


The 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:

o Very massive, ~ 10° M, black holes are being discovered at ever higher redshifts, currently
reaching z ~ 7.5. The birth and early evolution of such supermassive black holes are a remarkable,
yet poorly understood phenomenon, with strong impacts on the evolution of the first galaxies. The
James Webb Space Telescope (JWST) will soon dramatically uncover the process of galaxy assembly
and star formation in the early universe. After JWST, the next logical step in studies of the Cosmic
Dawn will be to observe the nearly coeval Dawn of Black Holes.

o The 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 redshifts. 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 effect on gas in the galactic
halos is the missing ingredient for completing the picture of galaxy formation and evolution.

 The 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. The activity of the host star can significantly deplete
planetary atmospheres, and at the same time may be required for primitive biochemistry. Studying
the effects 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.

These developments serve as a guide for formulating the critical science questions to be addressed
in the following decades: How and when do the first 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?

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

1 The Dawn of Black Holes

Massive black holes, with Mgy = 10% — 101° M, 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,
within the first Gyr after the Big Bang. Their 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.

o Lynx is designed to provide definitive tests for discerning between black hole seeding models
using electromagnetic observations. The most direct answers will be obtained through detection
of black holes with masses of < 10° M, at the redshifts z > 10 where we expect them to form.
Reaching these high redshifts 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° M, and are incorporated
into higher-mass galaxies.

The best way to study a population of 104> M, black holes at high redshifts 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. The 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. The X-ray emission from 104> M, black holes at cosmic dawn
will be extremely faint (aslow as ~ 1071 erg s~! 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. They will thus resolve the long-standing
puzzle of the origin of massive black holes. These 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 growth at z ~ 1-2. The 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. These observations will show whether
all massive black holes emerge at high redshifts (z > 6), or whether some low-mass “seeds” begin
significant growth phases only at lower redshifts. 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 10>~ M, and a certain fraction of black holes and
their hosts are expected not to grow much thereafter. Therefore, 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

The local population of massive black holes in galaxies is now well studied down to masses of
~10% My, [7]. Black holes with M = 10719 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 (1078 years),
bright episodes of accretion at z ~ 2-3 [8-10]. However, the physical mechanism through which
SMBHs acquired the first ~ 10 M, of their mass remains a mystery [11, 12]. At least some SMBHs
with M = 108 M, are in place as early as redshift z = 7.5 [13-18], only < 700 Myr after the
Big Bang. Several distinct physical mechanisms to form high-redshift ~ 10° M, SMBHs are under
consideration [11]. These 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> M) seed
black hole within < 1 Myr. These 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-
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Population III 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 first
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) at z 2 10-12, in which gas cools efficiently via line emission (e.g., Lya) of atomic hydrogen.
Such halos exist in a narrow range of virial temperatures T;; ~ 8,000 K, corresponding to M,;, =
few x 107 M, at z = 10. Analytic arguments and numerical models show that rapidly cooling self-
gravitating gas collapses into ACHs at rates as high as M ~ 1 Mg yr~! (~ ¢3/G where the sound speed
cs ~ 10kms! for T = 8,000 K). This inflow 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. This 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 104> M.

Note that none of the heavy seed formation channels are expected to promptly yield black holes
with masses well above the 10> M, range. For direct collapse, the total gas supply in the M, = few
%107 M ACH is limited [50]. The collapse of a supermassive star into a black hole is initiated by
general relativistic instability at ~ 10°M, [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°> M, of stellar material [58, 59].

1.1.2 Observational diagnostics of black hole seeds

Electromagnetic tracers of black holes at high redshift focus on detecting actively accreting black
holes (AGN). X-rays are the best tracer for multiple reasons: The X-ray emission is ubiquitous. It
is relatively insensitive to obscuration, especially at the high rest-frame energies probed at high
redshift. There is a 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:

o AGN luminosity functions at very high redshift (z 2 10), expected to show a sharp drop at high
L (or Mgy) in the light-seed case [60] and different shapes of the faint end for different formation
channels [61, 62]. The constraining power of the luminosity functions derives from the fact that the
AGN luminosities reflect the black hole masses via the Eddington limit.

o 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.

o 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. Confirmation 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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o Properties of black hole host galaxies. As discussed above, in all heavy-seed scenarios, the initial
SMBH with M = 10*° M, is born in a few x 10’ M, halo whose total gas content is few x 105M,.
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 hosts by z = 10 [71].

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

o 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. Therefore, it is best to use a
combination of techniques and rely on the most characteristic markers of different seeding scenarios.
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Fig. 1.2— Spectral predictions for a heavy-seeded black
hole shortly after the initial collapse (adapted from [73]).

A key requirement for any observational
test of seed models is to detect black holes
with mass ~ 10° Mg, or below at z > 10, because the memory of initial assembly is lost after 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. The special conditions for the black hole growth which existed in the ACH are destroyed, and
rapid star formation is enabled. The 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 identifies 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:

o The sensitivity in the X-rays must enable detection of Mgy ~ 10* M, black holes accreting near
Eddington at z = 10. This corresponds to f, ~ 107 erg s7! cm™2. At this sensitivity, a significant
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Fig. 1.3— X-ray surveys with Lynx will reach into the early Universe at z = 10 and above, close to the formation
epoch of the first massive black holes. One expects distinct observable differences 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. Left: model X-ray luminosity functions (adapted from [60],
hereafter RN18b). There are large differences at z > 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,
Mo ~ 10'° M, 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]. The 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 brightest z = 10 black holes in a 3" x 3/
region in a 4 Msec Lynx exposure. The X-ray mocks start with the Illustris TNG light cone simulation [80],
which provides NIR magnitudes, star formation rates (= Lx from X-ray binaries [81]), and SMBH accretion
rates for z < 8 galaxies. Black holes at 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, My ~ 108M@ and faint, M, ~ 4 x 10°M ®»
galaxies which are often about to merge with a larger galaxy 5-10 kpc away [76]. The host remains undetectable
(lower-right panel), but the larger nearby galaxy can be seen as an OIR counterpart noticeably offset (~ 1)
from the X-ray position (other three panels). The Galactic or low-redshift 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 redshifts z 2 10 where large differences in
the luminosity function are generally expected [60]. At somewhat lower redshifts (z ~ 8 - 9), such a
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 identification
with host galaxies.

« To probe the expected differences in the host galaxy properties, the sensitivity in the OIR survey
in the same region should be sufficient 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°> M, 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 offsets
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].

o There 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], §4.3).

Capability requirements —  The basic requirements for such a program include the following:

o An X-ray sensitivity sufficient to detect 10* M, black holes at 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 fluxes (corresponding to penetrating rest-frame
~ 5-20 keV X-rays) are ~» 107!% erg cm~2 s7!. These fluxes 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. Their reliable identification
requires extremely high sample purity which is typically achieved at flux levels ~ a few x the nominal
detection threshold (Appendix A.3 and Fig. A.5). The proposed survey limits will therefore easily
probe 10° M, black holes expected in the heavy-seed scenarios.

o Sufficient 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)x10° deg™2 at the relevant X-ray flux levels. Avoiding source confusion in this regime
requires a $ 1”7 (50% power diameter) point spread function (Appendix A.1). A coarser PSF quickly
destroys the ability to detect X-ray sources at the required fluxes. Sub-arcsecond angular resolution
is also essential for matching the positions of X-ray detections with potential host galaxies.

o Sufficiently 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 (M1, = few x 107 M) is
~ 1Mpc~3. More massive hosts of light-seeded 104> M, black holes (M), ~ 101° M) have a number
density of ~ 1073 Mpc3. To provide a sufficient cushion to model uncertainties, a reasonable target
is a 1 deg? survey that covers a volume of 6.5 x 10 Mpc® per Az = 1 around z = 10. It will be sensitive
to source densities of ~ 10 deg™2, corresponding to occupation factors of actively accreting black
holes of f = focc X fauy ~# 1076 and 1072 for the heavy- and light-seed models, respectively. These
factors are 2 orders of magnitude below the upper end of the range predicted in several studies (e.g.,

22



1 The Dawn of Black Holes The Science of Lynx

(46, 49, 60, 71, 82, 83]), fheavy ~ 107* and fiign &~ 107!, resulting in ~ 1,000 sources per deg?. Ideally,
the survey should be conducted across 3-5 distinct fields that are widely separated in the sky to
minimize the effects of cosmic variance (e.g., [84, 85]). Some optimizations will be possible with a
“wedding cake” survey strategy depending on the precise mission parameters.

o Sensitivity in the OIR to characterize host galaxies, or lack thereof. As discussed above, the OIR
survey must reach sensitivities sufficient for detecting at least the light-seed hosts at z = 10, and
reliably determining their photo-z. These 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-redshift interlopers is essential, as is the case with studies
of high-z galaxy populations in general. Photometric-redshift and Lyman-break techniques have
promise for enabling such a challenging discrimination, but ultra-deep multi-band OIR imaging
and optimal redshift-estimation approaches will be essential.

The 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 field of view. Chandra’s grasp falls short of the requirements by three orders of
magnitude. Athena’s sensitivity is insufficient 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).
These 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” at z ~ 10 to
“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/oft” like light bulbs, but instead “flicker” across a wide range of Eddington ratios on
relatively short time scales (< 10°~° years [87]). Thus, to understand the entire AGN population, the
tull dynamic range in accretion rates and hence X-ray luminosity needs to be probed at all epochs.
This 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 samples of AGN to z = 5 [91-96]. They cover a broad range of luminosities
(downto Lx = 10*erg s~ atz = 5and Ly = 10*° erg s™'at z = 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 (> 10%° erg s7!) with 10 AGN over a
broad redshift range.

