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ABSTRACT

Arcus is a NASA/MIDEX mission under development in response to the anticipated 2016 call for proposals. It is a free-
flying, soft X-ray grating spectrometer with the highest-ever spectral resolution in the 8-51 A (0.24 — 1.55 keV) energy
range. The Arcus bandpass includes the most sensitive tracers of diffuse million-degree gas: spectral lines from O VII
and O VIII, H- and He-like lines of C, N, Ne and Mg, and unique density- and temperature-sensitive lines from Si and
Fe ions. These capabilities enable an advance in our understanding of the formation and evolution of baryons in the
Universe that is unachievable with any other present or planned observatory. The mission will address multiple key
questions posed in the Decadal Survey' and NASA’s 2013 Roadmap®: How do baryons cycle in and out of galaxies?
How do black holes and stars influence their surroundings and the cosmic web via feedback? How do stars, circumstellar
disks and exoplanet atmospheres form and evolve? Arcus data will answer these questions by leveraging recent
developments in off-plane gratings and silicon pore optics to measure X-ray spectra at high resolution from a wide range
of sources within and beyond the Milky Way. CCDs with strong Suzaku heritage combined with electronics based on
the Swift mission will detect the dispersed X-rays. Arcus will support a broad astrophysical research program, and its
superior resolution and sensitivity in soft X-rays will complement the forthcoming Athena calorimeter, which will have
comparably high resolution above 2 keV.
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1. STRUCTURE FORMATION
1.1 Galaxy Groups, Clusters, and the Cosmic Web

Structure formation naturally results in the production of hot gas (10°-10® K) on the scales of galaxy groups and clusters,
galactic halos, and the collapsing intergalactic filaments that comprise the cosmic web®**°. This gas accounts for
roughly half of the baryons in the Universe, and its properties encode vital information about the formation and
evolution of large-scale structure (LSS). This process is multi-step: the formation of galaxies produces a large number of
massive stars and supernovae, along with a central supermassive black hole (SMBH). Feedback from these sources (see
§2, §3) heats the accreting halo gas in different ways, but ultimately all of the energy and metals expelled through
feedback are incorporated into the larger reservoir of the Warm-Hot Intergalactic Medium (WHIM). Planck observations
support this picture, as large reservoirs of hot gas must surround massive galaxies, galaxy groups and clusters to account
for the observed Sunyaev-Zel’dovich (S-Z) signal’. Processes central to galaxy and structure formation determine the
spatial distribution, mass, temperature and chemical abundance of the WHIM gas. In the absence of direct observations
of this gas, however, the relative roles of these feedback processes are largely unconstrained. Arcus will measure the
thermodynamical state and composition of hot gas in the intergalactic medium (IGM) and interstellar medium (ISM) via
absorption features from dominant ions in the plasma.

The study of this WHIM gas is much richer than searching for missing baryons; it is critical to our understanding of the
formation and evolution of galaxies and larger structures in the Universe. The evolution of cold dark matter is
straightforward, as it is the gravitational response to variations in the density and distribution of primordial matter in the
Universe. In cosmological simulations, the collapse of dark matter filaments is governed only by gravity, but the gaseous
component undergoes shocks, heating the gas to WHIM temperatures®. Intersecting cosmic filaments form nascent
galaxy groups and clusters that grow through continued inflow in connective filaments (Fig. 1). The galaxy groups and
clusters eventually become virialized, but they are difficult to study in emission at core distances greater than about half
the virial radius”'*'". The dark matter density follows an NFW profile (npy ~ r>* in the outer parts of galaxies and
clusters), while the hot gas density near galaxies is flatter (ng ~ '3, equivalent to p = 12)*°, but the profile of the hot
gas far from the core is unknown.
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Figure 1. An LSS simulation, where dark matter fluctuations drive the baryonic matter into galaxy groups, clusters and filaments. The
redshifted O VII absorption lines reveal the physical properties — e.g., temperature, velocity — of intervening gas along typical lines of
sight.
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Supernovae and feedback from active galactic nuclei (AGN) also combine to produce heavy elements from carbon
through iron and distribute them into the WHIM. These metals produce the WHIM absorption lines, revealing not only
the gas distribution and mass, but also its enrichment properties and the energy input from stars.

