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We present two complementary NuSTAR x-ray searches for keV-scale dark matter decaying to
mono-energetic photons in the Milky Way halo. In the first, we utilize the known intensity pattern
of unfocused stray light across the detector planes — the dominant source of photons from dif-
fuse sources — to separate astrophysical emission from internal instrument backgrounds using ~7-
Ms/detector deep blank-sky exposures. In the second, we present an updated parametric model of
the full NuSTAR instrument background, allowing us to leverage the statistical power of an indepen-
dent ~20-Ms/detector stacked exposures spread across the sky. Finding no evidence of anomalous
x-ray lines using either method, we set limits on the active-sterile mixing angle sin®(26) for sterile-
neutrino masses 640 keV. The first key result is that we strongly disfavor a ~7-keV sterile neutrino
decaying into a 3.5-keV photon. The second is that we derive leading limits on sterile neutrinos with
masses ~15-18 keV and ~25-40 keV, reaching or extending below the Big Bang Nucleosynthesis
limit. In combination with previous results, the parameter space for the Neutrino Minimal Standard

Model (vMSM) is now nearly closed.

I. INTRODUCTION

Nearly a century of cosmological observations have in-
dicated the presence of gravitating degrees of freedom
that do not couple to electromagnetism with the same
strength as the visible Standard Model (SM) particles.
One class of searches for this dark matter (DM, hereafter
symbolized ) is indirect detection, in which astrophysi-
cal observatories are used to search for the decay and/or
annihilation of DM particles into stable SM particles (see,
e.g., Refs. [1-3]). Unlike charged-particle cosmic rays,
photons and neutrinos are not scattered by astrophysical
magnetic fields, allowing any putative DM signal to be
correlated against known astrophysical sources.

A popular DM candidate with a final-state photon sig-
nal amenable to indirect detection is the keV-scale sterile
neutrino. Models such as the Neutrino Minimal Standard
Model (vMSM, Refs. [4-7]) incorporate these sterile neu-
trinos while simultaneously seeking to account for the
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observed neutrino mass spectrum and the cosmological
matter/antimatter asymmetry. Such sterile neutrinos are
particularly interesting as a candidate for indirect DM
searches, as their radiative decays y — vy to the SM
lepton neutrinos vy would produce a mono-energetic x-
ray line with energy E, = m, /2 and decay rate I'y_.-,
set by m, and the active-sterile mixing sin®(26). In the
early Universe, sterile neutrinos may have been produced
via oscillation-induced mixing with the SM neutrinos [8],
with a primordial lepton asymmetry potentially enhanc-
ing the rates [9].

Many space-based x-ray observatories have con-
tributed to the search for radiative sterile-neutrino DM
decays [10-30]. These include focusing telescopes such as
the Chandra X-ray Observatory (CXO), XMM-Newton,
Hitomi, and Suzaku, and non-focusing instruments such
as Halosat, the Fermi Gamma-ray Burst Monitor (GBM)
and the INTEGRAL Soft Photon Imager (SPI). The dif-
ferent sensitivity bands of these instruments led to a
gap in the mass-mixing angle parameter space for sterile-
neutrino masses ~10-25 keV. Additionally, claims of the
detection of an anomalous x-ray line at E, ~ 3.5keV
(my ~ TkeV, Refs. [31, 32]) motivate covering the sterile-
neutrino DM parameter space with as many instruments,
observation targets, and analysis techniques as possible.

The NuSTAR observatory (launched in 2012, Ref. [33])
is uniquely suited to fill in this gap in the mass-mixing-
angle parameter space, and to test the origin of the 3.5-
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keV anomaly. Following a search for sterile-neutrino DM
in focused observations of the Bullet cluster [34], subse-
quent NuSTAR analyses used the so-called “0-bounce”
(unfocused stray light) photons to derive leading lim-
its on sterile-neutrino decays in blank-sky extragalactic
fields [35], the Galactic Center, [36], the M31 galaxy
[37], and the Galactic bulge [38], though these analy-
ses were limited by a combination of astrophysical back-
ground emission, limited statistics, and systematic devi-
ations from the fiducial instrument background model.

In this paper, we leverage NuSTAR’s extensive obser-
vational catalog since 2012 to derive robust constraints on
sin2(29) across much of the 6-40 keV mass range, using
two independent datasets and analysis techniques. First,
we use the known intensity pattern of unfocused stray
light on the NuSTAR detectors to separate astrophysi-
cal emission from internal instrument backgrounds using
7-Ms/detector deep blank-sky exposures, which allows
us to derive a novel limit on sin?(26) for sterile-neutrino
masses between 6-40 keV. This technique allows us to
greatly suppress instrument backgrounds, and especially
to probe the challenging ~6-10-keV mass range. Second,
we apply an improved parametric model of the NuSTAR
instrumental and astrophysical backgrounds to the full
~20-Ms/detector dataset, providing improved sensitivity
at higher masses, ~25-40keV.

In Sec. IT, we briefly describe the aspects of the NuS-
TAR observatory design relevant to our sterile-neutrino
search. In Sec. III, we describe the novel “spatial-
gradient” technique that allows us to separate 0-bounce
photons from detector backgrounds. In Sec. IV, we dis-
cuss the development and implementation of the updated
NuSTAR parametric background model. In Sec. V, we
scan the NuSTAR spectra from both analysis techniques
for evidence of decaying DM, particularly keV-scale ster-
ile neutrinos. We conclude in Sec. VI.

II. NUSTAR AS A DARK-MATTER
OBSERVATORY

The aspects of the NuSTAR instrument relevant for
sterile-neutrino searches have been described in previous
analyses [35-38]; here, we reiterate the most important
points.

A. NuSTAR Optics Modules

NuSTAR carries two co-aligned x-ray telescopes la-
beled A and B, each comprised of an Optics Module
(OM) and a Focal Plane Module (FPM) separated by the
observatory’s 10-meter carbon-fiber mast. The OMs are
conical approximations to the Wolter-I grazing-incidence
design, with properly-focused x-rays reflecting twice in-
side the OMs — first against the parabolic mirrors and
second against the hyperbolic mirrors — hence their al-
ternative name of “2-bounce” (2b) photons. The multi-

layer construction of the mirrors with alternating layers
of platinum/silicon carbide and tungsten/silicon affords
NuSTAR considerable focused area for photon energies
E, between 3-79 keV. The focused FOV of NuSTAR
subtends a solid angle AQo, = 13" x 13/ ~ 0.047 deg?,
and the optics provide a maximum FOV-averaged ef-
fective area (Asgp) ~ 170 cm? per FPM for photon ener-
gies B, ~ 10keV. Thus, the maximum 2-bounce grasp
(Agp AQop) ~ 8cm? deg? per FPM.

B. NuSTAR Focal Plane Modules

At the opposite end of the mast from the Optics Mod-
ules sit the Focal Plane Modules (FPMs). Each FPM
consists of a solid-state detector array, a cesium iodide
anti-coincidence shield to veto incoming cosmic rays, a se-
ries of three annular aperture stops to block off-axis pho-
tons from striking the detectors, and a ~0.1-mm beryl-
lium window with energy-dependent transmission coef-
ficient €. to block lower-energy photons. Each FPM
detector array consists of four cadmium zinc telluride
(CdZnTe) crystals, with each crystal having dimensions
(20 x 20 x 2) mm? and segmented into a 32 x 32 grid of
(0.6mm)? pixels. The detectors have energy resolution
~0.4keV FWHM for photon energies E, < 10keV, in-
creasing to ~0.9keV FWHM at E, ~ 80keV. The de-
tector response is defined for energies 1.6-164 keV and
is divided into 4096 channels of width 40 eV. At present,
only the E, > 3keV response is known with sufficient
precision for this study, but work is ongoing to extend to
lower energies [39].

Before interacting with the active CdZnTe, photons
must pass through the ~100-nm platinum contact, as
well as a ~200-nm “dead layer” of inactive CdZnTe. The
thickness of these layers vary somewhat between indi-
vidual detector chips, calibrated using extensive off-axis
observations of the Crab nebula [40, 41]. We incorporate
the energy-dependent throughput of the platinum con-
tact and CdZnTe dead layer into an overall transmission
coefficient Eget.

