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How	to	detect	Dark	MaRer?	
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•  Direct	DetecTon	
	

•  Collider	Search	

•  Indirect	DetecTon	



Indirect	DetecTon	
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•  The	Good	
– Remote	probe	of	DM	
– Branching	fracTon	ó	DM	couplings	

•  The	Bad	

•  Smoking	gun	signatures!	

s	



Indirect	DetecTon	
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•  The	Ugly…...	
– Small	staTsTcs	
– Difficult	systemaTcs	

•  (2012)	130	GeV	line	
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FIG. 12. Fits for a line near 130 GeV in R3: (a) at 130 GeV in the P7CLEAN data using the 1D energy dispersion model
(see Sec. IV); (b) at 133 GeV in the P7REP CLEAN data again using the 1D model; (c) same as (b), but using the 2D energy
dispersion model (see Sec. IV). The solid curve shows the average model weighted using the PE distribution of the fitted events.
Note that these fits were unbinned; the binning here is for visualization purposes, and also that the x-axis binning in (a) is
o↵set by 3 GeV relative to (b) and (c).



3.5	keV	line	
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Latest	claim	(2014):	a	3.5	keV	line!	
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Anomalous'XIray'line'detecTons'

Present'and'Future'Neutrino'Physics'2014,'KITP' Shunsaku'Horiuchi' 19'

•  73'galaxy'clusters'stacked'
•  Range'z'='0.01'to'0.35'
•  4'to'5σ'detecMon'with'XMMDNewton'MOS''
•  Also'see'in'XMM'PN'CCDs'
•  Also'seen'in'Perseus'with'Chandra'at'2.2σ''

Bulbul'et'al'(2014)' Boyarsky'et'al'(2014)'

•  Perseus'indicaMon'at'2.3σ'with'XMM'
•  M31'indicaMon'at'3σ'with'XMM'
•  Combined'detecMon'~4σ"

Recent'claims'for'anomalous'XDray'lines'detected'from'nearby'DM'densiMes''

Signals'are'consistent'with'each'other'
Slides	taken	from		
S.	Horiuchi		2014	

5/9/16	

Latest	claim	(2014):	a	3.5	keV	line!	

Kenny	C.Y.	NG,	PHENO	2016	 5	

Anomalous'XIray'line'detecTons'

Present'and'Future'Neutrino'Physics'2014,'KITP' Shunsaku'Horiuchi' 19'

•  73'galaxy'clusters'stacked'
•  Range'z'='0.01'to'0.35'
•  4'to'5σ'detecMon'with'XMMDNewton'MOS''
•  Also'see'in'XMM'PN'CCDs'
•  Also'seen'in'Perseus'with'Chandra'at'2.2σ''

Bulbul'et'al'(2014)' Boyarsky'et'al'(2014)'

•  Perseus'indicaMon'at'2.3σ'with'XMM'
•  M31'indicaMon'at'3σ'with'XMM'
•  Combined'detecMon'~4σ"

Recent'claims'for'anomalous'XDray'lines'detected'from'nearby'DM'densiMes''

Signals'are'consistent'with'each'other'
Slides	taken	from		
S.	Horiuchi		2014	

5/9/16	

Need	more	than	smoking	guns!	

•  Clusters	
•  Galaxies	–	M31	
•  GalacTc	Center	

	

•  Origin	STll	Unclear	
	
•  Astro-h		
– 10-3		energy	resoluTon	
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Fig. 1.— Sterile neutrino mixing angle measurements and upper
limits obtained from the galaxy clusters from this study. The com-
parison of the mixing angle from our stacking analysis with the
limits placed by the galaxy cluster samples from Bu14a are also
shown. The error bars and upper limits are in the 90% confidence
level. The particle mass is not compared here.

less than those of the stacked XMM-Newton observations
by a factor of 1.8. The redshift span is slightly larger of
the Suzaku full sample than the full XMM-Newton sam-
ple, leading to more e↵ective smearing of the instrumen-
tal features. The redshift range of the Suzaku full sample
corresponds to an energy di↵erence of up to 1.44 keV at
3.5 keV, which is su�cient to smear out and eliminate
the background or response features.
The stacked FI data for the full sample prefers an addi-

tional emission line at E = 3.54 keV (the energy fixed at
the best-fit value for the Suzaku line detection in Perseus
Franse et al. (2016)), but only at 2� confidence level with
a flux of 1.0+0.5

�0.5 (
+1.3
�0.9) ⇥ 10�6 phts cm�2 s�1. The statis-

tics of the dataset is insu�cient to constrain the energy
of this faint line. The line is not significantly detected
in the BI observations, however an additional Gaussian
model improves the fit by ��2 = 1.5 and has a flux of
9.1+1.5

