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Abstract

Beyond the Sun-Earth line, spacecraft equipped with various solar telescopes are intended to
be deployed at several different vantage points in the heliosphere to carry out coordinated,
multi-view observations of the Sun and its dynamic activities. In this context, we investigate
solar visibility by imaging instruments onboard the spacecraft orbiting the Sun-Earth
Lagrange points L1, L4 and L5, respectively. An optimal arrival time for vertical periodic
orbits stationed at 1.4 and L5 is determined based on geometric considerations that ensure
maximum visibility of solar poles or higher latitudes per year. For a different set of
orbits around the three Lagrange points (L1, L4 and L5), we calculate the visibility of the
solar surface (i.e., observation days per year) as a function of the solar latitude. We also
analyze where the solar limb viewed from one of the three Sun-Earth Lagrange points under
consideration is projected onto the solar surface visible to the other two. This analysis
particularly aims at determining the feasibility of studying solar eruptions, such as flares and
coronal mass ejections, with coordinated observations of off-limb erupting coronal structures
and their on-disk magnetic footpoints. In addition, visibility analysis of a feature (such as
sunspots) on the solar surface is made for multiple spacecraft in various types of orbits with
different inclinations to quantify the improvement in continuous tracking of the target feature
for studying its long-term evolution from emergence, growth and to decay. A comprehensive
comparison of observations from single (L1), double (L1 and L4) and multi-space missions
(L1, L4 and L5) is carried out through our solar visibility analysis, and this may help us to
design future space missions of constructing multiple solar observatories at the Sun-Earth
Lagrange points.

Plain Language Summary

The Heliophysics community and space weather service providers demand for their
research and model operation to send more spacecraft equipped with various scientific
payloads beyond the line connecting the Sun and Earth. These spacecraft will be strategically
positioned to observe the Sun and its activities from multiple perspectives. We specifically
focus on studying the visibility of the Sun from spacecraft located at the Sun-Earth Lagrange
points L1, L4 and L5, where the gravity of the Earth and Sun allow the spacecraft to remain
stable over long periods of time. We determined an optimal time for spacecraft to enter
orbits around L4 and L5 based on the specific purpose of maximizing the visibility of the
solar poles and higher latitudes throughout the year. We also examine whether semi-circular,
loop-shaped structures near the solar limb viewed from one of the Lagrange points are visible
to the other Lagrange points. This analysis helps us to estimate the feasibility condition
of studying solar eruptions (such as flares and coronal mass ejections) in the context of
their coordinate observations: i.e., erupting coronal structures above the solar limb from
one spacecraft and their source region on the solar disk from the others. Furthermore, we
assess the visibility of specific features, such as sunspots, on the solar surface for multiple
spacecraft in different types of orbits with varying inclinations, which enables us to quantify
the improvement of continuous tracking of these features for the study of their long-term
evolution from emergence and growth to decay.

1 Introduction

The Sun consistently blows out the high-speed solar wind into interplanetary space and
occasionally produces large eruptive events such as flares, solar energetic particles (SEPs)
and coronal mass ejections (CMEs). When such dynamic solar activities occur, they may
cause heliospheric disturbances and consequently affect the so-called space weather (e.g.,
Schwenn| |2006; |[Vourlidas|, 2021} [ Temmer, 2021; |Zhang et al., |2021). The magnetic field of
the Sun is fundamental to understanding the origin, structure and dynamics of the solar
wind (e.g., Wang et al.l 2000 |Antiochos et al., [2011)) as well as the trigger mechanism of solar
eruptions (e.g., [Park et al. 2010; |[Kusano et al., 2012)). It is therefore important to acquire
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information on the dynamic solar activity and magnetic field extended to the heliosphere
with remote-sensing observations as precisely, immediately and extensively as possible. There
have been, however, limitations to obtaining such information due to the observations mostly
carried out from the Sun-Earth line (i.e., from ground telescopes, Earth-orbiting satellites, or
spacecraft at the Sun-Earth Lagrange point L1). To overcome this limited view of the Sun,
various space missions are currently in operation (e.g., Parker Solar Probe, Solar Orbiter,
STEREO-A) and in preparation (e.g., ESA’s Vigil at the Sun-Earth Lagrange point L5) off
the Sun-Earth line, thereby carrying out coordinated, multi-view observations of the Sun.

