < 0.35).

One interpretation of the feature found by B14 (and in sub-
sequent analyses, see below) is the decay of dark matter in the
form of a resonantly produced ‘sterile’ neutrino with mass m, >~
7.1 keV (Abazajian, Fuller & Patel 2001). Such a particle would
have an associated decay mode that results in the two-body state
of an active neutrino and a photon with an energy £ = my/2
(Pal & Wolfenstein 1982). Based on the Tremaine—-Gunn bound
(Tremaine & Gunn 1979), sterile neutrino dark matter is expected
to be in the keV mass range, with m, > 400 eV and a lifetime of
7, > 10** s (Boyarsky, Ruchayskiy & Shaposhnikov 2009). While
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the sterile neutrino hypothesis has attracted a lot of attention in
the literature, alternative explanations for the ~3.5-keV excess have
been proposed. These include an interaction of axion-like particles
(ALPs) with photons (e.g. Berg et al. 2017); elemental plasma
transitions whose precise energy is not resolvable by current X-
ray telescopes (Jeltema & Profumo 2015); and charge exchange
processes due to sulphur ions (e.g. Gu et al. 2015; Shah et al.
2016).

In Bulbul et al. (2016), the B14 team followed up their original
study with an analysis of stacked Suzaku spectra of 47 clusters (0.01
< z < 0.45). From the Suzaku data, they reported another detection
of a ~3.5-keV feature, albeit at lower significance. There have also
been reports of a ~3.5-keV excess in the spectra of individual
galaxy clusters. The B14 study included an analysis of the Perseus
cluster (z 2~ 0.02), in which a feature with an anomalously high flux
(compared to stacked clusters) was detected. They suggested that
contamination from the Ar XVII dielectronic recombination line at
3.62 keV was likely responsible for this anomalously high value.
Another study by Urban et al. (2015) using Suzaku observations
similarly found evidence of a ~23.5-keV excess in both the core and
the outskirts of the Perseus cluster. However, Urban et al. (2015)
concluded that the flux ratio between the core and the outskirts was
incompatible with a dark matter interpretation. Moreover, recent
high-resolution observations of the Perseus cluster by the Hitomi
satellite failed to find any evidence for a discrete emission line
at ~3.5 keV (e.g. Aharonian et al. 2017; Tamura et al. 2019).
The Urban et al. (2015) study also included individual analyses
of three other nearby X-ray bright clusters (Coma, Virgo and
Ophiuchus) but found no evidence of an excess in their respective
spectra. Two of these clusters — Coma and Ophiuchus — were also
stacked in B14 along with Centaurus, yielding no evidence of a
line.

In addition to the cluster studies outlined above, there have been
several searches for a flux excess at ~3.5 keV in the X-ray spectra
of other types of astrophysical systems. For example, Boyarsky
et al. (2014) reported a detection of a feature consistent with a
~3.5-keV emission line in the spectrum of the Andromeda galaxy
(M31), although a subsequent analysis found its observed spectrum
to be consistent with no excess at ~3.5 keV (Jeltema & Profumo
2015). Boyarsky et al. (2018) reported a detection of a feature
consistent with a ~3.5-keV emission line in observations of the
Galactic Centre (GC). However, Jeltema & Profumo (2015) had
previously interpreted the signal in this region of the GC spectrum
as the result of plasma emission lines. Furthermore, an analysis
of Chandra observations of the GC reported no detection of a
~3.5-keV feature (Riemer-Sgrensen 2016). Other searches for a
~3.5-keV feature have analysed the spectra of the Galactic bulge
(Hofmann & Wegg 2019); individual galaxies (Anderson, Chura-
zov & Bregman 2015; Jeltema & Profumo 2016; Ruchayskiy et al.
2016); galaxy stacks (Malyshev, Neronov & Eckert 2014); and X-
ray blank sky observations of the Milky Way (Dessert, Rodd & Safdi
2020).

In this work, we revisit the seminal work of B14 by searching
for a ~3.5-keV flux excess in XMM-Newton cluster spectra. Our
cluster sample is larger than its precursor, 117 clusters compared
to 73 studied in B14, allowing us to examine the detectability of a
potential dark matter decay line at ~~3.5 keV as a function of X-ray
temperature (7x) and, hence, dark matter halo mass. If a >~3.5-keV
line is detected, and its flux increases with T, then that would lend
weight to a dark matter interpretation. However, if the flux weakens
with Tx, then an astrophysical origin would be more likely, since
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Figure 1. XMM-Newton image of XCS J0003.34+0204 in the 0.5-2.0 keV
band. The source region is defined by the blue circle. The red dashed-
circle defines the background region. Point sources are circled in green and
excluded from the spectrum. The cluster image is a composite of PN and
MOS observations (ObsID: 0201900101) with an associated redshift from

the SDSSRM catalogue of z?%t =0.11.

prominent emission lines in the 3—4 keV region, e.g. K XVII, Ar
XVII, and K XIX, weaken with plasma temperature [see figs 4 and
8 in B14 and Urban et al. (2015), respectively].

In Section 2, we describe the sample selection. In Section 3, we
describe the method used to test for the presence of a ~3.5-keV flux
excess. In Section 4, we present our results. Validation checks and
implications of our results are detailed in Section 5. We state our
conclusions in Section 6. Throughout the paper, the parameters Rs
and M5 are calculated with respect to the critical density (p.) at the
measured cluster redshift. We assume a flat ACDM cosmology with
Hy=70km s~ Mpc™', Q) =0.3, and 2, = 0.7. Unless otherwise
stated, we use the 68 per cent (1o) confidence level for all quoted
errors in this analysis.

2 THE CLUSTER SAMPLE

For this study, we use a subset of clusters drawn from a new sample
of 482 clusters presented in a companion paper (Giles et al. in
preparation, G20 hereafter). The G20 sample was developed by
crossmatching the redMaPPer (hereafter RM) SDSS DRS cluster
catalogue (SDSSRM, Rykoff et al. 2014) with the public XMM—-
Newton data archive, where the X-ray data were processed as part of
the XMM Cluster Survey (XCS, Romer et al. 2001).

Of the 482 clusters in the G20 sample, 346 have reliable X-ray
temperature measurements (i.e. ATx/Tx < 0.25) in the redshift range
0.1 < z';ﬁ‘gl < 0.6. The temperatures in G20 are measured from all
available XMM data for a given cluster, i.e. from the three cameras on
board XMM — PN, MOS1, and MOS2 — and all available observations
if the cluster has been exposed multiple times. The cluster spectra
are extracted in the 0.3-7.9 keV energy band using circular source
apertures with a radius of Rsgy and annular background regions
spanning 1.05Rsg to 1.5Rsp (see Fig. 1 for an example). The Rsg

MNRAS 497, 656-671 (2020)

120z Atenuep o uo Jasn AlsiaAlun saloopy uyor [0odiaai] Aq 1L96£98S/959/1 /.61 /o10E/seiul/woo dnoolwepese//:sdiy Woll papeojumod



658  S. Bhargava et al.

-==- 4.0 keV +
5.1 keV '
10 6.6 keV o 1

¢ Allclusters

©
L]
——

Tx (keV)

IS
= ot 4
L)

i’ S
oot

o ¢
-
-

-
-1

0.1 0.2 0.3 0.4 0.5 0.6
Redshift

Figure 2. The X-ray temperature and redshift distributions of the 117 galaxy
clusters used in this study. The dashed lines indicate the boundaries used to
define each of the four temperature bins (see Table 1).

values are estimated following an iterative method using the Rsq
— Tx scaling relation from Arnaud, Pointecouteau & Pratt (2005).
During the spectral fitting, three of the five parameters are frozen: the
redshift at the value given in the SDSSRM catalogue (a photometric
estimate with |Az|/(1 + z) =~ 0.006 where Az = ZpRﬁ\:fl — Zspec)> the
metal abundance at Z,, = 0.3 (a value typical for X-ray clusters, see
Kravtsov & Borgani 2012), and hydrogen column density, ny, at the
value obtained from the HI4PI survey (Ben Bekhti et al. 2016). The
remaining two parameters, 7x and normalization, are left free. More
detail about the crossmatching process between SDSSRM and XCS,
X-ray spectral analysis, and quality control methods can be found
in G20.