�7.3 (+2.2
�9.1) ⇥ 10�6 phts cm�2 s�1. The fluxes ob-

served in FI and BI observations are in agreement with
each other.
In an attempt to investigate a possible correlation of

the flux of the unidentified line with cooler gas in the

ICM, we divide the full sample into two subsamples; CC
and NCC clusters. If a correlation is observed, it would
be an indication that the unidentified line is astrophysical
in origin. Atomic lines are more prominent in cool-core
clusters where a significant amount of cooler gas with
higher metal abundances resides in the core. However, we
do not detect any significant spectral feature at 3.5 keV in
the separate CC and NCC clusters. The FI observations
of the NCC sample shows a weak 2.4� residual at 3.54
keV, with a flux of 5.3+2.6

�1.8 (+4.7
�3.1)⇥ 10�6 phts cm�2 s�1.

The upper limits derived from these samples are consis-
tent with previous detections. We note that both CC and
NCC subsamples contain fewer number of source counts
compared to all of the XMM-Newton samples studied in
Bu14a so the sensitivity of the presented Suzaku analy-
sis is weaker. We also note that due to smaller FOV and
lower e↵ective area of the Suzaku XIS detectors compared
to the XMM-Newton EPIC detectors, this analysis might
be less sensitive to a weak signal from dark matter decay.
The value of this analysis is in that it is independent and
performed with a di↵erent instrument.
The upper limits provided by this work (full sample;

sin2(2✓) = 6.1 ⇥ 10�11) is in agreement with the detec-
tions in the combined M31, Galactic center observations
(sin2(2✓) = 5� 7⇥ 10�11; see Boyarsky et al. 2015), and
results from deep MOS (sin2(2✓) < 5.8⇥ 10�11) and PN
(sin2(2✓) = 1.8 � 8 ⇥ 10�11) observations of the Draco
galaxy (Ruchayskiy et al. 2015). However, the line flux in
the core of the Perseus cluster is in tension with the pre-
sented stacked Suzaku and XMM-Newton clusters and
other detections (Bu14a, Franse et al. 2016). Study-
ing the origin of the 3.5 keV line with CCD resolution
observations of galaxy clusters and other astronomical
objects appears to have reached its limit; the problem
requires higher-resolution spectroscopy such as that ex-
pected from Hitomi (Astro-H).
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Velocity	Spectroscopy	
•  10-3	resoluTon	<=>	Typical	MW	velocity	(~100km/s)	
– Velocity	effects	become	important!	

•  CO,	AL26	
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Milky	Way	DM	
•  Velocity	of	the	Sun 		
–  (+)220km/s,	+longitude	

•  Mean	dark	maRer	
velocity 	~	0	

•  DM	line	
– Blue	shiied	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-
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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.

5/9/16	



Milky	Way	Gas	(Background)	
•  Gas	and	the	Sun																	
co-rotate	in	a	disk	
– V2	~	GM/r	

•  Astrophysical	line	
– Red	shiied	in	+	longitude!	
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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 experiments will have the precision
needed. 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 (baryonic)
emission or detector backgrounds (or response e↵ects).
For example, the cause of the recently discovered 3.5-keV
line is disputed [1–13]. This problem is more general [14–
23] 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 possible causes of a sharp
spectral feature. 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 func-
tion of line of sight (LOS) direction. Figure 1 illustrates
this schematically. Because typical Galactic virial veloc-
ities are ⇠ 10�3c, the Doppler shifts are only ⇠ 0.1%.
Though exploiting such shifts is a standard astronomical
technique (e.g., Refs. [24–29])), this is the first demon-
stration of their power for testing DM signals.

A potential target for DM velocity spectroscopy is the
3.5-keV line recently observed in MW, M31, and galaxy
cluster spectra [1, 2, 4]. The line energy and flux can
naturally be explained by sterile neutrino DM [30–40]
(or other candidates [41–50]). 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, 9].

