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EXECUTIVE SUMMARY




Lynx is a revolutionary X-ray observatory with the power to transform our understanding of the cosmos
through unprecedented X-ray vision into the otherwise invisible Universe. It is designed to pursue three
fundamental science pillars: 1) seeing the dawn of black holes, 2) revealing what drives galaxy formation
and evolution, and 3) unveiling the energetic side of stellar evolution and stellar ecosystems. For its
spacecraft design and operational concept, Lynx leverages the overarching, proven architecture from
Chandra. The Lynx payload provides extraordinary advances in science capabilities thanks to an extremely
powerful combination of sub-arcsecond angular resolution and high throughput of its X-ray mirror, and
the transformational spectroscopic capabilities of its science instruments. Strong heritage and substantial
maturity in key new technologies lead to a credible cost for this Great Observatory-class mission.



-ray observations are indispensable for understanding the cosmos.  eir power is immense
because much of the baryonic matter and the sites for the most active energy releases in the
Universe are primarily observable in X-rays. For the 2030s and beyond, an X-ray observatory

with power matching the capabilities in other wavebands is a necessary discovery engine for full
exploration of the Universe.

JWST and other upcoming major space- and ground-based facilities are expected to greatly
expand science frontiers in the coming decades.  is presents both a great opportunity and a
challenge for a next-generation X-ray observatory. In many areas, such as tracing black holes during
the Cosmic Dawn and understanding the formation and evolution of galaxies, an X-ray observatory is
the logical next step. e challenge is that the X-ray science at these new frontiers requires expansion
of capabilities by orders of magnitude beyond the current state of the art or anything already planned.

Until recently, such gains were not technologically possible. is has changed thanks to recent
breakthroughs and sustained maturation of key technologies for X-ray mirrors and detectors. We are
reaping the fruits of U.S. investments in these areas over the past 10{15 years. An X-ray observatory
that can extend the science frontiers of the post-JWST era is now entirely feasible. Lynx is the mission
concept that realizes this vision. It will y revolutionary optics and instrumentation onboard a simple,
proven spacecra . In all aspects, Lynx will be a next-generation Great Observatory that is certain to
make a profound impact across the astrophysical landscape. It will provide the depth and breadth to
answer the fundamental questions that confront us today; just as importantly, it will have capabilities
to address questions we have yet to even ask.

Lynx is poised to make a particularly strong impact in the following three areas, which serve as
its science pillars and are used to de ne core performance requirements:

e Dawn of Black Holes,
e Invisible Drivers of Galaxy Formation and Evolution,
e Energetic Side of Stellar Evolution and Stellar Ecosystems.

e capabilities required by these Lynx science pillars can be implemented within a proven mission
architecture derived from Chandra. Lynx will have a baseline lifetime of 5 years and be provisioned
for 20 years of operation. Operation beyond 20 years is possible with the implementation of in-space
servicing and/or the redirection before launch of unused mass margins to accommodate additional
station-keeping fuel. Lynx easily meets the mass and volume constraints of existing and expected
heavy-class launch vehicles. If needed, its 10-m optical bench can be designed with an extension
mechanism to reduce length in stowed con guration, further increasing exibility with respect to
future launch options.

Lynx Science Pillars

e Dawn of Black Holes | We now realize that black holes de ne many aspects of cosmic
evolution, and that massive black holes were in place very early in the history of the Universe. Under-
standing their formation and rapid early growth is one of the most important unsolved problems
in astrophysics. Lynx will be able to detect the rst massive black holes in the rst generations of
galaxies. e rstgalaxies will be found and characterized in deep optical and infrared surveys that

3
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the DAWN of BLACK HOLES

KEY CAPABILITIES
The key observations are deep surveys over 1 deg2 with uxlimit 10 *° ergs ! cm 2 to detect black hole seeds
with Mgy, 10,000 M; atz  10. This requires:

On-axis PSF  0:5° (HPD), and sub-arcsecond imaging within 10° radius FOV to avoid source confusion.
Aett 2 m?atE  1keV to enable completion of deep surveys within one year.

Lynx will provide a sensitivity in X-rays to detect accreting black holes with mass Mgy 10*M jatz 10
These observations will open an electromagnetic window into the Dawn of Black Holes. Lynx, using
X-rays, and LISA, using gravitational waves, together will probe the growth of the rst black holes by both
accretion and mergers, unveiling a complete picture of their early assembly.

Angular resolution is critical for detecting high-z black hole seeds. The panels above show simulated
3° 3‘regions in deep surveys by JWST, Lynx, and Athena (a future ESA X-ray observatory with 5“ angular
resolution). Unlike Athena, Lynx willnot be a ected by \source confusion," and can uniquely associate every
X-ray source with a JWST-detected galaxy. In the X-ray images, color codes di erent source populations.
In each panel, yellow circles show the locations of high-z black hole seeds (see Fig. 1.3 on p. 21 for more
information on how seed models can be tested with Lynx). Their uxes are a factor of 100 below the
confusion limit for a 5 X-ray telescope.

can be obtained with either the almost ready to launch JWST or the subsequent WFIRST missions.
e X-ray ux limits required to detect the rst massive black holes are accessible only with Lynx.

e Invisible Drivers of Galaxy Formation and Evolution |  Unprecedentedly detailed information
is now available on the stellar, dust, and cold gas content of galaxies, and yet there is a dearth of
understanding of the exact mechanisms of their formation. Lynx will expose essential drivers of
galaxy evolution which primarily leave imprints in the circumgalactic medium (CGM) extending
well beyond the optical size of galaxies and containing most of their baryons. Most of the halo
gas in galaxies more massive than the Milky Way is heated above UV ionization states to X-ray
temperatures. e energetic processes that de ne its state are the same ones that regulate growth and
create the diversity of galaxy morphologies. While modern UV, optical, and sub-mm observations
can map cold and warm gas, these observations are equivalent to seeing only the smoke and sparks
ina re. For a true understanding of the lives of galaxies, we need Lynx to see the ame itself.

4
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DRIVERSof GALAXY EVOLUTION

THE UV / OPTICAL VIEW THE LYNX X-RAY VIEW

sun

BLUECLOUD
M, = 7x10"M

sun

GREENVALLEY
M, = 1.5¢10°M

sun

RED SEQUENCE
M, =2.6x102M

COLD & WARM GAS HOT GAS MAIN FEEDBACK MODE
T<3x1PK T>10K

KEY CAPABILITIES
Map CGM in emission to 0:5rx0: PSF $ 1, Ay 2m”.
Probe CGM in absorption at  ryy: gratings with A 4;000 cm’and " % 5;000.
Map velocitiesin 100 km s ! galactic out ows: microcalorimeter withE® E 2;000atE 0:6keV.
Study AGN feedback in galaxies and clusters: microcalorimeter with 0:5° pixels.

A
The sensitivity and spectroscopic capabilities of Lynx will p\(xloom
enable mapping of the hot galactic halosto 0:5 1 virial
radii in both emission and absorption. The inner structure
of the halos (, 0:1r) is where all primary signatures of
ongoing feedback are imprinted. The capabilities of the
Lynx microcalorimeter will be essential for exposing these
signatures. It will simultaneously provide 1° spatial reso-
lutionand R 2;000 resolving power at all key energies %(
required, e.g., to map the kinematic and chemical structure
of galactic winds (right). ﬂ L ﬂﬂﬁ_‘ .

558 560 562 564
Energy (eV)

.v. =100 km/s

log Flux
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the ENERGETIC SIDE ofSTELLAR EVOLUTION

KEY CAPABILITIES
Spatially resolve star cluster cores: PSF  0:5°.
Resolve lines in stellar spectra: gratings with R % 5;000.
Map 3D structure of supernova remnants: microcalorimeter with E  3eV and 1° pixels.

Lynx will provide unique new capabilities for studying stellar birth, life, and death. Its sensitivity will be
su cientfor detecting low-mass young stellar objects to 5 kpc. It will enable vastly more powerful spectral
diagnostics for studies of stellar accretion and coronae. Microcalorimeter observations will fully resolve
the 3D structure of supernova remnants in the Milky Way and nearby galaxies.

e Energetic Side of Stellar Evolution and Stellar Ecosystems ||~ As we enter the era of multimes-
senger astronomy following LIGO detections of gravitational waves, and as studies of exoplanets
evolve toward holistic assessment of habitable conditions, orders-of-magnitude expansion in capabil-
ities will be needed to observe key high-energy processes associated with stellar birth, life, and death.
Lynx will meet this challenge and dramatically extend our X-ray grasp throughout the Milky Way
and nearby galaxies. e horizon for detecting X-rays as markers of young stars and for detailed
stellar spectroscopy will be extended by an order of magnitude. Spatially resolved spectroscopy on
arcsecond scales will o er a three-dimensional view of metals synthesized in stellar explosions, and
will enable population studies of supernova remnants in the Local Group galaxies. Sensitive observa-
tions of X-ray binaries beyond the Local Group galaxies and detailed follow-up of gravitational wave
events will transform our knowledge of collapsed stars. Lynx will make all these studies possible by
combining, for the rst time, the required sensitivity, spectral resolution, and sharp vision to see
clearly in crowded elds.
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LYNX PERFORMANCEIin CONTEXT

EFFECTIVE AREA
AT 1 keV <1000
FIELD oF VIEW SENSITIVITY
AT HENA LY N X
FIELD oF VIEW

EFFECTIVE AREA W/ <1” PSE

AT 6 keV AREA

E/E GRATINGS
FOR IMAGING THROUGHPUT
AT 6 keV

DATA CUBE
SIZE FOR IMAGING

AT 0.6 keV CHANDRA=1

The requirements established by the Lynx science pillars translate into the need for orders-of-magnitude
performance gains along a number of key axes. The diagram above shows how these gains compare
with the performance of Chandra (taken to be 1 on all axes) and Athena (shown in red). Athena, ESA’s
planned mission, will carry the rst large X-ray microcalorimeter and make strides in energy resolution,
e ective area (especially at high energies), and eld of view. It will not, however, make breakthrough
gains across the board: not in sensitivity; not in sharp imaging; not in very high spectral resolution. Lynx
makes primary breakthroughs along these axes, which are precisely the directions required by its science
goals. Lynx and Athena can be viewed as orthogonal missions with di erent science goals and based
ondi erentstrengths. Athena’s science centers on massive, wide surveys and detailed spectroscopy of
relatively bright and isolated objects. With a combination of its high angular resolution, high throughput,
and powerful spectroscopic capabilities, Lynx opens up the discovery space in the high redshift universe,
crowded elds, feedback on galactic scales, and circumgalactic environments.

Mission Design

Lynx will operate as an X-ray observatory with a grazing incidence telescope and detectors that record
the position, energy, and arrival time of individual X-ray photons. Post-facto aspect reconstruction
leads to modest requirements on pointing precision and stability, while enabling very accurate sky
locations for detected photons. e design of the Lynx spacecra is straightforward, with few moving
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PAYLOAD & MISSION CHARACTERISTICS

LYNX MIRROR ASSEMBLY
MRRIRASSEBLY 0.5"” on-axis PSEF2m? effective area at 1 leV,
/ sub-arcsecond PSF over a22'x22’ eld of view.

HIGH DEFINITION X-RAY IMAGER
An active piel array of ne pixels covering a
22'x22" eld of view with subarcsecond imaging
and providing moderate spectral resolution.

LYNX X-RAY MICROCALORIMETER
HIGH DEFINITIOMYXHRAGER—— An array of 1” pigls covering a 5'x5’ eld of view
LYNX X-RMICROCALORIMETER and providing 3 eV spectral resolution. Tvo
additional arrays are optimized for ner imaging
X-R¥X GRANG SPECTROMETER- (0.5” pixels) and higher spectral resolution (B eV

in the soft band).

THE MISSION

* Orbit: Sun-Earth L2 X-RAY GRATING SPECTROMETR
* Field of regard: 85% of the sky

» Consumables: sized for a 20 year mission
* Data volume: JWS comparable

» Communications: 3 times daily with DSN
» Observing Efficiency: >85%

Gratings with resolving power of R > 5,000 and
~ 4,000 cm?2 of effective area across the critical
X-ray emission and absorption lines of N, O, Ne,
and Fe L.

The Lynx spacecraft is built around the X-ray mirror assembly that is followed by a large-area insertable
grating array. The science instrument module is attached to the spacecraft by an optical bench. It includes
the interchangable prime focus detectors, HDXI and LXM, and the o -center XGS readout array ata xed
location. All risk and new development for Lynx is isolated to its optics and science instruments. The
spacecraft requires no new inventions and, indeed, can use many existing solutions, including those
developed for Chandra and other past missions.

parts; all of its elements can be procured today. Lynx will operate in a halo orbit around Sun-Earth L2,
enabling high observing e ciency in astable environment. Its maneuvers and operational procedures
on-orbit are nearly identical to Chandra’s, and similar design approaches promote longevity.

e transformational scienti ¢ power of Lynx is entirely enabled by its payload | the mirror
assembly and a suite of three highly capable science instruments. Each of the payload elements
features state-of-the-art technologies, but at the same time represents a natural evolution of an existing
instrument or technology, with each already having years of funded technology development. Key
technologies are currently at Technology Readiness Levels (TRL) 3 or 4. With three years of targeted
pre-phase A development in early 2020s, three of four key technologies will be matured to TRL 5
and one will reach TRL 4 by start of Phase A, achieving TRL 5 shortly therea er.

e Lynx Mirror Assembly (LMA) | e LMA is the central element of the observatory. It is
responsible for leaps in sensitivity, spectroscopic throughput, survey speed, and better imaging than
Chandra because of much-improved o -axis performance. e LMA can be based on three fully
feasible mirror technologies: Silicon Metashell Optics (SMO) developed at NASAs Goddard Space
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EYES, SHARP as dYNX

2019 MIRROR PAIR TEST

0.5 PSF on-axis, sub-arcsecond across a 22’ x 22’ FOV —T— 1.3 (HPD) at 4.5 keV,

50x Chandra’s throughput in soft X-rays - dominated by gravity
{ _ distortions

1,000x Chandra’s survey speed

The Lynx Mirror Assembly (LMA) keeps Chandra’s sub-arcsecond resolution on-axis while providing orders-
of-magnitude gains in throughput and FOV size for sub-arcsecond imaging. The LMA is composed
of concentric modular metashells, and each module is populated with multiple mirror pair segments.
The repeatable production of mirror segments with a surface quality meeting or exceeding required
speci cations was recently veri ed (February 2019). A full-illumination X-ray test of an aligned mirror
pair on a ight-like mount has produced a 1:3“ image, for which approximately 1 is attributed to 1-g
gravity distortion in the test con guration. Subtraction of well-modeled gravity distortions indicates
sub-arcsecond performance for the tested mirror pair in zero-gravity.

Flight Center (GSFC), Full Shell Optics developed jointly by MSFC and the Italian National Institute
for Astrophysics, and Adjustable Segmented Optics developed at the Smithsonian Astrophysical
Observatory (SAO) and Penn State. e SMO technology was selected for the design reference
mission (DRM) following a comprehensive technology assessment trade study, which evaluated the
ability of each approach to meet Lynx science requirements, the credibility of technology development
plans, and the validity of schedule, cost, and risk estimates. e SMO technology is currently the
most advanced in terms of demonstrated performance (already approaching what is required for
Lynx, see gure above). e SMO's highly modular design lends itself to parallelized manufacturing
and assembly, while also providing high fault tolerance: if some individual mirror segments or even
modules are damaged, the impact to schedule and cost is minimal.
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the HIGH-DEFINITION X-RAY IMAGER (HDXI)

Monolithic CMOS (Sarnoff / SAO & MPE)
High gain (135 V / e), low noise
(3 e rms) ampli ers.

PMOS devices ready for Xray testing
with < 1 eread noise and no RI'S noise.

Hybrid CMOS (Eledyne & PSU)

Achieves ~ 80 eV (FWHM) energy resolution
at 0.5 keV, in-pixel CDS, no crosstalk.
Event-driven readout achieved. atest
scaled-up designs include on-chip digitization.

22 arcminutes

Digital CCD with CMOS Radout
(MIT / Lincoln kb)

Reduced noise (4.6 €). low-power CMOS
clock. Larger (2 Mpix) device in fabrication.

0.3” Pixel size well-matched to telescope PSF.
Large, curved focal plane (22’ x 227).

e High-De nition X-ray Imager (HDXI) | e HDXI instrument is the main imager for Lynx,
providing high spatial resolution over a wide FOV and good sensitivity over the 0.2{10 keV bandpass.
Its 0:3 pixels will adequately sample the Lynx mirror PSF overa22 22 FOV. e 21 individual
sensors are laid out along the optimal focal surface to improve the o -axis PSF. e Lynx DRM uses
Complementary Metal Oxide Semiconductor (CMOS) Active Pixel Sensor (APS) technology, which
is projected to have the required capabilities (i.e., high readout rates, high broad-band quantum
e ciency, su cient energy resolution, minimal pixel crosstalk, and radiation hardness). e Lynx
team has identi ed three options with comparable TRL ratings (TRL 3) and sound TRL advancement
roadmaps: the Monolithic CMOS, Hybrid CMOS, and Digital CCDs with CMOS readout. All are
currently funded for technology development.

e Lynx X-ray Microcalorimeter (LXM) | e LXM is an imaging spectrometer that provides
high resolving power (R 2;000) in both the hard and so  X-ray bands, combined with high spatial
resolution (down to 0:5 scales). To meet the diverse range of Lynx science requirements, the LXM
focal plane includes three arrays that share the same readout technology. Each array is di erentiated
by its absorber pixel size and thickness, and by how the absorbers are connected to thermal readouts.

e total number of pixels exceeds 100,000 | a major leap over past and currently planned X-ray
microcalorimeters.  is huge improvement does not entail a huge added cost: two of the LXM arrays
feature a simple, already proven, \thermal" multiplexing approach where multiple absorbers are
connected to a single temperature sensor.  is design brings the number of sensors to read out (one
of the main power and cost drivers for the X-ray microcalorimeters) to  7;600. isis only a modest
increase over what is planned for the X-1FU instrument on Athena. As of Spring 2019, prototypes
of the focal plane have been made that include all three arrays at 2/3 full size.  ese prototypes
demonstrate that arrays with the pixel form factor, size, and wiring density required by Lynx are
readily achievable, with high yield. e energy resolution requirements of the di erent pixel types
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the LYNX X-RAY MICROCALORIMETER (LXM)

Main Array Ultra High
5' FOV Resolution Array
1" piels (Hydra-25s) | 1 FO/
E=3eV 1” piels (singles)
R = 2,000 at 6 keV E=0.3eVv
R =2,000 at 0.6 keV
=
—
J 1 arcmin

Enhanced Main Array:"z_:
1 Fo/
0.5" pixels (Hydra-25s)
E=2eV
R = 3,000 at 6 keV

the X-RAY GRATINGS SPECTROMETER (XGS)
CAT-XGS Grating Array Element

QVIl line pro le

OP-XGS OP Grating Module

Normalized Flux

—400 -200 0 +200  +400
Velocity (km s

KEY CAPABILITIES
Effective Area of 4,000 cm?
Resolving power of / =7 ,500

is also readily achievable. Although the LXM is technically still at TRL 3, there is a clear path for
achieving TRL 4 by 2020 and TRL 5 by 2024.

e X-ray Grating Spectrometer (XGS) || e XGS will provide even higher spectral resolution
(R 5;000with agoal of 7;500) intheso X-ray band for point sources. Compared to the current state
of the art (Chandra), the XGS provides a factor of A 5 higher spectral resolution and a factor of several
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hundred higher throughput.  ese gains are enabled by recent advances in X-ray grating technologies.
Two strong technology candidates are: critical angle transmission (used for the Lynx DRM) and
0 -plane re ection gratings. Both are fully feasible, currently at TRL 4, and have demonstrated high
e ciencies and resolving powers of  10;000 in recent X-ray tests.

Mission operations | e Chandra experience provides the blueprint for developing the systems
required to operate Lynx, leading to a signi cant cost reduction relative to starting from scratch.
is starts with a single prime contractor for the science and operations center, sta ed by a seamless,
integrated team of scientists, engineers, and programmers. Many of the system designs, procedures,
processes, and algorithms developed for Chandra will be directly applicable for Lynx, although all
will be recast in aso ware/hardware environment appropriate for the 2030s and beyond.

General Observer approach to Lynx science program || e science impact of Lynx will be maxi-
mized by subjecting all of its proposed observations to peer review, including those related to the
three science pillars. Time pre-allocation can be considered only for a small number of multi-purpose
key programs, such as surveys in pre-selected regions of the sky. Such an open General Observer
(GO) program approach has been successfully employed by large missions such as Hubble, Chandra,
and Spitzer, and is planned for JWST and WFIRST. e Lynx GO program will have ample exposure
time to achieve the objectives of its science pillars, make impacts across the astrophysical landscape,
open new directions of inquiry, and produce as yet unimagined discoveries.

Cost and Mission Schedule

e Lynx team has conducted extensive parametric cost analyses for all aspects of mission cost, with
detailed analyses focused on the spacecra (broken down to the subsystem level), X-ray optics, each
of the science instruments, and mission operations. e analysis utilized the industry-standard
PCEC Cost Model, the SEERfi hardware model, and the PRICEfi TruePlanningfi Space Missions and
PRICEfi-H Hardware models. e resulting costs estimated by these models are consistent and, where
comparison is possible, in family with the actuals from past NASA missions. e parametric cost,
which serves as the primary estimate, has been validated in multiple ways: an end-to-end grassroots
estimate based on a mix of analogies and expert input, an MSFC non-advocate independent cost
estimate, and an independent cost and technical evaluation. Finally, the Lynx team carried out a
thorough mission-level comparison to escalated Chandra actuals.

e parametric model and validation methods provide point estimates, which are consistent
within  5%. Con dence levels (CL) are available from the parametric modeling, the MSFC non-
advocate independent cost estimate, and the independent cost and technical evaluation. All of these
methods give consistent costs at  50% CL. For example, at 40% CL, the costs are in the range from
$4.8B to $4.9B (in FY20$). s consistency re ects a well-developed mission design with a strong
heritage and lessons learned from past and planned missions.  ere is a larger divergence for higher
con dence levels. For example, for a 70% CL, the spread is from $5.1B to $6.2B.  is naturally re ects
uncertainties appropriate for this relatively early stage of the mission design. Overall, consistency is
excellent and gives credibility to the estimated Lynx mission cost. Note that the quoted costs cover
the entire mission lifecycle, from start through 5 years of operations. ey include reserves and a
conservative passthrough from the NASA Launch Service Providers for a heavy-class launch vehicle.

e operations cost is  $400M total, including projected funding of $100M (FY20$) for grants.
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Even with the huge gains in capability provided by Lynx, its costs will only modestly exceed the
in ated Chandra actuals. s is substantiated by the following considerations: Lynx technology de-
velopment and the mission study have directly bene ted from a science community and a contractor
base with extensive and applicable experience working on Chandra and other recent X-ray missions.
Even though personnel and contractors will change, an exceptionally solid mission concept and cost
basis for Lynx are already in place, given the engagement of this experienced team. Observatory-wide
error budgets for mass, power, thermal, and end-to-end performance demonstrate that the require-
ments are well understood and achievable. e spacecra and two of the Lynx instruments (HDXI
and XGS) are modest evolutions of the Chandra equivalents and do not require breakthroughs or new
inventions. e third instrument, the LXM, is quickly gaining technology maturity from laboratory
e orts and from other X-ray missions (Hitomi, XRISM, Athena). Mission operations are particularly
well understood, with plans, requirements, algorithms, and cost estimates derived from the Chandra
experience. e ability to produce a Lynx mirror at a cost similar to Chandra can be tracked to
tangible technological breakthroughs, along with an LMA design amenable to mass production. e
status already achieved in key technology areas adds credibility to the development plans to reach
TRL 6 for the LMA and the science instruments over the next several years. Taken together, these
factors explain the relatively small di erences between the Lynx costs and in ated Chandra actuals.

Mission lifecycle schedule | e Lynx team has developed a notional mission schedule that
includes all required milestones and key decision points. Given their architecture similarities, the
Lynx schedule for the system-level assembly, integration, and test closely matches that of Chandra,
a er accounting for its larger size and additional complexities. It is also consistent with the WFIRST
in-guide schedule to a 2025 launch. e Lynx schedule includes 3 years of pre-Phase A studies,
during which time key technologies will be maturated to the levels required to enter Phase A. e
funding needed is comparable to that provided for WFIRST at the same stage. Durations for Phases
A&B and C&D are 42 and 103 months, respectively. Assuming this sequence starts soon a er the
Astro2020 Decadal Survey makes its recommendation, Lynx will launch in 2036.

Contents of this Report

e Science of Lynx is discussed in §1{85. is includes a discussion of the three Lynx science
pillars and the impact of Lynx in many other areas of astrophysics, the Science Traceability Matrix,
and a notional plan of observations required to execute the pillar science.

Design Reference Mission is presented in §6 and provides a discussion of the overall rationale
for the observatory design, detailed account of the spacecra and payload elements, system-level
error budget, system-level analyses and predicted on-orbit performance, discussion of the launch
options, and a concept for mission operations.

Technologies. Review of the current state of the art and near-terms plans is presented in §7.
Further information is provided in the special section on Lynx of the Journal of Astronomical Tele-
scopes, Instruments, and Systems [1]. Detailed roadmaps for further maturation of key technologies
are available in the supplemental materials and online.

Programmatics. e discussion of programmatics, including the mission lifecycle schedule,
cost, risks and mitigations, is provided in 88. e costing methodology and high-level cost range is
presented in §8.5. A detailed cost book is available in the supplemental materials.
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Observatory Con guration Trade Space. Sections 9 and 10 provide a comparison of science
capability and costs for a representative range of possible mission con gurations. e analysis
demonstrates that the Lynx DRM concept optimizes the \science per dollar”" metric.

The Impact of Lynx Across the Future Astrophysical Landscape

Lynx will profoundly impact many areas of astrophysics. Obviously, it will play a critical role in
the topics directly related to its science pillars, such as studies of the Cosmic Dawn, Black Holes,
Galaxy Formation, and Origin of Elements. Lynx will also make a major impact in other areas,
such as Cosmology, Resolved Stellar Populations, Solar System Observations, and Multi-Messenger
Astronomy. Its in uence will be seen even in less obvious areas, such as studies of the cold interstellar
medium, planets, and protoplanetary disks.  is wide impact is a result of gains in sensitivity and
spectroscopic capabilities of historical magnitude, equivalent to opening a new wavelength band or
introducing a new observational technique.

e Lynx imaging component provides a factor of 50 higher throughput, 20 the FOV with
sub-arcsecond imaging, and a factor of 1,000 greater speed for surveys compared to the current
state of the art (Chandra). To put this in context, these improvements are bigger than the tremendous
gain in survey power from Hubble to the future NASA agship observatory, WFIRST. In terms of
sensitivity, Lynx will detect sources 100 fainter than those seen in the deepest Chandra surveys.

Astronomy is undergoing revolutionary changes, driven in large part by movement toward hyper-
dimensional datasets. Fully spatially resolved spectroscopic data cubes provided by instruments such
as MUSE on ESO’s Very Large Telescope (VLT) enable advancements which rival the leap from the

rst astro-photograph to state-of-the-art imaging from Hubble.  ere is an equivalent development
in the X-rays, from Einstein to Chandra and onwards to Lynx. e X-ray microcalorimeter on Lynx
will provide an X-ray capability comparable to what MUSE provides in the optical, and what the
MIRI and NIRspec instruments on JWST will provide in the infrared. To put the relative gains in
context, the leap from Chandra to Lynx is the same as going from a 1-m telescope with a CCD imager
to an 8-m VLT equipped with a MUSE spectrograph.

Current cutting-edge and major future astronomical facilities | the Extremely Large Telescopes
on the ground, JWST, WFIRST, Advanced LIGO, LISA, ALMA, SKA | all make great leaps in
sensitivity, and aim at taking exquisite data in their respective wavebands. To be synergistic with
these facilities, a future X-ray observatory must aim in the same direction, and this requires the
combined repower of high angular resolution, high throughput, and spectroscopy. s is precisely
what Lynx will deliver.
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e Science of Lynx

Overview and Motivation

As we survey the past decade of developments in astrophysics to formulate the open questions ahead
of us, a few topics jump out that ultimately motivate the development of a next-generation X-ray
observatory:

Very massive, 10° My, black holes are being discovered at ever higher redshi s, currently
reachingz 7:5. e birth and early evolution of such supermassive black holes are a remarkable,
yet poorly understood phenomenon, with strong impacts on the evolution of the rst galaxies. e
James Webb Space Telescope (JWST) will soon dramatically uncover the process of galaxy assembly
and star formation in the early universe. A er JWST, the next logical step in studies of the Cosmic
Dawn will be to observe the nearly coeval Dawn of Black Holes.

e stellar content of galaxies is now extremely well characterized via large-scale projects such as
the Sloan Digital Sky Survey (SDSS) and the crowd-sourced Galaxy Zoo. In a few years, the Vera
Rubin Telescope (formerly LSST) and Wide-Field Infrared Survey Telescope (WFIRST) will provide
sensitive optical and near-infrared data for galaxy samples extending to high redshi s. Numerical
simulations are making great strides toward reproducing realistic galaxies from the cosmological
initial conditions, but have to make unconstrained and wildly varying assumptions about powerful
energy feedback. Direct observations of the ongoing feedback and its e ect on gas in the galactic
halos is the missing ingredient for completing the picture of galaxy formation and evolution.

e onset of multimessenger astronomy following Laser Interferometer Gravitational-Wave
Observatory (LIGO) detections of gravitational wave events from neutron stars and black hole
mergers renews the emphasis on the endpoints of stellar evolution, particularly neutron stars and
black holes in binary systems. Using all available tools to study compact object properties and
following up gravitational wave detections are of crucial importance in this era.

Exoplanet studies rapidly evolve toward statistical characterization of the planet populations and
holistic assessment of habitable conditions. e activity of the host star can signi cantly deplete
planetary atmospheres, and at the same time may be required for primitive biochemistry. Studying
the e ects of stellar activity on habitability are especially important for planets around dwarf stars,
the very population whose atmospheres will be accessible for studies in the 2020s with large, ground-
based optical telescopes and JWST.

ese developments serve as a guide for formulating the critical science questions to be addressed
in the following decades: How and when do the rst black holes in the Universe light up? How
do they grow and interact with galaxies? How do feedback processes shape galaxies? What are the
properties of the gas that reside outside of galaxies? How do stellar-mass black holes and neutron
stars form? What are the evolutionary paths that lead to LIGO sources? What are the mechanisms of
activity of young stars and what is the impact of stellar activity on the habitability of their planets?

e best, and o en the only, way to address these questions is via observations with a sensitive,
high angular resolution X-ray telescope. is leads to the three pillars of Lynx science: 1) e Dawn
of Black Holes, 2) e Invisible Drivers of Galaxy Formation and Evolution, and 3) e Energetic Side
of Stellar Evolution and Stellar Ecosystems.  ese science pillars require revolutionary capability
advances that enable Lynx to make impact across the astrophysical landscape of the 2030s and
maximize the scienti c return from JWST, WFIRST, and other major future observatories.
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1 The Dawn of Black Holes

Massive black holes, with Mgy 10% 109 My, are ubiquitous in the nuclei of galaxies in the local
Universe, but their ultimate origin remains one of the most intriguing and longest-standing unsolved
puzzles in astrophysics. Observations over the past two decades have revealed that massive black
holes are common by the time the Universe is several Gyr old, and many were in place very quickly,
withinthe rstGyra ertheBigBang. eir quick assembly has been attributed to a range of \seeding"
mechanisms such as the rapid collapse of gas into the nuclei of early protogalaxies, accretion and
mergers of stellar-mass black holes in early cosmic structures, and the runaway collapse of early,
ultra-dense stellar clusters. However, the relative importance of these seeding processes, and thus
the origin of massive black holes, remains unclear.