The next frontier is to probe deeper, below the “knee” of the luminosity function at redshifts z > 3.
Such observations require large numbers of very faint sources (many thousands compared to the few
hundreds available now [62, 99]). This will enable efficient coverage of large areas down to the flux
limits of the current deepest X-ray survey (the Chandra Deep Field-South), identifying thousands of
distant AGN over several deg?, down to fluxes of 10718 erg s™' cm™2. These limits are factor of 10
below what is currently achievable with Chandra only in pencil-beam surveys. The 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— Redshift 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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The 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 fluxes, 1072 erg s™! cm~2. Stacking has been powerful in constraining
the connection between galaxy mass, star formation, and black hole accretion rates up to z ~ 3 and
Ly = 102 erg s7! [89, 107]. Lynx will reach down to luminosities of Ly = 10%® — 10 erg s™! —
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 significant number of AGN are “hidden” by dust, so that only
high energy X-rays can penetrate. Theoretical 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
is a significant component of the second Lynx science pillar. In addition to studies and tests outlined
in §2, 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 redshift, 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 redshift [111, 112]. Reprocessed IR emission offers one way of detecting such heavily-
obscured AGN [113-116], but IR observations suffer from both contamination and dilution by the
host galaxy. The 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 line at E = 6.4 keV (see [117-119] for
pioneering work using NuSTAR). At z > 2, the Compton hump is redshifted below 10 keV, where
Lynx will provide leaps in sensitivity, pushing the census of heavily-obscured AGN out to z = 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 first 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 influence and lower accretion-powered
luminosity, the occupation fraction becomes progressively harder to measure at lower black hole
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1 The Dawn of Black Holes
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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. The census of 10*~> Mg 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 ngVLA [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.

13.6 Gyr L

masses, particularly in dwarf galaxies. This 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.,.
This 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 flickering of the accretion onto the black hole as well as contamination by actively
accreting X-ray binaries [121, 122]. The high sensitivity and angular resolution of Lynx are critical
for overcoming these challenges. Moreover, with high angular resolution maintained over a large
field 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./M;) < 10, the fraction of galaxies hosting black holes is expected to
depend on the predominant black hole seeding mechanism at high redshifts (Fig. 1.5). This reflects
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 that at z ~ 10, that factor is ~ 10374, 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 redshift, 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]).

the DAWN of BLACK HOLES

A custom, artistic black hole rendering made for the Lynx Teams public outreach efforts by artist Niko Maisuradze

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

The past decade began with the first light of ALMA and will end at the start of the new era of
hyperdimensional astrophysics. The 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 field 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 redshifts z > 6, mapping the birth of the first galaxies (see §4.3
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 /ot 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, flexible 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
shifts across nearly every sub-field of galaxy evolution, including:

Extended circumgalactic halos —  The thermodynamic state and chemical composition of hot
gas in galactic halos encodes a record of the feedback-modified 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 M, 2 3 x 10'2 My through direct imaging in emission, and for
Mo » 1 x 10'> M, or below in absorption using bright background AGN as sightline backlights. We
discuss this further in §2.1.

The Cosmic Web and its interface with galaxies — Cosmic Web sheets and filaments represent
the typical environment for most “field” galaxies. Hot gas contained within them is a major reservoir
of baryons in the low-redshift 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. The 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 scientific achievements. Because this program would be
so revolutionary and impact so many sub-fields in astrophysics, we discuss it further in §4.4. 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-redshift probes — In addition to detailed low-redshift measurements, we must also obtain
additional constraints on the hot gas near the epoch of peak cosmic star formation at z = 2 — 3.
Lynx will do this through observations of high-redshift galaxy groups down to a mass scale of
Mot 500 = 2 x 1013 Mg at z > 3 (§4.4.1). This is 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. These 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 > z uqer [132-135], and hence on the feedback history. Athena
will make metallicity measurements in clusters to z ~ 1. Approximately 60% of stars observed at z = 0
are formed 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 history to z = 3 (§4.6) using samples provided
by upcoming large-area surveys (§4.4.2). Dramatic redshift trends in the chemical composition of
cluster gas at 1 < z < 2 and beyond are expected because less than 10% of the present-day stars were
in place at z > 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 — 'The 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]. These critical
measurements therefore require the extreme sensitivity of Lynx coupled to its exquisite angular
resolution, enabling spatial mapping on all relevant scales. The 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 ($2.2).

On ~ 100 pc to ~ 1 kpc scales, 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-inflated 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
(§3.1). 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. 2.1— The high spatial resolution characterization of buoyant X-ray cavity networks and sound waves in galaxy
groups and clusters remains one of Chandra’s great scientific legacies. These kpc-scale shocks and bubbles, mechanically
inflated 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 finally understand how AGN mechanical energy, via bubble enthalpy and shock dissipation, is thermalized in
the intracluster medium (ICM). (Left) Maps of adiabatic (sound waves) and isothermal (bubbles) fluctuations based
on a mock 750 ksec Lynx LXM observation of a Perseus-like cluster [142, 143]. Chandra could hypothetically observe
Perseus for nearly fifteen megaseconds and the result would still not remotely approach the richness of this Lynx datacube,
given the > 50-fold improvement in spectral resolution of the LXM relative to ACIS. (Right) The image at left shows
how spatially rich this mock Lynx datacube is, while here we show how spectrally rich it would be. The panel shows an
extracted profile for the Fe Ka line observed with the LXM subarray from a region immediately behind the shock front,
showing the effect of velocity broadening originating from the expanding front. Such measurements, only feasible within
a few arcseconds of the front because of the brightness contrast effects, provide the expansion velocity and the density
structure of the shock.

Microphysics of feedback dissipation —  The 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 effects 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, Ay,. Chandra is often limited by statistics, not angular resolution, in probing gas on the A,
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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 effects 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 outflows —  AGN winds span a wide range of ionization
and kinematic states (§2.2), but it is likely that the high-ionization, ultra-fast outflows act in ways
most directly relevant for galactic feedback [148]. Their mass and energy budgets, however, remain
poorly understood, and largely inaccessible without Lynx. The main diagnostic of these flows is the
blue shifted K-shell lines of FE xxv and FE xxVv1 between 6 — 9 keV (rest frame). These 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 flux 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 soft 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 (§4.2.3).

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 influence of SMBHs in nearby galaxies. While it is likely that
the accretion flow within this radius significantly deviates from the Bondi solution, Mpondi 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]. The Bondi-Hoyle-Lyttleton accretion rate is typically
used as a proxy for black hole feedback in numerical models of galaxy formation with a free efficiency
factor (e.g. Springel et al. 2005 [150]): Efeed = €f X € Mpongi ¢2. The efficiency factor € cannot be
determined from first principles. It is uncertain by approximately an order of magnitude, with the
correspondingly uncertain consequences for the AGN feedback effect on galaxies. Dramatically
better sensitivity and new spectral gas diagnostics available with Lynx will make it possible to derive
Mpengi much more reliably and in a larger sample of galaxies. These 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 define 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

The 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. The left panel shows the
cold and warm component, while the right panel shows the equivalent X-ray view of the hot gas, whose morphology and kinematics encode

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

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. These 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-efficient, and (2) partially create the diversity of today’s galaxy colors, star
formation rates, and morphologies that span the Hubble types. They 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 ~ 10!2 M, 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 outflows into the CGM,
and the re-arrangement of baryons by SMBH feedback. A description of the flows 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
mass range (1 - 3) x 10'? Mg, [151]. (Center) Abundance matching analyses [152] show that star formation efficiency
peaks around 10'? Mg, 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° < T < 10° K [154]) CGM phases.
The white area above the red dashed line are the expected baryons ejected beyond Ry;,. (Bottom) The average column
density of oxygen in different ionization states within Ry;,. While O v1 has been observed around normal galaxies with
HST/COS [154], much larger reservoirs of O vir 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' > 10° K halos. These 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 effects 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 ~ 10'2 M, dark matter halo mass scale can be related to the maximum in the
baryonic cooling curve at corresponding virial temperatures [159, 160]. The formation of a hot
(T > 10° K), ambient gaseous halo should accompany a decline in the efficiency of accretion onto a
galaxy, and of star formation within it [161-163]. These 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]. Effectively 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 outflows [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-
defined 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,
outflows, 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 finally to the red sequence happens in a relatively narrow range of masses around Mo = 1 x 10'> M. The
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). This structure reflects the “invisible” drivers of galaxy formation:
accretion, feedback, and recycling flows of gas. The CGM in its full glory remains largely unobserved. The
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'* Mg, to hot-dominated for M > 2 x 10'? M. Energy feedback, which plays a major
role in this transformation, changes predominant types around the Mo, = 1 x 10'2 M, mass scale (bottom
panels). In all cases, the main signatures of ongoing feedback are imprinted in the inner structure of the hot
halo. Their 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]. They reproduce
detailed properties of galaxies and provide very specific predictions for the physical properties of the
CGM. Basic theory (i.e. Tyj; ~ 10 x (My,10/102 M, )?/? K) and multiple simulation suites, including
EAGLE [173], Hlustris-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, My, ~ 1012 M,
(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 < 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 > 10° K) phase. Their 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 different scales. Our understanding of these processes awaits
an ability to observe accretion physics onto 10°~° M, SMBHs, the energetic yet diffuse stellar and
SMBH-driven superwinds emanating from galaxy disks, and the complex tapestry of mass, metal,
and energy flows exchanging phases in the CGM. The 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.

The current generation of simulations all agree that a confluence 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 > 10° K), and star formation-driven superwind
outflows. The formation of a virialized hot halo at M;, ~ 102 M, curtails this cycle as the gas cooling
becomes inefficient. 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]. This amount of energy and momentum imparted to MW-mass gaseous halos can
(1) shred the cool/warm CGM accretion supply, (2) uplift 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 inefficient — 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. The 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 > 10!2M, halos [182],
most likely because they are in the hot phase. How much could a future X-ray observatory find? The
maximum fraction of baryons locked in stars is ~ 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 (Ry;; ~ 200 — 250
kpc) from COS UV surveys [153, 183] finds another 10-20%. Therefore, at least 50% of the expected
baryons associated with a 1 — 2 x 10'2M, halo are not accounted for. Their location and physical
state is expected to be a very powerful diagnostic of the physics that regulates galaxy formation.

The mismatch of metals observed within galaxies with yields predicted from stellar populations
[184] indicates that a significant (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 significant 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 v and O v [186], which will dominate the oxygen budget above M,;, = 1012M, (Fig. 2.2, lower
panel). These 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 > 105K 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 fields
[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 profiles 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. The 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. These persistent gaps in our understanding will finally be addressed by Lynx.

