
Draft version May 22, 2021
Typeset using LATEX twocolumn style in AASTeX63

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

E.M. Silich,1 K. Jahoda,2 L. Angelini,2 P. Kaaret,1 A. Zajczyk,1, 2, 3 D.M. LaRocca,1, 4 R. Ringuette,1, 2, 5 and1

J. Richardson1
2

1Department of Physics and Astronomy, University of Iowa, Iowa City, IA 52242, USA3

2NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA4

3Center for Space Sciences and Technology, University of Maryland, Baltimore County, 1000 Hilltop Circle, Baltimore, MD 21250, USA5

4Department of Astronomy and Astrophysics, 525 Davey Labs, Pennsylvania State University, University Park, PA 16802, USA6

5Adnet Systems, Bethesda, MD 20817, USA7

ABSTRACT8

Previous detections of an X-ray emission line near 3.5 keV in galaxy clusters and other dark matter-9

dominated objects have been interpreted as observational evidence for the decay of sterile neutrino10

dark matter. Motivated by this, we report on a search for a 3.5 keV emission line from the Milky Way’s11

galactic dark matter halo with HaloSat. As a single pixel, collimated instrument, HaloSat observations12

are impervious to potential systematic effects due to grazing incidence reflection and CCD pixelization,13

and thus may offer a check on possible instrumental systematic errors in previous analyses. We report14

non-detections of a ∼3.5 keV emission line in four HaloSat observations near the Galactic Center.15

In the context of the sterile neutrino decay interpretation of the putative line feature, we provide16

90% confidence level upper limits on the 3.5 keV line flux and 7.1 keV sterile neutrino mixing angle:17

F ≤ 0.077 ph cm−2 s−1 sr−1 and sin2(2θ) ≤ 4.25 × 10−11. The HaloSat mixing angle upper limit18

was calculated using a modern parameterization of the Milky Way’s dark matter distribution, and in19

order to compare with previous limits, we also report the limit calculated using a common historical20

model. The HaloSat mixing angle upper limit places constraints on a number of previous mixing angle21

estimates derived from observations of the Milky Way’s dark matter halo and galaxy clusters, and22

excludes several previous detections of the line. The upper limits cannot, however, entirely rule out23

the sterile neutrino decay interpretation of the 3.5 keV line feature.24

Keywords: X-ray astronomy (1810), Dark matter (353), Milky Way dark matter halo (1049), Galactic25

center (565), Diffuse radiation (383), Particle astrophysics (96), Neutrino astronomy (1100)26
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1. INTRODUCTION28

While there exists strong observational evidence for29

the existence of dark matter based on studies of galax-30

ies and galaxy clusters (e.g. Zwicky (1933, 1937); Rubin31

et al. (1980); Clowe et al. (2006)), the composition of32

dark matter is unknown. The Standard Model does not33

contain a viable dark matter particle candidate, which34

has motivated extensions of the Standard Model such as35

the ν Minimal Standard Model (νMSM; Asaka & Sha-36

poshnikov (2005); Asaka et al. (2005)) that propose hy-37

pothetical particle candidates. The dark matter particle38

candidate of interest to this work is the sterile neutrino,39

which is a right-handed counterpart to the left-handed40

active neutrino (Asaka et al. 2005; Asaka & Shaposh-41

nikov 2005; Boyarsky et al. 2012, 2019). The sterile neu-42

trino is so named since it is a SU(2)-singlet particle that43

does not experience weak interactions; it’s interactions44

are limited to mixing with the active (SU(2)-doublet)45

neutrinos (Abazajian et al. 2001a).46

The keV-scale sterile neutrino should spontaneously47

decay at a rate of48

Γγ(ms, θ) = 1.38×10−29 s−1

(
sin2(2θ)

10−7

)( ms

1 keV

)5
(1)

for ms the mass of the sterile neutrino and θ the mix-49

ing angle between the active and sterile states (Pal &50

Wolfenstein 1982). This radiative decay process should51

produce an active neutrino and a photon with energy52

E = ms/2. For a keV-scale sterile neutrino, the decay53

should produce an emission line that is observable by54

modern X-ray observatories in dark-matter dominated55

objects like galaxies and galaxy clusters (Abazajian et56

al. 2001a,b), with the strength of the line determined by57

the sterile-active neutrino mixing angle.58
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The first potential observational evidence for sterile59