Lynx is designed to provide de nitive tests for discerning between black hole seeding models
using electromagnetic observations. e most direct answers will be obtained through detection
of black holes with masses of  10° My, at the redshi sz 10 where we expect them to form.
Reaching these high redshi s and low masses is crucial because black holes are expected to \lose" the
memory of their initial assembly by the time they grow well above 10° My, and are incorporated
into higher-mass galaxies.

e best way to study a population of 10* > My, black holes at high redshi s is by a sensitive X-ray
survey. Black holes are most readily observed when they grow by accretion, and X-ray emission is
a direct tracer of the rate of black hole growth that can be detected above the light from their host
galaxies. e properties and environments of black hole host galaxies provide additional important
constraints on seeding models, and can be obtained with deep optical and IR (OIR) imaging using the
planned JWST and WFIRST missions. e X-ray emission from 10* ® My, black holes at cosmic dawn
will be extremely faint (aslowas 10 ergs ! cm 2) and thus accessible only with a next-generation
X-ray observatory which has both high angular resolution (1 ) and high throughput | Lynx.

Deep X-ray surveys, augmented by the OIR surveys, will be capable of probing several of the
most characteristic markers of the black hole seed scenarios. ey will thus resolve the long-standing
puzzle of the origin of massive black holes.  ese electromagnetic observations will also be highly
synergistic with LISA detections of high-z black hole mergers through gravitational waves [2]

To understand the origin of massive black holes, it is essential to trace their evolution beyond the
seed stage and through the epoch of maximal black hole and galaxy growthatz 1{2. e exquisite
sensitivity and angular resolution of Lynx will enable a complete census of black hole masses, growth
rates, and their host galaxies from z 2 to 6 and higher.  ese observations will show whether
all massive black holes emerge at high redshi s (z A 6), or whether some low-mass \seeds" begin
signi cant growth phases only at lower redshi s. Lynx AGN surveys will elucidate not only black
hole origins, but also the role of black hole feedback in the early evolution of galaxies.

Fast-forwarding to the present epoch, Lynx can probe the origin of massive black holes using
cosmic archaeology in the local Universe. All viable paths to producing supermassive black holes
require a stage with their masses in the range 102 > My, and a certain fraction of black holes and
their hosts are expected not to grow much therea er.  erefore, the population of intermediate-mass
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black holes in dwarf galaxies can retain residual memory of the predominant seeding mechanism
even into the present epoch [3{6]. Sensitive, high-resolution X-ray observations with Lynx can detect
these black holes [4], joining next-generation radio [6] or stellar-dynamics studies [5].

1.1 An Electromagnetic Window into the Dawn of Black Holes

1.1.1 Demographics of massive black holes, theories of their origin, main questions

e local population of massive black holes in galaxies is now well studied down to masses of
108 My, [7]. Black holes with M 106 10 M, are commonly found in the nuclei of big galaxies, and
are believed to be the remnants of high-z quasars that underwent rapid growth in brief (107 8 years),
bright episodes of accretionatz  2{3 [8{10]. However, the physical mechanism through which
SMBHSs acquired the rst 108 My, of their mass remains a mystery [11, 12]. At least some SMBHs
with M 108 ® My, are in place as early as redshi z  7:5 [13{18], only 700 Myr a er the
Big Bang. Several distinct physical mechanisms to form high-redshi ~ 10°My, SMBHSs are under
consideration [11].  ese include models for \light seeds;" namely
sustained Eddington-rate accretion onto an initially stellar-mass black hole,
and several models for \heavy seeds" that can all produce a much more massive (10* > My,) seed
black hole within @ 1 Myr.  ese include:
direct collapse of a gas cloud into a black hole seed without fragmentation or star formation.
rapid gas collapse into a black seed via an intermediary stage of a supermassive star.
rapid gas collapse onto a pre-existing stellar-mass black hole at super- or hyper-Eddington rates.
runaway collapse and merger of an ultra-dense stellar cluster.
Note also that there may be a continuum
between the light and heavy-seed scenar-

OBSERVED

i0s [20]. Understanding which of these mech- A z=15 z=10 z=8  Quasars
anisms are responsible for the rst SMBHs at el o @ .
. . < € -
z A 6 is one of the most important unsolved Z EP\Soo\gﬂ%?V -
. . = sUE
problems_ln astrophysics [_12,_ 19, 21{26]. § = -
e light-seed scenario is the simplest w U e ey 3
possibility because one does expect an abun- 2 Lo pEnse cLus T AN
X [ ’
dance of 10{100 My, black holes formed as © 2 K
remnants of massive and short-lived Popula- T SO T i oo mEmEbemeTer
tion Il starsasearlyasz 30 [27]. However, 0 50 500 750 =
this scenario is challenging [28] on several TIME AFTER BIG BANG (Myr)
grounds. It requires sustained accretion near Fig. 1.1 | Schematic of main classes of SMBH formation
the Eddington ratefromz 30throughz 6. models (adapted from Smith, Bromm, & Loeb [19]).

Population I11 stars are born in small \mini-

halos," in which the gas fuel for a future black

hole is easily unbound by feedback [29{32]. Gravitational radiation recoil during black hole mergers
can easily eject them from low-mass host halos [33] and thus stunt further growth. Because of
challenges with the light-seed scenario, channels involving heavy seeds for some or all of the rst
black holes are also attractive.
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All heavy-seed scenarios share a common feature: they take place in \atomic cooling halos"
(ACHs)atz 10{12, in which gas cools e ciently via line emission (e.g., Ly ) of atomic hydrogen.
Such halos exist in a narrow range of virial temperatures T,;;  8;000K, corresponding to M,
few 10"Mpatz 10. Analytic arguments and numerical models show that rapidly cooling self-
gravitating gas collapses into ACHs at rates as highas M 1My yr ! ( ¢3~G where the sound speed
¢s 10kms 'for T 8;000K). isin ow can feed formation of a massive black hole seed, but the
necessary condition is that the gas is prevented from fragmenting into normal stars [34{36], which is
challenging. s can be achieved in a small subset of ACHs by exposing them to extremely intense
Lyman-Werner radiation [37{40] from a bright neighbor [41{43], and/or by intense heating from
an unusually violent merger history [44{46], aided by the streaming motions between gas and dark
matter [47{49]. When these conditions are met, the ACHs can quickly (within a few Myr) produce
black holes with masses as high as 10* > My,.

Note that none of the heavy seed formation channels are expected to promptly yield black holes
with masses well above the 10* > My, range. For direct collapse, the total gas supply in the My,  few

10’ M, ACH is limited [50]. e collapse of a supermassive star into a black hole is initiated by
general relativistic instability at  10°My, [51{54]. Hyper-Eddington accretion onto a lower-mass
black hole ceases once a similar mass is reached [55{57]. Finally, an ultra-dense nuclear stellar cluster
in the core of the ACH cannot contain more than 10° My, of stellar material [58, 59].

1.1.2 Observational diagnostics of black hole seeds

Electromagnetic tracers of black holes at high redshi focus on detecting actively accreting black
holes (AGN). X-rays are the best tracer for multiple reasons: e X-ray emission is ubiquitous. It
is relatively insensitive to obscuration, especially at the high rest-frame energies probed at high
redshi . ereisa large contrast between the AGN light and galactic starlight in the X-ray band,
so the two are not easily confused. Combined with multiwavelength and gravitational wave probes,
X-ray observations provide a set of powerful diagnostics of the black hole seed scenarios:

AGN luminosity functions at very high redshi (z 10), expected to show a sharp drop at high
L (or Mgp) in the light-seed case [60] and di erent shapes of the faint end for di erent formation
channels [61, 62]. e constraining power of the luminosity functions derives from the fact that the
AGN luminosities re ect the black hole masses via the Eddington limit.

Characteristic optical and IR spectral signatures for ongoing heavy seed formation events in the
dense cores of ACHs [63, 64], due to unusually heavy obscuration expected in these objects.

Event rates, mass, and spin distributions of mergers detectable by LISA [60, 65{70].

The key aim for Lynx on the Dawn of Black Holes is determining the relative importance of heavy
and light-seeding processes, which will dramatically expand our knowledge for the ultimate origin
of massive black holes. Con rmation that any early black holes formed through a heavy-seed
channel would be especially interesting, as rapid formation of a massive black hole via any of
these mechanisms would be among the most spectacular events in the history of the Universe.
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Properties of black hole host galaxies. As discussed above, in all heavy-seed scenarios, the initial
SMBH with M 10* SMy isborninafew 107"My halo whose total gas content is few 106M,.
In the light-seed models, similar 10* >M,, SMBHs are assembled by numerous mergers and slower
accretion, and thus are located inside much more massive hostsby z 10 [71].

Cross-correlation of the redshi ed 21-cm background with the residual X-ray background [72].

Fossil evidence from the local population of intermediate-mass black holes [4{6].

Each of these probes provides independent constraints, but also includes large theoretical un-
certainties and degeneracies. Particularly challenging are predictions for \mixed" models, in which
early black holes form through both heavy and light-seed channels.  erefore, it is best to use a
combination of techniques and rely on the most characteristic markers of di erent seeding scenarios.

Catching the formation or early evolu-
tion of a heavy seed while it stays in the origi-

nal host can yield an exceptionally clean test 105 104 1g0 Sdylrestiamel eVl L ot 100
([73{76] and Fig. 1.2).  is phase is hard to P " -~ Unprocessed ]
catch, but there are still expected di erences e L N er A
at both the faint and bright ends of the lumi- i " — oMy
nosity function [61, 62, 70, 71, 77{79] and BN jvlvzsis}\\ T
very distinct di erences in the number den- P L S S ey s
sities and properties of the host galaxy. e 5 107 ° 5
host galaxies of heavy seeds remain strong ; 1077 | P |
outliers for 100 Myr a er the black hole 108 ada ¥t "\
birth, with BH-to-stellar mass ratio of order 10k )& §
unity.  is contrasts sharply with the light- O ! N IR 1 AN
seed scenario, in which Mgy~M s of order o e gy
10 3, consistent with the local black hole vs. Fig. 1.2 ] Spectral predictions for a heavy-seeded black
galaxy mass relation [76]. hole shortly a er the initial collapse (adapted from [73]).

A key requirement for any observational
test of seed models is to detect black holes
with mass 10°My, or below at z A 10, because the memory of initial assembly is lost a er the black
holes grow well above their initial seed mass. In particular, the heavy seed hosts become incorporated
into massive, metal-enriched galaxies, similar to those hosting the SMBHs that had grown from light
seeds. e special conditions for the black hole growth which existed in the ACH are destroyed, and
rapid star formation is enabled. e subsequent growth of the black hole and its host galaxy quickly
makes their properties indistinguishable from those expected in the light-seed scenarios.

1.1.3 The Lynx experiment to probe the nature of SMBH seeds

Four of the six observational diagnostics of the black hole seed models discussed above can be imple-
mented via a combination of a sensitive X-ray survey which identi es high-z black holes accreting at
or near the Eddington rate and associates them with their host galaxies through multiwavelength
observations (Fig. 1.3). Such as survey should have the following components:

e sensitivity in the X-rays must enable detection of Mgy 10* My, black holes accreting near
Eddingtonatz 10. iscorrespondsto f, 10 ergs !cm 2. At this sensitivity, a signi cant
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Fig. 1.3 X-ray surveys with Lynx will reach into the early Universeatz 10 and above, close to the formation
epoch of the rst massive black holes. One expects distinct observable di erences between light- and heavy-
seeded models in the distribution of black hole masses (and hence, luminosities) and in the properties of
their host galaxies probed by OIR observations. Le : model X-ray luminosity functions (adapted from [60],
herea er RN18b). ereare large di erencesat z C 10 for high Lx, which disappear by z 8 when black holes
\lose" memory of their initial assembly. Top panels: Locations of the black holes in their immediate galactic
environment when they reach Mgy 10° My, (red circles). (a) Light-seeded black holes are within massive,
Myt  101°Mp, galaxies detectable in the IR with JWST or WFIRST. (b) Newly born heavy-seeded black holes
are in low-mass atomic-cooling halos located near (tens of kpc) strong sources of Lyman-Werner radiation
such as groups of galaxies [46]. e initial host is undetectable in the IR, except perhaps by stacking on a large
number of X-ray locations. Lower panels: 12 cutouts around four brightestz 10 black holesina3 3
region in a 4 Msec Lynx exposure. e X-ray mocks start with the Illustris TNG light cone simulation [80],
which provides NIR magnitudes, star formation rates ( Ly from X-ray binaries [81]), and SMBH accretion
rates for z @ 8 galaxies. Black holesat z 10 are added using the RN18b model. (c) In the light-seeds case,
X-ray detections (yellow) are co-located with OIR-detectable galaxies (locations marked by red crosses). (d) In
the heavy-seeds case, one expects fewer but brighter X-ray detections. By the time these black holes are caught
in a survey, they typically have grown, but are still within small, Myt 10®Mp, and faint, M 4 10°Mp,
galaxies which are o en about to merge with a larger galaxy 5{10 kpc away [76]. e host remains undetectable
(lower-right panel), but the larger nearby galaxy can be seen as an OIR counterpart noticeablyo set( 1)
from the X-ray position (other three panels). e Galactic or low-redshi origin of the X-ray source in this
case can be ruled out by X-ray spectral hardness ratios and JWST magnitude limits.
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number of detections are expected in all models [60, 70] at redshi sz 10 where large di erences in
the luminosity function are generally expected [60]. At somewhat lower redshi s(z 8 9),sucha
survey provides good sampling of the faint end of the luminosity function, which also is a constraint
on seed models [61, 62]. X-ray positions must be determined to a fraction of 1 for identi cation
with host galaxies.

To probe the expected di erences in the host galaxy properties, the sensitivity in the OIR survey
in the same region should be su cient to identify counterparts of detected X-ray sources at least
down to the galaxy mass limits expected in the light-seed case. In the heavy-seed case, where neither
the host galaxies, nor the recently born  10° My, seed black holes are expected to be detectable
even with JWST, it will be possible to isolate the corresponding population as (brighter) X-ray point
sources with no OIR counterparts (see Figure 1.3). Furthermore, it will be possible to test the o sets
between black holes and their bright galactic neighbors, anticipated in the close vicinity (up to tens
of kpc or a few arcseconds) of faint hosts of heavy seeds [41, 46, 82].

ere is a reasonable chance of catching ongoing direct collapse events in such a survey (Fig. 1.2,
[73]). In this case, spectral signatures may be detectable (including a strong Ly line [75]).

Finally, Lynx surveys are an excellent dataset for cross-correlations of weak unresolved X-ray

emission from high-z black holes with atomic gas detected in future 21-cm surveys ([72], 84.3).

Capability requirements | e basic requirements for such a program include the following:

An X-ray sensitivity su cient to detect 10* My, black holesat z  10. For reasonable assumptions
about underlying X-ray spectral shapes, expected levels of obscuration, and spectral energy distri-
butions, the required observed-frame 0.5{2 keV uxes (corresponding to penetrating rest-frame

5{20 keV X-rays)are 10 Pergcm 2s 1. ese uxes are just above those expected for X-ray
binary populations in high-z galaxies ([61], Appendix A.2). In heavy-seed scenarios there is likely
a population of X-ray sources without a co-located OIR counterpart.  eir reliable identi cation
requires extremely high sample purity which is typically achieved at ux levels afew the nominal
detection threshold (Appendix A.3 and Fig. A.5). e proposed survey limits will therefore easily
probe 10° My, black holes expected in the heavy-seed scenarios.

Su cient angular resolution to protect against X-ray source confusion by the large numbers of
foreground galaxies. Current estimates (e.g., [61, 81]) forecast a sky density for such sources of
(120{450) 103 deg 2 at the relevant X-ray ux levels. Avoiding source confusion in this regime
requiresa 1 (50% power diameter) point spread function (Appendix A.1). A coarser PSF quickly
destroys the ability to detect X-ray sources at the required uxes. Sub-arcsecond angular resolution
is also essential for matching the positions of X-ray detections with potential host galaxies.

Su ciently large solid angle to conservatively probe an expected range of black hole occupation
fractions. At z 10, the space density of potential hosts of heavy seeds (Mpao few 10"Mp) is

1Mpc 2. More massive hosts of light-seeded 10* 5 My, black holes (Mpao  101°My,) have a number
density of 10 ®Mpc 2. To provide asu cient cushion to model uncertainties, a reasonable target
isa 1 deg? survey that covers avolume of 6:5 10°Mpcdper z laroundz 10. It will be sensitive
to source densities of 10deg 2, corresponding to occupation factors of actively accreting black
holesof f  foe fauy 10 ©and 10 3 for the heavy- and light-seed models, respectively.  ese
factors are 2 orders of magnitude below the upper end of the range predicted in several studies (e.g.,
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[46, 49, 60, 71, 82, 83]), freary 10 4and fiige 10 %, resultingin  1;000 sources per deg?. Ideally,
the survey should be conducted across 3{5 distinct elds that are widely separated in the sky to
minimize the e ects of cosmic variance (e.g., [84, 85]). Some optimizations will be possible with a
\wedding cake" survey strategy depending on the precise mission parameters.

Sensitivity in the OIR to characterize host galaxies, or lack thereof. As discussed above, the OIR
survey must reach sensitivities su cient for detecting at least the light-seed hostsat z 10, and
reliably determining their photo-z.  ese hosts galaxies are expected to be faint, with near-infrared
magnitudes of  28.5{29.5. Such magnitudes should be reachable over the required solid angles by
JWST \wide" and WFIRST \deep" surveys in well-studied multiwavelength survey regions (e.g., [86]).
Maintaining a low fraction (@ 1%) of low-redshi interlopers is essential, as is the case with studies
of high-z galaxy populations in general. Photometric-redshi and Lyman-break techniques have
promise for enabling such a challenging discrimination, but ultra-deep multi-band OIR imaging
and optimal redshi -estimation approaches will be essential.

e X-ray requirements discussed above can be met only with a new, next-generation X-ray
observatory. To conduct the required deep X-ray survey in less than 1 year of total exposure time, an
X-ray observatory should combine high throughput with sub-arcsecond angular resolution that is
stable across a large eld of view. Chandra’s grasp falls short of the requirements by three orders of
magnitude. Athena’s sensitivity is insu cient by a factor of 200 due to its 5 spatial resolution. Lynx
is designed to meet all of these requirements.

Finally, we note that the survey approach suggested here is highly synergistic with future gravita-
tional wave studies: while the X-ray signal probes accretion (but is blind to mergers), LISA will be
able to directly track mergers (but will be blind to accretion and cannot identify galaxy counterparts).

ese two probes together can unveil a complete picture of the early SMBH assembly.

Lynx is uniquely capable of probing the earliest massive black holes by directly detecting their
accreting seeds in X-ray observations. Combined with OIR studies of their host galaxies and
environments as well as gravitational wave probes of black hole mergers, sensitive surveys with
Lynx will have great potential to solve the long-standing puzzle of the origin of massive black
holes.

1.2 Black Holes from Cosmic Dawn to Cosmic Noon

1.2.1 Probing the full range of massive black holes near the cosmic star formation peak

Beyond the origin of massive black holes, studying their growth from \Cosmic Dawn"atz 10to
\Cosmic Noon" at z 1{2 is essential for understanding their co-evolution with galaxies near the
peak of cosmic star formation. A recent breakthrough in our understanding of AGN shows that
they are not \on/o " like light bulbs, but instead \ icker" across a wide range of Eddington ratios on
relatively short time scales (@ 10° © years [87]).  us, to understand the entire AGN population, the
full dynamic range in accretion rates and hence X-ray luminosity needs to be probed at all epochs.

is approach has been critical for understanding the connection between black hole and galaxy
growth, the nature of AGN obscuration, and the evolution of AGN in large-scale structures [88{90].
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As discussed above, X-rays are uniquely capable of probing a wide range of black hole masses and
accretion rates, due to their high contrast and penetrating power. To cover the complete growing
black hole population from z 6 to 2 requires the sensitivity and angular resolution of Lynx.

Over the past 20 years, Chandra and XMM-Newton X-ray surveys have successfully collected
clean and largely unbiased samplesof AGNtoz 5[91{96]. ey cover a broad range of luminosities
(downtoLy 10*ergstatz 5andLy 10%ergs 'atz 0:5;see Fig. 1.4) and include large
numbers of both unobscured and obscured AGN. In the next few years, eROSITA [97] and ART-XC
[98] will constrain the bright end of the luminosity function (A 10*°erg s 1) with 106 AGN over a
broad redshi range.

e next frontier is to probe deeper, below the \knee" of the luminosity function at redshi sz A 3.
Such observations require large numbers of very faint sources (many thousands compared to the few
hundreds available now [62,99]). iswill enable e cient coverage of large areas down to the ux
limits of the current deepest X-ray survey (the Chandra Deep Field-South), identifying thousands of
distant AGN over several deg?, down to uxes of 10 Bergs 1 cm 2.  ese limits are factor of 10
below what is currently achievable with Chandra only in pencil-beam surveys. e counterparts for
even the highest-z sources in the Lynx wide surveys will be readily available from next-generation
facilities such as WFIRST and Euclid.
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Fig. 1.4 ] Redshi and bolometric luminosity distributions (with corresponding SMBH masses for Eddington-limited
accretion) to be probed by future experiments, compared with current Chandra surveys and the expected eROSITA limit

in the Ecliptic Pole regions.
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e abundance of future imaging and spectroscopic surveys (e.g., LSST, DESI, 4-MOST) will
allow us to explore the distribution of AGN accretion rates as a function of key galaxy host properties
(i.e., star formation rate, stellar mass, morphology). With sensitive radio measurements, such as
those to be provided by SKA or ngVLA, an empirically derived fundamental plane of black hole
activity [100] can be used to estimate both the black hole mass and kinetic energy output, in addition
to the radiative energy output immediately available from the X-ray measurements (see e.g., [101]
for a recent application). A connection between AGN and their environment can then be established
via a statistical analysis of their clustering properties [102{106].

Finally, large OIR samples and wide Lynx surveys will enable X-ray stacking analyses, pushing
down to extremely faint mean uxes, 10 ?ergs ! cm 2. Stacking has been powerful in constraining
the connection between galaxy mass, star formation, and black hole accretion ratesuptoz 3and
Lx 10* “ergs 1[89, 107]. Lynx will reach down to luminosities of Ly 103 10%ergs ! |
close to the level expected from individual X-ray binaries and so will cover the full range of accretion,
down to emission from weakly accreting, lower mass black holes.

1.2.2 Unveiling obscured accretion

Another important avenue toward understanding the AGN-galaxy connection is to probe the most
obscured AGN across cosmic time. A signi cant number of AGN are \hidden" by dust, so that only
high energy X-rays can penetrate.  eoretical models predict phases of high obscuration during
gas-rich galaxy mergers, when feedback from AGN may play an important role in regulating galaxy
growth [108, 109]. Understanding what role black hole feedback plays in regulating galaxy formation
isasigni cant component of the second Lynx science pillar. In addition to studies and tests outlined
in 82, observations of the \hidden" AGN up to high-z is an important input to assessing what role
the central black holes play in regulating galaxy formation.

At low redshi , roughly 30% of AGN are so highly obscured as to be undetected even in the
2{10 keV band (e.g., [110]). Very little information is available on the populations of these sources
at higher redshi  [111, 112]. Reprocessed IR emission 0 ers one way of detecting such heavily-
obscured AGN [113{116], but IR observations su er from both contamination and dilution by the
host galaxy. e reprocessed emission can be also observed in high-energy X-rays via the \Compton
hump" at 20{40 keV and a ubiquitous Fe-K recombination lineat E  6:4 keV (see [117{119] for
pioneering work using NuSTAR). At z A 2, the Compton hump is redshi ed below 10 keV, where
Lynx will provide leaps in sensitivity, pushing the census of heavily-obscured AGN outtoz 4 and
revealing the least luminous of these hidden black holes.

1.3 Black Hole Seeds Archaeology in the Local Universe

A complementary strategy for understanding black hole seed formation comes from observing the
relics of the rst black holes in the local Universe. For this census, it is necessary to understand
both the occupation fraction of black holes in galaxies and the fraction of those black holes that
are actively accreting. Because of their smaller sphere of in uence and lower accretion-powered
luminosity, the occupation fraction becomes progressively harder to measure at lower black hole
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Fig. 1.5 ] Qualitative predictions for the properties of the local black hole occupation fraction in low-mass galaxies
(adapted from Greene 2012 [3]). Unlike more massive galaxies, dwarfs are expected to retain residual memory of the
predominant black hole seeding mechanism, and therefore serve as promising sites for black hole archaeology. Because
of the complexity of the evolutionary path leading even to the low-mass dwarfs, this method requires statistical studies
of large samples. e census of 10* ® My, black holes in local dwarf galaxies and globular clusters can be obtained via
sensitive X-ray imaging (a serendipitous project with Lynx [4]), or from radio synchrotron detections with ngVVLA [6],
or by stellar dynamics measurements with ELTs [5]. Lynx will be able to contribute to the radio method by enabling
black hole mass estimates via the black hole activity fundamental plane [100]. Dynamical measurements at D @ 5 Mpc
with ELTs will provide a calibration between the black hole mass and X-ray luminosity, and constrain the accretion duty
cycle. Lynx will then extend the studies to much greater distances.

masses, particularly in dwarf galaxies.  is measurement, to a few percent accuracy, is uniquely
enabled by Lynx.
As envisioned by Gallo et al. [4], the occupation fraction can be determined by the empirical
relationship between the black hole X-ray luminosity and the stellar mass of its host galaxy, M .
is relation likely results from relations between Mgy and M , and between M and the amount of
\fuel" available to power the black hole. To measure the occupation fraction, it is essential to account
for stochastic ickering of the accretion onto the black hole as well as contamination by actively
accreting X-ray binaries [121, 122]. e high sensitivity and angular resolution of Lynx are critical
for overcoming these challenges. Moreover, with high angular resolution maintained over a large
eld of view, the search for black hole seed relics can be performed as a serendipitous Lynx project.
Measurements of the black hole occupation fraction provide an essential probe of early black
hole formation. For 9 @ log M ~My @ 10, the fraction of galaxies hosting black holes is expected to
depend on the predominant black hole seeding mechanism at high redshi s (Fig. 1.5). isre ects
the residual memory of the early stages of assembly still retained by dwarf galaxies. Semi-analytic
models [21, 24, 60, 123{126] suggest that by z 0, low-mass galaxies are still more likely (by a factor
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of 2) to contain massive black holes in the light seed scenario than in the heavy seed scenario
(recall thatat z 10, that factor is 10° 4, see §1.1.3). Furthermore, the occupation fraction of black
holes in dwarf galaxies provides a key constraint on the black hole mass density at low redshi , one
that is essential to calibrate both numerical and semi-analytic models of their growth [24, 127, 128].
It is also essential in assessing the dominant mechanism responsible for quenching star formation
in low-mass galaxies: if the occupation fraction is close to 100%, black holes alone can provide the
required amount of energy feedback [129, 130]. Finally, the expected rates of events, such as tidal
disruption events of SMBH mergers, are hugely sensitive to the black hole occupation fraction at the
low mass end of the galaxy population (e.g., [131]).

A custom, artistic black hole rendering made for the Lynx Team's public outreach e orts by artist Niko Maisura

Lynx will provide a conclusive view on how black holes form, evolve, and shape the evolution of
their host galaxies, from the epoch of Cosmic Dawn to our cosmic neighborhood.
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2 The Drivers of Galaxy Evolution

e past decade began with the rst light of ALMA and will end at the start of the new era of
hyperdimensional astrophysics. e movement toward highly multiwavelength, multidimensional
datasets has enabled immense progress in many science frontiers, particularly with regard to the
cycle of baryons in galaxies and the energetic feedback processes thought to drive their evolution.
Facilities like ALMA and the next generation of optical/NIR integral eld unit (IFU) spectrographs
enable mapping the physical conditions and kinematics of cold molecular and warm ionized gas
in galaxies in unprecedented detail. JWST’s launch at the start of the coming decade will push this
capability to the rest-frame UV at redshi sz A 6, mapping the birth of the rst galaxies (see 84.3
for a discussion of Lynx observations of Cosmic Dawn). Understanding their subsequent evolution,
however, awaits an ability to map the processes that transform galaxies directly, rather than the
consequences of those processes in isolation. Doing so requires an equivalent revolution in our ability
to map the morphology and kinematics of the hot plasma that pervades galaxies, the atmospheres in
which they reside, and the feedback processes that are the engines of their evolution.

Lynx will ignite this new epoch in our understanding of galaxies. As a long-lived, exible platform
combining extreme sensitivity with sharpest-ever angular and spectral resolution in X-ray bands,
Lynx will directly observe the fundamental drivers of galaxy evolution. It will do so across nearly all
characteristic size scales, epochs, and modes. Lynx will be the catalyst for the next great paradigm
shi sacross nearly every sub- eld of galaxy evolution, including:

Extended circumgalactic halos | e thermodynamic state and chemical composition of hot
gas in galactic halos encodes a record of the feedback-modi ed assembly history that shapes galaxy
evolution. Lynx will probe the hot circumgalactic medium (CGM) to a large fraction of the virial
radius in halos of virial mass My 3 10 My, through direct imaging in emission, and for
Mt 1 1022 My or below in absorption using bright background AGN as sightline backlights. We
discuss this further in 82.1.

e Cosmic Web and its interface with galaxies |  Cosmic Web sheets and laments represent
the typical environment for most \ eld" galaxies. Hot gas contained within them is a major reservoir
of baryons in the low-redshi Universe, but it remains largely unexplored. Sub-regions of this
gas feed accretion into galaxies, while other regions harbor the ejecta of strong feedback events
that have pushed enriched gas out of galaxies. e thermodynamic state and metallicity of this
hot gas, therefore, serves as a critical constraint for galaxy formation models. Lynx will have the
sensitivity to map the Cosmic Web in emission above an overdensity threshold of 50, as well as
detect it in absorption against virtually every X-ray bright background AGN (Appendix A.5). A
multi-megasecond Cosmic Web imaging campaign with Lynx would produce a Legacy-class, epochal
dataset that would reign among its greatest scienti ¢ achievements. Because this program would be
so revolutionary and impact so many sub- elds in astrophysics, we discuss it further in 84.4. See
Fig. 4.7 on page 78 for a realistic simulation of what we are calling the Lynx Legacy Field.
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High-redshi probes |  Inaddition to detailed low-redshi measurements, we must also obtain
additional constraints on the hot gas near the epoch of peak cosmic star formationatz 2 3.
Lynx will do this through observations of high-redshi galaxy groups down to a mass scale of
Mutsoo 2 108 Mpatz A3(84.4.1). isis close to the galactic mass scale, and so strong feedback
operating in galaxies will generally result in signatures observable in the intragroup medium.

