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Abstract

The proposed COronal Solar Magnetism Observatory (COSMO) Large Coronagraph (LC)
will provide unique observations to study coronal mass ejections (CMEs) with its ability to
diagnose the magnetic field and plasma properties in the solar corona. In this article, we take
a realistic magnetohydrodynamic CME model and synthesize the signals of several coronal
emission lines (CELs) to perform a forward modeling of COSMO LC observations of a
CME. We use the Stokes parameters of the Fe X111 10747 A line to diagnose the magnetic
field and plasma properties of the CME flux rope. The results show that COSMO LC can
provide magnetic field measurements of CME progenitors with a high spatial resolution
(pixel size = 2"). During a CME eruption, the COSMO LC observations may be used to
qualitatively study the evolution of the magnetic field using a lower spatial resolution (pixel
size = 6”). We then use the synthetic signals of several other CELs to diagnose the physical
conditions in the CME leading front, including the shock. The COSMO LC observations
of the Fe X111 10798/10747 A and Ni XV 8026/6703 A line pairs could provide density
diagnostics of the front. By observing several CELs with different formation temperatures,
the COSMO LC could be used to diagnose the temperature and ionization states in the
front. We suggest that the Fe X111 10747 A line should be given the highest priority when
observing CMEs, while observations of the Fe X111 10798 A, Fe x1v 5303 A, and Fe xv
7062 A lines, and the Ni Xv 8026/6703 A line pair can also provide valuable information
on CMEs.
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1. Introduction

Coronal mass ejections (CMEs) are regarded as the most spectacular eruptive events in the
solar system (e.g. Chen, 2011; Webb and Howard, 2012). CMEs carry an immense amount
of plasma and magnetic flux away from the Sun at a typical speed of several hundred km s~!
and the fastest speed of over 3000 km s~! in extreme cases (e.g. Yashiro et al., 2004). The
significance of understanding such events is magnified by their later impact on the Earth.
When interplanetary CME:s interact with the Earth’s magnetosphere in the form of magnetic
clouds, severe geomagnetic storms could be triggered, which can cause damage to human
society (e.g. Burlaga et al., 1982; Schrijver, 2015). Improving our understanding of CMEs’
triggering mechanisms, structure, and propagation is one of the major goals of space weather
studies.

CMEs have been observed by various kinds of instruments. White-light coronagraphs
such as the Large Angle and Spectrometric Coronagraph (LASCO: Brueckner et al., 1995)
on board the Solar and Heliospheric Observatory (SOHO: Domingo, Fleck, and Poland,
1995) and the COR1 and COR?2 coronagraphs on board the Solar TErrestrial RElations Ob-
servatory (STEREO: Kaiser et al., 2008) have played important roles in CME observations.
Through the measurements of polarized or total brightness of white light in large fields of
view (FOVs), the white-light coronagraphs can provide information on the origin, propa-
gation, and physical properties of CMEs (e.g. Wang et al., 2002; Lin et al., 2005; Zhou,
Wang, and Wang, 2006; Vourlidas et al., 2010; Ying et al., 2019). Statistical investigations
of CMEs were carried out using these large FOV coronagraphs (e.g. Gopalswamy et al.,
2010b,a; Vourlidas et al., 2013). Narrow-band imaging at extreme-ultraviolet (EUV) wave-
lengths is another approach to study CMEs. The Extreme-ultraviolet Imaging Telescope
(EIT: Delaboudiniere et al., 1995) on board SOHO started the era to study the EUV waves
generated by CMEs (e.g. Thompson et al., 1998; Biesecker et al., 2002; Chen et al., 2002;
Attrill et al., 2007). In recent years, the Atmospheric Imaging Assembly (AIA: Lemen et al.,
2012) on board the Solar Dynamics Observatory (SDO: Pesnell, Thompson, and Chamber-
lin, 2012) has provided temperature diagnostics of CMEs with high-resolution observations
of emission lines formed over a wide temperature range (e.g. Cheng et al., 2012; Hou et al.,
2022). Other approaches, such as observations of CME-induced radio bursts (e.g. Gopal-
swamy et al., 2003; Liu et al., 2009; Su et al., 2022) and spectroscopic observations of EUV
lines (e.g. Landi et al., 2010; Tian et al., 2012; Xu et al., 2022), have also contributed to
CME studies.

Despite intensive investigations of CMEs based on the approaches mentioned above,
many open questions remain. One of the core challenges for CME studies is to measure the
coronal magnetic field. The coronal magnetic field governs CMEs from their energy build-up
processes to their eruptions (e.g. Forbes, 2000; Karpen, Antiochos, and DeVore, 2012), but
direct measurements of the coronal magnetic field are elusive. The coronal magnetic field
measurements can be achieved in several ways, including using the Zeeman effects of visible
and infrared spectral lines (e.g. Lin, Penn, and Tomczyk, 2000; Lin, Kuhn, and Coulter,
2004; Li, Landi Degl’Innocenti, and Qu, 2017), the coronal seismology diagnostics (e.g.
Nakariakov and Ofman, 2001; Chen et al., 2010; Yang et al., 2020a,b), the magnetic-field-
induced-transition method (Li et al., 2015, 2016; Chen et al., 2021, 2023; Landi et al., 2020),
and through the unsaturated Hanle effect (e.g. Fineschi et al., 1993; Raouafi et al., 2016;
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Zhao et al., 2019, 2021). The Zeeman-effect measurement is generally well understood and
routinely used to infer photospheric magnetic fields (e.g. Scherrer et al., 2012), yet applying
this method to coronal measurements is still challenging due to the weak field strength (= 1
G) and the faint emission (0.1 — 10 parts per million (ppm) of the solar disk center intensity
for the Stokes I emission) in the corona. The Solar Observatory for Limb Active Regions and
Coronae (SOLARC: Kuhn et al., 2003) and the Coronal Multi-channel Polarimeter (CoMP:
Tomczyk et al., 2008) were designed to measure the coronal magnetic fields through the
Zeeman and Hanle effects, but their capabilities to measure CME-associated magnetic fields
are limited by the long exposure times relative to the dynamic time scales of CMEs.