With present detectors, velocity spectroscopy of this
line is impossible. Excitingly, the Soft X-Ray Spectrom-
eter (SXS) on Astro-H (launch date early 2016) has a goal
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FIG. 1. Top: How DM, astrophysical, and detector lines
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 lines (e.g.,
from gas), co-rotation in the disk leads to a positive LOS
velocity and thus a red shift. These signs reverse at negative
longitude. Detector lines have zero shift.

energy resolution of �AH = 1.7 eV (4 eV FWHM) [51, 52],
which is at the 0.1% scale. We show that if this goal res-
olution is achieved, together with a reasonable exposure,
Astro-H can identify the cause of the 3.5-keV line through
precise measurements of the centroid energies in di↵erent
directions. (More generally, this could be done in detec-
tors with worse energy resolution but better statistics.)
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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 experiments will have the precision
needed. 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 (baryonic)
emission or detector backgrounds (or response e↵ects).
For example, the cause of the recently discovered 3.5-keV
line is disputed [1–13]. This problem is more general [14–
23] 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 possible causes of a sharp
spectral feature. 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 func-
tion of line of sight (LOS) direction. Figure 1 illustrates
this schematically. Because typical Galactic virial veloc-
ities are ⇠ 10�3c, the Doppler shifts are only ⇠ 0.1%.
Though exploiting such shifts is a standard astronomical
technique (e.g., Refs. [24–29])), this is the first demon-
stration of their power for testing DM signals.

A potential target for DM velocity spectroscopy is the
3.5-keV line recently observed in MW, M31, and galaxy
cluster spectra [1, 2, 4]. The line energy and flux can
naturally be explained by sterile neutrino DM [30–40]
(or other candidates [41–50]). 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, 9].

With present detectors, velocity spectroscopy of this
line is impossible. Excitingly, the Soft X-Ray Spectrom-
eter (SXS) on Astro-H (launch date early 2016) has a goal
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FIG. 1. Top: How DM, astrophysical, and detector lines
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 lines (e.g.,
from gas), co-rotation in the disk leads to a positive LOS
velocity and thus a red shift. These signs reverse at negative
longitude. Detector lines have zero shift.

energy resolution of �AH = 1.7 eV (4 eV FWHM) [51, 52],
which is at the 0.1% scale. We show that if this goal res-
olution is achieved, together with a reasonable exposure,
Astro-H can identify the cause of the 3.5-keV line through
precise measurements of the centroid energies in di↵erent
directions. (More generally, this could be done in detec-
tors with worse energy resolution but better statistics.)
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•  Need	to	model	both	line	shiis	and	line	widths		
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The value of `max di↵ers depending on the adopted
halo model, but the contribution to J ( ) from beyond
⇠ 30 kpc is negligible. We adopt `max = 250 kpc in this
work.

The second term in the bracket of Eq. (3) describes the
isotropic extragalactic component, where E0 = E(1+ z).
The factor R
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roughly compares the contribution of the
extragalactic component versus the Galactic component,
up to the shape of the energy spectrum.

R
EG

⌘ c

H
0

⌦DM⇢c
⇢
�

R
�

' 2 . (6)

Normally, the extragalactic component can be ignored
as typically the analysis region is chosen to be a small
patch of the sky where the Galactic component is much
larger (e.g., the GC, where J � 1). However, in our
case, the large FOV of the GBM makes the extragalactic
component non-negligible.

The dark matter density profile ⇢(r) of the Milky Way
is not precisely known, in particular at small Galactic
radius. We consider several fitting functions that cap-
ture the results of numerical simulations of dark matter
halo profiles, which can be parameterized by the follow-
ing form,

⇢↵��(r) = ⇢
�

✓
r

R
�

◆
�� 1 + (R

�

/Rs)↵

1 + (r/Rs)↵

�
(���)/↵

, (7)

where parameters for commonly used profiles are sum-
marized in Table I. Another profile favored by recent
simulations is the Einasto profile,

⇢Ein(r) = ⇢
�

exp

✓
� 2

↵E

r↵E �R↵
E

�

R↵
E

s

◆
, (8)

with ↵E = 0.17 and scale radius Rs = 20 kpc. These
profiles di↵er mainly at small Galactic radius. The first
three profiles have constant logarithmic slopes at small
radii, which are described by the � factor. The Einasto
profile has the same slope as the NFW profile at the scale
radius, but the slope decreases as the radius decreases.
In Fig. 1, we show the J-factor J ( ) for each dark mat-

ter profile as a function of the angle  viewed away from
the GC. The di↵erences between profiles are relatively
small, because the density ⇢ appears linearly in the de-
cay flux (as opposed to in the annihilation flux where the
density appears quadratically). We use the NFW profile
as our canonical profile in this work. As will be shown
in Sec. III B, the impact of varying the profile is minimal
after taking into account the detector response and the
FOV. Thus the sterile neutrino constraint obtained using
GBM is robust against dark matter profile uncertainties.
A crude estimate of the expected number of photons

⌫� per unit time T from Galactic dark matter decay is

d⌫�
dT

⇠ 20 s�1

✓
A

e↵

⌦

20⇡ cm2 sr

◆✓
J
60

2

◆
⇥

✓
sin22✓

10�11

◆⇣ ms

20 keV

⌘
4

, (9)

where we use representative values for the e↵ective area
and solid angle, the J-factor at  = 60�, J

60

, and a
nominal sterile neutrino mixing angle. It is immediately
clear that even a small fraction of the total Fermi-GBM
live time can yield significant number of signal photons.

