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 BBN/ CMB

e Clusters

e Galaxies/Local
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Dark Matter Detection

 Direct Detection

 Collider Search

* Indirect Detection
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Dark Matter Indirect Detection
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X-ray Searches of Dark Matter

Chandra (1999 - )

e Sensitive instruments

 Well Motivated Candidates
— Sterile Neutrino (keV)
— Axion-like Dark Matter
— Gravitino
— Exciting Dark Matter
— ++++++
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Sterile Neutrino Dark Matter Production

* Non-resonant production
— Dodelson Widrow 1994
— Warm DM

* Resonant production
— Shi Fuller 1999
— Modified by primordial lepton asymmetry
— Cool DM

* Decay of heavy particles
— E.g., Petraki Kusenko 2008
— Collider signatures
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Sterile Neutrino Dark Matter

Phase space
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3.5 keV line excess!

e Bulbul et al (2014)
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3.5 keV line excess!

* Boyarsky et al (2014)

Sount rate

-
:
:
é'

© 1ioe at 3.5 kaV
Line at 2.5 hav >

Data ~ model

5.4 3.6
Energy [hev)

Sin%(2 theta) ~ 2-20 x 1011

28th Oct 2019 Kenny C.Y. NG, MPIK 2019



Follow-up Observations (2014)

. Rimer-Sorensen [1405.7943] Chandra GC

. Jeltema,Profumo [1408.1699] XMM GC IR
Boyarsky + [1408.2503] XMM GC

Malyshev + [1408.3531] XMM dwarfs

Anderson + [1408.4115] Chandra+XMM Galaxies
Urban + [1411.0050] Suzaku Clusters [ ]

. Tamura + [1412.1869] Suzaku Perseus

N o VA wN R
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Follow-up Observations (2015-2017)

Sekiya+ [1504.02826] Suzaku Diffuse Background
Figueroa-Feliciano+ [1506.05519] XQC MW
Riemer-Sorensen+ [1507.01378] NuSTAR Bullet Clusters
lakubovskyi+ [1508.05186] XMM Individual Clusters
Jeltema Profumo [1512.01239] XMM Draco
Ruchayskyiy+ [1512.07217] XMM Draco B

Franse+ [1604.01759] Suzaku Perseus [ ©

Bulbul+ [1605.02034] Suzaku Stacked Clusters
Hofmann+ [1606.04091] Chandra Stacked Clusters

WooNOULkWNRE

10. Neronov+ [1607.07328] NuSTAR MW [ ]
11. Aharonian+ [1607.07420] Hitomi Perseus
12. Perez+ [1609.00667] NuSTAR GC

13. Cappelluti [1701.07932] Chandra Deep field 10 Ms
(3 sigma)

And some that | may have missed......
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PAONRIIPAONRS

 Dessert, Rodd, Safdi 1812.06976
— XMM Newton
— ~30Ms
—5° —45° from GC

MOS data

+ data PN data

---- back. + signal
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PAONRIIPAONRS

* Boyarsky, lakubovskyi, Ruchayskiy, Savchenko
1812.10488
— XMM Newton
— ~ 40Ms
— 10" — 35°

0 XMM-Newton,

GC (B15)

10° 10!
Angular distance from Galactic Centre [deg]
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PAONRIIPAONRS

* Hofmann, Wegg 1905.00916
— Chandra, ~1Ms
— Galactic Bulge
— 1.5 sigma detection
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What is the 3.5 keV line?

* New astrophysical lines

— Sulphur charge exchange line?
Gu + 2015, Shah+ 2016

* Atomic abundance/ emissivity
— Systematics?  urban+2015.....

e Particle Physics Models
— ALP magnetic conversion [B-field]? cicoli+ 2014.......

— Exciting Dark Matter [Velocity]? Frinkbeiner & weiner 2014
— +++++
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What to do next?

* New Instruments?
— Astro-H (Hitomi)
— Sounding Rockets
— NuSTAR
— Insight/HXMT ??

* New Techniques?

other detections (Bul4a, 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).