neutrino dark matter decay was presented in Bulbul et60

al. (2014) as a detection of an unidentified X-ray emis-61

sion line near 3.5 keV in XMM-Newton observations of62

73 galaxy clusters. After determining no obvious astro-63

physical origin, the 3.5 keV line was interpreted as a64

decay signature of a ∼7 keV sterile neutrino, since the65

decay of a ∼7 keV sterile neutrino should produce an66

X-ray photon at E ∼ 3.5 keV. Bulbul et al. (2014) re-67

ported a corresponding 7.1 keV sterile neutrino mixing68

angle of sin2(2θ) ∼ 7 × 10−11.69

This detection was followed up by a series of obser-70

vations of dark-matter dominated objects with CCD in-71

struments. Boyarsky et al. (2014) detected a line near72

3.5 keV with ∼4.4σ significance and a mixing angle of73

sin2(2θ) = (2 − 20) × 10−11 using XMM-Newton obser-74

vations of the M31 galaxy and the Perseus galaxy clus-75

ter. Bulbul et al. (2016) used observations of 47 galaxy76

clusters from Suzaku that resulted in a non-detection77

of a ∼3.5 keV line with a mixing angle upper limit of78

sin2(2θ) ≤ 6.1 × 10−11. Since then, detections and non-79

detections of the line that are inconsistent with one an-80

other have introduced controversy as to the reality of81

the 3.5 keV line feature.82

Cappelluti et al. (2018) searched the spectrum of the83

Cosmic X-ray Background with Chandra and reported84

a line detection at ∼2.5−3σ significance with a mixing85

angle of sin2(2θ) = (0.83 − 2.75) × 10−10. However,86

Sicilian et al. (2020) recently observed the Milky Way’s87

dark matter halo with ∼51 Ms of Chandra observations88

resulting in a non-detection and a mixing angle upper89

limit of sin2(2θ) ≤ 2.58 × 10−11, in disagreement with90

Cappelluti et al. (2018).91

Boyarsky et al. (2018) observed the Milky Way Galac-92

tic Center with XMM-Newton and detected the 3.593

keV line at local significances of ∼2.1−5σ and mix-94

ing angles of sin2(2θ) = (1.6 − 2.1) × 10−11. Also us-95

ing XMM-Newton, Bhargava et al. (2020) searched for96

the line in the spectra of 117 galaxy clusters and re-97

ported a non-detection and mixing angle upper limit of98

sin2(2θ) ≤ 4.4 × 10−11.99

Dessert et al. (2020) studied XMM-Newton blank-sky100

observations looking through the Milky Way’s dark mat-101

ter halo, and reported a non-detection of a 3.5 keV102

line corresponding to a mixing angle upper limit of103

sin2(2θ) ∼ 10−12. This limit is inconsistent with the104

decaying dark matter particle interpretation of the line.105

However, the Dessert et al. (2020) results have been106

recently criticized for several aspects of their analysis,107

which placed overestimated constraints on the dark mat-108

ter decay rate (see Boyarsky et al. (2020) and Abazajian109

(2020)).110

Only a few non-CCD instruments have performed sys-111

tematic searches for the line. Neronov et al. (2016) re-112

ported a line near 3.5 keV at ∼11σ significance using113

deep sky observations of the Milky Way’s dark matter114

halo with NuSTAR, but the line is near the lower bound115

of NuSTAR’s sensitivity, where large uncertainty in the116

response may be present. Hitomi observations of the117

Perseus galaxy cluster also resulted in a non-detection118

and corresponding flux upper limit (Aharonian et al.119

2017) that was inconsistent with the presence of a 3.5120

keV line at the strength reported by Bulbul et al. (2014).121

This inconsistency was attributed to a systematic error122

in the XMM-Newton result. In particular, Bulbul et al.123

(2014) and Aharonian et al. (2017) note that at XMM-124

Newton’s CCD spectral resolution, even a 1% variation125

in the effective area curve could introduce an artifact126

that might be interpreted as a faint line-like feature. It127

is therefore important to investigate the presence of the128

3.5 keV line using experiments with systematics that are129

different from one another in order to ensure the faint130

emission line is not associated with an effect inherent to131

one particular type of instrument.132

The HaloSat CubeSat is an all-sky survey that ob-133

served in the 0.4 − 7 keV energy range from 2018 Oc-134

tober to 2021 January. HaloSat was designed primarily135

to study diffuse ∼0.6 keV emission expected in the dif-136

fuse halo of the Milky Way galaxy (Kaaret et al. (2019);137

Kaaret et al. (2020)). Due to the large field of view138

(FoV; ∼100 deg2), HaloSat has a large grasp 1 and good139

sensitivity to diffuse emission. The energy resolution is140

comparable to the CCD experiments on Chandra and141

XMM-Newton, and the response is simple and well un-142

derstood (Zajczyk et al. 2020) so that HaloSat observa-143

tions of diffuse emission from the Milky Way, which fills144

the FoV, have comparable sensitivity to the large obser-145

vatories. Any systematics in the response are different146

than the systematics associated with grazing incidence147

reflection and the complex charge transfer and multi-148

pixel effects inherent in CCD observations.149

We report on a search for an emission line near 3.5 keV150

in the Milky Way’s dark matter halo using HaloSat. The151

observation strategy and data reduction procedures are152

outlined in section 2. A description of the background153

analysis is in section 3, and the targeted 3−4 keV analy-154

sis is in section 4. Results are presented in section 5, and155

an interpretation in the context of sterile neutrino decay156

and comparison to previous investigations are given in157

section 6. Conclusions are outlined in section 7.158

1 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. OBSERVATIONS159

2.1. Observation strategy160

The expected 3.5 keV signal from dark matter is161

strongest in observations directed towards the Galac-162

tic Center, where the Milky Way’s dark matter is most163

concentrated. However, the Galactic Center region is164

contaminated by many bright X-ray sources like X-ray165

binary systems. For analysis, we selected four HaloSat166

observations spanning a range of 10◦ − 30◦ from the167

Galactic Center with l < 20◦ that were relatively free168

from bright X-ray sources that would contaminate the169

diffuse emission. A summary of the coordinates, dis-170

tance from the Galactic Center, and exposure time after171

data processing for each of the observations is given in172

Table 1, and the observations are indicated on a MAXI173