2.1.4 A new understanding of the CGM with Lynx

The 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. The 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) effect 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 effects may have
been successful ([192, 193]). These 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'* M. Angular resolution also will be an issue for this
work. The optimal redshift range for stacking the SZ signal is at z ~ 0.5 or above. At this redshift,
the ~ 1 arcminute 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.
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Fig. 2.4— By z = 0, over 50% of all baryons in the Universe are hotter than 10°2 K, and the vast majority (located in
the ICM and Cosmic Web) have yet to be detected. This 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 vi1, O vi11, and other X-ray ions, Lynx will uncover a unique regime of
lower-temperature diffuse 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]). The simulated baryons shown here are
extracted from a 100 Mpc® volume at z = 0.
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Therefore, while ongoing and future studies of the CGM using UV absorption lines and the SZ
effect 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 soft X-ray band for characterization of multiple modes of feedback operating
inside 0.25Ry;, of a 10'2M, halo (50 kpc), as well as to map the structure of hot halos out to 0.5Ry;;
for a 10'2° M, 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 > 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 least an ~ 0.3 eV
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).

The limiting factor for imaging observations of diffuse gas in galactic halos and in Cosmic Web
filaments is its expected low contrast relative to both astrophysical and instrumental backgrounds
(Appendix A.5). Chandra’s capabilities are insufficient by 1.5-2 orders of magnitude. Athena will
be severely affected by residual cosmic X-ray background fluctuations 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 v11, insufficient to
measure gas velocities expected to be on the order of ~ 100 km s~!. The only facility powerful enough
to revolutionize our understanding of the hot CGM is Lynx, which will fly a combined package of
outstanding imaging, X-ray gratings with R > 5,000, and a sub-arcsecond microcalorimeter with
energy resolution as sharp as 0.3 eV, enabling velocity centroiding to ~ 10 km s™!.

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. The 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 flows, and rotation velocities in the outer halos of galaxies including our own (see $2.3). These
environments have virial temperatures 2 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.

The 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
is R 2 5,000 (see Appendix A.4 and A.5 for detailed discussions as to why). Currently, the primary

39



The Science of Lynx 2 The Drivers of Galaxy Evolution

Normalized Flux

0

Limits of /.
-\ current knowledge

$
o.sgo
o ‘ 3
10*£M » Low mass
ga/oxf\ja.r . galaxy group
OV” CGM of galaxy group O
4500 -1,000  -500 0 500 1000 400 -200 O 200 400
kpc km s

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. These
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 flows, 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.
Their resolving power is lower than this optimal R by more than an order of magnitude. Their
collecting area is also far too low: 45 cm? and ~ 7 cm? for XMM-Newton and Chandra, respectively.
These instruments have nevertheless led to major advances, despite their limitations.

In the near future (2022), a microcalorimeter with a AE = 5 eV resolution will be launched
on XRISM, followed by Athena’s X-IFU with 2 eV resolution [197]. X-ray microcalorimeters have
approximately constant energy resolution, (AE) as a function of energy. Therefore, XRISM and
Athena will resolve the thermal width (~200 km s™!) for high ionization Fe lines at E > 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 v Ly«, which is worse than that provided by Chandra.

The low collecting area of currently available gratings, and the inability of upcoming microcalorime-
ters to resolve the thermal width for soft 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 soft
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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 efficiencies, so the instrument can provide an effective area
large enough to probe hot gas in the lowest density regions of the CGM and Cosmic Web (Fig. 2.4).

The CGM in absorption with Lynx —  One approach for a Lynx campaign to detect the CGM in
absorption will be to observe a sufficiently large sample of bright background AGN whose sightlines
intersect halos of lower-redshift galaxies that span a range of masses and impact parameters. Expected
temperatures and oscillator strengths imply that O vir and O v will be the key ions to observe.
Data quality will be high enough to observe the structure of O vi1 line (e.g., thermal and turbulent
broadening, multiple kinematic components, etc.), as well as high enough to clearly detect the O vi1
line. The 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
with a median redshift of z ~ 0.3 and extending to z = 2 for such a program. 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. Identification will be aided by UV absorption line studies
of lower ionization lines (when available) and by optical redshift determinations of the likely host
systems. Most of the absorption lines associated with galaxies will come from z < 0.6 galaxies with
M > 2 x 10! M, 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. The anticipated quality of data will enable
measurements of the column densities and kinematics beyond R, (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 filling factor provide direct tests of galaxy formation
models and enable a search for hot outflows.

To conduct this survey with a reasonable time allocation (e.g., ~ 5 Msec), an effective 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 (§2.3), studies of the Cosmic Web (§4.4.1), blind surveys of 105> — 105> 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 first place (e.g.,
Somerville & Davé 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]. The past decade has seen stellar and black hole feedback achieve paradigmatic status
in the field 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 (§2.1). 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 sparks in a fire. We must now observe and map the flame. 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 redshift 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 often
subtend ~ an arcsecond even for nearby objects like M82, sub-arcsecond resolution (coupled to very
high soft X-ray sensitivity) is needed to enable direct comparison with data from flagship ground-
based IFUs like MUSE and interferometers like ALMA at matching spatial scales. The 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 km s~! 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 efficiency 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 efficient 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 significant cosmic ray component can be compared in Figs. 2.6 and 2.7.

42



SIMULATED LYNSSES ST COMPOSITE

-

\SlMuLATlowj LYNX MICROCALORIMETER
=‘ VELOCITY MAP

100 ksec exposure
0.5” spatial resolution

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 first-known) stellar superwind
in a galaxy. (Bottom left) A GPU simulation, using the cHOLLA Galactic Outflow simulation suite [204], of an M82-like
galaxy at 5 pc resolution over a scale of 20 kpc. Colors in the outflow 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. The instrument would be capable of resolving the line-of-sight velocity of hot gas in the outflow 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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The 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. These 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 fluid (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. The issue of spatial
resolution is similarly important in measurements of the thermalization efficiency 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

The CGM and on-going feedback is progressively more difficult to probe in lower-mass galaxies
[203], and because hot winds become so tenuous, this is particularly true for the X-ray band. The
ability to map galactic winds in the dwarf regime (i.e., galaxies with total masses ~ 10° — 10! 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 fluid, typical wind terminal speeds can easily exceed the escape velocity of
a dwarf galaxy [203, 210]. The 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 I Zw 15 [213] — have successfully been made
(both were with Chandra). The primary reason for this scarcity is the low X-ray luminosity of the
diffuse wind emission relative to the point source population in these galaxies. Clean separation of
diffuse 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 suffers greatly from
insufficient effective area and relatively poor spectral resolution. The 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.

* * *

The 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 offered 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 first high fidelity 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. These observations are discussed below.

The nearest Circumgalactic Medium —  'The kinematics of the Milky Way’s hot halo were first
observed using XMM-Newton grating spectra of background AGN, which act as bright backlights that
place the Milky Way’s hot halo in silhouette. The results indicate that the inner hot halo is co-rotating
at ~ 180 km s7!, implying that the hot gas within 100 kpc holds as much angular momentum as the
total stellar and H 1 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 the MILKY 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 vi1 strength. These are overlaid on a
velocity map from the favored rotating hot halo model from Sormani et al. (2018) [214]. (Bottom left) 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) The dynamically stable rotating halo model predicts a co-rotating inner
halo, giving way to a mostly static outer halo. These 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].

The Lynx gratings will provide a factor of ~ 1,500 higher spectroscopic power (i.e., effective area
times spectral resolution) compared to the current state of the art for MW halo studies (brought
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X-RAY CHIMNEYS & the FERMI BUBBLES
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Fig. 2.9— (Left) Hardness ratio of the Fermi LAT all-sky map of the > 100 MeV sky including 8 years of observations
[221]. The 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.
The 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 provide a R = 5,000 measurement of the O vi1 absorption line from the Milky Way’s
halo, providing not just velocity centroids, but also exquisitely resolved line profiles, as shown in
Fig. 2.8. Using this in combination with other lines (O vi11, Ne1x, C v, Cvi1), Lynx will create an
exquisitely detailed thermal-kinematic map with sightlines scattered across the entire sky. The LXM
high resolution array, meanwhile, will provide a lower spectral resolution (R ~ 2,000 for O vI1) but
much higher throughput complimentary observation, enabling measurements along a far larger
number of sightlines, if needed. These 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.

The 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). These
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]).

The 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

47



The Science of Lynx 2 The Drivers of Galaxy Evolution

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 profiles 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? The 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 diffuse 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.

the DRIVERS of GALAXY EVOLUTION

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

Ultraviolet, optical/infrared, and sub-mm data on galactic halos and feedback at galactic scales
are equivalent to observing the sparks in a fire. We now need Lynx to observe and map the flame
itself.
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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 NASA’s Great Observatories. Their phenomenal success has
expanded the field 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.
These 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
O stars. The overall range in stellar luminosity can easily cover 20 My . Furthermore, these regions are
often filled with hot gas which creates spectroscopic difficulties, as well as cold dust that complicates
the interpretation of the observed data and obscures some objects completely. While NASA’s 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 effects 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 affect planet-forming disks, especially through flares. X-rays trace
magnetic fields which weave through the flares, 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 first 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 significant 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. The 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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HUBBLE COMPTON CHANDRA SPITZER

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 flagship facilities of the future.

decades of operations. Specific 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 flares 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. Their shock waves plow through the ISM for thousands of
years, accelerating particles to extreme energies (~10'> eV) and amplifying magnetic fields up to a
thousand times that of the ISM. These 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) offer 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-fidelity three-dimensional
SN simulations. X-ray imaging spectroscopy at arcsecond scales, uniquely possible with Lynx, will
revolutionize SNR science, offering 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 (§4.10).

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 down to Ly ~ 103 erg s™! 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. They 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. The 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 fingerprints 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 different 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 oc 705 [232]. This decrease is
driven by the convective turnover rate and indicates that late M stars have elevated X-ray fluxes for
up to 5 billion years [233]. This long-term X-ray luminosity allows the identification of young stars
long after they lose their dust disks but before they evolve onto the main sequence. In one simple
example, Kuhn et al. [234, 235] find that Chandra typically identifies 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 specific X-ray line ratios act as temperature and density diagnostics. These measure-
ments allow direct inference of the infall rate and constraining mechanisms [236]. This phase is also
associated with enhanced flaring in which 100 MK long-lived flares are likely responsible for rapid
heating of protoplanetary disks and can have deleterious effects 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. The winds interact with the ISM, depositing thermal energy and creating turbulence (e.g.,
Mac Low & Klessen [239]). This turbulence inhibits other ongoing star formation.