C. The 0-Bounce Technique

Unlike previous focusing x-ray observatories such as
CXO or XMM-Newton, the path between the NuSTAR
optics bench and the detector plane is largely open to
the sky. This configuration allows photons with off-axis
angles ~1-3° to strike the detectors without being fo-
cused by the mirror optics, hence their name “0-bounce”
(Ob) photons. The effective 0-bounce solid angle AQq;, =
fFOV &ob dS2 is determined by the geometry of the aper-
ture stops within the FPMs, partially blocked by the op-
tics bench to form a crescent “Pac-Man” gradient in effi-
ciency &op, across the detectors (see, e.g., Refs. [36, 42, 43]
for a schematic). Since these 0-bounce photons bypass
the focusing optics, the unfocused effective area Agp is



limited by the physical ~13 cm? area of each detector ar-
ray. The usable area of each detector chip ranges between
3.12-3.19 cm? due to the varying amount of “bad pixels”
flagged in the Calibration Database (CALDB). As detec-
tor arrays A/B have different orientations with respect
to the optics bench, the 0-bounce efficiency and effec-
tive solid angle AQqy, vary across the detector chips, and
between FPMA and FPMB. Taking AQq, ~ 4.5 deg? as
the approximate solid angle for each FPM, the 0-bounce
grasp (AgpAQqp) ~ 55 cm? deg? per FPM, nearly an or-
der of magnitude larger than the maximum 2-bounce
grasp. Additionally, unlike the 2-bounce grasp, the 0-
bounce grasp is essentially constant for £, 2 10keV.
These 0-bounce photons are ideal for studies of diffuse
x-rays on ~degree scales, e.g., dark matter decay.

D. Expected DM Signal

With the NuSTAR instrument responses in hand, we
may readily calculate the expected DM-decay-induced
photon intensity Zpy = d2F,y /dE~dQ at the telescope:
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Here, I is the decay rate to some final state with associ-
ated photon spectrum dN/dE.,, the latter being normal-
ized to the number of final-state photons in that channel.
For the two-body final states with m, < m, considered
in this work (i.e., x — yz) and assuming the linewidth is
much less than the ~0.4-keV FWHM detector energy res-
olution, dN/dE, ~ §(E, — m,/2). The term in square
brackets is the FOV-averaged DM column density per
solid angle (dD/dQ), where AQ = [, £dQ is the ef-
fective solid angle for the 0-bounce or 2-bounce FOV,
as appropriate, and s is the distance along the line of
sight (LOS) through the halo. To convert to the mea-
sured count rate d?N /dEvdt, we evaluate Zpy for the
0-bounce and 2-bounce apertures, and fold Zpy; with the
appropriate solid angles, effective areas, and detector re-
sponse matrices.

The choice of DM density profile p, as a function of
galactocentric distance r is an important consideration
for indirect DM searches. One popular choice of profile
is the generalized Navarro-Frenk-White (gNFW) profile
penFw X (1/15) Y [L+ (r/rs)]73, where 74 is the scale
radius [44]. We consider a canonical DM-only NFW pro-
file with v = 1 [45] as well as a shallow (sNFW) profile
with v = 0.7 [46, 47], with both NFW variants having lo-
cal DM density py (re) = 0.4 GeVem ™ [48-50]. Finally,
we consider the contracted Milky Way halo model of

Ref. [51] with local DM density p, (ro) =~ 0.3 GeVem ™2,
though since this model is only validated for r > 1kpc,

we conservatively assume that the DM density within
r < 1kpc is constant. For all Galactic DM profiles, we
adopt rg = 8.1kpc for the Sun’s galactocentric distance
[52]. The DM column density as a function of viewing
angle from the Galactic Center (GC) is shown in Fig. 1.
So that we may set conservative upper limits on the DM
decay rate, we do not include enhancements to the DM
column density either from extragalactic sources or from
possible substructure in the Milky Way (MW) halo. The
impact of different profile choices on our DM decay limits
is discussed in Secs. VB and V C.
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FIG. 1. DM column density dD/dQ = [, , px ds versus angle
from the Galactic Center (GC) for NFW and shallow NFW
(sNFW) profiles, as well as the contracted halo of Ref. [51].
Most NuSTAR observations in this work are at moderate dis-
tances from the GC, minimizing profile uncertainties. See
Sec. IID for further details.

III. NUSTAR SPATIAL GRADIENT ANALYSIS

In this section, we describe a novel application of the
NuSTAR 0-bounce technique to dark-matter searches to
stacked ~7-Ms/detector exposures of blank-sky fields:
using the known spatial gradient of 0-bounce photons on
the detectors to separate instrumental backgrounds from
astrophysical x-ray emission.

A. NuSTAR Observations and Data Processing

The NuSTAR dataset used in our spatial-gradient
analysis was previously analyzed in a study of the cos-
mic x-ray background (CXB, Ref. [43]); here, we re-
view several key aspects. The observations were con-
ducted from 2012-2016 as part of the NuSTAR extra-
galactic survey program of the COSMOS [53], EGS [54],
ECDFS [55], and UDS [56] blank-sky fields. Initial data
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FIG. 2. Average cleaned exposure time per detector for the
spatial-gradient analysis of Sec. III (red hatched) and the
parametric analysis of Sec. IV (blue shaded) versus angular
distance from the Galactic Center.

reduction was performed with NUSTARDAS v1.8.0, with
the flags SAAMODE=strict and TENTACLE=yes used to
exclude NuSTAR passages through the South Atlantic
Anomaly (SAA). A threshold of 0.17 counts s™! in the
3-10 keV range on FPMA and FPMB was used as a
threshold for excluding observations due to heightened
solar and/or geomagnetic activity. Following these cuts,
the total cleaned exposure time for the NuSTAR detec-
tors is ~7 Ms/FPM, shown in Sec. IV. We do not exclude
any detector regions corresponding to known astrophys-
ical x-ray sources, as these sources tend to be few in
number and faint in comparison to the unresolved CXB;
instead, we allow any faint sources in the FOV to con-
tribute to the 0-bounce spectrum.

The average exposure time per detector versus angular
distance from the GC is shown in Fig. 2 for both analyses
described in this work. The extragalactic survey fields in-
cluded in the present spatial-gradient analysis are located
at similar distances from the GC (~95-110°), and thus
share similar DM column densities. Finally, the high lat-
itudes of these fields (]b] ~40-60°) place them far from
x-ray line or continuum emission in the Galactic plane.

B. Spatial-Gradient Analysis

The crux of the spatial-gradient analysis is the fact
that photons observed by NuSTAR have different spa-
tial geometries when considered in detector coordinates.
First, internal detector backgrounds (both line and con-
tinuum) are observed to have an essentially uniform dis-
tribution across each detector, though the overall rates
between detectors may differ as a result of their different
thicknesses (further discussed in Sec. IV B). Second, the
focused CXB component includes both 2-bounce photons
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from the 13’ x 13’ focused FOV (whose detector gradi-
ent follows the vignetting of the optics) and 1-bounce
“chost-ray” photons up to 30" off-axis [57]. Finally, the
0-bounce photons hitting the detectors from ~1-3° off-
axis (principally from the CXB) manifest as a “Pac-Man”
shaped gradient on the detectors. The solid angle of sky
observed by each pixel (and hence the intensity pattern
on the detector, assuming a uniform flux across the 0-
bounce FOV) can be readily calculated from the known
positions of the NuSTAR detectors, aperture stops, and
optics bench using the NUSKYBGD code [42].

