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1 SUMMARY

The evolution of astronomy from isolated disciplines centered on specific wavelengths to panchro-
matic and multi-messenger science is the legacy of the last 50 years of research. X-ray observations
are a crucial part of this, and key advances in optics and detector technology have paved the way
for a mission that surpasses Chandra in angular resolution by a factor of ~2 and sensitivity by an
order of magnitude. This mission will transform the following areas of astrophysics:

The growth and fueling of supermassive black holes
The transient universe

Galaxy formation and evolution

The microphysics of cosmic plasmas

A wide variety of cutting-edge observatory science

The Advanced X-ray Imaging Satellite (AX1S) will make these scientific advances within the
constraints of a Probe-class mission. This is due to imaging capabilities (see Table 1) that exceed
both Chandra and ESA’s planned Athena mission (see Figure 1). This document is a summary
of the full 50-page AXIS study report submitted to NASA, available at arXiv:1903.04083."
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Fig. 1 — AXIS can measure the innermost stable circular orbit and spin of the supermassive black hole in a quadruply-
lensed quasar (HST image at left) through monitoring variability of the quasar’s multiple lensed images (A1, A2, B,
C). The 30 ks Chandra image (0.8 HPD) has limited photon statistics and does not separate Al and A2, whereas a
30 ks AXIS exposure (0.4” HPD) will yield high-quality spectra from each quasar image and variability on timescales
much shorter than those accessible by Chandra. The 5" Athena PSF is shown in the right panel.

AXIS has a rapid spacecraft response and straightforward mission operations, giving high ob-
serving efficiency and permitting extensive time domain science at 100 times the sensitivity of the
Swift XRT. This opens up a vast discovery space, and complements the next generation of astro-
nomical observatories (such as JWST, WFIRST, LSST, SKA, TMT, ELT, CTA), while providing an
extensive guest observer (GO) program. The strong synergy between Chandra and XMM-Newton
shows that having a complementary high-throughput, high-spectral resolution spectroscopic mis-
sion (Athena) operating at the same time as AXIS greatly increases the range of science discovery.

The simplicity of AXIS — a single mirror and detector, and few moving parts — results in
a robust, low cost design. AXIS builds on developments in X-ray mirror technology over the
past decade that will produce high-angular resolution lightweight X-ray optics at reasonable cost,
utilizing precision polishing and thin single-crystal silicon mirrors. An angular resolution better
than 1” after accounting for gravity distortion for a mirror pair module was demonstrated in 2019,
and recently, mirror segments with 0.5” performance have been regularly fabricated at GSFC.
The AXIS spacecraft design was developed during NASA/GSFC Instrument (IDL) and Mission
(MDL) Design Lab studies, and uses proven components and methods to meet requirements. The
estimated mission cost is consistent with the $1B Probe mission cost cap in 2018 dollars.



Parameter Value AXIS vs. Chandra
Angular resolution on-axis 0.4” 2x sharper
(HPD, at 1 keV) 15 off-axis 1” 28 sharper
Energy band 0.2-12 keV Similar
Effective area at 0.5 keV 7000 cm? 15x more collecting area
(mirror + detector) at 6.0 keV 1500 cm? 6x more collecting area
Energy Resolution at 1.0 (6.0) keV 60 (150) eV Similar
Timing Resolution < 50 ms 6 brighter pile-up limit
Field of View (FoV)  HPD <1” 24" x 24/ 70x better for < 1” imaging
Detector Background at 1 keV 2x107* ct/s/keV/arcmin® 50x better sky/background
Slew Rate 120°/5 min Comparable to Swift

Table 1 — AXIS mission parameters compared with Chandra best-in-class values (at launch).

2 KEY SCIENCE OBJECTIVES

AXIS complements the portfolio of the next
decade, including WFIRST, LIGO, 30m-
class telescopes, and the high X-ray spectral
resolution Athena mission. It will enable
breakthroughs in many issues raised by the
Astro2020 Science White Papers (Table 3)
via community participation in an extensive
guest observer program. A few key science
topics are detailed below.

2.1 The Growth and Fueling of Su-
permassive Black Holes (SMBHs)

X-rays are the cleanest, most unbi-
ased wavelength to identify and quan-
tify SMBH growth and fueling, and can
probe the regions very close to the black
hole, even for quasars at z = 2.