Bulbul+ 2016

— Velocity Spectroscopy

28th Oct 2019
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Astro-H (Hitomi)

e Launchedin Feb 17, 2016

e 107-3 energy resolution . _
Simulation

APEC(4keV)+Line(3.55keV, sigma=15eV), 1Msec
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Lovell et al
1810.05168

d/Mpc = 69.5
FoV = 0.023°
Aper./kpc= 28

28th Oct 2019

Astro-H (Hitomi)

C-EAGLE

Aharonian et al
[1300,1700]km/s ~ 200ks

1300km/s

T15 Perseus (90%)
P16 GC NuSTAR
fusters
—_M14 Dwarfs (90%)
3T(90%)

Abazajian 2017

May not rule out the dark matter
interpretation using only the width

Kenny C.Y. NG, MPIK 2019
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Dark Matter Velouty Spectroscopy

28th Oct 2019

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

Fao Milky Way illustration by Nick Risinger (CC:BY);

Kenny CYY. NG, MPIK 2019

additional graphics by APS/Alan Stonebraker
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Milky Way Gas (Background)

e Gas and the Sun
co-rotate in a disk

— V2~ GM/r

* Astro-physical line

in + longitude!
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Milky Way Dark Matter (signal)

e Velocity of the Sun
_ (+)220km/s, +longitude  [IDZNE

Matter

e Mean dark matter
velocity ~ 0

e DM line

for +longitude
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Dark Matter Velocity Spectroscopy

* Need to model both line shifts and line widths

- dN . »
al 1 1 dN / 0 / dlp, [r(0)]
dil.  4mm, dE |

Line shift
Atomic tomography

[ ds putrls. o) 2

Rope

Line dispersion

- MW Gravitational potential
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Spectrum

Y ZMS Astro_H Red Shift Blue Shift
observation

— > 5 sigma detection

 Taken into account
both intrinsic and
detector line
dispersion.

’

AE/E, [%]
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DM — Astro Separation (MW)

* Clean separation
ol D1\Y/
— Astro

Red Shift

— Detector effect

O

e Two obs. -> 3.60
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Blue Shift

e Minimal
theoretical s
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DM Velocity Spectroscopy

Extra handle for testing line-like signal

— The “smoking gun” sometimes is not enough

— HERD (GeV-TeV)

 Photons and electrons
e 20207

Dark astronomy/cosmology
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Software error doomed
Japanese Hitomi spacecraft

Kenny C.Y. NG, MPIK 2019
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A new Mission!

* Two detectors
* 2020-20217
The XRISM project initiated by JAXA

JAXA has established the project team for X-Ray Imaging and Spectroscopy Mission (XRISM, p
spectroscopy capability of ASTRO-H, which had been in preparation under the name X-ray Astrq
held in June, JAXA confirmed that all aspects of project implementation, including the managem
mitigation system are all satisfactory, and that the necessary countermeasures for the ASTRO-
project team dated 2018 July 1.

XRISM is scheduled for launch during the Japanese Fiscal Year 2020 (April 2020-March 2021).
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Sounding rocket (XQC, Micro-X)

http://space.mit.edu/micro-x/open-house/files/Micro-X-Pup-A-2.png
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Sounding Rockets

e XQC (2011, 106s)
* Micro-X
— Will likely detect the line!

28th Oct 2019 Kenny C.Y. NG, MPIK 2019
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Velocity Spectroscopy with Micro-X?

* Wide FOV

1611.02714
Powell, Laha, KCYN, Abel

Analvtic NFW

(v~ ’,,"“('}.\Alll { cosb

t t Micro-X

t  10x exposure

t  100x exposure

* Tested with Nbody simulation g
— Micro-X
— 6 obs, >30

* Looks promising!
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Sterile Neutrino Dark Matter

Model
Dependent
(nuMSM)

Not applicable in,
e.g.

0711.4646
Petraki, Kusenko,
1507.01977
Patwardhan et al
Etc etc
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NuSTAR

* Nuclear Spectroscopic Telescope Array

* Neronov, Malyshey,
Eckert [1607.07328]

— Diffuse sky, MW halo

* Perez, KCYN, Beacom,
Hersh, Horiuchi,
Krivonos
[1609.00667]

— Galactic Center

28th Oct 2019 Kenny C.Y. NG, MPIK 2019
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Kenny C.Y. NG, MPIK 2019
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NuSTAR

* Focusing observations
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Zero Bounce Photons

* 500cm2
->10cm2

* 0.1deg
-> 2deg

e Diffuse
Dark
Matter /

I Deplorable Mast

2 Gy

LI AA l"""/r/lv/ /‘/ NS v ~ 4 "q
Y % j':{f{//,/,/,,;/////1//’ e

Focal Plane/
Detectors
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NuSTAR MW GC Observation

Perez, KCYN, Beacom, Hersh, Horiuchi, Krivonos 2016
(1609.00667)

two detectors
. L& '

28th Oct 2019 Kenny CY. NG, MPIK 2019 Perez+ 2016
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Spectra
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NuSTAR Background Model?