For the purposes of the current study, we require high-fidelity X-
ray spectra. Therefore, rather than using all 346 clusters, we apply
additional quality controls, detailed as follows. First, we re-derive
Tx and ATx values using only data from the PN camera and, if
multiple observations are available, only from the longest cleaned
exposure of a given cluster. We compute the cumulative cleaned
exposure time from each PN observation in our sample, obtaining a
total of 2.7 Ms of good exposure.! We also calculate associated 0.3—
7.9 keV PN-only signal-to-noise ratios. After applying an upper limit
of ATx/Tx|™ = 0.1, and a lower limit signal-to-noise ratio of SNR
= 25, 117 clusters remain. Relevant properties of the 117 clusters
are presented in Table A1, and Fig. 2 shows the sample distribution
of X-ray temperature and RM determined redshifts. Only 13 of these
clusters are found to be in common with the B14 analysis (these are
indicated in Appendix Al).

3 METHODOLOGY

3.1 Blueshifting to the rest frame

Before carrying out spectral fits (described in Section 3.2), the
spectra are blueshifted (i.e. so that Zegecive = 0). This is not strictly
necessary when examining individual clusters but is required when
performing joint fits. For joint fits, the blueshifting process has the

ICompared to 2.0 Ms of PN data in B14.
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additional advantage of ‘smearing out’ any redshift-independent in-
strumental artefacts that could be mistaken for astrophysical emission
lines.

The format of a source spectrum measured by the detector is a list
of photon counts as a function of channel number. The associated
cluster response matrix file (RMF) and ancillary response file (ARF)
contain the energy ranges corresponding to the source spectrum
channels. Each cluster spectrum is blueshifted by rescaling the upper
and lower energy bounds for each photon channel by a factor of
1 + z. This shifts the number of photons associated with each
energy according to the observed redshift of the cluster. Because the
source and background spectra both rely on the ARF and the RMF,
modifications to both spectra are required to ensure consistency.
We present a validation check of the blueshifting technique in
Section 5.2.1. We note that our approach to blueshifting is the same
as that used in B14.

3.2 Spectral fitting

We have carried out three separate but related tests on the cluster
spectra: the first is on the 117 clusters separately (Section 4.1) to
determine any outliers with excess flux at ~3.5 keV. The second
is a joint fit to clusters binned into four different temperature bins
(Section 4.2, with and without outliers). The third is a joint fit to
the whole sample (minus the outliers, see Section 4.3). Each test
is progressively more sensitive to the existence of a dark matter
decay spectral feature. The second test also allows us to search
for a potential mass dependence of a ~3.5-keV feature, because
Tx is a robust tracer of the underlying dark matter mass. Hence,
evidence of an increase in a ~3.5-keV flux excess with Tx would
give firm support to the dark matter interpretation (and vice versa).
For each test, we carry out a fit to a fiducial model (‘model A’:
tbabs X apec) and then compare the goodness of fit to a
model that includes an addition emission line component (‘model
B’: tbabs x (apec + weight X Gaussian)) to mimic
a dark matter decay feature. The fitting is performed using XSPEC
version 12.10.1F (Arnaud 1996), APEC version 3.0.9, and solar abun-
dances based on Anders & Grevesse (1989), using the XSPEC cstat
statistic.

There are five parameters in model A. Three are frozen during
the fit: the ny value, the X-ray temperature (at the 7™ value, see
Section 2), and the redshift (at zZereciive = 0). Two are left free: the
APEC normalization, and the metal abundance. During joint fits, the
abundance is ‘tied” across all the spectra being examined. This results
in an average abundance per fit (see column 5 in Table 1). For both
individual and joint fits, the normalization of the electron plasma
density is fitted separately to each cluster.

There are nine parameters in model B. Five of these are shared with
model A and treated in the same way during the fit. The remaining
four parameters are associated with the Gaussian component: the
central energy, line width, normalization, and a constant weighting
factor (0 < weight < 1). The central energy is frozen at a value
iterated between 3 and 5 keV in intervals of 25 eV, i.e. 80 separate
fits to model B are run for a given analysis. The line width is fixed
at zero to mimic the narrowest possible line emission allowed by
the energy resolution of the detector, which is in turn defined by
the ARF matrix associated with the respective cluster spectrum. The
normalization is a free parameter but, like the metal abundance,
is fitted jointly or ‘tied’, generating an average fitted value per
bin. The weighting factor is an input to the model and frozen
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Table 1. Properties of the cluster sample according to binned X-ray temperature.

Bin number Tx bin No. of clusters Tx average Mglsf average Fitted abundance SNR average
(keV) (keV) (10" My) Zo 0.3-79keV  3.0-4.0keV
1 <4 30 3.24 1.88 0.24 89.6 14.7
2 4-5.1 29 4.60 3.26 0.34 118.9 22.8
3 5.1-6.6 28 5.82 4.92 0.20 179.0 37.1
4 >6.6 30 7.89 8.07 0.29 163.8 36.5

Note. Column (1): bin number; column (2): temperature range of the bin; column (3): number of clusters in bin; column (4): average

temperature of bin; column (5): average projected dark matter mass (MgMOj); column (6): fitted abundance (in units of solar metallicity);
column (7): average SNR in the 0.4-7.9 keV band; and column (8): average SNR in the 3.0-4.0 keV band.

during the fit. Each cluster has a different assigned weight (see
Section 3.2.2).

We define the parameter A C to quantify the change in the goodness
of fit between the two models at a given energy E, where 3 < E <
5 keV (see above). AC is the difference between the value of the
Cash statistic (Cash 1979) after fitting for model A and the value
after fitting for model B. A positive value of AC indicates that
the fit is better for model B. The estimate for the 3o threshold
(i.e. the value of AC above which is considered a significantly
better fit) is calculated based on the probability of exceeding
99 per cent significance for model B compared to model A, taking
into account the fact that model B has one additional degree of
freedom.

3.2.1 Differences to the B14 method

Our analysis differs from B14 in several ways. First, we implement
the APEC plasma model using the standard approach, i.e. relying
on predefined emissivities taken from ATOMDB (Foster et al. 2012)
to account for emission lines. B14 alternatively define a line-free
APEC plasma model with 28 Gaussian models added to account for
emission lines (though some are later removed to improve conver-
gence of their fits). Next, with respect to photoelectric absorption,
we use the tbabs cross-sections, whereas B14 adopt the wabs
values (see Section 5.2.4). Our methods also differ in the approach
to background subtraction. We use an infield background subtraction
method (see Section 2). B14 use a composite background model that
accounts for contributions from the quiescent particle background,
the cosmic X-ray background, solar wind charge exchange, and
residual contamination from soft protons. Furthermore, we use the
AC parameter to assess the change in the goodness of fit between
models A and B (following a similar analysis undertaken by Urban
et al. 2015), whereas B14 uses a x? approach.

While we fit each spectrum in parallel when performing joint fits,
B14 stack their data into a composite spectrum first. The advantage
of our method is that it allows us to explore the influence of individual
spectra on the joint fit (see Section 3.2). Moreover, in our study, we
have focused on XMM-PN data, whereas B14 also fitted to XMM-
MOS, as well as analysing the Chandra-ACIS spectra of Virgo and
Perseus.

Finally, when searching for evidence of a 3.5-keV feature, the
energy values in our analysis are frozen in intervals of 25 eV (e.g.
3.5, 3.525, 3.55, 3.575, 3.6) whereas B14 nominally compute a
best-fitting value for their energy of an unidentified line in their
stacked spectrum. However, we note that out of the 14 fits in their
study, best-fitting values are computed only for the full XMM PN
and MOS samples. Stacked spectra consisting of fewer clusters
subsequently assume a fixed energy at 3.57 keV. Similarly, for the

Chandra ACIS spectra, a best-fitting energy is computed for Perseus
and subsequently frozen at 3.56 keV in the Chandra spectrum of
Virgo.

3.2.2 Dark matter flux and weighting

If a flux excess (over the fiducial model A) originates from dark
matter decay, then for a given cluster, we would expect the flux to
increase with the projected dark matter mass in the XMM FOV, Mgrﬁf,
but to decrease with cluster redshift, z. To account for this, Mngoj and z
dependent weights are applied during the joint spectral fits. The Mpy)
values are defined within a radius R, = Rsp, i.€. the same extraction
aperture as the PN spectrum (stated in Section 2). The total masses
for the clusters are estimated by applying the M5y, — Tx scaling
relation described in Arnaud et al. (2005). These are then corrected
for the fact that the dark matter accounts for only 85 per cent of the
total mass, and the projected dark matter mass within a Rsoy cylinder
is larger than that within a sphere.” The projected dark matter mass
for each individual cluster is stated in column 4 in Table Al. The
average projected dark matter mass for each temperature bin is stated
in column 4 of Table 1.