As galaxies fall into clusters, gas in their halos is shock-heated, stripped, and mixed with halo
gas from a large number of other galaxies.  ese processes can completely erase information on the
thermodynamic state of gas prior to accretion onto the cluster, but not on its chemical composition.
Metallicity measurements in outer cluster regions can therefore provide a strong constraint on the
average metallicity of the CGM at z A z,¢er [132{135], and hence on the feedback history. Athena
will make metallicity measurements in clusterstoz 1. Approximately 60% of stars observedatz 0
areformed by z 1[136], so while some trends in metallicity can be expected, they will likely be weak
(as indeed seen in Chandra observations [137{139]). Lynx can make spatially resolved metallicity
measurements in clusters across 11 Gyr of cosmic historytoz 3 (84.6) using samples provided
by upcoming large-area surveys (84.4.2). Dramatic redshi trends in the chemical composition of
cluster gasat 1 @ z @ 2 and beyond are expected because less than 10% of the present-day stars were
in place at z C 2 [136]. Observations of this trend, uniquely possible with Lynx, will greatly advance
our understanding of galaxy wind feedback at the critical epoch of peak star formation.

Feedback signatures in gas near and within galaxies | e physical conditions and kinematics of
hot gas in and around galaxies is sculpted by ongoing and recent episodes of energetic feedback from
star formation and black holes. On scales from a few parsecs to tens of kiloparsecs, Lynx will observe
galaxy-scale winds driven by stellar, supernovae (SNe), and black hole feedback, including detailed
measurements of their energetics and constraints on their launching mechanisms. Winds have rich
structure and must be observed in the X-ray band in order to be fully understood, but because
they are so tenuous, their X-ray surface brightness is ubiquitously low [140, 141].  ese critical
measurements therefore require the extreme sensitivity of Lynx coupled to its exquisite angular
resolution, enabling spatial mapping on all relevant scales. e LXM’s 0:3 eV spectral resolution
will meanwhile place many resolution elements across the characteristic velocity widths of these
winds, giving a truly multidimensional understanding of how they operate (82.2).

On 100 pcto 1kpcscales, Lynx will resolve and characterize extended narrow line emission
regions in nearby AGN, providing a key diagnostic for shock excitation and therefore a new under-
standing of where and to what degree AGN outburst energy is dissipated in the interstellar medium
(ISM). Another diagnostic of AGN energy feedback on galaxy-wide scales will be Lynx observations
of AGN-in ated bubbles in the hot ISM of nearby elliptical galaxies. Both types of observations
require sub-arcsecond imaging capabilities, unique to Lynx. On the smallest scales, Lynx will track
the hot interstellar medium in active star forming regions of the Milky Way and nearby galaxies
(83.1). Observing the interface between the hot ISM that surrounds dense molecular clouds will
advance our understanding of how energy feedback from star formation locally shuts down new star
formation. Futhermore, Lynx observations of large samples of young supernova remnants in Local
Group galaxies will establish a compregensive view of the relationship between recent SNe activity
and star formation (§3.3).
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Fig. 21 ] e high spatial resolution characterization of buoyant X-ray cavity networks and sound waves in galaxy
groups and clusters remains one of Chandra’s great scienti c legacies. ese kpc-scale shocks and bubbles, mechanically
in ated by radio-bright jets launched from supermassive black holes, act as calorimeters for the total energy input by black
hole feedback in the central galaxy. Lynx is the only planned mission with the combined angular and spectral resolution
needed to nally understand how AGN mechanical energy, via bubble enthalpy and shock dissipation, is thermalized in
the intracluster medium (ICM). (Le ) Maps of adiabatic (sound waves) and isothermal (bubbles) uctuations based
on a mock 750 ksec Lynx LXM observation of a Perseus-like cluster [142, 143]. Chandra could hypothetically observe
Perseus for nearly  een megaseconds and the result would still not remotely approach the richness of this Lynx datacube,
given the A 50-fold improvement in spectral resolution of the LXM relative to ACIS. (Right) e image atle shows
how spatially rich this mock Lynx datacube is, while here we show how spectrally rich it would be. e panel shows an
extracted pro le for the Fe K line observed with the LXM subarray from a region immediately behind the shock front,
showing the e ect of velocity broadening originating from the expanding front. Such measurements, only feasible within
a few arcseconds of the front because of the brightness contrast e ects, provide the expansion velocity and the density
structure of the shock.

Microphysics of feedback dissipation | e most energetic examples of black hole feedback are
found in galaxy clusters (reviews by, e.g., McNamara & Nulsen [144] and Fabian [145]), which also
serve as astrophysical laboratories for studies of plasma physics e ects coupled to turbulent energy
dissipation from feedback (e.g., [146]). Chandra observations of cool cores in the nearby galaxy
clusters show that this is a remarkably complex process, where plasma microphysics (e.g., viscosity,
dissipation of turbulence, heat conduction) plays a major role. Hitomi observations of Perseus provide
a glimpse of the power of high resolution spectroscopy, even with coarse angular resolution, for these
studies [147]. XRISM and then Athena will bring X-ray spectroscopic capabilities to the next level,
providing superb measurements of the total energy of gas motions in a large sample of galaxy clusters.
However, as the Chandra experience convincingly shows, the key to better understanding the energy
dissipation microphysics lies in the ability to resolve structures down to the Spitzer mean free path
scale, . Chandraiso en limited by statistics, not angular resolution, in probing gas on the ,
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scales. Lynx will eliminate this problem (Fig. 2.1, §4.10, [142]). More importantly, it will provide
gas velocities on a similar angular scale, providing a third dimension to the data. New handles on
the plasma physics e ects provided by Lynx observations of nearby galaxy clusters will be used to
inform the \subgrid" treatment of feedback in numerical models of galaxy formation.

AGN mechanical power in the fastest out ows |  AGN winds span a wide range of ionization
and kinematic states (82.2), but it is likely that the high-ionization, ultra-fast out ows act in ways
most directly relevant for galactic feedback [148].  eir mass and energy budgets, however, remain
poorly understood, and largely inaccessible without Lynx. e main diagnostic of these ows is the
blue shi ed K-shell lines of Fe xxv and Fe xxvi between 6 9 keV (rest frame).  ese observations
will be a major goal for the microcalorimeters on both Athena and Lynx. However, the current
quality of X-ray data results in uncertainties an order-of-magnitude higher in the derived energy and
momentum ux of the wind, because these quantities are degenerate with the distance and density
of gas in the wind, which cannot be independently determined. Only the high-resolution so X-ray
spectra obtained by the Lynx microcalorimeter and gratings will provide access to density diagnostics
in hot AGN winds, greatly reducing uncertainties in the determination of the instantaneous AGN
mechanical output, and therefore greatly constraining black hole feedback models (84.2.3).

Fueling and triggering of AGN feedback ||  Lynx’s sharp angular resolution will allow it to deter-
mine the gas state at or near the sphere of in uence of SMBHSs in nearby galaxies. While it is likely that
the accretion ow within this radius signi cantly deviates from the Bondi solution, Mggngi can still
serve as a useful proxy for the instantaneous accretion rate on the black hole. Chandra observations
indeed reveal a strong correlation between the derived Bondi accretion rate and AGN jet power for a
small sample of nearby elliptical galaxies [149]. e Bondi-Hoyle-Lyttleton accretion rate is typically
used as a proxy for black hole feedback in numerical models of galaxy formation with afreee ciency
factor (e.g. Springel et al. 2005 [150]): Efeed ¢ rMpgongiC?. €€ ciency factor ¢ cannot be
determined from rst principles. It is uncertain by approximately an order of magnitude, with the
correspondingly uncertain consequences for the AGN feedback e ect on galaxies. Dramatically
better sensitivity and new spectral gas diagnostics available with Lynx will make it possible to derive
Mazongi Much more reliably and in a larger sample of galaxies.  ese observations will be used to
guide subgrid parameterizations of the AGN feedback in numerical models.

* * *

All observations mentioned above are at the core of Lynx’s ability to expose the drivers of galaxy
formation. Below, we expand on the most demanding programs that partly de ne the observatory’s
requirements: characterization of the CGM in emission and absorption, the detailed measurements
of galaxy winds driven by stellar and black hole feedback, and observations of the very nearest
examples of galaxy-scale feedback ] that within our own galaxy.

2.1 The Imprint of Galaxy Evolution Drivers on the Circumgalactic Medium

e majority of baryons reside beyond the optical extent of a galaxy in the circumgalactic and
intergalactic media. Gaseous halos are inextricably linked to the appearance of their host galaxies
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EAGLE Super-HighRes zoom simulation of the virial radius surrounding a newly formed Milky Way-mass galaxy.
cold and warm component, while the right panel shows the equivalent X-ray view of the hot gas, whose morpholc

a history of the processes that drive the galaxy's evolution. Credit: B. Oppenheimer & Collabor

Detailed information is now available on the stellar, dust, and cold gas content of galaxies, and yet there is
a dearth of understanding of the exact mechanisms of their formation. Lynx will expose essential drivers
of galaxy evolution which primarily leave imprints in the X-ray bright CGM, extending well beyond the
optical size of galaxies and containing most of their baryons.

through a complex story of accretion, feedback, and continual recycling.  ese energetic processes,
which couple strongly to the state of gas in the CGM, are the same ones that both: (1) regulate stellar
growth so that it is not over-e cient, and (2) partially create the diversity of today’s galaxy colors, star
formation rates, and morphologies that span the Hubble types. ey work in concert to regulate the
evolution of a galaxy, ushering it across the so-called \Green Valley" and maintaining its quenched
appearance on the \Red Sequence" (Fig. 2.2, top panel).

Understanding of the CGM is rapidly expanding, thanks to exquisite UV absorption line studies
(reviewed by, e.g., Tumlinson, Peeples & Werk 2017 [158]). However, the majority of baryons in
halos more massive than 102 My, along with their critically important physical conditions and
dynamics, remain invisible because that gas is heated above UV ionization states. Information on
many of the essential drivers of galaxy evolution is primarily contained in this thus-far inaccessible
hot gas phase.

Completing the picture of galaxy formation requires uncovering the physical mechanisms behind
stellar and SMBH feedback driving mass, metals, and energy into the CGM. By opening galactic
hot halos to new wavebands, we not only obtain archival records of more than 13 billion years of
evolution, but we can observe ongoing accretion, the deposition of superwind out ows into the CGM,
and the re-arrangement of baryons by SMBH feedback. A description of the ows of mass, metals,
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Fig. 2.2 ] Current observations and theory predictions indicate a dramatic transition in the properties of galaxies at a
mass scale of the Milky Way. (Top) Low-z galaxies show the greatest variety of colors, SFRs, and morphologies in the
massrange 1 3  10%2 My, [151]. (Center) Abundance matching analyses [152] show that star formation e ciency
peaks around 10'2 My, A decline at higher masses is thought to be associated with the growing importance of hot
baryons (red line with purple shading) over the cool (T @ 10° K [153]) and warm (10° B T @ 10° K [154]) CGM phases.

e white area above the red dashed line are the expected baryons ejected beyond R,;,. (Bottom) e average column
density of oxygen in di erent ionization states within Ryj,. While O vi has been observed around normal galaxies with
HST/CQS [154], much larger reservoirs of O vii and O viii, accessible only via a highly sensitive X-ray observatory like
Lynx, dominate the predicted CGM oxygen budget [155{157].
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and energy will only be complete by observing the thermodynamic states, chemical compositions,
structure, and dynamics of T C 108K halos.  ese measurements are uniquely possible with a
next-generation X-ray observatory only if it provides the sensitivity needed to detect extremely low
surface brightness CGM emission, only if it has the spectroscopic power to resolve spectral lines and
therefore measure gas motions, and only if it has the high spatial needed resolution to resolve the
critical scales on which a panoply of feedback e ects operate. Lynx is designed to meet this challenge.

2.1.1 The current state of the art in our understanding of the CGM

An intimate connection between properties of the stellar component in galaxies and their extended
gas halos has long been predicted by analytic theories of galaxy formation. A transition of galaxy
properties at the 102 My, dark matter halo mass scale can be related to the maximum in the
baryonic cooling curve at corresponding virial temperatures [159, 160]. e formation of a hot
(T A 108 K), ambient gaseous halo should accompany a decline in the e ciency of accretion onto a
galaxy, and of star formation within it [161{163].  ese analytic models also reveal one of the central
conundrums in our understanding of galaxies: the so-called \over-cooling™ problem, wherein cooling
and condensation of halo gas averaged over cosmic time is expected to proceed at much higher rates
than that of the observed star formation [164]. E ectively all likely solutions to the over-cooling
problem leave an observable imprint in the CGM, as stellar winds and radiation pressure [165{167],
along with black hole-driven radiative and mechanical out ows [144, 168, 169], all eject baryons
from the galaxy into the CGM.

UV-based CGM observations enabled by HST’s Cosmic Origins Spectrograph (COS) has re-
de ned our understanding of galactic halos. UV absorption lines from hydrogen and metals are
ubiquitous in quasar spectra intersecting the CGM. COS has now observed the multiphase gaseous
content of several galactic halos, revealing a rich set of dynamical processes like gas accretion,
out ows, and recycling that correlate with galaxy type [158].

Fig. 2.3 (next page) A drastic transformation of galaxies from the star-forming blue cloud, to the green valley,
and nally to the red sequence happens in a relatively narrow range of masses around Myt 1 102 Mp. e
diverse optical appearances (top panels) are intimately tied to their circumgalactic gas reservoirs. Numerical
simulations predict rich structure of all CGM phases (see the second and third panel rows, which show outputs
from three EAGLE Super-HiRes zooms). is structure re ects the \invisible" drivers of galaxy formation:
accretion, feedback, and recycling ows of gas. e CGM in its full glory remains largely unobserved. e
structure of cold (T @ 10*° K, white-blue) and warm (T 10%° K, green-yellow) gas is probed via UV
absorption in individual sight lines; while the hot phase is routinely observed in the X-rays only in more
massive ellipticals. As galaxy mass increases, we expect a dramatic transformation of the CGM from warm-cold
dominated for M @ 10'> My, to hot-dominated for M 2 102 My, Energy feedback, which plays a major
role in this transformation, changes predominant types around the Myy 1 102 My, mass scale (bottom
panels). In all cases, the main signatures of ongoing feedback are imprinted in the inner structure of the hot
halo. eir observations require a combination of high spatial and spectral resolution, uniquely provided by
Lynx.
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State-of-the-art cosmological hydrodynamic simulations have applied increasingly sophisticated
feedback schemes tied to star formation and SMBH accretion [e.g., 170{172]. ey reproduce
detailed properties of galaxies and provide very speci ¢ predictions for the physical properties of the
CGM. Basic theory (i.e. Tyiy 108 Mpa0~1012My, 23 K) and multiple simulation suites, including
EAGLE [173], llustris-TNG [174], and FIRE-2 [175] all predict that the majority of CGM gas and
metals lies in the hot phase of halos at or above the Milky Way (MW) mass scale, Mz 102 My,
(Fig. 2.2). At least some simulation suites [e.g., EAGLE, see 176] simultaneously reproduce the UV
absorption line statistics for the cool/warm (T B 10%° K) phase of the CGM [e.g. 153]. We therefore
expect that the \COS era" is just the dawn of our understanding of the baryon physics regulating,
transforming, and quenching galaxies. Despite the rich array of ions detected by UV absorption, the
majority of CGM baryons and metals remain undetected in the hot (T C 108 K) phase.  eir physics,
dynamics, and energetics contain essential clues on how galaxies assemble, evolve, and transform.

2.1.2 Toward a new understanding of how galaxies evolve

A full description of the formation and evolution of galaxies depends on mapping a range of high-
energy processes that operate on vastly di erent scales. Our understanding of these processes awaits
an ability to observe accretion physics onto 10° °M,, SMBHSs, the energetic yet di use stellar and
SMBH-driven superwinds emanating from galaxy disks, and the complex tapestry of mass, metal,
and energy ows exchanging phases in the CGM. e calibration of fundamental relations between
galaxies, their central black holes, and all phases of the CGM remain unconstrained by competing
theoretical models. It is essential that new observational capabilities are developed to enable their
direct study. Lynx is designed to deliver this paradigm-shaping power.

e current generation of simulations all agree that a con uence of high-energy processes
operate to evolve and transform a galaxy’s optically observed properties: color, morphology, and
star formation rate. A blue cloud galaxy regulates its star formation through a balance of accretion
from the CGM (both cold, T 10 K, and hot, T A 10° K), and star formation-driven superwind
out ows. e formation of avirialized hot halo at M,;; 102 My, curtails this cycle as the gas cooling
becomes ine cient. At this stage, the SMBH is predicted to grow much faster than the galaxy due
to the decline of bursty star formation-driven winds [177] and/or the collection of nuclear hot gas
[178], leading to AGN feedback that drives jets, shocks, and bubbles tens to hundreds of kpc into the
CGM [e.g., 179]. isamount of energy and momentum imparted to MW-mass gaseous halos can
(1) shred the cool/warm CGM accretion supply, (2) upli and eject baryons from the CGM [180],
and (3) secularly transform a galaxy across the green valley [181]. Such a re-arranged, quasi-stable,
and high entropy halo | from which accretion becomes ine cient ] leads to the transition of the
central galaxy into the red sequence, where \maintenance-mode” AGN feedback may be required to
maintain the galaxy’s quenched appearance. e main goal of future observational programs should
be to show how these processes work in concert to drive the evolution of the galaxy.

2.1.3 The X-ray-bright reservoirs of mass, metals, and energy

As noted above, the majority of baryons and metals remain undetected in C 10?My, halos [182],
most likely because they are in the hot phase. How much could a future X-ray observatory nd? e
maximum fraction of baryons locked in starsis  20%, and is found in MW-mass halos (Fig. 2.2,
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middle panel). Budgeting the baryons out to the virial radius of MW-mass halos (R,i; 200 250
kpc) from COS UV surveys [153, 183] nds another 10{20%. erefore, at least 50% of the expected
baryons associated withal 2 10%My halo are not accounted for.  eir location and physical
state is expected to be a very powerful diagnostic of the physics that regulates galaxy formation.

e mismatch of metals observed within galaxies with yields predicted from stellar populations
[184] indicates that a signi cant (and probably major) fraction of metals reside in the CGM. Metals
detected in UV quasar absorption spectra account for  10% of the total output from star formation
[185]. Similarly, the signi cant gaseous halo O vi masses observed by COS [154] are only a small
percentage of the total circumgalactic oxygen budget. Cooling functions of hot gas predict far more
O vii and O viii [186], which will dominate the oxygen budget above M,;,  1012M, (Fig. 2.2, lower
panel). ese ions are detectable at high abundance in our own halo, but their distances are poorly
constrained [187]. Only by observing them around a large variety of galaxies as a function of impact
parameter can we reveal the amount and location of these invisible circumgalactic metal reservoirs.
Only Lynx can do this,

Moreover, the gaseous halo energy budget, which should be dominated by T C 10°K gas, is
unconstrained by at least an order of magnitude. Completely absent from such an energy census are
turbulent velocities [188], bulk motions, and rotation [189] of the hot gas, as well as magnetic elds
[190] and non-thermal particles [191]. Knowing the mass, metal, and energy budget will depend
on measurements of the detailed thermodynamic state of the hot halo | the dominant medium by
volume and mass. Required observations include radial pro les of gas density, temperature, and
metallicity. In addition, we must have a facility with the combined sensitivity spectral, and angular
resolution to truly map the CGM. e expected kinematic and morphological structure of all CGM
components is very rich, and directly related to dynamical processes coupled to both stellar and black
hole feedback (Fig. 2.3). In order to truly understand the involved physics while avoiding incorrect
inferences as to the bulk properties of the CGM, individual objects must be observed and spatially
mapped.  ese persistent gaps in our understanding will nally be addressed by Lynx.

2.1.4 Anew understanding of the CGM with Lynx

e coming years will see UV absorption line studies of the CGM continue, growing the HST/COS
archive and enabling future cross-correlation with ground-based follow-up surveys. e new frontier,
however, will be observations of the hot phase. UV studies fundamentally cannot provide direct
information on this phase because the gas is ionized above all observable UV transitions for the
relevant range of temperatures, as shown in the phase diagram in Fig. 2.4.

Observations of the Sunyaev-Zeldovich (SZ) e ect are soon to grow in power. Detection of
individual galactic halos through their SZ decrement is impossible even with the largest scale future
SZ experiments, though attempts to detect the stacked thermal and kinetic SZ e ects may have
been successful ([192, 193]).  ese detections will likely become routine in the upcoming Cosmic
Microwave Background (CMB) \Stage 3" and \Stage 4" experiments [194], although these surveys
will focus more on higher mass objects 10 My,. Angular resolution also will be an issue for this
work. e optimal redshi range for stacking the SZ signal isatz  0:5 or above. At this redshi
the 1arcminute beam of the \Stage 4" CMB experiment corresponds to 350 kpc, too coarse to
constrain the structure of the CGM within the virial radius, even in a stack.

37



Log /

T T S T
10- %(OBSER\/ABLE IN EMISSION

10+

=
Q
L

ngf

|

WHIM Ne vm:
Ne vi/

______

Gas Eemperature (K)
= =
Q Q

Phase Space probed by w :

Ultraviolet Lines cu i W
104 Diffuse Mg"(;;n_d;;s_e;_"_""""“""7[—'
Star forming
10
1b—3l I 16—29 I 1d—27 I 16—25 I 10—23

Gas Density (g cnr®)

Fig. 24 Byz 0, over 50% of all baryons in the Universe are hotter than 1052 K, and the vast majority (located in
the ICM and Cosmic Web) have yet to be detected. s density-temperature phase diagram generated from EAGLE
| and generic of all cosmological simulations ]| shows that most of these hot hidden baryons will be revealed by
Lynx in emission. Using absorption lines of O vii, O viii, and other X-ray ions, Lynx will uncover a unique regime of
lower-temperature di use baryons down to an overdensity of 30. At temperatures around the lower boundary of the
range that can be probed in X-rays, the sensitivity of the UV and optical absorption line method takes over (dashed
rectangular regions reproduced from Tumlinson, Peeples, & Werk 2017 [158]). e simulated baryons shown here are
extracted from a 100 Mpc® volume atz 0.
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erefore, while ongoing and future studies of the CGM using UV absorption lines and the SZ
e ect are important, critical observations of the hot CGM in individual galaxies must be obtained
elsewhere. A reasonable minimum set of goals for an X-ray observatory capable of doing so includes
deep images in the so  X-ray band for characterization of multiple modes of feedback operating
inside 0:25R,;; of a 10¥2My, halo (50 kpc), as well as to map the structure of hot halos out to 0:5Ry;,
for a 10'%°My, galaxy (150 kpc). Moreover, detections in multiple bands over the 0:4 1.5keV
range will be needed to independently determine the CGM temperature, density, and metallicity.
Spectroscopic observations are also essential. Sensitive absorption line measurements | at spectral
resolving powers R A 5;000 only accessible with X-ray gratings | can extend characterization of
the CGM in MW-mass galaxies to at least the virial radius and provide additional kinematic data
[195]. X-ray microcalorimeter measurements in the inner halo can resolve structures associated with
feedback and gas accretion onto galaxies. Such a microcalorimeter should have at leastan 0:3eV
energy resolution to observe gas motions with the expected of order 100 km s ! velocities and
provide 1 spatial sampling to resolve expected structures ([196], §2.2.1).
e limiting factor for imaging observations of di use gas in galactic halos and in Cosmic Web
laments is its expected low contrast relative to both astrophysical and instrumental backgrounds
(Appendix A.5). Chandra’s capabilities are insu cient by 1.5{2 orders of magnitude. Athena will
be severely a ected by residual cosmic X-ray background uctuations caused by sources fainter
than the confusion limit and by large-scale non-uniformities of stray light. Athena also lacks X-ray
gratings, and its microcalorimeter provides a resolving power of only R 250 at O vii, insu cient to
measure gas velocities expected to be on the order of 100kms 1. e only facility powerful enough
to revolutionize our understanding of the hot CGM is Lynx, which will 'y a combined package of
outstanding imaging, X-ray gratings with R A 5;000, and a sub-arcsecond microcalorimeter with
energy resolution as sharp as 0.3 eV, enabling velocity centroidingto 10kms 1.

2.1.5 Pushing to lower densities: X-ray absorption studies of the CGM

At its outermost radii, the CGM becomes so tenuous that the large fraction of baryons and metals
that reside there can no longer be observed in emission, even with an observatory as sensitive as
Lynx. e gas near and outside of the virial radius in galaxies and galaxy groups, as well as baryons
in lower-density regions of the Cosmic Web, nevertheless encodes key imprints of galaxy evolution
drivers that have thus far remained unobservable. Were we able to observe this gas, we could detect
reservoirs of hidden metals and mass, as well as quantify complete unknowns like turbulence, hot
gas ows, and rotation velocities in the outer halos of galaxies including our own (see §2.3).  ese
environments have virial temperatures  10°° K, so the gas should be ionized to X-ray states (§ A.4).
While no observatory could ever observe these faintest regions in emission, Lynx is designed to
detect and characterize this gas by X-ray absorption against background AGN, which will serve as
backlights that place this previously unseen gas in silhouette (Fig. 2.4). We describe this key capability
below.

e tenuous CGM in silhouette: the need for next-generation X-ray gratings |  In order to match
the thermal width of key lines, the optimal resolving power for absorption studies of intergalactic gas
ISR  5;000 (see Appendix A.4 and A.5 for detailed discussions as to why). Currently, the primary

39



e Science of Lynx 2 e Drivers of Galaxy Evolution

Fig. 2.5 ] X-ray absorption studies can probe a large fraction of the baryons and most of metals in the Universe, which
likely lie near or outside of the virial radius in extended galaxy halos, galaxy groups, and the Cosmic Web.  ese
environments have virial temperatures  10%° K, so the gas should be observable primarily in the X-rays. However,
its density is so low that the gas will be undetectable in emission even with Lynx. However, it should be detectable in
absorption provided that a reasonable level of metal enrichment has occurred. Breakthrough capabilities of the Lynx
X-ray Grating Spectrometer (XGS) will enable detection of these reservoirs of hidden metals and mass. Additionally, Lynx
will be able to quantify hot gas ows, turbulence, and rotation around the Milky Way and external galaxies. (Adapted
from [195]).

X-ray spectrographs for intergalactic absorption studies are the XMM-Newton and Chandra gratings.
eir resolving power is lower than this optimal R by more than an order of magnitude.  eir

collecting area is also far too low: 45 cm2? and 7 cm? for XMM-Newton and Chandra, respectively.
ese instruments have nevertheless led to major advances, despite their limitations.

In the near future (2022), a microcalorimeter witha E 5 eV resolution will be launched
on XRISM, followed by Athena’s X-1FU with 2 eV resolution [197]. X-ray microcalorimeters have
approximately constant energy resolution, ( E) as a function of energy.  erefore, XRISM and
Athena will resolve the thermal width ( 200 km s 1) for high ionization Fe lines at E A 6 keV, but
below 1 keV (where most X-ray transitions lie) they cannot do so. For example, their resolution is
only 300 for O viii Ly , which is worse than that provided by Chandra.

e low collecting area of currently available gratings, and the inability of upcoming microcalorime-
ters to resolve the thermal width for so  X-ray transitions, has been a primary motivation for adding
the X-ray Grating Spectrometer (XGS) to Lynx’s revolutionary payload. Available technologies are
now approaching the capability to provide a resolving power of R 7;500 (constant across the so
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X-ray energy band), more than enough to resolve the thermal widths of key lines. New grating
technologies also achieve high grating e ciencies, so the instrument can provide an e ective area
large enough to probe hot gas in the lowest density regions of the CGM and Cosmic Web (Fig. 2.4).

e CGM in absorption with Lynx |  One approach for a Lynx campaign to detect the CGM in
absorption will be to observe asu ciently large sample of bright background AGN whose sightlines
intersect halos of lower-redshi galaxies that span a range of masses and impact parameters. Expected
temperatures and oscillator strengths imply that O vii and O viii will be the key ions to observe.
Data quality will be high enough to observe the structure of O vii line (e.g., thermal and turbulent
broadening, multiple kinematic components, etc.), as well as high enough to clearly detect the O viii
line. e few X-ray absorption lines detected so far [e.g. 198, 199] prove our feasibility calculations,
but remain inadequate for anything beyond an initial detection. In terms of equivalent width, these
requirements translate approximately into the detection limits for narrow lines of 1 mA.

As discussed further in Appendix A.5 and [200], one can select 100 bright background AGN
withamedianredshi ofz 0:3andextendingtoz 2 for suchaprogram. More than one absorption
system will be measured for most of the sightlines, providing rich sampling of the CGM across a
range of masses and impact parameters. Identi cation will be aided by UV absorption line studies
of lower ionization lines (when available) and by optical redshi determinations of the likely host
systems. Most of the absorption lines associated with galaxies will come from z @ 0:6 galaxies with
M A2 10" My, based on models [201]. Such galaxies are generally brighter than m, 22 mag and
are therefore already detected in large photometric surveys, allowing for spectroscopic follow-up.

Once absorbers have been associated with hosts, it will be possible to study the properties of the
gas in galaxy halos, galaxy groups, and the Cosmic Web. e anticipated quality of data will enable
measurements of the column densities and kinematics beyond Ryq (Fig. A.8 on p. 291). For reference,
the Milky Way is currently the only L system studied in X-ray absorption, and the absorption is
dominated by gas within 50 kpc [182]. Measurements of the infall, rotational, and turbulent velocities
of the hot gas, and constraints on its volume Iling factor provide direct tests of galaxy formation
models and enable a search for hot out ows.

To conduct this survey with a reasonable time allocation (e.g., 5Msec), an e ective area of
4,000 cm? for the XGS instrument is required. Such a spectroscopic survey can incorporate the broad
science goals of many other science programs, such as those measuring the structure and kinematics
of the Milky Way halo (8§2.3), studies of the Cosmic Web (84.4.1), blind surveys of 10°° 108° K gas
in the Universe, and searches for heavy elements in the CGM and IGM aimed at solving the \missing
metals" problem ([184], §4.6)

Lynx will unleash a revolution in observations of the CGM. Its hot component, now predominantly
undetected, will be richly mapped around normal galaxies. These observations, augmented by
advances in the radio and a continued progress in the UV and millimeter regimes, will expose the
missing pieces for understanding galaxy formation.
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2.2 Galaxy Winds Powered by Stellar and Black Hole Feedback

Galaxies grow as stars form amid dense clouds of cold molecular gas, and age toward quiescence
when this gas is disrupted, expelled from the galaxy, or prevented from forming in the rst place (e.g.,
Somerville & Dave 2015 [202]). At all mass scales, galaxy evolution models now routinely invoke
various forms of stellar and black hole energy feedback to reconcile observations with a theory that
would otherwise over-predict the size of galaxies and the star formation history of the Universe
[144, 145, 203]. e past decade has seen stellar and black hole feedback achieve paradigmatic status
in the eld of galaxy evolution, yet both remain largely a black box with regards to how, for example,
stellar superwinds or AGN mechanical energy might couple to the entropy of the ambient ISM or
intracluster medium at low- and high-mass scales (respectively), or how this energy deposition is
tied to the fate of cold molecular gas from which all stars are born.

Progress in this vital science will be reliant on a better understanding of the hot circumgalactic
and intra(group/cluster) medium, which serves as a fuel reservoir powering the processes that drive
them (82.1). However, direct observations of ongoing feedback are required to truly understand
the underlying physics. Ultraviolet and sub-mm data, while clearly important, are equivalent to
observing only the sparksina re. We must now observe and map the ame. It is therefore vitally
important to spatially map the kinematics and physical conditions of the hot phase of galaxy winds
across a wide range in redshi and across decades in the galaxy mass scale, achieving parity with a
capability that already exists for the warm ionized and cold molecular gas phases.

