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Decaying dark matter and X-rays

While DM particles should live much more than our
Universe, they should not be completely stable

WIMPs (with GeV mass) should be stable – otherwise their
large cross section implies very small lifetime (shorter than
for neutron)

For keV mass this is not true → dark matter can decay

The corresponding decay signal should be proportional to
DM column density S =

∫
ρdm(r)dr
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Search for Dark Matter decays in X-rays
See “Next decade in sterile neutrino studies” by Boyarsky et al.
Physics of the Dark Universe, 1 (2013)

Available X-ray satellites:

Suzaku, XMM-Newton,

Chandra, INTEGRAL, NuStar
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signal︷︸︸︷
SDM

√
texp · Ωfov · Aeff ·∆E︸ ︷︷ ︸

signal−over−background

All types of individual objects/observations have been tried: galaxies (LMC, Ursa Minor, Draco, Milky Way, M31,

M33,. . . ); galaxy clusters (Bullet cluster; Coma, Virgo, . . . ) with all the X-ray instruments
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Challenges: X-ray sky is never “empty”

. . . non-cosmic background is due
primarily to energetic particles
interacting directly with the
detector, or interacting with material
around the detector and producing
fluorescent X-rays that then strike
the detector.

This ”particle-induced background” has
multiple components and each
component is temporally variable,
although on different scales.

(Lumb et al. (2005); Kuntz & Snowden 2008)
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Detection of An Unidentified Emission Line

Bulbul et al. ApJ (2014) [1402.2301]

Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. (2014) [1402.4119]

Energy: 3.5 keV. Statistical error for line position ∼ 30− 50 eV.

Lifetime: ∼ 1027 − 1028 sec (uncertainty: factor ∼ 3− 5)

Decaying dark matter?
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Interpretations I

There are 4 classes of interpretations

Statistical fluctuation (there is nothing there at all!)

Unknown astrophysical emission line (emission line of some chemical element)

Instrumental feature (systematics) (We do not know our telescopes well
enough)

Dark matter decay line
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Interpretations II

One can check that the signal

Appears in various datasets. Becomes more significant with increased
statistics ⇒ rules out Statistical fluctuation

Detected with different instruments ⇒ rules out Systematics

Correctly scales with redshift? ⇒ rules out Systematics

Intensity of the line correctly changes within the object ⇒ rules out
Systematics and Astrophysical explanation

Correlates with (expected!) dark matter density in different objects ⇒
Confirms dark matter origin
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Signal from the Milky Way outskirts

We are surrounded by the Milky Way halo on all sides

Expect signal from any direction. Intensity drops with off-center angle

Surface brightness profile of the Milky Way would be a “smoking gun”
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Signal from the Milky Way outskirts?
Phys. Rev. Lett. (2014) [1402.4119]
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No line is seen in 16 Msec
observations of off-center
Milky Way

Confirmed by

(Sekiya et al.
[1504.02826]) with
Suzaku
(Figueroa-Feliciano et al.
[1506.05519]) with XQC
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Galactic Center is a busy place

GC is active in many wavelengths,
including X-rays

Several Ms of XMM X-ray
observations

Any detection there would be
inconclusive if one cannot
cross-check it

Andromeda signal puts a lower
bound on the expected GC flux

Non-observations from the Milky
Way outskirts puts an upper bound
on the expected GC flux
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Galactic Center – a non-trivial consistency check
Boyarsky, Ruchayskiy+ Phys. Rev. Lett. 115, (2014)
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4σ+ statistical significance

Also in S. Riemer-Sorensen’14; Jeltema & Profumo’14

The observed signal fits into the predicted range
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Another X-ray satellite: NuStar

Has small field of view, would not be
competitive with XMM, Chandra or Suzaku

But! NuStar has a special 0-bounce photons
mode where FoV is 30 deg2

Aperture Stops

Focal Plane

Optics Bench

Rays from a
stray light source

Detectors

Rays blocked by
Optics Bench
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3.5 keV line in NuStar spectrum
Milky Way halo. Neronov & Malyshev [1607.07328]. Also Ng+ [1609.00667]

