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Abstract

Magnetic influences increase in importance in the solar atmosphere from the photosphere out
into the corona, yet our ability to routinely measure magnetic fields in the outer solar atmosphere
is lacking. We describe the scientific objectives and capabilities of the COronal Solar Magnetism
Observatory (COSMO), a proposed synoptic facility designed to measure magnetic fields and
plasma properties in the large-scale solar atmosphere. COSMO comprises a suite of three
instruments chosen to enable the study of the solar atmosphere as a coupled system: 1) a
coronagraph with a 1.5-m aperture to measure the magnetic field, temperature, density and
dynamics of the corona; 2) an instrument for diagnostics of chromospheric and prominence
magnetic fields and plasma properties; and 3) a white-light K-coronagraph to measure the
density structure and dynamics of the corona and coronal mass ejections. COSMO will provide a
unique combination of magnetic field, density, temperature and velocity observations in the
corona and chromosphere that have the potential to transform our understanding of fundamental
physical processes in the solar atmosphere and their role in the origins of solar variability and
space weather.

1 Introduction

The Earth is inextricably connected to its star. The Sun influences the Earth and the other solar
system planets through radiation, particles and magnetic fields emanating from its atmosphere.
Together, these outputs determine the large scale properties and structure of the heliosphere.
Solar outputs are subject to variability due to the continual eruption of magnetic flux into the
solar atmosphere that can drive radical disturbances in near-Earth space known as space weather.
These disturbances come in the form of coronal mass ejections (CMES) consisting of large
quantities (10*-10'° g) of magnetized plasma launched from the solar atmosphere with velocities
up to 3,000 km/s [Kahler, 1992; Webb and Howard, 2012], highly variable solar wind, the
explosive release of high-energy electromagnetic radiation from flares, and energetic particles
from flares and CME-driven shocks. Many critical technologies upon which society has become
increasingly dependent are vulnerable to the effects of solar activity. Space weather events have
damaged Earth-orbiting satellites, disrupted communications and GPS networks, disabled power
grids on the ground and pose health hazards to astronauts as well as airline passengers on polar
routes [Lambour et al., 2003; lucci et al., 2006; Pulkkinen, 2007; Schrijver, 2015].

The physical mechanisms at the Sun giving rise to space weather are poorly understood. How
CMEs and flares are energized, what maintains the solar corona at a temperature of several
million degrees, how the solar wind is accelerated, and how the composition of the corona is
differentiated from that of the photosphere, are all subjects of intense investigation. What is clear
is that all of these processes are intricately linked to magnetic fields in the solar atmosphere.

The relative importance of magnetic effects increases with height from gas dominating the force
balance in the photosphere to magnetic field dominating the force balance in the corona.
Magnetism in the solar photosphere has been increasingly well observed and extensively studied
since its discovery [Hale, 1908]. Synoptic high-quality observations of photospheric magnetic
fields are provided by the space-based HMI instrument [Scherrer et al., 2012] and ground-based
GONG [Harvey et al., 1996] and SOLIS instruments [Keller, Harvey and Giampapa, 2003].
Chromospheric magnetic field observations are much less common than photospheric
measurements, with SOLIS providing synoptic chromospheric field measurements.
Measurements of magnetic fields in the corona are rare [Gary and Hurford, 1994; Zhang et al.,
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1998; Lin, Kuhn and Coulter, 2004; Brosius and White, 2006; Tomczyk, et al., 2008]. We are in
the unfortunate situation that the quantity and quality of magnetic measurements in different
regions of the solar atmosphere decreases with increasing importance of magnetic influence.

The COronal Solar Magnetism Observatory (COSMO) is a proposed facility designed to
measure magnetic fields and plasma properties in the large-scale solar atmosphere. Such
measurements have the potential to transform our understanding of fundamental physical
processes, and their role in the origins of solar variability and space weather. COSMO comprises
a suite of instruments chosen to enable the study of the solar atmosphere as a coupled system.
This paper presents the scientific motivations for COSMO and provides a description of the
instruments designed to address them. The unique capabilities of the COSMO instruments and
their role in complementing current and future instruments are described. In addition, the
opportunities and challenges that COSMO’s combination of observations will pose are
discussed. Section 2 presents a discussion of key scientific objectives for COSMO. Section 3
summarizes the measurement requirements. Section 4 provides a description of the instruments
in the COSMO suite and their capabilities. Section 5 highlights the uniqueness of the COSMO
instruments and how they complement existing and future instruments. Section 6 describes how
the COSMO instrument suite will collectively address the science objectives of Section 2, and
outlines new methodological developments that support and enable COSMO analysis. Section 7
provides an update of the status of COSMO, and concluding remarks are presented in Section 8.

2 Scientific Objectives

The COSMO instrument suite is motivated by a number of outstanding questions regarding the
Sun. The following is a short description of selected scientific objectives.

2.1 What is the evolution of magnetic and plasma properties that leads to prominence
eruption and CME initiation?

Theoretical models and numerical simulations have identified several ways that idealized active
region magnetic fields can become unstable and erupt [e.g. Hood and Priest, 1981; Antiochos et
al., 1999; Roussev et al., 2003; Torok, Kliem and Titov, 2004; Kliem and Torok 2006; Fan,
2011]. However, observations that can adequately constrain these models and determine the
trigger mechanism are not available. Substantial efforts have gone into developing methods for
forecasting solar flares and CMESs using photospheric magnetic field observations. These have
afforded an increase in predictive capability over the past decade from a statistical standpoint,
but high reliability — especially regarding the timing of future events — is lacking. Correlations
have also been found between observed coronal precursor structures and CMEs [Canfield et al.,
1999; Forland et al., 2013], but the usefulness of such observations for space-weather
forecasting is limited. This problem has been exacerbated by the lack of observations of the
magnetic field of the corona, prior to a CME. We understand that CMEs are frequently
associated with a particular magnetic structure, namely the magnetic flux rope, a 3D current
channel with helical magnetic field lines wrapping around its center axial field lines [Gibson et
al., 2002; Zhang et al., 2012]; but without direct coronal observations, we cannot address the
critical questions: when, where, and how do magnetic flux ropes form, and how do they erupt?

Prominences have long been known to be an important component of space weather, yet their
formation, evolution and the topology of the magnetic field supporting them remain poorly
understood. Many CMEs are associated with active and erupting prominences [Low, 2001,
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Schmieder, et al., 2002; Gopalswamy, 2015]. However, vector magnetic field observations in
prominences are limited in number [Bommier et al., 1994; Paletou, et al., 2001; Casini, et al.,
2003; Xu et al., 2012; Suarez et al., 2014; Schmieder et al., 2014]. When viewed with an
orientation along the line of sight, prominences are often surrounded by a dark coronal cavity
that constitutes the bulk of the erupting CME [Gibson, 2015a]. Recent coronal cavity
measurements of linear polarization and line-of-sight velocity in the FeXIll 1074 nm line [Bak-
Steslicka et al., 2013] have indicated a magnetic configuration consistent with flux-rope models
of pre-CME topologies. Truly distinguishing between magnetic models, however, requires
measurement of the line-of-sight magnetic field [Rachmeler et al., 2013].