The best tracers of hot gas in the cosmic web and periphery of groups and clusters are the resonance lines of O VII and
O VIII, with the O VII Hea line the strongest. Absorption from these lines (Fig. 2) has also been detected in halo gas
surrounding the Milky Way'>'*'*!* along with absorption by lower ionization lines (H I through O VI'*'"). In the Milky
Way, the hotter volume-filling ISM contains the O VII- and O VIII-bearing gas at ~2 x 10° K. This hot gas is thought to
interact with cooler gas, producing O VI and other ions at the interface'’. Absorption from O VI is detected around
many other galaxies and in groups of galaxies'®'"”, and is likewise interpreted as arising in gas clouds mixing with a
hotter IGM that lies at the virial temperature of the system (~3 x 10° K). Based on scaling from the Milky Way
observations and simulations, the hotter gas will be easily detectable with Arcus.
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Figure 2. Arcus will measure the temperature distribution in the Milky Way halo using the baseline observing program (§4); this
simulation of one possible model®® shows how accurately absorption line strengths from this gas will be constrained.

o

Observing Strategy: Understanding feedback processes requires measurements of the mass fraction, temperature,
dynamics, and volume of the hot gas. Arcus can detect a significant X-ray absorption line in the spectrum of distant
AGN with a column of >3 x10" ¢m™ for an IGM metallicity of 20% of solar. The Arcus bandpass contains absorption
lines from ions of C, N, O, Ne, Si, and Fe. These ions trace gas from 3 x10°to 10" K, the virial temperatures for gas
associated with galaxies, groups, small clusters, and cosmic filaments.

Comparing models to data requires knowledge of the distribution of column densities (dN/dz), and simulations show that
a robust determination of dN/dz is obtained with a sample of ~40 absorption systems. This is achievable with Arcus’s
sensitivity of 4 mA equivalent width (EqW) and a total redshift path length of £z=8, which can be obtained by
observing ~20 bright, background AGN. About 10-15 of the O VII Hea detections will also yield detectable O VIII Lya
lines, with the ratio of the two providing an accurate temperature for the gas”.

Targets were selected based on their 0.5-2 keV flux, and their number of predicted O VII absorption systems” detected
per unit time to a fixed S/N was calculated. This figure of merit is roughly proportional to the product of the redshift and
the X-ray flux, although a full simulation was done. About half of our targets are projected within 300 kpc of a luminous
galaxy, about 11% are projected within twice the virial radius of a known foreground galaxy group or cluster (usually at
7 <0.2), and at least 25% of the AGN are in a group or poor cluster of galaxies. A blind search will thus naturally
sample the systems predicted to show the strongest absorption signatures.
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This strategy’s effectiveness is improved by monitoring AGN and performing deep observations when they become
brighter than average. The Arcus sample’s brightness variation (16) is ~35%, so objects >1c above the mean can easily
be selected without affecting scheduling. This either reduces the observation time per object or enables higher S/N,
increasing the predicted number of absorbers. If available, all-sky X-ray data from MAXI or Swift will reveal brighter
objects. However, the correlation between optical and X-ray emission is tight’*', so optical monitoring is also effective.

To determine the nature of each absorption site — e.g., galaxy, group, cluster — optical telescopes at the disposal of the
team will obtain deep images and spectra of features detected along targeted lines of sight.

1.2 The Hot Halos of Galaxies

The missing baryon problem applies on galactic scales as well as cluster scales. In a spiral galaxy with a stellar
luminosity equal to that of the Milky Way, only 1/4 of the expected baryons are manifest. This discrepancy becomes
worse with decreasing galaxy mass. The resolution must be that the gas surrounds the galaxy either as a bound hot halo
or as a larger halo with mass extending beyond the virial radius (R,q). In the standard galaxy formation process
paradigm®, accretion of gas onto massive galaxies proceeds through a combination of low-entropy “cold flows” and gas
that is shocked at large radii (near the virial radius), reaching temperatures characteristic of the gravitational potential
well, typically ~few x 10° K. The gas is denser close to the galaxy, so there is a radius (~50 kpc) within which the
cooling time is less than a Hubble time. The gas within this radius can cool and accrete onto the galaxy, supplying fresh
material that can form a cold disk that, in turn, is converted into stars. However, almost all of the hot halo mass lies
beyond 50 kpc (Fig. 3).
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Figure 3. Every extragalactic sight line probes the Milky Way (MW) hot halo, allowing measurements of the density, temperature,
mass distribution, and velocity of the gas therein, while multiple lines probe nearby galaxies like M31.

