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X-2 LANDI ET AL.: PLASMA DIAGNOSTICS IN THE VISIBLE RANGE

Key Points.
© We compare the characteristics of coronal observations in the visible with
those carried out in the EUV and X-ray wavelength ranges.
© We review the diagnostic techniques to measure coronal plasma param-
eters, and magnetic field with coronal spectral lines in the visible wave-
length range.
°© We d the future ground-based coronographic instrumentation to

obs® "M solar corona in the visible wavelength range.

Abstract.L—In this paper we discuss the potential of ground-based vis-
ible obserws of the solar corona to address the key open problems in the
physics ofWolar atmosphere and of solar activity. We first compare the
diagnosticEﬁtial of visible observations with those of high-resolution spec-
trometers Earrow-band imagers working in the EUV and X-ray wave-
length ra e then review the main diagnostic techniques (and intro-
duce a few new ones) that can be applied to line and continuum emission
in the sol osphere, and the physical problems that they enable us to
address. Finally, we briefly review the main features of ground-based corono-

graphic inhentation currently beind developed and planned.

Autho
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1. Introduction

The solar corona has critical importance for the solar-terrestrial relationship, as it hosts
a number of phenomena that directly affect the Earth. For example, flares and Coronal
Mass Ejecgiong (CMEs), the most important Space Weather events, are initiated in the
corona: “ diation influences the density of the upper atmosphere and can perturb
satellitent uagaawories and performances; CMEs can disrupt communications, power grids
and pose Nealth hazards to astronauts and even to airplane passengers traveling on polar
routes. chuzr, the processes that store and release the plasma and energy involved in
these evem still poorly understood. This, however, is not the only limitation in our
understanding pf the solar atmosphere. In fact, the solar corona is heated to multimillion
degree ter@tures, but the mechanisms that provide the required energy to maintain
those temmues are unknown; the solar wind, accelerated from the solar atmosphere,
shapes osphere and its characteristics, but still its origin is not understood; the
composity the solar corona is subject to fractionation processes that differentiate it
from that of the underlying photosphere, which have not yet been identified. Also, solar
activity is strongly dependent on the 22-year solar magnetic cycle, which we are still
unable to ct.

Even @ﬂl do not understand some of the fundamental properties of the solar
atmosph?’e,_or!e thing is clear: all these phenomena are related to the magnetic field
that perV;he solar atmosphere and organizes the plasma in structures at all scales.
Several Q have been proposed on how magnetic energy is released into solar plasmas

and how it accelerates them, but progress in discriminating among them has been hindered
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by one fundamental fact: we do not have measurements of the magnetic field in the solar
corona. This lack of data is due to the intrinsic difficulty of measuring the magnetic field.
The magnetic field produces the Zeeman and the Hanle effects on solar radiation; the
Zeeman effect scales as A2, where ) is the wavelength, so that its signatures are far easier
to obser“e visible than in the EUV and X-ray wavelength ranges. Hence, the fleet
of space—UV and X-ray instruments currently at our disposal are of little help.
The HarTleLeTEt has been observed in a few far UV coronal lines using slit spectrometers,
but their feldgof view is too limited. However, both processes can be detected in the
visible spectrgl range, through polarimetry and high resolution spectroscopy of coronal
spectral lines.

The ob ions which ideally will provide the tools to solve the problems of coronal

heating, V\Ecceleration, and solar activity, need to fulfill the following requirements:

1. prov@easurements of the magnetic field;

2. pr simultaneous 2D images of the solar corona;

3. pr ectroscopic diagnostic tools to measure the plasma parameters simulta-

neously in!the entire corona;

4. alloeasurement of plasma dynamics;

D. allﬂitoring of the entire corona at good cadence over long time periods.

Here Wibe how a ground based coronograph can provide observations that fulfill
all these requir§yments, and which methodologies need to be used to measure the magnetic
field and a properties of the solar corona. We first compare the main features
of space-borne"X-ray and EUV instrumentation with ground-based visible observatories

(Section 2), then we describe the diagnostic techniques that can be used to measure the
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magnetic, thermodynamic and dynamic properties of the solar atmosphere (Section 3)
and the science questions that they can address (Section 4). Section 5 provides a brief

overview on coronographic instrumentation of the future.

2. Advantages of a ground-based coronograph for the solar corona

The invm)f the coronagraph by B. Lyot (1932) made daily ground-based observa-
tions of {hggglar corona in the visible wavelength range a reality. This instrument paved
the way %!-Ebronagraphic observations of the solar atmosphere in broad-band white
light and Qv—band spectral lines, coupled with polarimetry to infer the direction and
strength wmagnetic field (e.g. Arnaud & Newkirk 1987, Lin et al. 2004, Tomczyk et
al. 2007). 3

Space—bﬂybservatories, on the other hand, starting with the launch of Skylab in
1973, pav way for exploiting the diagnostic capabilities of the UV, EUV and X-ray
emission. However, because of the strong dependence of the emission in these wavelength
ranges on al density, the diagnostic potential of UV, EUV and X-ray spectroscopy
and imaging is still limited to a small height above the photosphere (below 1.5 Ry, in
heliocentrhrdinates). Also, no magnetic field diagnostics exists for X-ray and EUV
radiation.o