For the joint fits, to account for a different dark matter contribution
from each cluster, we apply a weighting to each cluster during the
fits to model B. We calculate the weighting w; from each cluster i in
a given temperature bin according to

MIgi(< Re)(1 4 2:)
471de

WipMm = ) (1)
where d; . is the luminosity distance at z;. Before the fitting to model
B takes place, the individual cluster weights w; py are normalized
by the largest value in the chosen bin, i.e. one cluster per bin
has a weight = 1, while remaining clusters have 0 < weight < 1.
During the fits to individual clusters, the weighting is assigned to
unity.

3.3 Estimation of sterile neutrino mixing angles

If a measured flux excess is due to dark matter decay, we can estimate
a sterile neutrino mixing angle using the Gaussian line normalization
taken from the fit to model B. For this, we use the B14 relation
between decaying dark matter flux, Fpy and projected dark matter

2This is done following the method in Lokas & Mamon (2001), assuming a
concentration parameter, csop = 3, based on the c509 — Msoo scaling relation
described in Vikhlinin et al. (2006).
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4 RESULTS

4.1 Fits to individual clusters

To look for evidence of a ~3.5-keV feature in individual cluster
observations, as has previously been reported from Perseus (e.g. B14,
Urban et al. 2015; Franse et al. 2016), we perform a AC analysis
on each of the 117 clusters in our sample, using the methodology
described in Section 3.2. We find evidence for a >30 fitimprovement
at ~3.5 keV in three cases: XMMXCS J000349.3+020404.8 (here-
after XCS J0003.3+0204), XMMXCS J141627.74231523.5 (here-
after XCS J1416.742315), and XMMXCS J222353.0—-013714.4
(hereafter XCS J2223.0-0137). The results are shown in Fig. 3.
For each cluster, the top panel shows AC as a function of energy,
and the bottom panel shows the corresponding normalization of the
Gaussian line component in units of photons cm~2s~'. The horizontal
blue shaded area in the top panels represents the <3¢ region. The
vertical green bars in both top and bottom panels span 3.50-3.60 ke V,
which indicates the expected energy range in which a ~3.5-keV
line would be detected assuming the appropriate spectral resolution
for the instrument. All prior detections of the 3.5-keV feature have
quoted a best-fitting energy firmly within this range, hereafter known
as ‘the region of interest’.

For XCS J0003.3+0204 (XCS J1416.742315), the largest fit
improvement occurs at 3.55 (3.6) keV, characterized by AC = 13.4
(9.17) and a corresponding Gaussian line flux of 1.127931 x 1073
(6.147292 % 107°) photons cm~2 s~!. For XCS J2223.0-0137, the
maximum value of AC falls below the region of interest, although
still exceeds 3o therein. Further discussion of XCS J1416.7+2315,
XCS J0003.3+0204, and XCS J2223.0—0137 can be found in
Sections 5.1.2, 5.1.1, and 5.1.3, respectively.

The sterile neutrino mixing angle estimates for XCS
J0003.34-0204 and XCS J1416.7+2315 are given in Table 2. We
do not provide this information for XCS J2223.0-0137 because,
from Fig. 3, the shape of the flux excess found in this cluster is
unlikely to indicate the presence of a discrete emission feature (see
Section 5.1.3). We note that the estimated sin >26 values (of order x
107?) are significantly larger than those measured by B14, based on
the PN-only result for their full sample as well as individual clusters,
ie 4347107 <sin’20 < 1.9 x 107'° (as quoted in table 5 of
B14).

4.2 Joint fits to sub-samples binned by temperature

To test for a potential temperature dependence of the strength of a
~3.5-keV flux excess, the 117 clusters in the sample are subdivided
into four temperature bins: <4 keV, 4-5.1 keV, 5.1-6.6 keV, and
>6.6 keV, containing 30, 29, 28, and 30 clusters, respectively. For
simplicity, hereafter, we refer to these temperature bins as bin 1
(<4 keV), bin 2 (4-5.1 keV), bin 3 (5.1-6.6 keV), and bin 4
(>6.6 keV). Properties of the bins, averaged according to the number
of clusters, can be found in Table 1. In Fig. 4, we present the results
of the AC analysis of each the four temperature bins, after removing
the three cases shown in Fig. 3.
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XCS J0003.3+0204

Region of interest |
<30

o L
2 104 L
5 L
0 |
1075 4 H
1076 4 H

1077

T T T T T T T
3.00 325 350 3.75 4.00 425 450 4.75 5.00
Gaussian line energy at rest frame (keV)

Flux (phts cm=2s71)

XCS J1416.7+2315

25 L .
20 4 Region of interest |
<30
15
Q
< 104 L
SAL/;/\_——/\/\'
0 s
T 107
w0
‘E 1075 5 t
o
n
e
3o datll Ml WA Nl
'S

3.00 325 350 375 400 425 450 475 5.00
Gaussian line energy at rest frame (keV)

XCS J2223.0-0137

25 n n
204 Region of interest
<30
15 4
Q
< 104
5
0
7107
"
D
£ 107° 4 r
o
]
< 107°4 L
e
x
3 1077 T T T v T T v
L 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00

Gaussian line energy at rest frame (keV)

Figure 3. Top panels (red line): The change in fit statistic (AC) between
model A and model B (see Sect 3.2) as a function of energy in the range
3-5 keV. Bottom panels (green line): Fitted normalization of the Gaussian
line and corresponding errors. The value of AC determines the extent to
which model B is a better fit to the data than model A. In each plot, the
green shaded region encloses the 3.5-3.6 kev range (where a potential DM
signal is expected), defined as the ‘region of interest’. The light blue shaded
region determines a <30 detection (see Section 4 for definition). The top,
middle, and bottom plots refer to the clusters XCS J0003.34+0204, XCS
J1416.7+2315, and XCS J2223.0—0137, respectively.

No significant fit improvement is found in any bin in the region
of interest, i.e. the range defined by the vertical green bar. We note
that within the four bins, there are other ranges of AC values that
exceed a 3 o improvement of model B over model A. These regions
correspond to energies where there are known astrophysical lines
(e.g. Ar XVII complex with the strongest line at 3.32 keV, Ca
XIX at 3.86 keV & 3.90 keV, Ca XX at 4.1 keV, and Ca XIX
at 4.58 keV). Two prominent instrumental lines are also present;
the Ti Ko at 4.51 keV, and Ti KB at 4.93 keV (see Jeltema &
Profumo 2016). Even though the aforementioned plasma lines are
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Table 2. Measured properties of the 3.5-keV excess, under the interpretation that it is due to a dark matter decay line.

Sample Line energy (E) AC Flux Mgrlslj /di Mixing angle
(keV) (1076 photons cm =2 s~ 1) (10" Mo Mpc—2) (sin226)
XCS J0003.3-+0204 355 134 11.2493] 0.14 2367097 x 107°
XCS J1416.742315 3.6 9.17 6.147% 0.05 3781123 x 107
Bin 2 (all 29 clusters) 35 11.8 417023 0.65 1.97+0.38 1010
114 clusters - - 2.41 1.65 4.4 x 1071

included in the latest version of the APEC model, APEC does not
always correctly predict their relative fluxes as a function of plasma
temperature and metal abundance (see e.g. Aharonian et al. 2018);
hence, fit improvements at the location of known emission lines
are not unexpected. Analysis of the Perseus core in Urban et al.
(2015) has suggested underestimates of the abundances of elements
including Ca XIX and Ti XXII (unresolved lines at 4.97 keV and
4.98 keV), the latter of which is responsible for a high AC value at
~4.9 keV in each bin (Fig. 4).

For completeness, we repeat the joint analysis of bins 1 and 2
with the clusters featured in Fig. 3 included (see Fig. 5). In Fig. 5
(b), when XCS J2223.0-0137 and XCS J0003.34-0204 are included
in bin 2, there is now a >30¢ fit improvement within the region of
interest. The maximal fit improvement is found when the central line
energy is frozen at E = 3.50 keV, characterized by a AC = 11.8

and corresponding Gaussian line flux of 4.17f}:§§ x 107 photons

em~2 5!, corresponding to a mixing angle of 1.97703% x 10710 (see
Table 2).

