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X-ray line Searches of Dark Matter

• Particle Dark matter 
Identification

– Collider
– Direct detection

– Indirect detection

• Well Motivated Candidates

– Sterile Neutrino (keV)
– Axion-like Dark Matter

– Gravitino
– Exciting Dark Matter

– ++++++

• Line signal (smoking gun signal)
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Chandra (1999 - )

XMM Newton (1999 - )

Suzaku (2005 - 2015)



Sterile Neutrino Dark Matter Production
• Dodelson-Widrow 1994

• Shi-Fuller (1999)
– MSW effect due to 

primordial lepton 
asymmetry 

• !"#"
– Asaka, Blanchet, 

Shaposhnikov (2005)
– Dark Matter
– Neutrino mass
– Leptogenesis

• Other production 
methods also proposed
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3 – Sterile neutrino production in the EU

The final abundance is Ω4h2 ≃ 0.3
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Constrained from all sides
• Warm dark matter candidate

– Schneider 2016

– Cherry, Horiuchi 2017
• May solve the Small 

Scale problem!

• X-rays searches
– Chandra
– NuSTAR Bullet Cluster
– Fermi GBM (KCYN 2015 )
– Integral  
..
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3.5 keV line excess!
• Bulbul et al (2014)   
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Stacked 73 clusters XMM-MOS (4-5σ)
Also
Chandra Perseus 2.5σ and 3.4σ

Boyarsky et al (2014)

XMM-Newton M31

Many Follow-up detections and non-detections! But not ruled out!
Nature not clear!



NuSTAR
• Nuclear Spectroscopic Telescope Array
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• Neronov, Malyshev, 
Eckert [1607.07328]
– Diffuse sky, MW halo

• Perez, KCYN,  Beacom, 
Hersh, Horiuchi, 
Krivonos [1609.00667]
– Galactic Center

• Zero bounce photons
– 10X exposure! 
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FIG. 5. Data and folded model spectra from FPMA (left) and FPMB (right) in 3–110 keV. Model components include
the GXRE (line and continuum), the CXB (continuum), and detector backgrounds (line and continuum). The astrophysical
components come from regions indicated in Fig. 4. The bottom panel shows the data relative to the best-fit model. All errors
shown are 1� statistical errors. We include an additional 5% uncorrelated systematic error (not shown) during spectral fitting
and line analysis.

tor is included in our spectral model to account for the
di↵erent flux normalizations. For our best-fit model, this
factor is < 3%, smaller than the overall NuSTAR flux
normalization uncertainty. The fluxes we quote below
are derived for FPMA.

Our spectral model consists of four components, two
from astrophysical sources and two internal to the de-
tector. The GRXE, believed to be largely due to unre-
solved magnetic cataclysmic variables [25–27], is modeled
as a one-temperature thermal plasma with collisionally-
ionized elemental line emission [29], which describes the
X-ray emitting accretion stream onto these objects, plus
a 6.4 keV neutral Fe line, with the normalization of the
Gaussian line and the normalization, temperature, and
abundance of the plasma left as free parameters. Us-
ing the NuSTAR GC source catalog [18], the total 10–
40 keV flux of resolved 2-bounce sources in our FOV is
⇠ 10�6 ph s�1 cm�2. This negligibly small contribution
of flux is absorbed into our GRXE model. The tempera-
ture of the GRXE in this one-temperature model varies
by up to 20% between the six observations, motivating
the uncorrelated systematic error that is included in our
fit of the combined spectrum. The cosmic X-ray back-
ground (CXB), due to extragalactic emission, is modeled
as a cuto↵ power-law, with parameters fixed to those
measured by INTEGRAL [30]. These spectra are at-
tenuated to account for absorption by the interstellar
medium, with interstellar abundances as defined in [31]
and photoionization cross-sections as defined in [32, 33].
The e↵ective area for these two model components, which

describe photons arriving from astrophysical sources, is
multiplied by the energy-dependent e�ciency for photons
to pass through the detector beryllium shield. All model
components include an absorption term that accounts for
detector focal-plane material.

The internal detector background consists of a contin-
uum component, modeled as a broken power-law with
a break at 124 keV, and both activation and fluores-
cent line complexes, modeled as 29 Lorentzian lines [16].
The continuum photon indices and line energies are fixed,
but normalizations for each component are fit separately
for FPMA and FPMB. Since these components describe
backgrounds that are internal to the detectors, they are
not corrected for the e�ciency of the beryllium shield.
The solar background, modeled as a ⇠ 1 keV thermal
plasma as derived in [16], is also included in this compo-
nent.

