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A Search for the 3.5 keV Line from the Milky Way’s Dark Matter Halo with HaloSat
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ABSTRACT

Previous detections of an X-ray emission line near 3.5 keV in galaxy clusters and other dark matter-
dominated objects have been interpreted as observational evidence for the decay of sterile neutrino
dark matter. Motivated by this, we report on a search for a 3.5 keV emission line from the Milky Way’s
galactic dark matter halo with HaloSat. As a single pixel, collimated instrument, HaloSat observations
are impervious to potential systematic effects due to grazing incidence reflection and CCD pixelization,
and thus may offer a check on possible instrumental systematic errors in previous analyses. We report
non-detections of a ~3.5 keV emission line in four HaloSat observations near the Galactic Center.
In the context of the sterile neutrino decay interpretation of the putative line feature, we provide
90% confidence level upper limits on the 3.5 keV line flux and 7.1 keV sterile neutrino mixing angle:
F < 0.077 ph em=2 57! sr~! and sin?(20) < 4.25 x 10~'*. The HaloSat mixing angle upper limit
was calculated using a modern parameterization of the Milky Way’s dark matter distribution, and in
order to compare with previous limits, we also report the limit calculated using a common historical
model. The HaloSat mixing angle upper limit places constraints on a number of previous mixing angle
estimates derived from observations of the Milky Way’s dark matter halo and galaxy clusters, and
excludes several previous detections of the line. The upper limits cannot, however, entirely rule out
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the sterile neutrino decay interpretation of the 3.5 keV line feature.

Keywords: X-ray astronomy (1810), Dark matter (353), Milky Way dark matter halo (1049), Galactic
center (565), Diffuse radiation (383), Particle astrophysics (96), Neutrino astronomy (1100)

1. INTRODUCTION

While there exists strong observational evidence for
the existence of dark matter based on studies of galax-
ies and galaxy clusters (e.g. Zwicky (1933, 1937); Rubin
et al. (1980); Clowe et al. (2006)), the composition of
dark matter is unknown. The Standard Model does not
contain a viable dark matter particle candidate, which
has motivated extensions of the Standard Model such as
the v Minimal Standard Model (vMSM; Asaka & Sha-
poshnikov (2005); Asaka et al. (2005)) that propose hy-
pothetical particle candidates. The dark matter particle
candidate of interest to this work is the sterile neutrino,
which is a right-handed counterpart to the left-handed
active neutrino (Asaka et al. 2005; Asaka & Shaposh-
nikov 2005; Boyarsky et al. 2012, 2019). The sterile neu-
trino is so named since it is a SU(2)-singlet particle that
does not experience weak interactions; it’s interactions
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are limited to mixing with the active (SU(2)-doublet)
neutrinos (Abazajian et al. 2001a).

The keV-scale sterile neutrino should spontaneously
decay at a rate of

.2
B _a9 _1 (sin*(20) mg \5
T (ms,0) = 1.38x10~2s ( e (lkeV) (1)

for m, the mass of the sterile neutrino and 6 the mix-
ing angle between the active and sterile states (Pal &
Wolfenstein 1982). This radiative decay process should
produce an active neutrino and a photon with energy
E = my/2. For a keV-scale sterile neutrino, the decay
should produce an emission line that is observable by
modern X-ray observatories in dark-matter dominated
objects like galaxies and galaxy clusters (Abazajian et
al. 2001a,b), with the strength of the line determined by
the sterile-active neutrino mixing angle.
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The first potential observational evidence for sterile
neutrino dark matter decay was presented in Bulbul et
al. (2014) as a detection of an unidentified X-ray emis-
sion line near 3.5 keV in XMM-Newton observations of
73 galaxy clusters. After determining no obvious astro-
physical origin, the 3.5 keV line was interpreted as a
decay signature of a ~7 keV sterile neutrino, since the
decay of a ~7 keV sterile neutrino should produce an
X-ray photon at E ~ 3.5 keV. Bulbul et al. (2014) re-
ported a corresponding 7.1 keV sterile neutrino mixing
angle of sin?(260) ~ 7 x 1071,

This detection was followed up by a series of obser-
vations of dark-matter dominated objects with CCD in-
struments. Boyarsky et al. (2014) detected a line near
3.5 keV with ~4.40 significance and a mixing angle of
sin?(20) = (2 — 20) x 10~ using XMM-Newton obser-
vations of the M31 galaxy and the Perseus galaxy clus-
ter. Bulbul et al. (2016) used observations of 47 galaxy
clusters from Suzaku that resulted in a non-detection
of a ~3.5 keV line with a mixing angle upper limit of
sin?(26) < 6.1 x 1071, Since then, detections and non-
detections of the line that are inconsistent with one an-
other have introduced controversy as to the reality of
the 3.5 keV line feature.

Cappelluti et al. (2018) searched the spectrum of the
Cosmic X-ray Background with Chandra and reported
a line detection at ~2.5—30 significance with a mixing
angle of sin?(20) = (0.83 — 2.75) x 1070, However,
Sicilian et al. (2020) recently observed the Milky Way’s
dark matter halo with ~51 Ms of Chandra observations
resulting in a non-detection and a mixing angle upper
limit of sin®(26) < 2.58 x 107!, in disagreement with
Cappelluti et al. (2018).