From this, we constructed the same likelihood model
as that used in Ref. [43], with two spectral components: a
spatially-uniform internal detector component, and a 0-
bounce component following the “Pac-Man” spatial gra-
dient. We divide the 3-20 keV energy range into 100
bins equally spaced in log,, E,, and bin the data using
the 64 x 64 RAW detector pixels (32 x 32 pixels per de-
tector chip) to provide sufficient counts in each energy
bin. The expected total counts Npix accumulated in the
ith pixel during exposure time 7T is given by

Npix,i(E'y) = (CintMint + CObRpixgtotAQ)iT (2)

where Cint,; = (dN/dt); is the internal background event
rate, Mi,; encodes the non-uniformity and differences in
relative normalization between the eight detectors ob-
tained using 10-20-keV occulted data, Cop, ; = (dF/dSY);
is the 0-bounce flux per solid angle, Eiot = EqetEne is the
energy-dependent transmission coefficient of the inactive
detector surface layer and beryllium entrance window as
described in CALDB V20200813, Rpix is the matrix en-
coding the non-uniform pixel response in the NuSTAR
CALDB, A; is the physical (0.6 mm)? area of each pixel,
Q; is the effective 0-bounce solid angle calculated using
NUSKYBGD, and T is the exposure time of the observa-
tion. We do not include a focused CXB component for
several reasons. First, the focused CXB signal is expected
to be faint—mearly an order of magnitude fainter than
the 0-bounce CXB signal (see Fig. 9 of Ref. [42]). The
focused CXB signal is thus at or below the level of the
internal detector background, making it extremely chal-
lenging to detect the spatial variations in the focused
CXB signal. Second, the spatial variations in the fo-
cused CXB signal are further flattened when the data
are binned in RAW detector pixels. Thus, our analysis
does not distinguish the focused CXB signal from the
spatially flat internal detector background, so we allow
the former component to be absorbed by the latter.

For each energy bin, we construct the likelihood (sup-
pressing the E., dependence for clarity)

NV exp[—Npiy]

_ pix pix
L= H [N! | (3)
and minimize —2 In £ with respect to Ci,; and Cyyp,, where
N; is the observed number of counts in the " pixel.

The product runs over all pixels and NuSTAR obser-
vations. This produces nearly pure 0-bounce spectra



and their corresponding detector response files for both
FPMs. Modulo the narrower energy bins in this work,
the spectra of Ref. [43] are identical to those shown here.

(We note that this data processing was completed be-
fore the release of the updated cALDB V20211020, which
modified the 2-bounce vignetting profile, detector re-
sponse matrices, and inactive CdZnTe throughput Eqet-
Of these, changes in £qey have the greatest effect on our
DM constraints; however, the variations in Eqet between
CALDB versions are ~5% at E, = 3keV, with the agree-
ment improving with increasing F,. In any case, this
effect is subdominant compared to the ~15-25% DM pro-
file uncertainties discussed in Sec. VB.)

C. Spectral Model

To fit the resulting unfolded spectra for FPMA
and FPMB, shown in Fig. 3, we construct the model
from Ref. [43] in XxsPEC 12.11.1. The CXB intensity
Toxs = sz,y /dE,dQ is parametrized by the model pro-
posed by Ref. [58] for the energy range 3-60 keV, rescaled
from units of st—! to deg™? for convenience:

E —T'cxs E
7 = 0.0024 at S — 4
CXB <1 keV) exp [ Efold:| ( )

em 257! deg 2 keV !

We adopt the canonical values I'cxp = 1.29 and Efq =
41.13keV proposed in Ref. [58] and shown to provide
good fit quality in Ref. [43]. We also include an addi-
tional power-law model of the form E Isotar o account
for any residual solar emission particularly during the ac-
tive years ~2013-2014, with both the overall flux level
and spectral index of the solar component allowed to
vary (though we impose a limit I'solay > 2 to prevent
the solar component from becoming degenerate with the
CXB). We do not include a model component to account
for x-ray attenuation in the interstellar medium (ISM),
as the equivalent neutral hydrogen column density Ny
in the direction of these high-latitude survey fields is
small, <2 x 10*°cm=2 [59, 60]. (Adopting the atten-
uation cross-sections from Ref. [61] and Solar elemental
abundances from Ref. [62], this corresponds to an equiv-
alent optical depth 7 ~ 1072 at 3 keV, indicating negligi-
ble ISM attenuation that further decreases with energy.)

With only three free parameters, we obtain good fits
with x?/97 = 1.20 for FPMA and 1.17 for FPMB (p-

values 0.09 and 0.12, respectively). The best-fit energy

fluxes F3 o0kev = 320 E,ZdE, and solar power-law in-

dices are given in Table I. The CXB fluxes for FPMA
and FPMB agree with each other and with the results of
Ref. [43] at the few percent level, consistent with the ex-
pected cross-calibration uncertainty between the FPMs.
To ensure that our eventual DM limits are consistent
with the expected statistical fluctuations, we simulate
103 spectra each for FPMA and FPMB using the XSPEC
tool fakeit by convolving the best-fit models in Table I

with the appropriate instrument response files and inject-
ing Poisson noise. These mock spectra are then passed
through the same analysis chain as the original spectral
data in Sec. V.

Module Fg}Z%ch ]:3531;5@\/ I'solar
FPMA 2.82f§‘_§§ 0.07t§;§§ 4.5t§;§
FPMB | 2.7770:03 1 0.1370:03 |3.310 4

TABLE 1. Best-fit parameters and 68% confidence intervals
for the CXB and solar power-law for the NuSTAR spectra
derived from the spatial-gradient analysis. The energy fluxes

FEXB v and F5°2r, o have units 1071 erg em ™2 57! deg™2.

IV. NUSTAR PARAMETRIC BACKGROUND
ANALYSIS

In this section, we describe the development of an im-
proved parametrization of the NuSTAR instrument back-
ground, and its application to ~20-Ms/detector stacked
exposures spread across the sky.

A. NuSTAR Data Processing

We considered all observations from 2012-2017, mi-
nus those from Sec. III to produce a dataset indepen-
dent from the spatial-gradient analysis, leaving ~2000
observations with exposure > 1ks. Our data processing
strategy was optimized to provide as “clean” a spectrum
as possible (i.e., minimizing contamination from astro-
physical sources and geomagnetic/solar activity) while
accumulating as much observation time as possible. To
prevent contamination from diffuse emission and point
sources in the Galactic plane, we conservatively exclude
all observations with Galactic latitudes |b] < 15°. This
leaves ~600 observations to analyze, listed in [63].

We begin the point-source removal process by creat-
ing a single 3-30 keV image per observation, smoothed
with a Gaussian kernel of radius 6 pixels. Any candi-
date source with peak intensity greater than five times
the expected background rate from NUSKYBGD is flagged
and fit with a circular exclusion region. The radius of
this region is determined by the peak intensity value in
relation to a model point-spread function (PSF) as de-
scribed in previous work [40]. To ensure the wings of the
PSF have minimal influence on the resulting spectra, we
define the outer boundary of the source exclusion regions
such that the source event rate falls below 3% of the ex-
pected background rate. This creates exclusion regions
many times the apparent size of the source, but due to
NuSTAR'’s extended PSF, allows us to confidently utilize
images with known sources.

At this stage, background light curves (excluding de-
tected sources but still containing photons from faint 0-
bounce and/or 2-bounce sources) would ideally have no
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FIG. 3. 0-bounce spectra and best-fit models without DM, derived from the NuSTAR spatial-gradient technique for FPMA
(left) and FPMB (right). The spectra d*F, /dFE,dQ are scaled by the nominal exposure time (7 Ms), effective area (12.5cm?)
and solid angle (4.5 deg?) for presentation. The solar power-law normalization is multiplied by a factor of three for visibility.
The bottom panels show the residuals (Data—Model) scaled by statistical uncertainty o.

temporal variation. However, South Atlantic Anomaly
(SAA) passages each orbit temporarily increase the de-
tector background, particularly at energies E, 2 50keV,
and enhanced solar activity can increase the background
at energies F, < 10keV. These variations occur on
generally short (few-minute) timescales compared to the
~day-length timescales of individual NuSTAR observa-
tions. As such, these “flaring” periods can be readily
identified as deviations from the mean background rate
and removed; however, some light curves even without
flaring exhibit an overall sinusoidal variation with a pe-
riod ~1 day, resulting from precession of the observa-
tory’s orbital motion with respect to the geomagnetic
rigidity cutoff [64]. This sinusoidal variation must be ac-
counted for to ensure proper identification and removal
of flaring events.

To minimize bias in the initial processing, we imple-
ment a data-driven procedure to exclude flares. Fol-
lowing astrophysical x-ray source exclusion, we filter the
event files to include only the energy range 50-100 keV.
This energy band contains many fluorescence and acti-
vation features of the NuSTAR instrument, which are
particularly sensitive to flaring. We exclude all time in-
tervals whose event rate is > 3.50 above the expected
background rate, with a second filtering step performed
to exclude any low-level flares missed due to the presence
of a larger flare. Finally, a source exclusion region, if it
exists, is then applied to the 3-7 keV energy band where
the Sun is the dominant contribution to the event rate,
but still below the event rate expected from astrophysical
x-ray sources. The average exposure time per detector as

a function of angle from the Galactic Center is shown in
Fig. 2.