2 − 4 keV all-sky map in Figure 1. Observations were174

collected from 2019 May to 2020 July.175

The closest HaloSat observations to the Galactic Cen-176

ter are HS049 and HS052, which have the highest ex-177

pected flux from a 3.5 keV line. However, HS049 is178

contaminated by two X-ray sources within the FoV that179

elevate the background contributions (see section 3.2.1).180

We identified HS052 as the most sensitive HaloSat ob-181

servation to a 3.5 keV line, due to its proximity to the182

Galactic Center and absence of bright X-ray sources.183

Additional HaloSat observation time was allotted for184

HS052, and the total cleaned exposure time of ∼236 ks185

makes HS052 one of the deepest HaloSat science obser-186

vations. Therefore, we expect the best constraints on a187

3.5 keV line feature to be from HS052.188

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 reduction189

Each HaloSat observation consists of data from 3 nom-190

inally identical detectors. The detectors are specified by191

their corresponding data-processing unit (DPU) identifi-192

cation number (named DPU 14, DPU 54, and DPU 38).193

Data for each DPU were processed for each observation194

in order to remove intervals with elevated background195

contributions. Cuts were applied to the ‘hard’ band196

(3 − 7 keV) rate and the ‘VLE’ (E > 7 keV) rate in 64197

s time bins to reduce the time-variable background con-198

tributions. The hard band cut restricted count rates to199

be ≤ 0.16 counts sec−1 in that band, and the VLE band200

cut restricted count rates to be ≤ 0.75 counts sec−1 in201

that band. The observations have a combined exposure202

time of ∼ 642 ks after all cuts were applied.203

The HaloSat on-ground and on-orbit calibrations are204

described in Zajczyk et al. (2020) and Kaaret et al.205

(2019), respectively.206
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3. BACKGROUND ANALYSIS207

Due to the small expected flux of the 3.5 keV line,208

it was necessary to obtain a physically-motivated back-209

ground description in the vicinity of the line. HaloSat210

spectra are relatively simple above 2 keV, so we fit back-211

ground models over the 2− 7 keV energy range in order212

to obtain a comprehensive description of the continuum.213

All HaloSat spectra are fit using Xspec 12.10.1f (Arnaud214

1996) within PyXspec 2.0.2 (Arnaud 2016) using the C-215

statistic (Cash 1979) as the fit statistic.216

Background models for our observations consist of217

contributions from two main components: the HaloSat218

instrumental background and an astrophysical back-219

ground. We performed a simultaneous fit of the instru-220

mental and astrophysical background models to the data221

from all DPUs for each observation.222

3.1. Instrumental background223

The instrumental background for each DPU was mod-224

elled by a power law normalized by the 3 − 7 keV flux225

(pegpwrlw) folded through a diagonal response matrix.226

The pegpwrlw photon index was modelled separately227

for each DPU as a linear function of hard band rate de-228

termined from high latitude data (Methods section of229

Kaaret et al. (2020)), and the normalization was left as230

a free parameter. The instrumental background param-231

eters for each observation are given in Table 2, and the232

process for modelling the HaloSat instrumental back-233

ground is documented at the HEASARC2.234

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/

Checks were made to ensure that the spacecraft posi-235

tioning (roll angle and orientation relative to the nearby236

bright X-ray source Sco X-1) did not affect the behaviour237

of the instrumental background.238

3.2. Astrophysical background239

The astrophysical background model for each HaloSat240

observation above 2 keV consists of contributions from241

the Cosmic X-ray Background (CXB) and X-ray sources242

within each FoV, as required. The astrophysical243

background models were folded through the standard244

HaloSat response matrices current as of 2019 April 23.245

Contributions from unresolved extragalactic X-ray246

sources to the CXB were modelled by a single absorbed247

power law with photon index Γ = 1.45 and a 1 keV248

normalization of 10.91 keV cm−2 s−1 sr−1 keV−1 (Cap-249

pelluti et al. 2017) subject to a Galactic interstellar250

absorption column density calculated as the response-251

weighted equivalent NH across the HaloSat FoV from252

the SFD dust map (Schlegel et al. 1998). The calcula-253

tion of the response-weighted equivalent NH is described254

in LaRocca et al. (2020). Absorptions were modelled255

with TBabs (Wilms et al. 2000) and fixed in spectral256

analysis.257

3.2.1. HS049 source contamination258

The HS049 observation is the nearest of our observa-259

tions to the Galactic Center, and thus has the highest260

expected flux from a 3.5 keV line. However, there are261

two X-ray sources within HS049 that contribute sub-262

stantially to the 3 − 4 keV energy range of interest: the263

Ophiuchus galaxy cluster and the low mass X-ray bi-264

nary GX 9+9. Contributions from the Ophiuchus galaxy265

cluster and GX 9+9 in HS049 were evaluated using data266

from the Gas Slit Camera (GSC; 2 − 30 keV) in the267

MAXI experiment located on the International Space268

Station. MAXI was operating at the time of HaloSat269

observations, and scans the sky daily. The MAXI data270

were obtained from the HEASARC archive for the pe-271

riod from 2019 August 3−2020 July 25. Source spectra,272

background spectra, and response matrices were calcu-273

lated using the ‘mxproduct’ tool distributed with HEA-274

Soft 6.28 (Blackburn 1995). MAXI spectra were accu-275

mulated over a period of HaloSat observations, which is276

justified since the spectra do not show variability.277

We performed a simultaneous fit of the MAXI spec-278

tra for the Ophiuchus galaxy cluster and GX 9+9 over279

the range of 2 − 10 keV. Contributions from the Ophi-280

uchus galaxy cluster were modelled with an absorbed281

collisionally-ionized plasma model (tbabs × apec, Fu-282

jita et al. (2008)). We modelled contributions from GX283

9+9 with an absorbed disk-blackbody component plus a284

Comptonized component (tbabs × (nthcomp + diskbb),285
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Figure 2. GX 9+9 (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 models286