2.2.1 The kinematic structure of galaxy winds

Simulations provide guidance that the structure in winds is rich and abundant, containing observables
that are fundamental for understanding how these winds operate. Because those structures o en
subtend an arcsecond even for nearby objects like M82, sub-arcsecond resolution (coupled to very
high so X-ray sensitivity) is needed to enable direct comparison with data from agship ground-
based IFUs like MUSE and interferometers like ALMA at matching spatial scales. e science
enabled by such a parity in capability would be entirely transformational for the understanding of
galaxy evolution, and capitalize on the discoveries that (e.g.) JWST, ALMA, and the Extremely Large
Telescopes (ELTs) will make in the decades to come. Sub-arcsecond spatially resolved spectroscopy
at 30 kms ! velocity resolution in X-rays will enable these paradigm-shaping advancements along
multiple fundamental questions relevant to both stellar and black hole feedback at all mass scales.

One of these major, overarching questions relates to how much energy lies in the winds, where it
is deposited, and how this deposition takes place [203]. While both stellar and black hole feedback
launche winds that are inherently multiphase, thermalization and coupling e ciency between the
wind driver (e.g., clustered supernovae; jets launched by black holes) and the ambient gas is highest
for the hot gas [207, 208]. X-ray observations are therefore a direct observation of the bulk of the
energy carried by superwinds, and a probe of the most e cient mechanism by which metal-rich gas
is transported on galaxy-wide scales and beyond. In addition to the energy budget, these data are
also crucial for understanding the physics of wind launching. As an example, the structure of winds
launched with and without a signi cant cosmic ray component can be compared in Figs. 2.6 and 2.7.
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Schneider et al. (2018) ~30 km s*velocity resolution at 1 keV

Fig. 2.6 | A composite of mock Lynx and actual HST images of M82, the canonical (and rst-known) stellar superwind

in a galaxy. (Bottom le ) A GPU simulation, using the cholla Galactic Out ow simulation suite [204], of an M82-like

galaxy at 5 pc resolution over a scale of 20 kpc. Colors in the out ow encode its absolute velocity. Figure adapted from

work by Schneider and collaborators [205, 206]. (Bottom right) A 100 ksec mock observation of the same simulated

galaxy with the LXM. e instrument would be capable of resolving the line-of-sight velocity of hot gas in the out ow at
30 km s ! velocity (spectral) resolution on arcsecond scales, an unprecedented leap in current capability.
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A COSMIC-RAY-DRIVEN SUPERWIND IN A MILKY-WAY MASS GALAXY
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Fig. 2.7 ] (Above) A simulated galactic wind in a Milky Way-mass
galaxy, courtesy of Ruszkowski and collaborators, that features cosmic e !
ray advection, streaming, and streaming instability heating of the ISM. T e R

e simulation results in major observable predictions that can cleanly
discriminate between the out ow model shown in Fig. 2.6, which does
not incorporate cosmic ray heating. (Center) A mock Lynx image of
X-ray surface brightness associated with the simulation atle . e
Lynx microcalorimeter would provide 0.3 eV spectral resolution and
1 pixel size, resulting in a line-of-sight velocity map for the hot gas
like that shown in the top-right panel. Because of coupling e ciency,
the velocity pro le of the hot phase is clearly distinct from that of the
cooler gas phases, as can be seen on the right.
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e observable discriminants between these two wind drivers are largely found in the velocity
structure, clumpiness of the hot plasma, and how it couples to the cold gas.  ese signals are mappable
only by a sub-arcsecond, high spectral resolution X-ray microcalorimeter in space ] a requirement
that only the X-ray microcalorimeter on Lynx will meet. Such an instrument can also measure
the shock strength (and thus wind velocity) at the boundary of the wind and cooler phases of the
ISM/CGM. Multiple spatial and spectral resolution elements would be needed across the wind cone
to map (e.g.) the iron lines that trace turbulent broadening in the wind uid (e.g., Doppler b, see also
Fig. 2.1), as well as its non-equilibrium ionization. For individual galaxies, shocks heat gas within
a few kpc of the nucleus, such that only a sub-arcsecond X-ray telescope can measure the shock
strength on scales associated with the nuclear regions of galaxies beyond Virgo. e issue of spatial
resolution is similarly important in measurements of the thermalization e ciency across the galaxy
mass scale and throughout galaxy disks, as well as the mass loading factor in winds and fountains as
a function of galactocentric radius.

2.2.2 The chemical structure of galaxy winds

e CGM and on-going feedback is progressively more di cult to probe in lower-mass galaxies
[203], and because hot winds become so tenuous, this is particularly true for the X-ray band. e
ability to map galactic winds in the dwarf regime (i.e., galaxies with total masses 10° 100 M)
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is nevertheless critical for understanding galaxy formation, given that some mechanism is clearly
needed to preferentially suppress star formation in halos less massive than the Milky Way (e.g., [209])
In that sense, Lynx’s unique ability to directly observe hot winds and the physics that drive them
becomes even more important at lower galaxy mass scales.

As an over-pressured uid, typical wind terminal speeds can easily exceed the escape velocity of
a dwarf galaxy [203, 210]. e chemical richness and structure of these winds can further preserve a
record of the processes that launch them. Winds that are clearly metal-enriched relative to the local
ISM are likely to be driven by supernova ejecta, for example [211], while the opposite is true for a
wind powered by black hole feedback. Measuring metal abundance in hot winds is an exquisitely
challenging observational problem, due largely to their extremely low X-ray surface brightness. Only
two such measurements | one in NGC 1569 [212] and |1 Zw 15 [213] | have successfully been made
(both were with Chandra). e primary reason for this scarcity is the low X-ray luminosity of the
di use wind emission relative to the point source population in these galaxies. Clean separation of
di use and point X-ray source components absolutely requires sub-arcsecond angular resolution.
Chandra is the only instrument to have thus far provided this capability, but it su ers greatly from
insu ciente ective area and relatively poor spectral resolution. e launch of Lynx and the LXM
would immensely advance our ability to measure the chemical composition of winds in low mass
galaxies. Until that time, this issue will remain both a critical and urgent observational question.

* * *

e above examples demonstrate Lynx’s transformational ability to directly observe feedback
across all modes and across all relevant scales, from dwarfs to very massive galaxies in cluster centers.
However, the story of feedback and CGM studies with Lynx is incomplete without considering what
it can do in the galaxy we call home.

2.3 The Lynx View of the Milky Way

A completely unique view of both circumgalactic gas and on-going feedback will be o ered by Lynx
observations of the Milky Way. Our galaxy resides in a hot halo that extends at least ten kiloparsecs
outward, and probably all the way to the virial radius. It is the very nearest example of a CGM. It
also contains the nearest example of galaxy-scale feedback in action, as evidenced by the Fermi
Bubbles. Lynx, therefore, has the opportunity to observe a hot halo from a truly unique perspective |
from within | and enable the rst high delity map of its kinematic structure. Meanwhile, Lynx
observations of the Fermi bubbles will uncover aspects of galactic-scale feedback that are beyond
observability in external galaxies.  ese observations are discussed below.

e nearest Circumgalactic Medium | e kinematics of the Milky Way’s hot halo were rst
observed using XMM-Newton grating spectra of background AGN, which act as bright backlights that
place the Milky Way’s hot halo in silhouette. e results indicate that the inner hot halo is co-rotating
at 180kms %, implying that the hot gas within 100 kpc holds as much angular momentum as the
total stellar and H i disks [189]. While the observations are still sparse and heterogeneous with the
R 300 grating spectrometers of XMM-Newton, the results carry extraordinary implications for the
Milky Way’s evolutionary path toward a Grand Design Spiral morphology, as well as for how it accretes
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KINEMATIC STRUCTURE of thMILKY WAY'S HOT HALO
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Fig. 2.8 | Lynx will open the Milky Way’s hot halo to tomographic mapping via absorption line spectroscopy toward
thousands of AGN/QSOs. (Top) Data points from the XMM-Newton sample compiled by Hodges-Kluck et al. 2016
[189], where the color of each point indicates centroid velocity and the size is O vii strength.  ese are overlaid on a
velocity map from the favored rotating hot halo model from Sormani et al. (2018) [214]. (Bottom le ) Lynx X-ray grating
spectroscopy is necessary to resolve the detailed velocity structure needed to distinguish a static hot halo (blue) from a
rotating hot halo model (orange). (Bottom right) e dynamically stable rotating halo model predicts a co-rotating inner
halo, giving way to a mostly static outer halo.  ese and other non-static hot halo models with kinematics including
rotation promote the formation of high-velocity clouds observed in the UV, which supply the Milky Way with fuel for
continued star formation [215]. Existing observations of the Milky Way’s CGM cannot be fully understood without
X-ray observations from a facility as powerful as Lynx.

material from the CGM to fuel present-day star formation. State-of-the-art simulations like EAGLE
show that co-rotating hot halos are quite typical [216], and correlate with spiral morphologies and
stellar disk sizes [217]. Dynamic hot halo models [214, 218] show that rotation promotes [189, 215]
formation of cool-warm (T 10* 10° K) high-velocity clouds (HVCs) that are best observed in the
UV [219, 220].

e Lynx gratings will provide a factor of 1,500 higher spectroscopic power (i.e., e ective area
times spectral resolution) compared to the current state of the art for MW halo studies (brought
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X-RAY CHIMNEYS & th&ERMI BUBBLES

GAMMA RAY X-RAY

Fig. 2.9 ] (Le ) Hardness ratio of the Fermi LAT all-sky map of the A 100 MeV sky including 8 years of observations
[221]. e Fermi bubbles are clearly visible, extending thousands of light years above and below the Galactic Center.
(Right) X-ray observations of the galactic center [222], showing the X-ray \chimneys" which potentially feed the bubbles.

e angular resolution, spectral resolution, and sensitivity of Lynx are required to discern the chemical and kinematic
properties of these structures.

by the RGS instrument aboard XMM-Newton). Every extra-galactic spectroscopic target observed
by Lynx will providea R 5;000 measurement of the O vii absorption line from the Milky Way’s
halo, providing not just velocity centroids, but also exquisitely resolved line pro les, as shown in
Fig. 2.8. Using this in combination with other lines (O viii, Ne ix, Cv, Cvi), Lynx will create an
exquisitely detailed thermal-kinematic map with sightlines scattered across the entire sky. e LXM
high resolution array, meanwhile, will provide a lower spectral resolution (R 2;000 for O vi) but
much higher throughput complimentary observation, enabling measurements along a far larger
number of sightlines, if needed.  ese data will enable the creation of three-dimensional tomographic
models that will reveal the structure, stability, and evolution of the Milky Way’s hot halo.

e nearest example of AGN feedback: the Fermi Bubbles || Originally discovered as a faint haze
and then a sharp-edged excess of gamma ray surface brightness in all-sky maps from the Fermi
Gamma Ray Observatory, these bipolar plumes of high energy particles, symmetric about the Galactic
center, extend 10 kpc above and below the plane of the Milky Way ([223, 224] and Fig. 2.9).  ese
bubbles are driven either by nuclear star formation (e.g., [225, 226]) or even a past epoch of AGN
activity by accretion onto Sgr A* (e.g., [227]).

e Fermi Bubbles are the setting for studying physical processes relevant to galactic feedback
with a level of detail impossible in other galaxies. Archival maps from XMM-Newton, Chandra, and
ROSAT reveal X-ray \chimneys" (Fig. 2.9, right panel) extending from the inner parsecs of the galaxy
to the base of the Fermi Bubbles, serving as potential exhaust channels for the transport of energy
and mass to the kpc-scale structures [222]. Future observations with XRISM and Athena will enable
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measurements of heavy element abundance in the bubbles, helping to discriminate between the
competing nuclear star formation and black hole activity models that seek to explain their origin
[228]. Line-of-sight velocity pro les can provide additional constraints on both the bubble’s origin
and their energetics, but a great many unanswered questions as to the Fermi Bubbles’ true nature
requires X-ray mapping to extremely faint surface brightness levels. How, for example, is energy
channeled through the apparent X-ray \chimneys" and further into bubbles? How do the Fermi
Bubbles interact with the CGM and ISM of the Milky Way? e observations needed to answer
these questions will be impossible with low angular resolution X-ray telescopes, particularly in
the very crowded regions of the Galactic Center and MW Bulge, due to confusion with discrete
sources (see, for example, a clear illustration of this challenge in [229]). Lynx will have the combined
sensitivity and angular resolution needed to isolate the di use emission component, reaching surface
brightness levels 1{2 orders of magnitude fainter than any current or future X-ray mission (see
Appendix A.5). Lynx can do this with both the HDXI and LXM instruments, and while the latter
would cover a smaller angular region on the sky per pointing, it will enable detailed kinematic and
chemical mapping of the bubble gas.

X-ray surface brightness of a starburst-driven wind in an M82-like galaxy, simulated with the Cholla GPU-base
Credit: E. Schneider & Collabo

Ultraviolet, optical/infrared, and sub-mm data on galactic halos and feedback at galactic scales
are equivalent to observing the sparksina re. We now need Lynx to observe and map the ame
itself.

48



3 e Energetic Side of Stellar Evolution and Stellar Ecosystems e Science of Lynx

3 The Energetic Side of Stellar Evolution
and Stellar Ecosystems

Investigating the fundamental aspects of stellar structure and evolution has been an essential corner-
stone of 20th century astrophysics with NASAs Great Observatories.  eir phenomenal success has
expanded the eld of stellar astrophysics, as new discoveries challenge our understanding of this
fundamental process.

Observations of star-forming regions are among the most challenging in modern astronomy.

ese regions are very crowded, with two-dimensional source densities exceeding 100 pc 2, while
their dynamic range is large, with pre-main sequence brown dwarfs residing in the vicinity of massive
Ostars. e overall range in stellar luminosity can easily cover 20 My . Furthermore, these regions are
0 en lled with hot gas which creates spectroscopic di culties, as well as cold dust that complicates
the interpretation of the observed data and obscures some objects completely. While NASAs Great
observatories have focused on many of these complex regions, discoveries have been restricted to
the nearest ones due to limited sensitivity and spectral resolution.

Lynx is uniquely capable of addressing several open questions in star formation. A complete
census of star-forming regions in X-rays, combined with well matched IR data, will advance our
understanding of disk survival times and dissipation mechanisms. In addition, Lynx will enable
direct observations of the e ects of X-ray irradiation on circumstellar grain growth to compare with
grain evolution models in both high- and low-UV environments. X-rays are native to stars at all
phases of star formation and a ect planet-forming disks, especially through ares. X-rays trace
magnetic elds which weave through the ares, providing a unique, non-gravitational feedback
mechanism between disk and star. Moreover, the bright X-ray emission emanating from the hot
plasma associated with massive stars can have large scale impacts on the topology of star-forming
regions and their interface with the ISM.

A furthering of research in stellar magnetic activity is necessary to understand the fundamental
processes controlling observable quantities, which is a necessary rst step in gauging their impact on
stellar ecosystems, including potentially habitable planets. As summarized in the National Academy’s
Committee on the Astrobiology Science Strategy for the Search for Life in the Universe:

Indeed, because the host star has a signi cant impact on planetary habitability, and the star’s activity
and luminosity evolve considerably, it will be important to determine and observe stellar activity
indicators in systems of all ages and to understand evolutionary pathways, particularly for M-type
stars, to feed back into the overall picture of the evolution of habitable terrestrial planets.

X-ray spectroscopy with Lynx can uniquely address a number of open questions in stellar magnetic
activity. e answers to these questions are important for stellar astrophysics, but also have important
implications for for where planets form and whether they are potentially habitable. In the coming
decades it will be important to understand the interplay between stars, planets, and planetary systems
to make progress in the Search for Life. New observing capabilities are required to go beyond the
several tens of normal stars which Chandra has gathered at high spectral resolution over its two
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A new understanding of the birth, life, and death of stars counts as one of the everlasting triumphs
of the NASA's Great Observatories program. Lynx will build upon this grand tradition. By itself, it will
revolutionize wide swaths of stellar astronomy. Yet its greatest strengths will manifest themselves
through multiwavelength synergies with the agship facilities of the future.

decades of operations. Speci c stellar astrophysics questions include: what controls accretion and
magnetic activity in young stars? what factors control the coronal emission of stars? how do the
characteristics of stellar ares and winds change with time?

Lynx will also provide a new window onto stellar death. Supernovae (SN) play an essential role in
the Universe. Metals synthesized during the explosion chemically enrich galaxies, supplying fodder
for dust and the next generation of stars.  eir shock waves plow through the ISM for thousands of
years, accelerating particles to extreme energies ( 10% eV) and amplifying magnetic eldsup toa
thousand times that of the ISM.  ese shocks also heat surrounding gas and impart momentum,
altering the phase structure of the ISM, shaping galaxies, and driving kpc-scale galactic winds.

Supernova remnants (SNRs) o er the means to study SN explosions, dynamics, and shocks at
sub-parsec scales. X-ray observations probe the hot metals synthesized in the explosion and the TeV
electrons accelerated by the shocks, and thus are key to testing recent, high- delity three-dimensional
SN simulations. X-ray imaging spectroscopy at arcsecond scales, uniquely possible with Lynx, will
revolutionize SNR science, 0 ering a three-dimensional view of metals synthesized in explosions
and enabling SNR population studies in Local Group galaxies. Lynx will also provide an unparallel
view of shocks and energetic particle acceleration in SNRs (84.10).

Properties of X-ray binary (XRB) populations provide another avenue for studies of the end
points of stellar evolution and the evolution of binary stellar systems. A complete census of XRBs
requires that we study populations of these objects in external galaxies. However, even in M31
(780 kpc away), a full range of XRB luminosities is barely accessible with Chandra. In other nearby
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massive galaxies, no existing X-ray telescope can probe downto Ly 10%*ergs ! required to sample
a full distribution of XRB accretion states. Lynx will bridge this gap and provide the needed sensitivity
for observations throughout the Local Group, and well beyond it for brighter objects.

3.1 Understanding Star Formation in the Milky Way

Understanding the fundamental aspects of star formation and evolution has been a major success
story for multiwavelength astronomy. Infrared (IR) space-based missions (Herschel, Spitzer) have
been critical in identifying young stellar objects (YSOs) with excess emission from circumstellar
envelopes and disks. Modern ground-based instruments (ALMA, Gemini/GPI, VLT/SPHERE,
Subaru/HiCIAO) are capable of resolving circumstellar disks around nearby young stars at AU spatial
scales. ey have revealed unprecedented view of disk structure and ongoing planet formation.
In the near future, JWST will provide a remarkable view of these systems in the mid-IR. e IR
indicators of stellar youth are limited to ages less than the disk dissipation timescale, 3{5 Myr.
X-ray observations identify young stars by completely independent ngerprints that last tens to
hundreds millions of years, covering a wide variety of stellar masses and environments.

Young stars are ubiquitously bright X-ray sources. X-rays in lower-mass stars originate from
the corona, which has its origin at the dynamo. Modeling based on recent data indicates that the
dynamo takes di erent forms depending upon the mass of the star [231]. For the most part, X-ray
luminosity is seen to decrease with age following a power law, Ly ~ t %5 [232]. s decrease is
driven by the convective turnover rate and indicates that late M stars have elevated X-ray uxes for
up to 5 billion years [233].  is long-term X-ray luminosity allows the identi cation of young stars
long a er they lose their dust disks but before they evolve onto the main sequence. In one simple
example, Kuhn et al. [234, 235] nd that Chandra typically identi es a factor of 2 more young stars
than the IR-excess sources detected with Spitzer.

For low-mass stars in the accretion phase, X-ray emission associated with accretion shocks are
observed and speci ¢ X-ray line ratios act as temperature and density diagnostics.  ese measure-
ments allow direct inference of the infall rate and constraining mechanisms [236].  is phase is also
associated with enhanced aring in which 100 MK long-lived ares are likely responsible for rapid
heating of protoplanetary disks and can have deleterious e ects on young planets. Moreover, X-ray
emission in general impacts circumstellar disk chemistry [237] and eventually disk dispersal [238].

For high-mass stars, most of the X-ray energy originates from wind shocks and wind-wind
collisions. e winds interact with the ISM, depositing thermal energy and creating turbulence (e.g.,
Mac Low & Klessen [239]). s turbulence inhibits other ongoing star formation.

Multiwavelength studies of clusters such as the Orion Nebula with well-matched observatories
are extremely powerful. ey o er a complete view of the star-formation process and its relation
to the ISM [240{243]. In particular, X-rays are crucial to probe highly embedded sources, which
have unique X-ray signatures. is is demonstrated by direct X-ray detections of protostars [244] as
well as the detection of 6.4 keV iron uorescence, which is from circumstellar disk material being
irradiated by stellar ares and exciting iron uorescence [245]. Consequently, it is possible to apply
the reverberation mapping technique, used in studies of active galactic nuclei, to resolve AU-scale
details on stellar disks that are several kpc from the Sun.
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THE MILKY WAY

Fig. 3.1 Sensitive X-ray telescopes are indispensable tools for nding young stars and observing the earliest
stages of star formation. Similar to our Sun, X-ray emission from young stars (t @ 600 Myr) is generated
in their active coronae powered by magnetic dynamos. Unlike our Sun however, young stars are brighter
in fractional X-ray luminosity, Lx~Lpo. FOr pre-main sequence stars, Lx~Lyo 1,000 Lx:p~Lpoi:b.  €Ir
bright X-ray emission is capable of piercing through dense molecular clouds. e Spitzer, HST, and Chandra
image of Westerlund 2 (facing page) illustrates the great potential of multiwavelength studies of a young star
forming region. e Spitzer IR image (top) shows the Westerlund 2 star cluster embedded in the RCW49
nebula. e middle panel shows the star cluster itself, as viewed by Hubble and Chandra. Optical images
(green and blue) reveal patchy thick clouds where stars are born. Chandra (purple) detects dozens of young
stars in this 2 Myr old star-forming region [230], and reveals hot plasma which interacts with molecular
clouds ] the local feedback in action. While the X-ray emission is perhaps the best way to nd young stars in
regions such as Westerlund 2, the sensitivity of Chandra is only su cient to probe the full stellar mass range
in a single region, the Orion Nebula Cluster. In Orion (d 410 pc), Chandra is sensitive down to a mass scale
of 0:02 Mp while in Westerlund 2 (d  4:2 kpc), it only reveals the tip of the mass functions (cf. images in
the bottom panels). Lynx will expand our X-ray view of young star forming regions in the Milky Way by an
order of magnitude (above). It will reach into the Carina-Sagittarius, Perseus, and Scutum-Centaurus arms,
observing a large number of star forming regions with a wide range of ages, masses, and star formation rates.
For brighter objects, Lynx’s high-resolution spectroscopic capabilities will enable characterization of X-ray
emitting plasma temperatures, electron densities, coronal abundances, and intervening absorbing columns.

ese observable quantities provide direct constraints on stellar magnetic eld activity, circumstellar disk
geometry and chemistry, stellar chemical evolution, mass accretion and mass loss, and planet formation and
habitability.
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For Chandra, the Orion Nebula Cluster is the only massive cluster close enough (d 400 pc)
for detailed studies in the full stellar mass range. While clusters further away have been observed
(the furthest being NGC 1893 at 3.6 kpc), the evidence is clear that Chandra-generated samples
quickly become incomplete at distances beyond Orion [234, 235]. e limiting factor for Chandra
is low e ective area. Athena will dramatically improve the throughput but will be source-confused
in Orion’s core. Because of its angular resolution limitations, Athena will be incapable of detailed
studies in star clusters beyond Orion’s distance. All other X-ray missions under development are
even more limited by angular resolution. Extending the horizon of sensitive X-ray studies beyond
the Orion Nebula Cluster, which is uniquely possible with Lynx, is crucial for the future of the eld.

e Orion Nebula is only one cluster. Many studies need a statistical approach, and fundamentally
require observations of more than one object. For example, constraints on circumstellar disk survival
times, a crucial factor to halt planet formation, were obtained for a small number of clusters within
1 kpc of the Sun [246].  is work needs to be extended to more distant and/or more massive clusters,
naturally leading into the study of \transition disk™ [247, 248] timescales. e increased statistics of
well-observed clusters will enable studies of how high-energy illumination a ects dust grain growth
[249], and how hot plasma interacts with the colder ISM and dust ([250, 251], Fig. 3.1). e X-ray
based census of stellar clusters as an additional advantage of being insensitive to the interstellar
dust and ionized emission around young stars that limits, e.g., Gaia’s ability to map even the closest
clusters near the Galactic plane.

Requirements |  Sensitivities reaching to X-ray luminosities of Ly 102’ erg s ! are needed to
probe the stellar mass range downto 0:1My. istranslatesto ux limitsof fx 1:3 10 8 and
3:3 10 Pergs cm 2atdistances 2:5 and 5 kpc, respectively.  ese limits are achievable in 100 ksec
to Msec-class exposures (8A.3). e requirements on angular resolution are even more demanding.

e X-ray luminosity function of young stellar objects in the Orion Nebula is at near the faint
end of the observed range [252]. e confusion limit for a 0:5 PSF in this case (Appendix 8A.1)
corresponds to a source density of 5:5 106 deg 2, or 40 the observed peak density in the Orion
Nebula [252].  erefore, a star cluster similar to the Orion Nebula will be una ected by source
confusion in Lynx observations outto D  2:6kpc. At D  5kpc, it will still be una ected by
confusion outside of the cluster core (0.13 pc). ee ective horizon for Lynx observations of young
star forming regions in the Milky Way, in terms of sensitivity and spatial resolution, extendsto 5
kpc, and that 0:5 PSF is required to avoid confusion in the cluster cores.

* * *

Lynx will fundamentally change the X-ray view of star formation, keeping pace with expected
improvements in technology at other wavelengths. e LXM pointings to clusters such as Orion will
yield enough signal for 1,000 stars to detect critical temperature and density sensitive lines. Sensitive
imaging will be possible to much greater distances than the Orion Nebula. Surveys complete to
M 0:1 My could be carried out on clusters such as Carina (2.4 kpc), NGC 281 (2.1 kpc), NGC 3603
(6.9 kpc). ee ective \horizon" for such surveys will be extended into the Carina-Sagittarius spiral
arm, giving immediate access to a large number of star forming regions spanning a wide range of
masses, star formation rates, and ages. Less detailed, but still rich, datasets can be generated for
clusters in the Magellanic Clouds, such as 30 Doradus (50 kpc).
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3.2 Fundamental Physics of Stellar Coronae, Accretion, and Winds

Plasma heating and the processes occurring in the coronae of stars are of fundamental importance
in understanding the physics of stellar surfaces and their outer atmospheres. Decades of study by
high-energy satellites have revealed the ubiquity of stellar coronae around stars on the lower half of
the stellar main sequence. Even on our well-studied Sun, the origin of this hot plasma is not settled,
though it is clear that X-ray/Extreme Ultraviolet (XEUV) emission impacts planetary atmosphere
evaporation [253]. Stellar magnetic properties (global magnetic eld distributions, coronal levels,
and variability) cannot be predicted based solely on fundamental stellar parameters [254]. Instead,
because magnetic activity signatures are produced as the result of magnetic reconnection (an inher-
ently nonlinear process), an observational approach is needed. While we have one spectacularly
well-studied star, it is a singular case observed at one point in its 4.5 billion year-old history. Recent
evidence even indicates that its magnetic activity cycle may not be representative of other solar-like
stars, further underlining the need to study magnetic signatures in other stars.

High-resolution X-ray spectroscopy can uniquely address a number of open questions in stellar
magnetic activity. e answers to these questions are important for stellar astrophysics, but also have
implications for exoplanet habitability. In the coming decades it will be important to understand the
interplay between stars, planets, and planetary systems as a way to make progress in the Search for
Life. Table 3.1 summarizes the stellar astrophysics questions, measurements needed to answer these
questions, instrument capabilities that would enable these measurements, and the implications of
the answers for exoplanet habitability studies.

3.2.1 What controls accretion and magnetic activity in young stars?

X-ray emission in young (pre-main sequence) stars is more complex than for sources on the main se-
quence. ereisasigni cantexcessofso emission in accreting sources [268], which are surrounded
by accretion disks. is emission is usually attributed to a shock where the magnetically funneled
accretion stream impacts the stellar surface. Since the shock occurs at higher densities than typically
found in the corona, high-resolution X-ray spectroscopy can be used to disentangle the shock and
coronal components. However, in TW Hya (the only young star density diagnostics for several
elements and temperatures can be robustly studied using current instrumentation), the distribution
of densities cannot be explained by the current accretion models (Brickhouse et al. [236]). To pursue
this question, line ux ratios need to be measured from di erent elements in di erent ionization
stages. An e ective area an order of magnitude higher than Chandra/HETG would allow a sample
size of a few dozen targets, but ultimately kinematic components in the lines need to be resolved to
distinguish accretion ows, static coronal structures, and out ows (Fig. 3.2).

Young stars not only accrete mass, they also gain angular momentum. e magnetic coupling of
the accretion streams to the disk provides an energy reservoir that can power X-ray/Far-UV (XFUV)
emission.  is emission can penetrate deep into the disk and alter the chemistry in regions where
planets are building up. e magnetic connection also allows the star to launch out ows, spin up or
down, and provide feedback to the inner disk region, potentially changing the disk lifetime and thus
the time that planets have to form.
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Fig. 3.2 ] emagnetically funneled accretion model is a standard
component of the accepted picture of evolution of low-mass stars.
Magnetically controlled accretion onto solar-type stars occurs in
the rst 107 yearsa er the star's birth. During this time, the
stellar magnetic eld and ionizing radiation are key factors in the
protoplanetary disk dynamics. ey drive the accreting material
onto the star and enable instabilities in the disk which catalyze
the build-up of planetary cores. Stellar rotation is regulated by
interaction with the inner disk through magnetic eld lines and
though out ows which can remove angular momentum.
In the standard scenario, the stellar dipolar magnetic eld trun-
cates the inner disk radius (at 5 stellar radii) and controls the
ow of material toward an accretion spot.  is material reaches
supersonic speeds and produces a shock near the stellar surface.
e shocked plasma initially reaches 3 108 K temperatures.
It then ows into the stellar atmosphere, radiatively cools, and
recombines. UV and OIR signatures of the heated stellar atmo-
sphere below the shock provide estimates of the mass accretion
rate. However, X-rays provide the only direct measurements of the
shocked material itself [255, 256].
e story told by currently available X-ray data is more compli-
cated than expected in the simple model. Not all systems show the
presence of hot gas at high densities [257, 258]. O vii uxes are
higher than what is expected from the radiatively cooling plasma
column [259]. Derived accretion rates are usually lower than those
determined from OIR data [260] (but see also [261]). In TW Hya,
the derived shock structure is inconsistent with the expectations of the accretion column model [256]. However, a crucial
caveat for assessing all these discrepancies is that the shock emission can be mixed with the coronal emission and can be
a ected by absorption from the pre-shocked gas. Other possible e ects have been proposed, including emission line
opacity [262], absorption by the stellar chromosphere/photosphere [263], dilution of the dipole eld near the stellar
surface by higher multipole eld components [264, 265], and additional coronal heating by the shock itself [256]. Clean
measurements of the shock emission require radically better data quality (statistics, spectral resolution), which are
impossible to obtain now, but are fully feasible with Lynx. Lynx will enable entirely new diagnostics of the accretion ow,
e.g., the separation of the coronal and shock components in the velocity space (e.g., spectra shown on the right, based
on shock models from [266]). Velocity-resolved measurements in multiple series of lines from the same ion species will
provide absorption column measurements for di erent velocities, thus constraining the structure of accretion ow. e
r line contains both shock and coronal emission, and the Lynx XGS will easily see this as a broadened line. e i line
is dominated by the dense accretion shock and is thus redshi ed, while the f line is dominated by the corona and is
observed at its rest wavelength. For TW Hya, these measurements will be time-resolved, allowing one to track the blobs
of material falling onto the star on time scales of hours.
Image credit: Brickhouse et al. [256] and Gunter et al. [267].
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Pushing down in mass scale: magnetic activity in brown dwarfs |~ To understand what role
convection and other factors play in controlling stellar magnetic activity, it is useful to push down
in mass scale: below the fully-convective limit in M-dwarfs (M @ 0:35My,) and further down to
the brown dwarfs (BD) regime. Magnetic activity of BDs is not only of fundamental astrophysical
interest, but is also important for understanding the possible in uence of magnetic star spots in the
interpretation of surface features on BDs generally interpreted as clouds.