Boyarsky et al. (2018) observed the Milky Way Galac-
tic Center with XMM-Newton and detected the 3.5
keV line at local significances of ~2.1—50 and mix-
ing angles of sin?(20) = (1.6 — 2.1) x 1071, Also us-
ing XMM-Newton, Bhargava et al. (2020) searched for
the line in the spectra of 117 galaxy clusters and re-
ported a non-detection and mixing angle upper limit of
sin?(26) < 4.4 x 10711

Dessert et al. (2020) studied XMM-Newton blank-sky
observations looking through the Milky Way’s dark mat-
ter halo, and reported a non-detection of a 3.5 keV
line corresponding to a mixing angle upper limit of
sin?(20) ~ 107'2. This limit is inconsistent with the
decaying dark matter particle interpretation of the line.
However, the Dessert et al. (2020) results have been
recently criticized for several aspects of their analysis,
which placed overestimated constraints on the dark mat-
ter decay rate (see Boyarsky et al. (2020) and Abazajian
(2020)).
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Only a few non-CCD instruments have performed sys-
tematic searches for the line. Neronov et al. (2016) re-
ported a line near 3.5 keV at ~11o significance using
deep sky observations of the Milky Way’s dark matter
halo with NuSTAR, but the line is near the lower bound
of NuSTAR’s sensitivity, where large uncertainty in the
response may be present. Hitomi observations of the
Perseus galaxy cluster also resulted in a non-detection
and corresponding flux upper limit (Aharonian et al.
2017) that was inconsistent with the presence of a 3.5
keV line at the strength reported by Bulbul et al. (2014).
This inconsistency was attributed to a systematic error
in the XMM-Newton result. In particular, Bulbul et al.
(2014) and Aharonian et al. (2017) note that at XMM-
Newton’s CCD spectral resolution, even a 1% variation
in the effective area curve could introduce an artifact
that might be interpreted as a faint line-like feature. It
is therefore important to investigate the presence of the
3.5 keV line using experiments with systematics that are
different from one another in order to ensure the faint
emission line is not associated with an effect inherent to
one particular type of instrument.

The HaloSat CubeSat is an all-sky survey that ob-
served in the 0.4 — 7 keV energy range from 2018 Oc-
tober to 2021 January. HaloSat was designed primarily
to study diffuse ~0.6 keV emission expected in the dif-
fuse halo of the Milky Way galaxy (Kaaret et al. (2019);
Kaaret et al. (2020)). Due to the large field of view
(FoV; ~100 deg?), HaloSat has a large grasp ! and good
sensitivity to diffuse emission. The energy resolution is
comparable to the CCD experiments on Chandra and
XMDM-Newton, and the response is simple and well un-
derstood (Zajczyk et al. 2020) so that HaloSat observa-
tions of diffuse emission from the Milky Way, which fills
the FoV, have comparable sensitivity to the large obser-
vatories. Any systematics in the response are different
than the systematics associated with grazing incidence
reflection and the complex charge transfer and multi-
pixel effects inherent in CCD observations.

We report on a search for an emission line near 3.5 keV
in the Milky Way’s dark matter halo using HaloSat. The
observation strategy and data reduction procedures are
outlined in section 2. A description of the background
analysis is in section 3, and the targeted 3—4 keV analy-
sis is in section 4. Results are presented in section 5, and
an interpretation in the context of sterile neutrino decay
and comparison to previous investigations are given in
section 6. Conclusions are outlined in section 7.

I The grasp is defined in Kaaret et al. (2019) as the product of the

HaloSat effective area with the FoV.
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Figure 1. HaloSat observations used for analysis (blue) indicated on a MAXI SSC 2 — 4 keV all-sky map (Nakahira et al.
2020) centered on the Galactic Center (black). The inner edges of the annuli represent HaloSat’s 5° (radius) full-response field

of view, and outer edges represent the 7° zero-response FoV.

2. OBSERVATIONS
2.1. Observation strategy

The expected 3.5 keV signal from dark matter is
strongest in observations directed towards the Galac-
tic Center, where the Milky Way’s dark matter is most
concentrated. However, the Galactic Center region is
contaminated by many bright X-ray sources like X-ray
binary systems. For analysis, we selected four HaloSat
observations spanning a range of 10° — 30° from the
Galactic Center with [ < 20° that were relatively free
from bright X-ray sources that would contaminate the
diffuse emission. A summary of the coordinates, dis-
tance from the Galactic Center, and exposure time after
data processing for each of the observations is given in
Table 1, and the observations are indicated on a MAXI
2 — 4 keV all-sky map in Figure 1. Observations were
collected from 2019 May to 2020 July.