At this stage, the event files have been filtered both
spatially (removing astrophysical x-ray sources and creat-
ing separate event files for each detector) and temporally
(removing flaring periods). From these filtered event files,
we extract spectra and 2-bounce effective area curves
Aoy (E,) from each detector individually using NUSTAR-
DAS v2.0.0 and calibration database (CALDB) v20200813
in extended-source mode. The As;, curves incorporate
the beryllium shield throughput £ but not the detector
dead-layer throughput Eqet, as the latter is applied later.
We use NUSKYBGD to calculate the 0-bounce effective
area Agp, and solid angle Afq, for each cleaned single-
detector event file. We create one stacked spectrum per
detector with exposure times shown in Table II. The ef-
fective areas and solid angles for each stacked spectrum
are the exposure-time-weighted averages of the individ-
ual observations. Note that Ag, strictly decreases after
masking astrophysical source regions, with the greatest
reductions occurring on detectors A0 and B0. This is
a result of the optical axis landing on detectors A0 and
B0, so images of targeted point sources — and hence
their exclusion regions — land mainly on those detectors
as well (and to a lesser extent on A3 and B3; see Fig. 5 of
Ref. [33]). In contrast, AQyp, may either increase or de-
crease following region masking, depending on blocking
of the pixels by the optics bench (see Fig. 2 of Ref. [43]).



B. NuSTAR Background Model

The NuSTAR instrument background consists of four
components that vary with energy and position on the
detector plane. Here, we describe the procedure used to
derive a phenomenological model of the instrument back-
ground applicable to the ~20-Ms/detector stacked spec-
tra of Sec. IV A, as well as verifying the stability of the
model from 2012-2017. We note at the outset that the
model described in this section was derived for analysis
of this specific dataset and its filtering/instrument back-
ground conditions, and may not be applicable to other
observations and/or time periods. A full accounting of
the updated NuSTAR background model will be the sub-
ject of upcoming work.

We begin by applying the original NuSTAR back-
ground model of Ref. [42] to stacked data taken while
NuSTAR’s FOV was both occulted by the Earth (OCC,
determined by the elevation angle ELV between the tele-
scope boresight and Earth’s limb) and shaded from the
Sun (NOSUN, determined by an onboard sensor), dur-
ing which the event rate was dominated by the inter-
nal detector background. (NUSTARDAS defines the OCC
mode to begin when ELV < 3°; however, we find that
this is not sufficient to fully suppress x-rays from the
brightest sources near the limb of the Earth, so we re-
quire ELV < 0°.) After this filtering, the stacked OCC-
mode spectra had exposures ~17 Ms/detector, further
reduced to ~4.5 Ms/detector when the NOSUN filter was
applied. (To ensure the Sun remains well below the hori-
zon during NOSUN periods, we also exclude data 300
seconds before and after each period of solar illumina-
tion.) Principal component analysis showed no signifi-
cant spatial variation in the internal background across
the detectors. The internal detector background can be
divided into two components: a featureless continuum
and a large set of lines. The internal continuum model
is the same as Ref. [42], i.e., a broken power-law with
Fhreak = 121.86keV and spectral indices I'y = —0.047
and I's = —0.838 for energies below and above Fieqx re-
spectively. (As before, we define the power-law as £ r
i.e., the internal continuum increases with E,.) The
internal continuum dominates the background for ener-
gies £, 2 100keV and is taken to have the same shape
(though potentially different normalizations) for each de-
tector.

The internal detector background lines deserve special
consideration, as narrow lines can mimic a DM signal.
We begin by applying the list of Lorentzian lines (plus in-
ternal continuum) from Ref. [42] to the data taken when
the telescope’s FOV was both occulted by the Earth and
shielded from the Sun (OCCNNOSUN). Inspection of
the residuals showed the need for additional wide lines
to model the “plateau” observed in the continuum for
energies ~10-20keV. These features may result from the
CXB-induced Earth x-ray albedo [65], though further
study is ongoing. To check for any drift in the line po-
sitions and/or widths over time, we further divide each

detector’s 20122017 OCCNNOSUN data into eight se-
quential periods of similar exposure time based on the
observation date. As the detector chips share the same
geometry and radiation environment, we expect their in-
ternal backgrounds to be highly correlated. Thus, we
fit each stack’s spectrum to the same internal contin-
uum plus lines model described above. To account for
uncorrelated variations between the chips (e.g., from un-
modeled variations in detector gain), we also allow the
line positions and widths to vary about their nominal po-
sitions. The line positions and widths for the final model
of each detector (shown in Table Al) are then fixed to
the weighted average of the best-fit values from each tem-
poral stack. During our analysis, we allow the normal-
izations of the background lines to vary unless otherwise
noted, to account for solar modulation, geomagnetic ac-
tivity, and detector aging effects.

With a working model of the internal background for
each detector, we next consider the full OCC-mode spec-
tra, including both SUN and NOSUN periods. A com-
ponent following the 0-bounce spatial gradient is clearly
visible in detector images at low energies E, < 10keV,
indicating that solar x-rays (likely reflected from the mast
and optics bench) are striking the detectors. Further-
more, the intensity of this component appears to be cor-
related to solar activity. This “solar” component includes
both direct and reflected solar x-rays, and features a
steeply-falling continuum and several narrow lines. We
model the continuum as a simple power-law to approxi-
mate the high-energy tail of a thermal plasma with tem-
perature ~few million K [66-69]. We attribute the lines
to a combination of direct solar illumination and fluores-
cence from the telescope structural elements. Similarly
to the treatment of the internal detector lines, we divide
the full OCC-mode spectra for each detector into eight
temporal slices, calculate best-fit solar spectral indices
and line positions/widths for each, and average the val-
ues from each epoch to obtain the values in Table Al.
This solar model is more flexible than the apec model
of Ref. [42], as decoupling the continuum shape and line
fluxes allows us to better model the solar background
over a large fraction of the solar activity cycle. We cau-
tion that the solar power-law and line parameters were
derived with the specific filtering conditions used in this
analysis, and will likely vary considerably (and unpre-
dictably) with different solar cycle conditions.

Finally, we consider the cosmic x-ray background
(CXB), which is the dominant astrophysical background
once bright sources have been removed. As discussed pre-
viously, there are simultaneous 0-bounce and 2-bounce
CXB contributions with the same underlying sky inten-
sity Zexp = d*F,/dE,dS). The 2-bounce CXB is modu-
lated by energy-dependent effective area Agy,(E,) of the
optics, whereas the 0-bounce CXB is modulated only by
the geometry of the aperture stops, optics bench, and
detectors. (Both CXB components are modulated by
the Be window and detector dead-layer throughputs Ege
and Eqet.) We adopt the same CXB model as Sec. IIIC,



Detector | Exposure [Ms]|Avg. Ao, [em?]|Avg. AQq, [deg?]
A0 188 1.22 (3.18) 2.20 (2.31)
Al 19.9 2.07 (3.14) 2.95 (2.82)
A2 20.0 2.57 (3.17) 6.75 (6.63)
A3 19.6 2.00 (3.13) 6.62 (6.32)
BO 18.9 1.24 (3.18) 7.22 (6.98)
B1 19.5 2.27 (3.15) 4.62 (4.63)
B2 19.8 2.57 (3.19) 1.14 (1.28)
B3 19.9 1.76 (3.12) 5.47 (5.41)

TABLE II. NuSTAR detector exposures and grasps for the
parametric analysis described in Sec. IV. The average Ao
and AQq, are the exposure-time-weighted averages over the
individual obsIDs calculated using NUSKYBGD. The values in
parentheses correspond to observations with no astrophysical
source regions masked.

though here we also include an interstellar medium ab-
sorption component via the XSPEC model tbabs with
equivalent hydrogen column Ny = 4.7 x 102 cm =2 (av-
eraging over all observations) and Solar elemental abun-
dances [59-62]. (Even at the lowest energy E., = 3 keV,
the equivalent optical depth 7 is still < few x 1073.
Though the expected attenuation is < 0.5%, we in-
clude it for completeness.) As the CXB spectral model
and O-bounce instrument response are well-constrained
at the ~percent level [43], we completely freeze the 0-
bounce CXB component; however, we allow the 2-bounce
CXB normalization a nominal £10% range to account for
residual uncertainties in the 2-bounce effective area and
solid angle following point-source removal.