In order to capture and interpret the magnetic signatures of solar eruptions that can be manifested
as CMEs, flares and filament/prominence eruptions, routine observations are needed of the
magnetic field, density, and flows in prominences above the limb, as well as measurements of
coronal cavity line-of-sight flows and magnetic fields. This information can be used to determine
the structure and evolution of prominence-cavity systems and their role in CME formation.

The heating and acceleration of CME plasmas are also poorly understood. CME plasmas are
multithermal (from 0.01 to 10MK) and rapidly evolving, so their full thermal structure needs to
be determined as a function of time. At present, we lack the capability to obtain time series of
spectrally resolved 2D images of the erupting prominence at the CME core, with lines formed at
multiple temperatures [Landi et al., 2010]. CME models are not constrained because of the lack
of adequate observations of CME thermal structures. We also need information on the velocity
vectors of ejecta close to the Sun, which is currently lacking. The velocity measurement is useful
for inferring the rotation of the erupting flux rope, which takes place during the initial phase of
the eruption [Fan, 2011], and is important for determining the magnetic field orientation in the
resulting interplanetary magnetic clouds.

2.2 What determines the magnetic and thermodynamic structure of the corona, and its
evolution through the solar cycle?

The solar corona is highly structured by magnetic fields at all scales, and varies over the solar
cycle from a dipole-like configuration during solar minimum to a complex distribution of
magnetic field structures at solar maximum. These different configurations determine the
structure of the heliosphere and modulate the solar radiative output at UV, EUV and X-ray
wavelengths, with significant effects on the Earth's upper atmosphere [Gray et al., 2010].
Current models predict the structure of the solar corona by extrapolating measurements of the
photospheric magnetic field into the corona and the heliosphere using a variety of different
assumptions and methods [Schrijver et al., 2008; Wiegelmann and Sakurai, 2012]. However, the
highly dynamical state of the solar chromosphere, which is marked by rapid changes of the
plasma properties with height above the photosphere, along with the complex nature of magnetic
fields and current systems in the corona limit the utility of these extrapolations [DeRosa et al.,
2009]. Spacecraft have, to some degree, determined the cycle variability of conditions far out in
the solar wind. However, we are severely limited in our understanding of how the coronal field
responds to the sunspot cycle, largely because of the restricted plasma diagnostic capabilities of
EUV and X-ray imagers. Direct measurement of the magnetic and thermodynamic properties of
the chromosphere and corona over long time scales are required to characterize the three-
dimensional field, its free-energy content, and its evolution, in order to constrain and improve
heliospheric models. Measuring the basic structure of the solar magnetic environment will lead
to a more complete understanding of solar variability.
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Daily solar coronal maps of line-of-sight magnetic field, in combination with white-light coronal
polarized brightness, are needed to study solar variability over a range of time scales. While such
measurements are weighted by the distribution of intensity along the line of sight, as most
coronal plasma observations are, much has already been learned by examining the long-term
evolution of the white-light corona, including solar dipole evolution, north-south hemispheric
asymmetries, and the corona-solar wind interface.

For example, the question of magnetic helicity evolution is left unanswered until magnetic field
measurements can be made in the corona. This open question is particularly pressing because, if
CMEs are important sinks of helicity, then they play a fundamental role in the Sun’s cyclic
dynamo mechanism [Low, 1994]. Addressing the relationship between coronal magnetic fields
and the sunspot cycle is an important goal and requires observations with a large field-of-view
and sufficient angular resolution to constrain coronal magnetism and dynamic evolution. On
longer time scales, combined white light and coronal magnetic field maps would provide a
unique measurement of the solar cycle variation of the global magnetic field.

2.3 How is the corona heated and how is the solar wind accelerated?

The heating of coronal plasmas is one of the leading open questions in solar physics. Current
theories involve nanoflare heating and wave-driven heating, with both having some
observational support [Klimchuk, 2006; Aschwanden et al., 2007]. Recent observations have
shown that waves are ubiquitous throughout the chromosphere and corona [e.g. DePontieu et al.,
2007; Tomczyk et al., 2007; Morton & McLaughlin, 2013; Morton, Tomczyk and Pinto, 2015].
Since heating of the corona and acceleration of the solar wind occur close to the solar surface,
observations of the chromosphere and the low corona are critical to understand the physical
processes involved. White light coronal images can be used to constrain the 3D distribution of
electron density and morphology of the large scale corona over time. However, white light
images provide no thermodynamic and element composition information that are required to
understand how coronal heating evolves through the solar cycle. Eclipse observations of a
number of emission lines formed at different temperatures have demonstrated their utility for
studying the thermodynamics of the corona [e.g. Habbal et al., 2011]. Routine observations of
many spectrally resolved emission lines from plasmas between 0.01and 5 MK over a large field-
of-view could be used to infer the 3D distribution of the emission and the abundance of the same
ions later observed in the solar wind by mass spectrometers. These will also help determine the
3D thermal structure of the entire corona and follow its evolution with the solar cycle.

Spectroscopic observations of multiple lines emitted at different temperature ranges would allow
us to establish the relationship of Alfvén waves to plasma structures and their thermal
distribution, and to assess the role of nanoflares in the heating of coronal magnetic field
structures. Such a relationship needs to be investigated along the solar cycle in order to establish
whether the Alfvén wave properties, nanoflare heating and coronal heating depend on solar cycle
phase and strength. Furthermore, measurements of the coronal magnetic field are essential to
make quantitative connections to in-situ measurements of solar wind conditions (e.g. by the
NASA Solar Probe Plus mission).

2.4 How can we improve space weather predictions?

One of the most important applications of solar coronal physics is to provide timely and accurate
prediction of space weather events in order to mitigate their adverse effect on human technology
and society. Prediction of solar events would be enabled by identifying precursors of both flares
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and CMEs. Photospheric magnetic fields do not show any obvious changes preceding these
events. This implies that flares and CMEs are powered by the release of energy stored in coronal
magnetic fields. Therefore, it is realistic to expect that the latter may experience measurable
changes prior to these events; also, they can be used to monitor energy build-up in magnetic
structures that can lead to their destabilization. State-of-the-art space weather prediction models
rely on the specification of coronal magnetic free energy and 3D topology, but these are largely
unconstrained by observations. Accurate 3D coronal magnetic field maps would provide the
critical inner boundary condition for any space weather prediction system. They would support
simulations of the slowly evolving ambient solar wind across the heliosphere that are needed for
predicting the arrival times at Earth of CMEs, corotating interaction regions and interplanetary
shocks that propagate through and interact with the solar wind [Pizzo et al., 2011]. Current
numerical modeling systems usually adopt extrapolations of coronal magnetic fields based on
photospheric field measurements. These extrapolated fields cannot accurately reproduce the non-
potential fields present in the corona resulting in poor predictions of trajectory and arrival times
of CMEs that can cause false alarms and missed predictions of space weather events.