The closest HaloSat observations to the Galactic Cen-
ter are HS049 and HS052, which have the highest ex-
pected flux from a 3.5 keV line. However, HS049 is
contaminated by two X-ray sources within the FoV that
elevate the background contributions (see section 3.2.1).
We identified HS052 as the most sensitive HaloSat ob-
servation to a 3.5 keV line, due to its proximity to the
Galactic Center and absence of bright X-ray sources.
Additional HaloSat observation time was allotted for
HS052, and the total cleaned exposure time of ~236 ks
makes HS052 one of the deepest HaloSat science obser-
vations. Therefore, we expect the best constraints on a
3.5 keV line feature to be from HS052.
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Table 1. Summary of HaloSat observations near the Galac-
tic Center used for analysis

Target ID l b GC distance Exposure time
[deg]  [deg] [deg] [ks]
HS049 3.2 12.3 12.7 183
HS052 343.4 8.5 18.6 236
HS051 344.4 17.4 23.2 96
HS053 333.0 8.7 28.3 128

2.2. Data reduction

Each HaloSat observation consists of data from 3 nom-
inally identical detectors. The detectors are specified by
their corresponding data-processing unit (DPU) identifi-
cation number (named DPU 14, DPU 54, and DPU 38).
Data for each DPU were processed for each observation
in order to remove intervals with elevated background
contributions. Cuts were applied to the ‘hard’ band
(3 — 7 keV) rate and the ‘VLE’ (E > 7 keV) rate in 64
s time bins to reduce the time-variable background con-
tributions. The hard band cut restricted count rates to
be < 0.16 counts sec™! in that band, and the VLE band
cut restricted count rates to be < 0.75 counts sec™!
that band. The observations have a combined exposure
time of ~ 642 ks after all cuts were applied.

The HaloSat on-ground and on-orbit calibrations are
described in Zajczyk et al. (2020) and Kaaret et al.
(2019), respectively.

in
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3. BACKGROUND ANALYSIS

Due to the small expected flux of the 3.5 keV line,
it was necessary to obtain a physically-motivated back-
ground description in the vicinity of the line. HaloSat
spectra are relatively simple above 2 keV, so we fit back-
ground models over the 2 — 7 keV energy range in order
to obtain a comprehensive description of the continuum.
All HaloSat spectra are fit using Xspec 12.10.1f (Arnaud
1996) within PyXspec 2.0.2 (Arnaud 2016) using the C-
statistic (Cash 1979) as the fit statistic.

Background models for our observations consist of
contributions from two main components: the HaloSat
instrumental background and an astrophysical back-
ground. We performed a simultaneous fit of the instru-
mental and astrophysical background models to the data
from all DPUs for each observation.

3.1. Instrumental background

The instrumental background for each DPU was mod-
elled by a power law normalized by the 3 — 7 keV flux
(pegpwrlw) folded through a diagonal response matrix.
The pegpwrlw photon index was modelled separately
for each DPU as a linear function of hard band rate de-
termined from high latitude data (Methods section of
Kaaret et al. (2020)), and the normalization was left as
a free parameter. The instrumental background param-
eters for each observation are given in Table 2, and the
process for modelling the HaloSat instrumental back-
ground is documented at the HEASARC?.

Table 2. Instrumental background pegpwrlw photon indices

Observation DPU ID Photon index
HS049 14 0.72 +0.07
38 0.65 + 0.08
54 0.65 + 0.07
HS052 14 0.86 + 0.06
38 0.82 +0.07
54 0.83 + 0.06
HS051 14 0.86 + 0.06
38 0.83 +0.07
54 0.83 +0.07
HS053 14 0.90 + 0.06
38 0.87 +0.07
54 0.87 + 0.06

2 https://heasarc.gsfc.nasa.gov/docs/halosat /analysis/
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Checks were made to ensure that the spacecraft posi-
tioning (roll angle and orientation relative to the nearby
bright X-ray source Sco X-1) did not affect the behaviour
of the instrumental background.

3.2. Astrophysical background

The astrophysical background model for each HaloSat
observation above 2 keV consists of contributions from
the Cosmic X-ray Background (CXB) and X-ray sources
within each FoV, as required. @ The astrophysical
background models were folded through the standard
HaloSat response matrices current as of 2019 April 23.

Contributions from unresolved extragalactic X-ray
sources to the CXB were modelled by a single absorbed
power law with photon index I' = 1.45 and a 1 keV
normalization of 10.91 keV em=2 s7% st=! keV~! (Cap-
pelluti et al. 2017) subject to a Galactic interstellar
absorption column density calculated as the response-
weighted equivalent Ny across the HaloSat FoV from
the SFD dust map (Schlegel et al. 1998). The calcula-
tion of the response-weighted equivalent Ny is described
in LaRocca et al. (2020). Absorptions were modelled
with TBabs (Wilms et al. 2000) and fixed in spectral
analysis.

3.2.1. HS049 source contamination

The HS049 observation is the nearest of our observa-
tions to the Galactic Center, and thus has the highest
expected flux from a 3.5 keV line. However, there are
two X-ray sources within HS049 that contribute sub-
stantially to the 3 — 4 keV energy range of interest: the
Ophiuchus galaxy cluster and the low mass X-ray bi-
nary GX 949. Contributions from the Ophiuchus galaxy
cluster and GX 949 in HS049 were evaluated using data
from the Gas Slit Camera (GSC; 2 — 30 keV) in the
MAXI experiment located on the International Space
Station. MAXI was operating at the time of HaloSat
observations, and scans the sky daily. The MAXI data
were obtained from the HEASARC archive for the pe-
riod from 2019 August 3 —2020 July 25. Source spectra,
background spectra, and response matrices were calcu-
lated using the ‘mxproduct’ tool distributed with HEA-
Soft 6.28 (Blackburn 1995). MAXI spectra were accu-
mulated over a period of HaloSat observations, which is
justified since the spectra do not show variability.