to the spectra fit the data with χ2/dof = 1.11 (see Fig.287

2).288

The resulting best-fit models were used in the stan-289

dard background model (CXB + instrumental back-290

ground) for HS049 as fixed components to comprise the291

total HS049 2 − 7 keV background model. While the292

Ophiuchus galaxy cluster is within the 5◦ full-response293

FoV, GX 9+9 is within HaloSat’s partial-response FoV.294

So, GX 9+9 contributions were weighted by a factor295

which was determined by the 2 − 7 keV fit in order to296

properly model the observed flux of GX 9+9. The total297

2 − 7 keV background models for each observation are298

shown in Figure 3.299

4. 3-4 KEV SPECTRAL ANALYSIS300

After obtaining background descriptions from the301

broad 2 − 7 keV fits for each observation, we narrowed302

the energy range of interest to 3 − 4 keV in order to303

investigate the presence of the 3.5 keV line while retain-304

ing an understanding of the continuum near 3.5 keV.305

In Xspec, the astrophysical background model compo-306

nents were fixed to the values determined in the 2 − 7307

keV fit, and the instrumental background normalization308

was initially set to the value from the 2 − 7 keV fit and309

was allowed to vary.310

4.1. 3-4 keV emission lines311

Previous searches for the 3.5 keV line in the Milky312

Way’s dark matter halo using Chandra and XMM-313

Newton have included additional faint, highly ionized314

emission lines that could be produced in hot plasmas315

within galaxy clusters and the Milky Way in the 3 − 4316

keV energy range in their models (e.g. Boyarsky et al.317

(2015); Boyarsky et al. (2018); Sicilian et al. (2020)).318

Recent analyses have shown that properly accounting for319

these faint emission lines is necessary to place physically-320

motivated constraints on a 3.5 keV line (see Abazajian321

(2020) and Boyarsky et al. (2020)).322

Emission lines from 3−4 keV include an Ar XVII com-323

plex at ∼3.1 keV (Boyarsky et al. (2018); Boyarsky et324

al. (2015)), a Ca XIX complex at ∼3.9 keV (Boyarsky et325

al. (2018); Boyarsky et al. (2015)), a line at 3.68 keV due326

either to an Ar XVII complex and/or a Ca Kα instru-327

mental line in Chandra and XMM-Newton (Boyarsky et328

al. (2018); Sicilian et al. (2020); Boyarsky et al. (2015)),329

and a blend of Ar XVIII and S XVI lines with a K330

Kα instrumental line in Chandra and XMM-Newton at331

∼3.3 keV (Boyarsky et al. (2018); Sicilian et al. (2020);332

Boyarsky et al. (2015)).333

We added gaussian model components at fixed ener-334

gies 3.1, 3.3, 3.7, and 3.9 keV with fixed narrow widths335

and free normalizations. Previous detections of a line336

near 3.5 keV have reported best-fit energies ranging from337

∼ 3.48 − 3.57 keV, so we added a gaussian component338

with fixed narrow width, free normalization, and an en-339

ergy allowed to vary from 3.4−3.6 keV. A preliminary fit340

was performed for each observation in Xspec. The cor-341

responding correlation matrix from the fit was used as342

the source for the covariance information for a Markov343

Chain Monte Carlo (MCMC) run in Xspec, from which344

the best-fit parameters were determined. The MCMC345

procedure used the Goodman-Weare (G-W; Goodman346

& Weare (2010)) algorithm with 50 walkers and a chain347

length of 5× 106 to ensure convergence. The best-fit in-348

strumental background 3−4 keV fluxes from the MCMC349

run were converted to fluxes under a 3.5 keV line by350

scaling the flux for each DPU by the FWHM of the351

HaloSat response at 3.5 keV. The best-fit parameters352

for the MCMC runs in each observation are given in Ta-353

ble 4, spectral fits are shown in Figure 4, and contour354

plots are given in the Appendix.355

The fitting process was repeated for each observation356

after removing the gaussian component at 3.5 keV so357

the models could be compared and the significance as-358

sociated with a 3.5 keV line feature determined.359

4.2. Statistical methods360

A standard method of comparing the goodness-of-fit361

between two models is to calculate an F-statistic from362

the χ2 values and number of degrees of freedom corre-363

sponding to each fit. However, Protassov et al. (2002)364

points out that the F-statistic is not appropriate for test-365

ing for the presence of an emission line. This is primarily366

because the F-test requires that the null values of the367

parameters being compared not be on the boundary of368

the allowed parameter values, and since an emission line369
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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 flux370