The 3.5 keV is present in the
0-bounce spectrum of the Cosmos
field and CDFS (total cleaned
exposure 7.5Msec)

Combined detection has 11σ
significance

The spectrum of NuStar ends at
3 keV, so this is a lower edge of
sensitivity band

The 3.5 keV line has been previously attributed to reflection of the
sunlight on the telescope structure

However, in the dataset when Earth shields satellite from the Sun the line is
present with the same flux
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Line in Chandra from the same region of the sky
Cappelluti+’17 [1701.07932]

Combined 10 Msec of Chandra
observation of COSMOS and CDFS
fields (same as NuStar)

3σ detection of a line at ∼ 3.5 keV

Flux is compatible with NuStar

If interpreted as dark matter decay
– this is a signal from Galactic halo
outskirts (∼ 115◦ off center)

8

Fig. 4.— 1� (continuous line) and 2� (dashed line) limits on the
expected 3.5 keV line flux as function of the angular distance from
the GC by assuming a NFW profile with parameters from Nesti
& Salucci (2013). The profile is compared with our measurements
from the deep fields (black filled circles) and with the NuSTAR
results (red/blue filled circles). The downward � black arrow
represents the 3� limit derived from simulations. The downward�
blue arrow represents the 3� sensitivity to the 3.5 keV line with 50
Ms Chandra.

and shape are still highly debated (Bland-Hawthorn &
Gerhard 2016).

Assuming that all the intervening dark matter is asso-
ciated with a cold component that can be modeled with
an NFW profile (Navarro et al. 1997) given by:

⇢DM =
⇢⇤

x(1 + x)2
(4)

where x = r/rH ; here we adopt the parameters measured
by Nesti & Sallucci (2013): and therefore use d=8.02±0.2
kpc, rH=16.1+12.2

�5.6 , ⇢⇤=13.8+20.7
�6.6 ⇥ 106 M�/kpc3 and

SDM,GC=0.63±0.11 ph/s/cm2/sr. Using Eq. 2 we cal-
culated, with Monte Carlo integration, the 1� and 2�
confidence levels of the flux from DM decay along the
line of sight as a function of the angular distance from
the GC. This is shown in Fig. 4, wherein we overplot our
measurement and the NuSTAR measurement. The two
fields investigated here are basically at the same angular
distance from the GC of ✓ ⇠115 deg. Remarkably, our
measurements are consistent at the 1� level with such a
profile. This means the ratio of fluxes at ✓=115 and ✓=0
is consistent with the NFW DM decay model.

In terms of constraints on the number of neutrino
species (allowing one additional species of a sterile neu-
trino along with the 3 other usual flavors), Planck Col-
laboration et al. (2015) report that with the CMB tem-
perature data alone it is di�cult to constrain Ne↵ , and
data from Planck alone do not rule out Ne↵ = 4. At the
95% C.L. combining Planck + WMAP + high l experi-
ments they obtain Ne↵ = 3.36+0.68

�0.64. The Planck collabo-
ration has only investigated an eV mass sterile neutrino
as a potential additional species. So other than saying

that Ne↵ = 4 is permitted, there are no concrete CMB
constraints on keV sterile neutrinos.

Performing the line integral through the halo of the
Milky Way taking into account the f.o.v and given that
all 3 deep fields included in this analysis are at roughly
115 degrees, we compute the surface mass density along
the line of sight. Similar to our assumption adopted
above, the MW halo is once again modeled with an NFW
profile and the current best-fit parameters are adopted
from Nesti & Salucci (2013). Using the formulation de-
veloped in Abazajian et al. (2007), we use the measured
flux in the line to constrain the mixing angle sin2 2✓. Al-
though we use the integrated surface mass density of dark
matter in the Milky Way halo integrated out to the virial
radius, the dominant contribution comes from the inner
region - from within a few scale radii - of the density
profile due to the shape of the NFW profile. Using the
higher bound and the lower bound estimates for the total
mass of the Milky Way, we obtain the following values
for ⌃ the integrated surface mass density of DM:

⌃DM,High = 0.0362 gmcm�2;