The o&l@eptions are PROBA2/SWAP and SoHO/UVCS. The former can obtain
images OMrge scale corona up to /2 solar radii in one EUV narrow band centered at
174 A. HOE, it has limited diagnostic capabilities, because it only has one channel, and
cannot %spectral line profiles. SOHO/UVCS encompassed the 1.5-10 Ry, height
range, but its spatial and temporal resolution were very low, due to the long integration

times (hours) and the need to rebin the image to reach a reliable signal to noise ratio.
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Visible observations of multiple coronal line intensities have many qualities that make
them unique:

1. They can provide measurements of the magnetic field;

2. By observing individual spectral lines, they retain the same high temperature dis-
criminatﬂg'pdential as high-resolution EUV spectrometers, and multiple lines can pro-
vide meas@gps of the thermal structure of large-scale plasma coronal structures;

- —

3. Thrcgg_hthe use of tunable filtergraphs, they can measure line profiles with high
spectral r@ion almost simultaneously over the entire off-disk corona at high spatial
resolutionm

4. The:extend the limited field of view of UV, EUV and X-ray emission out to
several solar radii, in the critical region for solar wind and CME acceleration;

5. Com%g Doppler shifts and observations of motions in the plane of the sky through
series of QMges, they can measure the velocity vector;

6. Using éztral line widths, they can determine unresolved motions.

In other words, instruments observing in the visible range can combine in one single
optical de&n.ﬂne advantages of both EUV narrow band imagers and EUV high resolution
spectromxtending their field of view up to several solar radii.

For exaffiple, Figure 1 shows the image of the solar corona taken with the SDO/ATA
171 A chaffaaaldon 11 July 2010 during a total solar eclipse, together with a white light
image of the wjole corona taken simultaneously from the ground. The larger field of view
of the whyj cht image allows the identification of several large scale structures beyond
the EUV imager’s field of view. While Figure 1 shows white light integrated emission,

similar images can be obtained using coronal emission lines in the visible range, where
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LANDI ET AL.: PLASMA DIAGNOSTICS IN THE VISIBLE RANGE X-7

the full line profile is measured at every pixel nearly simultaneously, vastly improving the
temperature and diagnostic purity of the image.

Also, easy access to a ground instrument allows hardware repair and upgrade. It thus
ensures longer operational lives compared to space instruments, and the acquisition of
self—consﬂﬁﬁhlbservations of the solar corona over long periods of time. Such advantages
minimize @ oblems produced by inter calibration and observational consistency which
affect m‘eﬁnems from different space instruments. Furthermore, any technical prob-
lem in spage-lmgsed instrumentation can irreversibly decrease its capability. For example,
detector degrgdation severely limited SOHO/SUMER observations early in the SOHO mis-
sion to a few campaigns each year; the Hinode high gain antenna failure which occurred in
2008 seve;ﬂt the data volume that can be downloaded from the instrument. Hence,
despite thﬁn disadvantages of the visible ground-based observations, namely (1) the
corona ca(@ be observed outside the solar disk, and (2) the observations are prone
to weat ment, these measurements still offer superior diagnostic potentials, when
compar ce-based instruments, as will be described next.

Howeveﬂre are two main disadvantages. First, the solar corona can only be ob-
served outgimthe disk. Second, ground based observatories can observe the Sun only
during the and their observations are prone to interruptions due to the weather. On
the othergi any technical problem in space instrumentation can decrease the obser-
vations ofj instruments to well below the capabilities of a ground based instrument.
For example, detector degradation severely limited SOHO/SUMER observations early in

the SoH ion to a few campaigns each year; the Hinode high gain antenna failure
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which occurred in 2008 severely limited the data volume that can be downloaded from

the instrument.

3. Visible plasma diagnostic techniques

3.1. Formation mechanisms of visible coronal emission

e

The intepaiky [, of a spectral line emitted by a transition from level j to level 7 of

charge state ¢ for element X is given by

—

Iline - Icoll Ir(zd (1)
[coll = Z G(Ta ne)90<T)dT (2)
Irad = = [ Nabsp(gb)EnCD(v)dx (3)

N

where [I.,; and_[,.q are the collisionally and radiatively excited components, respectively.
T is the e®c*n temperature, dT' and dx lie along the line-of-sight (taken to be the z

axis), Fj,. is I intensity of the incident radiation, p(¢) is the scattering factor and D(v)

M

is the Doppler Dimming term (see Phillips et al. 2008 for a definition), B is the Einstein
absorptiorLﬁﬁﬂicient, A;; is the Einstein coefficient for spontaneous emission of the transi-
tion, Whﬂ(@is the total decay rate from the upper level via spontaneous emission. The
Differenﬂrmssion Measure (DEM) ¢(T') of the plasma, the line Contribution Function

Gi(T, ndpeandlthe number of absorbers N5 are defined as

-

) n;(XT) n(X*) n(X) n(H) Aji
GJZ(TJ—L{(XH) n(X) n(H) ne ne (4)

dx
T) = n2== 5
o(1) = w22 )
n(XT) n(X) n(H)
Naps = e 6
T X)) n(H) ne ®)
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where n;(X*7)/n(X*?) is the relative population of the upper level j for charge state X9,
n(X*9)/n(X) is the relative abundance for charge state ¢ of element X, n(X)/n(H) is the
abundance of X relative to hydrogen, and n(H)/n, is the hydrogen density relative to that
of free electrons. Close to the Sun, [,,q < I.,; for the majority of EUV spectral lines,
but its Mtion to lines emitted in the visible is significant or even dominant at a
distance a 1.1 Ryun (e.g. Habbal et al. 2011). The dependences of I.,; and I,,4 on
the elecFrEnsity are different: through the DEM, the collisional component depends
on n?, whi radiative component depends on n..