parameter of an emission line (i.e. zero flux) are on the371

boundary of possible values. Instead, Protassov et al.372

(2002) recommends using a Bayesian approach to test-373

ing for the presence of an emission line.374

We use the Bayesian Information Criterion (BIC;375

Schwarz (1978)) to evaluate the goodness-of-fit of our376

models. The BIC is advantageous in that it offers a way377

to evaluate evidence either against or in favor of the378

simpler of two models.379

The BIC is defined as

BIC = −2 ln(L) + k ln(n) (2)

for k the number of parameters, n the number of data380

points, and L the maximized value of the likelihood381

function. The BIC tends to favor simpler models, im-382

plementing a penalty term for models with a greater383

number of parameters.384

The ∆BIC test provides an estimate of evidence385

against or in favor of the simpler of two models (see386

Table 3, Kass & Raftery (1995)). The test favors the387

model with the lowest BIC. The ∆BIC test statistic388

can be calculated from Xspec’s MCMC chains, when389

the chain is run after a preliminary C-statistic fit. We390

used the ∆BIC test to determine the evidence for or391

against the presence of a 3.5 keV line in our models (see392

the Appendix for more details).
393

Table 3. Qualitative interpretation of the ∆BIC test.

∆BIC Evidence for model

with lower BIC

0 < ∆BIC ≤ 2 weak

2 < ∆BIC ≤ 6 moderate

6 < ∆BIC ≤ 10 strong

∆BIC > 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 3.5 keV 3.3 keV 3.7 keV 3.1 keV 3.9 keV 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 3.52+0.06
−0.09 3.7+9.6

−2.9 2.0+12
−1.1 2.0+11

−1.2 0.1+8.3
−0.0 0.6+10

−0.1 1.8+0.2
−0.7 1.6+0.2

−0.7 1.6+0.2
−0.7

HS052 3.59+0.01
−0.16 2.3+5.4

−2.1 0.1+5.6
−0.0 2.1+7.4

−1.4 5.2+7.2
−3.7 5.0+6.3

−3.2 3.5+0.2
−0.4 3.2+0.2

−0.4 3.0+0.2
−0.4

HS051 3.59+0.01
−0.18 6.3+10

−4.9 2.5+12
−1.7 0.2+11

−0.0 10.3+13
−5.5 2.8+11

−2.1 3.2+0.3
−0.7 3.0+0.3

−0.7 3.0+0.3
−0.7

HS053 3.58+0.01
−0.15 4.3+7.6

−3.6 1.9+8.1
−1.5 5.5+9.2

−3.2 1.5+8.6
−1.1 0.1+6.3

−0.0 2.5+0.2
−0.5 2.0+0.2

−0.6 2.4+0.2
−0.6

†line fluxes are given in units of 10−2 ph cm−2 s−1 sr−1

∗instrumental background (BKG) pegpwrlw fluxes are given in units of 10−2 ph cm−2 s−1 sr−1 under the 3.5 keV line
∗∗the full 3−4 keV models include fixed components for the astrophysical background (including HS049 source contamination)

5. RESULTS394

The ∆BIC test for each observation gives strong ev-395

idence in favor of models without a line near 3.5 keV,396

with line significances in all observations less than 1σ397

(see Table 5). We report a non-detection of a line near398

3.5 keV in each observation, and provide 90% confidence399

level (CL) upper limits on the flux of a 3.5 keV line in400

Table 6.401

A standard parameter of sterile neutrino models is402

the mixing angle, which describes the strength of the403

coupling between sterile and active neutrinos. The mix-404

ing angle is independent of the source observed, and405

provides a way to directly compare previous detections406
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Table 5. ∆BIC test results for selected observations.

Observation ∆BIC Evidence for model Bayes Probability of Line

without 3.5 keV line factor line detection significance

HS049 9.36 strong 107.96 0.009 < 1σ

HS052 9.42 strong 111.29 0.009 < 1σ

HS051 8.58 strong 73.08 0.014 < 1σ

HS053 8.81 strong 81.67 0.012 < 1σ

of the line in galaxy clusters and higher-latitude obser-407

vations of the Milky Way’s dark matter halo with the408

HaloSat values. We translated 90% CL upper limits on409

the flux of the 3.5 keV line to corresponding 90% CL410

upper limits on the mixing angle for 7.1 keV sterile neu-411

trino dark matter.412

Many previous studies of the 3.5 keV line have as-413

sumed that the Milky Way’s dark matter distribution414

is well-represented by a Navarro–Frenk–White (NFW)415

profile (Navarro et al. 1996, 1997). The NFW profile is416

given by
417

ρNFW(r) =
ρ0r

3
s

r(r + rs)2

=
M200

4πR3
200

c3

ln(1 + c) − c
1+c

r3s
r(r + R200

c )2

(3)