The existence of ~ 10°M,, black holes
only 800 Myr after the Big Bang is a ma-
jor unsolved problem, requiring either ex-
tremely rapid growth from Pop III remnants
in the early universe or the direct collapse of
10%5M, seeds of gas. AXIS will address the
early growth of black holes through deep
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Fig. 2 — Area vs. flux limit for planned AXIS surveys com-
pared with Chandra, XMM, Athena (1-year) and eROSITA
surveys. Grayscale shows the number of expected z > 6 AGN
detectable in the survey >3, black dots present day surveys.

and wide angle surveys, which will detect ~100 SMBHs at z>6, the progenitors of the newly
discovered z~ 7.5 quasars out to z =13, and >10°> AGN across all redshifts. The deep and wide
surveys will require ~ 10% of the AXIS observing time over a 5-year period, and will measure the
redshift-dependent luminosity function to z > 8.

Figure 2 illustrates how AXIS will exceed current and future surveys. While Athena will detect
a similar number of bright high-z AGN, sub-arcsecond resolution is needed to identify their hosts
and disentangle high-z AGN progenitors from star forming galaxies>®. Meanwhile, most high-z
AGN will be obscured, making it difficult for WFIRST or LSST to isolate their signal.
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The unique identification of counterparts and the wide range of multi-wavelength data will
determine the correlation of the AGN nuclear properties as a function of mass and star formation
rate. In addition, these surveys will greatly expand the sample of “dual SMBHSs” out to z ~ 2, as
X-rays are the most efficient and robust way to detect them’. These results will measure the rate
of binary BH formation, the population from which LISA sources are drawn?.

AXIS will provide an unprecedented view of the process of accretion by imaging the Bondi ra-
dius for at least 25 nearby non-AGN SMBHs, compared to the two that Chandra has imaged®'°!!;
Figure 3). Those observations imply the presence of both rapidly cooling inflows and strong out-
flows. AXIS will measure the temperature and density of the gas and strongly constrain theories of
BH accretion, determining why most BHs in the local universe are not radiating. Beyond expand-
ing the sample, we will perform spatially resolved spectroscopy that is not possible with Chandra.

AXIS can probe even closer to the SMBH, on the scale of the Event Horizon Telescope, when
aided by gravitational lenses. Microlensing (by stars) of quasars behind galaxies produces caustics
that magnify as they sweep over the quasar '>!3. The detection of individual caustic crossing events
will be spectacular, revealing the gradual change in continuum and the profile and energy of the 6.4
keV Fe Ka line as the caustic sweeps over the accretion disk and corona, directly measuring their
origin. Comparing the X-ray and optical variability constrains the structure of the accretion disk !4,
the size of the hot corona, inner accretion flow, and dusty torus, and the spin of the black hole ',
Already, Chandra observations of a handful of quasars show that the X-ray emitting corona is very
compact'®!7 with one source having a well determined spin and size '®, but this sample cannot be
expanded. LSST will provide a pool of >4,000 lensed quasars with 0.5 < z < 5 for AXIS to follow
up and study their evolution, providing notice of caustic crossings.

M87 T —
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Fig. 3 — Lefr: AXIS will map the accreting gas that fuels SMBH in detail. The black hole’s sphere of influence is
shown by the white circle on this Chandra image of M87. Chandra’s resolution and soft X-ray response limit studies
of the gas properties within this region. Right: A simulated AXIS spectrum for a 0.5"” x0.5” region (box in left panel)
from a 500 ks observation. AXIS will map the rapidly cooling, inflowing gas with k7" < 0.5 keV (blue curve).

2.2 The Transient Universe

X-ray follow-up observations are an efficient tool for identifying transients because (1) they
can quickly localize transients with large positional errors, and (2) X-rays can reveal the
nature of transients that may not have unique signatures at other wavelengths.

The 2010 Decadal Survey ranked LSST as the highest priority project for ground-based as-
tronomy, indicating that time-domain astronomy is an essential component in understanding our



universe. LSST, SKA, and LIGO will vastly increase the detection of transient sources. Many
of these, from stellar flares and novae to binary neutron star mergers and tidal disruption events
(TDEs) are X-ray emitters, and the keys to successful follow-up are high sensitivity and rapid,
flexible response. AXIS has a rapid re-pointing response with operations similar to Swift, but is
100 times more sensitive than the Swift XRT for time domain science. Based on the desires
of the GO community, AXIS could devote at least 10% of its observing time to studies of
transient objects.