Multiwavelength studies of clusters such as the Orion Nebula with well-matched observatories
are extremely powerful. They offer 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. This is demonstrated by direct X-ray detections of protostars [244] as
well as the detection of 6.4 keV iron fluorescence, which is from circumstellar disk material being
irradiated by stellar flares and exciting iron fluorescence [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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Fig. 3.1— Sensitive X-ray telescopes are indispensable tools for finding 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/Lpol. For pre-main sequence stars, Lx/Lpo ~ 1,000 x Lx o /Lpole- Their
bright X-ray emission is capable of piercing through dense molecular clouds. The Spitzer, HST, and Chandra
image of Westerlund 2 (facing page) illustrates the great potential of multiwavelength studies of a young star
forming region. The Spitzer IR image (top) shows the Westerlund 2 star cluster embedded in the RCW49
nebula. The 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 find young stars in
regions such as Westerlund 2, the sensitivity of Chandra is only sufficient 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 M 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.
These observable quantities provide direct constraints on stellar magnetic field 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]. The limiting factor for Chandra
is low effective 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 field.

The 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]. This work needs to be extended to more distant and/or more massive clusters,
naturally leading into the study of “transition disk” [247, 248] timescales. The increased statistics of
well-observed clusters will enable studies of how high-energy illumination affects dust grain growth
[249], and how hot plasma interacts with the colder ISM and dust ([250, 251], Fig. 3.1). The 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 = 10%” erg s~! are needed to
probe the stellar mass range down to ~ 0.1 M. This translates to flux limits of fx = 1.3 x 10~'® and
3.3x10"P ergs~! cm~2 at distances 2.5 and 5 kpc, respectively. These limits are achievable in 100 ksec
to Msec-class exposures (SA.3). The requirements on angular resolution are even more demanding.
The X-ray luminosity function of young stellar objects in the Orion Nebula is flat near the faint
end of the observed range [252]. The confusion limit for a 0.5” PSF in this case (Appendix SA.1)
corresponds to a source density of 5.5 x 10 deg~2, or 40x the observed peak density in the Orion
Nebula [252]. Therefore, a star cluster similar to the Orion Nebula will be unaffected by source
confusion in Lynx observations out to D ~ 2.6kpc. At D = 5kpc, it will still be unaffected by
confusion outside of the cluster core (0.13 pc). The effective horizon for Lynx observations of young
star forming regions in the Milky Way, in terms of sensitivity and spatial resolution, extends to ~ 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. The 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 Mg could be carried out on clusters such as Carina (2.4 kpc), NGC 281 (2.1 kpc), NGC 3603
(6.9 kpc). The effective “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 field 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. The 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. There is a significant excess of soft emission in accreting sources [268], which are surrounded
by accretion disks. This 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 flux ratios need to be measured from different elements in different ionization
stages. An effective 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 flows, static coronal structures, and outflows (Fig. 3.2).

Young stars not only accrete mass, they also gain angular momentum. The magnetic coupling of
the accretion streams to the disk provides an energy reservoir that can power X-ray/Far-UV (XFUV)
emission. This emission can penetrate deep into the disk and alter the chemistry in regions where
planets are building up. The magnetic connection also allows the star to launch outflows, 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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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 < 0.35M) 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 influence 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.
These objects are still in the contracting phase. They 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 flare on the 500 Myr old BD LP 944-20 [269] demonstrated
that mature BDs host relatively strong, persistent magnetic fields 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]. There is evidence [271] for an anti-correlation between rotation and
X-ray activity in BDs, in addition to a large scatter in Lx/L;,; 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. The well-known stellar activity-rotation-age relationship can roughly predict a star’s
X-ray emission, given its age and internal structure [274]. The star’s magnetic field 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 affect erosion of planetary atmospheres [276]. Stellar
magnetospheres influence the inner edge of the traditional habitable zone [277]; thus a fine-grained
approach to understanding the structure of stellar magnetospheres and their influence 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 different
large-scale and local magnetic field topologies [254], and consequently differing levels and amounts
of X-ray variability. X-rays trace magnetic structure directly, provide the “ground-truth” to compare
with extrapolations of photospheric magnetic field structures, such as from Zeeman Doppler Imaging
(e.g. [278]) or dynamo simulations (e.g. [279]). Figure 3.3 shows the different impact of magnetic
field configurations — whether compact or evenly distributed, and the associated scale heights —
which can be discerned in velocity space for a binary system given sufficient 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-
tion & magnetic activ-
ity in young stars?
§3.2.1

DEM, n,, Ny, abundances
of coronae as function of
stellar age, mass, accre-
tion/activity levels

A/AN > 2,000%;
\ coverage 10-60 A

Heating timescale of pro-
toplanetary disks, where
planets form, migrate

What factors control
the coronal emission
of stars?

Broad temperature con-
straints for DEM analyses as
a function of age, rotation,
Toff, Magnetic geometry

/AN > 2,000;
\ coverage 1-40 A

Energy balance in corona,
extrapolation into XEUV,
planetary atmosphere
irradiation

Density constraints at multi-
ple temperatures

N/AX > 2,000"

Energy balance, character-
istics of magnetospheric
structures

§3.2.2 - —
. Influence of stellar mag-
Coronal length scales D) > ?’000 s netosphere on habitable
broadening
zone
?_ysteEmatchvarlat;c;]nﬂ(;ies < 5 eV spectral reso-
maxs flares =X, max lutionat £ > 2 keV; Individualized approach to
Gl L VHISE G ~ 1 day-long ob- determining likely planetar
How do the energies of stars with vary- y-long 9 yp y

characteristics of
flares change with
time?

§3.2.3

ing mass, age, magnetic
configuration

servations with few
interruptions

atmosphere evolution

Influence of energetic parti-
cles

A/AN > 5,000 for line
broadening & shifts

Space weather, potentially
enhanced planetary atmo-
sphere erosion

How do stellar winds
change with time?
§4.8

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 profiles

For Ny: broad A cover-
age; sensitivity below
1 keV. For dimming:
broad A coverage;
A/AN > 2,000". For
velocity signatures:

A/ AN > 5,000

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

* — spectral resolution listed is minimum required to reproduce current capabilities; A\/AX > 5000 would enable
significant advances.

resolution observations sufficient 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 differential emission measure (DEM) distribution.
Velocity broadening in line profiles 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 flares 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
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Fig. 3.3— The 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 leftmost column of
text, are found only when the X-ray spectral resolution is sufficiently high. The panels, adapted from Fig. 10 of Hussain
et al. [273], illustrate this effect for the case of the nearby binary YY Cen. The panels are arranged on a logarithmic axis
of spectral resolution (R = A/AX) that increases toward the left. 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 flare occur-
rence as a function of stellar properties. The 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 flare energies to magnetic
topology [281] will characterize the extent of the Solar Analogy; temperatures in excess of 107 K
(up to and exceeding 108 K) are the domain of X-ray spectra. Energetic particles are a previously
unexplored “dark energy” in stellar flares, with implications for stellar particle acceleration and space
weather around other stars. Blueshifts in solar flares of up to several hundred km s™! coincide with
the start of nonthermal hard X-ray emission from accelerated particles [282]. Similarly, the peak
in nonthermal line broadening in solar flares 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
flares opens up the study of the space weather environment that stars create.
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3.2.4 The effects of stellar activity
on planet atmospheres a) Schematic of X-raying transh depth

upper planet atmospheres

Several effects of the host star’s activity on planet
habitability conditions have been mentioned
above, and a more detailed summary is given in
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§4.8. Lynx will not only radically improve mea-
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transit spectroscopy [285], calibrating how the
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The very first detection of X-ray transits
in the “hot Jupiter” system HD 189733b [284]
showed the potential of this method. The eclipse
is much deeper in X-rays than in the optical,
~ 7% vs. 2%. This implies that soft X-rays are
blocked at a radius ~ 1.75 of the planet’s optical 0 pien
size. The most likely origin of this difference is o - — e

additional obscuration due to C, N, and O in a orbital phase

spherically symmetric exosphere with a density Fig. 3.4— Schematic of X-ray observations of transit-
of ~10' cm=3 and a temperature of ~ 20,000 K. ing exoplanets, and a simulated Lynx measurement
for a system similar to HD 189733b. See [284] for
description of X-ray transit model profiles.

(Image credit: K. Poppenhaeger)
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Such measurements of the upper atmospheres of
exoplanets are unique to X-rays that can probe
the upper extended atmosphere even if its hydro-
gen is ionized (as should be the case for slow evaporation). UV measurements probe either much
lower depths [286, 287], or very strong outflows 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
different energies will probe different 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 different 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 Definition 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 field tremendously, but
our understanding of SN progenitors and explosion mechanisms is hampered by the infrequency of
nearby events. Supernova remnants offer the means to study SN explosions, dynamics, and shocks at
sub-pc scales. They 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-fidelity 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. Thus, 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 > 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 filaments around the periphery of young SNRs. The
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 different environments and providing crucial information for SN explosion models.

Resolving Galactic SNRs —  Since Chandra’s first-light image of Cassiopeia A (Cas A) showing
narrow, non-thermal filaments, small ejecta knots, and a neutron star at its center, the scientific
benefit 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 insufficient 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 redshifted 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 filaments around the periphery of Cas A.

The 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]. The 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.
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Fig. 3.5— The 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 (left), compared with an LXM observation of a similar, numerically simulated remnant (right, courtesy S. Orlando).
Beginning with the counts images (top panels), rotating oft-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, v = 3.16” x (D/1 kpc)~! (v,/500 km s71).
Depending on the morphology of the object, displacements can be measured better than the telescope
PSE 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], corresponding to v = 1,600 km s~!. Thus, ~ 500 km s~! will be
measurable with Lynx out to D = 10 kpc, and velocities of > 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-fidelity 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]).