Coronal field observations will need to be accompanied by model development to improve space
weather prediction capability. Ultimately, the goal will be to utilize coronal magnetic and
thermodynamic data in solving the nonlinear inverse problem for the full three-dimensional
magnetic field. For localized coronal loop source regions, a single-point inversion is possible, as
demonstrated for combined FeXI1Il 1074.7 and 1079.8 nm observations [Plowman, 2014].
Another approach that is not limited to a localized source is tomography where observations
along multiple lines of sight are analyzed to yield a spatially-varying distribution of the desired
physical quantity. Solar coronal density and temperature distributions have been reconstructed
using these methods, employing either solar rotation or the STEREO spacecraft viewpoints to
define multiple lines of sight [Frazin et al., 2007; Kramar et al., 2014]. The more difficult
problem of tomographically reconstructing the vector magnetic field from polarization
measurements has recently been studied for FeXIl1I forbidden lines [Kramar et al., 2006; 2013;
2016]. Another approach to reconstructing the coronal magnetic field utilizes the photospheric
magnetic field as a boundary, but adjusts the distribution of currents to match coronal
observations [Savcheva and van Ballegooijen, 2009; Malanushenko et al., 2012]. This type of
forward-fitting approach has the possibility of incorporating information from multiple
viewpoints or solar rotation in a manner akin to tomography as well as from localized loop
inversions or prominence magnetic field measurements incorporated as a priori

constraints. Moreover, it is straightforward to extend it to incorporate a range of data, such as
multiwavelength spectroscopic and polarimetric coronal measurements, into a combined quantity
to be globally minimized. Such multiwavelength measurements differ in their sensitivity to
temperature and magnetic field strength and so probe different parts of the corona. Coronal limb
observations (white light and spectropolarimetric) could be used in conjunction with
chromospheric disk observations as part of a forward fit, to yield a comprehensive, data-
constrained model of the full 3D coronal magnetic field.
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Table 1. COSMO Science Traceability

Scientific Objectives

Measurement Objectives

Measurement Requirements

Instrument Requirements

2.1 What is the
evolution of magnetic
and plasma properties
that leads to
prominence eruption
and CME initiation?

prominence magnetic field
and velocity

magnetic sensitive chromospheric lines, 1G B-
field sensitivity, 2 arcsec resolution, 1 km/s
velocity sensitivity, large FOV, synoptic

spectropolarimetric imaging, 0-1.25 Rsun FOV,
550-1100 nm wavelength range, 23500 spectral
resolution, 0.15 m aperture

coronal magnetic field and
velocity

1G B-field sensitivity in 15 minutes and 2 arcsec
resolution, 1 km/s velocity sensitivity, large
FOV, synoptic

spectropolarimetric imaging, 1.05-2 Rsun FOV
(coronagraph), 500-1100 nm wavelength range,
8000 spectral resolution, 1.5 m aperture

coronal temperature and
density

coronal lines formed at different temperatures,
density sensitive line pairs, large FOV, synoptic

spectroscopic imaging, 1.05-2 Rsun FOV
(coronagraph), 500-1100 nm wavelength range

coronal electron density

pB measurement, 15 second cadence, large
FOV, synoptic

K-coronagraph with 1.05-3 Rsun FOV

2.2 What determines
the magnetic and
thermodynamic
structure of the corona,
and its evolution along
the solar cycle?

coronal temperature and
density distribution

coronal lines formed at different temperatures,
density sensitive line pairs

spectroscopic imaging, 1.05-2 Rsun FOV
(coronagraph), 500-1100 nm wavelength range

coronal magnetic field

1G B-field sensitivity, large FOV, daily cadence

spectropolarimetric imaging, 1.05-2 Rsun FOV
(coronagraph), 500-1100 nm wavelength range,
1.5 m aperture

chromospheric and
prominence magnetic fields

magnetic sensitive chromospheric lines, 1G B-
field sensitivity, large FOV, synoptic

spectropolarimetric imaging, 0-1.25 Rsun FOV,
550-1100 nm wavelength range, 0.15 m aperture

coronal electron density

pB measurement, large FOV, synoptic

K-coronagraph with 1.05-3 Rsun FOV

2.3 How is the
corona heated and how
is the solar wind
accelerated?

coronal and chromospheric
wave properties

intensity and Doppler observations, 30 second
time cadence, 100 m/s velocity sensitivity, large
FOV, synoptic

spectroscopic imaging, 0-1.1 Rsun FOV
(chromospheric imager), 1.05-2 Rsun FOV
(coronagraph)

coronal magnetic field

1G B-field sensitivity in 15 minutes and 2 arcsec
resolution, large FOV, synoptic

spectropolarimetric imaging, 1.05-2 Rsun FOV
(coronagraph), 1.5 m aperture

coronal temperature and
density distribution

coronal lines formed at different temperatures,
density sensitive line pairs

spectroscopic imaging, 1.05-2 Rsun FOV
(coronagraph), 500-1100 nm wavelength range

2.4 How can we
improve space weather
prediction?

coronal magnetic field

1G B-field sensitivity, large FOV, synoptic

spectropolarimetric imaging, 1.05-2 Rsun FOV
(coronagraph), 1.5 m aperture

coronal temperature and
density distribution

coronal lines formed at different temperatures,
density sensitive line pairs, large FOV, synoptic

spectroscopic imaging, 1.05-2 Rsun FOV
(coronagraph), 500-1100 nm wavelength range

model development
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3 Required measurements

These scientific objectives dictate a set of requirements on the measurements needed to address
them. Table 1 summarizes the flowdown from science questions to measurement and instrument
requirements. All of the science questions from above require synoptic observations of the large
scale solar atmosphere on timescales ranging from 15 seconds to a solar cycle. The field-of-view
must be sufficient to encompass large coronal loop, prominence, cavity and streamer systems,
and to allow tracking of CME ejecta. This can be achieved with a field-of-view of 1 degree for
the corona; a somewhat smaller field-of-view is adequate for chromospheric and prominence
observations. Any instrument is limited in the number of spatial elements it can acquire, and this
inevitably leads to a tradeoff between spatial resolution and field-of-view. The 4-m aperture
Daniel K. Inouye Solar Telescope [DKIST; Keil et al., 2003] and missions like the Hi-C rocket
experiment [Kobayashi et al., 2014] are designed to achieve the highest possible spatial
resolution. This capability comes at a price of having a restricted field-of-view; the Hi-C field-
of-view is 5.5 arcminutes and the DKIST field-of-view is 5 arcminutes. The COSMO
instruments will be complementary to DKIST and Hi-C and provide large field-of-view
observations of the solar corona with 2 arcseconds spatial resolution and an emphasis on a
synoptic mode of operation that is matched to the key physical processes controlling space
weather. A reasonable requirement is to provide spatial resolution comparable to instruments like
TRACE [Handy et al., 1999] and AIA [Lemen et al., 2012] that have been able to address a wide
range of coronal problems. The science questions can be addressed with a spatial resolution of 2
arcseconds. Measured quantities include the coronal magnetic field strength and orientation,
velocity, temperature, density and intensity; the chromospheric and prominence vector magnetic
and velocity fields and intensity; and the coronal electron density. The coronal magnetic field
measurements need a sensitivity of 1G with a range up to several kG to allow measurement of
both quiet and active region coronal fields. A similar range on the prominence magnetic field is
required. Spectral resolution sufficient to resolve the polarization signature in the Stokes circular
polarization profile and Doppler shifts is required. For coronal emission lines, this corresponds to
a resolution A/AX > 8000 [Tomczyk, Mathew and Gallagher, 2015]. The velocity sensitivity of
100 m/s is dictated by the need to observe waves in the corona and chromosphere at a cadence of
30 seconds. And the need for temperature and density diagnostics in the corona and
chromosphere drive the requirement for observations over a wavelength range sufficient to
capture emission lines formed over a range of temperatures and density sensitive line pairs to
derive densities.