To further investigate the influence of individual clusters on the
joint fit in each bin, a jackknifing resampling procedure is used: for a
temperature bin containing N clusters, we perform N fittings in each
bin containing N — 1 clusters at five equally spaced values of the
central Gaussian line energy (3.5 < E < 3.6 keV). The subsequent
increase or decrease in the value of AC from each of these re-runs
quantifies the dominance of ~3.5-keV photons in each individual
spectrum. We find that the jackknifed iterations in bins 1, 3, and 4
do not result in a significance change in the AC values in the region
of interest. However, in bin 2, where there is evidence for a ~3.5-
keV excess in the joint fit when all 29 clusters are included, we find
a significant variation in AC during the jackknifing (Fig. 6). This
strongly implies that the detection of a ~~3.5-keV excess in Fig. 5(b)
is being driven by a subset of the clusters in the bin and is not a global
feature.

4.3 Joint fits to the full sample

To obtain the highest possible sensitivity to a spectral feature arising
from dark matter, we have carried out joint analysis using all 114
clusters without an individual ~3.5-keV excess. In this case, flux
errors have been calculated only in the region of interest due to
the excessive computation required for the 3 < E < 5 keV energy
range. The results are presented in Fig. 7. No significant improvement
in the fit is found in the region of interest. We measure a best-
fitting Gaussian flux of 1.40 x 10~'° photons cm~2 s~! at 3.55 keV,
corresponding to a mixing angle sin 226 = 2.5 x 10~'>. We note that
during the fit, XSPEC failed to compute a lower limit on this value,
due to the lack of flux excess in the region of interest.

To demonstrate that this lack of evidence is not a reflection of a
lack of sensitivity, we have included on the lower panel of Fig. 7
an estimate of the 3o upper limit on the flux (dashed purple line)

of Fpy = 2.41 x 107° photons cm™2 s~!'. The 3o upper limit

corresponds to the measured flux where the fit improvement (red
line) is equivalent to the 3o threshold for a detection (blue band).
We assume negligible impact from the ARF on the flux limit across
the specified energy range.

The 114 clusters in the joint fit have a weighted mass per distance
squared of 1.65 x 10'°Mg Mpc~2, which corresponds to a maximum
mixing angle, sin?20 = 4.4 x 10~''. This is the most stringent
mixing angle constraint obtained from our analysis — it is well below
the values in Table 2 for individual clusters and bin 2 (with all 29
clusters included). Comparisons with the B14 analysis are indicated
in the bottom panel of Fig. 7, where the red shaded region highlights
the flux estimate obtained on the ~3.5-keV line using the stacked
PN spectrum of 73 clusters. As can be seen in the plot, the upper
limit of the flux as a function of energy (given by the dashed purple
line) is 20 below the preferred B14 value for the line using XMM-PN
data of 73 clusters (sin*(20) = 6.7'77 x 10~'"). A summary of the
mixing angles obtained from individual and jointly fitted clusters in
this study, alongside constraints obtained from the literature (note
that this is an incomplete list), is displayed in Fig. 8.

5 DISCUSSION

It is clear from Figs 4-7 that a ~3.5-keV flux excess is not a
ubiquitous feature in cluster spectra. As Fig. 5(b) shows, where a flux
excess exists, its strength does not increase with cluster temperature
(and hence halo mass). Therefore, it seems unlikely that these and
previously reported ‘3.5 keV line’ detections have a dark matter
origin. In this section, we investigate possible reasons why three
clusters show an excess of emission at ~3.5 keV (Section 5.1) and
test the robustness of our analysis methods to ensure that these are
not somehow artificially masking a feature related to dark matter
decay (Section 5.2).

5.1 Individual clusters with excess emission at ~3.5 keV

5.1.1 XCS J0003.3+0204

The cluster XCS J0003.34-0204 (better known as Abell 2700, Abell
1958), and first identified in X-rays by ROSAT (Ebeling et al. 2000),
has an RM ID = 2789, an RM redshift of ZE}%{{ =0.11, and an
RM richness of A = 38.9. This well-studied cluster is not reported
as having AGN activity or any distinct morphological or galaxy
properties (e.g. Bohringer et al. 2007, 2010; Ettori et al. 2015;
Holland et al. 2015; Lovisari & Reiprich 2018). The best-fitting
temperature and metallicity (following method A, see Section 2)
are T9N =4.787012 keV and Z = 0.4750: 7, respectively. The
fit values quoted here are based on XMM-PN observation ObsID
0201900101 (Fig. 1). This observation was made on 2004 June
24, and has a flare corrected exposure time of 19 ks. We note that
the rate of flaring in the raw events file is less than 2 per cent for this

MNRAS 497, 656-671 (2020)
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Figure 4. Similar to Fig. 3. Results from the binned subsets (see Table 1)
of clusters excluding those with detected excess at ~~3.5 keV. (a): 29 clusters
from bin 1 (i.e. excluding XCS J1416.74-2315). (b): 27 clusters from bin 2
(i.e. excluding XCS J0003.34-0204 and XCS J2223.0-0137). (c) 28 clusters
from bin 3. (d) 31 clusters from bin 4.
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Figure 5. Similar to Fig. 4 but showing the results from the binned subsets of
clusters while including those with detected excess at 3.5 keV (see Table 1).
(a): All 30 clusters in bin 1 (i.e. including XCS J1416.7+2315). (b): All 29
clusters in bin 2 (i.e. including XCS J0003.3+0204 and XCS J2223.0-0137).
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Figure 6. Variation of AC during a jackknife analysis performed at five
energy intervals between 3.5 and 3.6 keV in bin 2 (all 29 clusters included).
The black data points refer to the value of AC with all clusters included [i.e.
the fitted value in Fig. 5(b)]. Each tick mark refers to the value of AC when
a cluster is removed.

observation. There are no other XMM-PN observations available for
this cluster, so we cannot investigate any possible variability in the
~3.5-keV excess for this cluster. A comparison of the AC analysis
between the original spectrum and one where the core region r <
0.15Rs09 is excluded is shown in Fig. 9. We find that the shape of
the ~~3.5-keV excess is largely insensitive to the removal of the r <
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Figure 7. Similar to Fig. 4 showing the trend in AC using 114 clusters in the
sample, minus the three clusters with known flux excess at ~3.5 keV — XCS
J0003.34+0204, XCS J1416.7+2315, and XCS J2223.0-0137. In the bottom
panel, the pink horizontal shaded region shows the constraints from B14 for
73 clusters (using PN data only). The dashed purple line corresponds to the
30 flux limit defined for the sample. The fitted abundance for this analysis
was Z=0.24Z.
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Figure 8. Comparison of the constraints on the sterile neutrino mixing angle
and mass from various studies in the literature. The constraint on the mixing
angle from the 114 clusters in this work is given by the pink dashed vertical
line. Blue and purple dashed lines indicate upper limits from non-detections
in Draco and blank sky observations, respectively. The grey shaded region
highlights the range of mixing angles from the detection of a line in the
Galactic Centre, depending on the choice of dark matter profile used. The
remaining points correspond to detections of the line in various astrophysical
systems.

0.15Rs5 region. Finally, we check all available MOS data for XCS
J0003.34-0204 for evidence for a 3.5-keV feature. Given the MOS
camera is approximately half as sensitive as the PN, we do not expect
to detect a feature at the same significance. The comparison of PN
and MOS data for this cluster is shown in Fig. B1(a). We observe a
feature of similar shape in the MOS2 data at a slightly higher energy
(~3.6 keV); however, there is no clear evidence of a feature within
the region of interest.
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Figure 9. Plots showing the trend in AC (see Fig. 4 for full description) for
the cluster XCS J0003.34+-0204. The top plot displays the analysis using a
spectrum with the core included (i.e. our standard analysis) and the bottom
plot shows the trend using a spectrum with the core region excluded (see
Section 5.1.1).