The large increase in effective 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 > 10°
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 (left) and Lynx (middle) images of the Type Ia SNR N103B in the LMC. The 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 Ia and Type II
explosions, extracted from a simulated 100 ksec Lynx X-ray Microcalorimeter survey of a galaxy at the distance of M33.
The exquisite soft-band spectral resolution of the instrument enables unique classification of the parent supernovae.
(Bottom) The view of SNRs and ongoing star formation in the Southern spiral arm of M33 (Credit: Long et al. [299]).
The field measures 12.2 x 5.8’. The SNRs (yellow ellipses) were identified by optical spectroscopy. Chandra detects 44%
of these at a 3 ¢ confidence 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 its effect on
energy feedback and metal enrichment.

New insights into supernovae explosion mechanisms — The 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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o Type Ia 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. This 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 offers the
possibility of probing the products of explosive nucleosynthesis at high significance. Lynx will enable
such measurements in the Magellanic Clouds and nearby SN Ia’s such as S Andromedae in M31.

o 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. The primary observational constraint provided by Lynx will
be 3D spatial and velocity maps of ejecta. Each explosion mechanism seeds asymmetries differently,
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 significant 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
(v) ~ 380 km s71, [315]). This 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 field 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. This X-ray binary (XRB)
phase is the most efficient observational probe of binary stellar systems outside of direct observation
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of photometric or spectroscopic binary stars in
our Galaxy. The XRB phase is also critical for
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evolutionary channels of accreting X-ray sources
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are a key component for understanding the de- for the outcome of the evolution. The only phases that
mographics of compact objects, particularly their can provide observational constraints on the physical
mass and spin distributions [320-322]. Though parameters of the system are the initial binary star

detailed modeling of individual sources in our phase and the X-ray binary phase.

Galaxy have already given a basic framework for

the different 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.

Therefore, the best way to make the next leap forward in understanding the formation rate of
these objects is with Lynx which can efficiently 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
identification 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. They also
will serve as key calibration points for Lynx observations of the Cosmic Dawn epoch that rely on the
XRB populations in high-redshift galaxies (§4.3).
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X-ray emission, in purple, from million year old stars inWesterlund 2.

Credit: X-ray: NASA/CXC/SAO/Sejong Univ./Hur et al; ; Optical: NASA/STScl

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

The science requirements for Lynx, when translated to instrument requirements, result in per-
formance gains of historic magnitude. The imaging component provides a factor of 50x higher
throughput, 20x the FOV with sub-arcsecond imaging, and a factor of 1,000x 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 flagship observatory, WFIRST, relative to
Hubble. In terms of sensitivity, Lynx will detect sources 100x 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 first astro-photograph to state of the art imaging from Hubble. There is an
equivalent development in the X-rays from Einstein to Chandra and onward to Lynx. The 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. The
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 flexible 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.
The main strength of Lynx is not a very fast response time, although it can respond to some targets of
opportunity (ToO) within 3 hours (§6.7.2). 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.

68



4 The Impact of Lynx across the Astrophysical Landscape The Science of Lynx

EYES, SHARP AS A LYNX

Chandra, 4 Msec

0.5"” PSF on-axis, sub-arcsecond across a 22’ x 22’ FOV
50x Chandra’s throughput in soft X-rays
1000x Chandra’s survey speed

TRANSFORMATIONAL SPECTROSCOPIC CAPABILITIES

MICROCALORIMETER GRATINC SUR=EFROWIE T E R

THE*FIRST IMAGING BEYOND
ASTROPHOTOGRAPH STATE OF THE ART IMAGING

e

MUSE /

bidden

DR sattelites

NGTH (A)

EINSTEIN CHANDRA

L——g 800x CHANDRA'S GRATINGS THROUGHPUT FOR O LINES

from a 1980 1-m telescope to

ar
ith the MUSE spectrograph 7x RESOLVING POWER

Gain equ

Fig. 4.1— Lynx imaging and spectral capability gains in context.
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Fig. 4.2— (Left) The surface density of an accretion disk near a binary supermassive black hole, shown on a logarithmic
scale. The binary has a mass ratio of ¢ = M,/M; = 0.43. Circles indicate the expected tidal truncation sizes of the
circumprimary and circumsecondary disks. This panel has been adapted from Farris et al. (2014) [325]. (Right) Tracks
of characteristic strain, 4., across the LISA band of binaries at z = 1 with mass ratios of g = 1/3 and different primary
masses M, as labeled. The break in k. marks five 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 R, (red triangle). The dashed magenta curve
shows the projected sensitivity of LISA [69]. This 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° M, [69]. As argued
in [326] and summarized briefly below, there should be a distinct X-ray “chirp” that accompanies
the gravitational wave (GW) signal in these mergers. SMBHs with M ~ 10® M, 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
modified [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 r, when the binary enters the LISA band [342, 343]. This is
a factor of ~ 10x the size of the region where X-rays are produced by quasars [326, 344-348], but
comparable to the optically emitting region. The truncation radius moves into the X-ray emitting
region only 2-3 days prior to the merger.

These considerations suggest that Mgy ~ 10% M, 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 effects 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 ~ 10 Mg, and z ~ 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 flux
variability. The X-ray periodicity will initially be ~ hours, and its phase will track the GW chirp. The
GW and X-ray chirp signals can then be observed in tandem for several hundred cycles. Detecting
the X-ray chirp accompanying the GWs 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 identification 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 y-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 final remnant of the event? In the case of GW170817, the
merged object has a mass of 2.74*391 M, [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]. The right-hand panels show the Chandra detections
of GW170817, whose measured fluxes 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 final remnant requires long-term X-ray monitoring.
In addition to the jet emission expected for any type of final 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 flaring X-ray emission via the untwisting of the
toroidal magnetic field [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 10x the distance
to GW170817 (Fig. 4.3), the electromagnetic emission will be ~ 100x fainter, with separations from
unrelated X-ray sources ~ 10x smaller. Following up such events will require a combination of
throughput and angular resolution that is offered 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 unique contributions which capitalize on its
sensitivity, angular resolution, and high-resolution spectroscopic capabilities. The 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 outflows.

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

However exquisite X-ray imaging with Lynx will be, it is insufficient for resolving black hole accretion
disks. Lynx nevertheless will enable a unique probe of the inner disk and hot corona structure using
quasar microlensing. This technique offers one of the most straightforward and efficient ways to
measure the sizes of the emitting regions in accretion flows [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
different black hole demographic (Galactic stellar-mass black holes and the nearest AGN typically
with a low intrinsic luminosity).

The microlensing method uses strongly lensed, multiply imaged quasars, and relies on the motion
of the quasar relative to the network of high-magnification caustics generated by stars in the lensing
galaxy (see Fig. 4.12 below). Corresponding flux 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 flow. Opportunities for quasar microlensing studies will drastically expand
in the 2020s, as new samples of multiple-imaged quasars are generated by LSST [368]. There 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 flux reflects a gradual, predictable decrease in the accretion rate. Lynx will have the sensitivity to monitor
events such as ASASSN-15li for 15+ years. These 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 fluxes 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 flow because
they can be separated spectrally. The hot corona produces X-ray continuum whose microlensing
light curves constrain the corona size. The fluorescent Fe K« line originates in the accretion disk
itself. As a caustic moves across regions of the accretion disk with different Doppler boosts, the
observed line centroid shifts. This 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. Therefore, 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 > 10 years after 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 TDEs becomes less important at times long after 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
flux from TDE:s at late times has been observed (e.g., Fig. 4.4).

Therefore, there will be no shortage of suitable TDE targets for Lynx at times as late as 15 years
after the event. This will open a unique 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. These capabilities are exclusive to Lynx.

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

The highly energetic outflows from AGN are one of the key mechanisms regulating galaxy formation
(52). They 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 soft X-ray absorption lines from Ne to Fe. The 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 outflow and distance from the black hole.
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outflows are complex and multiphase. Observations show that the bulk of energy and momentum
flux is carried by their hot gas component. This is exemplified by the detection of ultra-fast, v > 0.033¢
outflows 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
outflow, because the easily measured quantity is X-ray ionization parameter {y = Ly/(n, R?). This
makes the derived energy and momentum flux in the wind uncertain by an order of magnitude or
more. Three possible solutions are offered by the powerful soft X-ray spectroscopic capabilities of
Lynx that provide access to density diagnostics in the AGN winds:

o Detections of density-sensitive line doublets, spanning an energy range of 0.245-1.05 keV, probe
densities 107 — 101> cm~3. These lines are faint and have been detected only once (in the Galactic black
hole GRO J1655-40 [385]), but Lynx will make a nearly 1,000x leap in high-resolution spectroscopic
capability compared to the current state of the art.

« Rapid fluctuations in the ionizing flux 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 densities n, = 10 — 107 cm~3, respectively.

« For yet higher densities, recombination times are short and the outflow will always be in ioniza-
tion equilibrium. However, long-term correlations of the outflow 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 filling factors [386].

These 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

The 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 redshifted 21-cm background. Detection of galaxies at the EoR is one of the
main science goals of JWST. The primary contribution of Lynx to the Cosmic Dawn studies will be
the detection of the first generations of supermassive black holes (§1). However, the sensitivity of
Lynx will be also sufficient to detect XRB populations in the same redshift range, either individually,
in a stack, or as residual diffuse X-ray background. This 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 Universe at z 2 6,
surpassing the contribution from AGN [81, 392]. Therefore, XRBs are expected to be the main source
of heating to the neutral intergalactic medium (IGM) prior to the EoR [388, 393-396]. This X-ray
output can have a dramatic effect on the 21-cm signals from neutral hydrogen, as shown in Fig. 4.6.
Reliable projections of the XRB flux from high-redshift 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]). The horizontal axis shows evolution along
the line of sight, from z ~ 62 to z ~ 7. The Epoch of Heating is the interface between yellow and blue, and the EoR is the
interface between blue and black. The vertical lines show the reach of various 21-cm interferometer experiments. The
top panel corresponds to the “fiducial” model of [388] in which the Lx/SFR ratio is calibrated to local starburst galaxies.
The lower panel corresponds to an “extreme X-ray” model in which primordial galaxies are much more luminous, with
harder X-ray spectra.