III. INSTRUMENT AND SIGNAL MODELING

A. GBM Instrumentation

The GBM consists of 14 detectors: 12 NaI detec-
tors, each operating over energies from 8 keV to 1MeV,
and 2 BGO detectors, each operating over energies from
200 keV to 40MeV. The NaI detectors are located on the
corners and sides of the spacecraft, with di↵erent ori-
entations, and they together provide a nearly complete
coverage of the occulted sky. At any given time, typi-
cally 3–4 NaI detectors view the Earth within 60 degrees
of the detector zenith, i.e., their FOV is occulted by the
Earth.
Not all of the NaI detectors are best suited for dark

matter searches. At first consideration, det-0 and det-6
would seem to be the best detectors to use since they are
aligned close to the LAT zenith (' 20� o↵set). However,
we find that significant parts of the FOV of these two de-
tectors are actually blocked by the LAT itself. Also, half
of the detectors are pointed towards the Sun all the time,
and X-ray emissions from the Sun contaminate their low
energy spectrum. Lastly, some detectors are pointed side-
ways, i.e. ' 90� relative the LAT-zenith, which su↵er
large FOV blockage from the Earth. Ruling out these de-
tectors, only det-7 and det-9 seem to be suitable, which

2

Usual DM Decay Signal: The di↵erential intensity
(flux per solid angle) from DM with massm� and lifetime
⌧ = 1/�, decaying within the MW, is

dI( , E)

dE
=

�

4⇡m�
R

�

⇢
�

J ( )
dN(E)

dE
, (1)

where R
�

' 8 kpc and ⇢
�

' 0.4GeV cm�3 [29] are the
distance to the Galactic center (GC) and local DM den-
sity. (We neglect the cosmologically broadened extra-
galactic signal, which contributes negligibly in Astro-H’s
narrow energy bins.) J ( ) is the dimensionless, astro-
physical J-factor defined by the LOS integral

J ( ) ⌘ 1

R
�

⇢
�

Z
ds ⇢�(r[s, ]) , (2)

where  is the angle relative to the GC and is related
to Galactic longitude and latitude via cos = cos l cos b.
dN(E)/dE is the particle decay spectrum.

The above treatment assumes that the astrophysical
factor, J ( ), and the particle physics factor, dN(E)/dE,
are separable. However, for detectors with energy resolu-
tion . 0.1%, this approximation is not valid because rela-
tive velocities between source and observer, and therefore
the spectral shape, vary along the LOS.

Modified DM Spectrum: We calculate modifica-
tions to the signal, accounting first for broadening due
to DM velocity dispersion and second for shifts due to
bulk relative motion.

We take the DM halo of the MW to be spherically
symmetric, in steady state, and to have no appreciable
rotation. The last is expected from angular momentum
conservation, as the baryons from the proto-halo have
collapsed significantly, while the DM has not; this is con-
firmed by simulations [30, 31]. Thus, h~v�i = 0.

DM particles do have non-zero velocity dispersion, de-
termined by the total gravitational potential due to DM
and baryons [32, 33]. Assuming an isotropic velocity dis-
tribution (�v,r = �v,� = �v,✓, so the virial velocity is
�v ' p

3�v,r), the radial velocity dispersion of DM is

�2
v,r(r) =

G

⇢�(r)

Z Rvir

r
dr0 ⇢�(r

0)
Mtot(r0)

r02
, (3)

whereMtot(r) is the total mass within a radius r. Typical
values are �v,r ' 125 km s�1.

To calculate �v,r(r), we adopt the mass model of
Ref. [34], which fits a contracted DM and three-
component baryon mass profile to MW rotation curve
data. The choice of mass model is not critical; kinematic
results from other models agree within O(10%) [35].

The spectrum from a point along the LOS is the con-
volution of the intrinsic spectrum with the DM velocity
distribution at that point. We assume a Maxwellian ve-
locity distribution throughout the halo, which, at each

point, yields a Gaussian distribution of the LOS velocity
component. The modified spectrum from each point is

d eN(E, r[s, ])

dE
=

Z
dE0

dN(E0)

dE0

G(E � E0;�E0) , (4)

where G(E;�E) is a Gaussian of width �E = (E/c)�vLOS
.