C. Spectral Fitting

As the backgrounds for each of the eight NuSTAR
detectors are slightly different, we individually fit each
chip’s cleaned on-sky science-mode spectrum (SCI, to be
contrasted with the Earth-occulted OCC spectra) to the
model described in Sec. IV B and Table A1l. For all model
components except the internal continuum (whose en-
ergy response is purely diagonal), we use the v3 Redis-
tribution Matrix Files (RMFs) from CALDB v20211020
[41]. All model components except the internal contin-
uum and internal lines also include the Be window and
CdZnTe dead-layer transmission efficiencies £ge and Eget,
also taken from CALDB v20211020. For the 0-bounce
CXB, we use the effective areas Ag, and solid angles
AQqp from Table II. For the 2-bounce CXB, we con-
struct FOV-averaged (Ao, AQg) for each detector by
averaging the effective areas and solid angles from the
individual observations (see Sec. IV A). The Ay, were
calculated before the updated CALDB v20211020 became
available, though as described in Sec. IV B we allow the
2-bounce CXB component to vary in overall normaliza-
tion by +10% to account for residual uncertainties in
the effective area. In any case, the impact on our DM
constraints is expected to be marginal compared to the

~20% DM profile uncertainties.

With ~20 Ms exposure per spectrum, even with the
finest possible binning (one bin per 40-eV NuSTAR chan-
nel), the statistical uncertainty is at the level of a few
percent ber bin. The small statistical uncertainties al-
low systematic deviations — especially in the vicinity
of background lines — to become visible. This is ex-
pected, as the line centroids and FWHMs are known to
drift over the years. We address these systematics in two
ways. First, we assign a flat 2.5% systematic uncertainty
added in quadrature to the statistical uncertainty in each
bin, sufficient to give x2/dof ~ 1. Second, as discussed in
Sec. V C, we power-constrain our DM limits to mitigate
the effects of downward fluctuations of data with respect
to the model.

Owing to the complexity of the full parametric back-
ground model, it was not computationally feasible to sim-
ulate and model the many mock datasets needed for sen-
sitivity estimates. Instead, we constructed one “Asimov”
dataset [70] per SCI-mode spectrum, in which the event
rates per energy bin were set equal to their best-fit val-
ues (including the 2.5% systematic) using the models de-
scribed in Secs. IVB and IV C. These Asimov spectra
were passed through the same modeling and DM-search
procedure as the real data.

V. NUSTAR DM SEARCH

With the background models described in Secs. II1C
and IV B we search our spectra for evidence of DM decay
lines using the same general procedure as our previous
NuSTAR analyses [36-38], which we summarize below.

A. Statistical Formalism

For each trial DM mass m, in a given spectrum, we
search for evidence of DM using the profile likelihood
ratio [70, 71]. We take the likelihood £ to be a function
of the count rate y, the DM signal strength u (here, the
decay rate T'), and the background model parameters 7).
The test statistic (TS) in favor of the DM hypothesis is
given by

A - max,.n £(y|n, 1))
TS(iimy) = —2in | TR ()

where i > 0 is the best-fit positive signal strength. We
also define an analogous quantity ¢ used for obtaining an
upper limit on the decay rate:

) = oy | maXe L(yln, 1))
o) = =2 2 TEES] @

For each trial mass m,,, we scan through a range of signal
strengths p > 0, allowing the background model param-
eters n to find their best-fit values. In particular, by
allowing the DM line to assume the full strength of any



Component XSPEC model Response Free parameters
CXB (0b) tbabs*powerlaw*highecut |Detector RMF, Ege, Edet, (AobAQob) None
CXB (2b) tbabs*powerlaw*highecut |Detector RMF, Ege, Edet, (A2bAQ2p)|  0-bounce flux +£10%
Internal continuum bknpower Diagonal RMF Normalization
Internal lines > lorentz Detector RMF Normalizations
Solar powerlaw + Y lorentz Detector RMF, Eie, Edet Powerlaw and line norms.
DM line (Ob) tbabs*gaussian Detector RMF, Ege, Edet, (AobAQob) See Sec. VC
DM line (2b) tbabs*gaussian Detector RMF, Ege, Edet, {A2bAQo1,) See Sec. VC

TABLE III. Summary of XsPEC model components for the parametric background analysis of Sec. IV. The detector RMF's and

Eget are taken from CALDB v20211020.

background lines, we obtain conservative limits on the
DM flux in the vicinity of these lines. In the large-count
limit, the log-likelihood ratio (and hence TS and ¢) re-
duces to Ax? for a single degree of freedom:

{TS(ﬂlmx) ~ miny, [x*(ulmy)] = x* (1 = 0lmy) -
q(ulmy) = x*(ulmy) — x> (almy)

The detection significance in Gaussian standard devi-
ations for a DM line in a single spectrum is thus simply
VTS. In the absence of detections above the 5o thresh-
old, we set one-sided 95% upper limits to be the signal
strength 195 where ¢(pgs|m,) = 2.71). For the Asimov
datasets described in Sec. IV C, the £No containment
bands around the median expected 95% upper limit oc-
cur where ¢ increases from its minimum by (1.64 4+ N)?
[70, 72]. To incorporate constraints from multiple spec-
tra k, we consider the object X?(u|my) = Y, X7 (u|my ).
The corresponding expressions for TSSjoint and gjoints are

{Tsjoint(ﬂjointmx) = minu [%Q(me)] - x2(0|mx)
Gioint (M) = X2 (plmy) — X2 (fLjoins|my)

(8)
where fljoint is the joint maximum-likelihood signal
strength considering all spectra (i.e., the minimum of
X?). We use Eq. (1) to convert the limits on dFpy/dS2
to limits on the decay rate I', where the effective DM
column density (dD/d?) is obtained by averaging over
both the FOV and the fractional exposure time Aty /T
of each observation:

(i) =% |7an

dQ2 ds| . 9
FOVE /Lospx SL ®)

B. Constraints from Spatial-Gradient Analysis

To the spectral models for FPMA and FPMB de-
scribed in Sec. IIT C we add a DM line convolved with the
0-bounce instrument response. We scan 200 DM masses
uniformly spaced in log,, m, between 6-40 keV for both
the data and 10® mock spectra (i.e., oversampling with
respect to the detector energy resolution). The FPMA
and FPMB spectra are scanned separately and the joint

statistics are calculated as described previously. The ob-
tained limits from both FPMA and B and their combina-
tion are in excellent agreement both with our simulations
and the asymptotic expectations. Aside from an upward
fluctuation in the detection significance for masses ~38—
40 keV, resulting from a few upward-fluctuating bins in
each spectrum, we find no evidence of x-ray lines, demon-
strating the power of the spatial-gradient technique for
suppressing detector backgrounds. We note that a DM
interpretation for the aforementioned excess is inconsis-
tent with previous NuSTAR constraints [35-38]. Unlike
the parametric limits described in Sec. VC, we do not
power-constrain the spatial-gradient limits, as we are able
to generate both £1o and 20 containment bands by
bootstrapping from our 103 simulated spectra.

The dominant systematic uncertainty on the spatial-
gradient limits arises from the choice of DM pro-
file. The NFW profile gives a column density
(dD/dQ) ~ 5GeVem > kpesr™ ! at the position of these
observations (~ 100° from the Galactic Center) with the
shallow (sNFW) profile giving a column density ~15%
higher. On the other hand, the profile proposed by
Ref. [51] gives a value ~25% lower than our default
NFW profile, a consequence of the contracted halo. Our
spatial-gradient limits shown in Figs. 4 and 6 are derived
using the NFW profile, which we take as a “median” col-
umn density.