The Sun-Earth Lagrange points (hereafter, simply referred to as L1-L5), especially the
triangular points L4 and L5, are viable options for observing the Sun from multiple angles
(Cho et al.l [2023} Moon et al., |2024). Observations made through remote sensing, spanning
heliographic longitudes up to 120° apart between 1.4 and L5, provide visibility coverage for
a substantial portion (i.e., 300° of longitude as the maximum meridional extent allowed) of
the solar surface at any given time. This effectively reduces any observational blind spots on
the solar surface. Such wide-view coverage is pivotal for real-time monitoring of the Sun,
improving the capability to detect and monitor solar eruptive events and predict their impact
on the heliospheric environment. As shown in Figure [2] remote-sensing observations from
L4, together with L1, can help to carry out a thorough investigation of solar source regions
that produce SEPs. The wider field of view for solar observations also enables the longer
tracking of a feature of interest, which will help us to understand its persistent evolution as
it rotates: e.g., emergence, development and decay of sunspots (e.g., van Driel-Gesztelyi &
Green, [2015).

The strategic positioning of spacecraft at the multiple Sun-Earth Lagrange points will
provide an advantage in reconstructing the three-dimensional (3D) structure of CMEs and
determining their propagating direction and speed from stereoscopic observations. These
multiple viewpoints can also contribute to resolving an intrinsic 180° ambiguity in the
orientation of the transverse magnetic field present in Zeeman effect measurements on the
surface, as discussed in [Posner et al.| (2021); [Valori et al| (2023); Cho et al.| (2023); Moon
et al. (2024). In addition, a combination of solar on-disk and off-limb observations for
the same target region by this multi-spacecraft configuration will be beneficial for a better
understanding of solar eruptions, allowing us more comprehensive modeling of their magnetic
field structure and evolution in the 3D solar atmosphere (i.e., through multiple layers from
the photosphere to the corona).

A unique perspective to precisely observe the Sun’s high latitudes can be achieved by
optimizing the design of vertical periodic orbits for spacecraft at L4 and L5, reducing the
projection effect on solar image data. The polar and high-latitude region of the Sun is of
particular interest because the magnetic field strength in such region around the minimum
of the 11-year solar activity cycle has a close relation with the sunspot number at the
upcoming maximum (e.g., |Schatten et al.l |1978} |Pesnell, [2012; |Javaraiahl, [2023). One can
accurately measure solar meridional flows at high latitudes (toward the polar region), which
are thought to play an important role in weakening the Sun’s polar magnetic fields and
eventually changing their polarity (e.g., Hathaway & Rightmire, 2010; [Nandy et al.l [2011}
Lekshmi et al.), 2019).