This set of requirements is impossible to meet with a single instrument. This has led to the
development of a suite of three complementary instruments to address them; these are described
in the next section.

4 The COSMO Suite of Instruments

The science questions and the instrument requirements they drive can be addressed with a suite
of three synoptic ground-based telescopes working in unison. COSMO comprises: 1) a large
coronagraph (LC) with a 1.5-m aperture to measure the magnetic field, temperature, density and
dynamics of the corona; 2) an instrument for monitoring chromosphere and prominence
magnetic fields and plasma properties (ChroMag); and 3) a white-light K-coronagraph (K-Cor)
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to measure the density structure and dynamics of the corona and CMEs. The LC will be a stand-
alone instrument, while the K-Cor and ChroMag will reside on a separate solar pointed spar.

In this section, the capabilities of these instruments are described in relation to the requirements
discussed in the previous section. Technical details of the design of these instruments will be
given in separate publications.

4.1 Large Coronagraph (LC)

The measurement methodology for the COSMO LC follows from a comprehensive overview of
available methods [Judge et al., 2001] that identified the Zeeman and resonance scattering
polarization effects as the most promising methods to measure magnetic fields in the corona. The
line-of-sight strength of coronal magnetic fields can be measured directly through the Zeeman
effect observed in the circular polarization of coronal forbidden emission lines. The linear
polarization from resonant scattering of photospheric radiation is used to measure the plane-of-
sky direction of the magnetic field. These measurement techniques have a dynamic range from a
fraction of a Gauss to several thousand Gauss; this is critical to provide information on both
large-scale “quiet” coronal fields and active region fields.

Observing the Zeeman effect in the solar corona is challenging. The corona is 5 to 6 orders of
magnitude fainter than the solar photosphere; coronal magnetic fields away from active regions
are weak, of order 1-10 Gauss, and the emission lines are thermally broadened by the million-
degree plasma. The expected error in the magnetic field strength can be estimated through
propagation of errors to be

16.5 ( B\'/?

Op = W 1+ ZN) (kG) (1)

[Penn et al., 2004, Tomczyk, 2015], where N is the number of photons integrated over the
emission line and B is the number of photons in the background over the same wavelength
interval. This equation assumes a single beam polarimeter with a polarimetric efficiency of 0.57.
The noise scales inversely as the square-root of the number of photons in the usual way, but also
includes the term in brackets that represents the penalty on the noise due to background photons
from the sky and instrumental scattering. Equation 1 was derived assuming observation of the
FeXIIl emission line at 1074.7 nm; this line has the highest expected signal-to-noise ratio of all
known coronal emission lines [Judge et al., 2001]. This equation illustrates the difficulty of this
measurement. Even for the case of negligible background (B = 0), 2.7-10° photons are required to
achieve 1G precision. In order to collect enough photons to measure the coronal magnetic field
strength with a sensitivity of 1G, in 15 minutes, with 2 arcseconds spatial resolution drives the
need for a telescope with an aperture of 1.5 m (assuming a coronal brightness of 10 ppm of the
solar disk intensity, a background of 5 ppm and a dual-beam polarimeter).

To achieve a low level of background light and minimize the penalty on the noise, a coronagraph
located at a site with very dark sky is needed. Scattered-light analysis of reflecting and refracting
coronagraph objectives shows that lenses scatter significantly less light than mirrors from the
effects of both surface roughness and dust contamination [Nelson et al., 2008]. For this reason,
we have selected a lens for the objective of the COSMO LC. Itis likely that dust on the objective
will be the dominant source of scattered light. To mitigate this, the LC dome will have a
minimally sized aperture and the dome will be pressurized with filtered air.
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The COSMO LC derives its heritage from prototype instruments that have successfully
demonstrated the feasibility of the proposed measurement techniques: the University of Hawaii
Optical Fiberbundle Imaging Spectropolarimeter [Lin et al., 2004] and the HAO/NCAR Coronal
Multi-channel Polarimeter [CoMP; Tomczyk et al., 2008]. These efforts have been enabled by
recent advances in detector technology that make possible the observation of near-IR emission
lines that are highly sensitive to the Zeeman effect. However, these prototype instruments are
severely limited by the modest apertures of the available coronagraphs.

Figure 1. (left) Cutaway rendering showing the inside of the COSMO LC dome with the coronagraph and post-
focus instrument. (right) Rendering of the exterior of the LC facility showing the control building and 5/8™s dome
with minimum-sized aperture.

The COSMO Large Coronagraph is proposed to have the following characteristics to meet the
science objectives:
e Internally occulted Lyot coronagraph with 1.5-m diameter lens
Field-of-view of 1 degree
2 arcseconds spatial resolution
Spectral resolution A/A\ > 8000
Wavelength range from 500 to 1100 nm
Coronal magnetic field sensitivity of 1 G in 15 minutes
Cadence of 1 second for intensity and Doppler measurements

The aperture of the LC is driven by the need to collect sufficient photons to achieve the magnetic
field sensitivity for the Zeeman measurements. The 1-degree field-of-view allows the study of
typical large scale coronal structures. The broad wavelength range is critical to observe many
visible and near-IR emission lines over a range of formation temperatures between 0.01 to 5SMK,
and to observe line pairs at several temperatures for line-ratio density diagnostics. Candidate
lines for the COSMO LC are shown in Table 2. The spectral resolution is chosen to be able to
resolve the Zeeman and Doppler signatures of the emission lines. The large aperture will allow a
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temporal cadence of 1 second for intensity and Doppler measurements, exceeding the 30 second
cadence requirement, and will allow critical observations of coronal MHD waves and turbulence
and the ability to follow coronal dynamics. Observation of other lines in the wavelength range
500-1100 nm is possible; this wavelength range is limited by the transmission range of the
tunable filter. The fused silica objective lens of the coronagraph transmits light in the wavelength
range 200 to 2200 nm. The LC is designed to allow the post-focus instrument to be easily
replaced or upgraded. Rendering of the COSMO LC dome and telescope is shown in Figure 1.
The field-of-view of the LC is illustrated in Figure 2. For synoptic operation, the LC will be
pointed in a sun-centered configuration. However, to respond to solar events, it will be possible
to position the LC field-of-view out to the solar limb, as shown in the right panel of Figure 2.