From the existing analysis/data, it is not possible to unambiguously
explain the flux enhancement at ~3.5 keV in XCS J0003.3+0204.
It is unlikely that the enhancement is related to background flare
contamination, since ObsID 0201900101 is one the cleanest of
the sample (of 117). The symmetrical shape of the AC feature, and
the fact that an enhancement is visible in the spectrum (Fig. 10),
supports the interpretation that this is a genuine astrophysical
emission feature, either from the cluster itself or from a system
along the line of sight. Despite this feature being stronger than
would be expected from dark matter decay, it is not obvious
that the excess is the result of a plasma transition or charge
exchange process, since such a feature would also be present in
other systems. One interpretation for this excess could lie in the
treatment of point sources in the spectrum of XCS J0003.3+0204.
As shown in Fig. 1, all point sources have been masked from the
cluster observation. However, it is possible that some excess point
source emission is persisting within the source region, which could
be influencing the modelling of the continuum within the ~3.5-
keV range (impacting the overall shape of the background/source
spectrum).

This cluster is the only one of the 117 that displays a conclusive 3.5-
keV feature at the >30 level, soitisrare. Specifically, the detection of
a 3.5-keV feature in XCS J0003.34+0204 constitutes only the second
ever detection of a line in a single cluster (the first being Perseus).
To examine just how rare, we plan to apply our AC technique to the
other 229 (346-117) clusters with measured Tx values in the G20
sample.

MNRAS 497, 656-671 (2020)
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Figure 10. Spectrum of the cluster XCS J0003.34+-0204 (located in ObsID 0201900101) fitted using model A outlined in Section 3.2. The top panel shows
the spectrum and fitted model across the 2-5 keV energy range. The bottom panel shows the residuals, i.e. the difference between the model and the spectrum.
For visual purposes, the spectrum has been grouped such that each bin has an SNR > 15. The dashed green lines enclose the 3.5-3.6 keV region of interest.

5.1.2 XCSJ1416.7+2315

The cluster XCS J1416.74-2315 (first detected in X-rays by ROSAT,
e.g. Ebeling et al. 2000), and also known as RX J1416.44-2315
(Romer et al. 2000), has an RM ID = 5527, an RM redshift of
i = 0.137, and an RM richness of A = 31.7. Based upon the
best-fitting parameters to the XMM-PN spectrum using model A,
described in Section 2, the cluster has a measured temperature
and metallicity of 73N =3.287013 keV and Z =0.17"00Z0,
respectively. It is noteworthy that this system has a comparatively
low-metal abundance compared to the average obtained in bin 1 (see
column 5 of Table 1). The ~3.5-keV excess, i.e. the region where
the AC value is >30, is significantly wider than the spectral energy
resolution of the XMM-PN detector (AE = 88 eV).

The analysis presented in Section 4.1 and the best-fitting tem-
perature and abundance quoted above are based on the XMM
observation with ObsID 07221404 01. This observation was taken
on 2014 January 31, and has a cleaned exposure time of 18 ks.
However, this cluster has been the target of another XMM observation
(0722140101). This observation was made on 2014 January 3, and
has a flare corrected exposure time of 4 ks. The availability of two
observations of the same cluster, made roughly a month apart, gives
us the opportunity to look for time variability in the excess flux at
~3.5keV. A comparison of the analysis between the two observations
(using PN data only) is shown in Fig. 11 (top versus middle). The
shorter observation (middle panel) shows a noticeably different shape
of the AC excess at 3.5 keV and a drop in the maximum value of
AC in the region of interest to below 3¢ . There are several possible
causes for these differences. For example, they could be due to poor
photon statistics in the shorter observation. Alternatively, they could
be due to the differing effects of background flaring, which rises
from 35 per cent of the raw events list for ObsID 0722140401 to
90 per cent for ObsID 0722140101. Assuming the measurement
of a shape and flux change is robust, then the most likely astro-
physical interpretation for a time-dependent signal would be AGN

MNRAS 497, 656671 (2020)

variability: XCS J1416.74+2315 is described in the literature as a
fossil cluster with known variable AGN activity, e.g. Miraghaei et al.
(2015).

We have also investigated whether the presence of an excess
at ~3.5 keV in XCS J1416.74+2315 might be associated with a
cool-core. A comparison of the AC analysis between the original
spectrum and one where the inner 0.15Rsq is excluded is shown
in Fig. 11 (top versus bottom). The removal of photons from the
cluster core does not significantly change the shape of the AC
excess at ~~3.5 keV. The significance of the enhancement is lower
after core removal but remains in excess of 30 in the region of
interest.

‘We repeat our analysis on this cluster using available MOS data,
shown in Fig. BI1(b). Yet again, owing to the differing sensitivities of
the PN and MOS cameras, we do not expect to recover a significant
feature in the MOS data. Interestingly, we note two narrower features
in the MOS data, which align broadly with the energy of the ~3.5-
keV excess in the PN spectrum of XCS J1416.7+2315.

Again, from the existing analysis/data, it is not possible to
unambiguously explain the flux enhancement at ~3.5 keV in XCS
J1416.74-2315. However, its broad and asymmetrical shape is not
consistent with a discrete emission line origin. An additional XMM
observation would be needed to explore the hint of time dependence
seen in Fig. 11 (top versus middle). If confirmed, then AGN
activity would be the most likely cause of the variability (and
potentially of the ~3.5-keV flux excess). In that case, follow-up
with Chandra would assist with resolving the central point source.
Both of the XMM observations of this cluster (0722140401 and
0722140101) were taken during times of enhanced background
flaring (especially 0722140101). It would be possible to ex-
plore the impact of background flaring on the goodness of fit of
model A and model B at ~3.5 keV by relaxing/tightening the
criteria used to reject time periods affected by flares in these two
observations.
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Figure 11. Plots showing the trend in AC (see Fig. 3 for full description)
for the cluster XCS J1416.74+2315. The top plot shows the analysis using
the XMM ObsID 0722140401 (i.e. our standard analysis), the middle plot
shows the analysis performed using the XMM ObsID 0722140101 (see
Section 5.1.2), and the bottom plot shows the analysis performed using ObsID
0722140401 with the core region excluded (see Section 5.1.2).

5.1.3 XCS J2223.0-0137

The cluster XCS J2223.0-0137 (better known as Abell 2440, Abell
1958), and first identified in X-rays by HEAO-1 (Nulsen et al. 1979),
has an RM ID = 48, an RM redshift of z3, = 0.101, and an RM
richness of A = 90.7. The best-fitting temperature and metallicity
(following method A, see Section 2) are TN = 4.3970% keV and
Z = 0.47001Z0, respectively. The fit values quoted here are based
on XMM-PN observation ObsID 0401920101. This observation
was made on 2006 November 18, and has a cleaned exposure time
of 23 ks and a background flaring rate of 35 percent. Due to the
fact that this cluster has only one available XMM observation, a
variability analysis cannot be performed. Furthermore, we forgo an
analysis excluding the central regions of the cluster because XCS
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Figure 12. Plot of the change in fit statistic, AC (as in Fig. 4) for the cluster
XCS J0003.34-0204. Our standard analysis is given by the red solid line and
the blue dashed line shows the change in AC with the analysis performed in
the observed frame, i.e. without the blueshifting step (see Section 5.2.1).

J2223.0-0137 is a complex merging system (see e.g. Mohr, Geller &
Wegner 1996; Maurogordato et al. 2011) with two distinct peaks
in the X-ray emission, making the exclusion of the cluster core
problematic. We do, however, study the available MOS data for
this cluster [Fig. B1(c)], finding no clear evidence of an excess at
~3.5keV.

We argue that the broad (3.25 < E < 3.85 keV) and multipeaked
shape of the >30 flux excess shown in Fig. 3 (bottom) is not
consistent with being associated with a discrete emission line. Due
to the complex cluster morphology, we forgo further discussion into
the nature of the behaviour of the AC of XCS J2223.0-0137 in the
range 3.25 < E < 3.85 keV.

5.2 Methodology validation

In this section, we investigate the influence of various aspects of our
methodology on the results presented herein: the blueshifting tech-
nique (Section 5.2.1), alternative weighting methods (Section 5.2.2),
solar abundance tables (Section 5.2.3), photoelectric absorption mod-
els (Section 5.2.4), the use of photometric redshifts (Section 5.2.5),
and the choice of plasma code (Section 5.2.3).

5.2.1 Blueshifting

We test our blueshifting technique using cluster XCS J0003.34-0204
(see Fig. 12). For this, we repeat the fit to model B without carrying
out the blueshifting step. As expected, we find that the flux excess at
~3.5 keV now appears at the observed rather than rest-frame energy,
i.e. at the expected value (~3.2 keV) for a z§\y = 0.11 system (see
blue dashed line in Fig. 12).