⌃DM,Low = 0.0109 gmcm�2. (5)

Using these values and the equation:

sin2 2✓ ⇥ (
m⌫

1 1 keV
)4 ⇥ ⌃DM

gm cm�2
=

(
I⌫

1.45 ⇥ 10�4
) photons cm�2 s�1 arcsec�2,

(6)

we obtain that sin2 2✓DM,High = 6.92 ⇥ 10�10 and
sin2 2✓DM,Low = 2.29 ⇥ 10�10. Furthermore, we can now
estimate the lifetime ⌧ for this sterile neutrino species,
using equation 2 of Boyarsky et al. (2015):

⌧DM = 7.2 ⇥ 1029 sec(
10�8

sin2 2✓
) (

1 keV

m⌫
)5 (7)

and find that it is ⌧DM,High = 6.09 ⇥ 1027 sec and
⌧DM,Low = 1.83⇥1027 sec respectively. These mixing an-
gle estimates are in very good agreement with Figures 13
and 14 of Bul14. They can also be overplotted and seen
clearly to be consistent with Figure 3 of Iakubovskyi et
al. (2015).

However, despite concordance with parameters ex-
tracted from other observational constraints obtained
from X-ray data of stacked galaxy clusters and the Galac-
tic center, due to the significance of our detection only at
the 3� level, we cannot conclusively claim that this ob-
served 3.51 keV line originates from decaying dark mat-
ter. It would require a non-detection with at least 50 Ms
of Chandra observations to rule out this hypothesis (see
Fig. 4).

6. SUMMARY

In this paper, we have presented a 3� detection of an
unidentified emission feature at ⇠3.5 keV in the spec-
trum of the CXB with extremely deep integration time.
Examining the sources of possible origin for this feature,
we conclude that the line does not have a clear known
instrumental origin. The intensity and the energy of the
line is consistent with previous measurements that were
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Going out of GC

The line is now detected both in Galactic Center and in outskirts;

More detailed angular distribution will help to distinguish from astrophysical
lines;

We analyzed publicly available XMM-Newton data;

By now, we look into an inner circle with 35◦ radius;

Also, we removed the innermost circle (10’) as very inhomogeneous and
crowded by astrophysical sources;

The obtained 3.5 keV lines fluxes were then compared with fluxes of bright
nearby astrophysical lines at 3.1, 3.3, 3.7, 3.9 and 4.1 keV.
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Actual spectra I
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Actual spectra II
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Actual spectra III

3.0 3.2 3.4 3.6 3.8 4.0
Energy [keV]

0.12

0.13

0.14

0.15

0.16

Co
un

t r
at

e 
[c

ts
/s

/k
eV

]

180-600', MOS
Model with line
Model w/o line
Data

3.0 3.2 3.4 3.6 3.8 4.0
Energy [keV]

0.44

0.46

0.48

0.50

0.52

0.54

0.56

Co
un

t r
at

e 
[c

ts
/s

/k
eV

]

180-600', PN
Model with line
Model w/o line
Data

Denys Savchenko (BITP) 3.5 keV line in Milky Way New Trends in HEP, Odesa 2019 17 / 23



Actual spectra IV
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Actual spectra V
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Results:
Line fluxes are in cts/sec/cm2/sr, positions in keV, exposures in Msec, FoVs in arcmin2

Region 10′ − 14′ 14′ − 180′ 3◦ − 10◦ 10◦ − 20◦ 20◦ − 35◦

MOS/PN exposure 3.1/1.1 3.0/0.8 2.2/0.7 6.2/2.3 17.0/4.1
MOS/PN clean FoV 205/197 398/421 461/518 493/533 481/542
Total χ2 179/161 184/174 193/184 171/145 139/131