High-redshift star formation —  Deep surveys with Lynx and JWST will have strong synergies
for studies of high-redshift galaxies. Lynx is expected to detect the integrated XRB flux from JWST-
detected galaxies with star formation rate (SFR) as low as 2 M yr~! at z = 10 (Appendix A.2). Even
lower SFRs will be accessible through stacking analysis. The 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 Lxrp/SFR ratio is expected
to increase by an order of magnitude as the average metallicity of newly born stars decreases to
~0.03-0.04 Z; at z = 10 (c.f. Fig. 1 in [391]). The rest-frame UV output, observed by JWST, changes
only mildly [136]. Therefore, the ratio of X-ray and NIR fluxes will constrain the properties of stellar
populations in the first galaxies.

Extrapolations to EoR —  Tracking the Lyxpp/SFR ratio over a wide redshift range, from z ~ 0
to z ~ 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 soft band. Soft X-rays dominate the IGM heating
because the Universe effectively becomes transparent to ionizing radiation at E > 1.5 — 2keV [397].
Different X-ray SEDs will result in markedly different impacts on the 21-cm signal (Fig. 4.6). The
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-redshift
census of XRBs in nearby galaxies (§3.4) will be instrumental. The ISM absorption effects in a wide
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range of galaxy properties can be assessed using a multitude of intermediate-redshift 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 > 10 via cross-correlation of the residual X-ray background with the 21-cm signals from
experiments such as HERA and SKA [398, 399]. This signal will be possible to extract only using
X-ray observatories that offer a high contrast of sky signal to the instrumental background, and only
after maximally complete elimination of the X-ray background components originating at higher
redshifts, e.g., from intrinsically faint 1 < z < 3 foreground objects. The 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 efficient 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 cluster at z = 0.1 - 0.2
(Fig. 4.7). Continuous coverage with HDXI pointings would result in at least 100 ksec exposure at
each location. The sensitivity achieved in this dataset would enable a number of unique investigations
within a single observing program, of which four are highlighted:

Cosmic Web filaments —  In 100 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 filaments,
which are expected to be filled 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
cutoff shows that the Cosmic Web will be exposed in emission in the Legacy Field (upper panel in
Fig. 4.7).

The application of the Cosmic Web observations to understanding galaxy formation was dis-
cussed in §2. The filaments detected in the Legacy Field would be classic examples of the warm-hot
intergalactic medium [402-404], on which significant effort has been expended in the UV, probing
the lower end of this temperature distribution via broad Lya [405] and O v1 [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. 4.7— The Lynx 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 identified
low-z large scale structure, this survey will reveal a massive galaxy cluster anchored to the void by Cosmic Web filaments
that have, thus far, never been truly observed. The panel above shows a realistic mock of the soft X-ray surface brightness
from the Hydrangea simulation [400], with a true Lynx surface brightness sensitivity cutoff 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 field, 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 filamentary 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-redshift AGN, clusters, and groups (§1.2). This is illustrated in the bottom two panels, which show (at bottom left) 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 in a single 22’ x 22’ field 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). The lower
right panel shows a further zoom-in on this “blank” field exposure, revealing a blindly detected 3 x 10"? M, galaxy
group at redshift z = 3.27, the epoch of formation of the earliest galaxy groups and protoclusters. The 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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The 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
filaments 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 quality’. The 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 filaments in the Legacy Field
will be possible only thanks to the ability of Lynx to detect and mask discrete X-ray sources. The
filament emission itself will be faint, $ 10% of the residual background. Therefore, detectability
of faint background sources in most of the Legacy Field’s area will not be affected 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-left panel
in Fig. 4.7). Therefore, the point source catalog from the Lynx Legacy Field will be a definitive
dataset for studies of evolution of AGN ($§1.2) and XRB populations in normal galaxies (§4.3) to
moderately-high redshifts.

AGN clustering —  'The 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 field of a substantial
size, uniquely suited for the spatial correlation and cross-correlation studies discussed in §1.2.

Highest-redshift galaxy groups —  Properties of distant galaxy groups are an important high-z
probe of galaxy formation models (§2). The most useful objects are those with the lowest mass. At
high redshifts, these cannot be reliably detected other than in highly sensitive X-ray surveys. The
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 > 3 detected down to a mass limit of M 2 2 x 1013 M.
Some of them (e.g., the one shown in the bottom-right panel in Fig. 4.7) will yield a sufficient 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 redshift, 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. The SZ-effect surveys, in
particular, will break new ground by providing the first large, robustly selected catalogs of clusters at
z > 1.5, as well as the first informative absolute mass calibration from CMB-cluster lensing. They
will find > 3,000 clusters at z > 1 and ~ 50 at z > 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.

! By 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 the z = 2 cluster XLSSC 122 [408]. (Left) 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, 7209 ~ 54”. The 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 evolution to z ~ 2 is one of the prime science goals for Athena [417, 418]. However, beyond
this redshift, 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 redshift 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. The
growth of SMBHs is most strongly affected 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 out to z ~ 2 — 3. This 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.
The observations required for this science must characterize the mass and dynamical state of parent
structures and detect AGN within them. This 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 field evolve differently, which possibly ties the AGN trigger
mechanism to galaxy mergers. These results still suffer from statistical uncertainties that Lynx will
overcome. More importantly, Lynx will push these studies in new directions.

At low redshift, 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 identified with ALMA and with Ly« observations [423, 424] at z = 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 redshifts and accurate mass
calibration. The 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. The future of multiwavelength cluster science is compelling (§4.4.2, [416]), but
to unlock the full power of upcoming z > 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 diffuse 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 modified gravity, combining measurements of structure growth and expansion
history during this early epoch; studies of inflation, utilizing signatures of primordial non-Gaussianity
in the highest mass, highest redshift objects; and refined 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].
These events disperse heavy elements into the ISM, where a fraction becomes locked into newly
formed stars, and another fraction escapes via winds. These 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). The supernova leg of
this cycle is discussed in §3.3. The capabilities of Lynx for observing winds ejecting metals from
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galaxies are discussed in §2.2. This 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 significant — 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
redshift. While stars today have an aver-
age metallicity of ~ 1Z [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]. The molecu-
lar ISM within galaxies is far less massive
and is not a significant cosmic metal reser-
voir. Therefore, 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
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Elements generated in
supernovae explosions
& dispersed in the ISM

A fraction of the IGM accretes”
back onto galaxies, fuelin:
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lements ejected from
galaxies ¢ dispersed
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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 redshift, it will perform a census of metals in the hot phase
of the CGM and Cosmic Web. At high redshift, it will enable observations of enrichment in galaxy

clusters near the peak of cosmic star formation.

Metals in the CGM and Cosmic Web —

The main tool for Lynx observations of diffuse metals

at low redshift is absorption line spectroscopy of background AGN. This 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 lines up to z = 1.6 — 2 for O vi1 and O v111 lines, respectively.
Structure formation simulations predict a distribution of equivalent widths of extragalactic absorbers.
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Lynx will probe lines down to EW ~ 0.5 — 1 mA. Both simulations [434, 435] and simple analytic
estimates predict a detectable system every Az ~ 0.06 for EW > 1 mA. The AGN sample identified
for the Lynx CGM-in-absorption program (§2.1.5, Appendix A.5) will have a total redshift depth of
~ 26; therefore ~ 400 blind line detections are expected. The same dataset can be used for a blind
census of 10°> — 10%° 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 Z [132-135]. Recent studies indicate that the bulk metal content of
clusters has not changed over the past ~ 10 Gyr [137-139]. These 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 redshift of
enrichment [137-139], z > 1.5.

The 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 §4.4.2, Lynx is uniquely capable of making detailed
measurements of the ICM in clusters at z > 2, including spatially resolved profiles of the ICM
metallicity. These observations will provide a direct observation of the intergalactic gas enrichment
by metals at its peak epoch.

4.7 ISM 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 (§3). There 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. The 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, often unexpected angles, using the tools of X-ray astronomy. Three examples are highlighted
below.

4.7.1 ISM structure via X-ray reflection

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 efficiency, particularly crucial are scales from 10 pc down to 0.1 pc [442, 443]. These
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 projection effects. This applies even to 1”-scale interferometric observations
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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 offers us a unique diagnostic tool for studying clouds in the Central Molecular
Zone of the Milky Way. They reflect X-rays from short and powerful past outbursts of Sgr A* that are
short enough to remove all adverse projection or opacity effects in the “reflected” signal (Fig. 4.10).
This reflected 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 field of the molecular gas.
This offers a truly 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.

The first 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. 4.11— Interstellar dust studies with Lynx. Left, adapted from [437]: Simulated Lynx absorption spectrum of Galactic
XRB 4U 1746-37 showing the effects of absorption due to dust at the oxygen K edge. If water ice on grains near the diftuse
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 (Fj), normalized by the apparent
spectrum of the central source. The peak in the scattering cross-section can be used to differentiate between common
amorphous and crystalline silicate minerals.

the temporal evolution of the reflected signal (see Fig. 4.10 and [449]). An exciting frontier for the
LXM is mapping the gas velocity field using the centroid shift of the reflected 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. This is
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 (Ny ~ 10%-
10** 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.
The halo intensity and shape depend on grain composition, size, distribution along the line of sight,
and column density [455-457]. The sensitivity of Chandra and XMM-Newton is insufficient to
probe the most interesting sightlines through the ISM (e.g., those with existing multiwavelength
data). This 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 different mineral
components of interstellar dust grains (Fig. 4.11).
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4.7.3 Stellar IMF via quasar microlensing

The 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 redshifts [459]. A memorable quote
from C. Frenk® well summarizes the central issue
regarding extragalactic measurements of the stellar
mass:

Nobody ever measures the stellar mass. That 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 magnification 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. These microimages are
the gravitational analog of the speckles produced
by the Earth’s atmosphere. The movement of the
galaxy relative to the quasar causes fluctuations in
the brightness of the speckles. Their frequency is
a function of the clumpiness of matter in the lens-
ing galaxy, and hence of the stellar-to-dark mat-
ter ratio. The total mass distribution can thus be
inferred from the separation of quasar macroim-
ages. Therefore, 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 specific 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 pas x 60 pas re-
gion of the lensing galaxy where the macroimage
forms. The stars causing microlensing are shown in
white. Quasar microimages are shown in red and
blue (saddle-points and minima in the lensing field,
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 field shifts by
tens of pas. 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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The amplitude of microlensing scintillations is the highest in X-rays [363] because the quasar
X-ray emitting region is compact. This makes Lynx observations unique for determinations of the
stellar mass in external galaxies, reaching to z ~ 1.5 (detailed strategies are outlined in [458]). As
was discussed in §4.2.1, the future prospects for microlensing observations with Lynx are excellent.
They 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

The recent National Academies’ report on Exoplanet Science Strategy [461] puts a strong emphasis
on the holistic characterization of all factors that may affect habitability of exoplanets. Lynx can
strongly contribute to one aspect of this problem: the characterization of the effects of stellar activity
on planetary atmospheres. This 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 difficult to observe EUV stellar
flux, 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 flux — The dominant thermal process in planetary atmo-
spheric loss is hydrodynamical outflow, 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. The 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 different ages and with different
rotation periods, which is critical for understanding the range of likely radiation doses throughout
planet evolutionary tracks.