The intepsity I..,; of the solar continuum radiation is due to Thompson scattering of

photospheric radiation by coronal free electrons; it is also dependent on n. and can be

USC

written as"

o = [ dani(a) [ d9Q(©) [ dAFON) Lun(1,2) ™)

Man

where [, "{2) is the incident radiation from the solar photosphere at wavelength A
coming from the direction Q, Q(2) is a geometrical factor which also includes the Thom-

son scattering cross section, and f(A) takes into account the velocity distribution of the

Of

scattering coronal electrons (see Cram 1976 for details).

The s@ radiation scattered by Earth’s atmosphere is far brighter than the corona
itself. WTl!Eo'mnal spectral lines can be easily retrieved by subtracting the sky emission
in the coam adjacent to the spectral line, such a method is not applicable to the
coronal @mm itself. This problem can be in part overcome considering that the

Thomson scattering in the corona occurs at nearly 90 degrees angle between the line of

sight and the direction of the exciting radiation, so that the emission is polarized, while the
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atmospheric scattering of solar radiation close to the disk occurs along the perpendicular
direction and hence does not introduce any additional polarization. Thus, the polarized
component of the solar corona can be retrieved through the use of polarimeters.

As the electron density decreases with height, I.,; decreases much faster than I,,4 and
oot Thiwent dependence explains why the emission from visible lines, which has a
very strononent I,..4, can be observed well beyond 2 Ry,,,, while the emission from

EUV lines; whose I,.qq is much lower, can be observed beyond 1.5 Ry,,, only with great
L

difficulty. O

3.2. Mam: field measurements

Coronamc observations in broad-band white light and narrow-band spectral lines,
coupled wj larimetry to infer the direction and strength of the magnetic field have
been propgn the past (Arnaud & Newkirk 1987). Judge et al. (2001) carried out a
thorough s ent of various methods to measure the magnetic field of the solar corona,
and conclu hat the most promising techniques involved polarimetry of spectral lines.
In particular, they recommended longitudinal Zeeman effect, measured through circularly
polarized Lﬁaﬁion, to measure the magnetic field component along the line of sight, and
resonanceization, resulting in linearly polarized lines, to determine the magnetic
field oriﬂl in the plane of the sky. Such measurements are easiest when using M1
lines emiﬁFd.'ﬂ the visible by coronal ions.

These measyements are not without limitations. Judge et al. (2013) reviewed the
polarimetzisieasurements from these types of lines by studying the mechanisms that
generate polarization in the lines themselves. The ratio between the U and @ stokes

parameters is proportional to the magnetic azimuth in the plane of the sky, but the large
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radiative lifetime of M1 lines causes this ratio to be independent of the magnetic field
magnitude B, so that we are left with only the magnetic azimuth. On the contrary,
the measurement of Stokes parameter V is proportional to the product B cos©pg, where
Op is the inclination of the magnetic field vector with the line of sight. However, the
magnituq-“ is proportional to the first derivative of the spectral line profile, making
this meas@ difficult due to the small value of this quantity. Still, these are the best
measure'mee can make of the coronal magnetic field.

Even Wi@ese limitations, visible polarization measurements can provide critical info
on magnetj uctures on the Sun. For example, Rachmeler et al. (2013) concluded that
coronal poa@a’cion measurements could unambiguously discriminate between different
polar cro/™®ament magnetic configurations (cylinder, flux rope, spheromak, sheared
arcades) pmng critical information on the structure, stability, and possible eruption of
these stru@@. Bak-Steslika et al. (2013) found from CoMP magnetic field measurements

that pr e cavities are consistent with a magnetic flux rope model.

3.3. Continuum polarized brightness and the electron density

In prin&“he Thomson-scattered continuum radiation can be used for a variety of
diagnostic@oses. However, as discussed in Section 3.1, the presence of atmospheric
scatterirﬂsk radiation in observations from the ground greatly complicates the ob-
servatiom“e coronal continuum. Outside eclipses, only the polarized component of
the corona@inuum can be recovered from observations.

Van de (1950) developed a technique to retrieve the coronal free electron density
from the polarized brightness of the coronal continuum. This technique also exploited

the fact that the F-corona in the vicinity of the solar disk is also unpolarized and can
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be subtracted together with the radiation scattered by the atmosphere. The polarized
brightness pB of the corona at a point x in the off-disk corona can be expressed as (Hayes

et al. 2001):

$2

pB(x) = C [ N)AW) = BO)|—mgegydr (8)

ry/r? — 22

e

QO

where Gaismamaaiistant, N (r) is the electron density, A(r) and B(r) are geometrical factors
provided By van de Hulst (1950), x is the projected heliocentric distance of the point,
and r is thial height from Sun center. The electron density N(r) is retrieved after
expandingw polynomial form and inverting Equation 8 to determine the coefficients.
This technigueghas been universally used for coronal density measurements from ground

and spacefnstruments, and it has been extended to the total continuum brightness B by

an

Hayes et ofmea@01).
A lar of measurements of coronal density from visible pB and B observations
have be ained from ground based observatories such as Mauna Loa Solar Observatory

(MLSO) and SoHO/LASCO. Frazin et al. (2010) carried out a comparison between the

-

two instruments, and utilized such measurements for 3D reconstruction of the density

structure Q solar corona.