Analogous to the study of the WHIM on larger scales, the mass and extent of the Milky Way’s hot gaseous halo depends
on the effectiveness of stellar feedback, past heating from an AGN, and whether heating from an early population of
stars occurred during the nascent stages of galaxy formation. Detailed simulations® that account for these processes
predict the spatial distribution of the metals and the density and dynamics of the hot gas, properties uniquely testable
using Arcus.

Observational studies have shown'” an extensive halo around the Milky Way (in emission and absorption) and around
isolated external galaxies (in emission). For both targeted observations and stacking analyses of external galaxies, X-ray
emission is detected to about 50 kpc, and the enclosed mass in the hot gas within 50 kpc is typically ~5 x 10° Mg, for
galaxies with optical luminosities above that of the Milky Way (L*)*****?%" When the radial density is extrapolated
from 50 kpc to Ry (=250 kpc), the hot halo mass accounts for 1/3 - 1/2 of the missing baryons. If this extrapolation
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continues, the missing baryons would extend to 2-5 Ry, a region currently unexplored by any observatory and uniquely
probed by Arcus.

O VII absorption by external galaxies traces hot galactic halo gas, but it has yet to be detected either for individual
spectra, or in stacked Chandra spectra®, in which there were too few galaxies with L > L* and with impact parameters
less than the virial radius. Simulations predict that galaxies of the Milky Way’s mass or larger will have significant hot
gas halos (within 200 kpc) but lower mass galaxies will not have significant hot gas halos. By measuring the absorption
as a function of both impact parameter and galaxy mass, Arcus can determine the masses of hot halos and the range of
halo mass among galaxies, testing simulations.

Arcus will also carry out cornerstone investigations of the Milky Way’s hot halo that will reveal its shape and radial
extent, as well as its mass, metallicity, temperature, and dynamics (see §1.1 and Fig. 2). Arcus’s sensitivity will yield
multiple Milky Way absorption lines from several ions, including all ionization stages of oxygen, as seen through the
ISM along the line of sight toward every background AGN.

Hot gas in the Milky Way’s halo can also have different velocity structures resulting from the galaxy’s formation and
current activity. The gas in the extended hot Milky Way halo (best traced with O VII and O VIII absorption) may have
low angular momentum, or it may be nearly co-rotating, depending on how our galaxy formed. With 4Arcus, a co-rotating
halo is easily distinguished from a non-rotating halo by the velocity centroid of the O VIII absorption line observed
along different lines of sight (Fig. 4). These absorption spectra will detect or place limits on whether the halo gas is
inflowing or outflowing, which produces a global blueshift or redshift, respectively. Global flows are most evident at
high latitudes, while rotation effects are strongest at low latitudes, so the two phenomena can easily be separated.
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Figure 4. Galaxy formation produces either a non-rotating halo or a nearly co-rotating halo. Arcus can distinguish between the two
models by the difference in line centroids. For the co-rotating halo, the line shape reveals the radial extent and angular momentum of
the hot gas.

1.3 Dust Composition in the Milky Way

The galaxy’s hot halo origin and evolution are also connected to processes occurring in the disk of the Milky Way. X-ray
spectra provide independent measures of elemental abundances and dust properties that are largely unaffected by
depletion onto dust grains, measuring the composition of the dust by resolving the molecule-specific fine structures near
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the absorption edges and comparing them to laboratory-measured spectra of dust analogs. Further, abundance
measurements from Chandra and XMM-Newton, determined through measurements of the edge depths, have ~10%
uncertainties for oxygen and neon for a handful of sight lines*>° but are higher (often >20%) for other elements such as
magnesium and iron***'*¥3%3 4cus will easily be able to determine these abundances with values of hydrogen
column density derived from other wavelength regimes®® and cross-checked against the broadband absorption found with
XMM-Newton and Chandra data, where available. These data will provide much-needed constraints on dust grain
models, which are crucial in many areas of study.