3.5 keV position 3.52+0.01
−0.01 3.48+0.02

−0.03 3.51+0.02
−0.01 3.56+0.03

−0.02 3.46+0.02
−0.01

3.5 keV flux 0.37+0.05
−0.08 0.05+0.03

−0.02 0.06+0.02
−0.01 0.022+0.007

−0.004 0.028+0.004
−0.005

3.5 keV ∆χ2 19.4 4.5 12.4 15.6 25.1

3.1 keV flux 8.89+0.09
−0.09 1.19+0.04

−0.05 0.21+0.02
−0.02 0.12+0.01

−0.01 0.14+0.01
−0.01

3.3 keV flux 1.40+0.07
−0.08 0.32+0.04

−0.04 0.11+0.02
−0.01 0.053+0.005

−0.007 0.065+0.004
−0.004

3.7 keV flux 1.30+0.07
−0.06 0.30+0.02

−0.03 0.033+0.013
−0.013 0.026+0.007

−0.007 0.050+0.007
−0.010

3.9 keV flux 3.63+0.06
−0.06 0.64+0.03

−0.02 0.06+0.01
−0.01 0.031+0.005

−0.007 0.057+0.003
−0.005

4.1 keV flux 0.62+0.06
−0.06 0.17+0.02

−0.03 0.013+0.013
−0.010 0.019+0.007

−0.005 0.017+0.003
−0.004
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Results
Surface brightness profiles. Joint modelling of the halo density profile.
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NFW(rs = 20 kpc) 7σ 3.494+0.002
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−0.014 0.57+0.05

−0.08

Einasto (rs = 14.8 kpc, α = 0.2) 6.9σ 3.494+0.002
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Results summary

We have detected the 3.5 keV line in 5 spatial regions offset from the
GC from 10′ to 35◦.

Able to find good joint fit with relative normalization of the line in
different regions fixed in accordance with a Milky Way DM density
profile

The flux in 3.5 keV line drops slower than the flux in the astrophysical
lines with the distance from the Galactic center
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Thank you for attention!
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Backup
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Not systematics!

By now the 3.5 keV line has been observed with 4 existing X-ray telescopes,
making the systematic (calibration uncertainty) origin of the line highly unlikely

Line is changing with redshift

ACIS-I is a silicon CCD while the imagers of NuSTAR are two
Cadmium-Zinc-Telluride detectors

Chandra has mirrors made of Iridium (rather than Gold as XMM or Suzaku)
– absorption edge origin becomes unlikely

Different orbits of satellites – cosmic ray origin is unlikely

Datasets accumulated over different periods (15yrs for Chandra vs. 3yrs for
NuSTAR) – not related to, e.g. solar activity

Is this a line from atomic transition(s)?

As argued by Gu+; Carlson+; Jeltema & Profumo; Riemer-Sørensen; Phillips+
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Next step for 3.5 keV line: resolve the line

A new microcalorimeter with a
superb spectral resolution – Hitomi
(Astro-H) was launched February
17, 2016

During the first month of
observations (calibration phase) it
observed the central part of the
Perseus galaxy cluster where strong
line was detected by XMM &
Suzaku

Spectrometer of Hitomi is able to
resolve atomic lines, measure their
positions and widths (due to
Doppler broadening)

Unfortunately, the satellite was lost few weeks after the launch
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What did we learn with existing Hitomi data?

Even the short observation of Hitomi showed no nearby astrophysical lines
in Perseus cluster → 3.5 keV line is not astrophysical Hitomi collaboration,
1607.04487
Astrophysical lines in the center are Doppler broadened with velocity
vth ∼ 102 km/sec (as measured by Hitomi collaboration)

Decaying dark matter line
broadening is determined by the
virial velocity of the Perseus galaxy
cluster, vvir ∼ 103 km/sec

For XMM/Chandra/Suzaku/Nustar
there was no difference – they
resolution did not allow to
distinguish broad from narrow lines

Hitomi sensitivity to broad line is
much weaker

1705.01837
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Future of the decaying dark matter searches in X-rays

Microcalorimeter on sounding rocket (2019+)

Flying time ∼ 102 sec. Pointed at GC only

Can determine line’s position and width

Another Hitomi (around 2020)

It is planned to send a replacement of the Hitomi satellite

Athena+ (around 2028)

Large ESA X-ray mission with X-ray spectrometer
(X-IFU)

Very large collecting area (10× that of XMM)

Super spectral resolution

“Dark matter astronomy era” begins?
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