In Fig. 5 we show the 3–110 keV data and folded best-
fit spectral model for FPMA and FPMB, respectively.
This model contains 69 free parameters and 45 frozen
parameters, with the fit performed over 312⇥ 2 (FPMA
and FPMB) total bins. We emphasize that these two
data sets are independent of each other; our results are
obtained by statistically combining them. Spectral fit-
ting and flux derivations were performed in XSPEC ver-
sion 12.9.0 [34]. The combined fit yields a �2 = 540.02 for
554 degrees of freedom, or �2/n.d.o.f.= 0.97 (both statis-
tical and 5% systematic errors included). The physical
interpretation of the best-fit GRXE spectrum will be the
subject of a future paper, and is not important for this

NuSTAR constraints
• 0.5 Ms Milky Way 

observation
• Neronov et al
– 7.5 Ms blank sky
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FIG. 5. Data and folded model spectra from FPMA (left) and FPMB (right) in 3–110 keV. Model components include
the GXRE (line and continuum), the CXB (continuum), and detector backgrounds (line and continuum). The astrophysical
components come from regions indicated in Fig. 4. The bottom panel shows the data relative to the best-fit model. All errors
shown are 1� statistical errors. We include an additional 5% uncorrelated systematic error (not shown) during spectral fitting
and line analysis.

tor is included in our spectral model to account for the
di↵erent flux normalizations. For our best-fit model, this
factor is < 3%, smaller than the overall NuSTAR flux
normalization uncertainty. The fluxes we quote below
are derived for FPMA.

Our spectral model consists of four components, two
from astrophysical sources and two internal to the de-
tector. The GRXE, believed to be largely due to unre-
solved magnetic cataclysmic variables [25–27], is modeled
as a one-temperature thermal plasma with collisionally-
ionized elemental line emission [29], which describes the
X-ray emitting accretion stream onto these objects, plus
a 6.4 keV neutral Fe line, with the normalization of the
Gaussian line and the normalization, temperature, and
abundance of the plasma left as free parameters. Us-
ing the NuSTAR GC source catalog [18], the total 10–
40 keV flux of resolved 2-bounce sources in our FOV is
⇠ 10�6 ph s�1 cm�2. This negligibly small contribution
of flux is absorbed into our GRXE model. The tempera-
ture of the GRXE in this one-temperature model varies
by up to 20% between the six observations, motivating
the uncorrelated systematic error that is included in our
fit of the combined spectrum. The cosmic X-ray back-
ground (CXB), due to extragalactic emission, is modeled
as a cuto↵ power-law, with parameters fixed to those
measured by INTEGRAL [30]. These spectra are at-
tenuated to account for absorption by the interstellar
medium, with interstellar abundances as defined in [31]
and photoionization cross-sections as defined in [32, 33].
The e↵ective area for these two model components, which

describe photons arriving from astrophysical sources, is
multiplied by the energy-dependent e�ciency for photons
to pass through the detector beryllium shield. All model
components include an absorption term that accounts for
detector focal-plane material.

The internal detector background consists of a contin-
uum component, modeled as a broken power-law with
a break at 124 keV, and both activation and fluores-
cent line complexes, modeled as 29 Lorentzian lines [16].
The continuum photon indices and line energies are fixed,
but normalizations for each component are fit separately
for FPMA and FPMB. Since these components describe
backgrounds that are internal to the detectors, they are
not corrected for the e�ciency of the beryllium shield.
The solar background, modeled as a ⇠ 1 keV thermal
plasma as derived in [16], is also included in this compo-
nent.

In Fig. 5 we show the 3–110 keV data and folded best-
fit spectral model for FPMA and FPMB, respectively.
This model contains 69 free parameters and 45 frozen
parameters, with the fit performed over 312⇥ 2 (FPMA
and FPMB) total bins. We emphasize that these two
data sets are independent of each other; our results are
obtained by statistically combining them. Spectral fit-
ting and flux derivations were performed in XSPEC ver-
sion 12.9.0 [34]. The combined fit yields a �2 = 540.02 for
554 degrees of freedom, or �2/n.d.o.f.= 0.97 (both statis-
tical and 5% systematic errors included). The physical
interpretation of the best-fit GRXE spectrum will be the
subject of a future paper, and is not important for this

3.5 keV in NuSTAR?
• 3.5 keV line in the 

NuSTAR
background model

• Under 
Investigations
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Dark Matter Velocity Spectroscopy
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Milky Way illustration by Nick Risinger (CC:BY); 
additional graphics by APS/Alan Stonebraker

Speckhard, KCYN, Beacom, Laha
Phys. Rev. Lett. 116, 031301 



Milky Way dark matter (signal)
• Velocity of the Sun
– (+)220km/s, +longitude

• Mean dark matter 
velocity ~ 0

• DM line
– Blue shifted for +longitude
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Dark Matter Velocity Spectroscopy
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Dark matter decays or annihilations that produce line-like spectra may be smoking-gun signals.
However, even such distinctive signatures can be mimicked by astrophysical or instrumental causes.
We show that velocity spectroscopy—the measurement of energy shifts induced by relative motion
of source and observer—can separate these three causes with minimal theoretical uncertainties. The
principal obstacle has been energy resolution, but upcoming and proposed experiments will make
significant improvements. As an example, we show that the imminent Astro-H mission can use Milky
Way observations to separate possible causes of the 3.5-keV line. We discuss other applications.