* Default background model from Wik et al 2014
* Phenomenological model

Neronov+ 2016
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Checking 3.5 keV in more detalil

e Occulted data in GC obs (Earth blocked)
Preliminary

. ; a0 -
e nom (90% C.L
o0 ' M

* Not as significant (less statistic)
* Flux consistent
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3.5 keV in NuSTAR

 Work in progress

Preliminary

e But this suggest:
— Detector artifact
— Detector emission
— Maybe Solar

e Not sure about the other
iInstruments

— Very different detector
design!

28th Oct 2019 Kenny C.Y. NG, MPIK 2019
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Spectra
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Dark Matter Limit perezs 2016

handra M31 g E

Resonantly produced Z 3
Sterile Neutrino E >
Dark Matter in 5 ;
nuMSM Satellite E,
-

Counts

Strong limits above
~10keV

- NuSTAR GC (2016)
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NUuSTAR Andromeda

e 8 observations
* 1.2 Ms (A + B module)

KCYN, Roach, Perez, Beacom,
Horiuchi, Krivonos, Wik
1901.01262

28th Oct 2019 Kenny C.Y. NG, MPIK 2019
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NuSTAR M31 Spectrum

e 0-bounce + 2 bounce!

— 1.5x (decay) — 2.5x (ann.)
signal boost

* Lower astrophysical
background
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e Statistically combined
(not stacked)
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NuSTAR M31 Constraints

* Closing in the
nuMSM window

— ~ 13keV

— New production
method for SnuDM

* Updated production
computation

— Venumadhav et al.
2016
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NuSTAR Galactic Bulge analysis

Galactic Center: Perez, KCYN, Beacom, Hersh, Horiuchi, Krivonos (1609.00667)
M31: KCYN, Roach, Perez, Beacom, Horiuchi, Krivonos, Wik (1901.01262)
Galactic bulge: Roach, KCYN, Perez, Beacom, Horiuchi, Krivonos, Wik (1908.09037)
Gal. Longitude ¢
0° 15°

e Two dedicated observations

— ~200ks
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e Large J-factor
* Small Background

e >5 keV
— 10 keV DM mass

28th Oct 2019
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Closing the window with NuSTAR

Roach+ 1908.09037

* More observations

* |Include 3--5 keV data?
— Testing the 3.5 keV line
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A new window to the Universe:

Gravitational Waves!
* Extreme Mass Ratio Inspirals (EMRI)

Dark Matter “Spike” Gondolo Silk PRL 1999
Detecting DM spike with GW: Eda+ 2013, 2014

Viermi = Vescape

é& <6 n2h3p>1/ 3 3 Jz G (Mgy + M)

m*g R

p 1/4
my = 30 keV (1020 GeV/cmS) X
(R/20Mpgy)

/ Hannuksela, KCYN, Li
1906.11845

ElT DM spikes are not compatible with keV fermionic DM
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Conclusion

* Jury is still out for the 3.5 keV line.

 New Hitomi (maybe 2021)
— Apply Velocity Spectroscopy

* Micro-X (1 flight launched Jul 2018)

NuSTAR may be surprisingly powerful at 3.5keV
— Or maybe not

NuMSM under siege

Athena (~ 2029) ......

ThanksyouI
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Back ups

Kenny C.Y. NG, MPIK 2019
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Correction factor

/\

—— 2b correction factor [decay]
2b correction factor [annihilatio

101
Energy [keV]
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NuSTAR

* Focusing observations
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FlG
th

Zero Bounce Photons

.2 The ratio of the aperture and the focised

dark matter signal as a function of energy

Kenny C.Y. NG, MPIK 2019

Neronov+ 2016
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NuSTAR diffuse MW

Ty
A t N ...

Neronov+ 2016
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[Latest] Chandra Deep Sky 1701.07932

* ~3 sigma detection




Velocity Spectroscopy

* 10°E resolution <->Typical MW velocity
(~100km/s)

— Velocity effects become important!

* CO, AL26
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[Latest] Chandra Deep Sky 1701.07932

* Morphology
consistent with NFW

* Consistent rates
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