5.2.2 Flux weighting

The weighting technique described in Section 3.2.2 includes the
implicit assumption that any excess flux at ~3.5 keV is due to dark
matter decay. However, if the flux at that energy was instead a result of
emission from the ICM, then the use of a mass-dependent weighting
would be inappropriate. Therefore, we test an alternative method of
weighting based only on the cluster redshift,

, 1+z

w; = ) (3)
47{de
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and rerun the joint fits in each temperature bin, finding almost
identical results to Fig. 4 (i.e. no >30 detection of a flux excess
in any of the bins).

5.2.3 Solar abundance tables

Our default method uses the Anders & Grevesse solar abundance
table (Anders & Grevesse 1989). We have also run the joint fits
in each temperature bin, using the Lodders, Palme & Gail (2009),
Asplund et al. (2009) and Grevesse & Sauval ( 1998) abundance
tables, finding almost identical results to Fig. 4 (i.e. no >30¢ detection
of a flux excess in any of the bins). Nevertheless, we note that the best-
fitting metal abundance for each bin does increase slightly compared
to the values in column 6 of Table 1.

5.2.4 Photoelectric absorption

Our default method uses the tbabs implementation of photoelectric
absorption in XSPEC because the wabs model is now considered to
be outdated (Wilms et al. 2010). However, the walbs model was
implemented in other previous studies of the ~3.5-keV flux excess,
including B14, so we have also run the joint fits in each temperature
bin using wabs for comparison. Once again, we find almost identical
results to Fig. 4 (i.e. no >3 o detection of a flux excess in any of the
bins).

5.2.5 Use of photometric redshift measurements

The ensemble behaviour of the ZE% is well understood. According

to Rykoff et al. (2014), the scatter in the photometric redshift
measurements is o, ~ 0.006 at z ~ 0.1, increasing to o, =~ 0.020
at z &~ 0.5. The median value for |Az|/(1 4 z) for the full sample is
0.006, where Az = zZphot — Zspec- Therefore, the 1o error in energy
in blueshifting a 3.55-keV line to the local frame ranges from 20 eV
for a cluster at z ~ 0.1 to 30 eV at z &~ 0.5, which is well below
the spectral energy resolution of the PN detector (AE = 88 eV).
Therefore, it is unlikely that the use of z3{V\ values is the reason for
a non-detection of a >3¢ detection of a ~3.5-keV flux excess in our
binned analyses shown in Figs 4 and 7. For our joint fits, we conclude
that the ensemble scatter in z is applicable.

However, errors in estimates of z®™ for individual clusters may
influence the results discussed in Section 4.1, if they exceed the
ensemble average. For the three individual clusters described in
Section 5.1, the spectroscopic redshift for XCS J1416.7+2315
(Romer et al. 2001) is almost exactly the same as the RM value,
i = 0.137. However, according to Struble & Rood (1987), XCS
J0003.3+0204 (or Abell 2700) has zgee = 0.0924 based on nine
cluster members, and XCS J2223.0-0137 (or Abell 2440) has zgec =
0.0906 based on 48 cluster members (compared to zjy, = 0.11
and =0.101, respectively). Therefore, we have refitted the spectrum
of XCS J0003.34-0204 and XCS J2223.0-0137 using the spectro-
scopic values. The results are shown in Fig. C1. We conclude that
there is negligible impact from using spectroscopic redshifts, since
the ~3.5-keV excess in both clusters remains within the region of
interest.

5.2.6 Choice of plasma code

Searches for new emission lines are sensitive to both the temperature
and metal abundance. Therefore, it is important that these properties
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are measured precisely to prevent erroneous detections (or non-
detections) of excess flux at ~3.5 keV. As shown in detail in Mernier
et al. (2020), the two codes used most in the field of X-ray cluster
spectroscopy, ATOMDB and SPEXACT, do not produce consistent
results for metal abundance for low-temperature plasmas. For Tx <
2 keV, the discrepancies can be up to 20 per cent in the Fe abundance.
The SPEXACT code is not implemented inside XSPEC,? so it is not
possible to do a direct comparison here. However, only seven clusters
in our sample have measured Tx values below 2 keV (and all in bin
1). Even if this issue impacts the results in plot (a) of Fig. 4, it will
not impact the results shown in other three plots.

6 SUMMARY AND CONCLUSIONS

In this work, we have used a similar technique to the seminal Bulbul
et al. (2014), B14, paper, in order to explore the evidence for a
~3.5-keV flux excess in the spectra of clusters of galaxies. We used
individual and joint fits to XMM-PN spectra of 117 SDSS redMaPPer
galaxy clusters (0.1 < z < 0.6, 1.7 < Tx < 10.6 keV). This is the
largest study of its kind to date. By comparison, the B14 study used
a sample of 73 clusters.

The analysis of the individual spectra identified three systems
with an excess of flux at ~3.5 keV. This refers to an excess over the
fiducial plasma model, taking into account one additional degree of
freedom. None of these individual clusters are the most dark matter
dominated or nearest systems in our study (see Table Al). In two of
the three cases (XCS J1416.74+2315 and XCS J2223.0-0137), the
flux excess, as a function of energy, is not consistent with a discrete
emission feature due to the feature’s broad, asymmetrical shape in
both cases.

In the remaining case (XCS J0003.34-0204), the excess may result
from a discrete emission line with a central energy of E = 3.55 keV.
This feature, however, is unlikely to have a dark matter origin for
two reasons. First, this is the only cluster in the sample to show
such a feature, and yet there are many other observations of similar
or better sensitivity in the sample. Secondly, the estimated flux
(11.2753] x 107 photons cm~2 s~!) results in significantly higher
mixing angle constraints (sin*(20) = 2.36J_r8:2§ x 107?) than the ones
presented from the stacked analysis of 73 XMM-PN spectra in B14.
The line strength for XCS J0003.34-0204 is most comparable to the
XMM-MOS detection for the Perseus cluster (core-included) in B14.
Nevertheless, there exists an order of magnitude of difference in the
derived mixing angles (sin?(20) ~ 6 x 1079, B14).

‘We note that this is only the second time that a significant detection
of a ~3.5-keV line-like excess has been measured in an individual
cluster (the other being in Perseus). Furthermore, unlike Perseus, the
strength of the 3.5-keV excess in XCS J0003.3+0204 shows almost
no dependence on the removal of the core region from the spectrum.
Flaring is also unlikely to be causing such an excess as we report a
very low flare rate (less than 2 per cent) for this observation.

The primary motivation for our study was a search for evidence
of an increase in the ~3.5-keV flux excess with Tx. Such evidence
would firmly support the dark matter interpretation (and vice versa
if the excess weakens with Tx) because Tx is a reliable tracer of
the underlying halo mass. A temperature-dependent search would
additionally eliminate the possibility of a plasma line masking an
emission line of dark matter origin as the relevant plasma lines in the
region of interest weaken with temperature (contrary to dark matter).

3SPEXACT is  implemented in the SPEX fitting
www.sron.nl/astrophysics-spex

package,
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We therefore grouped the remaining 114 clusters into four roughly
equally sized Tx bins and performed joint fits in each bin. We did
not find evidence of a significant excess in flux at 3.5 keV in any of
the bins. Therefore, from our study, we cannot comment on whether
(if it exists at all) the ~3.5-keV flux excess gets stronger or weaker
with mass. Repeating the joint fits in each bin with the inclusion of
the three clusters with excess emission resulted in a significant joint
detection in one bin (bin 2). However, after performing a jackknife
analysis on the clusters in this bin, it is found that the joint detection
is dependent on the ~3.5-keV flux excess in two individual clusters
(XCS J0003.34-0204 and XCS J2223.0-0137).

We maximized sensitivity to a potential weak dark matter decay
feature at ~3.5 keV by performing a joint fit across all 114 clusters.
Again, no significant excess was found at 3.5 keV. A best-fitting
Gaussian flux of 1.40 x 107'° photons cm™2 s~ was measured at
3.55 keV, corresponding to a mixing angle sin?26 = 2.5 x 1071
(note that errors are not quoted due to the inability of XSPEC to
compute formal uncertainties on a small flux within the region of
interest).