Fortunately, the proposed COronal Solar Magnetism Observatory (COSMO: Tomczyk
et al., 2016) Large Coronagraph (LC) has the potential to provide magnetic field measure-
ments of CMEs. COSMO LC is a ground-based instrument designed to measure full Stokes
parameters of the well-known Fe X111 10747 A and a list of other visible and infrared coronal
emission lines (CELs). With its 1.5 m aperture, LC will observe the off-limb corona over
a large 1° FOV (i.e. 1.05-2 Ry) with a spatial two-pixel resolution of 2” and a temporal
cadence of 1 s, and will measure the line of sight (LOS) component of the coronal magnetic
field using Stokes V (circular polarization) signals. The Fe X111 10747 A line has a compar-
atively high sensitivity to the magnetic field (e.g. Querfeld, 1977; House, 1977). The linear
polarization of this line is sensitive to the coronal magnetic field orientation due to the sat-
urated Hanle effect (Sahal-Brechot, 1977), which has been used to infer coronal magnetic
field topologies and diagnose the magnetic free energy (e.g. Dove et al., 2011; Rachmeler
et al., 2013; Bak-Steslicka et al., 2013; Jibben, Reeves, and Su, 2016; Chen et al., 2018;
Gibson et al., 2017; Corchado-Albelo et al., 2021). Apart from the magnetic field measure-
ments, COSMO LC will also provide diagnostics of the plasma condition. LC will observe
other CELs formed at different temperatures, for example, the coronal green line (Fe X1V
5303 A) and the coronal red line (Fe X 6374 A). Several density-sensitive line pairs will also
be included for density measurements.

Besides COSMO LC, some other instruments will provide similar observations. For in-
stance, the upgraded CoMP (UCoMP: Tomczyk and Landi, 2019) can observe the CELs in
a similar way as COSMO LC, although its aperture (20 cm) is much smaller than that of
COSMO LC. The Visible Emission Line Coronagraph (VELC: Raghavendra Prasad et al.,
2017) on board the proposed Aditya-L1 mission (Seetha and Megala, 2017) will observe
the Fe XIII 10747 A line in space with higher efficiency than ground-based instruments.
The Cryogenic Near-Infrared Spectro-Polarimeter (Cryo-NIRSP: Fehlmann et al., 2023)
designed for the Daniel K. Inouye Solar Telescope (DKIST: Rimmele et al., 2020) will also
measure the full Stokes parameters of several CELs at wavelengths from 1 to 5 um with a 4
m aperture and a relatively smaller 5 FOV.

The incoming instruments raise the demand for a better understanding of the CEL ob-
servations of CMEs. This paper aims to investigate what we can learn about CMEs with
COSMO LC observations and provide possible guidance for future observations through a
forward modeling approach. In this work, we use a CME model and simulate the COSMO
LC observations of CEL signals from this CME. Our CME model, CEL synthesis, and
methodology will be described in Section 2. Section 3 presents our synthesized results. In
Section 4, we study the potential of the instrument to diagnose the magnetic field and the
plasma properties in the CME. We discuss the potential of COSMO LC in CME studies in
Section 5. Our conclusions are summarized in Section 6.
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2. Methods
2.1. CME Model

The CEL signals produced by CMEs critically depend on the plasma environment of the
CME, which means that a realistic CME model is needed for the CEL synthesis. The model
used in this work is a 3D MHD simulation of the 2000 July 14 Bastille Day eruption
event from Torok et al. (2018). The construction of the model was based on the Magneto-
hydrodynamic Algorithm outside a Sphere (MAS: Lionello, Linker, and Miki¢, 2009) code
from Predictive Science Inc. This model successfully reproduced several observational fea-
tures of the real Bastille Day event and has been used for several CME studies (e.g. Reginald,
Newmark, and Rastaetter, 2020; Young et al., 2021).

The construction of the model was divided into two steps. The first was to construct
a steady background corona. The input magnetogram for the model was composed of a
SOHO Michelson Doppler Imager (MDI: Scherrer et al., 1995) synoptic photospheric mag-
netogram for Carrington rotation (CR) 1965 combined with an MDI full-disk magnetogram
for active region NOAA 9077. The model evolved for 160 Alfvén times (174 ~ 24 min)
under the equations and heating functions similar to those in Lionello, Linker, and Mikié
(2009). We note that recent MAS simulations used the turbulence of propagating Alfvén
waves to drive coronal heating (Miki¢ et al., 2018). After a steady-state corona model was
obtained, the next step was to simulate the CME eruption. By inserting seven overlapping
modified Titov—Démoulin (TDm; Titov et al., 2014) flux ropes with different strengths, ori-
entations, and heights, the model reproduced a flux rope with a morphology as suggested
by the observations of the flare arcade and the pre-eruptive filament. The configuration was
then thermodynamically relaxed for 274. After this, a convergence flow was imposed in the
inner boundary for another 274, which finally triggered the eruption at t = 16474. A fast-
mode shock wave was formed during the propagation, as will be seen in Section 3. We refer
to Torok et al. (2018) for a detailed description of the model.

For the purpose of our analysis, we reset t = 0 to the onset of the CME eruption (i.e.
t = 1647, before the resetting) throughout the text below. We extracted the data at 26 differ-
ent moments starting from # = 0.00 to # = 12 min with a temporal interval of approximately
29 s. Note that this was the optimal uniform temporal interval available from the simulation.
During this period, the CME material has propagated through a distance of several solar
radii. Figure 1 shows some snapshots from the model. Panels a and b are the synthesized
SDO/AIA 304 A images at = 0 min and 7 = 4.32 min, respectively. Panels ¢ and d show
the CME flux rope and its magnetic field strength distributions for the two moments, respec-
tively. Panel e shows the polar view of the CME flux rope and our assumed LOS in a sketch.
Although the Bastille Day eruption headed towards the Earth, we choose a different viewing
angle so that the CME is placed off-limb.

2.2. CELs Synthesis

We simulated the observations of several CELs in the candidate line list for COSMO LC.
Table 1 shows the CELs used in this work, along with their wavelengths and formation tem-
peratures (i.e. the temperature of maximum ionization fraction assuming ionization equi-
librium). These lines provide a temperature coverage from log T /K~ 6.25 to =~ 6.65. Four
density-sensitive line pairs, i.e. the Fe X111 10747/10798 A, Ni xv 8026/6703 A, Ar X111
10143/8300 10\, and Ca XV 5694/5445 A, are included in this list. It is essential to note
that the Ar X111 10143 and 8300 A lines have not been detected yet, which highlights the
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t=0.00 min t=4.32 min

Flux rope

Direction of
eruption

Polar view V (e)

Figure 1 (a) Synthesized SDO/AIA 304 A intensity image of the CME flux rope at ¢ = 0. (b) Similar to (a),
but at r = 4.32 min. (c¢) Configuration of the flux rope at t = 0 and the photospheric radial magnetogram. The
color of field lines represents magnetic field strength. (d) Similar to (c), but at = 4.32 min and from another
viewing angle. (e) A sketch of the CME eruption and the LOS viewed from above the North Pole.