3.4. Line-to-line intensity ratios

——

A line—tSintensity ratio in the visible wavelength range has three regimes, found at

increasingly logger heights: 1) both lines are collisionally excited; 2) one or both lines are

transitioni m collisional to radiative excitation; 3) both lines are radiatively excited.
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When spectral line formation is dominated by collisional excitation, the standard plasma
diagnostics applied to EUV lines (described in Phillips et al. 2008) can be used for the
analysis of visible coronal lines. These techniques allow us to measure the plasma DEM
o(T), the plasma electron density and elemental composition. It is important to note
that pheﬁlﬁﬁiation can be an important factor in the level population balance even
before racattering dominates spectral lines, and its importance depends on the
local pla‘srﬁnsity so that it can not be accounted for a priori. Photoexcitation affects
both coropal sgsible lines and EUV lines, as it alters the level population of metastable
levels and hegge of the entire ion. The line intensity ratios most commonly used for den-
sity diagnostics are Fexir 10800/10747, Nixv 6703/8026, Caxv 5446/5696, and Ar X111
8339/1014™===*Tn the past, these ratios have been extensively used to measure plasma
electron dm in the corona (e.g. Landi & Bhatia 2012 and references therein).

The int@ of a radiatively excited visible line depends primarily on the abundance
n(X*7) Ethe ion from which it is emitted: when both lines a and b from two
ions of element are radiatively excited, their ratio depends on the ratio of the
abundancﬂthe two ions, and can be used to determine this quantity. This is of
critical im nce, because charge state ratios are one of the main solar wind parameters
measured 1p-situ mass spectrometers, after they are frozen-in. Visible line intensity
ratios canﬂelised to monitor the evolution of the charge state ratios with distance from

-t

the Sun e here in the corona both in closed field structures and in the solar wind,

to directly congect coronal observations and in-situ measurements. Despite its relative
simplicii diagnostic technique has never been used in the past, and work is in

progress to apply it to eclipse data.

DRAFT August 31, 2016, 2:18am DRAFT

This article is protected by copyright. All rights reserved.



X-14 LANDI ET AL.: PLASMA DIAGNOSTICS IN THE VISIBLE RANGE

3.5. Line-to-continuum intensity ratios

Even if a ground-based coronagraph is unable to retrieve the total continuum intensity,
the polarized component alone can be used in combination with spectral line intensities
to carry out plasma diagnostics.

The lin*ﬁdntinuum intensity ratios can indicate the height at which the line intensity
changes ition mechanism from collisional to radiative. In fact, when the collisional
componEnEninates, this ratio is approximately proportional to n., when the line is
formed by@tive scattering this ratio no longer depends on n. and hence evolves much
more slowly with distance. Thus, this ratio allows us to determine the height R,.,; where
the transigg"om the collisional to radiative regimes occurs. An example, taken during
the 29 M 6 eclipse, is shown in Figure 2 (Habbal et al. 2007). Using eclipse visible
observatioGhere the total continuum could be observed, Habbal et al. (2010a,b,c,
2011) sho@at this height is much closer to the solar disk than anticipated, within the
field of available remote sensing instrumentation.

Habb -workers used eclipse data, where both polarized and unpolarized compo-
nents of the continuum could be observed. However, such a measurement is possible also
using the ized component of the continuum that a ground coronagraph observes.

Such a ratio can in principle be used to determine the absolute value of the abundance
of the iogiing the spectral line; a critical parameter to study solar wind acceleration
and connﬁsitu and remote sensing observations. During eclipses and from space,
this measuremgnt can be done as the total continuum can be measured. However, from
the groun is necessary to determine the degree of continuum polarization, which is

non trivial since this quantity is a complex function of distance from the photosphere
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and it depends on the plasma structures in the corona (Skomorovski et al. 2012). Still,
these measurements are possible during eclipses where the Earth’s atmosphere scattering

is absent.

3.6. Large scale temperature distribution of the extended corona

Habbal et jf (2011) showed that large scale structures in the solar corona were markedly

different

formed at®ry similar temperatures, like Fex and Fexr (1.1 x 10° versus 1.35 x 10° K,

served with different coronal visible lines, even when these lines were

Del Zanng et 3. 2015). An example is shown in Figure 3, where the solar corona
as observmh Few X, Fe X1 and FeX1v is shown: different ions, highlighted by differ-
ent colors,ﬂ different large-scale structures, demonstrating the temperature resolving
power of thei ission (from Habbal et al. 2011). This indicates that these structures are
near—isothg;,nso that visible observations of many lines formed over a wide range of
temperatu n help us make a map of the thermal structure of the large scale corona.
In general, lines are collisionally excited, standard DEM techniques used for EUV
and X-ray lines can be used to determine the plasma DEM. When radiative excitation
dominatemations 3 and 6 allow us to apply inversion techniques to determine the
ne(T) dison along the line of sight.