In particular, the foreground dust emission in cosmic microwave background (CMB) polarization measurements®’ is
sensitive to grain composition. The common way of accounting for polarized emission from foreground dust is to scale
the observed emission at a certain frequency from microwave missions like WMAP or Planck to the frequency that the
CMB polarimeter is sensitive to, usually by assuming a constant emissivity value and temperature. However, recent
work has shown that the expected polarized dust emission is highly dependent on grain composition. If there are
magnetic inclusions in the silicate, the degree of linear polarization increases by a factor of ~4 from 100 GHz to 300
GHz, with the exact changes depending on what type of magnetic inclusion is in the dust, such as Fe,O3, Fe;0y, or
metallic Fe”". Spectroscopy from Arcus will allow us to clearly distinguish between these dust types, and thus
determine the expected foreground linear polarization. Further, because dust is ubiquitous throughout the Galaxy, almost
every observation made with Arcus will contain dust features, giving us an unmatched data set with which to determine
elemental abundances and grain compositions. Based on the XMM-Newton Serendipitous Survey Catalog, ~1000
sources, mainly bright X-ray binaries (XRBs), have fluxes > 5x10™'? erg cm™ s in the Arcus bandpass, making them
targets for which both the source and intervening ISM can easily be observed. A 100 ks exposure will detect absorption
lines > 3.5 mA EqW (3c). The oxygen abundance will be measurable to <10% for almost all sightlines; similar data for
neon and iron will be measurable along any of over 400 sightlines. Neither Chandra nor XMM-Newton can approach
what Arcus will provide (Fig. 5), either in terms of quality of spectra or quantity of sightlines.
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Figure 5. Arcus will map velocities and abundances for all phases of the Milky Way ISM with accuracies and precisions impossible
to achieve with current observatories.

Observing Strategy: The O VII and O VIII ions are the best probes of the temperature of the hot halo in a galaxy, as they
are both present at the virial temperatures of the Milky Way and external galaxy halos and will be measured along all
sightlines with Arcus. Measuring the distribution of these two ions reveals the temperature distribution with radius and
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the dynamical gas properties along individual sight lines, yielding greatly improved determinations for the halo gas mass
and metallicity*® (Fig. 2).

The O VII Hea and Hep line ratios in the Milky Way will return the opacity of the absorbing gas, while the ratios of O
VII to O VIII yield temperatures. The average EQWs of O VII Hea and O VIII Lya are 20 mA and 10 mA,
respectively'”, and the anticipated values of O VII Hep and O VIII Lyf are 7 mA and 3.5 mA, at or above Arcus’s
sensitivity limit.

Simulations were performed to determine how the number of sight lines affects the constraints on the Milky Way density
distribution. This program uses the sightlines from the LSS program (above) plus five additional targets in directions
across the Milky Way. Using this sample, the density normalization and power-law density slope can be measured to
accuracies of £8% and +5%, respectively.

For the Milky Way hot halo, the metallicity vs. radius will be determined. The radial distribution of O VII and O VIII
emissivities, ny/ne(r), is known from XMM-Newton studieszg, so by using Arcus data to obtain an accurate determination
of the spatial absorption line distribution, ny(r), the electron and the metallicity distributions, ny/n(r), can be derived.

The absorption line spectra will easily distinguish between a stationary and rotating hot halo of gas (Fig. 4), another
fundamental property for which theoretical models differ. Inflows or outflows with mean velocities >30 km s™ will also
be detectable (most evident in high Galactic latitude lines of sight).

Arcus can also measure properties of Messier 31 and other nearby galaxies. The absorption properties of external
galaxies were estimated using Milky Way models'>*” projected onto the sky around each galaxy. Assuming constant
metallicity with radius, an equivalent width exceeding 3.5 mA in O VII is detectable in the spectra of background AGN
whose line of sight is within 320 kpc (1.3 Ryg0) and the O VIII line is detectable within 140 kpc (0.6 Ryg9). With the
targets selected for the LSS program, about 24 O VII absorption systems will be due to luminous nearby galaxies,
allowing radial O VII and O VIII distributions to be mapped.