Table 1 Ions, wavelengths, and formation temperatures of CLEs.

Ton wvl [A] log Ty /K
Fe x111 10747 6.25
Fe x111 10798 6.25
Fe x1v 5303 6.3
Fe xv 7062 6.35
Ni xv 6703 6.4
Ni xv 8026 6.4
Ar XIIT 10143 6.45
Ar XIIT 8300 6.45
Ca xv 5694 6.65
Caxv 5445 6.65

importance of conducting forward modeling to gain a better understanding before future
observations. It should be mentioned that these lines are also in the candidate line list for
UCoMP (Landi, Habbal, and Tomczyk, 2016).

We first synthesized Stokes signals of the Fe X111 10747 A line using the Coronal Line
Emission (CLE; Judge and Casini, 2001) code embedded in the FORWARD package (Gib-
son et al., 2016). The CLE code was developed for the synthesis of Stokes parameters of
CELs from plasma and magnetic field conditions along the LOS. At each pixel in the image,
we calculated the profile of each Stokes parameter (/;, Q;, U,, and V;, each as a function
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of the wavelength 1) of the Fe X111 10747 A line. Since COSMO LC will use tunable filters
to receive signals at different wavelengths, the wavelength range is limited compared with
slit spectrometers. We used a wavelength range from 10742.3 to 10750.0 A, which corre-
sponds to a range from &~ —100 to &~ 100 km s~! in terms of Doppler shift. This short range
inevitably led to the consequence that the signals from plasma with high speed may not
be received. Nevertheless, we found that this did not severely affect the synthetic features
that we are interested in. In order to exactly obtain the Stokes parameters, the profiles were
nonuniformly sampled at 100 wavelengths with a minimum wavelength interval of 0.045
A. Note that this interval is much smaller than the typical value of instruments using tunable
filters (e.g. 1.1 A for UCOMP). After obtaining the profiles of the Stokes parameters, we
first applied the Gaussian fitting to the Stokes I profile and derived the central wavelength
Lo and e-folding line width T' (which equals —— FWHM) of the profile. Then, the total

2v/In2
intensities of Stokes parameters, i.e. (I, Q, U, V), were calculated as

(I, 0.U, V)=/(Ix, Qi Uz, sgn(d — Ao) Vy)dA. ey

Here sgn(A — A¢) means the sign of A — A. We then used L =/ Q? + U? to represent the
total linear polarization magnitude. The plane-of-sky (POS) azimuth of magnetic the field,
Az, was calculated as Az = ] arctan %

For other lines in this study, we only synthesized the intensity images. We first used the
CHIANTI database (version 10.0.1; Dere et al., 1997; Del Zanna et al., 2021) to calculate
the contribution functions of these lines. Since the emission of these lines results from both
collisional and radiative excitation processes, we considered the photoexcitation caused by
photospheric radiation. In this way, we expressed each contribution function as a function of
plasma temperature 7', electron density N,, and heliocentric distance r. We calculated the
contribution functions at a large number of log T /K (from log Ty /K—0.5 to log Ty /K+0.5
with a step of 0.02), log N,/cm™3 (from 5.0 to 13.0 with a step of 0.1), and r/ R, (from 1.0
to 3.0 with a step of 0.01). The coronal element abundances we used were from Schmelz
et al. (2012). For each LOS, we chose ~ 600 points with a uniform step of 0.005Rs, and
calculated the emissivities of lines by interpolating the contribution functions for the local
values of log T /K, log N./cm ™3, and r/Ry. The total intensities of the lines were derived
by integrating the signals along the LOS. We excluded points with LOS velocities higher
than 100 km s~ for consistency with Fe XIII 10747A synthesis.

When synthesizing these lines, we ignored the time required for ionization equilibrium
in the CME plasma. The impact will be discussed in Section 3.

2.3. Diagnostic Methods
2.3.1. Magnetic Field Diagnostic Method

Here we briefly introduce our method to infer the LOS magnetic field from the synthesized
signals. Because of the Zeeman effect, the Stokes V of Fe XIII 10747A can be used to
measure the LOS component of the magnetic field (B ps). Our method to measure B ps
and estimate the uncertainty comes from Fan, Gibson, and Tomczyk (2018). This B s is
expressed as

JT

Bros= BN

|1

Vv
7 s (2)
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Fe XIIl 10798/10747 (logT=6.25) Ni XV 8026/6703 (logT=6.4)

6 7 8 9 10 1" 12 6 7 8 9 10 1" 12

log N/em* log N/ecm*
Ar X1 8300/10143 (logT=6.45) Ca XV 5445/5694 (logT=6.65)

6 7 8 9 10 11 12 6 7 8 9 10 11 12
log N/em* log N/cm*

Figure2 Intensity ratios of the density-sensitive line pairs. Each ratio is a function of density and heliocentric
distance.

here T is the e-folding line width of Stokes 7 profile in nm and k = 8.1 x 107 nm/G is the
Zeeman sensitivity of the Fe X111 10747 A line. The relative uncertainty of B os caused by
photon counting error, U, (B ¢s), can be estimated by

1 [ VO;+2D
U, (BLos) = — — 2, 3)
€y |4 CDI

where ey = 1/ /3 denotes the modulation efficiency for Stokes V. Also ®; and &, are
the photon numbers of Stokes I signal and scatter light, respectively; ®; is related to I", the
telescope aperture D, the system efficiency €, the pixel size §x, and the exposure time &7 (see
equation 7 in Fan, Gibson, and Tomczyk, 2018). We used the assumption in Fan, Gibson,
and Tomczyk (2018) that the intensity of scattered light is 5 ppm. In this way, we estimated
®; using the solar disk center intensity. The solar disk center intensity was calculated by the
IDL function “for_sun_flux” in the FORWARD package.

In this paper, D and € were set to 1.5 m and 0.0943 (Tomczyk 2015, private communi-
cation), respectively, based on the proposed settings of COSMO LC. To simulate the obser-
vations with different resolutions and exposure times, we used various values of §x and §¢
for different situations, as will be seen in Section 4.