as a function of the distance r from the Galactic Center,418

where ρ0 is the characteristic density, rs = R200/c is the419

scale radius for R200 characterizing a sphere with mean420

enclosed density equal to 200ρcrit (for ρcrit = the critical421

density of the Universe), M200 is the mass contained422

within R200, and c is the halo concentration.423

However, Cautun et al. (2020) recently showed that424

the Milky Way’s Galactic rotation curve is better de-425

scribed by an NFW profile that is modified by the Galac-426

tic baryonic distribution. While many previous descrip-427

tions of the Milky Way’s dark matter density profile have428

neglected the contraction of the dark matter halo density429

caused by the accretion and settling of baryons in the430

Milky Way, the contracted NFW profile is motivated by431

predictions of hydrodynamical simulations (e.g. Schaller432

et al. (2015); Dutton et al. (2016)) and is preferred to433

the uncontracted NFW profile (3) by a variety of inde-434

pendent observations (see Cautun et al. (2020) for a full435

description).436

Therefore, in order to convert the HaloSat 3.5 keV line437

flux upper limits to upper limits on the 7.1 keV sterile438

neutrino dark matter mixing angle, we used the publicly-439

available Cautun & Callingham (2020) Python code to440

calculate the contracted NFW profile. The Milky Way’s441

dark matter distribution was evaluated with the Cautun442

et al. (2020) best-fit contracted NFW halo, which was fit443

from the Gaia DR2 rotation curve as measured by Eilers444

et al. (2019). For this model, the relevant parameters445

are the dark matter halo mass M200 = 9.7 × 1011 M�,446

halo concentration c = 9.4, and R200 = 218 kpc (Cautun447

et al. 2020). The distance from the Sun to the Galactic448

Center used in the calculation is r� = 8.122 kpc (Grav-449

ity Collaboration et al. 2018).450

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):

FDM =
Γγ

4πms

(
MFOV
DM

D2

)
(4)

with ms = 7.1 keV equal to twice the mean best-fit451

energy from the 3−4 keV fits, D the distance from Earth452

to the dark matter, and MFOV
DM the total dark matter453

mass within the FoV found by integrating the Cautun et454

al. (2020) contracted NFW profile along a given line of455

sight and over the HaloSat response-weighted effective456

FoV.457

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

for as

sin2(2θ) = C · FDM
m4
s

(
MFOV
DM

D2

)−1

(5)

for FDM the flux of the 3.5 keV line and the conversion

constant given by

C = 4π · (7.25 × 1021) s keV5 (6)

Upper limits on the 3.5 keV line flux and the corre-458

sponding mixing angle for each observation are given in459

Table 6. The upper limit constraints on the flux and460

mixing angle range from F ≤ (0.08− 0.16) ph cm−2 s−1
461

sr−1 and sin2(2θ) ≤ (4.25 − 11) × 10−11 across the four462

HaloSat observations. The upper limit derived in each463

observation is an independent measurement, and as de-464

scribed in section 2.1, HS052 is the most sensitive obser-465

vation to a 3.5 keV emission line, from which we expect466

the best constraints. Therefore, our best constraints467
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are from HS052, and we take our best upper limits as468

F ≤ 0.077 ph cm−2 s−1 sr−1 and sin2(2θ) ≤ 4.25×10−11.469

Table 6. Upper limits derived from fits.

Observation 3.5 keV line flux sin2(2θ)

[ph cm−2 s−1 sr−1] [10−11]

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 been470

modeled in previous analyses (e.g. Cappelluti et al.471

(2018); Dessert et al. (2020); Sicilian et al. (2020)) with472

a simple, uncontracted NFW profile with the best-fit pa-473

rameters from Nesti & Salucci (2013): the scale radius474

is rs = 16.1 kpc and the dark matter density scale ρ0475

is fixed so the local dark matter density ρlocal = 0.47476

GeV cm−3 at a distance from the Sun to the Galac-477

tic Center r� = 8.08 kpc. In order to provide a direct478

comparison to these analyses, we also report the best479

HaloSat 7.1 keV sterile neutrino dark matter mixing480

angle upper limit when adopting the simpler Nesti &481

Salucci (2013) uncontracted NFW profile description of482

the Milky Way’s dark matter distribution as sin2(2θ) ≤483

3.72 × 10−11. However, for this model, the halo mass is484

M200 = 1.5 × 1012 M� (Nesti & Salucci 2013), which is485

larger than the halo mass M200 = 9.7 × 1011 M� in the486

Cautun et al. (2020) contracted NFW profile that we487

used to calculate the best HaloSat 7.1 keV sterile neu-488

trino mixing angle upper limit. So, the the mixing angle489

upper limit derived with the Nesti & Salucci (2013) un-490

contracted NFW halo model, which has a larger Milky491

Way dark matter halo mass, is stronger than the best492

HaloSat limit derived with the Cautun et al. (2020) con-493

tracted NFW halo model.494

6. DISCUSSION495

6.1. Mixing angle comparisons496

The best HaloSat upper limit on the 7.1 keV ster-497

ile neutrino mixing angle is sin2(2θ) ≤ 4.25 × 10−11.498

This constraint is consistent with two recent mixing an-499

gle estimates from 3.5 keV line detections and upper500

limits in the Milky Way’s dark matter halo (Boyarsky501

et al. 2018; Sicilian et al. 2020). The Boyarsky et al.502

(2018) mixing angle sin2(2θ) = (1.6 − 2.1) × 10−11 de-503

rived from an XMM-Newton line detection in the Milky504

Way’s dark matter halo is contained by our upper limit.505

The Sicilian et al. (2020) mixing angle upper limit de-506

rived from Chandra observations of the Milky Way’s507

5 10 15 20 25 30 35
distance from galactic center [deg]

10−2

10−1

fl 
x 
[p
h/
cm

^2
/s
/s
r]