M31 has 6 bright AGN projected at galactic radii of 100-200 kpc, permitting absorption to be mapped with galactic
radius in unprecedented detail (Fig. 3). With vyeio = -300 km s™', it is separated in velocity from the Milky Way’s local
plasmas by 19 mA at O VIII, easily resolvable by Arcus. Two targets are in the direction of M33, so we should gain
information on that galaxy as well.

For Milky Way disk absorption, sightlines to 56 sources were selected because they are bright, cover a range of densities
and thus ISM environments (N ~ 10°'-10%? cm™), and have IR and/or optical data, allowing multiwavelength
examinations of the ISM towards each.

2. BLACK HOLE FEEDBACK
2.1 Wind Outflows from AGN

Understanding how supermassive black holes formed and evolved with their host galaxies, shaping the Universe over
cosmic time, involves closely examining their inner regions. This area is thought to be the launching location for
outflows of matter and energy from the black hole via winds and jets. Depending on the mass, energy and momentum
involved, these outflows may have a major role in galaxy formation and evolution via the feedback they provide®®**°.

The large-scale, downstream effects of black hole feedback will be examined through observations of dust and cool gas
motions by longer-wavelength missions such as Herschel, ALMA and JWST. Arcus offers a unique window on these
flows close to their launching point, providing critical insights into AGN structure and energetics. Comparing flow
properties at the launch point and downstream is the only means to fully understand how such feedback acts on the host
galaxy environment. AGN spectra are most complex at soft X-ray energies, where emission and absorption by dozens of
ions in photoionized gas are all superimposed on the spectrum. Disentangling these features, which are strongly time-
dependent, requires both high spectral resolution and effective area, but will reveal the velocity distribution, chemical
composition, ionization states, locations, and overall structure of the gas intrinsic to AGN (Fig. 6).
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Figure 6. Top: Recombination time scale for iron ions as a function of ionization parameter for the ionizing spectral energy
distribution of NGC 5548. The y-axis corresponds to the time range that Arcus will sample. Solid lines indicate distance from the
black hole, dashed lines hydrogen density. Roman numerals above the plot indicate the ionization parameters where the various iron
ions have their peak concentration. Bottom: Model of an AGN showing distances of the physical structures corresponding to the
distances Arcus can probe.

UV observations can resolve small column density outflow velocities to a few tens of km s, but the UV only measures
gas in lower states of ionization. The bulk of the outflow in AGN winds is much more highly ionized and only detectable
in X-rays*'*>. As shown in Fig. 7, the spectral resolution of existing X-ray grating spectrometers (several hundred km s~
") and their low effective areas allow measurements for only a few of the brightest AGN with XMM-Newton or Chandra
using exposure times of >300 ks (e.g., NGC 3783%; Mrk 509*; NGC 5548"%). Athena will not improve this situation
significantly.

Arcus will be able to characterize the two-dimensional ionization-velocity plane and deduce the structure, density and
location of all physical and kinematic components of the outflow. Arcus will measure an average of 90 absorption lines
per AGN, including K-shell C, N, O and Ne as well as L-shell Fe. The mission is ideally suited to the detection of
density-sensitive Fe XX, XXI, and XXII lines which reveal the wind launching radius, mass outflow rate, and kinetic
power. These measurements can then be compared to the net accretion rate as derived from the observed continuum
properties of the AGN to understand how the mass outflow and inflow rates compare. These data will constrain or reveal
the launching mechanism(s) of the wind (e.g., magnetic, radiative, or thermal pressure®’).
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Figure 7. Arcus will resolve features in SMBH outflows comparable to those seen in optical/UV bands, a capability that existing X-
ray spectrometers cannot match regardless of exposure time.

Because very long (>300 ks) exposure times with XMM-Newton or Chandra are required for the brightest AGN, only a
few have accurately measured chemical compositions*. Arcus can obtain abundances in a much larger sample of
dimmer sources and for many more elements in the brighter sources. These measurements will facilitate detailed study
of the conditions for star formation close to the galactic core, including the chemical composition of the outflows
reaching large distances from the AGN.