C. Constraints from Parametric-Modeling Analysis

To search for evidence of decaying DM in the eight
single-detector spectra (both data and Asimov mock
spectra) of Sec. IV C, we adopt the same scanning strat-
egy as described in Sec. V B, with two key differences.
First, the background model is substantially more com-
plex, a consequence of the many activation/fluorescence
lines. As we are searching for anomalous x-ray lines in
the energy range 3—20 keV, we freeze the normalizations
of all lines between 20-95 keV to their best-fit values un-
der the null-DM hypothesis. This procedure ensures that
the minimizer does not become stuck in irrelevant local
minima and greatly increases the scanning speed, with
negligible impacts on our DM constraints compared to
tests in which all lines are free to fit. Additionally, unlike
the spatial-gradient case in which the 2-bounce contri-
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FIG. 4. Left: 95%-confidence upper limits and expected containment on the single-photon decay rate I'y_,~, for the spatial-
gradient method of Sec. III. Right: same quantity for the parametric method of Sec. IV. For two-photon decays x — 77, e.g.,
for axion-like particles [73-76], the decay-rate limits in both plots are strengthened by a factor of two. A comparison of all

NuSTAR limits may be found in Fig. 5.
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FIG. 5. Comparison of NuSTAR DM decay-rate limits from
this work (black solid and dashed lines) and previous NuS-
TAR analyses of blank-sky extragalactic fields [77], the Galac-
tic Center [36], M31 [37], and the Galactic bulge [38].

bution to the DM signal was negligible, here we model
both the 0-bounce and 2-bounce contributions. Using the
NFW profile, we find (dD/dQ) ~ 5GeVem > kpesr
for the 0-bounce and 2-bounce apertures, though this
may vary in either direction by ~20-25% if the sSNFW
or contracted profiles are considered. Scanning the eight

individual-detector spectra k& with a grid of 165 masses
between 6-40 keV evenly spaced in log;, m,, we collect
the distributions gx(p|m,). (This is somewhat smaller
than 200 mass bins in the spatial-gradient analysis of
Sec. ITI, owing to the much greater complexity and com-
putational cost of the full parametric model.)

Similarly to Sec. VB, we calculate the line detection
significance and one-sided 95%-confidence upper limits
for each of the eight spectra individually, as well as the
joint constraints summing over all eight spectra. We
identify five mass ranges in which the joint decay-rate
limit significantly worsens compared to the expected val-
ues from the Asimov procedure: (i) ~7.8-8.5 keV, (ii)
~11-12 keV, (iii) ~13-14 keV, (iv) ~18-19 keV, and (v)
~21-22 keV. In particular, the excesses in (i), (iii), and
(v) have local significance > 50, and are observed on
multiple detectors on both FPMs. We argue that none
of these five excesses are consistent with decaying DM for
several reasons. First, the spatial-gradient analysis finds
no excesses with significance > 20 in these mass ranges,
strongly constraining any astrophysical origin. Second,
we note that all of these excesses occur near adjacent in-
strumental and/or solar lines, causing any mis-modeling
of these lines or the instrument response to be amplified.
Finally, we observe that the excesses do not have consis-
tent fluxes dF/d) across the detectors, contrary to the
expectation of an approximately uniform intensity from
decaying DM across the instrument FOV. (In particular,
we note the strong excess at E, ~ 4keV (m, ~ 8keV)
on detector B2, despite this detector having a very small
solid angle AQqp,.)

In the absence of plausible DM detections, we instead
set conservative upper limits on the decay rate, which
would not exclude a DM signal with these decay rates if



it were present. To avoid setting artificially strong limits
as a result of downward fluctuations, and because the
simple Asimov procedure we employed cannot be used
to define the —20 edge of the 95% confidence band, we
power-constrain our limits [78], i.e., the observed limit
cannot run below the (median — 1) level expected from
the Asimov simulations. These power-constrained limits
are shown in Fig. 4.

D. Sterile-Neutrino DM Constraints

Specializing to the particular case of sterile-neutrino
decays x — v, we convert our limits on the model-
independent single-photon decay rate I'y_,,, to corre-
sponding limits on the active-sterile mixing angle 6 for
Majorana neutrinos [81, 82]:

.2 5
B _39 _1 |sin®(26) My
Ty = 1.38 x 107325 { | () - ao)

Fig. 6 shows the upper limits on the sterile-neutrino
DM parameter space obtained in this work. For com-
parison, we also show previous limits from other x-ray
searches from CXO [27], XMM-Newton [25, 29], Suzaku
[19], Fermi-GBM [22], and INTEGRAL-SPI [12]. Our
results further constrain the sterile-neutrino decay rate,
especially for masses ~15-18 keV and ~25-40 keV, where
the limit improves on previous NuSTAR constraints by
a factor ~2-3 and ~5-10, respectively compared to pre-
vious NuSTAR constraints. We emphasize that these re-
sults are not specific to sterile-neutrino DM, but are also
applicable to generic decaying DM models that involve a
photon line, with the decay-rate limits given in Fig. 4.
With improved modeling in the low-energy NuSTAR
background, our limits extend down to DM masses
m, = 6keV, and have improved the limit by nearly an
order of magnitude compared to previous NuSTAR re-
sults for masses below 10 keV [35, 36]. Importantly,
our results are now in tension with the claimed tenta-
tive signal at E, ~ 3.5keV [31, 32]. Previous NuSTAR
analyses included a line at 3.5 keV [35, 36], attributed
to instrument background due to its presence in Earth-
occulted data, though a possible astrophysical contribu-
tion was debated. Our present results constrain the DM
origin of the 3.5-keV line in complementary ways. First,
the spatial-gradient analysis of Sec. III does not detect
the 3.5-keV line. As the spatial-gradient technique sup-
presses detector backgrounds while remaining sensitive
to astrophysical emission, its non-observation simultane-
ously strongly constrains its astrophysical origin and fa-
vors its detector origin. Using the more traditional para-
metric modeling approach on a disjoint dataset covering
a much larger area of the Galactic halo, we apply the im-
proved model of the NuSTAR instrument background in
Sec. IV B. In particular, this background model includes
a ~3.5-keV line detected in Earth-occulted data when no
DM events are expected. The best-fit width of this line
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(~0.5-keV FWHM prior to convolution with the detector
response) is notably wider than the ~0.4-keV FWHM de-
tector resolution expected for an astrophysical line, sug-
gesting it may be an artifact of variations in the detector
dead-layer absorption or instrument response (which are
rapidly varying at low energies) rather than a genuine
spectral line. Whatever its origin, we are still able to
set conservative constraints on a 3.5-keV astrophysical
line by allowing the DM line in our search procedure to
incorporate events from the internal background.

Modeling the spectra from each NuSTAR detector in-
dependently for the first time and combining the con-
straints, we obtain similar constraints to the spatial-
gradient method across much of the 6-40 keV mass range,
demonstrating the complementarity and consistency of
the two approaches. Our null results on the 3.5keV
line obtained with standard statistical techniques are in
agreement with recent results from CXO [27] and XMM-
Newton [25, 28, 29] despite NuSTAR having a substan-
tially lower effective area and shorter exposure time than
either, illustrating the power of NuSTAR’s wide FOV.
(We note that the limits in Ref. [25] have led to much dis-
cussion in the literature [83-85].) Taken together, our re-
sults therefore provide strong and independent evidence
against the astrophysical and DM interpretation of the
3.5-keV line in the Galactic halo.

In addition to the strong constraints at low masses,
our present NuSTAR results are the strongest x-ray con-
straints on sterile-neutrino DM to date in the mass ranges
~15-18 keV and ~25-40 keV, improving on previous
NuSTAR work by a factor ~2-3 and ~5-10, respec-
tively (see Fig. 5). In particular, improvements in the
parametric background model in the energy range ~15-
20keV (mass range ~30-40keV) allow us to leverage
the statistical power of the full ~20-Ms dataset with-
out being limited by modeling systematics as in previ-
ous works (see, e.g., Refs. [37, 38]). These new results
further demonstrate NuSTAR’s ability to provide DM
constraints in this challenging mass range, as the use of
0-bounce photons allows the observatory to sample large
areas of the sky without being limited by the strong en-
ergy dependence of x-ray mirrors. Finally, we note that
the NuSTAR limits in this work are weaker than previ-
ous NuSTAR constraints from M31 [37] and the Galactic
bulge [38] near m, ~ 14keV and m, ~ 19keV. At 14
keV, the FPMB spatial-gradient spectrum experiences a
mild excess at E, ~ TkeV, and the sensitivity of the
parametric-modeling method is limited by a bright in-
strumental line at the same energy. At 19 keV, a similar
weak excess is observed in the FPMB spatial-gradient
spectrum, and the parametric model has difficulty repro-
ducing the shape of the instrumental line at £, ~ 10keV.