2.3.2. Density Diagnostic Method

We used the Fe X111 10798/10747 A, Ni xv 8026/6703 A, Ar X111 8300/10143 A, and Ca XV
5445/5694 A density-sensitive line pairs synthesized with CHIANTI for density diagnostics.
Using the contribution functions we derived with CHIANTI in Section 2.2, the intensity ratio
of each line pair is written as a function of 7', N,, and r. When measuring the density using
each line pair, we assumed the temperature to be the formation temperature of each line pair.
The heliocentric distance r for each pixel was assumed to be the distance between the solar
center and the LOS corresponding to this pixel. Figure 2 shows the intensity ratios each as a
function of log N, and r. The density could thus be determined given the intensity ratio and
heliospheric distance.
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We also investigated the uncertainty of the measured density caused by photon noise. To
do this, we first wrote the measured density as N, = N,(a, r), where a = I, /I, represents
the intensity ratio of two lines in a line pair. Differentiating N, and a gives

8Ne 11 O’]l 2 O’]2
oN, = — [ (552 +(=2)2, 4
Y= S0 (Il) (12) 4)
where oy,, 07, and oy, are uncertainties of N, I;, and I, respectively. The term 3;\;“ can

be calculated theoretically. The relative uncertainty of the intensity can be estimated by &,
and ®; as % = ﬁ /1+ 2%, which further gives

1N, I, [®f +2d;, &, +29,,
N, da I, @7 o

U,(N,) =

(&)

Here U, (N,) = % is the relative uncertainty of the measured density. In this study, we as-
sumed that the scattered light intensity for each line is 5 ppm (Fan, Gibson, and Tomczyk,
2018). Similar to the calculation in Section 2.3.1, we calculated ®; and ®;, and used Equa-
tion 5 to estimate U, (N,).

3. Synthetic Results

Figure 3a—e shows the synthetic results of Fe X111 10747 A att=0. We also plot the mag-
netic field, temperature, and density in the POS cross-section, as shown in Figure 3f-h. In
each panel, we mask the region below 1.05R, which is the edge of the COSMO occulter.
The black arrow in the Fe X111 10747 A intensity image marks the flux rope structure, which
is characterized by a strong magnetic field strength (* 600 G), low temperature (10775
K), and high density (& 10' cm™3). Since the formation temperature of the Fe X111 10747
A line is much higher than the temperature in the core of the flux rope, the strong inten-
sity is mainly produced by the material at the boundary between the flux rope and external
field. The bright rings around the flux rope indicate the external strapping field. Figure 3b
shows the map of the linear polarization degree. One can notice the weak linear polariza-
tion degree in the flux rope, which is because the magnetic field is nearly parallel to the
LOS in the flux rope (as shown in Figure 1c). A “lagomorphic” signature is also visible
in the linear polarization degree image. According to Rachmeler et al. (2013), this “lago-
morphic” signature is produced by the flux-rope magnetic field configuration. The CoMP
observations have also revealed similar structures (Bak-Steslicka et al., 2013; Chen et al.,
2018).

Figure 3c shows a significant enhancement of line width in the strapping fields around the
core of the flux rope. This enhancement was first noticed by Tian et al. (2013) in CoMP ob-
servations of CMEs. They explained that such enhancement is caused by the inhomogeneous
plasma motions along the LOS. Figure 3d shows several arch-shaped signatures in Doppler
velocity. These arch-shaped signatures are possibly caused by plasma flows along magnetic
field lines (e.g. Schmit et al., 2009; Bak-Steslicka, Gibson, and Chmielewska, 2016; Chen
etal., 2018)

Figure 4 shows the results and physical quantities in the model at r = 2.88 min. At this
moment, a shock wave was formed due to the high velocity of the plasma. We plotted the
contour of V - v = —0.05 (i.e. a strong compression of the plasma) in the POS in each
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Figure 3 Synthesized results of the Fe X111 10747 line, along with several POS cross-section quantities in the
model at t = 0. (a)—(e) Intensity (Stokes /), linear polarization degree (L /1), line width, Doppler velocity, and
radial azimuth derived from synthesized signals. (f)—(h) Magnetic field, temperature, and density distributions
in the POS. The solar disk is indicated by the yellow curve in each panel. The region below 1.05R is masked.

panel of Figure 4 to represent the shock location. It should be stressed that this only outlines
the intersection between the shock wave and POS, thus some of the shock-wave-associated
signals from other cross-sections may slightly fall outside the contour. To present some
detailed information on the shock, we selected two cuts in Figure 4g for further analysis.
Our analysis is similar to that in Jin, Nitta, and Cohen (2022). The upper three rows in
Figure 5 present the distribution of the magnetic field, velocity, and density along the two
cuts. Based on these curves, we determined the boundaries of the shock wave on both the
upstream and downstream sides, as shown by the dashed lines in each panel. The magnetic
field and velocity magnitudes both experienced a decline from downstream to upstream. By
taking the upstream and downstream magnetic field vectors, we calculated the coplanarity
normal n (e.g. Lepping and Argentiero, 1971) of the wavefront as

_ (B, xBy) x (B, ~By)
~ 1B, xB,) x (B, —By)|’

(6)

Here u and d denote upstream and downstream, respectively. We determined the electron
density N, and the normal velocity v, in the upstream and downstream, and calculated the
local normal velocity of the shock as

Neuvn _Ne Un,u
Uy = @
’ Ne,u_Ne,d

We then obtained the normal velocity relative to the shock v/, (= v, — v, ;) as blue curves in
the fourth row in Figure 5. We also calculated the fast-mode speed v as red curves, from
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(a) 10g l.sn/ppPm (b) log L/l (C) Line Width [km/s] (d ) Doppler Velocity [km/s]
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Figure 4 Similar to Figure 3 but at r = 2.88 min. The arc-shaped contour in each panel represents
V - v = —0.05. Two LFs can be distinguished in (a). We choose two cuts in (g) for detailed analysis of
the shock in Figure 5. Each white arrow in (g) represents the POS projection of the deduced shock normals.

which one can learn that the fast-mode speed in the downstream is higher than that in the
upstream. The last row in Figure 5 shows the Mach number (v, /v) profiles along the two
cuts. The Mach number in the upstream is &~ 3, while it decreases to ~ 0 in the downstream.
These properties suggest that this shock is a fast-mode shock.