2.2 Outflows from X-ray Binary Systems

XRBs function as nearby laboratories in which to explore the predictions of General Relativity. They also serve as
microcosms of larger AGN, probing the nature of the disk winds and jets that drive feedback in more massive systems.
Arcus will easily detect an average of 30 absorption lines per XRB system, including density-sensitive Fe XX, XXI, and
XXII lines in outflows from Galactic Black Holes (GBHs), making it possible to determine wind launching radii, mass
outflow rates, and driving mechanisms***’, which have informative synergies with outflows and feedback in AGN.
Arcus can detect these lines far more efficiently than any current, approved or planned observatory. Wind evolution
studies on the dynamical timescale of the outflow will be possible, revolutionizing our understanding of disk-wind
Interactions.

Arcus can also easily detect and monitor relativistic oxygen and iron emission lines from accretion disks around neutron
stars and stellar-mass black holes***. Modeling these line profiles can place important limits on neutron star radii, and
can even probe the ultra-dense matter equation of state. In this way, Arcus can provide an independent perspective on
NICER core science goals.

Observing Strategy: Because stacked spectra of these AGN reveal only the time-averaged state of these sources,
repeated deep observations at different time intervals are needed to measure the response of the outflow to continuum
variations, thereby determining the density and distance of the outflow. Arcus will observe ~10 bright, nearby AGN
with prominent outflows, using total exposure times of 100-300 ks with cadences ranging from days to months.
Additionally, Arcus will observe ~100 AGN identified through the ROSAT all-sky survey with shallower exposures to
allow for absorption line detections. Arcus’s high spectral resolution will resolve velocity components to the ~100 km s™
level, sufficient to disentangle and study the physics of each velocity component. The ionization parameter space is
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sampled using the K-shell transitions of all ions from elements like C, N, O, and Ne as well as L-shell transitions of Fe.
These ions cover several decades in ionization parameter. Absorption features from Rydberg series transitions up to n=6
are easily measured for abundant elements, constraining the geometry and dynamics further. Lines from rare elements
will be detected in the stacked spectra, allowing their abundances to be measured. The observing strategy for XRBs will
be similar, focusing on the 10 brightest systems with strong outflows for the core science and following these up by
examining the 56 additional lines of sight toward bright XRBs utilized in the LSS observing strategy.

3. STELLAR SYSTEMS

The wealth of emission lines in the X-ray spectrum yields detailed measurements of electron temperatures and densities
in the magnetically heated and/or shocked plasmas found in the outer atmospheres of normal stars. Arcus will make
critical contributions to two main areas of stellar science: 1) high energy processes in young stars and their effects on
protoplanetary disks, and 2) stellar coronal heating.

3.1 Young stars and planets

Young stars show high levels of magnetic activity relative to their main sequence counterparts®, either because the
stellar dynamo is intrinsically more active in youth, or because magnetically-controlled accretion drives a response in the
magnetic upper atmosphere. Differentiating between these hypotheses requires high resolution X-ray spectroscopy to
explore the accretion-driven physics.

Only a dozen young stars have been observed using the Chandra and XMM-Newton gratings. The observations confirm
the basic accretion shock model: Ne IX and O VII lines indicate high densities at relatively low temperatures compared
with pure stellar coronae®™”'. The standard paradigm posits a gentle slowing and cooling of the post-shock plasma when
the shocked gas hits the stellar corona, but a variety of data®*> suggests a more turbulent interaction between the
accretion stream and the stellar atmosphere (Fig. 8).

Accretion-Fed Stellar Wind?

Accreting Material

Accretion-Fed
Coronal Loop

(10 MK)
Shock
(3 MK, 6 x10"2cm™)
Post-shockP!?smsa Veiled
(2MK,2x10 c¢cm’) Photosphere Stellar

Photosphere

Figure 8. Illustration of the accretion shock impacting onto a young star. Arcus will be able to detect potential turbulent broadening of
the O VII line in the post-shock plasma. Figure from Brickhouse et al (2010)58, © AAS. Reproduced with permission.

