Dark Matter Searches with the Micro-X X-ray Sounding Rocket
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Micro-X is a high-resolution X-ray spectroscopy sounding rocket mission. It flew for the first time in
July 2018, becoming the first program to carry Transition-Edge Sensors and multiplexing SQUID readout
electronics in space. The instrument’s original configuration was optimized for Supernova Remnant imag-
ing, and this same configuration is planned for the reflight in 2021. We propose to modify the payload for
indirect galactic dark matter searches in the X-ray band. Micro-X can achieve world-leading dark matter
sensitivity in the keV regime with a single 300 second flight. The modifications will widen the field of view
and optimize the detector response at higher energies. If an X-ray excess is seen (as has been previously
reported by the X-ray satellites), Micro-X will be able to differentiate an atomic line from a dark matter
signature. The modifications required to optimize the instrument for dark matter searches are understood
and attainable with current technologies.



1 X-ray dark matter detection

Galactic dark matter surrounds the plane of luminous matter in the Milky Way and should produce an all-
sky signal as seen from the solar system. This signal may be in the X-ray band if dark matter is one of the
candidates predicted to participate in X-ray-producing interactions'. A notable example is the keV-scale
sterile neutrino, which could decay to an X-ray and an active neutrino, producing an X-ray at half the sterile
neutrino mass”. If keV-scale sterile neutrinos make up galactic dark matter, they are therefore predicted to
produce an all-sky, monoenergetic X-ray signal.

Dark matter detection in the X-ray band is particularly compelling because several satellites (Chandra,
XMM-Newton, Suzaku, and NuSTAR) observe an excess at 3.5 keV that may be the product of a dark matter
interaction®~’. Broadly, these instruments have resolutions of ~100 eV at this energy, and the observations
are Ms-long. This excess is reported from the Galactic Center, galaxies, and galaxy clusters. It may be of
atomic origin, but this implies that flux predictions are off by an order of magnitude; laboratory astro-
physics efforts to explore the atomic interpretation cannot currently account for this excess®!'. Compli-
cating this discussion are the analyses that report no excess, sometimes even using the same data*>. These
analyses are limited by the low signal-to-noise ratio and systematic uncertainties of the instruments >3,
The line remains unconfirmed after limited observations with calorimeteric resolution as well'%!7. The
nature of this excess requires a new, high-resolution detector to be resolved.

2 The Micro-X Sounding Rocket

Sounding rockets are suborbital missions that provide approximately 5 minutes of data in the upper at-
mosphere (>160 km altitude). keV-scale X-rays are attenuated by the atmosphere, so they can only be
observed above this altitude. Sounding rockets are significantly less expensive than satellite missions, and
the instrument can be recovered after flight and reflown.

A sounding rocket mission with high-resolution detectors
and a large FOV is well-suited to an indirect galactic dark matter
search!”>!%, Galactic dark matter is an all-sky signal, so a 33°
half-angle FOV sounding rocket observes a dark matter flux that
is 2700 times that of XMM-Newton, making up for the short ex-
posure”. Microcalorimeters provide the resolution required to
separate the monoenergetic signal from nearby atomic lines '°. ADR
Modifying Micro-X for a large FOV makes it an excellent in-  S2tPil
strument for this observation ”:!8,

Micro-X launched in July 2018, marking the first operation
of Transition Edge Sensor microcalorimeters (TES) and Time-
Division Multiplexing (TDM) readout electronics in space. The array
instrument flew in its imaging configuration to observe the Cas-
siopeia A Supernova Remnant. While a rocket pointing error led
to no time on-target, X-rays from the on-board calibration source
were observed, and analysis of the system monitoring data made
this a useful engineering flight'”. The reflight is scheduled for
2021, and a modified version of the instrument for observing dif-
fuse, all-sky signals is then proposed for dark matter searches.

Filters

Figure 1: The Micro-X cryostat, which
opens to space on the bottom side, and
interfaces to electronics on the top side.

The detector in both configurations is a 128-pixel TES array
(Au/Bi absorber and Mo/Au TES?%?!). The detectors are read out with a TDM Superconducting QUantum
Interference Device (SQUID) system?>~>*. Temperature control for the cryogenic detectors uses a pumped
LHe cryostat and an Adiabatic Demagnetization Refrigerator (ADR) (Figure 1), which maintained a tem-
perature of 75 mK=+6 uK during the science observation in the first flight'°. Magnetic shielding minimizes

the field from the ADR and the Earth at the detectors '°. A vibration isolation system> kept any discernible
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heat from coupling onto the detectors during the first flight launch. With the largely successful demonstra-
tion of the instrument during the first flight, modifications are being implemented from the lessons learned
in preparation for the SNR reflight ', The program will then be in a position to prepare modifications for a
dark matter search.

To reach the dark matter instrument goals Configuration First flight  Dark Matter
shown in Table 1, modifications are required Operating temperature 75 mK 75 mK
for a larger FOV and a higher-energy band- Energy resolution 45-10eV  3eV
pass, as described in'®. The proposed detec- Bandpass 02_-4keV  05—10keV
tors are a Mo/Au bilayer TES with a Au/Bi  Effective area 0.47 cm? 1.1 cm?
absorber (3 um Bi, 0.7 um Au). The expected  Eield of view 11.8 arcmins 33 degrees
signal rate is <10 Hz across the array (<1  pservation time 300 s 300 s
Hz/pixel), which is well within the readout ca- Expected counts 13.000 2400

pabilities of the system.
Table 1: Micro-X instrument specifications

3 Dark Matter Sensitivity

The proposed first target is a region near the Galactic Center that is relatively quiet in the X-ray band. The
background spectrum is a nearly flat continuum with 0.6 counts/flight/2.5eV'7. Using the flux derived
from2°, 20.344.5 signal events are expected in a single flight, corresponding to >5¢ significance '®. Micro-
X will be sensitive to both the reported 3.5 keV excess and to any X-ray signature of dark matter in this
energy band. In the case of sterile neutrinos, this sensitivity can be converted into the parameters shown
in Figure 2. The Micro-X observations are statistics-limited, so additional flights will further increase the
sensitivity. If a line is detected, Micro-X can discern between dark matter and an atomic origin by mapping
the Doppler shift of the line across the Galaxy with multiple flights>’*®. An atomic background will be
co-moving with the Earth, while a dark matter signal will come from the stationary halo. This “velocity
spectroscopy” drives the 3 eV resolution specification of the TES array.

The Micro-X observation is highly complementary with future XRISM satellite >**" observations. Micro-

X is optimized for the all-sky galactic signal, and its short flight precludes it from observing fainter targets.
XRISM will get excellent spectra from extragalactic sources like galaxy clusters and dwarf spheroidals. If it
were to observe the Galactic Center, it would take 35 Ms of observation time to accumulate the same signal
flux as one Micro-X flight. In a more realistic scenario of co-added observations, it would take >100 Ms of
data to accumulate the same signal flux. Thus a combination of data from both experiments is an excellent
way to enhance sensitivity to dark matter signals in the X-ray band.
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Figure 2: Projected sensitivity to sterile neutrino dark matter from first (green dotted) and second (red

dash-dotted) proposed targets '®. Previous claims from?°,3!, and” are shown in red, maroon, and blue dots,
respectively. Previous exclusion limits from X-ray observations (shaded) and XQC (black line 17y are shown.
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