Deterﬂns of the thermal structure of the inner solar corona are routinely made
with EUMX-ray instrumentation, but these determinations are limited to the field
of view of thesp instruments, which extends up to ~1.5 solar radii. Beyond that height
very few urements have been made despite the importance of these outer regions
for coronal heating studies, solar wind evolution and CME propagation. In the same

way, the CME thermal structure has been seldom measured in the inner corona, and no
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X -16 LANDI ET AL.: PLASMA DIAGNOSTICS IN THE VISIBLE RANGE

continuous monitoring of the evolution of the CME properties has been done because of
the slow measurement cadence and the limited field of view. These measurements are

possible using coronographic observations of spectral lines in the visible range.

3.7. Determination of vector velocities
When t!(: ziectral profiles of visible coronal lines is available, direct measurements of

Doppler s be done, providing information on the plasma velocities along the line

- —
of sight inMen and closed field structures. At the same time, time series of 2D images
of the whigle cprona in the same lines provide a direct observation of dynamics in the
plane of tw. The combination of these two measurements allows us to reconstruct
the Velocigtor.

While t easurements may be difficult or ambiguous in closed field structures and
in the solar wind, where individual plasma parcels are very difficult to identify and follow,
they are o al importance for CMEs, as they allow us to determine the velocity vector
of the accele™ing plasma at all times during the very initial phases of the eruption. This
capability, together with the availability of lines formed in a wide temperature range, will
allow us twsure the acceleration of all components of the CME plasmas, determine
their kineergies, as well as whether nearby plasma structures deflect/change the
CME tr@f at the very beginning of the acceleration. Tian et al. (2013) provided
the ﬁrstwements of CME dynamics from visible spectral lines observed by COMP
and discussed §heir diagnostic potential and limitations. In particular, they found that
CMEs %d very large perturbations in the line centroid and large enhancements

in their widths;, these changes were even more pronounced than changes in the intensity

of the FeXI1I line they were measured with, and in some cases they were located ahead
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LANDI ET AL.: PLASMA DIAGNOSTICS IN THE VISIBLE RANGE X-17

of the erupting prominence at the CME core. Also, Tian et al. (2013) showed that by
combining measurements of the plasma Alfven speed from loop oscillations excited by the
CME event with density measurements obtained with the Fe XIiI line pair observed by

CoMP it was possible to retrieve the coronal magnetic field strength.

3.8. Determination of unresolved motions
SpectraQﬂdthS are formed by two distinct dynamical contributions: thermal mo-

tions, chammed by the ion temperature Tj,,, and non-thermal motions. The Full

Width Ha@ximum FW HM of an optically thin spectral line is given by

A 2%pT;
s FWHM = 22 J 4log 2( ]@ + vgth> (9)

c

where ¢ isc)eed of light, \g is the rest wavelength, kg is the Boltzmann constant, T; is
the ion te@ture, M is the ion mass and v, is a non-thermal velocity parameter which
describe unresolved, non-thermal motions of the ion. Line width measurements can
thus pr ical information on the location of shocks, of turbulence, of ion heating in

both Closei and open magnetic field structures, identify sub-resolution rotating structures,

to name a@as discussed by Tian et al. (2013).

3.9. Soli wind empirical modeling

The olsapumedlons of multiple Fe lines, along with UV and EUV spectral lines observed
from space, cal§ be used to apply the solar wind diagnostic technique developed by Landi
et al. (20 enceforth L.12). This technique utilizes user-defined velocity, electron tem-
perature and electron density as a function of distance to calculate the evolution of the

ion abundances in the wind plasma (using the Michigan Ionization Code — MIC, Landi
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X-18 LANDI ET AL.: PLASMA DIAGNOSTICS IN THE VISIBLE RANGE

et al. 2012b). The ion abundances are then used to predict spectral line intensities and
frozen-in charge states. These predictions can then be compared to observed line intensi-
ties and to in-situ measurements. Disagreements between predictions and measurements
lead to corrections to the initial velocity, electron temperature and electron density pro-
files, Whiﬁ'-ﬁil be fed again into MIC. This procedure is repeated iteratively to improve
the compsults until agreement between predictions and observations is achieved.
The final @ is an empirical, data-driven model of the wind plasma velocity, electron
temperatuUd electron density profiles, that can be compared to solar wind models.
The predicgions of individual ion abundances as a function of distance allow the cal-
culation omvidual line intensities using Eqs. 3 and 6, because all plasma parameters
are availa om the MIC input and output physical parameters. Landi et al. (2014)
applied trmhnique to spectral lines observed by SUMER below 1.3 solar radii, such
as the Na@e shown in Figure 4 (from Landi et al. 2014). The limited field of view
was dic the rapid decrease of the collisionally dominated NaIX intensity. Visible
observa the other hand, can extend this technique to much larger distances, in

the criticaé region where solar wind heating and acceleration takes place, and solar wind

charge sta@rolve and eventually freeze-in.