Arcus measurements of the shocked atmosphere will address several open questions in star and planet formation. For
example, observations of accreting young stars show that they are spinning slower than expected, given that they are
adding mass and contracting. Accretion-driven stellar winds, seen via Arcus absorption line measurements in the post-
shock gas and critical for understanding star and planetary disk formation™, may be the answer to this conundrum.
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The effects of the star on its disk are also not well understood; we do not yet know how rapidly the high-energy radiation
of young stars disperses their gas disks, ending the phase of major planet formation. The stellar magnetic field and high-
energy radiation not only ionize the disk and drive the magnetorotational instability (MRI), enabling accretion, but they
also drive gas motions in the radial direction to catalyze planet formation. X-rays from the star” can quickly
photoevaporate the gas in the disk (~10 Myr), setting the timeframe for planet growth.

Thousands of nearby planets orbiting other stars have been discovered via optical and IR spectra and photometric data.
These include previously unknown and unexpected types, such as the “Hot Jupiters.” X-ray studies have a key role to
play in understanding the thermal profiles and atmospheric chemistry of these objects. The upper atmosphere and
exosphere of one such exoplanet, HD 189733b, have been detected with Chandra. The transit depth and width in X-rays
were found to be deeper and wider than optical, IR or UV transits™.

While low-altitude physics of exoplanet atmospheres is accessible through IR observations, Arcus will be the first
mission able to directly measure the density and infer the composition of the high-altitude outer layers of exoplanet
atmospheres. A typical target will be a moderately X-ray bright host star (Fx ~ 107'? erg cm™s™") orbited by an exoplanet
with an optical transit depth of 3%; this system will display an X-ray transit depth of ~12% (Fig. 9). Observing such a
source for 10 transits of 30 ks each (total 300 ks), we will detect the exosphere and determine its density. A few good
targets are now known, and the list will be strongly increased by TESS, which will launch in 2017 and conduct an all-sky
survey for transiting exoplanets.

1.02,
Transit light curves Transmission spectrum
) 1.00
0.98
‘‘‘‘‘‘‘ optical .~
0.96] P A
x -
0.8 keV Iron edge 3 o
o U.94f >
2 .
Oxygen edgel B S
0 525 keV 0°0.92t ,"
0.90f ¢
0.3 keV Carbon edge -
0.88—
----- No extended atmosphere
- - - Extended atmosphere, p=10"cm*
I 0.86 —— Extended atmosphere, p=10" cm™
-10 -5 0 5 10 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (ks) energy (keV)

Figure 9. Exoplanets in close orbits can form extended evaporating atmospheres (to 1.7 optical radii). The density and extent of high-
altitude atmospheric layers can be studied with Arcus through energy-resolved transit observations sensitive to different elements. Soft
X-ray photons are absorbed by low column densities in the atmosphere, causing deep transit light curves, while harder X-rays probe
yet deeper layers.

Observing Strategy: Arcus uniquely enables the detection of a set of He-like diagnostic lines from the onset of the
accretion shock at 3 MK (Ne IX) through the coolest X-ray emitting component at I MK (C V). The four diagnostic
lines from each He-like ion will map density, absorbing column and turbulence as functions of temperature’”", The
spectral resolving power of Arcus will allow tight constraints to be placed on the turbulence in the plasma using the O
VII line.

In order to cover a range in rotation period, stellar type, and age as well as differences in orientation, a sample of 14
young stars will be studied, including three non-accreting young stars as a control group. Comparisons with the sample
of main sequence coronal stars will also be possible. Exposure times are based on obtaining S/N=25 in the O VII
resonance line in the 12 brightest targets (S/N=5 in the remaining 2), as predicted from Chandra and/or XMM-Newton
observations of each source.
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3.2 Coronal sources

The solar corona is heated to more than 400 times the temperature of the photosphere by a magnetic dynamo not well
understood™. Active stars can have up to 10° times the coronal luminosity of the sun and have similar anomalously hot
coronae. Understanding the roles of rotation and magnetic fields in stellar evolution is emphasized in the 2010 Decadal
Surveyl.

One of the popular coronal heating models developed circa 1990 is the impulsive heating, or “nanoflare,”model, wherein
multiple loops of magnetically-confined plasma are randomly heated by energetic particles accelerated down the loop
legs®. Each loop heats up and ionizes quickly, then cools and recombines slowly. On average, the charge state of the gas
lags the local temperature, leading to a recombination-dominated plasma.