This paper is structured in the following manner. In Section 2} we first introduce periodic
orbits associated with the Sun-Earth system’s first (L1), fourth (L4) and fifth (L5) Lagrange
points based on the dynamics of the Circular-Restricted Three-Body Problem (CRTBP).
Section [3] presents our methodology for analyzing solar visibility. Section [] discusses the
visibility analysis results of the Sun as viewed from a single spacecraft at 1.1 as well as from
multiple spacecraft at L1, L4 and L5. Section [5] summarizes the study and discussions for
future studies.
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Figure 1: Cartoon showing solar surface visibility with three spacecraft positioned at the
Sun-Earth Lagrange points L1, L4 and L5 on the Stonyhurst heliographic coordinate system
(panel a) and on the spherical surface of the Sun (panel b). The visible solar surface by an
imaging instrument (with a viewing angle of 40° toward the center of the Sun) onboard each
of the spacecraft is shown in blue, red and green, respectively, for L1, L4 and L5, while the
invisible region in gray. The region visible by two spacecraft is denoted in magenta for L1
and L4, while in cyan for L1 and L5. The white line represents the solar limb viewed from
each of the spacecraft.
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Figure 2: Illustration of the solar radiation hemisphere that is the relative solar hemisphere
from a 1 AU observer at the Earth with possessing the potential to severely affect the
radiation environment at or near the Earth. It ranges from 30°E to 150°W in solar longitudes
and is best observed from L4. A histogram from Richardson et al.| (2014) displays source
longitudes of major solar proton events in the energy range of 14—24 MeV. Highlighted
are the Earth-Moon system, Hohmann transfer orbits to and from Mars, L4 and L5, and
an interplanetary magnetic field line from 60°W on the Sun to the Earth modeled from an

average solar wind speed in the ecliptic plane. This figure is adapted from [Posner et al.
(2021).
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2 Orbits around the Sun-Earth Lagrange points
2.1 Circular Restricted Three-body Problem

The Circular Restricted Three-Body Problem (CRTBP) governs the motion of a massless
spacecraft influenced by the gravitational attraction of two large masses. In the case of the
Sun-Earth system, the origin of the CRTBP rotating frame is located at the barycenter of
the two masses. The x-axis consistently points from the system’s primary to the secondary
masses (i.e., from the Sun to the Earth). The z-axis aligns with the secondary body’s angular
momentum vector. Employing canonical units in Table [I] for dimensionless quantities as well
as setting the angular velocity of the primary and secondary with respect to the barycenter
as unity, the governing CRTBP equations are defined with the position vector r = [z, y, 2]
and the velocity vector v = [v,, vy, v;], as follows:

9] 02 00
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The potential function € is defined as:
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where = and the positions of the spacecraft measured from the primary and

secondary masses are given by 7 = \/(x + u)z +1y2+22and ry = \/(x — 14 p)? +y2+ 22,
respectively (Vallado, [2001)). The CRTBP dynamical system features a conserved integral
known as the Jacobi integral (C):

C=20— (v +v)+07). (3)

The Jacobi integral C determines the so-called Hill’s region, which, in turn, defines the
allowable region of motion in the rotating frame for a given energy level. More on the
Jacobi’s integral on the trajectories near the periodic orbits can be found in [Lee & Ahn
(2021}, 12022, [2024); [Lee et al.| (2023).

2.2 Periodic Orbits of the Sun-Earth Lagrange Points

In the context of CRTBP, periodic orbits appear as a distinctive trajectory circum-
navigating the Lagrange points. When represented within the rotating frame, these orbits
manifest as recurrent, ensuring that the spacecraft’s position and velocity return to their
initial conditions. The stability of these periodic orbits is intrinsically linked to that of the
corresponding Lagrange points. Periodic orbits around L1, L2 and L3 are unstable, while
those around 1.4 and L5 are stable (Vallado), 2001). An infinite spectrum of periodic orbits
exists, each distinguished by its unique Jacobi integral. Among multiple families of periodic
orbits, planar Lyapunov periodic orbits around L1 are presented in Figure [3| which are
symmetric with respect to the x-axis (Thurman & Worfolkl |1996). Meanwhile, Figure
shows planar and vertical Lyapunov periodic orbits around L4 at different energy levels.
As the Jacobi integral decreases, both L1 and L4 Lyapunov orbits increase amplitudes in
the x- and y-directions. Similarly, the lower value of the Jacobi integral corresponds to
the larger amplitude in the z-direction for L4’s vertical periodic orbits. We note that these
characteristics of L4’s periodic orbits remain the same for L5.