Measurements of stellar winds — The flow 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. The data on extra-solar winds for stars on the lower half of the main sequence are
scarce. There are indirect estimates of up to ~ 100 M, for four G and K stars with strong magnetic
fields, based on Ly« absorption in the “wall” of hydrogen at the stellar analogy of the heliopause
[466]. There are only two estimates using this technique of mass-loss rates for M stars: 8 M, for
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Fig. 4.13— Left: The key 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 in soft X-rays is essential for understanding
the EUV emission: The 30-60 A range exhibits transitions of the same ions that dominate the shorter EUV wavelengths.
Right: The soft X-ray range, highlighting in color lines formed at temperatures below log T = 6.2 that could be observed
by a sensitive soft X-ray grating spectrometer and used to measure by proxy the EUV flux. Adapted from [464].

EV Lac and an upper limit of < 10 M, for Proxima. There is suggestive evidence of an increase
in mass loss rate with stellar surface X-ray flux [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. The resulting X-ray spectrum is dominated by K-shell emission from H-like and He-like
ions of C, O, N, and Ne. The conversion of detected X-ray flux 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 specific 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 flares are usually accompanied by the ejection of cooler
material (T ~ 10,000 K) that had previously been confined by magnetic fields that became disrupted
during the flare. These so called coronal mass ejections (CME) may also contain high energy protons
accelerated in the flare and CME shock front. CME differ from the quasi-steady solar wind in
two respects: they are orders of magnitude denser and are spatially confined. Scaling between
solar and stellar flare energies, and then between solar flares 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 often as they are expected to be on stars [472, 473].

There 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. The only detection of an event
with extreme power has been made recently with Chandra using Doppler shifts of S xvi, Six1v,
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Mg xi1, and O vt lines [475]. There are two

previous detections of probable CMEs where —
. . . . Time = 26.0 \m\in 2 ‘

the cool dense material is seen in absorption frtty R

as it passes in front of the flaring corona: from
Proxima Cen [476] and from Algol during .
a superflare [477]. Lynx will introduce dra- P
matic improvements in the high resolution X-
ray spectroscopy and will routinely and defini-
tively observe the tell-tale Doppler shifts of
CME:s or their coronal compression waves.
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X-ray observatories have repeatedly demon-
strated their benefits in Solar System studies Fig. 4.14— Modeling of CMEs in M-dwarfs predicts a
set of distinctive observational signatures, even for cases
in which the CME:s are fully suppressed by the large-scale
magnetic field [474]. A dramatic gain in the X-ray grating
to emit X-rays through several unique mech- spectroscopy capabilities will allow Lynx to systematically

anisms which have been directly observed detect these CME signatures:

from numerous sources, including: plan- o A factor of 5-10 or more increase in the integrated
’ soft X-ray coronal emission, with durations between tens

ets (Mercury, Venus, Earth, Mars, Jupiter, off xfiizes v i 2 o

Saturn), satellites (the Moon, lo, Europa, e In weakly-suppressed CME events, a rapid (<
Ganymede), comets (Encke, Ikeya-Zhang, 1 hour) evolution of Doppler shifts from red to blue, with
Levy, McNau ght—H artl ey) asteroids (Eros, velocities up to 200 km s L, transitioning from hotter

Ttok d . 1 (log T 2 6.8) to cooler (log T ~ 6.0) coronal lines. Lower
tokawa), an Space environments (P anetary velocities (< 100km s™!), and longer durations (3 1 hour),

radiation belts, satellite plasma tori, boundary are expected for more strongly suppressed eruptions.
layers such as Earth’s magnetopause) ([478] e Fully confined CME events would lead to a gradual
and references therein). The wide variety of brightening of the soft X-ray corona by factors of ~ 2 - 3

both phvsical ¢ d .. h over the course of several hours. This emission would be
oth physical systems and €mission mecha- redshifted (< —50 km s™!), indicative of infalling material

as a means to probe local high-energy envi-
ronments. Solar System objects are known

nisms enables Solar System X-ray science to (the so-called coronal rain cloud).
provide ln\_’aluable m_SI.ghtS into surface and Adapted from [474]. The figure shows a simulated weakly
atmospheric compositions [479, 480], mag- suppressed CME event, with colors indicating Doppler shifts
netospheric and auroral dynamics [481-484], and surface magnetic field strength.

and energy and mass transport [485-488].
The utility of both Chandra and XMM-

Newton for Solar System observations is strongly limited by either low effective area at soft X-rays,
limited spatial resolution, or low spectral resolution. As a result, Solar System objects require lengthy
observing campaigns, often spanning multiple days/weeks and extensive modeling. These factors
ultimately limit the overall impact of Solar System X-ray studies for broader scientific 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

89



The Science of Lynx 4 The Impact of Lynx across the Astrophysical Landscape

COMET Cr2012 51 (1IS0N)

OPTICAL *

Fig. 4.15— (Left) 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]. The X-ray emission was detected with Chandra using a 24 hour exposure during the comet’s
closest approach with Earth. The notable increase in soft X-ray effective area of Lynx will allow them to detect the
daily fluctuations within comet atmospheres out to a distance 3x 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 fluctuate 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 fluorescence
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 fluorescence 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
significantly 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 first time, statistical analyses of
cometary X-rays as a function of composition, outflow 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. These are key regimes for understanding the physics of
shock waves, particle acceleration, and transport processes in a variety of astrophysical settings. The
plasma physics effects 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 fields and transport processes —
Plasma transport processes can potentially
have a profound effect 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-
less clear that the presence of a magnetic field
and its topology play a critical role [506-509].
The most useful measurements are, there-
fore, in settings where the magnetic topol-
ogy is expected to be simplified. For example,

near contact discontinuities, magnetic fields Fig. 4.16— Simulated image of a cold front in a nearby,
kT ~ 2 keV cluster with Lynx, filtered to show surface

brightness gradients. The plasma depletion layers with
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

efficiently 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 different magnetic field topology.

are expected to be parallel to the interface
[510, 511]. Such a setting is where the angular

Plasma viscosity is one of the key parameters required for understanding how the kinetic energy
generated by AGN feedback is dissipated into heat (§2). Lynx will vastly improve upon Chandra’s
viscosity constraints obtained via resolved signatures of fluid instabilities [512, 513], ram-pressure-
stripped tails of galaxies [514, 515], and surface brightness fluctuations [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 field strength in “plasma
depletion layers,” created when magnetic fields are stretched and amplified by strong velocity shears
(Fig. 4.16). Tantalizing evidence for such layers have been provided by Chandra [513, 518-520], but
the large effective area and high angular resolution of Lynx are required to make definitive detections.
The depth of the surface brightness depressions provide an estimate of the magnetic field 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 different temperatures (e.g. [521]). The electron-
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ion non-equilibrium affects the subsequent evolution of these objects and interpretation of their
observations (e.g. [522]). The 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- TYCHO'S SUPERNOVA REMNANT
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 104 — 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 D
angular resolution. Observations with Lynx '

will also provide a long baseline for detections Fig. 4.17— Chandra 4-6 keV X-ray image synchrotron ra-
diation in Tycho Supernova Remnant from 2011. “Stripes”
] are clearly seen on the west limb, as shown in the inset
ripples. panel.

The weak shock waves driven by galaxy Credit: CXC

FAINT STRIPES

and studies of secular motions of shocks and

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].
The physical mechanisms by which particles are accelerated so efficiently 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. The LXM data also can be
used to test for the presence of supra-thermal electrons [530] that may be key for understanding the
high efficiency of particle acceleration.

Yet another opportunity to study particle acceleration is provided by the diffuse radio halos in
clusters, where the radio synchrotron emission arises from the second-order Fermi acceleration of
relativistic electrons by MHD turbulence [531, 532]. The LXM can track the turbulent cascade down
to the relevant scales for efficient 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 §1-§3. These 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.

The notional observing plan is used to define 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 effective area and the size of the FOV
with sub-arcsecond imaging) needs to be nearly 1,000x higher. On the spectroscopy side, Lynx
needs R > 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 soft X-ray bands.

With the projected state of X-ray detector technology in the next ~ 10 years, a minimum obser-
vatory configuration capable of providing the capabilities summarized above includes three science
instruments: an imaging camera, an X-ray microcalorimeter, and X-ray grating spectrometer. The
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 configuration and design
choices for the optics and science instruments is presented in §6 below. The overall Lynx mission
configuration trade space is discussed in §9.

The 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. There 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 — The prime science driver for Lynx angular resolution is detecting
early supermassive black holes at the seed stage or soon after. The required X-ray sensitivity is
~ 107" erg s™! cm~2. To avoid source confusion at these fluxes, 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 off-axis radius of at least 10 arcmin.

As discussed is §9, 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. Therefore, for the DRM configuration, the mirror effective
area is sized to 2m? at E = 1 keV, such that the pillar science can be executed in » 50% of the observing
time of a nominal five-year mission (Fig. 5.1).