We performed a simultaneous fit of the MAXI spec-
tra for the Ophiuchus galaxy cluster and GX 949 over
the range of 2 — 10 keV. Contributions from the Ophi-
uchus galaxy cluster were modelled with an absorbed
collisionally-ionized plasma model (tbabs x apec, Fu-
jita et al. (2008)). We modelled contributions from GX
949 with an absorbed disk-blackbody component plus a
Comptonized component (tbabs x (nthcomp + diskbb),
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Figure 2. GX 949 (black) and Ophiuchus galaxy cluster
(magenta) spectra from MAXI, fit from 2-10 keV as HS049
background model components.

Iaria et al. (2020)). The simultaneous fit of the models
to the spectra fit the data with y?/dof = 1.11 (see Fig.
2).

The resulting best-fit models were used in the stan-
dard background model (CXB + instrumental back-
ground) for HS049 as fixed components to comprise the
total HS049 2 — 7 keV background model. While the
Ophiuchus galaxy cluster is within the 5° full-response
FoV, GX 9+9 is within HaloSat’s partial-response FoV.
So, GX 949 contributions were weighted by a factor
which was determined by the 2 — 7 keV fit in order to
properly model the observed flux of GX 949. The total
2 — 7 keV background models for each observation are
shown in Figure 3.

4. 3-4 KEV SPECTRAL ANALYSIS

After obtaining background descriptions from the
broad 2 — 7 keV fits for each observation, we narrowed
the energy range of interest to 3 — 4 keV in order to
investigate the presence of the 3.5 keV line while retain-
ing an understanding of the continuum near 3.5 keV.
In Xspec, the astrophysical background model compo-
nents were fixed to the values determined in the 2 — 7
keV fit, and the instrumental background normalization
was initially set to the value from the 2 — 7 keV fit and
was allowed to vary.

4.1. 3-4 keV emission lines

Previous searches for the 3.5 keV line in the Milky
Way’s dark matter halo using Chandra and XMM-
Newton have included additional faint, highly ionized
emission lines that could be produced in hot plasmas
within galaxy clusters and the Milky Way in the 3 — 4
keV energy range in their models (e.g. Boyarsky et al.
(2015); Boyarsky et al. (2018); Sicilian et al. (2020)).
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Recent analyses have shown that properly accounting for
these faint emission lines is necessary to place physically-
motivated constraints on a 3.5 keV line (see Abazajian
(2020) and Boyarsky et al. (2020)).

Emission lines from 3—4 keV include an Ar XVII com-
plex at ~3.1 keV (Boyarsky et al. (2018); Boyarsky et
al. (2015)), a Ca XIX complex at ~3.9 keV (Boyarsky et
al. (2018); Boyarsky et al. (2015)), a line at 3.68 keV due
either to an Ar XVII complex and/or a Ca Ko instru-
mental line in Chandra and XMM-Newton (Boyarsky et
al. (2018); Sicilian et al. (2020); Boyarsky et al. (2015)),
and a blend of Ar XVIII and S XVI lines with a K
Ka instrumental line in Chandra and XMM-Newton at
~3.3 keV (Boyarsky et al. (2018); Sicilian et al. (2020);
Boyarsky et al. (2015)).

We added gaussian model components at fixed ener-
gies 3.1, 3.3, 3.7, and 3.9 keV with fixed narrow widths
and free normalizations. Previous detections of a line
near 3.5 keV have reported best-fit energies ranging from
~ 3.48 — 3.57 keV, so we added a gaussian component
with fixed narrow width, free normalization, and an en-
ergy allowed to vary from 3.4—3.6 keV. A preliminary fit
was performed for each observation in Xspec. The cor-
responding correlation matrix from the fit was used as
the source for the covariance information for a Markov
Chain Monte Carlo (MCMC) run in Xspec, from which
the best-fit parameters were determined. The MCMC
procedure used the Goodman-Weare (G-W; Goodman
& Weare (2010)) algorithm with 50 walkers and a chain
length of 5 x 10% to ensure convergence. The best-fit in-
strumental background 3—4 keV fluxes from the MCMC
run were converted to fluxes under a 3.5 keV line by
scaling the flux for each DPU by the FWHM of the
HaloSat response at 3.5 keV. The best-fit parameters
for the MCMC runs in each observation are given in Ta-
ble 4, spectral fits are shown in Figure 4, and contour
plots are given in the Appendix.

The fitting process was repeated for each observation
after removing the gaussian component at 3.5 keV so
the models could be compared and the significance as-
sociated with a 3.5 keV line feature determined.

4.2. Statistical methods

A standard method of comparing the goodness-of-fit
between two models is to calculate an F-statistic from
the x2? values and number of degrees of freedom corre-
sponding to each fit. However, Protassov et al. (2002)
points out that the F-statistic is not appropriate for test-
ing for the presence of an emission line. This is primarily
because the F-test requires that the null values of the
parameters being compared not be on the boundary of
the allowed parameter values, and since an emission line
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Figure 3. Total 2 — 7 keV background models for selected observations, with data from DPU 14 (black), DPU 38 (red), DPU
54 (blue). Each model contains contributions from the CXB and HaloSat instrumental background, while HS049 (top left)
contains additional components for X-ray source contamination.

flux can only be non-negative, the null values for the flux
parameter of an emission line (i.e. zero flux) are on the
boundary of possible values. Instead, Protassov et al.
(2002) recommends using a Bayesian approach to test-
ing for the presence of an emission line.