X-ray observations of BDs indicate changes in the activity pattern at the very low range of stellar
masses. Young BDs have been detected in sensitive X-ray surveys of young star-forming regions.

ese objects are still in the contracting phase. ey have a higher luminosity and earlier spectral
type than mature, fully-contracted objects, and their X-ray behavior is similar to M dwarfs of a similar
spectral type. However, the detection of a are on the 500 Myr old BD LP 944-20 [269] demonstrated
that mature BDs host relatively strong, persistent magnetic elds that at least occasionally dissipate
stored magnetic energy through magnetic reconnection. LP 944 20 also shows an extremely low
quiescent Ly~Ly, ratio despite its fast rotation, which puts it severely out of line with fully-convective
and earlier M dwarfs [270].  ere is evidence [271] for an anti-correlation between rotation and
X-ray activity in BDs, in addition to a large scatter in Lx~Ly, at a given rotation rate. BDs are also
over-luminous in radio by factors of 100 compared with their X-ray output [272].

Further progress is stymied by the X-ray faintness of BDs. All but the closest are generally too
faint to be detected by Chandra. A Lynx survey of BDs will increase the sample of objects by orders of
magnitude and address fundamental outstanding questions in BD magnetic activity. Lynx will reveal
how the energy is partitioned between plasma heating and particle acceleration, how dynamos work
in the regime between stars and giant gas planets, and help to understand how magnetic dissipation
works in the near neutral atmospheres of BDs.

3.2.2 What stellar factors control coronal emission?

Changes to the quiescent coronal emission of stars occur over both evolutionary and shorter
timescales. e well-known stellar activity-rotation-age relationship can roughly predict a star’s
X-ray emission, given its age and internal structure [274]. e star’s magnetic eld creates an ecosys-
tem, which helps set the environment that planets (and life) experience [275]. Changes in the star’s
X-ray to EUV luminosity with time directly a ect erosion of planetary atmospheres [276]. Stellar
magnetospheres in uence the inner edge of the traditional habitable zone [277]; thusa ne-grained
approach to understanding the structure of stellar magnetospheres and their in uence on conditions
for habitability is required. Recent studies have demonstrated that stellar twins are not magnetic
twins: stars with essentially identical stellar ages, masses, radii, and rotation periods have di erent
large-scale and local magnetic eld topologies [254], and consequently di ering levels and amounts
of X-ray variability. X-rays trace magnetic structure directly, provide the \ground-truth" to compare
with extrapolations of photospheric magnetic eld structures, such as from Zeeman Doppler Imaging
(e.g. [278]) or dynamo simulations (e.g. [279]). Figure 3.3 shows the di erent impact of magnetic

eld con gurations | whether compact or evenly distributed, and the associated scale heights |
which can be discerned in velocity space for a binary system given su cient counts and spectral res-
olution. Stellar atmospheres are multi-temperature and multi-density, spatially structured, turbulent,
dynamic, and contain multiple abundances. Understanding this complexity requires high spectral
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Table 3.1 | Stellar X-ray spectroscopy informs stellar and planetary studies.

Science question

Measurements needed

Capabilities required

Implication for habitability

What controls accre-

DEM, ng, Ny, abundances

Heating timescale of pro-

tion & magnetic activ- | of coronae as function of " % 2;000 ; .

o toplanetary disks, where

ity in young stars? stellar age, mass, accre- coverage 10{60 A lanets form. miarate

8§3.2.1 tion/activity levels P Mg
Broad temperature con- Energy balance in corona,
straints for DEM analyses as " % 2;000; extrapolation into XEUV,
a function of age, rotation, coverage 1{40A planetary atmosphere
Teff, Magnetic geometry irradiation

What factors control

the coronal emission Density constraints at multi- S I GIE E R

" % 2;000 istics of magnetospheric

of stars?

ple temperatures

structures

5322 | f stell
- . n uence of stellar mag-
Coronal length scales . 5’000 eff LS netosphere on habitable
broadening
zone
?yste?atlcl-varlat;onn (;fres $ 5 eV spectral reso-
b LY L lutionatE % 2 keV; Individualized approach to
e e 1 day-long ob- determining likely planetar
How do the energies of stars with vary- y-long 9 yp y

characteristics of
ares change with

time?

83.2.3

ing mass, age, magnetic
con guration

servations with few
interruptions

atmosphere evolution

In uence of energetic parti-
cles

" % 5;000 for line
broadening & shifts

Space weather, potentially
enhanced planetary atmo-
sphere erosion

How do stellar winds
change with time?
84.8

Detect charge exchange
emission to constrain M
from a steady wind for the
nearest stars

0:5" spatial resolution

Impact on exoplanet con-
ditions, updated stellar
astrophysics

Study stellar coronal mass
ejections over a broad
range of stars via changes
in column density, coronal
dimming, and/or velocity
signatures in line pro les

For Ny: broad cover-
age; sensitivity below
1 keV. For dimming:
broad coverage;

* % 2,000 . For
velocity signatures:

" %5;000

Solar-stellar connection for
magnetic activity, habitabil-
ity, exospace weather

I spectral resolution listed is minimum required to reproduce current capabilities; " % 5000 would enable

signi cant advances.

resolution observations su cient to disentangle the vast sea of weak emission lines in the 10{60 A
region. A wide bandpass provides access to transitions spanning the range of temperatures found
in the corona for accurate determination of the di erential emission measure (DEM) distribution.
Velocity broadening in line pro les probes turbulence as well as extended spatial structure. Chung
et al. [280] have provided the only evidence to date of excess broadening of a cool star (Algol).

3.2.3 How do the characteristics of ares change with time?

Flares on stars are processes that encompass the entire atmosphere of the star and are the most
dramatic processes of energy release experienced by normal stars during their time on the main
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STELLAR CORONAL STRUCTURE in BINARIES

X & A

LYNX CHANDRA ATHENA
N R ~ 7,500 S R ~ 1,000 R ~ 250
oy & AN
R < " 10,000 N v A 100
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Fig. 3.3] e impact of X-ray spectral resolution on the ability to deduce coronal structures and the contribution from
each member of a binary. Discriminants between various scenarios, such as those described in the le most column of
text, are found only when the X-ray spectral resolution issu ciently high. e panels, adapted from Fig. 10 of Hussain
et al. [273], illustrate this e ect for the case of the nearby binary YY Cen. e panels are arranged on a logarithmic axis
of spectral resolution R ~ that increases toward the le . Only the exquisite spectral resolution delivered by the
Lynx X-ray Grating Spectrometer, with a goal of R~ 7;500, will enable us to clearly distinguish between these scenarios.
Chandra and Athena are entirely unable to do so.

sequence. Optical results from Kepler and now TESS are providing systematic probes of are occur-
rence as a function of stellar properties. e associated X-ray emission is key for understanding the
increased planetary atmospheric erosion beyond what is expected based on a star’s evolving quiescent
X-ray emission. Measuring the maximum plasma temperature, energy, and luminosity on a sample of
stars will inform this study; the apparent connection of the distribution of are energies to magnetic
topology [281] will characterize the extent of the Solar Analogy; temperatures in excess of 10’ K
(up to and exceeding 108 K) are the domain of X-ray spectra. Energetic particles are a previously
unexplored \dark energy" in stellar ares, with implications for stellar particle acceleration and space
weather around other stars. Blueshi s insolar ares of up to several hundred kms * coincide with
the start of nonthermal hard X-ray emission from accelerated particles [282]. Similarly, the peak
in nonthermal line broadening in solar ares occurs at the same time as the maximum amount of
hard X-ray emission [283]. Measuring line broadening and studying its variation with time in stellar
ares opens up the study of the space weather environment that stars create.
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3.2.4 Thee ectsofstellar activity
on planet atmospheres

Several e ects of the host star’s activity on planet
habitability conditions have been mentioned
above, and a more detailed summary is given in
84.8. Lynx will not only radically improve mea-
surements of the high energy processes impact-
ing planets, but will also characterize the struc-
ture of upper planet atmospheres via the X-ray
transit spectroscopy [285], calibrating how the
atmospheres respond to the high-energy bom-
bardment.
e very rst detection of X-ray transits
in the \hot Jupiter" system HD 189733b [284]
showed the potential of this method. e eclipse
is much deeper in X-rays than in the optical,
7% vs. 2%.  is implies that so  X-rays are
blocked at a radius  1:75 of the planet’s optical
size. e most likely origin of this di erence is
additional obscuration dueto C, N,and O ina
spherically symmetric exosphere with a density
of 10Y cm 2 and a temperature of 20;000 K.
Such measurements of the upper atmospheres of
exoplanets are unique to X-rays that can probe
the upper extended atmosphere even if its hydro-

a) Schematic of X-raying
upper planet atmospheres

b) mock Lynx transit pro le (5 observations co-added)

Fig. 3.4 ] Schematic of X-ray observations of transit-
ing exoplanets, and a simulated Lynx measurement
for a system similar to HD 189733b. See [284] for
description of X-ray transit model pro les.

(Image credit: K. Poppenhaeger)

gen is ionized (as should be the case for slow evaporation). UV measurements probe either much
lower depths [286, 287], or very strong out ows that are only partially ionized [288, 289].

Lynx will dramatically improve the data quality (Fig. 3.4) and enable new types of measurements
because of its ability to observe X-ray planet transits in individual spectral lines. Measurements at
di erent energies will probe di erent atmospheric levels. Asymmetries in X-ray eclipses can poten-
tially be detected, pointing to stellar wind-induced atmospheric depletion, comet-like sublimation
tails, or bow shocks around planets. Statistically, X-ray eclipses can be detected with Lynx down to
the super-Earth regime (see [285] for discussion of observing strategies). Using these observations
and modeling as a guide, one can constrain the loss of atmospheres in exo-Earths for di erent levels

of high-energy impacts.

The physical processes responsible for stellar X-ray emission are complex. Their understanding
will play a fundamental role as new, multiwavelength telescopes focus on the abundance of
planets being detected every year. Lynx will provide an unprecedented view of magnetic activity
of planet-hosting stars and, combined with future multiwavelength missions, will play an essential

role in the Search for Life.
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3.3 Supernova Remnants in High De nition and Beyond the Milky Way

Hundreds of supernovae are found each year at optical wavelengths by dedicated surveys, but most
of them are too distant to resolve the SN ejecta and the immediate surroundings of the exploded
stars. Studies of the closest SNe, such as SN 1987A [290], have advanced the eld tremendously, but
our understanding of SN progenitors and explosion mechanisms is hampered by the infrequency of
nearby events. Supernova remnants o er the means to study SN explosions, dynamics, and shocks at
sub-pc scales. ey are an important tool to explore the relationship between compact objects and
their explosive origins. Observations of SNR morphologies, kinematics, and chemical abundances
are crucial to test and constrain recent, high- delity 3D SN simulations. Metals synthesized in the
explosions are shock-heated to 107 K temperatures, and TeV electrons accelerated by the forward
shock emit synchrotron radiation at X-ray energies.  us, X-ray observations are a crucial means to
probe the bulk of SNR ejecta material and the particle acceleration process.

Lynx will enable major advancements in SN science. Detailed investigation of A 600 faint and
distant SNRs in the Milky Way and Local Group galaxies [291{295] will be possible. Sub-arcsecond
spatial resolution will enable proper motion studies over a baseline of several decades, and will
facilitate a resolved view of the thin synchrotron laments around the periphery of young SNRs. e
LXM will image SNRs in individual spectral lines, facilitating 3D mapping of metals synthesized in
the explosions. With these capabilities, the sample size of young SNRs with morphological, kinematic,
and nucleosynthetic measurements will dramatically increase, probing SN feedback and chemical
enrichment in di erent environments and providing crucial information for SN explosion models.

Resolving Galactic SNRs | Since Chandra’s rst-light image of Cassiopeia A (Cas A) showing
narrow, non-thermal laments, small ejecta knots, and a neutron star at its center, the scienti ¢
bene t and beauty of high spatial resolution at X-ray energies has become increasingly evident.
However, a prime limitation of current facilities is that CCD energy resolution is insu cient to
resolve He-like and H-like line complexes of heavy elements, and gratings spectrometers are only
useful if SNRs have minimal angular extents [296] or to study isolated ejecta knots [297].

X-ray microcalorimeters will revolutionize SNR studies. Hitomi provided a tantalizing glimpse
of the power of high-resolution spectro-imaging capabilities by showing bulk redshi ed iron in
the young SNR N132D, indicating a highly asymmetric explosion [298]. Within the Milky Way,
the Athena microcalorimeter (with 5 spatial resolution) will obtain superb spectra that will enable
characterization of the individual SNR components, such as the Si-rich jet, the concentration of Fe
ahead of the forward shock, and the synchrotron laments around the periphery of Cas A.

e LynxLXM instrument will resolve these features will be resolved in full detail and without
confusion, enabling precise measures of the kinematics, shock heating, ejecta mixing, chemistry, and
non-thermal radiation. In particular, it will be possible to obtain accurate radial velocities of ejecta
knots in young, ejecta-dominated SNRs. Given the limitations associated with dispersed spectra
from extended objects, current studies have only measured radial velocities for the brightest knots in
a handful of SNRs [297]. e combination of a few eV spectral resolution and 1 spatial resolution
in the un-dispersed spectrum will truly revolutionize SNR studies, expanding the view of SNRs from
two dimensions into 3D. An example is shown in Fig. 3.5.

61



O O
@ [}
(@) (@)
_a R.A. _a R.A.
~ ~
_—1
a5 o
)
A a
7 keV 7 keV
M xO
A i e(\e(g A 6(\6
~ 0.2 keV - 0.2 keV
| |
(8 [8)
o} o}
(@) (a)
620 eV Energy 840 eV 620 eV Energy 840 eV
(zoom in) (zoom in)
Fig. 3.5] e Lynx LXM will collect multidimensional datacubes many times richer than those obtained by ACIS

aboard Chandra. Here, we show a three-dimensional representation of the (real) Chandra/ACIS datacube for Cassiopeia
A (le ), compared with an LXM observation of a similar, numerically simulated remnant (right, courtesy S. Orlando).
Beginning with the counts images (top panels), rotating o -axis (center panels) reveals the energy axis, and a zoom into
a small band (bottom panels) shows that the spectral resolution of LXM is vastly superior to that of ACIS, resolving
spectral lines and the velocity structure of the remnant.
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Proper motions over baselines of several decades | ~ While the LXM spectral resolution will enable
measurements of line-of-sight velocities in the SNRs, a sub-arcsecond spatial resolution will enable
Lynx to measure proper motions of SNR shocks, knots in the ejecta, and neutron star kicks over a
30{40 year baseline, using Chandra data as a reference point,  3:16 ~ D~l1kpc ! v~500kms ! .
Depending on the morphology of the object, displacements can be measured better than the telescope
PSF. For example, Chandra was used to derive an expansion rate of 0.1 over 17 years for the LMC
remnant 1E 0102.2 7219 [300], correspondingtov  1;600 kms . us, 500 kms * will be
measurable with Lynx out to D 10 kpc, and velocities of A 1;000 km s * will be observable out to
the Magellanic Clouds. Combined with LXM radial velocity measurements, proper motions will
reveal the true 3D structure of the SNR ejecta. First results for a small number of SNRs are already
coming from Chandra [301]. Lynx will enable high- delity measurements, which will serve as a
powerful new tool for understanding the physics of supernova explosions.

Taking detailed SNR studies extragalactic || ~ Spatial resolution is especially important to probe
the morphologies and distinct spectral components in extragalactic SNRs. For example, Fig. 3.6
shows simulated Athena and Lynx images of the young SNR N103B in the Large Magellanic Cloud
(LMC). In this case, 1 spatial resolution is crucial to disentangle the ejecta and circumstellar
medium spectra. At the distance of the LMC,1  0:3 pc; with that resolution, maps of the youngest
parsec-scale sources can be obtained, such as for SN 1987A (3 1 pc across by the 2030s, [302]).

e large increase in e ective area of Lynx over Chandra will enable detailed studies of large
extragalactic populations of SNRs. For example, a 100 ksec exposure with Lynx will yield A 103
counts from dozens of SNRs in M31 and M33. In the Magellanic Clouds, X-ray imaging and
microcalorimeter observations can achieve similar signal-to-noise to what current facilities achieve
for Milky Way sources. Lynx measurements of SNR morphologies can be used to determine the
parent supernova types [303], as well as measurements of O, Ne, Mg, and Fe lines [304]. High
spectral resolution measurements of the centroid energies of the Fe line complex [305] can also be
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Fig. 3.6 ] Simulated Athena (le ) and Lynx (middle) images of the Type la SNR N103B in the LMC. e right panel
shows simulated microcalorimeter spectra from two locations in N103B. A 1 -pixel microcalorimeter is vital to obtain
distinct spectra from the ejecta and CSM components.
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Fig. 3.7 ] A Lynx survey of supernova remnants in a Local Group galaxy like M33 will reveal a panoply of exquisite
spectra with rich and highly diagnostic forests of lines. (Top) Two typical spectra of remnants from Type la and Type 11
explosions, extracted from a simulated 100 ksec Lynx X-ray Microcalorimeter survey of a galaxy at the distance of M33.
e exquisite so -band spectral resolution of the instrument enables unique classi cation of the parent supernovae.
(Bottom) e view of SNRs and ongoing star formation in the Southern spiral arm of M33 (Credit: Long et al. [299]).
e eld measures 12:2 5:8. e SNRs (yellow ellipses) were identi ed by optical spectroscopy. Chandra detects 44%
of theseata3 con dence level. Lynx will detect all SNRs and determine the types of parent supernovae.

used to type SNRs. A Lynx survey of SNRs in the Local Group will enable a detailed exploration of
the SN activity in the past 10* years in relation to galactic environments, and to probe itse ect on
energy feedback and metal enrichment.

New insights into supernovae explosion mechanisms | e fundamental questions about super-
nova explosions are: which stars explode, and how do they explode? Lynx will provide new critical
information on both questions:
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Type la SNe are generally believed to form through two possible scenarios [306]: the single-
degenerate channel (a white dwarf plus a stellar companion) and the double-degenerate (two white
dwarfs). Modeling of the explosion mechanisms [307, 308] indicates that the yield of neutron-rich
isotopes, such as %8Ni and °Mn, is sensitive to the central density of the white dwarf, which varies
strongly between the single- and double-degenerate channels. For instance, Ni/Fe and Mn/Fe ratios
in SNR 3C 397 indicate that the progenitor likely had a high central density [309] ] a scenario
which rules out the double-degenerate channel.  is and other similar results (e.g., [310]) are
based on CCD-resolution spectra of a handful of remnants with the associated large uncertainties
from moderate resolution spectra. High-resolution, spatially resolved X-ray spectroscopy o ers the
possibility of probing the products of explosive nucleosynthesis at high signi cance. Lynx will enable
such measurements in the Magellanic Clouds and nearby SN la’s such as S Andromedae in M31.

For core-collapse SNe, the explosion mechanism remains uncertain. Possibilities include the
neutrino mechanism, energy injection via a central engine, and the growth of turbulence via standing
accretion shocks (e.g., [311]). Regardless of the exact mechanism, it is widely accepted that the
quasi-spherical symmetry of the progenitor must be broken at some point in order to revive the
shock which forms during core bounce. e primary observational constraint provided by Lynx will
be 3D spatial and velocity maps of ejecta. Each explosion mechanism seeds asymmetries di erently,
and these seeds persist into the remnant phase.

Pioneering work on the ejecta distribution of the brightest Galactic SNR Cas-A has been done
using Chandra [312, 313]. Both of these studies suggest signi cant overturning of the ejecta with
high-Z material at larger radii than low-Z material, likely the result of convection of *¢Ni-rich
material driven to the surface during the explosion. As discussed above, such measurements will be
revolutionized by Lynx because of its combined high spatial and spectral resolution.

A unique observational insight into the early stages of the core-collapse supernova explosions
is provided by neutron star kick measurements [314]. Lynx can identify neutron stars in and near
the MW and Magellanic Clouds SNRs by their unique featureless spectrum. For the MW remnants,
Lynx can use proper motions for determining the neutron stars kick velocities (expected to be
‘ve 380 kms 1, [315]). is must be done in the X-rays because many young neutron stars, such
the central compact object in Cassiopeia A, are radio quiet.

Recent studies of neutron star kicks [316, 317] use an approximate approach by measuring
the apparent displacement of the neutron stars from the remnants’ geometric centers, assuming a
remnant age, distance, and a spherically-symmetric explosion. Lynx will revolutionize this eld by
providing full 3D information about ejecta, along with the spatial resolution and sensitivity necessary
to yield accurate constraints on young neutron star proper motions.

3.4 Detailed View of X-ray Binary Populations in Nearby Galaxies

Binary stellar systems are key tools for several areas of astrophysics: star-formation processes, the
late stages of stellar evolution, compact object formation, and compact object mergers. At advanced
stages of evolution, many binary systems pass through an X-ray emitting phase, where one of the stars
is turned into a compact object that accretes material from its companion. s X-ray binary (XRB)
phase is the most e cient observational probe of binary stellar systems outside of direct observation
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of photometric or spectroscopic binary stars in
our Galaxy. e XRB phase is also critical for
the evolution of close binaries which may eventu-
ally become compact-object mergers and hence
sources of gravitational waves and short -ray
bursts [319].

Detailed data on the XRBs in the Milky Way
is being provided by specialized X-ray obser-
vatories such as RXTE, NICER, INTEGRAL,
Swi /BAT and a host of earlier satellites dating
back to Uhuru. However, a census of XRBs in
the Milky Way still provides only a partial view.
Observations of external galaxies are essential to
achieve the complete picture necessary for un-
derstanding compact object formation.  isis
especially critical for modeling the populations

of gravitational wave progenitors (Fig. 3.8). e Fig. 3.8 | Indicative evolution of a binary stellar sys-
evolutionary channels of accreting X-ray sources o ETEEln e AT s3I (e Cempasiel-

) ject merger [318]. Each of the shown phases are key
are a key component for understanding the de- for the outcome of the evolution. e only phases that
mographics of compact objects, particularly their can provide observational constraints on the physical
mass and spin distributions [320{322].  ough parameters of the system are the initial binary star

detailed modeling of individual sources in our ST e S L s,

Galaxy have already given a basic framework for
the di erent phases in the evolution of binary stellar systems [323, 324], the small number of objects,
combined with the limited parameter space covered by the stellar populations in our Galaxy, does
not represent conditions in other galaxies where the majority of the gravitational wave progenitors
are expected to originate.

erefore, the best way to make the next leap forward in understanding the formation rate of
these objects is with Lynx which can e ciently observe the bulk of the active XRB populations in
a representative sample of nearby galaxies with a spatial resolution of 0:5 or better, allowing the
identi cation of their multiwavelength counterparts.

Lynx surveys of XRBs in nearby galaxies are not only a tool for exploring end points in stellar
evolution and the evolutionary paths to the gravitational wave-detected merger events. ey also
will serve as key calibration points for Lynx observations of the Cosmic Dawn epoch that rely on the
XRB populations in high-redshi galaxies (84.3).

66



3 e Energetic Side of Stellar Evolution and Stellar Ecosystems e Science of Lynx

X-ray enisson, h purple fiom nillion year dd $ars n\Weterlund 2.
Credit: X-my: NASA/CXC/SAD/Sgong Wiiv/Hur ¢ d; ; Qitical: NASA/SScl

From the birth of infant suns to the wreckage of their deaths, Lynx will reveal the high-energy side
of stellar evolution.
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4 The Impact of Lynx across the Astrophysical Landscape

e science requirements for Lynx, when translated to instrument requirements, result in per-
formance gains of historic magnitude. e imaging component provides a factor of 50 higher
throughput, 20 the FOV with sub-arcsecond imaging, and a factor of 1,000 greater speed for
surveys compared to the current state of the art (Chandra). To put this in context, this is higher than
the hundred-fold gain survey power of the future NASA agship observatory, WFIRST, relative to
Hubble. In terms of sensitivity, Lynx will detect sources 100 fainter than those seen in the deepest
Chandra surveys (Fig. 4.1).

Turning to spectroscopy, we observe that astronomy is undergoing revolutionary changes driven
in large part by movement toward hyper-dimensional datasets. Fully spatially-resolved spectroscopic
data cubes, provided by instruments such as MUSE on ESO’s VLT, enable advancements which
rival the leap from the rst astro-photograph to state of the art imaging from Hubble.  ereis an
equivalent development in the X-rays from Einstein to Chandra and onward to Lynx. e Lynx X-ray
Microcalorimeter will provide an X-ray capability comparable to what MUSE provides in the optical,
and what the MIRI and NIRSpec instruments on JWST will provide in the infrared. To put these
relative gains in context, the leap from Chandra to Lynx is the same as that from a 1-m telescope
with a CCD imager to an 8-m VLT equipped with a MUSE spectrograph.

Gains in sensitivity and spectroscopic capabilities of such magnitude are equivalent to opening a
new wavelength band or introducing a major new observational technique. Lynx will play a critical
role not only in the areas directly related to its science pillars, such as studies of the Cosmic Dawn,
Black Holes, Galaxy Formation, and Origin of Elements. It will also make a major impact in other
areas, such as Cosmology, Stellar Populations, Solar System, and Multi-Messenger Astronomy. e
impact of Lynx will be felt even in less obvious areas, such as studies of planets and protoplanetary
disks. A sample of examples given below shows that Lynx is not simply an X-ray telescope for
X-ray astronomers: it is a new Great Observatory which will make a profound impact across the
astrophysical landscape. Indeed, it is designed to be long-lived and exible enough to pursue answers
to the questions we have yet to even ask.

4.1 Multimessenger Astronomy

Lynx will operate in an astrophysical landscape already transformed by upcoming capabilities in the
time domain and by the emergence of the era of multimessenger astronomy following LIGO detec-
tions of gravitational wave events from neutron stars and black hole mergers, and IceCube detections
of astrophysical neutrinos. Lynx will enable unique advances in the transient sky discovery space.
e main strength of Lynx is not a very fast response time, although it can respond to some targets of
opportunity (ToO) within 3 hours (86.7.2). Its ToO and multi-messenger astronomy capabilities will
instead capitalize on extreme sensitivity and sharp angular resolution. We highlight two examples
focusing on Lynx synergies with ground- and space-based gravitational wave experiments.
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Fig. 4.1 ] Lynx imaging and spectral capability gains in context.
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Fig. 4.2 (Le ) esurface density of an accretion disk near a binary supermassive black hole, shown on a logarithmic
scale. e binary has a mass ratioof ¢ Mj,~M; 0:43. Circles indicate the expected tidal truncation sizes of the
circumprimary and circumsecondary disks. is panel has been adapted from Farris et al. (2014) [325]. (Right) Tracks
of characteristic strain, h¢, across the LISA band of binariesat z 1 with mass ratios of ¢ 1~3 and di erent primary
masses My, as labeled. e break in h, marks ve years prior to the merger. Along each track, various marks indicate
times when (i) the binary enters the LISA band (vertical line), (ii) it is localized to 10 deg? (blue circle), and (iii) the
tidal truncation radius of the circumprimary disk becomes smaller than 10 Ry (red triangle). e dashed magenta curve
shows the projected sensitivity of LISA [69].  is panel has been adapted from Haiman (2017) [326].

4.1.1 X-ray chirp signal from merging supermassive black holes

LISA will be exceedingly sensitive to mergers of SMBHs with masses  10% My, [69]. As argued
in [326] and summarized brie y below, there should be a distinct X-ray \chirp" that accompanies
the gravitational wave (GW) signal in these mergers. SMBHs with M 106 My, are predominantly
located in gas-rich disk galaxies [7], and their binary black hole mergers should also proceed in
gas-rich environments [330], resulting in a high accretion rate on the binary BH. A number of recent
MHD simulations have concluded that while the inner structure of the binary’s accretion disk is
modi ed [331], the BHs continue to accrete at high rates via narrow streams [325, 332{339], and this
continues even in the late stages of the merger, when the binary inspiral is driven by the GW radiation
[340, 341]. Each BH forms its own \minidisk" that is truncated by the tidal forces of the companion
BH (Fig. 4.2). Truncation radii are 100 ry when the binary enters the LISA band [342, 343].  isis
afactor of 10 the size of the region where X-rays are produced by quasars [326, 344{348], but
comparable to the optically emitting region. e truncation radius moves into the X-ray emitting
region only 2{3 days prior to the merger.

ese considerations suggest that Mgy 10% My, black hole binaries should be uniquely visible in
the X-rays for much of the duration of the LISA event (c.f. Fig. 4.2). Relativistic Doppler modulations
and lensing e ects will inevitably imprint periodic variability in the X-ray light curve, at the tens
of percent level, tracking the phase of the orbital motion and thus the GWs [326]. Modulations
will be especially strong for unequal-mass binaries, with components moving at high orbital speeds.
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For nearly equal-mass binaries, the accretion rates onto the individual SMBHs will also be strongly
modulated at the binary’s orbital period, yielding even stronger, order-unity variability, independent
of inclination [341].

LISA should be able to localize a typical black hole binary with Mgy 108 Mpandz 1 to within
several square degrees starting several weeks before the merger [349{351]. Monitoring this area,
Lynx will be able to uniquely identify a near-Eddington, quasar-like, X-ray source, with periodic ux
variability. e X-ray periodicity will initially be hours, and its phase will track the GW chirp. e
GW and X-ray chirp signals can then be observed in tandem for several hundred cycles. Detecting
the X-ray chirp accompanying the GWSs will help uniquely identify the electromagnetic counterpart
of the LISA source, thus enabling a wide range of new science [352].

4.1.2 Followup of LIGO events

GW information on the neutron star (NS) merger event GW170817 and identi cation of its electro-
magnetic counterpart [353] presented unprecedented opportunities to learn about the post-merger
physics of this type of events (see [354] for review). Observed signatures in the -rays, X-rays,
OIR, and radio included tell-tale signs of the propagation of a relativistic jet [355, 356], synthesis
of r-process elements, and interactions of relativistic jet with the ISM [329, 357{359]. Perhaps the
most fundamental question is: what is the nal remnant of the event? In the case of GW170817, the
merged object has a mass of 2:74 331 My, [353] and can be either a hyper-massive neutron star or a
black hole.
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Fig. 4.3 ] Distribution of distances to LIGO GW events, and a projected size of the \horizon" for neutron star mergers
([327]). By 2030, most events detected by LIGO A+ will be at distances that require the sensitivity and angular resolution
of Lynx for long-term monitoring of the post-merger evolution [328]. e right-hand panels show the Chandra detections
of GW170817, whose measured uxes are many hundred times lower than expected for a rapidly spinning, merged
neutron star, implying that a black hole likely formed instead (Credit: NASA/CXC/Trinity University/D. Pooley et al.;
[329]).
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Unambiguously determining the nature of the nal remnant requires long-term X-ray monitoring.
In addition to the jet emission expected for any type of nal remnant, a fast-spinning NS will produce
additional X-ray emission via its spin-down [329], on time scales of up to years later. Even a slowly-
spinning NS is expected to produce additional aring X-ray emission via the untwisting of the
toroidal magnetic eld [360]. A black hole, on the other hand, should not produce substantial
additional X-ray emission.