As suggested by its name, the planar Lyapunov orbit family has a consistent zero
inclination across its orbits (i.e., lying in the x-y plane) with respect to the ecliptic plane. At
the same time, there is a noticeable increase in eccentricity and a decrease in the semi-major
axis as the Jacobi integral decreases. On the other hand, vertical periodic orbits, passing
through the triangular Lagrange point (L4 or L5) twice a year, maintain an osculating
semi-major axis of 1 AU and zero eccentricity. The orbital period of the periodic orbit varies



Table 1: Non-dimensional canonical unit of the Sun-Earth CRTBP system

Unit Value
Time (TU) 5.0226757E6 seconds
Distance (AU) 1.4959965E8 km
Velocity (VU) 29.7849 km/s

slightly depending on the C' level. Nevertheless, it’s crucial to highlight that the orbital
period plays a less significant role for spacecraft orbiting around the Lagrange points as
they synchronize with the Earth. Out of numerous periodic orbits, this study specifically
focuses on (1) the planar Lyapunov periodic orbit around L1 with 3.0001 < C < 3.001, (2)
the planar Lyapunov periodic orbit around L4 (or L5) with 2.96 < C' < 2.999, and (3) the
vertical periodic orbits around L4 (or L5) with 2.88 < C' < 2.999.
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Figure 3: Planar Lyapunov periodic orbits at the Sun-Earth Lagrange point L1 are shown
with a different set of values for the Jacobi integral.
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Figure 4: Planar and VerticalLa_Lm_ shown with a different set
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of 14.5° with respect to the ecliptic plane is marked in red.
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3 Methods for Solar Visibility Analysis
3.1 Definition of Solar Visibility Conditions

In this analysis of solar surface visibility, the heliographic inertial frame (HGI) serves as
the appropriate coordinate system for determining the latitude and longitude coverage of
the solar surface, as depicted in Figure [fh. The x-y plane of the HGI frame is defined as
the solar equatorial plane, and the z-axis (i.e., the solar rotation axis) is inclined at 7.25°
relative to the z-axis of the ecliptic coordinate system. The HGI’s x-axis is directed along
the intersection line of the ecliptic and solar equatorial planes (Thompson, |2006)), where the
ecliptic longitude of the Sun’s ascending node is 75.77° (J2000).

This study incorporates the corrected oblateness of the non-magnetic Sun, quantified as
8.01 £ 0.14 milli-arcseconds or equivalently 2.225 x 1075 degrees (Dicke, [1974; [Rozelot et al.,
2001)). The variance of £0.14 milli-arcseconds is omitted in the visibility analysis. The solar
surface represented by the spherical grid in Figure [f]is segmented into the grid cells of which
each has longitudinal and latitudinal extents of 5° and 6°, respectively. In Section [£.4] when
analyzing the sunspot visibility, the differential rotational rate w (¢) of the Sun is modeled
as follows:

@ (¢) = A + Bsin?(¢) + C'sin*(¢), (4)

where A = 14.713+ 0.0491° /day, B = —2.396+ 0.188° /day, C' = —1.787+ 0.253° /day, and ¢
denotes the heliographic latitude (positive/negative towards the North/South) measured
from the solar equator (Snodgrass & Ulrichl |1990).

Figure 5: Definition of the heliographic inertial coordinate system (HGI) with respect to
the ecliptic coordinate system (E). In panel (b), ©f; is an angle between the surface normal
vector n;; and the line-of-sight vector R} ¢ at time ¢ of observations by an instrument
onboard a spacecraft.