This work
Boyarsky et al. 2018
Sicilian et al. 2020

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 sin2(2θ) ≤ 2.58 × 10−11, which is508

potentially increased by a factor of ∼2 by systematic509

uncertainties related to the choice of parameters for the510

uncontracted NFW profile model of the Milky Way’s511

dark matter distribution. The increased upper limit512

sin2(2θ) ≤ 4.96 × 10−11 is higher than the mixing angle513

upper limit found in this work, while the stricter upper514

limit sin2(2θ) ≤ 2.58 × 10−11 is contained by our up-515

per limit. Thus, the HaloSat upper limit is consistent516

with the Boyarsky et al. (2018) detection and Sicilian et517

al. (2020) upper limit. Figure 5 compares the HaloSat518

upper limits with the Boyarsky et al. (2018) detection519

and Sicilian et al. (2020) upper limit in terms of the520

3.5 keV line flux corresponding to the reported mixing521

angles. The HaloSat analysis has systematics, observa-522

tions, and analysis methods that are different from the523

Chandra and XMM-Newton analyses, and still provides524

independently-derived upper limits that are consistent525

with these previous analyses, which do not exclude the526

sterile neutrino decay interpretation of the 3.5 keV line527

feature.528

The mixing angle quoted by Cappelluti et al. (2018)529

for the detection of a line near 3.5 keV in Chandra530

observations of the Milky Way’s dark matter halo of531

sin2(2θ) = (0.83− 2.75)× 10−10 is strongly excluded by532

our upper limit. However, Cappelluti et al. (2018) were533

unable to rule out a statistical fluctuation as the cause534

of the 3.5 keV line. Therefore, when we treat the Cap-535

pelluti et al. (2018) mixing angle as a 3σ upper limit,536

the HaloSat upper limit places a strong constraint on537

the Cappelluti et al. (2018) limit by approximately a538

factor of 5. Therefore it is unlikely that the 3.5 keV line539
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feature reported in Cappelluti et al. (2018) is associated540