Two leading fronts LF1 (along the shock wave) and LF2 (behind LF1) near the shock
can be identified from Figure 4. The two leading fronts are produced by plasma with a
temperature close to the formation temperature of the Fe X111 10747 A line. In the region
between LF1 and LF2 (i.e. the region near the shock wave), the Fe X111 10747 A intensity
is weak due to the high temperature in the shock (= 3 MK). The Fe xi11 10747 A line
width and Doppler velocity both experience a sudden change across the shock. In the shock
downstream, the line width and Doppler velocity are both high due to the fast plasma motion.
Figure 4e shows that the azimuth also changes significantly across the shock. Although the
azimuth is determined by the linear polarization, we caution that the azimuth distribution
cannot be used to directly infer the magnetic field direction due to the LOS integration
effect and the 90° Van Vleck ambiguity.

Figure 6 presents the synthesized intensity images for several other lines. The patterns
in the Fe X1V 5303 A images are similar to those of Fe X111 10747 A due to their similar
formation temperatures. The Fe Xv 7062 A, Ar x111 10143 A, and Ca XV 5694 A lines have
higher formation temperatures (> 2 MK) compared to the typical coronal temperature. As a
result, their signals from the background plasma are faint, while their signals contributed by
the CME plasma are strong due to the high temperature near and in the shock. Therefore,
the wave leading front appears to be sharp in the intensity images of these three lines.

Our calculations above assumed that the plasma is in ionization equilibrium. However,
the CME propagation timescale may be much shorter than the time required for ioniza-
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Figure 5 Magnetic field, velocity, density, normal velocity in the shock frame (v},) and fast-mode speed (v [2)
and Mach number profiles along the two cuts in Figure 4g.

tion equilibrium (Frassati, Mancuso, and Bemporad, 2020). The consequent nonequilibrium
ionization may significantly affect the emissions (Dudik et al., 2017; Lee et al., 2019). To
assess the influence of ignoring such an effect, we calculated the time scales for six ioniza-
tion processes listed in Table 2 using a typical shock temperature 7 = 3.0 MK and density
N, = 1033 ¢cm™3 in our model. Our calculation is similar to that in Ma et al. (2011). We
assumed that the ionization starts from Fe X11, Ni XI, Ar X, and Ca XI ions since their peak
temperatures (1.6, 1.3, 1.4, and 1.3 MK, respectively) are close to the typical coronal tem-
perature. Considering that the CME eruption starts at t = 0 while its leading front forms at
around ¢ = 2.88 min, we used 2.88 min as the propagation time scale of the CME. From
Table 2, one can learn that the time scales for Fe to be ionized to Fe X111, Fe X1V, and Fe XV,
and the time scale for Ni to be ionized to Ni XV are much shorter than the CME propagation
time scale. Therefore, the intensities of the Fe X111 10747 A, Fe X1v 5303 A, Fe XV 7062 A,
and the Ni XV lines are not significantly affected by the ionization process. The ionization
time scale of Ar XIII ions is comparable to the CME propagation time scale, which means
that the intensities of Ar XIII lines are slightly overestimated. For the Ca XV lines, their in-
tensities are severely overestimated since the CME propagation time scale is much shorter
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Figure 6 Intensity images of the Fe X1v 5303, Fe Xv 7062, Ar X111 10143, and Ca XV 5694 lines at t =0
(upper row) and ¢ = 2.88 min (lower row).

Table 2 Time scales of several

ionization processes. lonization process 1 [s]
Fe X11 — Fe X111 8.6
Fe x11 — Fe X1v 20.9
Fe x11 — Fe xv 40.6
Ni X1 - Ni XV 453
Ar X — Ar XIII 128.0
Ca X1—Caxv 497.7

than the ionization time scale of Ca XV. In Section 4, we will discuss the influence caused
by the overestimation of intensities of Ar XI1I and Ca XV lines.

4. Physical Parameter Diagnostics
4.1. Magnetic Field Measurements

To comprehensively explore the magnetic field diagnostics, we divide our investigation into
two parts. First, we investigate the magnetic field measurements of a steady flux rope. Then,
we discuss the magnetic field measurements of the erupting CME.

We first took the synthetic data at + = 0 to simulate the preeruption magnetic field di-
agnostics. As we mentioned above, a convergence flow at the inner boundary was used to
trigger the eruption. Since the slow expansion of the flux rope induced by the converging
flows was not yet part of the actual eruption, we assumed the velocity in the model to be zero
at t = 0. A pixel size §x of 2” and an exposure time of 15 min were adopted. Our results of
the magnetic field measurements are shown in Figure 7. Based on the synthesized Fe XIII
10747 A Stokes V /1 and Stokes I line width, we calculated the magnetic field strength, as
shown in panel b. Panel ¢ shows the relative uncertainty of the By os. The contour in panel
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Figure7 Magnetic field measurement of the flux rope before the eruption: (a) Stokes V/I, (b) By o s inferred
from (a), (¢) o B, (d) The flux rope and the strapping field lines, (e) By, i.e. the emissivity-weighted average
LOS magnetic field, (f) The difference between the magnitudes of inferred By ¢ and By.

b marks out the region where U, (B ¢s) is smaller than % Panel d shows the magnetic field

lines in the model. Comparing panels b and d, one sees that the inferred B, s map can
reflect the flux rope and the strapping field structure in the model.

In order to quantitatively evaluate the inferred B, s, a parameter directly derived from
the model is required. Due to the LOS integration effect, an LOS-averaged value of B g
can better match the physical meaning of the inferred B, ¢ s than the distribution of By os in a
cross section. To determine such a parameter, we start from the localized form of Equation 2,
ie.

ﬁ M €V .local

B ocal = TS s 8
LOS,local ) k €l local ( )

which describes the relationship between the local magnetic field and the signals from lo-
cal plasma. Here B os.iocat> Uiocals €v.iocal> a0d €jocq1 denote the LOS component of the
local magnetic field, the line width of the signal from the local plasma, the local Stokes
V emissivity, and the local Stokes I emissivity of the Fe X111 10747 A line, respectively.
Multiplying Equation 8 by e; j,c; and integrating it along the LOS gives

7 Tioca
/ e[,lacalBLOS,localdl = / £ ! leV.localdl- (9)
LOS LOS 2 k

To further reform Equation 9, we then assume that the line width I';,.,; is roughly constant
along the LOS. On the one hand, I'},.,; can be moved outside the integral on the right-hand

side. On the other hand, adopting this assumption implies that the measured intensities of

Stokes I and V satisfy % = '/f“’si,%’ which, in other words, means that the Stokes / and
LOS Jloca

V signals emitted from different LOS points are simply summed due to the invariant width

and central wavelength. Combining Equations 2 and 9, and using the inferences above, we
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obtain

BLos = fLOS €1,local * BLOS.localdl ) (10)
fLOS el,[ucaldl

Equation 10 shows that the measured By s equals the emissivity weighted average value
of Bros.10car along the LOS, if we assume first that the local line width is roughly constant
along the LOS, and second that the Doppler velocity of the plasma is negligible. We thus
use the right-hand side of Equation 10 to represent the magnetic field in the model (By), as
is shown in panel e. Comparing Figures 7b and 7e, one can see that the general pattern of
B o5 is highly similar to that of By. Figure 7f shows the difference between the magnitudes
of the inferred By ps and By. A typical value of ||BLos| — | Bol| is only 0.5 G, which is much
smaller than a typical By s magnitude (= 10 G).