Based upon observations of the LOS velocity distribution
of MW halo stars reported in [36], we take �vLOS(r) '
�v,r(r) which implies �E = (E/c)�v,r(r[s, ]).
The line shift follows from the LOS velocity, vLOS ⌘

(h~v�i � ~v
�

) · r̂LOS, where positive velocities indicate re-
ceding DM. For vLOS ⌧ c, the resultant energy shift is
�EMW/E = �vLOS/c.
The Sun follows a roughly circular orbit about the

GC in the direction toward positive Galactic longitude
at a speed v

�

' 220 km s�1 [37]. (Recent work suggests
v
�

& 240 km s�1 [38, 39], which would help our results.)
The spectrum is therefore shifted by �EMW(l, b)/E =
+(v

�

/c) sin l cos b, which changes sign with l. We neglect
the solar peculiar velocity as well as Earth and satellite
motions, all of which are . 10 km s�1 [40, 41].
The final expression for the modified spectrum, includ-

ing broadening and shifts, is therefore

dJ
dE

=
1

R
�

⇢
�

Z
ds ⇢�(r[s, ])

d eN(E � �EMW, r[s, ])

dE
,

(5)
so that Eq. (1) is altered by J ( ) dN(E)/dE !
dJ ( , E)/dE. The observed signal, which is the con-
volution of dJ /dE with the detector response, is nearly
Gaussian and has width �e↵ .

Modified Astrophysical Spectrum: The details are
slightly di↵erent for astrophysical signals.
The widths of astrophysical lines are primarily deter-

mined by the mass of the emitting atom and by the gas
temperature. For potassium at T = 2keV, the intrin-
sic line width is �gas ' 0.8 eV, comparable to Astro-H’s
goal resolution, �AH ' 1.7 eV. The intrinsic width is
weakly sensitive to the gas temperature (/ p

T); higher
gas temperatures give nearly identical results.
For the shift of an astrophysical signal, we must ac-

count for co-rotation within the MW disc. (While there
is a non-rotating, gaseous halo at the outskirts of the
MW, it is not hot enough to produce significant emis-
sion at 3.5 keV [5, 42, 43]). For simplicity, we assume all
baryons follow circular orbits about the GC with speed
vcirc(r) =

p
GMtot(r)/r. With this circular speed and

the hot gas distribution of Ref. [44], we compute the
spectral shift by integrating the signal along the LOS
with the contribution from each point weighted by the
gas density. We call this fiducial model G2.
Because the spatial and speed distributions of MW X-

ray gas are uncertain, we compare to models in Ref. [45]
with smaller and larger line shifts. G1 is based on the dis-
tribution of free e� [46] and the MW rotation curve [47].

Line	dispersion	

Line	shii	

5/9/16	

Speckhard,	KCYN,	Beacom,	Laha	
PRL	116	(2016)	no.3,	031301	

Intensity					=		



Spectrum	
•  2Ms	Astro-H	
observaTon	
– >	5	sigma	detecTon	

•  Taken	into	account	
both	intrinsic	and	
detector	line	
dispersion.		

Kenny	C.Y.	NG,	PHENO	2016	 11	5/9/16	



DM	–	Astro	SeparaTon	(MW)	
•  Clean	separaTon	
– DM	
– Astro	
– Detector	effect	

•  Minimal	
theoreTcal	
uncertainty		
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SoluTons	to	the	3.5	keV	line?	

•  SXS	-	Astro-H	
– Satellite	
– Narrow	FOV	
– 10-3	resoluTon	!	
	

•  Micro-X		
– Rocket	
– Wide	FOV	
– 10-3	resoluTon	!	
– MulTple	flights?!	

Kenny	C.Y.	NG,	PHENO	2016	 13	5/9/16	



Future	mission	with	~10-3	resoluTon	
•  Athena	(keV	range)	
– E-resoluTon	2x	beRer	than	SXS	on	Astro-H	
– ~5x	photon	collecTng	area	
– 2028?	

•  HERD	(GeV-TeV)	
– Photons	and	electrons	
– 2020?	

Kenny	C.Y.	NG,	PHENO	2016	 14	5/9/16	



DM	Velocity	Spectroscopy	
•  Extra	handle	for	tesTng	line-like	signal	
– The	“smoking	gun”	someTmes	is	not	enough		

•  If	DM	decay/annihilaTon	produces	a	line.		
•  Allow	us	to	do	Dark	Astronomy	
– Currently	no	velocity	informaTon	on	DM!	

	
	

Kenny	C.Y.	NG,	PHENO	2016	 15	5/9/16	

Thanks!	