While our results are applicable to generic sterile-
neutrino DM that mixes with SM neutrinos, they also
have important implications for particular realizations
of sterile-neutrino DM models. One popular scenario
is sterile-neutrino DM produced by mixing with active
neutrinos [8, 9]. If more right-handed neutrinos are also
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present, e.g., in the YMSM [4, 5, 86, 87, it is also possible
to explain baryogenesis and the origin of neutrino mass,
solving three important problems in fundamental physics
in the same framework.

Assuming that the DM is resonantly produced in the
presence of a primordial lepton asymmetry [88], Big Bang
Nucleosynthesis (BBN) constraints on the lepton asym-
metry [89] can therefore be used to set lower limits on the
mixing angle 6, below which resonant production would
under-produce DM compared to its observed abundance.
In Fig. 6 we show the BBN constraints from STERILE-
DM [88], adopting the lepton asymmetry per unit en-
tropy density Lg = 10%(n, — ny)/s < 2500. Additional
discussion of these BBN limits may be found in, e.g.,
Refs. [7, 38, 79, 90-92].

The velocity distribution of DM can suppress the for-
mation of small-scale cosmological structure; thus, ob-
servational probes such as dwarf MW satellite galax-
ies [79, 93, 94] and the Lyman-« forest [95-98] can be
used to placed limits on the ‘warmness’ of sterile neu-
trino DM, thereby constraining sterile-neutrino mixing
parameters. In Fig. 6, we show the MW satellite limit
from Ref. [79] (consistent with that from [94]). We note,
however, that these limits depend on both the sterile neu-
trino production physics [88, 91] as well as the complex

structure-formation processes needed to connect DM ha-
los to the observed satellite galaxies. These structure-
formation processes have substantial uncertainties, and
stronger/weaker constraints (see, e.g., Refs. [99-101])
can be obtained with different models of galaxy forma-
tion [94]. Even if only the more conservative structure-
formation limits of Ref. [79] are considered, it is clear
that the combination of several types of constraints have
nearly closed the window for keV-range sterile neutrino
dark matter, and that new work is needed to ensure ro-
bust sensitivity across the entire range.

VI. CONCLUSIONS

In this work, we obtain updated limits on DM decay-
ing into mono-energetic photons with the NuSTAR x-ray
observatory. We consider two complementary analyses
conducted on disjoint datasets to leverage the full power
of the available NuSTAR data: the spatial-gradient
method, utilizing a novel geometric technique to greatly
suppress the detector background; and a more traditional
parametric method, combining a large amount of data
with an updated model of the NuSTAR instrument back-
ground. Significantly, we are able to use the full NuSTAR



energy range down to E, = 3keV, allowing us to sensi-
tively test lower-mass DM candidates. These analyses
complement and extend previous NuSTAR DM searches
in the Milky Way and the M31 galaxy, which have large
amounts of DM [35-38].

Our new analyses provide significant DM constraints
in two key mass ranges. First, our improved treatment
of the low-energy instrument background allows us to
strongly constrain a possible DM origin of the 3.5-keV
anomaly using standard statistical techniques. Second,
our constraints on DM masses ~15-40 keV continue to
fill in the sterile-neutrino parameter space down to —
and below — the BBN limit. Our results are also ap-
plicable to other DM candidates decaying or annihilat-
ing into mono-energetic photons, e.g., axion-like particles
[73-76]. If taking the latest results from satellite count-
ing into account [94, 100], the full parameter space is now
mostly covered, which is an important milestone. While
this does not fully rule out sterile neutrinos as the only
DM component, it does show that the simple and elegant
mixing production mechanism [8, 9] may be insufficient,
and more involved modeling [6, 102-104] may be required
to make sterile neutrinos a viable DM candidate. Ongo-
ing and near-term missions such as Spektr-RG [105, 106],
Micro-X [107], and XRISM [108], and proposed missions
such as Athena [109], AXIS [110], eXTP [111], HEX-
P [112], and Lynx [113] are hoped to further constrain
the sterile-neutrino parameter space using various detec-
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tor architectures and observing strategies [77, 114-118].
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Appendix A: Parametric Background Model