We use the Bayesian Information Criterion (BIC;
Schwarz (1978)) to evaluate the goodness-of-fit of our
models. The BIC is advantageous in that it offers a way
to evaluate evidence either against or in favor of the
simpler of two models.

The BIC is defined as

BIC = —21In(L) + k1n(n) (2)
for k£ the number of parameters, n the number of data
points, and L the maximized value of the likelihood
function. The BIC tends to favor simpler models, im-
plementing a penalty term for models with a greater
number of parameters.

The ABIC test provides an estimate of evidence
against or in favor of the simpler of two models (see
Table 3, Kass & Raftery (1995)). The test favors the
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model with the lowest BIC. The ABIC test statistic
can be calculated from Xspec’s MCMC chains, when
the chain is run after a preliminary C-statistic fit. We
used the ABIC test to determine the evidence for or
against the presence of a 3.5 keV line in our models (see
the Appendix for more details).

Table 3. Qualitative interpretation of the ABIC test.

ABIC Evidence for model
with lower BIC
0 < ABIC <2 weak
2 < ABIC <6 moderate
6 < ABIC <10 strong
ABIC > 10 very strong
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Figure 4. 3 — 4 keV models for selected observations, with data from DPU 14 (black), DPU 38 (red), DPU 54 (blue). Each
model contains contributions from the total background in each observation, the 3.5 keV line, and additional astrophysical lines
in the 3 — 4 keV energy range. Blue vertical lines represent the energies at which astrophysical emission line components were
added, and the green shaded region represents the ~ 3.5 + 0.1 keV range of previously reported sterile neutrino line features.

Table 4. Best-fit parameters from the 3 — 4 keV MCMC runs**

Observation 3.5 keV line 3.5keV  3.3keV  3.7keV  3.1keV  3.9keV DPU 14 DPU 38 DPU 54
energy [keV] line flux! line flux’ line flux! line flux" line flux! BKG flux* BKG flux* BKG flux*

HS049 3.527058 37555 2,02 200, 0153 0.67% 1.819:2 1.619:2 1.679:2
HS052 3.59700L  23t54  01*36  21fT4 52%72 50763 3.5703 3.2792 3.0102
HS051 3.5970:9% 6. 3+1° 2.5T1% 0.2y, 103115 287 3.2103 3.079:2 3.075:2
HS053 3.587001 43756 1.9f%L 55152 15T9S 01753 25102 .otgg 2.4%0 Z

tline fluxes are given in units of 1072 phem ™2 s syt

*instrumental background (BKG) pegpwrlw fluxes are given in units of 1072 phem 257! st under the 3.5 keV line

**the full 3—4 keV models include fixed components for the astrophysical background (including HS049 source contamination)

394 5. RESULTS wo level (CL) upper limits on the flux of a 3.5 keV line in
a1 Table 6.

w2 A standard parameter of sterile neutrino models is
w03 the mixing angle, which describes the strength of the
as coupling between sterile and active neutrinos. The mix-

s The ABIC test for each observation gives strong ev-
306 idence in favor of models without a line near 3.5 keV,
a7 with line significances in all observations less than lo

s (see Table 5). We report a non-detection of a line near

0 3.5 keV in each observation, and provide 90% confidence — *® ing angle is independent of the source observed, and
ws provides a way to directly compare previous detections
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Table 5. ABIC test results for selected observations.

Observation ABIC Evidence for model Bayes Probability of Line
without 3.5 keV line factor line detection significance
HS049 9.36 strong 107.96 0.009 <lo
HS052 9.42 strong 111.29 0.009 <lo
HS051 8.58 strong 73.08 0.014 <lo
HS053 8.81 strong 81.67 0.012 <lo

of the line in galaxy clusters and higher-latitude obser-
vations of the Milky Way’s dark matter halo with the
HaloSat values. We translated 90% CL upper limits on
the flux of the 3.5 keV line to corresponding 90% CL
upper limits on the mixing angle for 7.1 keV sterile neu-
trino dark matter.

Many previous studies of the 3.5 keV line have as-
sumed that the Milky Way’s dark matter distribution
is well-represented by a Navarro-Frenk-White (NFW)
profile (Navarro et al. 1996, 1997). The NFW profile is
given by

_ Porg’
pNEw (1) = r(r +15)2
Mago A 7 )
AnR3p In(1+c) — 5 r(r 4 f2e)2

as a function of the distance r from the Galactic Center,
where pg is the characteristic density, rs = Raogo/c is the
scale radius for Rygg characterizing a sphere with mean
enclosed density equal to 200p¢it (for peris = the critical
density of the Universe), Msgo is the mass contained
within Rsgp, and c is the halo concentration.

However, Cautun et al. (2020) recently showed that
the Milky Way’s Galactic rotation curve is better de-
scribed by an NFW profile that is modified by the Galac-
tic baryonic distribution. While many previous descrip-
tions of the Milky Way’s dark matter density profile have
neglected the contraction of the dark matter halo density
caused by the accretion and settling of baryons in the
Milky Way, the contracted NFW profile is motivated by
predictions of hydrodynamical simulations (e.g. Schaller
et al. (2015); Dutton et al. (2016)) and is preferred to
the uncontracted NFW profile (3) by a variety of inde-
pendent observations (see Cautun et al. (2020) for a full
description).