93



Table 5.1— Notional observing plan required to execute science pillars

§34

Pillar Program Typical Observation Instrument texp
Surveys over 1 deg2 to depth
Origin of SMBH seeds fr=16%x10"° erg s em™ [0.5-2 keV band] plus a 23
. 2 HDXI
§1.1 deeper survey over 400 arcminute” to Msec
—20 -1 -2
The Dawn of fy=7x10 "ergs cm
Black Holes SMBH growth from Cosmic
Dawn to the Present. AGN _ _18 )
& environments. Trigger- Surve%/ EERI i, = 25 I eie)s T @i e HDXI 2 Msec
. . . 2deg
ing, quenching, relation to
galactic star formation. §1.2
State of diffuse baryons Survgy of ~ 15 low-redshift |§olated (splr.al) galaxies,
. . . pushing 10% thermodynamic (gas density) 7.5
in galactic halos — direct 12 HDXI
imaging* §2.1 measurements to 93.5 Isgo for M ~ 3 x 10 “ Mg and to Msec
: rzoofOrM“' 1x10 M@-
Observe ~ 80 AGN (fogn ~ 1 X 107" erg s cm %) to
State of diffuse baryonsin | detect ~ 30 absorption line systems in M ~ 10> M,
galactic halos — absorption | galaxy halos down to ~ 1 mA EW. Use same sightlines | XGS 5 Msec
line spectroscopy §2.1.5 to characterize the Milky Way Halo and for blind
detections of the Cosmic Web.
S'Fate o gas el Gas temperature, density and metallicity profilesin | LXM, main
high-redshift galaxy clusters | 30 clusters and qroups at z > 2 arra 6 Msec
and groups. §2,4.4.2, 4.6 group y
Characterization of the first
Drivers of galaxy groups at z = 3 — 4. §2, | Imaging observations of ~ 10 high-z galaxy groups | HDXI 2 Msec
Galaxy 4.4.1
rormation i Spectroscopic survey of AGN XGS, LXM,
and Evolution | °P oP v Soft-band spectroscopy with R > 1,000 down to ultra-high
eI S 0.2 keV to measure density-sensitive spectral features | resolution 3 Msec
the AGN feedback. §2,4.23 |- 4 o
array
LXM, en-
Characterize the supply side | Measure thermodynamic state of diffuse gas near the | hanced spatial 2 Msec
of AGN energy feedback. §2 | Bondi radius of SMBHs in nearby elliptical galaxies | resolution
array
Measure the energetics and Observe AGN-inflated bubbles in the ISM of LXM, en- 2 Msec
effects of AGN feedback on | low-redshift elliptical galaxies hanced spatial
galactic scales §2 Spectro-imaging of extended narrow emission line in | resolution 2 Msec
nearby spiral galaxies array
. . Observe galaxy winds in ~ 20 objects, with the ability | LXM, ultra-
Energetics and mechanics of . o .
Lo ¥ to characterize velocities to < 100 km/s on arcsecond | high resolu- | 2.5 Msec
galactic winds . §2.2 .
scales tion array
Galaxy cluster-scale feedback | LXM observations of nearby galaxy clusters to LXM, main
. . . 2 Msec
§2,4.10 constrain plasma physics effects in the cluster cores | array
Young star forming regions Sur.veys to deteFt entlrg mass distribution of stars in HDXI 2 Msec
§3.1 active star forming regions to d = 5 kpc
Spectroscopic survey of 80 stars within 10 pc XGS 2 Msec
Stellar coronal physics, c & Y 2 XGS. LXM
impact of stellar activity on Transit " f planet d dwarf st it ! hi h’
Side of Stellar | on young stars. §3.2 o d -~
Evolution and = =
Targeted observations of the youngest SNRs in the
Stellar . . . . 2 Msec
Ecosystems Endpoints of stellar Milky Way, up to ~ 50 objects LXM, main
evolution: SNRs . §3.3 Statistics and typing of SNRs in different array 1 Msec
environments in nearby galaxies
Endpoints of stellar evolution:
X-ray binary populations. Survey of X-ray binary populations in nearby galaxies | HDXI, LXM 2 Msec

- highlighted in bold are Lynx performance drivers (see Science Traceability Matrix, Table 5.2).
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5 Science Traceability Matrix The Science of Lynx

HDXI — The High-definition X-ray
Imager needs pixels < 0.33 arcsec to ade-

e et o e e
%
quately sample the mirror PSF and a FOV 7 )
: o
> 20 arcmin x 20 arcmin to meet the require- o s
100

N

3
SR

X

FAhi
20

&b b of the byear missio

i,
0 o

s,
e e
e e e e
D i A
K 1

S
quirements are lax. The HDXI plus the op-

tical blocking filter system needs to have

good quantum efficiency, especially in the 10F

soft band, to meet the overall effective area re-

quirements. The need for thin optical block- I

ing filters introduces indirect frame rate re- - \
quirements for the HDXI, which translate L , \\

into good timing capabilities (§6.3.2).

X
N

ment for surveys and imaging objects with o

large angular extent. Energy resolution re-

Total exposure for science pillars, Msec

Mirror area @ 1 keV, m?2

LXM — The ILynx X-ray Mi- Fig. 5.1— Total exposure time of the notional observ-
ing plan from Table 5.1, as a function of the mirror

crocalorimeter will provide non-dispersive effective area at E = 1 keV. An effective area of 2m*

spectroscopy, required by many science pro- represents an appropriate design choice because such
grams. The main array simultaneously needs a telescope can fit inside the dynamic envelope of the
< 3 eV energy resolution over the 0.2-7 keV standard 5-m fairings, while still enabling a dynamic

and exciting observing program (see text and Chap-

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

by requirements of the SNR, galaxy cluster,
and ISM studies. Major components of the
pillars program, especially energy feedback studies, will require even more demanding specialized

band, and 1 arcsec spatial resolution over

capabilities. These will be achieved by introduction of two additional arrays. The enhanced imaging
array with 0.5 arcsec pixels, 1 arcmin x 1 arcmin FOV, and an energy resolution of 2 eV over the
0.2-7 keV band is required, e.g., to characterize the effects of AGN feedback on galactic scales. The
ultra-high spectral resolution array with 1 arcsec pixels and a larcmin x 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 outflows.

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 diffuse baryons in
galactic halos, physics of stellar coronae, and assessing the impact of stellar activity on habitability
of their planets. This capability will be provided by the X-ray Grating Spectrometer. The XGS
applications are broad but the performance requirements are driven by absorption line studies of
diffuse 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 vir and O vii1 absorption
lines. A resolving power of R ~ 5,000 is needed to match the expected thermal line widths, and
R ~ 7,500 is desired.

95



The Science of Lynx 5 Science Traceability Matrix

96



3 SCIENCE TRACEABILITY SM AR

Science Goal

Science Objective

Key Observations

Measurement Requirements

& ok

Mirror and Instrument Requirements

Operate and survive in the science orbit, with a minimum

observing efficiency of 85%,
for the duration of the 5-year mission

Mission Functional Requirements
Provide data collection that is sufficient for

Accommodate payload
in the Launch Vehicle

uninterrupted observations by all science

instruments
Table 5.2

Provide pointing attitude control and knowledge

consistent with sub-arcsecond imaging, as well as stability

consistent with a 1 arcminute FoV

Instrument Property
Observe progenitors of Detection of black holes in z=10 galaxies down |  Surveys with flux limits (0.5-2 keV): Angufar fiesolution (HFD) <1 arcseconds across the feld | 5 68
See the Dawn supermassive black holes | toamass limit of M, =10,000 M overa + 1610 erg/s/cm? over 1 deg? Mirror+ HDXI | Grasp@1 kev ~2mx 300 arcminutes? | R
of Black Holes at their seed stageat | volume with 10°-10" potential host galaxies. » ) .
z=10 §1.1.3, Appendix A.3 » X107 erg/s/cm* over 400 arcminutes Imager pixel size 0.33 arcseconds
Effective Area @1 keV 2m?
Direct imaging observations of 15 low-z o . , Field of View 10 arcminute radius
Determine the state of galaxies with M_~3x102M, . §214, 5?;:2 12 5/(; :Bcgrracy for derived thermodynamic parameters Mirror-- HDXI
diffuse baryons i galactic Appendix A5 g 2 1200 Spectral Resolution @1 keV 60 eV (FWHM)
halt;s to guide thedg?laxy Particle Background @0.5-2 keV < 0.0005 cnt/s/arcmin’/keV
ormation models
Characterization of hot halos beyond the virial . o e Spectral Resolving Power 5,000
radius in ~30 galaxies with mass 1075107 Obseorve 80 bright AGN sight lines to reach the sensitivity of XGS
Reveal Invisible M atz=0-1.§2.1.5, Appendix A.5 1 mA for Ovi and Ovii absorption lines Effective Area at 0.45-0.7 keV 4,000 cm?
Drivers of Galaxy e
Spectrometer Pixel Size 1arcsecond
and Structure Spatially and spectrally resolve the structure of M the outfiow velocity brofile in 20 aalaxies with 100 LXM /
Formation starburst-driven winds in low-redshift galaxies. casulre the OUTTiow Velodity protie In £ gaiaxies Wi Ultra High Energy Resolution @0.2-0.75 keV 0.3 eV (FWHM)
km/s accuracy, and derive the momentum and energy flux :
. . §2.2 Resolution Array ] _ _
Establish the energetics, Spectrometer Subarray Size 1arcminute x 1arcminute
physics, and the impact : .
of energy feedback on On-axis Angular Resolution 0.5 arcseconds (HPD)
e Determine the effects of AGN energy In 30 nearby galaxies, resolve extended emission line regions, Mirror -+ LXM / —
9 feedback on ISM, and determine the AGN inflated bubbles, and characterize the thermodynamic el [ Spectrometer Pixel Size 0.5 arcseconds
physical state of gas near the SMBH sphere state of gas with 10% precision at or close to the Bondi radius Arma Energy Resolution @0.6-7 keV sev|
of influence in nearby galaxies. §2 from the central black hole y
Spectrometer Subarray Size 1arcminute X 1arcminute
Unveil the Constrain SN explosion Spectrometer Pixel Size 1arcsecond
Energetic Side of physics, the origin of Spectrometer Field of Vi 5 arcminutes x 5 arcminut
: . i ies. | Measure spatial structure of SNRs in spectral lines of individual pectrometartield or¥iew arniiifies x Saraninifes kg
Stellar Evolution elements, and a relation ggg’ey oryoung Kin ol Grotp gaias elements (pe g. Fe-Ka), and in non-therpmal emission Mal-iﬁ,\gr/ra
and Stellar between SN activity and c - ! y Energy Resolution @0.6-7 keV 3eV(FWHM) |
Ecosystems local environment Effective Area @6 keV 1o00am|
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