4. Scien£ goals that can be addressed

Spectr‘gly_rclaolved observations of visible lines will allow us to address a multitude of

different omuestions in solar and heliospheric physics. Here we limit the discussion to

a few o({

DRAFT August 31, 2016, 2:18am DRAFT

This article is protected by copyright. All rights reserved.



LANDI ET AL.: PLASMA DIAGNOSTICS IN THE VISIBLE RANGE X-19

4.1. Solar wind evolution in the solar corona
Knowledge of the charge state values and charge state ratio between two ions of the
same element is very important. In fact, in open field regions of the solar corona, where
the solar wind is expected to be flowing into the heliosphere, both quantities can pro-
vide two-hﬁlbutions to solar wind science of critical importance. First, they allow
us to mo evolution of the charge state distribution in the inner corona for the
first tim'e,Ewhen they become constant at a certain height, they provide a direct
measuremctj the freeze-in height and frozen in ratio value for the two ions; both quan-
tities can Regirectly compared to in-situ measurements in the heliosphere, providing a
direct, quantitative link between remote sensing observations and in-situ measurements of
wind prop . Second, they provide empirical constraints to the wind plasma electron
density, tﬁature and bulk speed using the technique outlined in Section 3.9. These

provide cx@a quantitative constraints to theoretical models, and can also be used to

validate themselves, as shown by Landi et al. (2014).

4.2. Long term evolution of the extended corona

The phyhaLproperties and the structure of the solar corona evolve dramatically during
the well 11-year magnetic cycle of the Sun. During minima, the structure of
the solaﬂa resembles that of a dipole, with coronal holes and open magnetic field
structurﬂpme poles, and a belt of closed field structures at the equator; during these
periods C@ceur once a day or less, and flares are infrequent and emit low levels of
X-ray emjg#T. During maxima, the solar atmosphere is a very complex mix of open

and closed magnetic field structures, and hosts a large number of sunspots and active
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regions which are the birthplace of numerous CMEs (several each day on average) and
very energetic solar flares.

However, not all solar cycles are the same, and the most recent solar cycle 24 has
surprised predictions by being the weakest in a century. The average number of sunspots,
however;-*ﬁ‘ that the current solar cycle 24 is more in line with the average of the last
250 years,t the cycles in the 20-th century have been unusually strong (McCraken
et al. Q(ﬂEs‘cmng solar cycle has deep effects on the heliosphere, because the larger
radiation @artieulate output in a strong cycle leads to significant changes in the
properties of ghe interplanetary space. Also, the strength of the solar cycle, by strongly
influencing the X-ray and EUV irradiance of the solar corona, can affect significantly
the outer;ayers of the Earth’s atmosphere, changing its density and thus affecting
artificial sme orbits in the long term.

The Ca@ the modulation of the solar cycle, and of the presence of the solar cycle

itself, anEects on the solar corona and solar X-ray and EUV irradiance are not yet

underst use of the lack of long term observations of the main physical properties
of the solﬁitmosphere: its magnetic field, and its thermal and dynamic properties.
Available vations have been taken by a host of different instruments working at
different w. ngth ranges and observing different regions of the solar atmosphere with
diﬂerenfﬁgues: this raises a formidable obstacle for obtaining a multi-cycle consistent

picture of jrolution of the solar corona. Ground-based instruments (easy to maintain

and repair) n provide all the necessary measurements and diagnostics to study the
solar coﬂd the solar wind, and will allow us to monitor the evolution of the solar
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atmosphere through several solar cycles, providing a set of consistent observations and

diagnostic measurements for decades.

4.3. Plasma diagnostics of erupting CMEs

Modeling CMEs and predicting their geoeffectiveness requires an accurate understand-
ing of th:!_'etics of these events. How much energy is released in those events, where it
comes fromﬂs it distributed among different CME components, and in what fraction

- —

is it spentmating and in accelerating the CME plasmas, are critical pieces of informa-
tion for rdfiabld CME modeling. However, current space instruments (broad band white
light coroffo hs, EUV and X-ray narrow band imaging instruments, and EUV high
resolutionﬂrometers) are unable to provide the required data: 2D series of images
taken wit y different spectral lines formed at all temperatures between ~10,000 K
to several;ns degrees, where the entire line profile is observed nearly simultaneously
in each pixe]?

The use o able filters, the large field of view, and the inclusion of a number of visible
lines spanning the required temperature range, enable visible coronographs to provide
the capabm for near-simultaneous diagnostics of the thermal, magnetic and density
structure ME components, and of the reconstruction of the dynamics continuously
from CMHffonset to a few solar radii. These measurements encompass the region where

a large fr.i".fnﬂof the total energy of the CME event has already been released into CME

plasma heatin§ and acceleration. Tian et al. (2013) already showed that such studies are

possible<
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4.4. Coronal heating by magnetic waves

One of the leading proposed mechanisms for heating the solar corona (and accelerating
the solar wind) is dissipation of magnetic waves. This method powers many first-principle,
physics-based global coronal models, such as the Alfven Wave Solar Model (van der Holst
et al. QOMere are many mechanisms proposed for how to dissipate magnetic waves
and releas@energy into the solar atmosphere, but all require observational evidence.
For exaﬁ@abn et al. (2012) showed that EUV spectral line widths in coronal holes
increase wish seight consistently with the propagation of undamped magnetic waves, but
at around J.3.R.., they suddenly start to decrease: interpreting such a decrease with
wave damﬁHahn et al. (2012) determined that the rate of wave energy decrease was

consistent the heating requirements of coronal holes. However, such measurements

are hampEy the small field of view and limited heights of EUV spectrometers.