Upcoming NS merger discoveries will no doubt yield many insights and surprises. Electromag-
netic signatures of other types of LIGO events are yet to be detected. Any adequate followup of future
events will require an X-ray observatory with sub-arcsecond resolution and a sensitivity well beyond
Chandra (which had to spend several hundred ksec to followup GW170817, at only 40 Mpc). As GW
detectors are updated and the horizon for detection of NS-NS mergers extends to 10 the distance
to GW170817 (Fig. 4.3), the electromagnetic emission will be 100 fainter, with separations from
unrelated X-ray sources 10 smaller. Following up such events will require a combination of
throughput and angular resolution that is o ered only by Lynx.

4.2 Black Hole Accretion Physics

Studies of black hole accretion in the X-rays are typically done with facilities emphasizing a bandpass
extending to high energies, very high throughput, and fast timing [361]. However, just as in the
case of Multimessenger Astronomy, Lynx will make unigque contributions which capitalize on its
sensitivity, angular resolution, and high-resolution spectroscopic capabilities. e structure of inner
accretion disks and hot coronae can be probed via quasar microlensing. Long-term monitoring
of tidal disruption events (TDE) tracks accretion state transitions in a well-controlled experiment.
Grating spectroscopy of AGN and Galactic X-ray binaries is key for inferring the density structure
of accretion out ows.

4.2.1 Structure of the inner disk and hot corona using quasar microlensing

However exquisite X-ray imaging with Lynx will be, itisinsu cient for resolving black hole accretion
disks. Lynx nevertheless will enable a unique probe of the inner disk and hot corona structure using
quasar microlensing. is technique o ers one of the most straightforward and e cient ways to
measure the sizes of the emitting regions in accretion ows [363, 364]. It probes angular scales which
are 1 order of magnitude below even those resolved by the Event Horizon Telescope in M87 [365],
enabling studies of disks around quasars accreting at high rates. Microlensing measurements will
nicely complement those made via the X-ray reverberation method [366, 367] that best probe a
di erent black hole demographic (Galactic stellar-mass black holes and the nearest AGN typically
with a low intrinsic luminosity).

e microlensing method uses strongly lensed, multiply imaged quasars, and relies on the motion
of the quasar relative to the network of high-magni cation caustics generated by stars in the lensing
galaxy (see Fig. 4.12 below). Corresponding ux variations are on timescales of days to years. X-ray
microlensing measurements are inherently interesting because they probe the innermost and hottest
structures in the accretion ow. Opportunities for quasar microlensing studies will drastically expand
in the 2020s, as new samples of multiple-imaged quasars are generated by LSST [368].  ere are
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Fig. 4.4 ] X-ray light curve of the ASASSN-15li TDE event (adapted from [362]). Smooth behavior of the
X-ray uxre ectsagradual, predictable decrease in the accretion rate. Lynx will have the sensitivity to monitor
events such as ASASSN-15li for 15+ years.  ese observations will constitute a well-controlled experiment for
probing accretion physics in very sub-Eddington regimes.

two basic measurements: sparsely sampled and densely sampled light curves. Measurements of
the X-ray uxes of the individual images (typically separated by 1 ) taken every several months
to years will provide micro-arcsecond constraints of the X-ray emitting regions. In the event
of a knife-edge caustic sweeping across the quasar, high-cadence sampling of the light curves will
provide nano-arcsecond measurements of the emitting regions [368]. Lynx is ideally suited to make
measurements of both types.

Lynx can also simultaneously probe the two distinct components in the accretion ow because
they can be separated spectrally. e hot corona produces X-ray continuum whose microlensing
light curves constrain the corona size. e uorescent Fe K line originates in the accretion disk
itself. As a caustic moves across regions of the accretion disk with di erent Doppler boosts, the
observed line centroid shi s.  is provides a unique constraint on the inner disk structure [369].
Initial detections of this variability have already been made with Chandra [370], but the capabilities
of Lynx are required to realize the full potential of this method [371].

4.2.2 Accretion state transitions in tidal disruption events

Stellar tidal disruption by a central SMBH is a natural outcome of orbital dynamics in dense stellar
systems [372{374]. Among many other astrophysical applications, tidal disruption events (TDES)
provide a unique opportunity for studying transitions between the accretion disk states [375]. As the
TDE event evolves, the accretion rates decline from super-Eddington, to modestly sub-Eddington,
to very sub-Eddington levels in a very predictable way.  erefore, their accretion disks might exhibit
state changes analogous to those seen in stellar-mass black holes in X-ray binaries [376].

For most TDEs detected in the X-ray regime at early stages, the observed spectra are consistent
with the simple picture of a compact, classical accretion disk [377]. X-ray observations at later stages
of evolution have only started to come in and provide indications that state transitions have occurred
within 4{9 years of the initial stellar disruption [375, 378]. Radically better statistics are needed to
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track how state transitions occur, and to track the evolution of TDE accretion disks in the regime of
the very low rates expected A 10 years a er the event.

Two factors are relevant for future TDE observations. First, the recently launched eROSITA
telescope onboard SRG [97] should provide tens or even hundreds of X-ray detected TDEs per
year [375, 379], while the Vera Rubin Telescope will provide an abundance of optical TDE detections
in the 2020s. Second, the large theoretical uncertainties associated with circularization and disk
formation in TDESs becomes less important at times long a er the peak of the mass return rate, and
the behavior will be regular and well-modeled by a quasi-circular disk approximation, even in the
presense of complicating factors initially [380{382]. Indeed, a very regular evolution of the X-ray

ux from TDEs at late times has been observed (e.g., Fig. 4.4).
erefore, there will be no shortage of suitable TDE targets for Lynx at times as late as 15 years
a ertheevent. iswill open aunique window for studying accretion on SMBH in the now-prevalent
very low M regime. But long-term monitoring requires sensitivity and high spatial resolution to
isolate the TDE source within the host galaxy.  ese capabilities are exclusive to Lynx.

4.2.3 Structure of accretion disk out ows using soft-band X-ray spectroscopy

e highly energetic out ows from AGN are one of the key mechanisms regulating galaxy formation
(82). ey are the central mechanism by which the SMBH interacts with the host galaxy. AGN
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Fig. 4.5 A 900 ksec Chandra grating spectrum of the AGN in NGC 3783 from Kaspi et al. [383], showing a rich series
of so X-ray absorption lines from Ne to Fe. e relative strengths of these lines are used to determine the ionization
parameter of the gas. Lynx will obtain higher quality spectra in under 10 ksec. Additional spectral information accessible
with Lynx can be used to determine density in the out ow and distance from the black hole.
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out ows are complex and multiphase. Observations show that the bulk of energy and momentum

ux is carried by their hot gas component.  isisexempli ed by the detection of ultra-fast,v A 0:033c
out ows in the X-ray spectra [148, 384]. However, the current quality of X-ray spectral data (e.g.,
Fig. 4.5) generally does not allow independent establishment of the distance and density of gas in the
out ow, because the easily measured quantity is X-ray ionization parameter x Lx~ neR? . is
makes the derived energy and momentum ux in the wind uncertain by an order of magnitude or
more.  ree possible solutions are o ered by the powerful so  X-ray spectroscopic capabilities of
Lynx that provide access to density diagnostics in the AGN winds:

Detections of density-sensitive line doublets, spanning an energy range of 0.245{1.05 keV, probe
densities 107 10%cm 3.  ese lines are faint and have been detected only once (in the Galactic black
hole GRO J1655{40 [385]), but Lynx will make a nearly 1,000 leap in high-resolution spectroscopic
capability compared to the current state of the art.

Rapid uctuations in the ionizing ux from the AGN will change the ionization state of the wind.
If changes in the ionization parameter can be tracked on the time scales of recombination, they can
be used to infer the gas density. Lynx has the capability to measure in 1{10 ksec or less in a typical
AGN, and will thus provide a sensitivity to densitiesn, 108 107 cm 3, respectively.

For yet higher densities, recombination times are short and the out ow will always be in ioniza-
tion equilibrium. However, long-term correlations of the out ow ionization state with black hole
luminosity can still be used to infer densities. Both long- and short-term variability of can also be
used to constrain lling factors [386].

ese three types of measurements will greatly improve determinations of the instantaneous AGN
mechanical output. Similar approaches can be used in studies of accretion disk winds in Galactic
X-ray binaries.

4.3 Cosmic Dawn

e Cosmic Dawn and the Epoch of Reionization (EoR) which marks its end are widely considered
an area with great discovery potential [389]. A number of radio experiments are under development
to study the EoR via the redshi ed 21-cm background. Detection of galaxies at the EoR is one of the
main science goals of JWST. e primary contribution of Lynx to the Cosmic Dawn studies will be
the detection of the rst generations of supermassive black holes (§1). However, the sensitivity of
Lynx will be also su cient to detect XRB populations in the same redshi range, either individually,
in a stack, or as residual di use X-ray background. is leads to additional X-ray probes relevant
for the multiwavelength push to study the Cosmic Dawn. Extrapolations of population synthesis
models [390, 391] predict that the XRBs will dominate the X-ray emissivity of the Universeatz 6,
surpassing the contribution from AGN [81, 392].  erefore, XRBs are expected to be the main source
of heating to the neutral intergalactic medium (IGM) prior to the EoR [388, 393{396].  is X-ray
output can have a dramatic e ect on the 21-cm signals from neutral hydrogen, as shown in Fig. 4.6.
Reliable projections of the XRB ux from high-redshi galaxies is, therefore, critical for extracting
maximal information from future 21-cm experiments. Lynx will be instrumental for this task, as
discussed below.
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Fig. 4.6 | X-rays can have a dramatic impact on the intergalactic gas in the early Universe, as illustrated by light-cone
simulations of the 21-cm signal brightness temperature (adapted from [387]). e horizontal axis shows evolution along
the line of sight,fromz 62toz 7. e Epoch of Heating is the interface between yellow and blue, and the EoR is the
interface between blue and black. e vertical lines show the reach of various 21-cm interferometer experiments. e
top panel corresponds to the \ ducial" model of [388] in which the Lx/SFR ratio is calibrated to local starburst galaxies.

e lower panel corresponds to an \extreme X-ray™ model in which primordial galaxies are much more luminous, with
harder X-ray spectra.

High-redshi star formation ||  Deep surveys with Lynx and JWST will have strong synergies
for studies of high-redshi galaxies. Lynx is expected to detect the integrated XRB ux from JWST -
detected galaxies with star formation rate (SFR) as lowas2 My yr tatz 10 (Appendix A.2). Even
lower SFRs will be accessible through stacking analysis. e XRB output per unit star formation
rate is a strong function of the high-mass end of the IMF and of the average metallicity of the
stellar populations ([390, 391], see also Appendix A.2). For example, the Lxgg~SFR ratio is expected
to increase by an order of magnitude as the average metallicity of newly born stars decreases to

0:03 0:04Zpatz 10(cf. Fig.1in[391]). e rest-frame UV output, observed by JWST, changes
only mildly [136].  erefore, the ratio of X-ray and NIR uxes will constrain the properties of stellar
populations in the rst galaxies.

Extrapolationsto EoR |  Tracking the Lyxrg~SFR ratio over a wide redshi range, fromz 0
toz 10, also has practical implications in that it will be possible to reliably extrapolate it well
into the EoR. Another critical ingredient to the theoretical 21-cm predictions is the shape of the
X-ray spectral energy distribution (SED) in the so band. So X-rays dominate the IGM heating
because the Universe e ectively becomes transparent to ionizing radiationat E A 1.5 2keV [397].
Di erent X-ray SEDs will result in markedly di erent impacts on the 21-cm signal (Fig. 4.6). e
SED of X-rays emerging from a galaxy is a product of the intrinsic SED of accreting objects and the
absorption by the interstellar medium of the host galaxy. For the intrinsic SED, the low-redshi
census of XRBs in nearby galaxies (83.4) will be instrumental. e ISM absorption e ects in a wide
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range of galaxy properties can be assessed using a multitude of intermediate-redshi galaxies found
in wider Lynx and OIR surveys (e.g., with WFIRST).

Cross-correlation with 21-cm signals | Finally, there is a prospect of detecting X-rays from
galaxies at z A 10 via cross-correlation of the residual X-ray background with the 21-cm signals from
experiments such as HERA and SKA [398, 399]. s signal will be possible to extract only using
X-ray observatories that o er a high contrast of sky signal to the instrumental background, and only
a er maximally complete elimination of the X-ray background components originating at higher
redshi s, e.g., from intrinsically faint 1 @ z @ 3 foreground objects. e capabilities of Lynx in this
area are unsurpassed by a wide margin (Appendix A.5).

4.4 Large Scale Structure

Lynx is not designed for very wide (more than 100 deg?) surveys. However, it will make distinct
contributions to studies of the Large-Scale Structure (LSS) of the Universe through its ability to
achieve great sensitivities and dense object sampling in regions of a few tens of deg?. An example of
such program, the Lynx Legacy Field, and its multifaceted impact, is discussed below. Additionally,
Lynx will enable very e cient followup observations of objects discovered in wide multiwavelength
surveys, as illustrated below by two examples: high-z galaxy clusters and connection between AGN
activity and LSS.

4.4.1 Lynx Legacy Field

A Lynx Legacy Field is a notional 10 Msec survey in a 10 deg? region of the sky with existing multi-
wavelength and optical spectroscopic coverage, centered at a massive galaxy clusteratz 0:1 0:2
(Fig. 4.7). Continuous coverage with HDXI pointings would result in at least 100 ksec exposure at
each location. e sensitivity achieved in this dataset would enable a number of unique investigations
within a single observing program, of which four are highlighted:

CosmicWeb laments |  In100 ksec exposures, Lynx will reach sensitivity levels for faint surface
brightness emission that are limited not by statistics but by residual uncertainties in the background
modeling (Appendix A.5). Rich galaxy clusters form at the intersection of the Cosmic Web laments,
which are expected to be lled with hot gas at X-ray temperatures [401]. Clipping the mock X-ray
brightness derived from the the Hydrangea simulation [400] at the Lynx surface brightness sensitivity
cuto shows that the Cosmic Web will be exposed in emission in the Legacy Field (upper panel in
Fig. 4.7).

e application of the Cosmic Web observations to understanding galaxy formation was dis-
cussed in 82. e laments detected in the Legacy Field would be classic examples of the warm-hot
intergalactic medium [402{404], on which signi cante ort has been expended in the UV, probing
the lower end of this temperature distribution via broad Ly [405] and O vi [406] absorbers in
individual sightlines toward background AGN. However, UV absorption line studies cannot map the
Cosmic Web structure, and they still cannot account for all the baryons expected in the intergalactic
medium [158].
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Fig. 47] eLynx Legacy Field, a 10 square degree map of the largest structures in the Universe, is a notional 10 Msec
program that would reign among the Observatory’s most revolutionary achievements. Focused on a previously identi ed
low-z large scale structure, this survey will reveal a massive galaxy cluster anchored to the void by Cosmic Web laments
that have, thus far, never been truly observed. e panel above shows a realistic mock of the so  X-ray surface brightness
from the Hydrangea simulation [400], with a true Lynx surface brightness sensitivity cuto applied (see Appendix A.5).
A large mosaic of individual 100 ksec HDXI exposures, the Legacy Field will maintain sub-arcsecond imaging across
the entire eld, and every individual 100 ksec footprint in the mosaic will reach a greater depth than the deepest region
of the 7 Msec Chandra Deep Field South. While the image of the lamentary web and its cluster-scale node will be a
revolutionary achievement on its own, even \blank" regions of the image would contain an exquisite array of high- and
low-redshi AGN, clusters, and groups (81.2).  is is illustrated in the bottom two panels, which show (at bottom le ) a
zoom-in on a simulated single 100 ksec HDXI footprint of a \blank" region of the Legacy Field. Nearly seven thousand
discrete sources will be detected inasingle 22 22 eld of view. It is the ability to detect and mask these sources that
gives Lynx access to the very low surface brightness levels needed to reveal the Cosmic Web (Appendix A.5). e lower
right panel shows a further zoom-in on this \blank" eld exposure, revealing a blindly detected 3  10%3 My, galaxy
group at redshi z 3:27, the epoch of formation of the earliest galaxy groups and protoclusters. e Lynx Legacy Field
will be among the richest X-ray datasets ever obtained, and reign as a lasting triumph of science.
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e Lynx Legacy Field maps will go well beyond establishing the full baryon budget: they will
reveal a complex and rich array of substructures and dynamics at the interface of Cosmic Web
laments and the virialization regions of galaxy groups and clusters. Note that a 100 ksec Lynx
observation surpasses the depth of a 5 Msec Chandra exposure, reaching an unprecedented level of
statistical qualityl. e most interesting regions can be subsequently observed with LXM to obtain
high-resolution spectral information.

Evolution of X-ray source populations |  Detection of Cosmic Web laments in the Legacy Field
will be possible only thanks to the ability of Lynx to detect and mask discrete X-ray sources. e
lament emission itself will be faint, 10% of the residual background.  erefore, detectability
of faint background sources in most of the Legacy Field’s area will not be a ected by the presence
of extended foreground structure. In terms of sensitivity to point sources, a 100 ksec Lynx HDXI
observation will surpass the levels achieved in the very central region of the 7 Msec Chandra Deep
Field South [95]. Note that sensitivity will be provided over a full 10 deg? area (lower-le panel
in Fig. 4.7).  erefore, the point source catalog from the Lynx Legacy Field will be a de nitive
dataset for studies of evolution of AGN (81.2) and XRB populations in normal galaxies (84.3) to
moderately-high redshi s.

AGN clustering | e expected number density of detected point sources in the Legacy Field is

50000 deg 2, of which  50% will be AGN (Fig. A.1 in Appendix A.1). It will therefore be a dataset

with an unprecedentedly dense sampling of the LSS using AGN as tracers in a eld of a substantial
size, uniquely suited for the spatial correlation and cross-correlation studies discussed in §1.2.

Highest-redshi galaxy groups |  Properties of distant galaxy groups are an important high-z
probe of galaxy formation models (§2). e most useful objects are those with the lowest mass. At
high redshi s, these cannot be reliably detected other than in highly sensitive X-ray surveys. e
sensitivity of Lynx, along with its ability to separate point-like and extended sources, makes it a
unique tool for such studies. Cosmological numerical simulations predict that in the Legacy Field
alone there will be 10 galaxy groups at z A 3 detected down to a mass limitof M 2 1013M,,.
Some of them (e.g., the one shown in the bottom-right panel in Fig. 4.7) will yield asu cient number
of photons for measurements of the thermodynamic state of the intra-group medium.

4.4.2 High-redshift galaxy clusters

Over the next decade, dedicated survey instruments will increase the number of known clusters
and groups out to high redshi , constraining cosmology and providing a more complete picture of
the early stages of galaxy formation. Examples include eROSITA in X-rays, LSST and Euclid in the
OIR [410], and several \Stage 3" ground-based mm-wave observatories. e SZ-e ect surveys, in
particular, will break new ground by providing the rst large, robustly selected catalogs of clusters at
z A 1:5 aswell as the rst informative absolute mass calibration from CMB-cluster lensing. ey
will nd A 3;000 clustersatz Aland 50 atz A 2 [411{414]. Further in the future, SZ surveys with
greater sensitivity and improved spectral coverage (such as CMB-S4 [415]) will probe even deeper.

1By comparison, the deepest Chandra observation of a galaxy cluster is the 1.4 Msec exposure of Perseus [407]
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Fig. 4.8 ] Images of thez 2 cluster XLSSC 122 [408]. (Le ) Hubble Space Telescope F140W map of the cluster; (center)
a 100 ksec XMM-Newton X-ray observation of the cluster; (right) a simulated Lynx HDXI map of the same cluster with a
realistic AGN population expected at high-z. Dashed circles show the characteristic radius, r,pp 54 . e XMM and
Lynx images are adapted from [409], while the HST data, used with permission, is from Willis et al. (2019, in prep.).

Once discovered, these systems will be primary candidates for X-ray observations [416]. Tracking
cluster evolutionto z 2 is one of the prime science goals for Athena [417, 418]. However, beyond
this redshi , Athena data will start to be hampered by its poor angular resolution, inability to cleanly
separate the hot gas emission from embedded and background AGN, and limited ability to track low
surface brightness at the cluster outskirts. Lynx will have the angular resolution required to bring
X-ray cluster measurements to the highest redshi of the upcoming catalogs (Fig. 4.8). Lynx will also
resolve the thermodynamic and kinematic structure of these earliest systems, as well as determine
the role of feedback from AGN and stars [419, 420].

4.4.3 AGN-LSS connection

Clustering studies can connect the AGN and LSS in a statistical way [102{106], but Lynx will enable
more direct observations that probe the sub-halo habitats of accreting SMBHs within the LSS. e
growth of SMBHs is most strongly a ected by environmental processes in the dense nodes of the
Cosmic Web [ galaxy clusters and groups. As discussed above, these objects can be observed
with Lynx outtoz 2 3.  is epoch is of the utmost importance: it hosts the highest star-
formation rate density in galaxies and accretion density in AGN [421], and thus presents a great
opportunity to directly understand the interplay between SMBHS, galaxies, and structure formation.
e observations required for this science must characterize the mass and dynamical state of parent
structures and detect AGN within them. s is best done in X-rays, but the throughput and angular
resolution of Lynx will be necessary (Fig. 4.8). Current Chandra results [422] provide an initial
indication that AGN in clusters and in the eld evolve di erently, which possibly ties the AGN trigger
mechanism to galaxy mergers.  ese results still su er from statistical uncertainties that Lynx will
overcome. More importantly, Lynx will push these studies in new directions.
At low redshi , the majority of galaxies reside in the group environment. Groups are a sweet-spot
for frequent galaxy-galaxy interactions. Probing groups, especially at low masses, requires sensitivity
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which only Lynx can provide. In fact, Lynx will also enable studies of less dense, non-virialized
nodes in the Cosmic Web | the protocluster environments. Protocluster structures are already
being identi ed with ALMA and with Ly observations [423,424]atz 4 6. Only Lynx will have
the combination of sensitivity and spatial resolution in X-rays to probe the SMBH growth in these
environments.

4.5 Cosmology

Cosmology in the coming decades will be a multiwavelength endeavor, with cornerstones provided
by millimeter, OIR, and X-ray measurements. In combination, these observations should enable
the construction of large, clean, complete source catalogs, with precise redshi s and accurate mass
calibration. e exquisite statistical precision of these measurements will turn the emphasis for
cosmological studies ever more toward robust systematic controls: only with such controls can
apparent tensions between measurements (e.g., [425, 426]) be taken as indicative of new physics.
Multiwavelength observations enabling complementary measurements across a broad suite of cos-
mological probes will be essential, dramatically reducing the impact of systematics that limit the
utility of measurements made in any single waveband or with any single technique.

Observations of galaxy clusters provide one of our most powerful probes of cosmology and
fundamental physics. e future of multiwavelength cluster science is compelling (84.4.2, [416]), but
to unlock the full power of upcoming z A 2 cluster samples, X-ray measurements will be absolutely
essential. Lynx’s unique capabilities will enable it to cleanly resolve and separate the emission from
galaxies, AGN, and di use gas in high-z clusters, enabling precise cross-matching with ground-
and space-based measurements across all wavebands. Lynx measurements of the cluster dynamic,
thermodynamic, and chemical structure will provide an unparalleled view of the evolving baryonic
matter content within them, spanning the epochs when star formation and AGN activity peaked.
Critically for cosmology, Lynx measurements will also enable the extraction of precise, low-scatter
mass proxies for these systems, thus bringing transformative power to hierarchical modeling of the
mass function and baryonic matter content. Potential Lynx cosmology programs include: studies of
early dark energy and modi ed gravity, combining measurements of structure growth and expansion
history during this early epoch; studies of in ation, utilizing signatures of primordial non-Gaussianity
in the highest mass, highest redshi objects; and re ned measurements of neutrino masses from
their impact on the evolving growth of structure (see [427] for a review).

4.6 The Cycle of Elements

Heavy elements are synthesized in supernova explosions and in mergers of neutron stars [428].

ese events disperse heavy elements into the ISM, where a fraction becomes locked into newly
formed stars, and another fraction escapes via winds.  ese processes transport heavy elements
into the CGM and IGM, where they can remain for a long time. Some of the intergalactic gas
is accreted back onto galaxies, fueling new star formation. Lynx will provide a uniquely detailed
view of all of the stages in this grand cosmic cycle of elements (Fig. 4.9). e supernova leg of
this cycle is discussed in 83.3. e capabilities of Lynx for observing winds ejecting metals from
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galaxies are discussed in 82.2. IS sec-
tion concentrates on the third leg: heavy
elements dispersed in the intergalactic
medium.

To put studies of the cycle of elements
in context, one should consider the cos-
mic inventory of heavy elements. It is
estimated to be signi cant | heavy ele-
ments contribute 1% of all baryons by
mass [429]. A large fraction of heavy el-
ements are trapped in stellar remnants
(white dwarfs, neutron stars, black holes),
but the remaining \loose metals" are signif-
icant enough to enrich all cosmic baryons
to a mean metallicity of 0:2 0:4 Z, at low
redshi . While stars today have an aver-
age metallicity of 1Zy [430], they ac-
count for only 20 30% of loose metals. By
implication, the gas phase of the present-
day Universe should be enriched to a level
of 0:15 0:3Z,. However, the total
amount of metals detected in damped Ly
absorbers [431] and Lyman-limit systems
[432] accounts for less than 10% of the ex-
pected cosmic budget [433]. e molecu-
lar ISM within galaxies is far less massive
and is not a signi cant cosmic metal reser-
voir.  erefore, the vast majority of met-
als should be dispersed elsewhere. Most
of these metals presumably reside in the
CGM and the IGM [184].

Lynx is poised to drastically improve

the CYCLE of
ELEMENTS

Elements generated in
supernovae explosions
& dispersed in the ISM

Y,

A fraction of the IGM accretes
back onto galaxies, fueling
new star formation

Elements ejected from
galaxies & dispersed
in the IGM

Fig. 4.9 Schematic of the cosmic cycle of elements. El-
ements heavier than Lithium are synthesized in stars and
supernova explosions and dispersed into the ISM. A fraction
of the ISM escapes via winds into the CGM and IGM. Some
of the intergalactic gas cools and accretes back onto galaxies,
fueling new star formation. Lynx will provide unique ways
to look at all stages of this cycle.

our view of extragalactic metals. At low redshi , it will perform a census of metals in the hot phase
of the CGM and Cosmic Web. At high redshi , it will enable observations of enrichment in galaxy
clusters near the peak of cosmic star formation.

Metals in the CGM and Cosmic Web || e main tool for Lynx observations of di use metals
at low redshi is absorption line spectroscopy of background AGN. is method directly detects
heavy elements such as oxygen, and also probes intergalactic gas to lower densities than is possible
in emission (Fig. 2.4 on p. 38). With the AGN spectroscopic survey discussed in §2.1.5, Lynx will
perform a blind survey of absorption linesuptoz 1.6 2 for O viiand O viii lines, respectively.
Structure formation simulations predict a distribution of equivalent widths of extragalactic absorbers.
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Lynx will probe lines downto EW 0:5 1mA. Both simulations [434, 435] and simple analytic
estimates predict a detectable system every z 0:06 for EW A1mA. e AGN sample identi ed
for the Lynx CGM-in-absorption program (82.1.5, Appendix A.5) will have a total redshi depth of

26; therefore 400 blind line detections are expected. e same dataset can be used for a blind
census of 105° 1085 K gas in the Universe [195].

Early enrichment of galaxy clusters | ~ Hot intracluster gas in rich galaxy clusters contains a
fossil chemical record of all previously accreted intergalactic gas, even the initially warm/cold gas.
In the local Universe, the intracluster medium (ICM) outside the central 100 kpc appears to be
uniformly enriched to  0:3 Zy, [132{135]. Recent studies indicate that the bulk metal content of
clusters has not changed over the past 10Gyr [137{139].  ese results imply that the bulk of
metals in the ICM originates from early times. Even combining all available data on high-z clusters
from Chandra and XMM-Newton, one can only put a lower limit on the characteristic redshi of
enrichment [137{139], z A 1:5.

e bulk of metal enrichment in the Universe should have happened at z  2:5, during the
epoch of peak cosmic star formation, and one expects a correspondingly strong change in the ICM
metallicities around this epoch. As discussed in 84.4.2, Lynx is uniquely capable of making detailed
measurements of the ICM in clusters at z A 2, including spatially resolved pro les of the ICM
metallicity.  ese observations will provide a direct observation of the intergalactic gas enrichment
by metals at its peak epoch.

4.7 1SM and Stellar Astronomy

A wide range of energetic processes provide a unique perspective on stellar birth and death. For
each of these, Lynx will provide a unique perspective (83).  ere are also large swaths of galactic and
stellar astrophysics, such as the physics of cold ISM or statistics of stellar populations, that do not
directly involve high-energy processes. e traditional tools of research in these areas are sensitive
OIR, UV, and radio observations. However, the unique capabilities of Lynx will enable a view from
new, 0 en unexpected angles, using the tools of X-ray astronomy.  ree examples are highlighted
below.

4.7.1 ISM structure via X-ray re ection

Dense molecular clouds are the primary stellar nurseries. Understanding their internal structure is
a key component of understanding star formation. But this structure is determined by a complex,
scale-dependent interplay between several processes, which are not well understood, despite their
fundamental importance for a range of astrophysical contexts [440, 441]. To determine the overall
star formation e ciency, particularly crucial are scales from 10 pc down to 0.1 pc [442, 443].  ese
scales bracket the transition from quasi-isothermal supersonic turbulence to self-gravity of individual
dense cores leading to coherent (rather than turbulent) motions [444]. Physical conditions and hence
emission properties of the gas vary across spatial scales, making it hard to construct an unbiased
probe free of opacity and projectione ects. isappliesevento 1l -scale interferometric observations
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——— ONE YEAR ——
Fig. 4.10 | Above: Chandra image of the re ected compo-
nent in the central region of the Galaxy.  is component can I T
easily be separated from other background and foreground %(L AW 20D LT
components using its distinct spectral shape. Right panels ot E E
show changes in the 4{8 keV images on a time scale of one
year in a small patch located 20 pc from Sgr A*. e ge-
ometry of the illuminated region is uniquely set by the time
delay due to propagation of scattered light from Sgr A* to
the cloud, and then to the observer. Knowing the age of
the outburst allows reconstruction of the 3D location of the
re ecting molecular gas with respect to Sgr A*.

Right: Predicted X-ray re ected emission, which will be

counts stkeV?

|
observed from the circles shown above in a 100 ksec LXM - }
observation. e model shown in blue corresponds to the i
contribution of unresolved compact sources in the GC region I T R P e o
(i.e., the background for X-ray re ection measurements). & G2z 64 @F GE
Figure adapted from [436]. Energy (keV)

with ALMA [445, 446], where reconstruction of the 3D density probability distribution function
(PDF) is problematic because of leakage of the large scale power [447].