TDEs, the capture and tidal disruption of a star, ! are laboratories for super-Eddington flows
and accretion state transitions. X-rays probe the region closest to the SMBH, necessitating sensitive
X-ray monitoring, currently done by Swift. AXIS will enable spectroscopic monitoring of much
larger samples of more distant and intrinsically less luminous TDEs discovered by LSST. TDEs
are a promising way to detect BHs too small to detect dynamically, and find new and unexpected
phenomena like the recent off-nuclear X-ray TDE candidate with a BH mass of 10*3M 2!

In the era of multi-messenger as-
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Fig. 4 — The X-ray luminosity and variability timescale of vari- Arcsecond angular resolution is
ous astrophysical phenomena. AXIS is designed to follow-up tran- the key to such followups. At 200
sients from future all-sky monitors like LSST and LIGO that will ~ Mpc, a similar event to GW170817
probe much larger distances. The right axis (in blue) denotes the  would be 2" away from the nucleus;
distance out to which AXIS can detect these transients in just 20 ks. Athena, with its 5" resolution, would
not be able to distinguish the event from an AGN, ultraluminous X-ray source (ULX), or magne-
tar, since these sources are highly variable and of similar luminosity to a GW event, and could be
confused with the neutron star merger.

With LISA scheduled to launch in the 2030s, it is important to understand how to obtain the
electromagnetic counterparts to the LISA GW sources. The strongest candidates will be AGN-like
sources in mergers; AXIS can detect an “average” 10° M., merger at z = 2 with 2-hr exposures,
allowing a sensitive search of 1 sq degree LISA error boxes in less than a day?*.

AXIS will serendipitously detect transients, like ULXs, novae, and core-collapse SN, out to
significant distances (Figure. 4). Within a distance of 250 Mpc, AXIS will detect an average of
~1.5 MW-mass galaxies per field of view; in a 50 ks exposure, it will detect all of the ULXSs in
those galaxies. With a <50 ms time resolution, we can search for ULX pulsation?*. AXIS can detect
classical novae (Ly ~ 10°° erg s™!) out to a distance of ~1 Mpc, allowing X-ray flux measurements
for all classical novae in the Local Group. Core-collapse SNe have Ly ~ 103! erg s™'. AXIS can
detect a SN with Ly ~ 10* erg s™'at a distance of 400 Mpc, allowing access to thousands of SNe
per year.




2.3 Galaxy Formation and Evolution

X-ray emission can measure the metallic-
ity, temperature and density of the hot gas
around galaxies that serves as both their
long-term source of fuel and the depository
of feedback energy, mass, and metals.

AXIS will characterize the hot gas around
and between galaxies and measure SNe and
AGN feedback across cosmic time. It will
trace star formation to z > 3 through the well-
determined scaling relation between the X-ray
luminosity and star formation rate?%?’. Atz > 1,
many galaxies have SFR > 100 M, yr! and
will be detected by AXIS in 100300 ks ex-
posures. With its high resolution, AXIS can
separate the AGN, X-ray binary emission, and
circumgalactic medium (CGM), important as
these systems frequently host obscured AGN.
For lensed galaxies®®?°, AXIS can spatially re-
solve and characterize the hot ISM at z > 3. Fig. 5 — In this simulation of large scale structure?’,

AXIS will also detect the raw material for  color shows X-ray brightness of the IGM, revealing a
salaxy rowih and th resuls of feedback which €0 o Hamens i sy s o g o
produce the hot circumgalactic and intergalac- be able to reach much farther into those dynamic, but
tic medium (CGM/IGM). While ACDM models very dim regions (the white contour) than any other X-
predict that L+ galaxies are surrounded by ex-  ray instrument.
tended hot halos which contain the majority of
the baryonic and metal content®*3!, direct detection of this hot gas is presently limited to a only
a handful of massive spiral galaxies®?. AXIS will detect and characterize the hot CGM around
many individual L, galaxies within d < 200 Mpc. Owing to its low background, AXIS will be able
to study the gas in galaxy clusters out to twice the cluster virial radius (Figure 5), testing cosmic
structure formation theories** at the interface between the clusters and the vast cosmic web.