The solar surface visibility condition is determined with the so-called position angle @%

defined as: R

O, =cos™! (n” . LOS > ) (5)

! nij [R5l

where n;; is the normal vector of the grid cell on the surface with the ’th and j’th heliographic
latitude and longitude, respectively. R} ;¢ is defined as the line-of-sight (LOS) vector of
an imaging instrument onboard a spacecraft from the center of the Sun at ¢t. As shown in
figure |5, ©}; is an angle between n;; and Rf o at time ¢ of observations. It is assumed in
this analysis that the given spacecraft at the Sun-Earth Lagrange points performs perfect
attitude control to keep the LOS vector R} ¢ persistently directed to the center of the Sun.


songyongliang



2020-07-23 16:00:00 TAI

B, [10° G]
1 0

-3 -2

Lon, Lat [deg] = 0.0, 0.0

4000

3000

2000

y [HMI pixels]
y [HMI pixels]

1000

0 1000 2000 3000 4000 0 50 100 150 200 250 300
X [HMI pixels] X [HMI pixels]

(a) ©=0

2020-07-23 16:00:00 TAI
B, [10° G]
Lon, Lat [deg] = 0.0, 60.0 -3 0

300 b

N
13
o
T
I

n
o
o
T
I

[,

al

o
T

y [HMI pixels]
y [HMI pixels]

[N
(=3
o

0 1000 2000 3000 4000 0 50 100 150 200 250 300
X [HMI pixels] X [HMI pixels]

(b) © = 60

Figure 6: Demonstration of how the projection effect degrades a solar image obtained by
remote-sensing observations. In panel (a), (right) an image of the radial component B,. of the
Sun’s photospheric magnetic field obtained by SDO/HMI is shown, and (left) its field-of-view
is marked with the white box in the full solar disk. We note that ©F; is 0° at the center of
the cutout image. In panel (b), (right) the same cutout image of B, in panel (a) is remapped
as simply locating the field-of-view to a higher latitude of 60°N but the same longitude.

For images obtained from remote-sensing observations, a feature located in (i, j) on the
solar surface can be severely affected by the so-called projection effect depending on @ﬁj. For
example, the physical length of the feature on the solar surface are scaled by 1/ cos @’éj. In
Figure [} we demonstrate the projection effect using an image of the radial component B, of
the Sun’s photospheric magnetic field obtained by the Helioseismic and Magnetic Imager
(HMI) onboard the Solar Dynamics Observatory (SDO). The right panel of Figure [{a)
shows a cutout image of B, at 16:00 TAI on 2020-07-23, of which the field-of-view is marked
with the white box in the left panel. We note that ©!; is 0° at the center of the cutout
image. In Figure |§|(b), the same cutout image in Figure El(a) is remapped as simply locating
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the field-of-view to a higher latitude of 60°N but the same longitude. The image quality
degrades as small-scale magnetic features on the solar surface become smoothed or their fine
structures are unresolved due to the projection effect. Depending on science objectives and
data requirements, it is required to investigate how critical the projection effect will impact
images obtained from remote-sensing observations. In this context, given @gj, we determine
the condition of the solar surface visibility (i.e., "good enough" to be used as scientific data
or not), considering a different set of values for the maximum angle Oya, allowed for on-disk

observations as follows.
. {1 if O < Opa

ij T

. (6)
0 otherwise

Here ?/ij is the element of the instantaneous visibility matrix at time ¢. For limb observations,
both Op.; and the minimum angle ©,;, are considered.

ij

, {1 if Opin < O < Opax "

0 otherwise

To determine the duration of the solar surface visibility per orbital period, wfj is then
(1) multiplied with the simulation time step ¢t of 2 hours, (2) summed over all simulation
times of T = {tg, t1, ..., tn } during the period 7 of each orbit considered at the Sun-Earth
Lagrange points (i.e., 7 =ty — to = 1 year), and (3) divided by 7:

S bt

v — €T ]

o= (®)

Here, W;; represents the visibility duration of the heliographic coordinates (i, j) per orbital

period with the unit of days per year. For a given latitude ¢, as calculating the average of

;; values over all longitudes, we can determine the mean visibility duration ¥; as a function
of latitude:

2
, =2 , 9
=i )

where N; is the total number of longitudinal grid points.