CME core CME hot component Quiescent corona

Line log Tes | Line log Tes | Line log Tes
HI 656.3 4.01-4.29 | FeXIV 530.3 6.15-6.49 | FeX 637.5 5.80-6.24
Hel 587.6 4.01-4.57 | FeXV 706.2 6.20 - 6.63 | FeXl789.2 5.92-6.30
Hel 1083.0 4.01-457 | SXII 761.1 6.16 - 6.55 | FeXIll 1074.7 (N¢) 6.08 - 6.41
Call 854.2 4.01-4.34 | ArXI111830.0 (N) 6.26 - 6.67 | FeXIIl 1079.8(N,) 6.08 - 6.41
Oll 732.1 4.16 - 4.92 | ArXII11014.3 (Ng) 6.26 - 6.67 | FeXIV 530.3 6.15 - 6.49
Oll 733.2 4.16 - 4.92 | CaXV 544.5 (N) 6.44 -6.84 | ArX552.2 5.86 - 6.42
Ol11500.8 4.62 -5.23 | CaXV 569.4 (N) 6.44 - 6.84 | ArXl691.8 6.04 - 6.52
FeVI 520.0 4,95 -552

Table 2. Candidate visible and near-IR lines that will be observed by the COSMO LC. Wavelengths are in
nm. Lines from the same ion indicated with (N.) provide density sensitive line pairs. log T indicates the
temperature range where each ion has fractional abundance 0.01 or larger under equilibrium conditions.

A key enabling technology for the LC is the post-focus tunable filter. It must provide a spectral
resolution greater than 8000 over the 500 - 1100 nm wavelength range across the 1-degree field-
of-view. The product of the solid angle field-of-view and the area of the entrance pupil is called
the étendue [Jacquinot, 1954], which determines the light gathering power of a telescope. To
avoid light losses, the étendue must be conserved through the post-focus optical system. To
accept the beam from the 1.5-m diameter LC with a 1 degree field-of-view, the 100 mm diameter
post-focus tunable filter must be able to accept a 15 degree field-of-view. This is extremely
challenging since the central wavelength of the filter passband must shift by less than 0.1 of the
filter bandwidth and the transmission profile must not broaden appreciably over this angular
range. We find that a wide-field birefringent filter made with Lithium Niobate crystals can meet
the étendue requirement of the LC tunable filter. The development of this filter is described in
detail in a separate publication [Tomczyk, Mathew and Gallagher, 2015].

Polarization analysis will be accomplished by a rotating waveplate followed by a polarizing
beamsplitter. This dual beam technique will allow the simultaneous measurement of orthogonal
polarization states which is important to eliminate seeing induced noise in the polarization
measurement.
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DKIST FOV

COSMO LC FOV

Sun-centered Mode Offset Mode

Figure 2. (left) lllustration of the field-of-view of the COSMO LC (orange, 1.0°) for the Sun-centered
pointing mode. The field-of-view of the DKIST (blue, 5 arcminutes) and the size of the Sun (red, 0.53°) are
shown for comparison. (right) Illustration of the offset pointing mode for the LC.

4.2 Chromosphere and Prominence Magnetometer (ChroMag)

Chromospheric observations provide important information on plasma conditions in the low
atmosphere which are needed to bridge observations of the photosphere to those of the corona.
Measurements of prominence fields are rare but have been obtained using the Hanle effect [e.g.
Leroy, 1984; Querfeld, et al., 1985; Bommier, et al., 1994; Paletou, et al., 2001; Casini, et al.,
2003; Merenda et al., 2006; Orozco Suarez et al., 2014]. This research has determined that the
optimal lines for examining magnetic fields in prominences are the Hel 587.6 and 1083.0 nm
lines. The HI line at 656.3 nm has been widely used historically as a diagnostic for
chromospheric structure and dynamics. The well-known Call line at 854.2 nm samples
chromospheric magnetic field and structure in its core, while its wide wings provide a diagnostic
of the atmosphere down to the photosphere. Finally, a photospheric diagnostic is useful for cross-
calibration and alignment with existing photospheric magnetometers. The Fel line at 617.3 nm is
a good choice due to its use by the HMI instrument on board SDO [Scherrer et al., 2012]. An
important consideration is that the sound speed is an order of magnitude higher in the
chromosphere than in the photosphere; chromospheric measurements need to be taken at a higher
cadence than photospheric measurements in order to capture waves and dynamics.

These considerations drive the requirements for the second instrument in the COSMO suite,
ChroMag, an imaging polarimeter for magnetic and plasma diagnostics of the chromosphere and
prominences. The ChroMag will utilize a telescope and tunable filter to measure the polarization
and Doppler shift of chromospheric, prominence and photospheric lines [deWijn et al., 2014].

The optical system for the ChroMag instrument consists of a doublet objective lens, a field lens,
a narrowband tunable filter, a re-imaging lens and a detector. The tunable filter is a wide field
birefringent filter [Lyot, 1933; Evans, 1949] comprised of 6 stages; each stage consists of an
entrance polarizer, a calcite waveplate, an achromatic half-waveplate, another calcite waveplate,
a nematic liquid crystal variable retarder and an exit polarizer. The length of the calcite crystals
is doubled in each stage in the usual manner and the linear polarizers are shared by adjacent
stages. The thickest stage contains two calcite crystals 44 mm thick. The wavelength of the
passband is tuned by changing the voltage applied to the liquid crystals. Figure 3 shows an
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example of the passbands tuned in this way in the vicinity of the HI 656.3 nm line. Figure 4
shows the FWHM spectral resolution provided by the filter and the free spectral range between
successive orders of the transmission that must be blocked by interference filters. The ChroMag
polarimeter precedes the tunable filter and is integrated into the same package as the tunable
filter. It consists of two Ferro-electric Liquid Crystals followed by a retarder; the first polarizer
for the tunable filter acts as the analyzing polarizer for the polarimeter. The polarimeter performs
a full Stokes analysis of the incoming beam. It operates over the 587 to 1083 nm wavelength
range as a polychromatic polarimeter [Tomczyk et al., 2010] where the modulation properties of
the polarimeter vary but remain nearly optimal over the wavelength range. Polarization
calibration standards are inserted into the beam and rotated to calibrate the properties of the
polarimeter. Both the filter wavelength tuning and the polarization analysis are accomplished
electro-optically and require no moving parts.
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Figure 3. The measured transmission profiles for the ChroMag electro-optically tunable filter in the
vicinity of 656.3 nm. The transmission profiles for 11 tunings offset by 19 pm superimposed.