High-resolution Chandra images of a few nearby clusters, such as Perseus, reveal rich AGN-
induced structure®*, but the detailed processes which heat the intracluster medium are unclear.
AXIS maps of density, temperature, and non-thermal emission on 0.5-10" scales in combination
with high resolution spectra from Athena, over a wide range of redshifts, masses, and cooling
rates, can untangle the AGN heating mechanisms. The same processes should also operate in
galaxy groups and individual galaxies*>, enabling a detailed study of feedback at all scales.

SMBHs play a central role in regulating the growth of massive galaxies. The energy released as
they grow (and shine as an AGN) can heat up and/or expel star forming gas from the galaxy¢. The
physical processes underlying AGN feedback and how they scale are amongst the most pressing
problems in galaxy evolution. AXIS can resolve the shock interaction between the ISM and AGN
wind in > 20 nearby systems and search for non-nuclear AGN related emission. Combined with
ALMA and Athena tomography, this will constrain radiative feedback models>®.

During periods of intense star formation, multiple SNe combine to drive multiphase galac-
tic winds*’*%. In survey fields, AXIS can detect strong winds (like that in NGC 6240; Ly >
10*! erg s7!) out to z ~ 1 and characterize large samples of starburst galaxies at lower redshift.
AXIS can also probe how HMXBs contribute to reionizing the Universe at z > 6 by studying how
they ionize and remove gas enshrouding young star clusters in low-z Lyman-break analogs**404!,




2.4 The Microphysics of Cosmic Plasmas

X-ray observations can uniquely measure the fundamental physical parameters of hot plas-
mas, such as their viscosity, shock structure, thermal conductivity, magnetic fields, diffu-
sion coefficients and equilibration timescales.

Plasma physics often forms the physical basis in models for many complex phenomena in the
Universe, from solar flares to galaxy formation to the emergence of large scale structure. Precision
cosmological tests based on galaxy clusters are only as precise as our understanding of the cluster
plasma physics. Models of the growth of structure and black hole feedback rely on energy transport
in hot, tenuous plasma, but the viscosity, heat conductivity, energy exchange between thermal
particles, cosmic rays and magnetic fields, are poorly known. AXIS is uniquely suited to probe these
properties through finding and studying shocks and other sharp features in many astrophysical
plasmas, such as those in galaxy clusters and supernova remnants (SNRs).

Shock front structure, as observed in X-rays, can diagnose several plasma physics processes.
For example, Chandra has attempted to constrain the electron-ion equilibration timescale in three
clusters*> by resolving the shock electron temperature profile, with contradictory results*#+43,
AXIS will perform this test, only possible in clusters, in many shocks. X-ray observations of the
sharpness and structure of contact discontinuities (“cold fronts”) in clusters*® may diagnose the
plasma viscosity and thermal conductivity. Cold fronts are produced by “sloshing” of gas in the
cluster potential*’, which leads to velocity shear across the front and Kelvin-Helmholtz instabili-
ties, unless they are suppressed by viscosity ®**°. Chandra has discovered such instabilities in a few
cold fronts and bounded the effective isotropic viscosity to <1/10 of the classical value>%>1:523,
By vastly increasing the accuracy and sample size, AXIS will determine if significant nonzero vis-
cosity is required. Faint tails of stripped gas behind infalling galaxies is another sensitive viscosity
diagnostics that AXIS will advance.

Fast (several thousand km s7!) SNR
shocks are characterized by thin rims of X-  |EE&e e e T
ray synchrotron emission, and probe mag-
netic field amplification. However, only a few
synchrotron-dominated shocks can be stud-
ied with Chandra>*>°, and many examples
are needed to understand field amplification.
Faint X-ray emission ahead of the shock is
also expected from cosmic-ray diffusion, but
has yet to be detected®. Finding this precur-
sor will constrain the diffusion and scattering

Fig. 6 — Simulated Chandra (left) and AXIS (right) ob-
: servations of Jupiter’s aurora. AXISwill resolve daily fluc-
lengths of cosmic rays — a strong comple-  tuations in Jovian X-ray emissions and magnetic field re-
ment to gamma-ray observations. In very dim  connections on 1000-km scales, allowing a comparison of

outskirts of galaxy clusters, AXIS will be able these changes to daily auroral and atmospheric weather

to find numerous shock fronts that are sites of ~ V<"

acceleration of ultrarelativistic cosmic rays. Studying them jointly with current and future low-
frequency radio arrays such as LOFAR will greatly advance our understanding of particle acceler-
ation in plasmas.