FPMA FPMB
Model Param. Det. AO Det. Al Det. A2 Det. A3 Det. BO Det. Bl Det. B2 Det. B3
3.47,0.76 |3.53, 0.81 3.57,0.82 |3.50, 0.68 3.65, 0.84 [3.62, 0.83 |3.47,0.67 |3.43,1.22
4.44, 0.00 [4.40, 0.05 4.38, 0.26  [4.30, 0.22 4.86, 0.01 [4.40, 0.00 |4.46, 0.15 |4.57,0.14
5.12, 1.43 |5.16, 1.41  |5.08, 1.21 |5.01, 0.87 |5.15, 1.37 |5.17, 1.59 |4.89, 0.00 |4.89, 0.12
6.20, 0.00 |6.19, 0.02 6.12, 0.00 |6.13, 0.00 6.19, 0.09 |6.11, 0.14 |6.50, 0.00 |6.13, 0.00
7.40,0.00 |7.39,0.05 |7.38,0.12 |7.34,0.02 |7.40,0.00 |7.42,0.05 |7.90,0.00 |7.43,0.00
7.90, 0.00 |7.90, 0.00 7.90, 0.00 |7.84, 0.00 7.90, 0.00 |7.90, 0.00 [8.05,2.51 |7.86, 2.78
8.17, 3.30 |8.15, 3.15 7.93,2.89 |7.88,2.81 7.97,3.06 |8.20, 3.56 |8.74, 0.00 |7.88, 0.08
8.66, 0.06 |8.64, 0.00 8.64, 0.00 [8.64, 0.01 8.75,0.00 |8.75,0.10 |9.14,0.42 |8.75,0.17
10.40, 0.58 |10.24, 0.34 |10.31, 0.37 |10.19, 0.69 |10.18, 0.50 |10.29, 0.44 |10.27, 0.73 |10.26, 0.88
11.40, 19.37|11.45, 16.85 |11.04, 19.28|11.69, 19.37 |11.63, 19.36|11.02, 18.34|10.79, 19.07|11.69, 0.00
12.60, 0.00 |12.60, 0.00 |12.60, 0.00 |12.60, 0.00 |12.60, 0.00 |12.60, 0.00 |12.06, 0.00 |12.60, 0.00
13.20, 19.37|13.17, 0.77 |13.17, 0.00 |12.74, 18.47 |13.20, 20.00|13.11, 20.00|13.17, 0.00 |12.76, 19.37
13.80, 19.37|13.20, 19.37 |13.20, 19.37|13.17, 0.00 |13.80, 20.00|13.17, 0.76 |13.20, 19.37|13.23, 0.00
14.20, 0.00 |13.80, 19.37 |13.80, 0.00 |13.80, 0.00 |14.20, 0.00 |13.80, 0.00 [13.93, 0.08 |14.17, 1.13
15.05, 0.38 |14.99, 0.50 [15.01, 0.27 |14.84, 0.08 |14.92, 0.00 |14.71, 1.13 |14.74, 0.73 |14.83, 0.28
16.00, 0.00 |15.55, 0.05 |15.95, 0.00 |15.64, 0.00 |15.73, 0.32 |15.71, 0.09 |15.72, 0.00 |15.80, 0.00
16.72, 0.10 |16.63, 0.07 |16.64, 0.00 |16.47, 0.00 |16.79, 0.00 |16.64, 0.00 [16.67, 0.06 |16.79, 0.00
19.56, 0.00 [19.30, 0.10 [19.55, 0.58 |19.49, 0.58 [19.60, 0.25 |19.54, 0.05 [19.52, 0.13 |19.52, 0.01
21.82, 0.63 |21.81, 0.66 |21.85,0.98 [21.81, 1.42 |21.82,0.59 |21.75, 0.65 |21.75, 0.68 |[21.75, 0.48
22.86, 0.01 |22.85, 0.06 |[22.89, 0.27 [22.86, 0.57 |[22.92, 0.00 |22.89, 0.11 |22.89, 0.19 [22.93, 0.18
24.71, 1.65 |24.74, 1.69 |24.71, 1.52 |24.66, 1.56 |24.72, 1.82 |24.76, 1.82 |24.72, 1.70 |24.83, 2.02
Int. lines | Eo, FWHM 25.23, 0.14 |25.22, 0.16 |25.23, 0.18 [25.19, 0.18 [25.23, 0.17 [25.22, 0.15 |25.23, 0.21 |25.24, 0.20
’ 27.90, 1.21 |27.92,1.39 |27.97, 0.00 [27.97,0.00 |27.97, 1.47 |27.92, 1.47 |27.97, 1.48 |27.93, 1.48
28.08, 0.00 |28.12, 0.00 |28.02,1.47 |28.02, 1.72 |28.13, 0.00 [28.14, 0.00 |28.43, 0.29 |28.08, 0.00
28.44, 0.20 |28.44, 0.21 28.44, 0.31 |28.44, 0.40 |28.44, 0.21 [28.44, 0.20 |30.30, 0.55 |28.45, 0.27
30.31, 0.50 |30.30, 0.55 |30.27, 0.75 |30.20, 0.82 |30.30, 0.68 |30.30, 0.57 |30.78, 0.42 [30.33, 0.52
30.78, 0.37 |30.77, 0.34 |30.81, 0.51 |30.81, 0.55 |30.78,0.34 |30.77, 0.35 |32.04, 0.66 |30.79, 0.44
32.07, 0.57 [32.11, 0.49 |32.02, 0.80 |31.92, 0.90 [32.13, 0.59 |32.08, 0.46 |34.88, 0.48 |32.15, 0.48
34.91, 0.53 |34.89, 0.38 |34.80, 0.75 [34.87, 0.60 |34.89, 0.54 |34.89, 0.38 |39.00, 8.03 |34.95, 0.52
38.55, 9.97 |38.18, 8.89 |38.76, 8.15 [38.59, 7.00 |[39.17, 8.43 |38.39, 8.85 |39.31, 0.63 |39.14, 9.89
39.33, 0.49 [39.30, 0.56 |39.30, 0.78 [39.21, 0.91 |39.36, 0.44 [39.35, 0.53 |46.95, 9.97 |39.40, 0.52
47.39, 9.60 [47.27, 8.67 |47.58, 8.66 |47.28, 8.26 [47.15, 7.92 |47.18, 8.45 [47.03, 0.38 [47.06, 9.49
52.50, 1.19 |52.46, 1.06 |52.42, 1.35 |52.28, 1.67 [52.50, 1.12 [52.49, 0.99 |52.46, 1.07 |52.55, 1.02
57.83, 2.16 |58.04, 3.02 |57.96, 3.89 |57.84, 3.65 |57.59, 4.14 |58.42, 3.45 |57.94, 5.05 |57.93, 4.74
65.24, 7.95 |65.28, 7.65 |65.23, 6.51 |65.38, 6.42 |65.18, 7.31 |64.88, 6.04 |65.12, 5.91 |65.20, 6.03
66.93, 0.28 |66.92, 0.34 |66.98, 0.68 [66.82, 0.87 |67.00, 0.19 |67.01, 0.56 |67.01, 0.57 |67.05, 0.44
74.99, 2.83 |75.42, 3.62 |74.98, 3.68 |75.14, 3.98 |74.78,2.84 |75.28, 4.44 |75.21, 4.31 |75.30, 4.32
76.75, 0.30 |77.72,3.26 |77.72,3.26 |79.14, 3.91 |76.72, 0.53 |81.26, 0.27 |82.36, 3.24 |82.76, 3.12
85.50, 8.06 |85.87, 11.68 |85.89, 4.82 [86.66, 8.63 |84.62, 7.19 |85.45, 4.12 |85.26, 2.25 |85.04, 3.96
87.83, 0.51 |87.81, 0.38 |87.77,1.08 |87.79, 0.78 |87.83, 0.55 [87.87, 0.52 |87.84, 0.67 |87.89, 0.63
92.66, 0.36 |92.71, 0.27 |92.48, 0.95 [92.76, 0.73 |92.66, 0.36 |92.71, 0.38 |92.69, 0.51 [92.72, 0.50
105.36, 0.14]105.40, 0.67 [105.19, 0.71|105.44, 1.54 |105.35, 0.14|105.40, 0.02]105.35, 0.20|105.42, 0.06
122.74, 1.22|127.27, 19.37|122.05, 1.39|125.46, 18.57|122.33, 1.11|122.41, 0.46|122.93, 2.12|122.25, 0.17
144.57, 0.60| 144.66, 0.80 |144.26, 1.43|144.65, 1.55 |144.59, 0.50|144.71, 0.16 | 144.56, 0.43 |144.80, 0.24
I'1 -0.047
Int. cont. o -0.838
Ebreak 121.86 keV
Ny 4.7 %1029 cm—2
CXB | F$XB 2.82 x 10" ergem 2571 deg™?
Erold 41.13 keV
Toxn 1.29
sl 8.37 9.50 8.90 8.10 9.49 9.50 9.50 9.50
Eo, FWHM |3.77, 0.00 |3.77, 0.00 3.77,0.00 [3.77,0.00 3.72,0.00 |3.72,0.04 |3.84,0.00 |3.77,0.00
Solar Eo, FWHM [4.45, 0.48 |4.46, 0.56 4.46, 0.56 [4.46, 0.57 4.42,0.32 |4.46, 0.57 |4.45,0.55 |4.40, 0.62
Eo, FWHM |5.33, 0.63 |5.33,0.62 |5.33,0.62 [5.33,0.62 |5.32,0.74 |5.33,0.63 |5.34,0.62 |5.35, 0.45
Ep, FWHM|5.79, 0.00 |5.80, 0.00 5.80, 0.00 |5.80, 0.00 5.91, 0.00 |5.80, 0.00 [5.84, 0.00 |5.80, 0.00
Eo, FWHM |6.48, 0.22 |6.48, 0.23  |6.48, 0.23 [6.48, 0.23  |6.49, 0.13 |6.48, 0.25 |6.46, 0.35 |6.47, 0.29
TABLE Al. Parameters for the background model of Sec. IVB. “Int. lines” and “Int. cont.” refer to the internal detector

lines and continuum, respectively. Line centroids Ey and FWHM are given in keV. We provide two decimal places for the line
FEo and FWHM for numerical reasons, and are not indicative of precision.
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Appendix B: Parametric Background Analysis Fits

In this section, we show the best fits to the eight individual detector spectra (Figs. B7-B14) using the parametric
background model described in Sec. IV in the energy range 3-150 keV. As shown, the fit quality in the energy range
3-20 keV is excellent, a result of the improved background modeling as well as the 2.5% systematic. The fit quality
in the full 3-150-keV energy range is somewhat worse, resulting mainly from deviations around the bright detector
fluorescence/activation lines between 20-40 keV. In both energy ranges, the x? statistic is calculated with all detector
line normalizations free.
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FIG. B7. Spectrum and best-fit parametric background model for detector AO described in Sec. IV. The bottom panel shows
the ratio Data/Model.
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FIG. B8. Same as previous, for detector Al.
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FIG. B9. Same as previous, for detector A2.

3-20 keV: x2/374 = 0.729  (p =1.000)
3-150 keV: x2/3623 = 1.081  (p =0.000)
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FIG. B10. Same as previous, for detector A3.
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FIG. B11. Same as previous, for detector BO.
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FIG. B12. Same as previous, for detector B1.

3-20 keV: x2/374 = 0.898  (p =0.922)
3-150 keV: x?/3623 = 1.191  (p =0.000)
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FIG. B13. Same as previous, for detector B2.

= T T T T T T | T T T T T T T T |
- 3-20 keV: x2/374 = 0.759  (p =1.000)
- 3-150 keV: X2/3623 =1.018 (p=0.218)
E E
E n E
C Total model
e —— Internal ]
ET Solar E
E CXB (0b+2b) E
- ~+ Data B3 -

1 1 1 1 1 1 I 1 1 1 1 1 1 1 A 1l
— T T T T T T | T T T T T T T —

| V I .
— 1 1 1 1 (| 1 1 1 1 1 1 L1
10! 102

E, [keV]

FIG. B14. Same as previous, for detector B3.
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