ChroMag has the following characteristics:

15-cm aperture telescope with tunable filter/polarimeter

Field-of-view of 2.5 solar radii including full solar disk and above the limb

Spatial resolution of 2 arcseconds

Spectral coverage including Hel (587.6 and 1083 nm) for prominences, HI (656.3 hm)
and Call (854.2 nm) for the chromosphere and Fel (617.3 nm) for the photosphere

e Filter bandwidth ranging from 0.025 nm in the visible region to 0.046 nm in the IR
provides magnetic field, Doppler and line-width

e Polarimetric sensitivity of 10° in 1 minute per line

e Temporal cadence of 10 seconds per line for intensity and Doppler observations of MHD
waves

The aperture of ChroMag provides the required spatial resolution and flux levels to meet the

polarimetric sensitivity requirement. The spectral resolution for ChroMag was set by simulating
the observation and inversion of polarized line profiles of prominences in the presence of noise.
These indicated that magnetic fields could be recovered with a filtergram instrument if the filter
bandwidth is 25 pm or less for the Hel 587 nm line, 46 pm or less for the Hel 1083 nm line and



Confidential manuscript submitted to the Journal of Geophysical Research — Space Physics

the polarimetric accuracy exceeds 107 [Casini, 2007]. The FWHM bandwidth and the free
spectral range of the ChroMag filter are shown in Figure 4. The ChroMag spectral resolution is
sufficient to measure Doppler shifts and line widths, and to infer vector magnetic fields via full
Stokes polarimetry. The temporal cadence of 10 seconds is sufficient to observe waves in the
chromosphere, which may be an important source of energy to heat the chromosphere and
corona.

O T T T T T T fé\ 1) A S S S B
50k 587.6 nm: 9.0 pm (4.6 km/s) 1 = 25k 587.6 nm: 0.6 nm ]
—_ 617.3 nm: 10.0 pm (4.9 km/s) ] g 7T 6173nm: 0.7nm ]
g_ 40 F 6563 nm: 115 pm (5.3 kmy/s) S 20F 6563nm: 0.8nm 7
- 854.2nm: 20.4 pm (7.2 km/s) ] (44 [ 8542Znm: 1.5nm ]
E 30F 1083.0 nm: 33.5 pm (9.3 km/s) E E L5F 10830nm: 24nm E
L 3 g 10f :
10 : S 05F ]
O NP B B B ‘LT:( 0.0 P P B S

400 600 800 1000 1200 400 600 800 1000 1200

Wavelength (nm) Wavelength (nm)

Figure 4. The pass band FWHM (left) and the free spectral range (right) of the ChroMag tunable filter.

4.3 K-Coronagraph (K-Cor)

Coronal broadband “white light” observations provide important data on the basic properties of
CMEs such as size, mass, speed and acceleration [Howard et al., 1985; Hundhausen, 1993;
St.Cyr et al., 1999; MacQueen et al., 2001]. The K-Cor is a white light coronagraph that
observes the polarization of coronal light in the continuum providing a direct measurement of the
column density of coronal electrons which is independent of thermodynamic factors. The K-Cor
is the one component of the COSMO suite that is already operational. K-Cor went into service in
September 2013 at the Mauna Loa Solar Observatory, replacing the MkIV coronameter [Elmore
et al., 2003] that was an upgrade to the MkIIl coronameter [Fisher et al., 1981]. The K-Cor
observes the linearly polarized component of continuum light in a 35 nm wide bandpass centered
at 735 nm. The dual beam optical system images the orthogonal linear polarization states
simultaneously in order to cancel noise in the polarization measurement caused by seeing and
intensity variations from the passage of aerosols through the field-of-view. The K-Cor is able to
achieve instrumental scattering below 5 ppm by employing a super-polished objective lens and
HEPA filtering for dust control. A description of K-Cor was given by deWijn et al. [2012].

The characteristics of the K-Cor are:

20-cm aperture internally occulted coronagraph with linear polarization analysis
Field-of-view from 1.05 to 3 solar radii above the limb

Spatial sampling of 6 arcseconds per pixel

Temporal cadence of 15 seconds

Sensitivity of 10 of the disk center intensity

The K-Cor full field-of-view of 6 solar radii is needed for observing the density structure of the
global corona and for measuring the properties of dynamic events such as CMEs. The large field-
of-view and high time cadence allows K-Cor to adequately sample the plane-of-sky velocity and
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acceleration profiles and expansion rates of CMEs. The lower limit of the field-of-view is 1.05
solar radii; it provides the first routine white light measurements of the lowest coronal scale
height where most CMEs originate and are accelerated.

The observing cadence of K-Cor of 15 seconds is rapid enough to detect and follow the
dynamical processes of CME initiation, prominence eruption/rotation, magnetic reconnection,
wave propagation, and shock formation. Time scales of 30 minutes to an hour are sufficient for
studying the evolution of large-scale coronal structures. The lower noise level and larger field-of-
view will enhance the ability of K-Cor to observe halo CMEs over that of its predecessor, the
MKIV coronagraph. Observations from K-Cor are illustrated in Figure 5. K-Cor observations are
available from the Mauna Loa Solar Observatory website: http://www2.hao.ucar.edu/mlso/mlso-

home-page

Figure 5. CME observed on October 14, 2014 in AlA (gold), the K-Cor (blue) and LASCO C2 (red) . The
K-Cor observed the start of the CME ~20 minutes before LASCO and provides observations of the rapid
expansion and acceleration of the CME from its formation to the C2 FOV.

5 COSMO uniqueness and complementarity

The COSMO suite will provide a unique set of measurements that will complement observations
obtained from other instruments on the ground and from space.

5.1 Large Coronagraph

While much continues to be learned about the solar corona through observations with space-
based EUV imagers and spectrographs, the COSMO LC will provide valuable complementary
information. EUV imagers like AIA employ filters that are much wider than the emission lines
they observe. This lack of spectral information precludes the measurement of Doppler shifts and
line widths, and allows unwanted contamination by nearby lines severely impacting the
temperature resolution. EUV spectrographs like the Hinode EUV Imaging Spectrometer [EIS;
Culhane et al., 2007] and the Interface Region Imaging Spectrograph [IRIS; De Pontieu et al.
2014] have the ability to spectrally resolve individual emission lines but the field-of-view of
these instruments is limited and they are unable to observe quickly evolving phenomena like
CMEs and MHD waves, and to obtain simultaneous coverage of the large-scale corona. In
addition, since the Zeeman splitting scales as wavelength squared, the coronal magnetic field is
extremely difficult or impossible to measure at EUV wavelengths. Hanle diagnostics are
available at these wavelengths, but they are sensitive only over a restricted range of field
strength. At EUV wavelengths, even Doppler shifts are difficult to observe with sufficient
accuracy to measure the properties of Alfvén waves. Also, radiation from EUV lines is typically
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determined by collisional processes that scale as electron density squared while the emission
from visible lines are dominated by radiation and scales as the electron density. This means that
EUV emission lines decrease in intensity with height much faster than visible and IR lines
making them more difficult to observe to large heights above the limb. COSMO LC observations
are then very complementary to EUV observations in that they will provide emission line
intensity, spectral diagnostic information and polarization analysis at high cadence over a 1
degree field-of-view.