2.5 Observatory Science with AXIS

From understanding the habitability of exoplanets to mapping ISM dust in our galaxy, X-ray
imaging provides a unique and complementary probe to a range of science topics.

Like Chandra, AXIS will be a general purpose astronomical observatory that is primarily
guest observer driven. This document can describe only a fragment of the science that AXIS
will advance. AXIS data will be crucial for studying supernovae and SNRs, magnetars and pul-



sar wind nebulae, timing of ULXs and X-ray binaries in the local group, galaxies and pulsars,
stellar coronae and star-forming regions, dust properties in the MW and M31, the galactic center,
and even solar system targets like comets, the Moon, and Jupiter (see Figure 6). The AXIS spa-
tially resolved data will be complementary to the detailed studies of spectral lines with XRISM and
Athena). The legacy, begun by Chandra, of high-spatial resolution imaging of the X-ray universe
can be continued and dramatically enhanced within the scale of a Probe-Class mission.

3 TECHNICAL OVERVIEW

A full description of the AXIS mission implementation is given in our report to NASA HQ, avail-
able on arXiv'. Here, we give a brief summary of the technologies required for the mission.

3.1 AXIS Mirror Assembly

The design and implementation of the AXIS mirror assembly drives the AXIS science performance
and programmatic requirements on mass, volume, production cost, and schedule. It incorporates
knowledge and lessons learned from designing and building mirror assemblies for past and current
observatories, including Chandra, XMM-Newton, Suzaku, and NuSTAR. The AXIS mirror assembly
is made possible by the recent conception and development of the silicon meta-shell optics tech-
nology pursued by the Next Generation X-ray Optics (NGXO) team at NASA GSFC. The design,
described below, results in a 9-m focal length mirror, with inner and outer diameters of 300 and
1700 mm, respectively. A total of 16,568 mirror segments (each 100mm x 100mm x 0.5mm) are
arranged into 188 mirror modules, which are then grouped into 6 metashells. These 6 metashells
are assembled into the final mirror assembly, which has a total mass of only 454 kg.

Silicon meta-shell optics technology, in development since 2012, combines the precision op-
tical polishing technology that enabled Chandra’s exquisite PSF with the use of mono-crystalline
silicon material, fabricated into 0.5mm thick mirrors>’. The process takes advantage of the ready
availability of mono-crystalline silicon, along with the equipment and processing knowledge accu-
mulated by the semiconductor industry. This technology meets the three-fold requirement on the
AXIS X-ray mirror assembly: (1) better PSF than the 0.5” Chandra mirrors, (2) more than 10 times
lighter per unit effective area, and (3) more than 10 times less expensive per unit effective area.

There are four major steps in building

the AXIS mirror assembly, shown in Fig-

ure 7: (1) mirror segment fabrication, (2) secondary
integration of mirror segments into mirror '
modules, (3) integration of mirror modules ¥ rimary
into mirror meta-shells, and (4) integration strayight

Of mirror meta_ShellS }nto the ﬁnal m%rror as- 16,568 Mirror Segments 188 Mirror Modules
sembly. The AXIS mirror assembly is made Mass: ~0.01 kg each Mass: ~1.8 kg each
of silicon, with only trace amounts of foreign
materials. This effectively uniform composi-

tion enables the mirror assembly to operate 1
at a temperature different from room tem- <
perature at which it is built and tested, sig-

nificantly reducing logistical complexity and
the costs of building, testing, and operating.
The excellent thermal conductivity of silicon
(two orders of magnitude higher than glass)  Fig. 7 — A hierarchical approach to build the AXIS mir-
enables AXIS to meet the stringent PSF re- ror assembly that enables mass parallel production. It uses
quirements in a low-earth orbit environment. cqmmercially ava@lable materials and equipment to mini-
The mirror segment’s production is highly mize both production cost and schedule.

1 Mirror Assembly 6 Metashells
Mass: ~454 kg Mass: ~60 kg each



similar to the wafer production process, allowing use of commercially available equipment and
knowledge to minimize cost and schedule, and the modular approach is highly amenable to par-
allel production. The large numbers of mirror modules and meta-shells make it easy to manage
spares, and their modest size requires no special equipment to handle, test, or qualify.