However, Nature o ers us a unique diagnostic tool for studying clouds in the Central Molecular
Zone of the Milky Way. ey re ect X-rays from short and powerful past outbursts of Sgr A* that are
short enough to remove all adverse projection or opacity e ects in the \re ected" signal (Fig. 4.10).

is re ected X-ray emission has a very characteristic spectral shape, which facilitates its clean
separation from other background and foreground components. As a result, the evolving X-ray
surface brightness distribution is tightly linked to the underlying density eld of the molecular gas.
is o ersatruly unique opportunity to determine the 3D location of the illuminated clouds with
10 pc accuracy and to reveal their internal structure down to 0.1 pc scales.

e rst application of this method using Chandra produced results consistent with the expec-
tations for quasi-isothermal supersonic turbulence, although statistical noise was still high [448].
Measurements with the Lynx microcalorimeter will be orders of magnitude more accurate because
of a higher throughput, LXM spectroscopic capabilities on 1 spatial scale, and a longer baseline for
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Fig. 411 ] Interstellar dust studies with Lynx. Le , adapted from [437]: Simulated Lynx absorption spectrum of Galactic
XRB 4U 1746-37 showing the e ects of absorption due to dust at the oxygen K edge. If water ice on grains near the di use
ISM/cloud interface accounts for the \missing oxygen" (see Jenkins [438]), Lynx will easily detect it. Right, adapted
from [439]: Simulated 20 ksec LXM spectrum of the scattering halo for GX 340+0 (Fy), normalized by the apparent
spectrum of the central source. e peak in the scattering cross-section can be used to di erentiate between common
amorphous and crystalline silicate minerals.

the temporal evolution of the re ected signal (see Fig. 4.10 and [449]). An exciting frontier for the
LXM is mapping the gas velocity eld using the centroid shi of the re ected 6.4 keV Fe line. Typical
turbulent velocities on the order of a few km s ! will probably remain unmeasurable in the X-ray.
However, the shear velocity in the Galactic Center region is much larger and can be mapped. isis
true not only for clouds separated by tens of pc, but also for the velocity variations within individual
clouds [449].

4.7.2 Interstellar dust via X-ray absorption and scattering

Despite decades of study, many questions remain about how cosmic dust is formed, its composition,
and its longevity in the ISM of galaxies. Lynx will enable a new set of tools to measure the composition,
size, and structure of the interstellar dust in the Milky Way [437, 439]. High-resolution X-ray
spectroscopic measurements of absorption features in the ISM can probe the interstellar heavy
elements in both gaseous and solid form over a broad range of ISM column densities (N 102{
10?4 cm 2). Studying these X-ray absorption features yield the constituent compounds, crystallinity,
size, and shape of interstellar dust grains [450{454]. An example of application of this method using
the Lynx X-ray gratings is shown in Fig. 4.11.
Another X-ray probe of the interstellar dust involves the scattering halos around bright sources.
e halo intensity and shape depend on grain composition, size, distribution along the line of sight,
and column density [455{457]. e sensitivity of Chandra and XMM-Newton is insu cient to
probe the most interesting sightlines through the ISM (e.g., those with existing multiwavelength
data). is situation will dramatically improve with the Lynx LXM instrument [439]. It will directly
reveal resonant features in the scattering cross-section that can be used to identify di erent mineral
components of interstellar dust grains (Fig. 4.11).
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4.7.3 Stellar IMF via quasar microlensing

e stellar initial mass function (IMF) ] the mass
distribution of the newly born stars | is a key
ingredient for the interpretation of stellar elemen-
tal abundances, the history of stellar populations,
galaxy evolution, and for predicting stellar tran-
sients at all redshi s [459]. A memorable quote
from C. Frenkl well summarizes the central issue
regarding extragalactic measurements of the stellar
mass:

Nobody ever measures the stellar mass.  at is
not a measurable thing; it's an inferred quantity.
You measure light, OK? You can measure light
in many bands, but you infer stellar mass. Ev-
erybody seems to agree on certain assumptions
that are completely unproven.

Quasar microlensing is the only way to deter-
mine the stellar mass-to-light ratio ]| a sensitive
probe of the IMF slope at low masses | beyond
the solar neighborhood [458].

When a massive galaxy gravitationally lenses
a distant quasar (Fig. 4.12), it produces multiple
images and introduces a magni cation to each one.
Each of the quasar \macroimages" is the sum of
multiple microimages of the quasar formed by the
stars in the lensing galaxy.  ese microimages are
the gravitational analog of the speckles produced
by the Earth's atmosphere. e movement of the
galaxy relative to the quasar causes uctuations in
the brightness of the speckles.  eir frequency is
a function of the clumpiness of matter in the lens-
ing galaxy, and hence of the stellar-to-dark mat-
ter ratio. e total mass distribution can thus be
inferred from the separation of quasar macroim-
ages. erefore, a combination of the macro- and
microlensing measurements provides a determi-
nation of the amount of mass in compact form
(stars, stellar remnants, etc.) at speci c locations
in the lensing galaxy, typically several kpc from the
center.

12017 May 15, https://tinyurl.com/y6jx4j8y (44:48)
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Fig. 4.12 ] Schematic of quasar microlensing
adapted from [458]. Top: Magellan image of RX
J1131{1231. Bottom: Simulated 60 as 60 as re-
gion of the lensing galaxy where the macroimage
forms. e stars causing microlensing are shown in
white. Quasar microimages are shown in red and
blue (saddle-points and minima in the lensing eld,
respectively).

Quasar macroimages are the sum of all the
individual, unresolved microimages. Order-of-
magnitude variations in brightness of the macroim-
ages are produced when the stellar eld shi s by
tens of as. Quasar lensing can characterize both
the total mass of the lensing galaxy (via the separa-
tion of macroimages) and its stellar population (via
microlensing).
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e amplitude of microlensing scintillations is the highest in X-rays [363] because the quasar

X-ray emitting region is compact.  is makes Lynx observations unique for determinations of the

stellar mass in external galaxies, reachingto z 1.5 (detailed strategies are outlined in [458]). As

was discussed in 84.2.1, the future prospects for microlensing observations with Lynx are excellent.

ey will radically improve the present measurements done with Chandra (M ~L 1:2 0:6 of the
Salpeter value [460]).

4.8 Impact of Stellar Activity on the Habitability of Planets

e recent National Academies’ report on Exoplanet Science Strategy [461] puts a strong emphasis
on the holistic characterization of all factors that may a ect habitability of exoplanets. Lynx can
strongly contribute to one aspect of this problem: the characterization of the e ects of stellar activity
on planetary atmospheres. s is a particularly important factor for planets around M-dwarf stars,
i.e., the very population which will become accessible for transit spectroscopy studies with JWST and
ground-based ELTs. Energetic stellar photons and particle radiation evaporate and erode planetary
atmospheres and control upper atmospheric chemistry. Key exoplanet host stars are too faint in the
X-ray band for accurate characterization using existing and already planned X-ray telescopes. Lynx
is the only facility that can: (1) characterize by proxy the crucial and di  cult to observe EUV stellar

ux, as well as its history and variations for planet hosting stars, (2) observe the stellar wind, and (3)
detect the subtle Doppler signatures of coronal mass ejections. Relevant stellar activity measurements
are discussed in [462], and a short summary is reproduced below.

Measurements of EUV irradiating ux | e dominant thermal process in planetary atmo-
spheric loss is hydrodynamical out ow, energized by extreme ultraviolet (EUV; 100{912 A) and
X-radiation (0.1{100 A) that heats the exoplanet’s thermosphere, levitates gas against the exoplanet’s
gravitational potential [463], and photodissociates heavier molecules into lighter atoms that are more
easily lost to space. Most of the thermospheric heating is by EUV photons that cannot be observed
directly because of interstellar absorption, while chromospheric UV and FUV are inadequate EUV
proxies. e strength and spectral energy distribution of a star's EUV emission can instead be inferred
from X-rays originating in the transition region and corona (Fig. 4.13). Detecting the relevant lines
requires high-throughput and high-resolution spectroscopic capabilities that are unique to the Lynx
XGS instrument. Lynx can make these measurements for stars of di erent ages and with di erent
rotation periods, which is critical for understanding the range of likely radiation doses throughout
planet evolutionary tracks.

Measurements of stellar winds || e ow of ionized stellar wind electrons and protons also
erodes an exoplanet’s atmosphere. An example in the Solar system is Mars, where recent measure-
ments by the MAVEN satellite [465] show that the primary mass-loss mechanism for water is erosion
by the solar wind. e data on extra-solar winds for stars on the lower half of the main sequence are
scarce. ere are indirect estimates of upto 100 My, for four G and K stars with strong magnetic

elds, based on Ly absorption in the \wall" of hydrogen at the stellar analogy of the heliopause
[466]. ere are only two estimates using this technique of mass-loss rates for M stars: 8 My, for
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Fig. 413 ] Le : ekey X-ray-to-EUV spectral region computed for Proxima Centauri b, responsible for upper planetary
atmospheric ionization, heating and loss. Coverage at high spectral resolution inso  X-rays is essential for understanding
the EUV emission: e 30-60 A range exhibits transitions of the same ions that dominate the shorter EUV wavelengths.
Right: eso X-ray range, highlighting in color lines formed at temperatures below log T 6:2 that could be observed
by a sensitive so  X-ray grating spectrometer and used to measure by proxy the EUV ux. Adapted from [464].

EV Lac and an upper limit of @ 10 My, for Proxima.  ere is suggestive evidence of an increase
in mass loss rate with stellar surface X-ray ux [467], up until a critical value where M decreases
precipitously.

Lynx provides a new method of measuring the winds in a much larger sample of stars. Interaction
of the ionized stellar wind with neutral atoms in the ISM generates X-rays via the charge exchange
process. e resulting X-ray spectrum is dominated by K-shell emission from H-like and He-like
ions of C, O, N, and Ne. e conversion of detected X-ray ux to wind mass loss rate is direct.
Using Chandra, only an upper limit of 20 M, was derived for Proxima [468]. Lynx will provide a
much larger throughput and the ability to image in the speci ¢ spectral lines expected from charge
exchange. Drake et al. [462] estimate that winds with Solar-type rate can be observed with Lynx to at
least 10 pc, and to larger distance for higher rates.

Stellar coronal mass ejections | Solar ares are usually accompanied by the ejection of cooler
material (T  10;000 K) that had previously been con ned by magnetic elds that became disrupted
during the are. ese so called coronal mass ejections (CME) may also contain high energy protons
accelerated in the are and CME shock front. CME di er from the quasi-steady solar wind in
two respects: they are orders of magnitude denser and are spatially con ned. Scaling between
solar and stellar are energies, and then between solar ares and CME, implies that CMEs are
potentially a major impact to the stellar kinetic energy budget [469], as well as a severe habitability
concern [470, 471]. Yet they are not observed as 0 en as they are expected to be on stars [472, 473].

ere is thus an acute need for direct observations of stellar CME events. Searches currently
underway at low frequency radio band are yet to produce detections. e only detection of an event
with extreme power has been made recently with Chandra using Doppler shi s of Sxvi, Sixiv,
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Mg xii, and O viii lines [475].  ere are two
previous detections of probable CMEs where
the cool dense material is seen in absorption
as it passes in front of the aring corona: from
Proxima Cen [476] and from Algol during
a super are [477]. Lynx will introduce dra-
matic improvements in the high resolution X-
ray spectroscopy and will routinely and de ni-
tively observe the tell-tale Doppler shi s of
CMEs or their coronal compression waves.

4.9 Solar System

X-ray observatories have repeatedly demon-
strated their bene ts in Solar System studies
as a means to probe local high-energy envi-
ronments. Solar System objects are known
to emit X-rays through several unique mech-
anisms which have been directly observed
from numerous sources, including: plan-
ets (Mercury, Venus, Earth, Mars, Jupiter,
Saturn), satellites (the Moon, lo, Europa,
Ganymede), comets (Encke, lkeya-Zhang,
Levy, McNaught-Hartley) asteroids (Eros,
Itokawa), and space environments (planetary
radiation belts, satellite plasma tori, boundary
layers such as Earth’'s magnetopause) ([478]
and references therein). e wide variety of
both physical systems and emission mecha-
nisms enables Solar System X-ray science to
provide invaluable insights into surface and
atmospheric compositions [479, 480], mag-
netospheric and auroral dynamics [481{484],
and energy and mass transport [485{488].

e utility of both Chandra and XMM-

Fig. 4.14 | Modeling of CMEs in M-dwarfs predicts a
set of distinctive observational signatures, even for cases
in which the CMEs are fully suppressed by the large-scale
magnetic eld [474]. A dramatic gain in the X-ray grating
spectroscopy capabilities will allow Lynx to systematically
detect these CME signatures:

Y A factor of 5{10 or more increase in the integrated
so X-ray coronal emission, with durations between tens
of minutes up to an hour.

Y In weakly-suppressed CME events, a rapid (@
1 hour) evolution of Doppler shi s from red to blue, with
velocities up to 200km s !, transitioning from hotter
(logT 6:8) tocooler (logT 6:0) coronal lines. Lower
velocities (@ 100km's 1), and longer durations (1 hour),
are expected for more strongly suppressed eruptions.

Y Fully con ned CME events would lead to a gradual
brightening of the so X-ray corona by factorsof 2 3
over the course of several hours.  is emission would be
redshi ed (@ 50kms 1), indicative of infalling material
(the so-called coronal rain cloud).

Adapted from [474]. e gure shows a simulated weakly
suppressed CME event, with colors indicating Doppler shi s
and surface magnetic eld strength.

Newton for Solar System observations is strongly limited by either low e ective areaatso X-rays,
limited spatial resolution, or low spectral resolution. As a result, Solar System objects require lengthy

observing campaigns, o en spanning multiple days/weeks and extensive modeling.

ese factors

ultimately limit the overall impact of Solar System X-ray studies for broader scienti c application.
Lynx is uniquely poised to make major advances in Solar System science in a manner not possible
with other X-ray observatories. Its high throughput and angular resolution will enable time-domain
X-ray studies in which particle transport and short-term variability will be resolvable for the majority
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Fig. 4.15] (Le ) Chandra High Resolution Camera image of X-ray emission from the northern Jovian aurora, super-
imposed on a Juno image of the planet. (Right) An observation of Comet C/2012 S1 (ISON) showcasing optical and
X-ray emission [488]. e X-ray emission was detected with Chandra using a 24 hour exposure during the comet’s
closest approach with Earth. e notable increase in so X-ray e ective area of Lynx will allow them to detect the
daily uctuations within comet atmospheres out to a distance 3 what is presently possible, while advances in spatial
resolution will provide details at resolution of 1,000 km.

of Solar System objects. For example, Lynx will resolve X-ray emission from return currents in
Jupiter’s magnetosphere which are known to uctuate on minute timescales [484, 489]. Lynx will
also search for Jovian-type aurorae (Fig. 4.15) in other gas giants, where current observations are
inconclusive [490{492].

X-ray emission serves as a unique beacon for surface elemental composition via uorescence
emission lines, as demonstrated by Chandra measurements of the Lunar surface [479]. Lynx will
provide high-quality data for the Moon and extend similar measurements throughout the Solar
System. For example, on Europa, X-ray uorescence studies of the surface ice can be used to model
its elemental composition, and potentially even that of the sub-surface ocean if the regolith or ice is
signi cantly mixed with cryovolcanic ejecta (c.f. [493]).

Lynx will also provide a glimpse into the early Solar System elemental and molecular composition
via X-ray emissions from comets (Fig. 4.15). Comets are known to emit X-ray through mechanisms
that track cometary chemical composition and comet-Solar Wind interactions [488, 494{497].
Orders-of-magnitude higher throughput of Lynx will enable, for the rst time, statistical analyses of
cometary X-rays as a function of composition, out ow rates, origin, orbit, and chemical evolution.

4.10 Physics of Space Plasmas, Shocks, and Particle Acceleration

X-ray observations provide the opportunity to probe space plasmas in a range of parameters inac-
cessible with traditional in situ measurements in the Solar system. Examples include very energetic
shocks and particle acceleration in supernova remnants, and plasma with very low (but non-zero)
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magnetic pressure in massive galaxy clusters.  ese are key regimes for understanding the physics of
shock waves, particle acceleration, and transport processes in a variety of astrophysical settings. e
plasma physics e ects in clusters and SNRs can be studied in X-rays in such systems, but Lynx’s sub-
arcsecond angular resolution will be required to probe the relevant length scales near the Coulomb
mean free path and below [498, 499].

Magnetic elds and transport processes |
Plasma transport processes can potentially y
have a profound e ect on evolution and for-
mation of galaxies and galaxy clusters [501,
502] (but see [503{505] for predictions in
the opposite extreme). However, the thermal
conductivity and viscosity of the hot inter-
galactic and intracluster gas remain poorly

constrained observationally. It is neverthe- Plasma N
less clear that the presence of a magnetic eld depletion 1”
and its topology play a critical role [506{509]. Iayers

e most u_seful measurements an_e, there- 20 kpc
fore, in settings where the magnetic topol- —_
ogy is expected to be simpli ed. For example,
near contact discontinuities, magnetic elds Fig. 4.16 | Simulated image of a cold front in a nearby,

are expected to be parallel to the interface kT 2 keV cluster with Lynx, _ltered to show surface
brightness gradients. e plasma depletion layers with

[510, 5_11]' Such asgt_tlpg is where the angular high magnetic pressure and low surface brightness re-
resolution and sensitivity of Lynx can be used vealed in the Lynx image but are lost in the noise for

e ciently to constrain the parallel conduc- Chandra. Adapted from [500].

tivity Observations of precursor temperature

gradients on kpc-scales ahead of shocks gives

an opportunity to constrain heat conduction for a di erent magnetic eld topology.

Plasma viscosity is one of the key parameters required for understanding how the kinetic energy
generated by AGN feedback is dissipated into heat (82). Lynx will vastly improve upon Chandra’s
viscosity constraints obtained via resolved signatures of uid instabilities [512, 513], ram-pressure-
stripped tails of galaxies [514, 515], and surface brightness uctuations [516, 517]. It will also enable
new types of measurements via a combination of high spatial and high spectral resolution data [142].

Finally, Lynx can provides indirect measurements of the magnetic eld strength in \plasma
depletion layers," created when magnetic elds are stretched and ampli ed by strong velocity shears
(Fig. 4.16). Tantalizing evidence for such layers have been provided by Chandra [513, 518{520], but
the large e ective area and high angular resolution of Lynx are required to make de nitive detections.

e depth of the surface brightness depressions provide an estimate of the magnetic eld strength,
and the structure of the layers will constrain viscosity and thermal conduction [500].

Particle equilibration |  Cosmological structure formation commonly leads to a situation
in which ions and electrons can be heated to di erent temperatures (e.g. [521]). e electron-
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ion non-equilibrium a ects the subsequent evolution of these objects and interpretation of their
observations (e.g. [522]). e equilibration process can be tested with low-Mach shocks in galaxy
clusters, where spectroscopy on arcsecond scales can establish if the equilibration timescale is due to
Coulomb collisions or a faster plasma process. While current results from Chandra are inconclusive
and limited by statistics [523{525], Lynx will drastically improve the statistics and enable new
observational tools, such as direct measurements of T; from thermal line widths.

Particle acceleration in SNR and galaxy clus-
ters | X-rays can also probe sites of cos-
mic ray acceleration. In the case of SNRs,
they are seen in continuum synchrotron emis-
sion at the location of the remnant’s forward
shock [526]. Chandra observations of Tycho
show an even more intriguing pattern of syn-
chrotron radiation: a series of \stripes" or rip-
ples that may be interpreted as a signature
for the presence of 10 10% eV protons
(Fig. 4.17, [527, 528]). Lynx can search for
similar structures in other SNRs, thanks to its
much higher sensitivity and an improved abil-
ity to separate thermal and non-thermal emis-
sion spectrally while maintaining arcsecond
angular resolution. Observations with Lynx
will also provide a long baseline for detections Fig. 4.17 | Chandra4 6 keV X-ray image synchrotron ra-

and studies of secular motions of shocks and CIEUE [ E® SYPETo RETMEn fom 20, Hipee
are clearly seen on the west limb, as shown in the inset

ripples. panel.
e weak shock waves driven by galaxy Credit: CXC

cluster mergers can also accelerate cosmic ray

electrons, as evidenced by their radio syn-

chrotron emission, which appears in the form of \radio relics" tracking the shock waves [529].
e physical mechanisms by which particles are accelerated so e ciently at these relatively low-

Mach shocks remains unclear. To distinguish between various acceleration mechanisms, precise

measurements of the shock Mach numbers and radio synchrotron properties are crucial. Radio

measurements are now fully feasible with a new generation of telescopes. To obtain X-ray data of

matching quality requires the angular resolution and sensitivity of Lynx. e LXM data also can be

used to test for the presence of supra-thermal electrons [530] that may be key for understanding the

high e ciency of particle acceleration.

Yet another opportunity to study particle acceleration is provided by the di use radio halos in
clusters, where the radio synchrotron emission arises from the second-order Fermi acceleration of
relativistic electrons by MHD turbulence [531, 532]. e LXM can track the turbulent cascade down
to the relevant scales for e cient acceleration and show how the turbulence is distributed spatially.
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5 Science Traceability Matrix

Table 5.1 provides a list of observing programs required to execute the Lynx pillar science discussed
in 81{83. ese programs are generally multipurpose and multi-object, with the targets ranging
from stars in our cosmic neighborhood to deep surveys penetrating into the epoch of reionization.
Exposure times for individual targets range from short snapshot observations to very deep pointings.

e notional observing plan is used to de ne the mission performance requirements. As a very
general summary, execution of the pillar science requires and X-ray observatory operating in the
\standard" X-ray band, 0.2{10 keV, which combines high angular resolution, high throughput, and
transformational spectroscopic capabilities. For imaging and deep surveys, the required angular
resolution is similar to Chandra’s but the grasp (product of e ective area and the size of the FOV
with sub-arcsecond imaging) needs to be nearly 1;000 higher. On the spectroscopy side, Lynx
needs R A 5;000 for point-like sources. Spatially resolved spectroscopic capabilities are also needed,
reaching down to sub-arcsecond spatial scales, and providing resolving powers R 2;000 for key
astrophysically important lines both in the hard and so  X-ray bands.

With the projected state of X-ray detector technology in the next 10 years, a minimum obser-
vatory con guration capable of providing the capabilities summarized above includes three science
instruments: an imaging camera, an X-ray microcalorimeter, and X-ray grating spectrometer. e
instruments are placed in the prime focus of the advanced X-ray mirror and take full advantage of its
angular resolution and throughput. A complete discussion of the mission con guration and design
choices for the optics and science instruments is presented in 86 below. e overall Lynx mission
con guration trade space is discussed in §9.

e Lynx science traceability matrix (STM) is presented in Table 5.2. Note that only the main
science drivers for each of the major performance requirements are listed in the STM.  ere are
multiple science programs in the notional plan for the pillars relying on each of the capabilities, but
typically with less demanding requirements (Table 5.1). Additional notes on the mirror and science
instruments requirements are given below.

Lynx Mirror Assembly | e prime science driver for Lynx angular resolution is detecting
early supermassive black holes at the seed stage or soon a er. e required X-ray sensitivity is
10 ®ergs ! cm 2. To avoid source confusion at these uxes, and to uniquely associate detected
X-ray sources with high-z galaxies requires an angular resolution of 0.5 arcsec (HPD), and better
than 1 arcsec across the FOV used for sensitive surveys (Appendix A.1). Many Lynx programs need
a large FOV with sub-arcsecond imaging. Here, the Lynx requirement is better than 1 arcsec (HPD)
PSF maintained to an o -axis radius of at least 10 arcmin.

As discussed is 89, there will be a great value for the Observatory/Discovery portion of the Lynx
program that goes beyond execution of the science pillars, increases the breadth of Lynx science
impacts, and provides opportunities for observations that address today’s \unknown unknowns" |
those questions one has yet to even ask.  erefore, for the DRM con guration, the mirror e ective
areaissizedto2m?atE 1keV, such that the pillar science can be executed in - 50% of the observing
time of a nominal ve-year mission (Fig. 5.1).
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Table 5.1 | Notional observing plan required to execute science pillars

: I highlighted in bold are Lynx performance drivers (see Science Traceability Matrix, Table 5.2).
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HDXI | e High-de nition X-ray
Imager needs pixels @ 0:33 arcsec to ade-
guately sample the mirror PSF and a FOV
C 20arcmin  20arcmin to meet the require-
ment for surveys and imaging objects with
large angular extent. Energy resolution re-
quirements are lax. e HDXI plus the op-
tical blocking Iter system needs to have
good quantum e ciency, especially in the
so band, to meet the overall e ective areare-
quirements. e need for thin optical block-
ing Iters introduces indirect frame rate re-
quirements for the HDXI, which translate
into good timing capabilities (86.3.2).

LXM | e Lynx X-ray Mi- Fig. 5.1 ] Total exposure time of thr_a notional ob_serv—
ing plan from Table 5.1, as a function of the mirror

crocalorimeter will provide non-dispersive e ectiveareaat E 1keV. Ane ective area of 2 m?

spectroscopy, required by many science pro- represents an appropriate design choice because such
grams. e main array simultaneously needs atelescope can tinside the dynamic envelope of the
@ 3eV energy resolution over the 0.2{7 keV standarq §-m fairings, while still enabling a dynamic
band, and 1 arcsec spatial resolution over and exciting observing program (see text and Chap-

. . ) ter 9). Exposure time available in a 5-year mission
a Sarcmin  5arcmin FOV, driven equally shown here assumes 85% observing e ciency §,6.6.2.

by requirements of the SNR, galaxy cluster,

and I1SM studies. Major components of the

pillars program, especially energy feedback studies, will require even more demanding specialized
capabilities.  ese will be achieved by introduction of two additional arrays. e enhanced imaging
array with 0.5 arcsec pixels, Larcmin 1arcmin FOV, and an energy resolution of 2 eV over the
0.2{7 keV band is required, e.g., to characterize the e ects of AGN feedback on galactic scales. e
ultra-high spectral resolution array with 1 arcsec pixels and a 1arcmin  larcmin FOV will provide
0.3 eV energy resolution in the 0.2{0.75 keV band required, e.g., for studies of supernovae-driven
galaxy winds and density diagnostics in AGN out ows.

XGS | A spectral resolution higher than what is achievable with X-ray microcalorimeter
technology in the foreseeable future is required for absorption-line studies of di use baryons in
galactic halos, physics of stellar coronae, and assessing the impact of stellar activity on habitability
of their planets. is capability will be provided by the X-ray Grating Spectrometer. e XGS
applications are broad but the performance requirements are driven by absorption line studies of
di use baryons in galactic halos. Approximately 4,000 cm? of system throughput is required at the
astrophysically important X-ray lines in the 0.2{2 keV band, especially O vii and O viii absorption
lines. A resolving power of R 5;000 is needed to match the expected thermal line widths, and
R 7;500 is desired.
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Appendix

Appendix A. The Fundamentals of Lynx Science Performance

A.1 Source Confusion Limit and Angular Resolution Requirements

In very crowded elds, telescopes su er from source confusion caused by signi cant uctuations in
the background induced by a large number of unresolved and/or undetected sources. Confusion
manifests itself as signi cant centroid shi s and as large uctuations in the ux of detected sources
on top of purely statistical noise. e e ects become severe and uncontrollable at ux levels at which
images contain 1/50 to 1/15 sources per beam[627]. For PSF 1 , source confusion is the main
limiting factor preventing X-ray telescopes from reaching the ux levels needed to detectz 10
black hole seeds (81.1.3) or resolve cores of young star forming regions in the Milky Way (83.1).
e main parameter controlling the source

confusion is the number of sources per one
PSF beam near the detection threshold. e
e ective solid angle of the beam is de ned as

p RPSFd ,wherethe PSFis normalized
to 1 at its peak (Condon [628]). e Lynx PSF
here is assumed to be Gaussian. is is appro-
priate, e.g., in cases when angular resolution
is limited by small misalignments of a large
number of mirrors.  isis indeed expected to
be one of the main contributors to the Lynx
PSF. For a Gaussian PSF, the beam solid angle
is , 113 FWHM? 1:18 HPD? where
HPD is the 50% power diameter of the PSF.
E ects of confusion become strong at levels
below

2. .
b g*-3 beams per source; (A1) Fig. A.1] Chandralog N log S distribution observed in the

7 Msec deep survey (reproduced from [95]). Extrapolation of

where is the di erential slope of the log N this function to low uxes is used to compute Lynx confusion
log S distribution and q 5 is the \quality fac-  limits. Shaded region shows uxes below the anticipated
tor" [628]. Athena confusion limit (5 PSF HPD).

We now need to estimate near the ux
limits appropriate for Lynx. elogN log S distribution observed in the deepest Chandra surveys
shows an upturn very near the ux limit achieved in its 4 Msec surveys (Lehmer et al. [629]). is
upturn is now very clearly observed in the 7 Msec pointings ([95], reproduced in Fig. A.1), and
is associated with the integrated ux of X-ray binaries in z 3 galaxies.  is dominant source
component is modeled in Lehmer et al.  eir model is reliable and well-constrained because it
describes sources originating in relatively low-redshi galaxies via a well-known process (XRB activity
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associated with star formation) and can
be calibrated using a well-established dis-
tribution of star formation rates in the not-
so-distant Universe.  erefore, extrapo-
lations of the Lehmer et al. model to low

uxes can be used to compute the e ect
of source confusion.

e results are shown in Fig. A.2. A
steep slope of thelog N log S function be-
low f, 10 7ergs 1cm 2correspondsto
a quickly increasing confusion ux limit
as the PSF degrades. For sub-arcsecond
PSFs, confusion limits are below the sen-
sitivity target in the Lynx deep surveys.
However, already for a2 PSF, the confu-
sion limit is an order of magnitude higher
than the target. Such levels of angular res-
olutions are unacceptable. e confusion
limit for Athena (5 PSF) is above the sensitivity levels achieved in the 4 Msec Chandra survey, and
is a factor of 200 above the Lynx sensitivity targets.

Fig. A.2 ] Confusion limit in the 0.5{2 keV band as a function of
angular resolution for a Gaussian PSF.

A.2 XRBsin High-z Galaxies

e main science goal for deep surveys with Lynx is detection of black hole seeds in z 10 galaxies
(81.1), which have relatively low mass and Lyx. erefore, a possible contamination of X-rays ux
from massive black holes by the integrated emission of X-ray binaries in the host galaxy should be
considered.

Highest-z galaxies detected by Hubble are compact, @ 1 kpc half-light radius [630], which cor-
responds to @ 0:5 angular diameter at z  10. Such galaxies will be barely resolved with Lynx if
atall. e X-ray spectrum of XRBs is expected to be so er than that of the BH seeds (see below),
which will serve as an additional discriminator. However, the safest approach is to limit the analysis
to X-ray uxessu ciently above the oor set by the XRB emission.

A key point to note here is that we expect a strong correlation between near-IR (NIR) magnitude
of high-z galaxies and the integrated ux of their XRBs. e total ux of high-mass X-ray binaries
(which will dominate the total XRB emission [391]) re ects the on-going star formation in the host
galaxy. e observed NIR magnitude also re ects star formation, because at z 10, the observer-
frame NIR corresponds to the UV emission in the source rest frame (e.g., 1:65 m corresponds
to1500Aatz 10).