The importance of the large field-of-view of the LC cannot be overstated. The Daniel K. Inouye
Solar Telescope [DKIST; Keil et al., 2003] is a 4-m aperture solar telescope currently under
construction that has the ability to measure coronal magnetic fields above the limb using the
same Zeeman and scattering polarization diagnostics as the COSMO LC. Due to its large
aperture, the DKIST is optimized for high spatial resolution observations over a maximum 5
arcminute field-of-view (shown in Figure 2). The light gathering ability of a telescope is given
by the product of the area of the collecting aperture and the solid angle of the field-of-view.
While DKIST has a factor of 7 greater collecting area, that advantage is more than compensated
by the factor of 144 larger solid angle of the COSMO LC. The LC will have a light gathering
power that exceeds that of the DKIST by a factor of 20. The user driven observing mission and
high spatial resolution capabilities of DKIST are complementary to the synoptic mission and
large field-of-view measurements provided by the COSMO LC. The LC is optimized for
observation of the corona over a range of spatial and temporal scales that will not be available to
the DKIST.

Radio techniques can also be used to obtain information on magnetic fields in the corona, since
the opacity and polarized plasma emission at radio wavelengths is sensitive to the strength and
geometry of the magnetic field through a variety of mechanisms [Dulk and McLean, 1978;
White, 2005]. The two primary mechanisms are gyroresonance, which is sensitive to the strength
of strong magnetic fields (>100 G) above active regions and operates both on the disk and above
the limb [White and Kundu, 1997, Brosius and White, 2006], and bremsstrahlung, that can used
to measure weak quiet sun magnetic fields in both optically thin [Bogod and Gelfreikh, 1980]
and optically thick regimes [Grebinskij et al., 2000]. In addition, Faraday rotation of polarized
radiation from background sources can be used to infer the coronal magnetic field [Alissandrakis
and Chiuderi-Drago, 1995; Jensen et al., 2013]. Radio methods have strengths and weaknesses
compared to the visible and IR methods to be used by COSMO and DKIST. The vastly different
dependences on temperature, density, filling factor, geometry of the magnetic field and line-of-
sight integration between the various methods makes the radio measurements valuable
complements to the visible and IR methods. Future progress of coronal magnetometry at radio
wavelengths will be accomplished by the Very Large Array (VLA), the Atacama Large
Millimeter Array [ALMA; Wedemeyer et al., 2015], the Expanded Owens Valley Solar Array
(EOVSA) under construction, the proposed Frequency Agile Solar Radiotelescope [FASR;
Bastian, 2003] and the Chinese Spectral Radio-Heliograph [CSRH; Yan et al., 2009].

5.2 ChroMag

Other instruments will provide observations that complement the information that will be
provided by ChroMag. The SOLIS Vector Spectromagnetograph (VSM) [Keller, Harvey and
Giampapa, 2003] makes regular observations in the chromospheric Call 854.2 nm and Hel
1083.0 nm lines with high spectral resolution. However, the VSM only measures intensity in
both lines and circular polarization in Call 854.2 nm, yielding just a line-of-sight field-strength.



Confidential manuscript submitted to the Journal of Geophysical Research — Space Physics

Furthermore, since it is a slit-scanning spectrograph, the cadence of the observations is too slow
to study the dynamics of the chromosphere, waves, and transient events like flares.

The IRIS instrument [dePontieu et al., 2014] observes the chromospheric lines of Mgll h and k
in the UV, as well as photospheric and coronal lines at sub-arcsecond spatial resolution with 2
second temporal resolution over a field-of-view of 175x175 arcseconds. The IRIS provides a
wealth of information but does not include polarimetry and cannot measure magnetic fields.

The Interferometric Bidimensional Spectrometer [IBIS; Cavallini, 2006] instrument at the Dunn
Solar Telescope at Sac Peak is an imaging polarimeter and has capabilities similar to ChroMag,
except that it is not a synoptic instrument and its field-of-view is much smaller than that of
ChroMag, about 80 arcseconds. Likewise the CRisp Imaging SpectroPolarimeter [CRISP;
Scharmer, 2006] at the 1-m Swedish Solar Telescope on La Palma provides a complementary
high spatial resolution, non-synoptic complement to the ChroMag capabilities.

ChroMag will provide routine observations of the vector magnetic field and flows in the
chromosphere and prominences. Its large field-of-view with Doppler and polarization imaging
capabilities with high temporal cadence make it unique and highly complementary to these
instruments.

5.3 K-Coronagraph

The K-Cor is unique as the only ground-based white light coronagraph and the sole source of
white light observations of the corona below 1.5 solar radii. The K-Cor provides an important
complement to space-based coronagraphs such as SOHO/LASCO [Brueckner et al., 1995] and
STEREO Corl [Thompson et al., 2003] that observe only down to 2 solar radii (LASCO C2) and
1.5 solar radii (Corl). Low coronal observations from the K-Cor are uniquely capable of filling
the gap between space-based observations of the low corona at EUV and X-ray wavelengths and
white light observations of the outer corona provided by SOHO/LASCO and STEREO.

6 COSMO Enabling Science

The COSMO suite of instruments will work in synergy to address the scientific objectives
described in Section 2.

COSMO opens entirely new windows to study and model CMEs. First, by measuring the
magnetic field in the corona and in prominences, COSMO can constrain the magnetic structure
and topology of CME precursors such as filament channels and prominence-cavity systems, and
measure their dynamic properties during the onset of eruption. Second, by fully resolving
coronal emission lines sampling the 0.01-5 MK range, it allows the complete determination of
the thermal energy budget of all CME components during onset: erupting prominence,
reconnected plasma and current sheet. Observation of coronal density sensitive line ratios at
several temperatures combined with electron density measurements from K-Cor will lead to
improved estimates of CME density and mass. CMEs are easily observed in Doppler and line
width data obtained with the CoMP instrument [Tian et al., 2013] and shocks have been
observed in white light polarization [Vourlidas et al., 2003]. By combining plane-of-sky motions
from K-Cor and Doppler shifts from ChroMag and LC, COSMO will provide the first ever
continuous measurements of 3D velocity of the entire CME during onset.

COSMO will make it possible to associate direct magnetic field measurements with plasma
properties across the whole solar atmosphere, and monitor them for long periods of time. The
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ground-based location of COSMO ensures easy maintenance and upgrades allowing for
operation over multiple solar cycles while the synoptic nature of COSMO will provide a
continuous set of standard daily data products (weather permitting) from its suite of instruments
on the magnetic, thermodynamic, density and dynamic state of the solar atmosphere. These will
address how the chromosphere and corona drive the evolution of the heliosphere on solar cycle
timescales, and will elucidate the role of CMEs in the balance of solar helicity.

The COSMO LC will improve on measurements of coronal MHD waves from CoMP [Tomczyk
and Mclntosh, 2009] with better temporal and spatial resolution using emission lines formed
over a wide range of temperatures. Combining the coronal measurements with chromospheric
wave measurements from ChroMag will allow study of the energy coupling of these atmospheric
regions and enable study of the role of waves in chromospheric and coronal heating over a wide
range of spatial scales. Characterization of MHD waves also provides an additional powerful
diagnostic of magnetic fields through seismological techniques [Roberts, 2000; Nakariakov and
Ofman, 2001; Aschwanden et al., 2002; Morton, Tomczyk and Pinto, 2015]. This is significant in
that the transverse nature of the waves yields the plane-of-sky component of the magnetic field
which is complementary to the line-of-sight component provided by the Zeeman measurements;
the combination could provide the complete vector magnetic field in the corona. Also, coronal
seismology offers the possibility of measuring flows in the corona. Such measurements in open
field regions could provide boundary conditions for solar wind prediction models.