VlSlble 0 graphs using tunable filters can resolve the profiles of many spectral lines
in the s na to altitudes which are not reached by EUV spectrometers, and carry
out lon f simultaneous measurements of line profiles across the entire corona (in

contrast V!'th the slit-like field of view of EUV spectrometers). These observations will

allow us t lop maps of wave propagation and damping, as well as of wave frequency

and proﬁ speed at multiple temperatures. Pioneering measurements of magnetic

waves i1l the corona have already been carried out with CoMP (Tomezyk et al. 2007).

Some of the solar corona based on Alfvén waves predict that towards the top

of large scale ops the ion and electron temperatures decouple, as electrons are able to
conduct t rgy deposited by Alfvén waves downwards along the loop, while ions are

much less efficient at that (van der Holst et al. 2014). This leads to a strong enhancement
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of T;,, at the loop top while the electron temperatures is almost constant; this increase
strongly affects line widths while keeping their intensities unchanged. This effect is
predicted to occur at heights outside the reach of current EUV spectrometers but well
within the ground coronographs field of view: it is a direct observable of wave-induced
coronal M, which can be directly studied using the spectrally resolved observations
of coronal

By defe@MHD wave phase speeds from time series of coronal images, these instru-

ments Will@provide the transverse magnetic field, allowing us to reconstruct the full

magnetic %ector.
5. Future in;:rumentation

5.1. Theﬁ)MP instrument

UCoMP ggill.be an upgraded version of the existing Coronal Multichannel Polarime-
ter (CoMP) Mstrument (Tomcezyk et al. 2008). CoMP comprises a 20-cm coronagraph
followedE@larimeter and a narrowband tunable birefringent filter that forms simul-
taneous images of the corona and continuum over a 2.8 R, field of view centered on the
Sun at eacLl!ekcted wavelength. CoMP, currently operating at the Mauna Loa Solar Ob-
servatory, es near-simultaneous 2D measurements of line width, intensity, Doppler
Velocityﬂokes Q, U, V parameters of the entire corona in the 1.03-1.38 Ry, range
using theemes® A and 10798 A Fe X111 coronal lines, and the 10830 A He1 chromospheric
line with z@ial sampling of 4.6 arcsec per pixel and a spectral bandpass of 1.3 A.

The upgrade, under development with NSF funding, will be described in de-
tail in a separate publication and will only be described briefly here. The 20-cm One

Shot coronagraph (Smartt, Dunn and Fisher, 1981) utilized by the CoMP instrument
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will also be used by the UCoMP. Like CoMP, UCoMP will obtain images of the corona
and continuum simultaneously in separate beams. The 1024 x 1024 camera in CoMP
will be replaced by dual 1280 x 1024 cameras and the spatial sampling will be improved
from 4.6 to 3 arcsec per pixel. The slow switching (250 ms switching time) CoMP po-
larizatioMlator based on Nematic liquid crystals will be replaced with a modulator
employinlectric liquid crystals (<1 ms switching time) based on the polychro-
matic m%@r implementation (Tomczyk et al. 2010). The calcite crystals in the CoMP
birefringeng filger will be replaced with Lithium Niobate crystals and the filter aperture
will be incgegged from 35 mm to 50 mm to accommodate the larger field-of-view. The
linear polarizers and half-waveplates in the birefringent filter will be replaced with wire
grid pola: and super achromatic waveplates, respectively. It is expected that the

upgrade V\E completed by July of 2017.

UCOMF@mprove on the capabilities of the CoMP instrument in two significant ways.

First, t ength range will be extended to include visible and near-IR emission lines
in the ;EO A range. Second, the field-of-view of the UCoMP will be increased to
1.6-2.5 Rgﬂi_nheliocentric coordinates, as shown in Figure 5. This upgrade will allow
UCoMP t rve a much larger number of coronal lines, as listed in Table 1. These lines
are emitte the quiescent and active corona in the 0.8-5.0 MK temperature range, as
well as l#re of accelerating CMEs between 0.01 MK up to ~0.5 MK. The additional
ions obserjy UCoMP will provide improved plasma diagnostic capabilities over the
Fe x111 coronalJines provided by CoMP and will allow UCoMP to explore the feasibility

of polariz easurements with other spectral lines, formed at different temperatures,

in order to sample the solar coronal magnetic structure more thoroughly. The increased
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field-of-view of UCoMP will be more than double that of the CoMP. It will allow improved
tracking of CMEs, provide observations of coronal structures that are currently limited by
the CoMP field-of-view and allow MHD wave observations out to much greater heights.
By utilizing tunable filters to observe resolved emission lines, UCoMP will combine the

strengthﬁHultaneous 2D imaging and high resolution spectroscopy into one single

instrumenQ

5.2. ThWMO Observatory

COSMQ congists of a suite of ground-based telescopes aimed at studying the solar
corona. Tfliffsyite of instruments is centered on the Large Coronograph (LC), currently
in advancgnning phase, which will consist of a 1.5 m refractive coronagraph that will
observe th na from 1.03 Ry, to 2.0 Ry, with a 2 arcsec spatial resolution and will
provide mz;g:;i)c field measurements with a 10 minute cadence down to a 1 G sensitivity.
The instmm will also be allowed to have an offset observation mode that will extend
its field of up to 4.0 Ry, above the limb to follow the evolution of CMEs at large
distances. A more complete description of the COSMO suite can be found in the COSMO
website (MWWWZh&O.UCaI‘.edU /cosmo).