We then generated the synthetic data at several moments for the simulation of the mag-
netic field measurements during the CME eruption. Different from the pre-eruption case,
we took into consideration the plasma motion in this part, meaning that the velocity in the
model was nonzero. To capture the dramatic evolution of the magnetic field, a much shorter
exposure time is needed, which can lead to a significant reduction of the S/N (signal-to-
noise) ratio since photon noise increases with decreasing exposure time. On the other hand,
one can use a larger pixel size to gain more photons, thus offsetting the reduction of the S/N
ratio. Therefore, we first synthesized the data with a pixel size of 2” and then resized the
data with a pixel size of 6” by averaging. When estimating the uncertainty caused by photon
counting noise, we assumed §x and 8¢ to be 6” and 12 s, respectively. To briefly consider
the evolution of the model during each exposure, we averaged the synthesized signals at two
adjacent simulation time steps for each measurement.

The results of the magnetic field measurement, along with the comparison between By s
and By, are shown in Figure 8. The first panel in Figure 8 shows the magnitude of the inferred
B os with noise, i.e. Brps - (1 + U, (BLos)R). Here R is a random value from a Gaussian
distribution with standard deviation of 1 and an average value of 0. One can learn from the
results at different moments that the region with reasonably low noise shrinks with time.
This is because the S/N ratio of the Fe X111 10747 A line decreases with the plasma ejection.
Generally, the measurements are only valid in the lower corona (1.05—1.2R).

The third and fourth columns (from the left) of Figure 8 show the difference between
|BLos| and | By| and the histograms of the relative error (|B.os| — |Bol)/|Bo|. One can see
that the Bj s deviates from By in the during-eruption case, which is different from the
result in the pre-eruption case. The cause for such a discrepancy between | B os| and | By|
is primarily due to the Doppler shifts of inhomogeneous plasma motions along the LOS.
When several flows of plasma with different LOS velocities are overlapped in the LOS, their
composite signals can result in more than one component in the Stokes profiles. We took the
pixel centered on (1.001,0.283) at r = 0 in Figure 8 for a closer examination. Figure 9
presents the Stokes / and V profiles at this pixel, along with the profiles of several physical
parameters along the LOS corresponding to this pixel. We identified two components (p;
and p, for the left and right components, respectively) in the Stokes I profile as red dashed
curves and derived the peak intensity, line width, and Doppler shift of each component
through a double-Gaussian fit. We also plotted the single Gaussian fitting result as the blue
dashed curve. The center of p; matches the center of the Stokes V profile. To find out the
sources of p; and p,, we focused on the peak in the emissivity profile, as is marked by the
vertical dashed—dotted line in the right panel of Figure 9. The LOS velocity of this peak
(31.8 km s71) is close to that of p;, and the LOS magnetic field strength of this point (237
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Figure 8 By g diagnostics of the CME for t = 0 to 3.84 min: (first column) Inferred Bj g with noise,
(second column) By, (third column) The difference between inferred By ¢ g and By, (last column) Histograms
of (IBLos| — BoD/|Bol.

G) is also close to that inferred from p; and the Stokes V profile (228 G). This indicates
that p; is produced by the region around the peak in the emissivity profile. At the same
time, p, appears to be produced by the background plasma due to its low LOS velocity
and weak corresponding signal in the Stokes V profile. These indicate that p; carries the
information on the magnetic field in the flux rope, while p, only carries the information on
the background plasma. Therefore, decomposition of p; and p, is required for the magnetic
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Figure9 Stokes / and V profiles at the pixel located at (1.001, 0.283) at t = 0 in Figure 8, and distributions
of By os, Vi os, emissivity, and temperature along their corresponding LOS.

field measurement. Without such a decomposition, the B; ¢ inferred from a single Gaussian
fitting to the Stokes I profile is only 202 G, which significantly deviates from the actual field
strength.

It can be deduced from the analysis above that the discrepancy between Bpos and By
in Figure 8 is mainly caused by the undistinguished multiple components as a consequence
of the CME eruption. Since COSMO LC will use tunable filters to obtain the profiles, the
multiple components may not be distinguished in real observations due to the large sampling
wavelength interval. We assume that the sampling wavelength interval is the same as that of
UCOMP (1.1 A), and marked the sampling wavelengths in the profiles in Figure 9. One can
see that p; and p, cannot be easily decomposed, meaning that a precise measurement of the
field strength in the erupting flux rope is difficult to realize.

One may also notice in Figure 9 that the inferred By os (= 200G) is only about half of
the maximum By s along the LOS (394 G). This is because the source region of p; does
not locate at the region where B s peaks. Due to the relatively weak By g of this point
and high temperature (1042 K) compared to those in the flux rope, it can be deduced that
the emissivity peak is located at the boundary between the flux rope and the background
plasma. For the inner parts of the flux rope, i.e. the regions with peak B; s, the Fe XIII
10747 emissivity is weak due to the low temperature. Therefore, the measured Bj og tends
to be underestimated compared to the peak B s in the flux rope. It should be noted that
this underestimation is not caused by the plasma motion, thus it also exists when measuring
the magnetic field of a steady flux rope. Fan, Gibson, and Tomczyk (2018) found a similar
effect, which suggests that this underestimation can be universal.
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Figure 10 Density diagnostic results using four line pairs and the corresponding relative uncertainties. The
first and second columns are for t = 2.88 min, while the third and fourth columns are for t = 4.32 min. The
four rows represent results derived from the Fe X111 10798/10747 A, Ni xv 8026/6703 A, Ar X111 8300/10143
A, and Ca XV 5445/5694 A line pairs, respectively.