Rapidly accelerating and expanding CMEs are more likely to produce large solar energetic
particle events [Schwadron et al. 2015]. These CMEs drive shocks in the very low corona where
densities are orders of magnitude higher than in the outer corona observed by space-based
coronagraphs. Low coronal observations from the COSMO K-Cor will fill the gap between
space-based observations of the low corona in EUV and X-ray and the outer corona provided by
SOHO/LASCO and STEREO. CME accelerations and expansion rates can be determined using
observations from the COSMO K-Cor to improve understanding of SEP production by CME
driven shocks.

The COSMO instruments will provide an unprecedented opportunity for studying the
chromospheric and coronal magnetic field evolution that leads to energy storage and explosive
release into the heliosphere, thus supporting the development of a predictive capability for solar
eruptions. One reason that white light data has proved to be a useful synoptic observation is that
the forward problem relating observed white light to coronal density is well specified. Although
not as simple, the forward problem relating COSMO LC observables to coronal magnetic field
and plasma properties is also well-understood, and has been incorporated by Judge and Casini
[2001] into the “CLE” polarimetry synthesis code. This code is a component of the FORWARD
SolarSoft IDL package [Gibson, 2015b], which also utilizes the CHIANTI database to model all
of the COSMO-LC lines as well as K-Cor type white light data. Thus, FORWARD can create
synthetic data from any magnetic extrapolation or MHD simulation of the solar corona that are
directly comparable to COSMO LC and K-Cor observations. These can be used to validate
model predictions, and/or to enable forward fitting for reconstruction of the magnetothermal
environment of the solar atmosphere - a required inner boundary condition for Space Weather
models. Recent work demonstrates the utility of forward modeling to probe magnetic structures
and differentiate between models, even in the presence of line-of-sight integration issues [Bak-
Steslicka et al., 2013; Rachmeler et al., 2013, 2014; Jibben et al., 2016]. The COSMO LC will
provide the critical measurements needed to drive global models from qualitative estimates to
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full-scale predictive capabilities; it will constrain these models with direct determinations of the
magnetic field and thermodynamic properties of the corona.

COSMO data will be used to drive and test the development of the Space Weather Modeling
Framework (SWMF) model. SWMF consists of a suite of modular computer codes developed at
the University of Michigan that enables space weather forecasting [Toth et al., 2012]. SWMF
modules include first-principle 3D models of the solar atmosphere, the inner Heliosphere, the
outer Heliosphere as well as planetary magnetospheres and ionospheres. The coupled solar
corona model/inner heliosphere model [Alfvén Wave Solar Model, AWSoM; van der Holst et
al., 2014; Meng et al., 2015] includes the chromosphere, transition region and low corona in a
self-consistent, multi-species, multi-temperature approach. This model treats ions and electrons
as two separate species with the same bulk velocity, collisionally coupled thermodynamics, and
heat conduction applied only to electrons; dissipation of Alfvén waves heats the corona and
accelerates the solar wind by the Alfvén wave pressure gradient. Two types of dissipation
processes are taken into account: (i) Kolmogorov-type dissipation [Hollweg, 1986], and (ii)
counter-propagating wave dissipation [Isenberg, 1987].

Currently the AWSoM model relies on boundary conditions specified in the upper
chromosphere: uniform, outward propagating Alfvén wave energy, density at the solar surface,
and synoptic magnetograms to specify the radial magnetic field at the inner boundary. However,
no real observational constraint is taken for the coronal magnetic field, and average values of the
wave density at the solar surface are taken from the observations of MclIntosh et al. [2011],
which will be different under different conditions of the solar atmosphere. COSMO observations
will provide measurements of Alfvén wave properties and coronal magnetic field properties that
will be used in two ways: to provide more realistic boundary conditions and to test predictions
with observations. These will in turn drive further improvement to the AWSoM model in order
to predict both the background solar wind and corotating interaction region properties, as well as
CME propagation and arrival time at Earth.

7 COSMO Implementation and Status

COSMO will be designed and built by a group of partner institutions including the National
Center for Atmospheric Research, the University of Michigan, the University of Hawaii, George
Mason University and the Harvard Smithsonian Center for Astrophysics along with industry
partners. Community input for the COSMO project is provided by the COSMO Steering
Committee comprised of a broad base of scientists from the international community; they have
set instrument requirements through the development of a set of use cases for the instruments.

An extensive evaluation of the observing conditions at Haleakala, and Mauna Loa Hawaii as
they pertain to COSMO was performed [Tomczyk, Oakley and Nelson, 2015]. This evaluation
determined that both sites meet the COSMO requirements, with a slight preference for Mauna
Loa. The COSMO LC will reside in a dome (shown in Figure 1) while the K-Cor and ChroMag
instruments will reside on a solar pointed platform (spar) in a nearby smaller dome. The spar has
eight sides on which to place instruments. The unused space on this pointing platform will be
made available to deploy instruments developed by members of the scientific community.

Data obtained by the COSMO instruments will be converted into standard data products and
served to the community at the COSMO Data Center. COSMO will have an open data policy,
providing all observational data and models to the scientific community.
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The COSMO instruments have been developed to a high level of technical readiness. The K-Cor
instrument has been completed and has been operational since September 2013. The LC has
finished its preliminary design phase and the feasibility of constructing the large refractive
coronagraph is documented with engineering studies, preliminary designs and vendor quotes for
all major components. The measurement methodologies for the COSMO LC have been
demonstrated with prototype instruments [Lin et al., 2004; Tomczyk et al., 2008]. The Coronal
Multi-channel Polarimeter instrument [Tomczyk et al., 2008] is currently undergoing an upgrade
that will increase the field-of-view to 1 degree, to match that for the LC, and will employ a 5-
stage tunable birefringent filter with Lithium Niobate waveplates [Landi, Habbal and Tomczyk,
2016] that will demonstrate technology to be used in the COSMO LC tunable filter. The
ChroMag instrument is now in the development phase with observations from the ChroMag
prototype expected in 2016.

8 Summary

COSMO will provide a unique combination of magnetic field, density, temperature and velocity
observations in the corona and chromosphere that will transform our understanding of the
processes responsible for solar activity and the generation of space weather. We have described
how the choice and design of the instruments of COSMO are driven by science requirements,
and discussed applications and methodologies that are being developed in anticipation of its
novel and comprehensive observations. The large field-of-view, synoptic observations from
COSMO will be complementary to the high spatial resolution, small field-of-view observations
that will be obtained by the DKIST. The visible and IR diagnostics provided by COSMO are
likewise complementary to radio techniques. The COSMO observations will enhance the value
of data collected by other observatories on the ground and in space. COSMO will have an open
data policy and provide an observing platform for community developed instruments. The
maturity of COSMO and its scientific relevance was reflected by the endorsement of the
COSMO project as a high priority in the latest Heliophysics Decadal Survey [Baker, Charo and
Zurbuchen, 2013].
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