3.2 AXIS Detector Assembly

The design of the AXIS focal plane is meant to take advantage of the AXIS PSF. The key technical
challenges are small pixel size to sample the PSF, readout at high rate with sufficiently low noise
to ensure good low energy response, and fast, low-noise on-board processing electronics. The
AXIS design exploits ongoing technical advancements toward “fast, low-noise, megapixel X-ray
imaging arrays with moderate spectral resolution,” identified by the 2017 Physics of the Cosmos
Program Annual Technology Report as a top-priority technology development®. Our plan utilizes
both fast parallel-readout CCDs®, capitalizing on decades of heritage provided by X-ray CCD
detectors used to great success aboard Chandra, Suzaku, Swift, and XMM-Newton; and fast, low-
power CMOS active pixel sensor with less heritage but showing very promising developments.
The final design will likely incorporate a single detector technology, simplifying many aspects of
the focal plane, reducing risk and cost.

Imaging area
Frame store

To readout electronics
(only one shown)

4000 pixels
24 arcmin

64mm  sspe calibration
source illumination

Tilt 0.2 mm from center to corner

Fig. 8 — The baseline Focal Plane Array uses a
CCD/CMOS hybrid design. Both technologies are included
to capitalize on parallel technological development; the final
design will likely use a single detector technology.

The AXIS Focal Plane Assembly (FPA)
uses four 1.5kx2.5k CCDs to tile the ma-
jority of the focal plane, and a single,
smaller 1kx1k CMOS in the center (see
Figure 8) to minimize pile-up of bright
targets. The CCDs are tilted to match
the curved focal plane, minimizing image
distortion. Both detector types are back-
illuminated and fully depleted to 100 pm to
ensure high quantum efficiency (QE) across
the AXIS band of 0.2-12 keV. The 16um
(0.37") pixel size is sufficient to sample the
0.4” telescope HPD, because charge from a
single photon is spread across multiple pix-
els and can be centroided through sub-pixel

positioning>>® to better than 0.1, signifi-

cantly better than that of Chandra’s. A readout noise of less than 4 ¢~ ensures good soft response®!.

Both types of detectors are baselined to read out at 20 frames/sec (fps) for normal observations

— 64 x that of Chandra ACIS — but the CMOS can read out faster than 100 fps for observations

of bright sources, thus sources brighter than 30 x the Chandra pile-up limit can be observed free of

pile-up. Faster readout improves time resolution, allows timing studies to take better advantage of

the large collecting area; and allows for thinner filters and higher soft X-ray sensitivity. This also
dramatically reduces spacecraft requirements on jitter.

3.3 Spacecraft and Mission Operations

The GSFC Mission Design Lab (MDL) studied the AXIS mission concept using the instrument
(X-ray telescope and detector) point design described above. The estimated instrument mass and
power are 751 kg and 297 W, respectively. The total wet mass, including the de-orbit systems, is
2300 kg (including 20% margin). The estimated average and peak AXIS power consumption are
720 W and 1200 W, provided by 8.2 m? of solar panels producing 2600 W at launch and 1200 W
after 10 years of operations. A 145 amp-hour battery provides power during eclipses. The low

*https://ntrs.nasa.gov/search.jsp?R=20170009472



inclination, low-earth orbit minimizes the detector particle background, reduces radiation damage,
and allows for rapid communication and response times.

The resulting mission design meets all of the AXIS science requirements in a class B mission
with a nominal five year lifetime (with consumables sized for at least ten years). The spacecraft
meets the mass, length, and diameter specifications for launch into this orbit on a SpaceX Falcon 9.

Optimizing observing efficiency and allowing for rapid response to transients requires a slew
rate of 120° in < 6 minutes, accomplished using 6 reaction wheels. Three magnetic torquers
dissipate accumulated angular momentum using the Earth’s magnetic field. The field of regard is
set primarily by requiring a 45° Sun exclusion angle.