To analyze sunspot visibility, we define a single grid cell located at a heliographic latitude
¢ and longitude of 0° in the simulation coordinate system at ¢y as a test sunspot. The test
sunspot is set to rotate at a constant speed governed by the differential rotation described in
Equation [f] and stays on the solar surface over the simulation period 7. The normal vector
Ngpot (¢, @) of the test sunspot cell is then represented as follows:

Ngpot (ta ¢) = R(ZHG17 w(¢) : At)nspot (t57 ¢)7 (10)

where R(zpgr,w($) - At) is the rotation matrix of the sunspot over a time span of At from
to. The rotation matrix is defined as:

R(ZHGLCU((b) . At) = COS(LZ}((b) . At)]3><3 + Sil’l(d}(qzﬁ) . At)Z;IGI
+[1 = cos(w(0) - AD)|zrcrzicr, (11)
where zEG ; defines the skew matrix of zggy. The mean visibility duration of the test
sunspot per orbital period is determined with ng,ot(t, ¢), applying the same criterion (i.e.,

Equation @ and the procedure (i.e., Equations |8 and E[) as used in the analysis of the solar
surface visibility.
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3.2 Setup for an Orientation of Vertical Periodic Orbits at L4 and L5

Posner et al.| (2021) analyzed vertical periodic orbits at L4 and L5 to optimize the
simultaneous view of high-latitude regions in both the northern and southern hemispheres of
the Sun from remote-sensing observations at L1, L4 and L5 over a year. On the other hand,
in this study, we aim to achieve a longer observation duration of high solar surface latitudes.
In this context, we define o as 0° as:

B {A (projg R+, projgPn)  for spacecraft at north of the ecliptic plane, (12)

£ (projgR_, projgPs)  for spacecraft at south of the ecliptic plane,

where projg(-) denotes the vector projection onto the ecliptic plane, R ,_ is the LOS
vector of an imaging instrument onboard a spacecraft from the center of the Sun when the
spacecraft is located at the highest/lowest point on the z-axis of the ecliptic coordinate
system, and Pyyg is the vector directed from the solar center to the north/south pole (refer
to Figure . For a spacecraft orbiting at L4 (or L5) with a = 0°, R, 4 of its onboard
imaging instrument can reach the highest solar latitude (both in the north and south) that is
the orbital inclination plus the tilt of 7.25° between the solar equator and the ecliptic plane.
« is therefore set as 0° in all our visibility analysis. Figure [§] illustrates the time variation of
the heliographic latitude for a given surface grid cell of which @ﬁj is 0° when viewed from
spacecraft orbiting at L4 (or L5) with the same orbital inclination of 14.5° but deployed into
the inclined orbit with a different set of o values.

Figure 7: When a spacecraft is located at north of the ecliptic plane, a is defined as an
angle between the two vectors projg R+ and projp PN projected onto the ecliptic frame. R
is the LOS vector of an imaging instrument onboard a spacecraft from the center of the Sun
when the spacecraft is located at the highest point on the z-axis of the ecliptic coordinate
system, and Py is the vector directed from the solar center to the north pole.
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Figure 8: Time variation of the heliographic latitude for a solar surface grid cell with
©}; = 0° viewed from four spacecraft orbiting around L4 (or L5) with the same inclination
of 14.5° but different orientations (i.e., & = 0°, 90°, 180° and 270°, respectively).

4 Results of Solar Visibility Analysis

4.1 Remote-sensing Observations from a Single Spacecraft

The mean visibility duration (¥;, in the units of days per year) of the solar surface as
viewed from a single spacecraft is examined as a function of heliographic latitude. Figure [J]
shows W; for spacecraft placed along the Sun-Earth line or ground telescopes on Earth’s
surface. With the orbital orientation oo = 0, the visibility analysis is performed with different
values of Opa;x = 40°, 50°, 60° and 70°, respectively, to assess its impact on the solar surface
visibility. As expected, the larger O,y provides the longer visibility duration.