Therefore, in order to convert the HaloSat 3.5 keV line
flux upper limits to upper limits on the 7.1 keV sterile
neutrino dark matter mixing angle, we used the publicly-
available Cautun & Callingham (2020) Python code to
calculate the contracted NF'W profile. The Milky Way’s
dark matter distribution was evaluated with the Cautun
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464
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466

467

et al. (2020) best-fit contracted NFW halo, which was fit
from the Gaia DR2 rotation curve as measured by Eilers
et al. (2019). For this model, the relevant parameters
are the dark matter halo mass Mooy = 9.7 x 10!t Mg,
halo concentration ¢ = 9.4, and Ragg = 218 kpc (Cautun
et al. 2020). The distance from the Sun to the Galactic
Center used in the calculation is ro = 8.122 kpc (Grav-
ity Collaboration et al. 2018).

The flux of a decaying dark matter line from the Milky
Way is proportional to the mass of dark matter within
the FoV (Abazajian et al. 2001b). The flux is calculated
as in Neronov & Malyshev (2016) and Sicilian et al.

(2020):
Ly (Mpg”
_ Df

(4)

with my = 7.1 keV equal to twice the mean best-fit
energy from the 3—4 keV fits, D the distance from Earth
to the dark matter, and M 5]?4‘/ the total dark matter
mass within the FoV found by integrating the Cautun et
al. (2020) contracted NFW profile along a given line of
sight and over the HaloSat response-weighted effective
FoV.

Combining (1) and (4), the mixing angle term is solved

for as .
F MFOV -
sin?(20) = C - DM ( DM )

m4 D2 (5)

for Fpy the flux of the 3.5 keV line and the conversion
constant given by

C =4 - (7.25 x 10*!) s keV® (6)

Upper limits on the 3.5 keV line flux and the corre-
sponding mixing angle for each observation are given in
Table 6. The upper limit constraints on the flux and
mixing angle range from F < (0.08 —0.16) ph cm =2 s~ 1
st~! and sin?(20) < (4.25 — 11) x 10~ across the four
HaloSat observations. The upper limit derived in each
observation is an independent measurement, and as de-
scribed in section 2.1, HS052 is the most sensitive obser-
vation to a 3.5 keV emission line, from which we expect
the best constraints. Therefore, our best constraints



468

469

470

471

472

473

474

475

476

477

478

479

480

481

4

)

2

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

5

=1

3

504

505

506

507

are from HS052, and we take our best upper limits as
F <0.077phecm2s !'sr!and Sin2(20) < 4.25%x10711,

Table 6. Upper limits derived from fits.

Observation 3.5 keV line flux  sin®(26)
[phem™2 st sr™t]  [1071]
HS049 0.133 5.33
HS052 0.077 4.25
HS051 0.163 11.0
HS053 0.119 9.76

The Milky Way’s dark matter distribution has been
modeled in previous analyses (e.g. Cappelluti et al.
(2018); Dessert et al. (2020); Sicilian et al. (2020)) with
a simple, uncontracted NF'W profile with the best-fit pa-
rameters from Nesti & Salucci (2013): the scale radius
is s = 16.1 kpc and the dark matter density scale pg
is fixed so the local dark matter density piocar = 0.47
GeV cm™2 at a distance from the Sun to the Galac-
tic Center rg = 8.08 kpc. In order to provide a direct
comparison to these analyses, we also report the best
HaloSat 7.1 keV sterile neutrino dark matter mixing
angle upper limit when adopting the simpler Nesti &
Salucci (2013) uncontracted NFW profile description of
the Milky Way’s dark matter distribution as sin?(26) <
3.72 x 10~ 1. However, for this model, the halo mass is
Mago = 1.5 x 10'2 M, (Nesti & Salucci 2013), which is
larger than the halo mass Mooy = 9.7 x 10*! Mg, in the
Cautun et al. (2020) contracted NFW profile that we
used to calculate the best HaloSat 7.1 keV sterile neu-
trino mixing angle upper limit. So, the the mixing angle
upper limit derived with the Nesti & Salucci (2013) un-
contracted NFW halo model, which has a larger Milky
Way dark matter halo mass, is stronger than the best
HaloSat limit derived with the Cautun et al. (2020) con-
tracted NF'W halo model.

6. DISCUSSION
6.1. Mizing angle comparisons

The best HaloSat upper limit on the 7.1 keV ster-
ile neutrino mixing angle is sin®(20) < 4.25 x 10711,
This constraint is consistent with two recent mixing an-
gle estimates from 3.5 keV line detections and upper
limits in the Milky Way’s dark matter halo (Boyarsky
et al. 2018; Sicilian et al. 2020). The Boyarsky et al.
(2018) mixing angle sin®(26) = (1.6 — 2.1) x 10~ de-
rived from an XMM-Newton line detection in the Milky
Way’s dark matter halo is contained by our upper limit.
The Sicilian et al. (2020) mixing angle upper limit de-
rived from Chandra observations of the Milky Way’s
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Figure 5. 3.5 keV line flux upper limits from this work
compared with Boyarsky et al. (2018) line detections and
Sicilian et al. (2020) upper limits in the Milky Way Galactic
Center region, as a function of angular distance from the
Galactic Center.