4.2. Density Diagnostics

In this section, we investigate the density diagnostics during the CME eruption. We took
the synthetic data at  =2.88 and ¢ = 4.32 min for analysis. Similar to the magnetic field
measurements, we ignored the evolution of the model during each exposure. Due to the fast
motion of the CME leading front, we assumed the exposure time to be 4 s, and then modified
the pixel size to 9”. Figure 10 shows the density inferred from the four density-sensitive line
pairs and the relative uncertainties U, (N,) calculated using Equation 5. In the early stage
of the eruption (r = 2.88 min), a clear leading front can be seen as an enhancement of the
inferred density in each panel. At t = 4.32 min, the inferred density decreases as a result of
the CME expansion.

Among the four line pairs, the Fe X111 10798/10747 A line pair has the highest S/N
ratio, thus the Fe X111 10798/10747 A inferred density has the smallest uncertainty caused
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Figure 11 The distributions of LOS velocity, emissivity, and density along three LOSs. The dashed line in
each panel of the last row indicates the inferred density without subtracting the background signals. The emis-
sivity and density profiles only show parts where |V o g| <100 km s~1.LOS1, LOS2, and LOS3 correspond
to pixel 1, 2, and 3 in Figure 10, respectively.

by photon counting. For the density inferred from the Ni Xv 8026/6703 A line pair, the
uncertainty is also small enough for the density measurements in the shock front, although
the uncertainty quickly increases with time, as one can see that the region where U, (N,) <
1/3 only takes a small fraction of the leading front at # = 4.32 min. The low S/N ratio of
the Ar X111 8300/10143 A line pair results in a large uncertainty of the inferred density. At
t = 2.88 min, the U, (N,) of Ar XIII inferred density caused by photon counting is ~ 1/3
in the leading front, while at r = 4.32 min the uncertainty significantly increases. As has
been discussed in Section 3, the intensities of the Ar XIII lines are slightly affected by
the nonequilibrium ionization effect. Thus, the uncertainty of the density inferred from the
Ar XI1I line pair is expected to be even higher, which suggests that the density measurement
based on the Ar X111 8300/10143 A line pair is valid only during the early stage of the
eruption. Moreover, one may notice that the density maps inferred from the Ni XV and
Ar X111 line pairs are similar, which is a result of the close peak temperatures of the two line
pairs.

The density inferred from the Ca XV 5445/5694 A line pair has the largest uncertainty.
Due to our analysis in Section 3, the Ca XV strength of the signal is severely overestimated,
thus the uncertainty of Ca XVv 5445/5694 A measured density can be even much larger.
This indicates that the density measurement based on the Ca XV 5445/5694 A line pair is
unfeasible due to the low S/N.

To assess the density inferred from the Fe X111, Ni XV and Ar XIII line pairs, we then
chose three pixels (1, 2, 3) marked by the white asterisks in Figure 10 for a detailed anal-
ysis. The corresponding LOSs are dubbed as LOS1, LOS2, and LOS3, respectively. Fig-
ure 11 presents the distributions of LOS velocity, emissivity (the Fe X111 10747 A emissivity
for LOSI1, the Ni xv 6703 A emissivity for LOS2, and the Ar X111 10143 A emissivity for
LOS3, respectively) and density along the three LOSs. The points with LOS velocity higher
than 100 km s~! are removed since the signals from these points are out of the specified
wavelength ranges. Each of the emissivity profiles shows a background component and a
CME component, which indicates that the observed signals consist of both background sig-
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nals and CME signals. As a consequence, the measured density is lower than the peak den-
sity along the LOS due to the averaging effect. The inferred densities for the three pixels are
1089810336, and 1083 cm—3, respectively, which are smaller than the peak densities along
the three LOSs (10862, 10836, and 1086 cm™3, respectively). We then attempted to correct
the inferred densities of the two pixels by subtracting the background signals. We used the
signals in the three pixels (a, b, c) marked by green asterisks in Figure 10 as the background
signals. The inferred densities after subtracting the background signals are 10863, 10893, and
1035° em™3, respectively, which are closer to the peak densities along the LOSs compared
with the densities inferred from raw signals. It should be mentioned that the error between
inferred densities and peak densities along the LOSs still exists after the subtraction since
the background signals cannot be accurately estimated by signals of other pixels. Despite
this, the inferred densities are still close to the peak densities along the LOSs.

5. Discussion
5.1. Measuring the CME-Associated Magnetic Field

The CME progenitors are often characterized by flux rope structures (e.g. Vourlidas et al.,
2013). Our investigation in Section 4.1 shows that COSMO LC can measure the LOS mag-
netic field strength of the stable flux rope with relatively small uncertainty caused by photon
counting. In this work, a pixel size of 2”” was employed, which is much smaller than that
in Fan, Gibson, and Tomczyk (2018) (12”). We found that the magnetic field strength is
still measurable with high S/N ratio in a wide spatial range. This indicates that the high-
resolution magnetic field maps from COSMO LC can help deduce the detailed structures of
CME progenitors. Although the magnetic field measurements are affected by the LOS aver-
aging effect, the strong correlation between the measured value and the emissivity-weighted
field strength over the LOS gives us confidence for a quantitative analysis of the magnetic
field structures of CME progenitors. We also found that the inferred magnetic field strength
of the flux rope is approximately half of the LOS peak field strength, since the source re-
gion of the Fe X111 10747 A line locates at the boundary between the flux rope and the
outer strapping field. Such an underestimation may be universal when observing flux ropes
with thermal and magnetic structures similar to those of the flux rope in our model. Our
results, together with those in Fan, Gibson, and Tomczyk (2018), can help us understand the
COSMO LC measurements.

Our study also suggests that COSMO LC can diagnose the magnetic field during the
CME eruption. By using a much larger pixel size, the magnetic field in the lower corona
(1 — 1.2Ry) can be measured at a relatively fast cadence. In this work, an exposure time of
12 s is used, which indicates that a cadence of ~ 1 min is needed for filters at five different
wavelengths. A typical CME with a velocity of 400 —500 km/s can propagate ~ 3 x 10* km
during such a cadence, which is much smaller than the solar radius (6.96 x 10° km). There-
fore, COSMO LC will be able to capture the evolution of the large-scale magnetic field at
least during the early stage of CME eruption. Meanwhile, the magnetic field measurements
during CME eruptions are impacted by two factors. First, the fast expansion of CMEs can
cause inhomogeneous plasma motions along the LOS, which may further lead to uncertain-
ties in the inferred B ps. Second, the intensity of the Fe X111 10747 line decreases with
the ejection of plasma, which leads to a decrease of the S/N ratio. Despite these facts, the
measurements can still provide qualitative information on the magnetic field of the erupting
structure.
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5.2. Diagnosing the CME Leading Front

Our results show that COSMO LC is capable of diagnosing the plasma properties in the
CME shocks. The linear polarization signals, along with the line width and Doppler shift of
the Fe X111 10747 A line, can be used to infer the morphology and the plasma motions in the
CME leading front. Also, the leading front can be seen in intensity images of lines formed
in a wide temperature range.