Most fields will not require continuous observation to build up the required exposure, enabling
a smooth and automatic restart after interruptions caused by ToOs. Despite the large format detec-
tors, the data rate is modest since only X-ray photon events identified by on-board processing are
telemetered to the ground. The onboard storage (128 Gbit) and telemetry system were designed to
support 4 Gbit/day downlink using two 10-minute S-band ground station passes, and allows for the
handling of ground system outages. Data volumes as high as 40 Gbit/day may be accommodated
with additional downloads.

Our AXIS observations concept will support at least five ToOs per week. The requirement for
ToO response, based on the extensive Swift legacy, is four hours. Normal operations are designed
assuming two downlink passes per day using the Near-Earth Network (NEN), although there are
many more opportunities for ToO uplinks. In rare cases, response times as short as one hour are
possible by taking advantage of TDRSS. TDRSS would be used during launch and for critical
command and control communication.

PHASE B PHASE C-1 CDR PHASE C-2 SIR
PHASE A starts SRR Confirmation PPR 1/ 2026 s 117172026 12/ 1/2026 3/1/2028
10/1/2023 4/1/2024 JATP  12/172025 l Contract 1/ 1/2027
I | 10/1/2024 Award
Phase A l Phase B Phase C-1 Phase C-2
Preliminar Analysis Definition/Design Design Fabrication PHASE \ A/B/C
Funded
Mission ystem reliminary ‘ Final Hard_ware Schedule
Definition eﬁnmon Design Design build Margin
L > L > 2
- 7’ - 7 N
12 months 15 months 11 months 11 months 5 months
JINC .
PHASED-1  Deliveries PER ;’/511/‘2030 Ship  FSMargin L9?1[/2D(I)§;{ PHASEE  Baseline Ops  Extended Ops
i mo
4112028 127172038 5/1/2029 P | 10/1/2030 Winess 0w
Phase D-1 System Assemblyj Obs I&T PH AS Phase E l l
Integration and Test E start Operations
S/C Bus Vi 12029 PHASE D-1
1&T/Environmentals Observatory aaded Primary Ops
I&T/Environmentals Seheduls
p Instrument I\‘ y- Margin
I&T/Environmentals‘/
< 9 months 5 + 10 months S
24 months 2_5 mo 2 mo | 5 1 mo 60 — 120 months
. Mo

Fig. 9 — The experience-based seven-year AXIS mission development schedule (phases A-D).

4 TECHNOLOGY DRIVERS

The most significant technology development necessary is the fabrication of mirror segments and
integrating (aligning and bonding) them into mirror modules. The other steps in the mirror fabri-
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cation process are routine engineering and I&T work implemented in many past missions.

AXIS’s mirror technology is funded at $2.4M/year, a level of funding adequate to achieve
TRL-5 by 2022. Additional project-specific funding is needed to achieve TRL-6.

The NGXO team has built and tested a prototype mirror module with a pair of silicon mirrors
substantially similar to what AXIS requires, producing an image with 1.2” HPD at the GSFC
beamline. Detailed finite element analysis has shown that, once gravity distortion is accounted for,
the underlying quality of the mirror module is 0.5” HPD, close to meeting AXIS requirements.

5 STATUS, SCHEDULE, AND COST ESTIMATE

The AXIS team is a ad hoc group composed of volunteer scientists from a wide variety of institu-
tions. The mission schedule assumed for costing is shown in Figure 9. The AXIS launch would
occur ~7 years after the start of Phase-A assuming that TRL 5 is achieved before early 2023.

The AXIS mission point design cost (phases A-E, including operations for 5 years) was esti-
mated using standard GSFC Integrated Design Center MDL and IDL methods, applied to a stan-
dard work breakdown structure (WBS). The AXIS instrument is defined as a self-contained unit
that includes the mirror, detector system and electronics, and the connecting structure (tube). A
detailed cost breakdown is included in our full report'.

The costs in Table 2 use a self-

Top-level WBS S TG Cost ($M) developed grassroots tool based on the

experience of the last 3 years to re-
Project Management Wrap 46 fine the mirror cost estimate to $200M,
Systems Engineering Wrap 46 rather than the IDL cost of $60M. We

also added $20M to the instrument for

Safety/Mission Assurance Wrap 29 a metrology system, not included in the
Mission Science Wrap 57 IDL study.
Payloads (optics, detector) IDL/Team 429 The mission cost e:stirpate (Phases
Spacecraft MDL 143 A-E) was generated within t‘he MDL.
— . Reserves of 30% were applied to all
Missions Operations MDL 54 WBS elements, except Launch Ser-
Launch Vehicle/Services MDL 150 vices (fixed at $150M). The total AXIS
point design cost estimate, including
Ground Systems Wrap 40 reserves, is $1,012M. The cost table,
Systems 1&T MDL 17 which groups some WBS elements, is
Total $1,012 shown in Table 2.