Compared to spacecraft at L1, vertical periodic orbits at L4 and L5 can have a large
inclination, as demonstrated in Figure 4} For a given .y, Figure [L0| shows ¥; for a single
spacecraft placed at L4 (or L5) with different orbital inclinations. A spacecraft orbiting around
L4 (or L5) with a larger inclination is able to observe higher latitudes for an extended period.
This however comes at the expense of a shorter observation duration for latitudes closer to
the Sun’s equator. This phenomenon is a natural outcome of the spacecraft’s oscillatory
motion in the solar surface’s latitudinal direction. The visibility duration characteristics
remain consistent as O,y increases until O, = 70° where the observation trend deviates. As
depicted in Figure a spacecraft at the triangular Lagrange point with an 18° inclination
can observe latitudes of 90° for a longer duration than latitudes between 70° and 80°. This
phenomenon arises from the spacecraft’s capability to observe beyond the pole. Through this
analysis, critical mission requirements and constraints can be determined. For instance: 1)
given O,y (from an optical camera) and the desired solar surface latitude to observe, what
should be the inclination of the L4 periodic orbit to achieve observation for "X" number of
days per year? and 2) given the inclination of the L4 periodic orbit, what is the expected
data quality at the desired latitude of the solar surface?

4.2 Synergy of Multi-Point On-Disk Observation

Multi-point observation has become a pivotal objective for the heliospheric science
division of space agencies. Various white papers (Posner et al.| (2021)); | Gopalswamy et al.
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Figure 10: As viewed from spacecraft orbiting around L4 (or L5) with different inclinations,
the mean visibility duration of the solar surface (marked as numbers on contour lines) is
presented for a given heliographic latitude. Oy is set to 40° (panel a), 50° (panel b), 60°
(panel ¢) and 70° (panel d), respectively.
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(2023)); [Posner et al.| (2023); Han et al.| (2023); |Cho et al.| (2023)) have been authored to
propose the design of a multi-view observatory spacecraft system situated near the triangular
Lagrange point and the first Lagrange point. This configuration aims to enable access to a
larger longitude range of the solar surface for an extended duration and from multiple angles.
As indicated by |Gopalswamy et al.|(2023)), observing the solar surface from multiple angles
offers insights to address numerous fundamental questions in heliophysics research. Some of
these unanswered questions include:

1. How do active regions evolve before and after emerging to the solar surface?

2. How do coronal mass ejections (CME) flux ropes form, accelerate, drive shocks, and
evolve from near the Sun into the heliosphere, including particle acceleration?

3. How do corotating interaction regions (CIR) magnetic fields evolve in the inner
heliosphere and accelerate particles?

4. How does shock geometry and magnitude evolve and how does this relate to solar
energetic particles (SEPs) and radio bursts?

5. Can multi-point active region observations aid in forecasting their activity?

Placing spacecraft at the triangular Lagrange points provides access to the solar region
behind the solar limb of the spacecraft situated in Sun-Earth L1. This strategic positioning
becomes especially valuable in studying phenomena such as CME-expelled particles that
accelerate through space following the Sun’s magnetic field lines. If a spacecraft was located
in L4, it could effectively measure and detect potential dangers in the space environment for
missions, such as manned Lunar and Mars missions. As outlined in |Posner et al.| (2021)), the
additional flare information from Sun-Earth L4 would enable gathering sufficient data to
comprehensively cover all Solar Energetic Particles (SEPs) that could significantly impact
missions in the Earth-Moon system.

The improvement in visibility duration resulting from placing additional spacecrafts at
L4 and L5 with Oy = 60° are presented in Table [2]and [3] for L4 and L5 spacecraft in planar-
Lyapunov orbits and 14.5 inclined triangular periodic orbits, respectively (retrieved from
Figure . The most significant differences occur between triangular Lagrange point periodic
orbits’ inclinations for high latitude observation. Spacecraft placed in 1.4 periodic orbit
without inclination doubles the visibility duration for high latitudes. However, spacecraft
placed in L4 periodic orbit with a 14.5-degree inclination about the ecliptic with a =
0 increases the visibility duration by 131%. When considering the L5 spacecraft, the
improvements become even more substantial (268%).