Recently, a predictive Alfvén wave heating model has been proposed®’, in which turbulently broadened lines and a
steady, isothermal plasma are predicted. Near-isothermal plasmas in some stellar coronae® are suggestive of this

. 63
mechanism, but nanoflare models may also produce such features™”.

The weak dielectronic recombination (DR) satellite lines (reviewed in solar context® but also present in stellar coronae)
are highly sensitive to recombining conditions, becoming stronger at lower temperatures®. The accumulated Chandra
spectrum of Capella shows evidence for these features (Fig. 10), but lacks the resolution necessary to measure them
accurately. Arcus will allow these to be used as diagnostics to test coronal heating models for a range of stellar types.
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Figure 10. Left: Simulated Arcus O VIII region of Capella overlaid on the Chandra/HETG spectrum. DR satellite lines of O VIII
marked (S) are identified using the AtomDB v3.0 spectral database. Right: Predicted Arcus counts in the six labeled satellite lines as a
function of electron temperature for Capella, scaled from the O VIII Lyo. flux. The collisional ionization equilibrium model is
dominated by 6.3 MK plasma, where the DR count rate is very sensitive to electron temperature; with 100 counts, this temperature can
be measured to +0.5 MK, revealing if the plasma is in equilibrium or not.

Observing Strategy: Arcus spectra will allow the distribution of electron temperatures in the coronal loops to be
determined® and test the assumption that the plasma is in ionization equilibrium. With both higher effective area and
spectral resolution than the Chandra gratings, Arcus will enable detection of several individual DR lines from highly
charged ions (Fig. 10). The temperature sensitivity of the strong lines derives primarily from the charge state distribution
and assumes ionization equilibrium. The emission measure distribution (EMD)®’, using strong lines from many ions, can
be reliably reconstructed using this assumption. Using the EMD, we will then predict the properties of the weak DR
lines. If the plasma is not in equilibrium but is instead recombining, the DR lines will be stronger than predicted and will
signal the degree of non-equilibrium. Arcus will observe 22 stellar coronal sources, including single and binary systems,
and covering a range of stellar types, magnetic activity levels, and rotations, including the rapidly rotating prototype AB
Dor. These observations will enable measurement of the line ratio temperature diagnostic to 5o using the six DR satellite
lines of O VIII marked in Fig. 10 for Capella. Lines from other ions, including satellites, will ensure self-consistent
analysis.
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4. OBSERVATORY SCIENCE

Arcus will address a large range of additional scientific questions once the baseline mission is completed. More
exoplanet transits, as well as white dwarf binary systems including cataclysmic variables and super-soft sources that may
be the progenitors of Type Ia supernovae could be observed, and some extended source observations should be possible.
Other possibilities include exploring X-ray faint stars such as M dwarfs that fall below the Chandra or XMM-Newton
grating detection threshold. Two possible observations are discussed below.

4.1 Stellar Winds

Stellar mass loss enriches and energizes the ISM while altering the evolution of the star. However, measured mass loss
rates are uncertain by up to an order of magnitude, and systematically differ from theoretical predictions®®.
Constraining these rates to within a factor of two is key to testing hot-star evolution models’. The emission line profiles
of stellar winds are sensitive to their density, ionization, geometry, kinematics and any inhomogeneities in the flow’ "’
High-resolution spectra from Chandra and XMM-Newton have enabled progress but possess limited sensitivity;
resolving powers of 1500-2000 and larger Ay are needed™”*. Arcus will fully resolve several emission lines in stars
such as {Pupis with terminal velocities of ~2000 km s™. For B-stars with winds as slow as ~800 km s, line shifts and
asymmetries may reveal discrete features from small structures in a currently unexplored, but theoretically possible

regime.

4.2 SN1987A

SN1987A has transitioned into a young SNR with a complex soft X-ray spectrum. X-ray spectra already show broad and
shifted lines from a non-equilibrium plasma. Accurate and precise measurements of the abundances would constrain
models of the progenitor SN”>"® and allow us to confirm suggestions that dust destruction is ongoing’’. Arcus has both
the resolution and sensitivity to allow accurate modeling of the shocked plasma spectrum and thus make robust
abundance measurements.
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