dark matter halo is sin®(20) < 2.58 x 107!, which is
potentially increased by a factor of ~2 by systematic
uncertainties related to the choice of parameters for the
uncontracted NFW profile model of the Milky Way’s
dark matter distribution. The increased upper limit
sin?(26) < 4.96 x 10~ is higher than the mixing angle
upper limit found in this work, while the stricter upper
limit sin®(20) < 2.58 x 107! is contained by our up-
per limit. Thus, the HaloSat upper limit is consistent
with the Boyarsky et al. (2018) detection and Sicilian et
al. (2020) upper limit. Figure 5 compares the HaloSat
upper limits with the Boyarsky et al. (2018) detection
and Sicilian et al. (2020) upper limit in terms of the
3.5 keV line flux corresponding to the reported mixing
angles. The HaloSat analysis has systematics, observa-
tions, and analysis methods that are different from the
Chandra and XMM-Newton analyses, and still provides
independently-derived upper limits that are consistent
with these previous analyses, which do not exclude the
sterile neutrino decay interpretation of the 3.5 keV line
feature.

The mixing angle quoted by Cappelluti et al. (2018)
for the detection of a line near 3.5 keV in Chandra
observations of the Milky Way’s dark matter halo of
sin?(26) = (0.83 — 2.75) x 10710 is strongly excluded by
our upper limit. However, Cappelluti et al. (2018) were
unable to rule out a statistical fluctuation as the cause
of the 3.5 keV line. Therefore, when we treat the Cap-
pelluti et al. (2018) mixing angle as a 30 upper limit,
the HaloSat upper limit places a strong constraint on
the Cappelluti et al. (2018) limit by approximately a
factor of 5. Therefore it is unlikely that the 3.5 keV line
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feature reported in Cappelluti et al. (2018) is associated
with the decay of ~7 keV sterile neutrino dark matter.

A ~30 Ms XMM-Newton blank-sky analysis reported
a non-detection of a line near 3.5 keV and estimated a
mixing angle upper limit of sin?(20) ~ 10~'2 that was
inconsistent with the sterile neutrino decay interpreta-
tion (Dessert et al. 2020). The Dessert et al. (2020) re-
sult was recently questioned primarily due to the treat-
ment of the astrophysical background, the energy range
over which spectra were fit (3.3—3.8 keV), and the Milky
Way dark matter density profile parameters assumed.
Boyarsky et al. (2020) shows that by modelling addi-
tional astrophysical emission lines at 3.1, 3.3, 3.7, and
3.9 keV and fitting over a broader energy range of 3 —4
keV to constrain the continuum, the Dessert et al. (2020)
limit is weakened by more than an order of magnitude.
Abazajian (2020) showed that accounting for the model
dependencies, including the dark matter density profile
parameters assumed and the exclusion of astrophysical
emission lines at 3.3 and 3.7 keV, relax the Dessert et
al. (2020) upper limit by at least a factor of ~20. Our
HaloSat mixing angle upper limit is in better agreement
with the Boyarsky et al. (2020) and Abazajian (2020)
analyses, with a similar analysis method in that we al-
low for the presence of the four known emission lines
from 3—4 keV. The HaloSat analysis does not prefer the
original Dessert et al. (2020) limit over the subsequent
revised limits in Boyarsky et al. (2020) and Abazajian
(2020) since the HaloSat upper limit is over an order of
magnitude higher than the Dessert et al. (2020) limit.

The HaloSat mixing angle upper limit places con-
straints on a number of detections and upper limits
derived from galaxy cluster spectra. In particular, the
original Bulbul et al. (2014) mixing angle derived from
an XMM-Newton line detection in 73 galaxy clusters at
sin?(26) ~ 7 x 10~ is excluded by the HaloSat upper
limit. The lower bound of the Boyarsky et al. (2014)
mixing angle range sin?(20) = (2 — 20) x 107! derived
from XMM-Newton observations of the M31 galaxy and
the Perseus galaxy cluster is consistent with the HaloSat
upper limit, while the higher bound is strongly con-
strained. A Suzaku analysis of 47 galaxy clusters re-
ported an upper limit at sin?(26) < 6.1 x 10~ (Bulbul
et al. 2016), which is further constrained by our limit.
A recent XMM-Newton galaxy cluster analysis reported
the mixing angle upper limit sin?(20) < 4.4 x 10~
(Bhargava et al. 2020), which is only marginally higher
than the HaloSat upper limit.

The mixing angle upper limit derived in this work is
inconsistent with the Cappelluti et al. (2018) and Bulbul
et al. (2014) line detections made with Chandra and
XMM-Newton, but is consistent with the Boyarsky et
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al. (2014) and Boyarsky et al. (2018) detections with
XMM-Newton. The mixing angle upper limit further
constrains a number of previous estimates derived from
observations of the Milky Way’s dark matter halo and
galaxy clusters. Aharonian et al. (2017) points out the
inconsistency between the Hitomi non-detection in the
Perseus cluster and the Bulbul et al. (2014) detection
with the XMM-Newton MOS in the Perseus cluster is
attributable to a systematic error in the XMM-Newton
result. The HaloSat limit cannot rule out the sterile
neutrino decay interpretation of the line, but also cannot
rule out any potential instrumental effects in previous
detections of the line with CCDs.