By using the Fe X111 10798/10747 A, Ni XV 8026/6703 A, and Ar X111 8300/10143 A
line pairs, COSMO LC can measure the density in the CME leading front. The density
distributions inferred from the Ni Xv 8026/6703 A and Ar X111 8300/10143 A line pairs
are similar due to their close peak temperatures. Considering that first the uncertainty of the
density inferred from the Ar X111 8300/10143 A line pair is relatively large, and second the
Ar XIII 8300/10143 A line pair is yet to be observed, we suggest focusing on the Fe X111
10798/10747 A and Ni XV 8026/6703 A line pairs for density measurements of the CME
leading front.

Previously, the diagnostics of plasma properties in the CME shocks have been carried
out based on SDO/AIA observations (e.g. Kozarev et al., 2011; Ma et al., 2011). The shock-
associated leading fronts can be seen most clearly in AIA 193 A (Fe x11, 1.4 MK) and 211 A
(Fe X1v, 2.0 MK) channels. AIA 335 A (Fe xv1, 2.8 MK) channel also responds to the CME
shocks, despite its relatively low S/N ratio. Compared with the diagnostics based on AIA
observations, the diagnostics based on COSMO LC observations have several advantages.
First, each of the AIA channels is contributed by lines formed at different temperatures
(O’Dwyer et al., 2010), while the CELs observed by COSMO LC have much less blending.
This means that the CEL signals can more precisely reflect the information on plasma at
a specific temperature. Second, the density inferred from density-sensitive line pairs is less
affected by the nonequilibrium ionization in the CME shocks. Using AIA observations, the
density can be inferred from emission measure (EM) analysis. However, one has to assume
an integration length along the LOS, which is often subject to a large uncertainty.

In addition, simultaneous observations of Fe X111 10747 A, Fe X1v 5303 A, and Fe xv
7062 A with COSMO LC will also help us understand the ionization processes in CME
shocks.

5.3. Recommending CELs for CME Observations with COSMO

Here we compare the CELs we analyzed in terms of their potential to study CMEs. Among
these CELs, Fe X111 10747 A should be given the highest priority when observing CMEs.
First, the Stokes signals of Fe X111 10747 A can provide quantitative magnetic field mea-
surements of CME progenitors and qualitative diagnostic of the magnetic field during CME
eruption. When coupled with the Fe X111 10798 A line, the Fe X111 10747 A line can be used
to measure the density in the CME leading front. Furthermore, the Fe xi111 10747 A line
provides diagnostics on the ionization processes in the CME leading front. We propose that
the Fe X1V 5303 A and Fe XV 7062 A lines should also be included by COSMO LC, due
to their ability to diagnose the temperature and ionization states in the CME leading front.
It should be mentioned that the Stokes profiles of Fe X1v 5303 A may also be helpful for
magnetic field diagnostics (Mickey, 1973), although it is not discussed in this work.

We also recommend the Ni xv 8026/6703 A line pair for density diagnostics of the
CME leading front. Although the S/N ratio of this line pair is lower than that of the Fe XII1
10798/10747 line pair, we point out that one advantage of the Ni XV line pair is that its
peak temperature (2.5 MK) is closer to the temperature of the shock front compared with
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that of the Fe X111 10798/10747 line pair (1.8 MK). The Ni XV signals from the CME
shock is thus less affected by the background signals. One can learn from the analysis in
Section 4.2 that the density inferred from the Fe X111 10798/10747 significantly deviates
from the density in the shock without subtracting the background signal, while for the Ni XV
line pair the deviation is weaker. The Ar X111 8300/10143 line pair could also provide similar
measurements, although the uncertainty caused by photon counting is relatively large. We
do not suggest including the Ca XV 5445 A and 5694 A lines in COSMO LC observations
due to their low S/N ratios.

6. Conclusion

Based on a realistic MHD CME model, we have carried out a forward modeling of COSMO
LC observation of a CME and investigated the potential of LC to diagnose the magnetic field
and plasma properties of the CME. We have synthesized Stokes profiles of the Fe X111 10747
A line and intensity images of several other CELs. We then performed the magnetic field
measurements of a steady flux rope and an erupting flux rope. Then, we performed the den-
sity measurements of the CME during its eruption. By calculating the uncertainties caused
by the photon counting error and comparing the inferred quantities with model quantities,
we discussed the feasibility of these measurements. At last, we concluded the potential of
COSMO LC to study CMEs and discussed the priority of each CEL for CME observations.
Our conclusions are as follows:

1. The COSMO LC can reveal information on the detailed magnetic field structures in the
CME progenitors by observing the Stokes parameters of the Fe X111 10747 A line with
a high spatial resolution (2" pixel size) and a relatively long exposure time (15 min).
The measurements can be used to quantitatively study the magnetic field in the CME
progenitors despite the LOS integration effect.

2. By using a lower resolution (6” pixel size) and short exposure time (12 s), COSMO LC
observations can help qualitatively understand the evolution of CME-associated mag-
netic field during the eruption. The magnetic field measurements can be affected by the
inhomogeneous plasma motion in the CME.

3. COSMO LC can provide plasma diagnostics of the CME leading front. The linear polar-
ization signals, line width, and Doppler shift of the Fe X111 10747A line carry information
on the morphology and plasma motion of the CME shock. The Fe X111 10798/10747 A,
Ni XV 8026/6703 A, and Ar x111 8300/10143 A line pairs can provide density measure-
ments of the CME leading front, and the former two have relatively higher S/N ratios.
Observations of the Fe X111 10747 A, Fe x1v 5303 A, and Fe xv 7062 A lines can be
used to study the ionization processes and temperature change in the CME leading front.

4. We suggest that the Fe X111 10747 A line should be given the highest priority in CME
observations. The Fe X111 10798 A, Fe x1v 5303 A, and Fe XV 7062 A lines, and the
Ni XV 8026/6703 A line pair should be given secondary priority. We emphasize that this
is from a perspective of a CME study.
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