At low redshi s, a strong correlation between the star formation rate and the XRB ux is indeed
observed [631, 632], Lx  SFR. s correlation is well understood, and can be successfully derived
from the population synthesis models (e.g., [391]). e speci ¢ X-ray output, Lx~SFR, depends
on the high-mass end of the stellar IMF and on the metallicity of the stellar population. At low
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Fig. A.3] Predicted spectra of di use backgrounds for the Lynx HDXI and LXM instruments. Backgrounds are
normalized to a solid angle of 1 arcminute? on the sky (for the 10-m focal length, 1arcmin?  0:0846 cm?). Below

1:5keV, the background is dominated by the di use Galactic foreground (a model from Hickox & Markevitch [640] is
used here).  issignal is astrophysical in origin, and varies proportionally to the telescope e ectivearea. e instrumental
background is dominated by secondary X-rays produced by charged particles. For HDXI, it is assumed to be identical to
the Chandra ACIS-1 background. For LXM, predictions for the Athena XIFU instrument are adopted.

redshi s, this has indeed been seen [631{637], Lx [2{10keV]~SFR 4 10%¥ergs ! My!yr, which
is in a good agreement with predictions of the population synthesis models of Fragos et al. [391].

is model generically predicts that the Lx~SFR ratio increases almost ten-fold for low-metallicity
stellar populations expected in high-z galaxies.  erefore, the adopted value of the X-ray luminosity
of XRBs in high-z galaxiesis4 10*ergs * for each My yr ! of star formation. Using Kennicutt’s
relation between UV luminosity and star formation rate [638], corrected for lower metallicities
following Madau & Dickinson [136], we have:

fxre, 05p2kev 1.0 10 Y¥ergs em 2109430 m

where m is the apparent galaxy magnitude in the band that corresponds to the rest-frame wavelength
1500A. ecoe cienthereiscomputed for an X-ray spectrum with cuto atE 6 keV, as observed
at low redshi s [394, 639]. Note that, in this case, one expects virtually no source photons detected
above 1keV. isisinstrong contrast with the power-law spectra expected for the black hole seeds.
erefore, the presence of the spectral cuto can be established even for relatively faint sources and
used as a discriminator between the XRBs and black hole seed emission.
To conclude, there is a natural X-ray ux\ oor" set by the XRB emission, and the level of this
oor depends on the depth of the counterpart OIR survey. For the m 30 surveys expected from
JWST and WFIRST, the XRB oorisaround f, 10 ®ergs ! cm 2, which represents a natural target
for the deep surveys with Lynx aimed at detection of black hole seeds in the early Universe.  is X-ray
ux level corresponds to the XRB emission from galaxies with a 5 My, yr 1 star formation rate at
z 10. For objects with a priori known locations, Lynx can reach downto f, 5 10 ®ergs 'cm 2
ina 4 Msecsurvey (Fig. A.5 below), which corresponds to SFR 2 My yr L.
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A.3 Faint Point Source Detection and Sensitivity Projections

Reaching f, 10 ®ergs 1cm 2 ux limits (two orders of magnitude below the sensitivity of deepest
Chandra observations) is obviously a challenge. As discussed above, source confusion will not be a
limiting factor for Lynx at these ux levels. Instead, the main limiting factor for Lynx is the di use
background, which is both astrophysical and instrumental in origin. e expected background is
discussed below, followed by a summary of the faint source detection approach projected for Lynx,
as well as results of Monte-Carlo simulations of detection thresholds as a function of exposure time.

A.3.1 Expected Lynx background

In its deepest exposures, Lynx will resolve close to 100% of the cosmic X-ray background originating
from discrete X-ray sources.  erefore, only truly di use background components need to be
considered. e rstcomponent is the instrumental background, dominated by the secondary X-rays
generated by charged particles interacting with the detector itself and detector housing. For the LXM
instrument, this component can be substantially reduced by employing an anti-coincidence shield, as
designed for the Athena XIFU instrument. e instrumental background predictions developed for
the Athena XIFU [641] were adapted for the LXM instrument. For the HDXI, the particle-induced
background per unit area was assumed to be identical to that of the Chandra ACIS-1 detector.

Below 1:5 keV, the background will be dominated by emission of the Milky Way halo. Its
spectrum and intensity has been measured with ROSAT [642], XMM-Newton [643], and with
Chandra by Hickox & Markevitch [640]. All of these results are consistent, but for ROSAT and
XMM-Newton it is a challenge to separate the truly di use Galactic foreground from the residual
cosmic X-ray background generated by discrete sources that will be detected and masked out in
Lynx images.  erefore, the Hickox & Markevitch measurements derived from the deepest Chandra
pointings are used. e results are shown in Fig. A.3.  eso Galactic component follows the same
model for the HDXI and LXM instruments, the only di erences being the energy resolution of these
detectors and a di erent throughput at the very so energies.

e shape of the expected Lynx background spectrum is very di erent from that of the typical
sources dominated by the power-law continuum.  erefore, source detection can be signi cantly
optimized by choosing the appropriate energy band. For traditional source detection methods
operating on single-band images, the most optimal band for Lynxis 0.7 2 keV. is spectral
di erence can be exploited to further lower the source detection threshold. A next-generation
detection procedure is described below. It maximizes information utilized for detection of faint
sources and optimally combines data from di erent energies so that there is no need to restrict
detection to, e.g., the 0.7{2 keV band.

A.3.2 Next-generation source detection methods

Images obtained with focusing X-ray telescopes have low background levels, enabling extremely faint
detection limits. Sources with only ten, ve, or even fewer photos collected over weeks of observing
time can be con dently detected. Currently, the standard approaches for X-ray source detection are
based on a convolution of single-band images with a lter approximating the telescope PSF [644,
645]. is method is close to, but is not, theoretically optimal for detecting faint sources in images
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dominated by Poisson noise. Lynx will push limits in sensitivity, and therefore more sophisticated
and optimized analysis techniques are required. e derivation of an improved detection Iter based
on the likelihood function is described below. It can be easily generalized for combining the data
from multiple energy bands.  is method is close to being theoretically optimal. Compared with
traditional approaches, it leads to approximately a factor of two savings in exposure time needed to
reach the given sample purity at a given ux threshold in the Lynx deep images.

Single-band optimal Iter |  Source detection can be thought of as a statistical test of whether a
source with a positive uxexists at a given location. e goal is to minimize the probability of missing
real sources, e.g., because of unnecessary high detection thresholds, while also minimizing a number
of \false positives" | statistical uctuations mistaken as sources with positive ux. e Neyman-
Pearson lemma [646] suggests that the likelihood ratio provides the most statistically powerful test
in this case.

For faint sources on top of high background and uniform, white noise, a convolution of the image
with the PSF is equivalent to performing the likelihood ratio test (c.f. [647]). is is the regime found
in optical and NIR images, and the convolution with the PSF has been widely used as a detection

Iter throughout astronomy. However, X-ray images are ina di erent regime of statistical noise, and
therefore the optimal Iter is di erent, as shown below.

For a Poisson-dominated image noise, the likelihood function can be written as

InL anmi u m; (A2)

where the sum is over the location of detected photons, and m; is the image model evaluated at each
point i. In the case of a single, isolated point source on top of a uniform background, the model can
bewrittenasm f P b, where P isthe PSFimage (T P 1), f is the total source ux,andbis
the background brightness. Substituting this into eq. (A.2), we have

InL QIn fP b B f;

whereB T b. elikelihood ratio test is equivalent to analyzing the di erence in the log-likelihoods
computed for models with and without the source,

InL QIn fP b Qlnb f QlIn fP-b 1 f: (A3)
i i i

e rstterm in this equation is a convolution kernel that can be thought of as the optimal detection

Iter,

In %P 1 (A4)

Filter isthe optimal Iter for searching for sources with ux f on top of a uniform background

b. In the limit of very faint sources, where f 0, it reduces to the expected shape of the PSF itself,
P.

atthe Iter shape depends onthe ux of the target sources is a complication of little signi cance.

One should simply develop the Iter for sources near the target detection threshold and then use it
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Fig. A.4] Examples of source detection in a 4 Msec Lynx HDXI exposure using a traditional detection Iter based
on convolution with the PSF (le ), and the optimal likelihood-based Iter given by eq. (A.5). Traditional detection is
performed in the optimal single energy band (0.7{2 keV), while the likelihood-based detection uses a broader band,
0:3 3 keV. Images are normalized to the same source brightness. e likelihood Iter results in a much suppressed
level of noise, leading to lower false detection probabilities and the possibility of reaching fainter ux levels for the same
exposure time.

for all sources. e Iter will be suboptimal for sources far above the threshold, but such sources will
be con dently detected in any case.

One possible procedure for setting the target detection thresholds is based on the required sample
purity or false detection probability. e thresholds themselves can be established via Monte-Carlo
simulations. For real sources with ux f, the convolution with Iter  produces a peak with an
average amplitude

Cok fU PIn fP-b 1 :

Cpeak Can be precomputed for given b and f. e analysis of simulated Poisson images with uniform

background b and convolved with Iter  provides the probability that the level Cpeq in the convolved

image is exceeded by purely statistical uctuations. e factor f isthen increased until that probability

is below a pre-de ned level. e resulting f serves as the threshold and de nes the optimal detection
Iter.

Extension to multiple energy bands |  Since the detection Iter in eq. (A.4) is proportional to
the log of the likelihood function, it enables an extremely straightforward combination of the data in
multiple energy bands in a statistically optimal way: simply adding the convolutions in individual
(narrow) energy bands is equivalent to the logarithm of the combined likelihood function,

i S]

P
nL QIn f— 1 (A5)
i b;
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Fig. A5] Lynx limiting sensitivity as a function of exposure time (le ) and PSF size (right). Detection thresholds are
computed for di erent levels of required sample purity, and di erent detection modes (blind detections and search
around known locations such as high-z JWST galaxies). e limiting uxes are quoted in the observed 0.5{2 keV energy
band, even though the optimal detection is performed over a somewhat wider 0.3{3 keV energy band (see text). A ux
limitof 6 10 ?°ergs ' cm 2 achievable for known locations in a 4 Msec exposure for the on-axis 0:5 PSF corresponds
to 5 photons detected in the 0.3{3 keV band.

where the sum is over the detected photon positions i as before and the detected photon energies |,
s E isthe source spectrum, bj is the background brightness at energy j, P;;; is the PSF evaluated
at location i and energy j, and f is the total source ux. Further simpli cations to computing the
convolution given by eq. (A.5) are possible if, e.g., the PSF is energy independent, but such cases are
beyond the scope of this analysis.
e threshold for optimal detection in a wide energy band will depend on the source spectrum.
is is a strength of this new technique, since it opens the possibility of searching for speci c¢ classes
of sources (power-law, strongly absorbed, etc.) in a statistically optimal way.

An example of the likelihood-based optimal detection performance is shown in Fig. A4. e
method leads to a factor of 10 improvement of sample purity for a given source ux, or nearly
a factor of 2 reduction in exposure time needed to achieve the required sample purity for a given
source ux. Approximately half of these gains comes from using a more optimal shape for detection

Iter (eq. (A.4)), the rest coming from a statistically optimal combination of the data from a wider
energy band.

A.3.3 Sensitivity projections

Limiting sensitivities computed for the detection of power-law sources with 2 in Lynx HDXI
images with exposures ranging from 400 ksec to 8 Msec are shown in Fig. A.5. e variation of
detection thresholds with the PSF size is shown in the right panel of the same Figure.  ese results
show that ux limits 10 ergs ! are achievable in the deep Lynx exposure for sample purities
corresponding to detection around a priori known source locations (e.g., high-z JWST galaxies).
Exceptionally high sample purities (A 99:99% for blind detections) will be achieved for somewhat
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higher uxlevels, f, 2 3 10 Pergs ! cm 2. For reference,a uxlevel of 10 ®ergs 1 cm 2in
the 0.5{2 keV band corresponds to 8 photons detected in the 0.3{3 keV detection band in a 4 Msec
exposure.

As shown in Fig. A.5, ux limits scale with exposure more slowly than t.,, and they also improve
somewhat for smaller PSF sizes. s indicates that the di use background is a ecting source
detection. e background is dominated by the astrophysical component (Fig. A.3) whose intensity
scales as the telescope e ective area. As a consequence, the exposure times needed to achieve a given

ux threshold are approximately inversely proportional to the e ective area.

A.4 Considerations for X-ray Gratings

Grating spectrometers are essential instru-
ments for future X-ray missions, and existing
technologies provide 50 1;500-fold higher
throughput compared to current orbiting in-
struments. e characteristic temperature
of galaxies, galaxy clusters, stars, neutron
stars, black hole accretion disks, and explod-
ing objects occursat TA0.5 108 K. At tem-
peratures of 0.5 100 106 K, diagnostic emis-
sion and absorption lines are from metals
(ie., O, C, Fe, Mg, Si, Ne), and most have
energies in the X-ray band. Of these lines,
the strong oxygen lines at 106 K (O vii He

and Oviii Ly , at 21.6A and 18.9A) are par- Fig. A.6 ] lonization states for strong absorption lines in the

ticularly importfant because of the oxygen  cgm around galaxies and groups. Many of the important
abundance relative to other metals and the  ions and strong resonance lines are in the so  X-ray band

variety of environments where they are de-  (12.29{40.27A  0.31{1.01keV), and most are already de-
tected. To measure line pro les and detect tected in the MW hot halo. Other ions not shown here, but

C . detectable, are N vi, N vii, Sxi, Sxii, Six, Sixi, Fexix, and
faint ImeS'_the reSOI_Ut'on must be Close_to the Fe xxii. Approximate temperature ranges of the primary hosts
thermal width, which for the oxygen linesis  for intergalactic absorption are indicated on top.

54  Tg 2 kms !, where Ty is the tempera-

ture in units of 108 K.  is suggests a spectral resolution target of R 5;000 10;000, matching the
thermal widths of the oxygen lines for T 105> 10 K. A resolving power of 5;000 is therefore used
as a requirement for the XGS instrument. At this level, spectral resolution plays an insigni cant role
on the detectability of faint absorption lines from the CGM and Cosmic Web, because an internal
kinematic structure with v of at least a few tens of km s ! is expected in these settings (Fig. A.7).
Overall, for the nominal XGS design with A 4;,000cm? and R 5;000, absorption lines with
equivalent widths of 0.5{1 mA will be detectable, and that the kinematic structure can be measured
starting from EW 2 mA.
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Fig. A.7 ] Simulated XGS absorption spectra of O vii in the CGM, observed in a 300 ksec Lynx pointing at a background
AGN with f, 10 *ergs *cm 2. e line pro les were obtained from di erent sightlines through the EAGLE
simulations (see discussion in 8A.5 below). e absorption lines were rescaled to integrated equivalent widths of 0:5,
1, and 3mA. Red lines show the intrinsic line pro les. Simulated spectra (blue data points) contain e ects of spectral
resolution (R 5;000) and Poisson noise. Only sightline 3 contains a su ciently narrow line for which the instrumental
spectral resolution becomes apparent.

A.5 Sensitivity projections for CGM and Cosmic Web

e assessment of the feasibility of observing the CGM is based on analyzing mock observations
generated from several modern numerical simulations of galaxy formation, including EAGLE, FIRE,
MUFASA, llustris-TNG, and Agertz & Kravtsov zoom-in simulations.  ese simulations generally
reproduce the observed stellar populations but use di erent numerical models, subgrid physics, and
prescriptions for feedback.  ese outputs provide a representative range of predictions of what Lynx
can see in the galactic halos (Fig. A.8).

All of these simulations lead to a consistent picture. Galaxy halos are the brightest in the so
X-ray band, E @ 0:7 keV, because of their low temperatures. However, the emission is dominated
by a small number of bright spectral lines (notably, O vii and O viii transitions). e contrast of
the CGM continuum emission relative to the unavoidable foreground from the Milky Way halo is
low, making CGM density measurements in the so band impossible, except for the very inner radii.
At higher energies, E A 0:7 keV, the CGM spectrum has a stronger continuum component, and the
foreground Milky Way halo emission is much weaker.  erefore, the gas density can be derived
using the CGM emission in this energy band. Simultaneous solid detections of the CGM ux in
three spectral bands, 0.4{0.7, 0.7{1.05, and 1.05{1.5 keV, are su cient for 10% determination of
gas density, and 20% determination of temperature and metallicity. Detections in only two bands
constrain a degenerate combination of density, metallicity, and temperature. Detection only in the
so band provides a measure of the O line ux, which is very di cult or even impossible to convert
to thermodynamic quantities.  erefore, X-ray observations aiming at a detailed characterization
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Fig. A.8 ] Mock Lynx observationsofa My 3 102 My galaxyatz — 0:03 generated using an output from the EAGLE
simulation. e top panels show 500 ksec HDXI images in three energy bands (the virial radius, r,qg, correspondsto 9 ),
including the realistic noise from astrophysical and instrumental backgrounds, detection and removal of background
point sources, etc. e CGM can be mapped outto  0:5r,q in all three bands. e bottom panels show simulated
O vii and O viii absorption spectra (300 ksec XGS observations, fagny 10 tergs ! cm 2) at three arbitrary lines
of sight located near the virial radius. Solid lines show the ideal absorption spectra derived from simulation output,
including thermal broadening and random velocities, whose data points indicate what Lynx will observe with XGS at
spectral resolution R 5;000. Note the strong variations of absorption spectra for di erent lines of sight, emphasizing the
complex kinematic and multiphase structure of the CGM. Lynx will provide very high signal-to-noise measurements of
the O vii line, and solid detections of O viii. A joint analysis of the O vii and O viii lines will constrain the distribution
of random velocities and temperatures in each of the lines of sight.

of the CGM must have the sensitivity for solid detections in all three of the 0.4{0.7, 0.7{1.05, and
1.05{1.5 keV bands. is requirement can be satis ed with Lynx to at least half the virial radius in
galaxies with mass as lowas 3 102 My, (see below).

An alternative approach for measuring CGM temperatures is possible using the LXM, whose
spectral resolution issu cient to separate the O viii and O vii emission lines in the CGM from those
in the MW halo for z A 0 galaxies. is increases the CGM contrast in the so band by a factor of

10, and the O viii and O vii lines will be detectable to  0:5ry for galaxies with My 3 1012 My,
or higher. Flux ratio in the O vii and O viii lines is a sensitive temperature indicator, such that a
simple detection of both lines constrains the gas temperature to better than 10%. However, solid
measurements of the CGM continuum emission in the so band are still impossible, even with the
microcalorimeter spectral resolution. To constrain gas density and metallicity, one needs to detect
the CGM emission at E A 0:7 keV.
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All simulations in our suite show the ex-
pected X-ray emission from the CGM of the
Milky Way-type galaxies at large radii to be
very faint, certainly well below the Chandra
and XMM-Newton limits. Its detection is chal-
lenging even for next-generation X-ray mis-
sions. e limiting factor is the low expected
contrast of the CGM emission relative to the
astrophysical and instrumental di use back-
grounds, which leads to an unavoidable level
of systematics. Based on the Chandra experi-
ence, the systematic uncertainties will be ap-
proximately 1% of the foreground/background
in the corresponding energy band. In addition, Fig. A.9] Surface brightness pro les of representative sim-
imaging of the CGM at E  0:7keV is severely  ulated galaxies in the 0.4{0.7 keV band, together with the
a ected, unless most of the cosmic X-ray back-  estimated levels of statistical and systematic uncertainties.
ground is resolved into discrete sources, for Solid blue correspondsto a5 .Ievel of statistical uctuations
. . . of the Lynx background. Solid purple corresponds to 3%
which arcsecond resolution is required (e.g., of the background, indicative of the level of unavoidable
Figs. A.1and A.2). Mock simulations of long  systematics. Red hashed regions indicate uncertainties for
exposures show that the residual background Athena: residual surface brightness uctuations (decreasing
uctuations from sources below the Athena with radius) and stray light (increasing with radius).
confusion limit are at least a factor of 10 above the Poisson noise-dominated residual uctuations
for Lynx. Moreover, Athena mirrors will not be protected from stray light, which will introduce
additional large-scale non-uniformities in the background.  ese two factors will introduce severe
fundamental limitations on Athena’s ability to map di use gas in galactic halos and Cosmic Web
laments. In contrast, Lynx will be limited almost exclusively by statistical noise. Mapping the
CGM can be accomplished with Lynx to at least half the virial radius in galaxies with mass as low as
3 10'2 My,. A sample of what Lynx can observe in galactic halos is shown in Fig. A.8.

Summary of mock observation analysis for CGM in emission |  Figures A.9{A.11 show results
from the mock data analysis of the CGM observations with Lynx and Athena, illustrating the following
key ndings:

Intheso band, 0.4{0.7 keV, the sensitivity of Lynx and Athena is similar. For both observatories,
the main limiting factor is low contrast of the observed signal relative to the unavoidable background
dominated by the di use Milky Way emission.

At E A 0:7, Athena is signi cantly less sensitive than Lynx because of the higher level of back-
ground uctuations due to undetected or confused background sources. is sensitivity di erence
reaches an order of magnitude in the 1{1.5 keV band. Athena stray light is another important limiting
factor for these studies.

At 500 ksec, Lynx statistical uncertainties are similar to the level of unavoidable systematics.

erefore, the nominal so -band e ective area of 2 m? of the Lynx Design Reference Mission (§6) is
a good con guration choice from the point of view of CGM studies.

292



A e Fundamentals of Lynx Science Performance Appendix

Fig. A.10 | Same as Fig. A.9, but for the 0.7-1.05 keV and 1.05-1.5 keV bands (le and right, respectively).

Overall, Lynx is capable of providing detailed information on the state of hot gas at half the virial
radius for galaxies downto 3 102 My,. Athena is fully sensitive only for My 8 1012 My
galaxies.

Absorption line studies of the CGM |~ Numerical simulations also enable assessment of how far
down in the mass scale the hot CGM can be probed via absorption line studies. EAGLE simulations in
particular provide spectral line pro les, including full thermal broadening and kinematic information.
Examples of predicted absorption spectra for sight lines at the virial radius of My,  10*2 My, galaxies
are shown in Fig. A.8. Overall, the mock analysis shows that O vii absorption should be routinely
detectable with the XGS in this regime; O viii is also detectable in many cases. e Oviii/Ovii ux
ratio is a sensitive temperature diagnostic, so detection of both lines should constrain the CGM
temperature rather well. is is an important characteristic of the CGM thermodynamic state, even
though the gas density cannot be derived from the oxygen absorption lines.

e kinematic structure of O vii and O viii is complex, but it can be characterized rather well
in the stronger detection cases, opening a door to a new diagnostic of the hot CGM in L galaxies.
Because of the complex, non-Gaussian structure of the line-of-sight velocity distribution, proper
characterization of the lines requires a spectral resolving power at least matching the expected
thermal width of the oxygen lines, R 5;000.

To assess how many absorption line measurements of the CGM halos are possible with Lynx,
the RASS-6dFGS catalog of bright AGN [648] was used as a representative sample of appropriate
background sources. e probability of intercepting each sight line with a CGM absorption system
at a given fraction of the virial radius depends on the AGN redshi and galaxy mass. e mass is
relevant because it strongly a ects the number density of galaxies (via the dark matter halo mass
function,dn~dM M 2, for low M), and because the impact parameter scales with massasr M3,
Integrating the mass function [649] and folding in AGN redshi sand uxes, a 5 Msec survey of 80
X-ray bright AGN should yield 30 measurements of absorption line systems near the virial radius
of galaxies with My, 10 My, with data quality similar to that shown in Fig. A.8. Many more
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Fig. A.11 ] Simulated 500 ksec observation of an EAGLE galaxy with My, 8 102 My, with the Lynx HDXI (top) and
Athena WFI (bottom) detectors. Each panel is 20 arcminute on a side. e color scale in all panels is normalized to the
individual level of noise.

detections in the same sample of AGN are expected from higher-mass systems and from the Cosmic
Web laments [195]. Such a survey can be substantially optimized by measuring galaxy redshi s
near the AGN sightlines in advance of the X-ray observations.

Detectability of Cosmic Web in emission |  Lynx’ ability to detect and remove discrete X-ray
sources contributing to the cosmic X-ray background, and its low instrumental background (relative
to astronomical signals), enable detection of extremely low surface brightness structures. is
capability can be exploited for detection of hot gas in the Cosmic Web laments converging on galaxy
clusters. On the largest angular scales (appropriate for the mapping of the Cosmic Web), the limiting
factor for Lynx will be systematic 1%-level background uncertainties, as shown in Figs. A.9{A.10.
A possible observing scenario is to select a rich supercluster atz  0:1 and survey a 10 deg? region
around it with 100 ksec HDXI pointings. e point source sensitivity in each pointing will exceed
that of the 7 Msec Chandra deep eld, so the cosmic X-ray background will be nearly completely
resolved into sources. Detectable surface brightness in the 0.7{1.5 keV band is only a few counts
per 100 ksec per arcmin?. Mock X-ray brightness maps derived from numerical simulations clipped
to this limit show that Lynx will be capable of mapping the Cosmic Web in emission (see Fig. 4.7).
Assuminga 1 Mpc line-of-sight depth appropriate for the expected size distribution of Cosmic Web

laments [401], the brightness limit can be converted to the corresponding gas density threshold. is
estimate suggests that Lynx will be sensitive to structures with density contrasts of only ~* e 50.
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Only a minor fraction of the area in the survey concept described here will be covered by high
surface-brightness regions of low-z galaxy clusters. e majority of the area will be suitable for, e.g.,
traditional AGN and distant galaxy cluster surveys, in addition to studies of the low-z Cosmic Web

laments. Such a survey is therefore multi-purpose and can constitute one of the Lynx \Legacy"
elds (84.4.1).
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Mass Acceleration Curve; Molecular Absorber

Coating

Model-Based Systems Engineering
Mission Concept Review

MCR Technologies, LLC

Mission Design Lab

Mission De nition Review

Main Electronic Box

MEL
MEM
MEMS
MGA
MGSE
MIMU
MIRI
MIT
MLI
MOE
MOP
MOS
MPE

MPS
MSE
MSFC
MUSE
MW
MXS
ngVLA
NICER
NICM
NIR
NPR
NS
NSL
OAB
OBA
OBC
OBF
ocCcC
oDC
OGRE
OIR

OP-XGS
OPG
ORR
OSR
OWG
PBS
PCAD
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Master Equipment List

Meteoroid Engineering Model
Micro-Electrical Mechanical Systems
Mass Growth Allowance

Mechanical Ground Support Equipment
Miniature Inertial Measurement Unit
Mid-Infrared Instrument
Massachusetts Institute of Technology
Multilayer Insulation

Measure of E ectiveness

Measure of Performance

Mission Operations Systems

Max Planck Institute for Extraterrestrial
Physics

Main Propulsion System

Mission Systems Engineer

Marshall Space Flight Center

Multi Unit Spectroscopic Explorer
Milky Way

Modulated X-ray Source

Next Generation Very Large Array
Neutron star Interior Composition Explorer
NASA Instrument Cost Model
Near-Infrared

NASA Procedural Requirements
Neutron Star

NASA Launch Services

Astronomical Observatory of Brera
Optical Bench Assembly

Onboard Computer

Optical Blocking Filter

Operations Control Center

Other Direct Costs

O -plane Grating Rocket Experiment
Optical Infrared

O -Plane

O -Plane X-ray Grating Spectrometer
O -Plane Gratings

Operational Readiness Review
Optical Solar Re ector

Optics Working Group

Product Breakdown Structure
Pointing Control and Aspect Determination



Acronyms

PCEC
PCOS
PDR
PEL
PLATO
PM
POP
PRICE

PS

PSF
PSU
pZT
QE

RB
RCS
REDSTAR
RFP
RGS
RM
RMS
ROIC
ROSAT
ROSES

RRM
RTF
RWA
RXTE
S&MA
SAO
SAT
SCaN
SCE
SD
SDO
SDSS
SE
SE-L2
SE&I
SEMP
SFR
Sl

Project Cost Estimating Capability

Physics of the Cosmos

Preliminary Design Review

Power Equipment List

PLAnetary Transits and Oscillations of stars
Project Management

111 Population 111

Programmed Review of Information for
Costing and Evaluation

Project Scientist

Point Spread Function
Pennsylvania State University
Lead Zirconate Titanate
Quantum E ciency

Reverse Brayton

Reaction Control System
Resource Data Analysis and Retrieval
Request for Proposal

Re ection Grating Spectrometer
Relative Motion

Root Mean Square

Readout Integrated Circuit
Roentgen Satellite

Research Opportunities in Space and Earth
Sciences

Risk Reduction Margin

Roman Technology Fellowship
Reaction Wheel Assembly

Rossi X-ray Timing Explorer

Safety and Mission Assurance
Smithsonian Astrophysical Observatory
Strategic Astrophysics Technology
Space Communications and Navigation
Spacecra Element

Single-Degenerate

Solar Dynamics Observatory

Sloan Digital Sky Surveys

Systems Engineering

Sun-Earth L2

Systems Engineering and Integration
Systems Engineering Management Plan
Star Formation Rate

Science Instrument

SiGe HBT

SiO2
SIR
SKA
SLOC
SLS
SLTF
SMBH
SMC
SMD
SME
SMEU
SMO
SN
SNe
SNR
SOA
SOCM
SOHO
SOl
SOT
SPHERE

SQUID

SRB

SRI

SRR

SSDIF

SSS
Pan-STARRS

STDT
STM
SWG

Swi /BAT
SXS
SysML

SZ

TBD

TBR

TCS
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Silicon-Germanium Heterojunction Bipolar
Transistor

Silica

System Integration Review
Square Kilometer Array

So ware Lines of Code

Space Launch System

Stray Light Test Facility
Supermassive Black Hole
Small Magellanic Cloud
Science Mission Directorate
Subject Matter Expert

Safe Mode Electronics Unit
Silicon Meta-shell Optics
Supernova

Supernovae

Supernova Remnant

State of the Art

Space Operations Cost Model
Solar and Heliospheric Observatory
Silicon-On-Insulator

Science Operations Team

Spectro-Polarimetric High-contrast Exoplanet
REsearch

Superconducting Quantum Interference
Device

Standing Review Board

Sarno Research Institute

Systems Requirement Review

Systems Development and Integration Facility
Shell Supporting Structure

Panoramic Survey Telescope and Rapid
Response System

Science and Technology De nition Team
Science Traceability Matrix
Science Working Group
Swi /Burst Alert Telescope
So X-ray Spectrometer
Systems Modeling Language
Sunyaev-Zeldovich
To Be Determined
To Be Resolved
ermal Control System



Acronyms

TDE
TDM
TES
TESS
TGCAT

ToO
TPM
TRL
TT&C
TTA
TTI
TWINS

UAH
UFO
UHR
UHRA
ULX
USAF
uv
VLT
V&V
W-I
W-§
WBS

Tidal Disruption Events
Time-Division Multiplexing
Transition-Edge Sensor

Transiting Exoplanet Survey Satellite

Transmission Grating Data Archive and
Catalog

Target of Opportunity

Technical Performance Measure
Technology Readiness Level
Telemetry, Tracking, and Command
Translation Table Assembly
Transfer Trajectory Insertion

Two Wide-Angle Imaging Neutral-Atom
Spectrometers

University of Alabama in Huntsville
Ultra-Fast Out ow
Ultra-High-Resolution
Ultra-High-Resolution Array
Ultraluminous X-ray

United States Air Force
Ultraviolet

Very Large Telescope

Veri cation and Validation
Wolter Type |
Wolter-Schwarzchild

Work Breakdown Structure

WFIRST
WEXT
WHIM
WRXR
WSS
WYE
X-IFU
XARM
XEUV
XGA
XGD
XGS
XIS
XLF
XMA
XMM

XRB
XRCF

XRISM
XRT
XUV
YSO
Zn0O
HMUX
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Wide-Field Infrared Survey Telescope
Wide Field X-ray Telescope

Warm Hot Intergalactic Medium
Wiater Recovery X-ray Rocket
Wolter-Schwarzchild-Saha

Work Year Equivalent

X-ray Integral Field Unit

X-ray Astronomy Recovery Mission
X-ray-Extreme Ultraviolet

X-ray Grating Array

X-ray Grating Detector

X-ray Grating Spectrometer

X-ray Imaging Spectrometer

X-ray Luminosity Function

X-ray Mirror Assembly

X-ray Multi-Mirror

X-ray Binaries

X-ray and Cryogenic Facility
X-Ray Imaging and Spectroscopy Mission
X-ray Telescope

X-ray and Extreme Ultraviolet
Young Stellar Objects

Zinc Oxide

Microwave SQUID Multiplexer
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