Furthermore, we estimated a 3¢ upper limit of an undetected
emission line at 3.5 keV to be Fpy = 2.41 x 107° photons cm™2
s~!. The resulting maximum mixing angle from our 114 clusters
is then sin2(20) = 4.4 x 107!, lower than the previous estimates
for favoured mixing angles from cluster studies. These include the
XMM-PN value for 73 clusters in B14 (sin?(20) ~ 7 x 10~!') and
Bulbul et al. (2016) study of Suzaku observations for 47 clusters
(sin2(20) ~ 6 x 10~'"). Moreover, our result is comparable to
among the most stringent constraints on the non-detection of a dark
matter decay feature using XMM observations of Draco (sin?(26)
~ 2 x 107!, Jeltema & Profumo 2016) and XMM blank sky
observations (Dessert et al. 2020). Relevant constraints from previous
studies are summarized in Fig. 8.

We conclude that although there is a measurable flux excess at
~3.5 keV in some cluster spectra (e.g. XCS J0003.3+0204), this is
not a ubiquitous feature and hence unlikely to originate from sterile
neutrino dark matter decay. We have carried out a series of checks
to demonstrate that our methodology is not artificially masking the
existence of a weak dark matter decay feature. We perform tests
on our blueshifting technique to ensure that the purported 3.5-keV
feature appears at the correct rest-frame energy, in addition to alter-
native weighting methods, abundance and photoelectric absorption
models, and comparisons with spectroscopic data. We have found our
methodology to be robust to these tests and have negligible impact
on our presented results.

Future work on the constraining the origin of the purported 3.5-
keV feature will be informed most directly by the launch of the
XRISM satellite (the successor to the short-lived Hitomi mission).
With significantly improved spectral resolution, it will be possible
to determine the precise energies of elemental and unknown lines to
clarify whether a ~3.5-keV flux excess is indeed originating from a
discrete emission line (such as in the case of XCS J0003.3+0204).
Moreover, deeper observations of single clusters with claimed ~3.5-
keV emission such as Perseus will be able to confirm whether such
a line exists, and if so, to what extent it is resolvable from the nearby
K and Ar transition lines.

We further aim to revisit previous analyses such as B14, in which
the cluster sample is produced using publicly available XMM obser-
vations. Given the complications associated with stacking methods
and the fact that individual systems can contribute significantly to
the appearance of a line in joint cluster searches, we will repeat
the analysis in B14 simply by jointly fitting all available clusters in
parallel, in addition to fitting each cluster individually. The aim of
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this would be to see if a ~3.5-keV excess is detected in any individual
clusters in the B14 analysis, which could suggest that these clusters
are responsible for an overall so-called dark matter decay feature (or
masking one).

Given that two of the three clusters in this study with a measured
flux excess at 3.5 keV also display high rates of flaring, inves-
tigating the rate of flaring across all clusters which might contain
such flux excesses would be a useful diagnostic to examine whether
the origin of the line is instrumental. Deeper, repeated observations
of individual clusters are also needed to further test the possibility
of a variable ~3.5-keV feature (e.g. there is a hint of variability
in the feature observed in XCS J1416.7+2315), which could lend
support to the interpretation that ~3.5-keV emission arises from
AGN variability (or the interaction between AGN and ALPs in a
more exotic dark matter scenario).

Finally, further work to conclusively determine the existence and
properties of the intriguing 3.5-keV feature will require even larger
jointly fitted cluster samples. Hence, future work on this topic will
involve a repeat of this analysis on a larger sample of redMaPPer
selected clusters in the Dark Energy Survey Year 3 footprint with
associated archival X-ray data.
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APPENDIX A: FULL DATA SAMPLE

Table A1 provides the X-ray properties and associated projected dark
matter masses for the 117 clusters used in this study.

Table Al. Properties of the cluster sample. XCSIDS with an * denote clusters that were part of the B14

analysis.

XCSID &M, Mo ObsID ni
(keV) (10" M) (em™2)

XMMXCSJ000312.1-060530.5 0.251 6.817022 6.52 0652010401 0.012

XMMXCSJ000349.3+020404.8 0.11

—0.13

0.12
4784015 3.8

0201900101 0.01

XMMXCSJ001053.4-+290939.6 0.338 4.931038 3.59 0650380101 0.024
XMMXCSJ001737.5-005234.2 0.219 41102 278 0403760701 0.022
XMMXCSJ001833.2+162609.9 0.562 9.66037 10.03 0111000101 0.021
XMMXCSJ001938.0+033635.3  0.273 6.267013 5.59 0693010301 0.035
XMMXCSJ002635.9+170930.7 0.394 3437019 1.87 0050140201 0.03

XMMXCSJ003456.6+023357.9  0.379 553703 427 0650380601 0.017
XMMXCSJ003706.4+090925.8  0.264 8.24703¢ 8.98 0084230201 0.049
XMMXCSJ004630.7+202803.6  0.105 2447023 1.21 0652460101 0.031
XMMXCSJ005138.5+271958.8 038 6.8370% 6.13 0650380701 0.02

XMMXCSJ005559.14+261949.0  0.196 5.8470-16 5.15 0203220101 0.028
XMMXCSJ010649.3+010324.7 025 2.897004 151 0762870601 0.036
XMMXCSJ013724.6-082727.6 0.557 7.8710:61 7.08 0700180201 0.01

XMMXCSJ014656.7-092940.5 0.429 5.097038 3.6 0673750101 0.029
XMMXCSJ015242.14010029.4  0.231 538701 44 0084230401 0.029
XMMXCSJ015334.1-011816.1 0.245 5.057018 3.93 0762870401 0.029
XMMXCSJ015707.7-055233.7 0.132 4.0970% 2.89 0781200101 0.032
XMMXCSJ015824.9-014654.3 0.157 274701 1.44 0762870301 0.008
XMMXCSJ020143.0-021146.5 0.198 3.55T0.08 2.19 0605000301 0.022
XMMXCSJ021441.2-043313.8 0.143 525702 44 0553911401 0.02
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Table A1 - continued