6.2. Strong evidence criteria

Given that we did not significantly detect a line at
~3.5 keV in any observation, we investigated how strong
the 3.5 keV line would have to be in order for the fitting
procedure to show strong evidence in favor of models
with a line near 3.5 keV. In Xspec, we simulated spectra
(using the fakeit command) based on the best-fit models
from the 3 — 4 keV fits for each observation, modifying
the strength of the 3.5 keV gaussian line component for
each simulation. We stepped over a grid from 0.001 —
0.01 ph ecm ™2 s~! with 15 linearly-spaced values, which
were used as the Xspec normalization of a 3.5 keV line
in the simulated spectra. The simulated spectra were fit
with the same fitting procedure as the 3 — 4 keV fits.
We found that the 3.5 keV line would need to have a
strength of ~0.16 ph cm™2 s~! sr~! to provide strong
evidence in favor of models with a line near 3.5 keV (see
Fig. 6). This estimate is consistent with the high end of
our flux upper limits for each HaloSat observation (see
Table 6).

80 4 very strong EFL
—=-~- strong EFL

60 -

404 strong EFL fluxes:
049: 0.17
052:0.11

ABIC

204 053:0.17

0.10 0.15 0.20 0.25

DM line intensity [ph/cm”2/s/sr]

Figure 6. ABIC evidence for simulated spectra, indicating
at which 3.5 keV line strength our fitting procedure shows
strong evidence (EFL) for models with a line near 3.5 keV.
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We also point out that one should be cautious when
comparing reported values of the 3.5 keV line signifi-
cance, which can depend strongly on the choice of statis-
tics. Previous analyses have utilized a x? approach to
test for the presence of a line near 3.5 keV. In order
to understand the consequences of this statistical ap-
proach, we repeated the statistical analysis using the
Ax? test to compare models. In this case, the ABIC
test tended to prefer simpler models with fewer param-
eters more strongly than a Ax2? method, but the Ax?
test also yields non-detections of a 3.5 keV line, with
significances of detections consistently < 1o.

7. CONCLUSIONS

We report a non-detection of an emission line feature
near 3.5 keV in four HaloSat observations of the Milky
Way’s dark matter halo from 10° — 30° of the Galac-
tic Center using the BIC to determine the significance
of the line feature, and assuming the Milky Way’s dark
matter distribution is well-described by the Cautun et
al. (2020) contracted NFW profile. The HaloSat 90%
CL upper limit on the 3.5 keV line flux is 0.077 ph cm 2
s~ sr~!, which corresponds to a 7.1 keV sterile neutrino
mixing angle upper limit of sin?(26) < 4.25x10~''. The
HaloSat mixing angle upper limit is consistent with the
Boyarsky et al. (2014) and Boyarsky et al. (2018) 3.5
keV line detection with XMM-Newton but excludes the
Cappelluti et al. (2018) and Bulbul et al. (2014) line de-
tections made with Chandra and XMM-Newton, while
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placing constraints on a number of previous mixing angle
estimates derived from observations of the Milky Way’s
dark matter halo and galaxy clusters. Based on mixing
angle upper limits, the HaloSat analysis cannot rule out
possible effects inherent to the CCD instruments con-
tributing at least in part to the previous 3.5 keV line
detections. Despite placing a constraint on the 7.1 keV
sterile neutrino parameter space, the sterile neutrino de-
cay interpretation of the 3.5 keV line feature cannot be
excluded by this analysis.
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APPENDIX

A. BIC CALCULATION & MCMC CONTOUR PLOTS

The BIC statistic for each model was calculated using the output file from an MCMC run in Xspec. We used the
G-W algorithm with a given number of walkers and chain length, and covariance information taken from a preliminary
fit to the data using the C-statistic as fit statistic.

The MCMC chain output by Xspec is a FITS file containing a set of parameters and corresponding fit statistic for
the length of the chain, so for example in this analysis, the output files contained 5 x 10° entries of parameters and
associated C-statistic.

For Poisson-distributed data, the likelihood is given as
N
L =[] (tm)Setmi /85! (A1)
i=1

for S; the observed counts, ¢ the exposure time, and m; the expected counts based on the model and instrument
response.

The C-statistic in each entry of the output FITS file is the maximum likelihood-based statistic defined as

N
C=2 ;(tmi) = S; + Si(In(S;) — In(tm;)) (A2)

=—2 In(L)

The best-fit parameter set is that which maximizes the likelihood (A1), which translates to minimizing the C-statistic
(A2). We read the FITS file for each MCMC run into Python and searched for the parameter set corresponding to
the minimum C-statistic. This is the set of best-fit parameters for the chain.

For the BIC given in (2), the minimum C-statistic corresponding to the best-fit set of parameters can by definition
be input into the BIC calculation for a model:

BIC = minimum(C-statistic) 4+ & In(n) (A3)

The test statistic ABIC is then simply the difference between BIC for two models (in this analysis, the models with
and without an emission line component near 3.5 keV). The ABIC calculation can be easily run with an addition to
plot the MCMC contour plots from the MCMC output FITS file entries in order to output the statistical information
and data visualizations with one procedure. Figure A1 shows the joint confidence regions for pairs of parameters for
the HS052 MCMC run.
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Figure A1l. Contour plots from the HS052 3 — 4 keV fit using the MCMC run that provided the best upper limit
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