Introduction: What is the dark matter? Identifica-
tion depends upon more than just observation of its
bulk gravitational e↵ects; distinct particle signatures are
needed. Backgrounds make it di�cult to pick out these
signals, which are constrained to be faint. Among possi-
ble decay or annihilation signals, those with sharp spec-
tral features, such as a line, are especially valuable.

Given that the stakes and di�culties are so profound,
even such a “smoking-gun” signal may not be conclusive.
A line could have other causes: astrophysical emission or
detector backgrounds (or response e↵ects). For example,
the cause of the recently discovered 3.5-keV line is dis-
puted [1–8]. This problem is more general [9–15] and will
surely arise again. We need better evidence than just a
smoking gun—we need to see it in motion.

Premise and Motivation: We propose a general
method for distinguishing the cause of a sharp spec-
tral feature using velocity spectroscopy. Consider a line
of unknown cause—dark matter (DM), astrophysical or
detector—observed in the Milky Way (MW). Relative
motion between source and observer leads to distinctive
energy shifts as a function of line of sight (LOS) direction.
Figure 1 illustrates this schematically. Because typical
Galactic virial velocities are ⇠ 10�3c, the Doppler shifts
are only ⇠ 0.1%.

A potential target for velocity spectroscopy is the 3.5-
keV line recently observed in MW, M31, and galaxy clus-
ter spectra [1, 2, 4]. The line energy and flux can natu-
rally be explained by sterile neutrino DM [16–18], as well
as alternatives [19–26]. However, the significance of the
line is disputed [3, 5, 6], and it has been argued that it
can be explained by astrophysical emission [7, 8].

With present detectors, velocity spectroscopy of this
line is impossible. Excitingly, the Soft X-Ray Spec-
trometer (SXS) on Astro-H (launch date 2015 or 2016)
has a goal energy resolution of �AH = 1.7 eV (4 eV
FWHM) [27, 28], which is at the scale needed. We show
that, under optimistic assumptions on detector perfor-

Dark 
Matter

GC

Sun

0

χ
𝑣⃗஧ =  0

FIG. 1. Top: How DM, astrophysical, and detector signals
shift with Galactic longitude is starkly di↵erent. Bottom:

For DM signals at positive longitude, our motion through the
non-rotating DM halo yields a negative LOS velocity and thus
a blue shift. In contrast, for astrophysical backgrounds (e.g.,
gas), co-rotation in the disk leads to a positive LOS velocity
and thus a red shift. These signs reverse at negative longitude.
Detector backgrounds have zero shift.

mance, Astro-H can use velocity spectroscopy in the MW
to identify the cause of the 3.5-keV line. We also discuss
prospects if the performance is worse.

We emphasize that the applicability of DM velocity
spectroscopy is much more general. The purpose of this
paper is to introduce a new concept to increase the power
of DM searches and to spur innovation in detector design.
We conclude by discussing several generalizations.
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Milky Way Gas (Background)
• Gas and the Sun                 

co-rotate in a disk
– V2 ~ GM/r

• Astro-physical line
– Red shifted in + longitude!
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DM – Astro Separation (MW)
• 0.1% energy 

resolution

• Clean separation
– DM
– Astro
– Detector effect

• Two obs. -> 3.6σ

• Minimal theoretical 
uncertainty 
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DM Velocity Spectroscopy
• Extra handle for testing line-like signal
– The “smoking gun” sometimes is not enough 

• X-ray/ 3.5 keV line
– Astro-H (Hitomi)  ---->  XRAM (2021)
– Micro-X/ sounding rockets 

• If DM decay/annihilation produces a line. 
– HERD (GeV-TeV)

• Photons and electrons
• 2020?

• Dark astronomy/cosmology
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Figueroa-Feliciano+ [1506.05519] 
Powell, Laha, KCYN, Abel [1611.02714]



Conclusion
• Searching for dark matter with X-rays 
– Production vis mixing / !"#" under test
– NuSTAR (new results in 2018 and 2019)
• NuSTAR 3.5 line under investigation

– HXMT?

• Velocity Spectroscopy
– New Hitomi (maybe 2021)
–Micro-X
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Thanks you!