The limitations of this cost estimate
Table 2 — A summary of the AXIS cost estimate from the GSFC  should be noted. In particular, the IDL
MDL and the AXIS team (including 30% reserves). design represents a point design. While

the spacecraft concept is high-heritage
and thus presents a low cost growth risk, it contains several known inefficiencies which would be
removed through a more thorough design study (e.g., in-house vs. out-of-house, avionics choice,
attitude control system, propellant system). Additionally, as documented in the previous X-ray
Probes Study', the extensive mission operations heritage for AXIS-like missions will reduce the
operations costs below the wrap value. On the other hand, the cost of some instrument components
might be underestimated. Cost growth beyond a putative Probe cost cap can be offset through
descopes such that the primary mission science objectives can still be achieved.

Thttps://pcos.gsfc.nasa.gov/studies/completed/x-ray-probe-2013-2014.php
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Author Science White Paper Title

Aalto Extremely obscured galaxy nuclei, hidden AGNs and extreme starbursts

Basu-Zych Cooking with X-rays: Can X-ray binaries heat the early Universe?

Blecha Detecting Offset Active Galactic Nuclei

Bogdanov Determining the Equation of State of Cold, Dense Matter with X-ray Observations of Neutron
Stars

Bulbul Probing Macro-Scale Gas Motions and Turbulence in Diffuse Cosmic Plasmas

Burns A Summary of Multimessenger Science with Neutron Star Mergers

Chartas A New Era for X-ray Lensing Studies of Quasars and Galaxies

Civano Cosmic evolution of supermassive black holes: A view into the next two decades

Fabbiano Increasing the Discovery Space in Astrophysics The Exploration Question for Compact Objects

Fan The First Luminous Quasars and Their Host Galaxies

Gallo Towards a high accuracy measurement of the local black hole occupation fraction in low mass
galaxies

Garcia Probing the Black Hole Engine with Measurements of the Relativistic X-ray Reflection
Component

Gelfand MeV Emission from Pulsar Wind Nebulae: Understanding Extreme Particle Acceleration in
Highly Relativistic Outflows

Hickox Resolving the cosmic X-ray background with a next-generation high-energy X-ray observatory

Hodges-Kluck  Hot Drivers of Stellar Feedback from 10 to 10,000 pc

Kara X-ray follow-up of extragalactic transients

Kelley Multi-Messenger Astrophysics With Pulsar Timing Arrays

Koss Black Hole Growth in Mergers and Dual AGN

Mantz The Future Landscape of High-Redshift Galaxy Cluster Science

Markevitch Physics of cosmic plasmas from high angular resolution X-ray imaging of galaxy clusters

Plotkin Local Constraints on Supermassive Black Hole Seeds

Reynolds High-Energy Astrophysics in the 2020s and Beyond

Ruszkowski Supermassive Black Hole Feedback

Safi-Harb High-Resolution X-ray Imaging Studies of Neutron Stars, Pulsar Wind Nebulae and Supernova
Remnants

Snios X-rays Studies of the Solar System

Tombesi Do Supermassive Black Hole Winds Impact Galaxy Evolution?

Valencic Probing the Structure of Interstellar Dust from Micron to Kpc Scales with X-ray Imaging

Voit Circumgalactic Gas and the Precipitation Limit

Vulic Time Domain Studies of Neutron Star and Black Hole Populations: X-ray Identification of
Compact Object Types

Walker Unveiling the Galaxy Cluster - Cosmic Web Connection with X-ray observations in the Next
Decade

Williams Future X-ray Studies of Supernova Remnants

Wolk X-ray Studies of Exoplanets

Wolk Understanding Galactic Star Formation with Next-Generation X-ray Spectroscopy and Imaging

Zezas X-ray binaries: laboratories for understanding the evolution of compact objects from their birth

to their mergers

Table 3 — NAS Astro2020 Science White Papers that directly mention AXIS by name. Many others would directly
benefit from the AXIS mission.
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