XCS: a new search for the 3.5-keV feature ~ 669

XCSID &M Tx Mo ObsID i
(keV) (10"My) (cm™2)
XMMXCSJ022145.6-034613.7 0.422 4.84704 3.33 0604280101 0.009
XMMXCSJ023142.5-045254.5 0.194 4411018 3.19 0762870201 0.023
XMMXCSJ023953.0-013441.1 0.358 5917018 4.84 0782150101 0.043
XMMXCSJ024803.3-033143.4%  0.195 3787000 245 0084230501 0.011
XMMXCSJ024811.9-021624.9 0.241 7745038 8.15 0721890401 0.033
XMMXCSJ025632.9+000558.5  0.364 4.91012 3.51 0801610101 0.016
XMMXCSJ073220.2+313751.1 0.182 5.94791¢ 5.34 0673850201 0.017
XMMXCSJ080056.7+360323.0  0.292 5937931 5.03 0781590201 0.017
XMMXCSJ082318.4+155758.0  0.159 3.01703, 1.69 0742510401 0.029
XMMXCSJ082557.4+041445.6  0.238 4.65T038 3.42 0762950301 0.049
XMMXCSJ085026.7+001506.2 0.201 321708 1.84 0761730501 0.051
XMMXCSJ085612.8-+375605.7 0.401 5427037 4.08 0302581801 0.014
XMMXCSJ090036.8+205340.6 0.244 3917000 2.54 0402250701 0.03
XMMXCSJ090849.1+143831.6  0.442 334504 1.74 0674370201 0.048
XMMXCSJ090851.4+144550.0  0.457 5.32709 3.84 0674370201 0.037
XMMXCSJ090912.4+105831.2  0.176 5387078 4.52 0673850901 0.017
XMMXCSJ091048.8+385007.5 0.564 9.55T078 9.81 0723780101 0.032
XMMXCSJ091110.7+174627.4 0.514 6.617033 5.38 0693662501 0.019
XMMXCSJ091345.5+405626.3  0.424 5941073 471 0147671001 0.02
XMMXCSJ091752.2+514332.6%  0.228 7.25703 7.35 0084230601 0.008
XMMXCSJ092018.6+370622.2 0.239 2.637000 1.29 0149010201 0.014
XMMXCSJ094300.0+465937.3  0.348 5.097018 3.77 0106460101 0.045
XMMXCSJ100304.6+325339.3  0.391 3177938 1.64 0302581601 0.03
XMMXCSJ100742.4+380046.1 0.106 3247018 1.96 0653450201 0.013
XMMXCSJ101703.4+390250.1 0.208 6.117013 5.54 0084230701 0.023
XMMXCSJ102339.74+041115.3%  0.291 541003 4.3 0605540201 0.021
XMMXCSJ103801.2+414619.8  0.133 2.077531 0.9 0206180101 0.016
XMMXCSJ104044.2+39571 1.1  0.142 3791505 2.52 0147630101 0.019
XMMXCSI104545.6+0420254  0.15 287507 1.57 0653450601 0.034
XMMXCSJ104724.0+151436.0 0.214 3.82703 2.47 0721880101 0.007
XMMXCSJ111253.4+132640.2%  0.181 4781008 3.68 0500760101 0.035
XMMXCSJT113313.24+500838.5  0.367 4731033 3.29 0650382001 0.021
XMMXCSJ114224.9+583134.7 0.326 7751073 7.82 0650382201 0.022
XMMXCSJ114935.6+222401.8  0.529 8.55797¢ 8.29 0693661701 0.018
XMMXCSJ115518.2+232424.3 0.135 6.317007 6.06 0551280201 0.024
XMMXCSJ115827.84262943.4  0.141 1.687072 0.63 0601260201 0.014
XMMXCSJ120022.74+032007.4  0.138 5941013 5.45 0827010301 0.006
XMMXCSJ121937.0-031840.9 0.295 4751033 345 0693010401 0.015
XMMXCSJ122656.3+3343328  0.514 473703 3.04 0200340101 0.022
XMMXCSJ123355.5+1526082  0.23 519023 4.15 0404120101 0.029
XMMXCSJ123422.84094718.7  0.239 4.26101° 2.94 0673851101 0.024
XMMXCSJ123618.1+285901.9 0.222 3337033 1.94 0722660201 0.067
XMMXCSJ123658.8-+631117.9 0.3 643703 5.77 0402250101 0.04
XMMXCSJ124133.34325023.7  0.352 5561045 437 0056020901 0.034
XMMXCSJ124401.5+165347.3 0.542 424022 2.44 0302581501 0.021
XMMXCSJ130357.94+6730552 0222 3.879% 243 0136000101 0.015
XMMXCSJ130749.54292549.3  0.261 3t d 1.7 0205910101 0.048
XMMXCSJ131129.8-012024.5%  0.185 8.0670:98 8.99 0093030101 0.018
XMMXCSJ131145.1-4+220206.1 0.17 3.521032 2.2 0402250301 0.046
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Table A1 — continued

XCSID &M Tx Mo ObsID ng
(keV) (10"Mg) (cm™2)
XMMXCSJ132250.7+313911.4 0317 6.657033 6.0 0650384601 0.012
XMMXCSJ133048.5-015149.4 0.103 4217500 3.08 0112240301 0.018
XMMXCSJ133108.4-014338.4 0.545 3797933 2.04 0112240301 0.024
XMMXCSJ133233.845024502  0.274 5.9470-33 5.1 0142860201 0.039
XMMXCSJ133244.24503243.5 0.286 7.241032 7.11 0142860201 0.01
XMMXCSJ133421.5+503058.9 0.585 4.62703% 2.8 0111160101 0.026
XMMXCSJ133519.5+410004.9+«  0.234 7.167023 7.16 0084230901 0.015
XMMXCSJ133648.8+102624.0  0.159 317032 1.78 0761590701 0.034
XMMXCSJ140101.9+025238.3%  0.253 6.527004 6.04 0551830201 0.036
XMMXCSJ141627.74231523.5 0.137 3287013 1.98 0722140401 0.019
XMMXCSJ141956.1+063434.9 0.541 423109 247 0303670101 0.021
XMMXCSJ142039.84395505.8 0575 8.1t 04 7.36 0693661001 0.018
XMMXCSJ142348.0++240444. 1 0523 5.637018 4.08 0720700301 0.018
XMMXCSJ142521.4+631143.1 0.14 4867013 3.87 0765031201 0.049
XMMXCSJ142601.0+374937.0«  0.175 837011 9.5 0112230201 0.018
XMMXCSJ143150.0+133159.5  0.166 3.63701¢ 232 0601970101 0.033
XMMXCSJ144219.84221809.9  0.107 3497010 2.23 0765010501 0.015
XMMXCSJ145715.04222032.3 0.267 4471006 3.15 0108670201 0.036
XMMXCSI150019.64212214.5 0.162 5787013 5.15 0693011001 0.023
XMMXCSJ150817.8+575437.8  0.55 836102 7.88 0723780501 0.023
XMMXCSJ151012.0+333058.0«  0.121 6.3410-13 6.14 0149880101 0.025
XMMXCSJ151618.5+000532.4  0.12 4.6910% 3.66 0201902001 0.021
XMMXCSI151820.6+292735.3 0.558 6.4570-33 5.04 0693661101 0.023
XMMXCSJ152642.6+164734.9 0.341 4471038 3.03 0650382801 0.018
XMMXCSJ152925.0+104144.0  0.488 5.017918 34 0762520201 0.019
XMMXCSJ153253.84302100.5  0.357 5.037008 3.67 0651240101 0.008
XMMXCSJ153941.0+342512.8  0.236 675058 6.39 0673850601 0.046
XMMXCSJ163936.8+470310.0  0.226 4.0410:3¢ 27 0761590401 0.032
XMMXCSJ164020.2+464227.1 0.233 9.86703 12.39 0605000501 0.023
XMMXCSJT165943.9+323654.9  0.102 371793, 2.48 0083150801 0.012
XMMXCSJ172227.0+320758.0 0229 7.091014 7.06 0693180901 0.019
XMMXCSJ212939.7+000516.9%  0.248 527000 4.12 0093030201 0.033
XMMXCSJ213516.84+012600.0  0.237 8.597038 9.76 0692931301 0.017
XMMXCSJ215101.0-073633.5 0.274 4137012 274 0744390301 0.021
XMMXCSJ215337.0+174146.9« 0251 10.087023 12.75 0111270101 0.02
XMMXCSJ221145.8-034936.8 0424  10.55707% 12.59 0693010601 0.016
XMMXCSJ222353.0-013714.4 0.101 439108 331 0401920101 0.016
XMMXCSJ222605.0+172220.2 0.114 6.17+0:08 5.88 0762470101 0.038
XMMXCSJ222831.64+203729.9 0413 8.09703¢ 8.04 0147890101 0.044
XMMXCSJ224321.4-093550.2 0.435 6.777040 5.86 0503490201 0.015
XMMXCSJ224413.0-093427.9 0.444 3457033 1.84 0503490201 0.04
XMMXCSJ224523.7+280802.8  0.346 5.637032 4.48 0650384401 0.05
XMMXCSJ230821.8-021127.4 03 7817049 8.04 0205330501 0.021
XMMXCSJ231132.6+033759.9 0.304 6.551027 5.93 0693010101 0.044
XMMXCSJ231825.4-+184246.9 0.163 333701 2.0 0762950201 0.039
XMMXCSJ233738.64+001614.5  0.295 7.21793¢ 7.02 0042341301 0.02
XMMXCSJ234116.6-090128.8 0.258 6.777033 6.43 0693010801 0.023
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APPENDIX B: MOS DATA FOR INDIVIDUAL

CLUSTERS

Fig. B1 shows the corresponding trends in A C for the three individual

clusters in the analysis using available MOS data.

Flux (phts cm~2s71)

Flux (phts cm~2s71)

Flux (phts cm=2 s71)

Figure B1. Comparisons in the trend of AC for (a) XCS J0003.34+0204,
(b) XCSJ1416.74-2315, and (c) XCS J2223.0-0137 using the highest quality
PN and MOS observation for each cluster (described in Section 5.1). In the
top panels, the AC trend is displayed for the PN (red), MOS1 (blue), and
MOS?2 (magenta) spectra. In the bottom panels, the corresponding Gaussian
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APPENDIX C: SPECTROSCOPIC REDSHIFT
COMPARISONS

Fig. C1 shows the comparison in the AC trend for two clusters using
available spectroscopic data.
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Figure C1. Comparisons in the trend of AC for XCS J0003.3+0204
(top) and XCS J2223.0-0137 (bottom) when replacing the RM photometric
estimated redshift with available spectroscopic redshifts (see Section 5.2.5).
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