with the decay of ∼7 keV sterile neutrino dark matter.541

A ∼30 Ms XMM-Newton blank-sky analysis reported542

a non-detection of a line near 3.5 keV and estimated a543

mixing angle upper limit of sin2(2θ) ∼ 10−12 that was544

inconsistent with the sterile neutrino decay interpreta-545

tion (Dessert et al. 2020). The Dessert et al. (2020) re-546

sult was recently questioned primarily due to the treat-547

ment of the astrophysical background, the energy range548

over which spectra were fit (3.3−3.8 keV), and the Milky549

Way dark matter density profile parameters assumed.550

Boyarsky et al. (2020) shows that by modelling addi-551

tional astrophysical emission lines at 3.1, 3.3, 3.7, and552

3.9 keV and fitting over a broader energy range of 3− 4553

keV to constrain the continuum, the Dessert et al. (2020)554

limit is weakened by more than an order of magnitude.555

Abazajian (2020) showed that accounting for the model556

dependencies, including the dark matter density profile557

parameters assumed and the exclusion of astrophysical558

emission lines at 3.3 and 3.7 keV, relax the Dessert et559

al. (2020) upper limit by at least a factor of ∼20. Our560

HaloSat mixing angle upper limit is in better agreement561

with the Boyarsky et al. (2020) and Abazajian (2020)562

analyses, with a similar analysis method in that we al-563

low for the presence of the four known emission lines564

from 3−4 keV. The HaloSat analysis does not prefer the565

original Dessert et al. (2020) limit over the subsequent566

revised limits in Boyarsky et al. (2020) and Abazajian567

(2020) since the HaloSat upper limit is over an order of568

magnitude higher than the Dessert et al. (2020) limit.569

The HaloSat mixing angle upper limit places con-570

straints on a number of detections and upper limits571

derived from galaxy cluster spectra. In particular, the572

original Bulbul et al. (2014) mixing angle derived from573

an XMM-Newton line detection in 73 galaxy clusters at574

sin2(2θ) ∼ 7 × 10−11 is excluded by the HaloSat upper575

limit. The lower bound of the Boyarsky et al. (2014)576

mixing angle range sin2(2θ) = (2 − 20) × 10−11 derived577

from XMM-Newton observations of the M31 galaxy and578

the Perseus galaxy cluster is consistent with the HaloSat579

upper limit, while the higher bound is strongly con-580

strained. A Suzaku analysis of 47 galaxy clusters re-581

ported an upper limit at sin2(2θ) ≤ 6.1× 10−11 (Bulbul582

et al. 2016), which is further constrained by our limit.583

A recent XMM-Newton galaxy cluster analysis reported584

the mixing angle upper limit sin2(2θ) ≤ 4.4 × 10−11
585

(Bhargava et al. 2020), which is only marginally higher586

than the HaloSat upper limit.587

The mixing angle upper limit derived in this work is588

inconsistent with the Cappelluti et al. (2018) and Bulbul589

et al. (2014) line detections made with Chandra and590

XMM-Newton, but is consistent with the Boyarsky et591

al. (2014) and Boyarsky et al. (2018) detections with592

XMM-Newton. The mixing angle upper limit further593

constrains a number of previous estimates derived from594

observations of the Milky Way’s dark matter halo and595

galaxy clusters. Aharonian et al. (2017) points out the596

inconsistency between the Hitomi non-detection in the597

Perseus cluster and the Bulbul et al. (2014) detection598

with the XMM-Newton MOS in the Perseus cluster is599

attributable to a systematic error in the XMM-Newton600

result. The HaloSat limit cannot rule out the sterile601

neutrino decay interpretation of the line, but also cannot602

rule out any potential instrumental effects in previous603

detections of the line with CCDs.604

6.2. Strong evidence criteria605

Given that we did not significantly detect a line at606

∼3.5 keV in any observation, we investigated how strong607

the 3.5 keV line would have to be in order for the fitting608

procedure to show strong evidence in favor of models609

with a line near 3.5 keV. In Xspec, we simulated spectra610

(using the fakeit command) based on the best-fit models611

from the 3 − 4 keV fits for each observation, modifying612

the strength of the 3.5 keV gaussian line component for613

each simulation. We stepped over a grid from 0.001 −614

0.01 ph cm−2 s−1 with 15 linearly-spaced values, which615

were used as the Xspec normalization of a 3.5 keV line616

in the simulated spectra. The simulated spectra were fit617

with the same fitting procedure as the 3 − 4 keV fits.618

We found that the 3.5 keV line would need to have a619

strength of ∼0.16 ph cm−2 s−1 sr−1 to provide strong620

evidence in favor of models with a line near 3.5 keV (see621

Fig. 6). This estimate is consistent with the high end of622

our flux upper limits for each HaloSat observation (see623

Table 6).624

0.05 0.10 0.15 0.20 0.25
DM line intensity [ph/c ^2/s/sr]

0

20

40

60

80

ΔB
IC 049: 0.17

052: 0.11
051: 0.20
05Δ: 0.17

strong EFL fluxes:

DM line intensity vs ΔBIC
very strong EFL
strong EFL

Figure 6. ∆BIC 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 when625

comparing reported values of the 3.5 keV line signifi-626

cance, which can depend strongly on the choice of statis-627

tics. Previous analyses have utilized a χ2 approach to628

test for the presence of a line near 3.5 keV. In order629

to understand the consequences of this statistical ap-630

proach, we repeated the statistical analysis using the631

∆χ2 test to compare models. In this case, the ∆BIC632

test tended to prefer simpler models with fewer param-633

eters more strongly than a ∆χ2 method, but the ∆χ2
634

test also yields non-detections of a 3.5 keV line, with635

significances of detections consistently < 1σ.636

7. CONCLUSIONS637

We report a non-detection of an emission line feature638

near 3.5 keV in four HaloSat observations of the Milky639

Way’s dark matter halo from 10◦ − 30◦ of the Galac-640

tic Center using the BIC to determine the significance641

of the line feature, and assuming the Milky Way’s dark642

matter distribution is well-described by the Cautun et643

al. (2020) contracted NFW profile. The HaloSat 90%644

CL upper limit on the 3.5 keV line flux is 0.077 ph cm−2
645

s−1 sr−1, which corresponds to a 7.1 keV sterile neutrino646

mixing angle upper limit of sin2(2θ) ≤ 4.25×10−11. The647

HaloSat mixing angle upper limit is consistent with the648

Boyarsky et al. (2014) and Boyarsky et al. (2018) 3.5649

keV line detection with XMM-Newton but excludes the650

Cappelluti et al. (2018) and Bulbul et al. (2014) line de-651

tections made with Chandra and XMM-Newton, while652

placing constraints on a number of previous mixing angle653

estimates derived from observations of the Milky Way’s654

dark matter halo and galaxy clusters. Based on mixing655

angle upper limits, the HaloSat analysis cannot rule out656

possible effects inherent to the CCD instruments con-657

tributing at least in part to the previous 3.5 keV line658

detections. Despite placing a constraint on the 7.1 keV659

sterile neutrino parameter space, the sterile neutrino de-660

cay interpretation of the 3.5 keV line feature cannot be661

excluded by this analysis.662
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APPENDIX776

A. BIC CALCULATION & MCMC CONTOUR PLOTS777

The BIC statistic for each model was calculated using the output file from an MCMC run in Xspec. We used the778

G-W algorithm with a given number of walkers and chain length, and covariance information taken from a preliminary779

fit to the data using the C-statistic as fit statistic.780

781

The MCMC chain output by Xspec is a FITS file containing a set of parameters and corresponding fit statistic for782

the length of the chain, so for example in this analysis, the output files contained 5 × 106 entries of parameters and783

associated C-statistic.784

785

For Poisson-distributed data, the likelihood is given as

L =

N∏
i=1

(tmi)
Sie−tmi/Si! (A1)

for Si the observed counts, t the exposure time, and mi the expected counts based on the model and instrument786

response.787

788

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

C = 2

N∑
i=1

(tmi) − Si + Si(ln(Si) − ln(tmi))

= − 2 ln(L)

(A2)

The best-fit parameter set is that which maximizes the likelihood (A1), which translates to minimizing the C-statistic789

(A2). We read the FITS file for each MCMC run into Python and searched for the parameter set corresponding to790

the minimum C-statistic. This is the set of best-fit parameters for the chain.791

792

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) + k ln(n) (A3)

The test statistic ∆BIC is then simply the difference between BIC for two models (in this analysis, the models with793

and without an emission line component near 3.5 keV). The ∆BIC calculation can be easily run with an addition to794

plot the MCMC contour plots from the MCMC output FITS file entries in order to output the statistical information795

and data visualizations with one procedure. Figure A1 shows the joint confidence regions for pairs of parameters for796

the HS052 MCMC run.797
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Figure A1. Contour plots from the HS052 3 − 4 keV fit using the MCMC run that provided the best upper limit
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