The UC@project serves as a pathfinder for the larger LC instrument. Once opera-
tional, [ﬂwill enable the determination of the intensity levels for the lines in Table 1
for COSW instrument design. Further, it will provide a testbed to experiment on
other hnesnEncluded in Table 1 which could provide valuable diagnostics for the solar
corona, t, ar wind and CME plasmas. With its vastly larger aperture, COSMO will
dramatically 1mprove the diagnostic capabilities over UCoMP at all heights, especially

for magnetic field measurements. Also, the COSMO project includes a planned joint
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HAOQO/University of Michigan data analysis and modeling facility which will provide the
necessary infrastructure to fully distribute and utilize COSMO data for space weather

modeling and forecasting, and for student involvement in cutting edge scientific research.

6. Summary

Visible mtions of the solar corona provide a wealth of opportunities to address
the opep problems in solar physics, such as coronal heating, solar wind acceleration,
and CM%ering and evolution to name a few. Visible coronographs can be (and
have beemjloyed on the ground and in space; however, their diagnostic potential
has not bmﬂly exploited yet, especially because of lack of observations of individual
spectral li@r sufficiently large fields of view, even though eclipse observations have fully
demonstrEheir potential. In this paper we have reviewed the diagnostic techniques
that can plied to visible observations of spectral line intensities, and some of the
open problems in solar physics that they can help us address. The upcoming ground-
based visj oronographs — UCoMP, under development, and COSMO, under study —
will provide unprecedented opportunities to expand our understanding of our star, of its

evolution,%ﬂ'of its effects on the heliosphere and our own planet.
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Figure 2. Top: Sections of the corona as observed in Fe XI during the 2006 eclipse. Middle panels: Intensities
of spectral line emission as a function of radial distance given as solid lines, with the color coding corresponding to the
traces in the top panels. Continuum intensities are shown as dashed curves. Bottom panels: Corresponding ratio of
line to continuum intensities. The regions where collisional excitation and resonance excitation dominate are indicated.
Also shown for the example on the right is the freezing-in distance where the ratio of line to continuum becomes flat. The
presence of localized enhancement in the ratio appears in the left panel. [See Habbal et al. 2007]

Figurd g Overlay of Fex 6374 A (red) and Fex1 7892 A (cyan) [left], and Fex 6374 A (red) and Fexiv 5303 A
(green) eﬂ[righ‘c] from the 2010 eclipse observations. [From Habbal et al. 2011]

Figur 4. Example of comparison between predicted and observed line intensities, for the Na1x 681.72 A observed
by SOHE MER in an off-disk coronal hole (Landi 2008). Blue full line intensities were predicted using the MIC code,
dashed li e predicted using ionization equilibrium at the local temperatures. The full and dashed green lines mark the
limb andmximum height reached by spicules (which invalidate the comparison), respectively. Left panel: Cranmer
et al. (20 ronal hole/fast wind model. Right panel: Empirical model with the wind source region located in the

corona (fmndi et al. 2014).

Figur; Left: Current field of view of CoMP (blue region): the images at the wavelength of the emission line and of the
Continuummed on the same 1024 x 1024 pixel detector. Right: UCoMP field of view (blue region): the two wavelengths will

be image o different detectors, each 1280 x 1024 pixel, resulting in a much larger field of view.

O

CME core CME hot component Quiescent corona

Line logT.ss | Line logTess | Line logTeyy

HI6564  4.01-4.29 | Fe XIV 5303 6.15-6.49 | Fe X 6374 5.80-6.24

L_ He 15887  4.01-4.57 | Fe XV 7062 6.20-6.63 | Fe XI 7894 5.92-6.30
o He 110833 4.01-4.57 | S XII 7613 6.16-6.55 | Fe XIII 10800 (Ne) 6.08-6.41
Ca 11 8544 4.01-4.34 | Ar XIII 8339 (Ne)  6.26-6.67 | Fe XIII 10749 (Ne) 6.08-6.41

! O 117321  4.16-4.92 | Ar XIII 10143 (Ne) 6.26-6.67 | Fe XIV 5303 6.15-6.49
el O 117332 4.16-4.92 | Ca XV 5446 (Ne)  6.44-6.84 | Ar X 5535 5.86-6.42
: O 111 5008 4.62-5.23 | Ca XV 5695 (Ne)  6.44-6.84 | Ar XI 6918 6.04-6.52

Fe VI 5177 4.95-5.52

Ta Visible lines that will be observed by UCoMP. Wavelengths are in A. Lines from the same ion indicated with “Ne”
y g
provide density sénsitive line pairs. log7T,; indicates the temperature range where each ion has fractional abundance 0.01 or larger

under equilibrium conditions.
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