Table 2: Solar surface visibility improvements for L1+1L4 and L1+L4+L5 planar Lyapunov
orbit with O, = 60° compared to a single spacecraft at L1. Integers cell defines number of
averaged visible days per year.

Spacecraft Locations ¢ =0° ¢ =20° ¢ =40° ¢ =60°

L1 (days) 124 120 110 32

L1+L4 (days) 187 182 164 60
Imp. (%) 51% 52% 64% 87.5%

L14+L4+L5 (days) 250 244 228 90
Imp.(%) 101% 103% 128% 181%

A similar analysis is performed for multi-point, on-disk observation, which measures the
visible duration of a specific latitude observed by two spacecraft. Figure [[2]illustrates the
impact of varying O, and the inclination of the periodic orbit on the observation duration
of multi-spacecraft placed in L1, L4 and L5. Unlike Figure the multi-spacecraft view
constraint (visible by two spacecraft at the same time) exhibits significant differences with
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Figure 11: Visibility analysis of solar surface for different latitudes (¢) with a varying
inclination (i) of triangular Lagrange points and Oy using one spacecraft at L1, L4 and L5
(total three spacecraft). Number marks on the contour lines show the observation duration
measured in days/year.

Table 3: Solar surface visibility improvements for L1+L4 and L1+L4+L5 (planar Lyapunov
orbit for L1 and 14.5 inclination for L4 and L5 periodic orbits) with Ouay = 60° compared to
a single spacecraft at L1. Integers cell defines number of averaged visible days per year.

Spacecraft Locations ¢ =0 ¢=20 ¢=40 ¢ =60

L1 (days) 124 120 110 32
L1+L4 (days) 186 181 153 74
Imp. (%) 50%  51%  53%  131%
L1+L4+L5 (days) 247 242 210 118
Imp.(%) 99%  101%  110%  268%
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respect to the value of ©p.x. This phenomenon arises due to the inherent nature of the
viewing angle differences between L1, L4 and L5, which are separated by 60°. Due to such
separation angle, the overlapping of solar surface on-disk observation begins at Oy = 30,
and the overlapping increases as Oy increases.
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Figure 12: Visibility analysis of the solar surface with a multi-point view for different
latitudes (¢) with a varying inclinationi of triangular Lagrange points and O,y using one
spacecraft at L1, L4 and L5. Number marks on the contour lines show the observation
duration measured in days/year.

4.3 Synergy of Multi-Point Solar Limb Observation

Observing the solar limb is critical in reconstructing the solar magnetic field. While on-
disk observation provides constraints on the field of the photosphere, solar limb observation
data can add constraints on overlying coronal magnetic field structure. This may be crucial
for solar magnetic field reconstruction, particularly leading up to solar flares. Unfortunately,
up to recently, there has not been an instance where a solar flare was observed simultaneously
from both the solar limb and on-disk, as reported by |Chen et al.| (2020)) and [Fleishman et|
al] (2020). [Chen et al| (2020) managed to observe on-disk activity four days prior, while
Fleishman et al.| (2020) observed it two days before the solar flare occurred near the limb.
A multi-spacecraft mission strategically positioned at L1, L4 and L5 holds the potential to
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significantly increase the frequency of observing the solar limb from multiple angles, and
from the limb. This advantage stems from the unique geometry of the triangular Lagrange
points with respect to the Sun-Earth line.

The visibility condition for solar flares is determined based on the flare loop apex. Figure
[13] shows the geometry utilized to determine the solar flare visibility. The figure shows four
possible occurrences of the solar flares seen from both bird-eye and spacecraft viewpoints
from L1 and L4. From the perspective of spacecraft located at L1, flare I represents solar
flare occurring within the on-disk observation of the Sun from the spacecraft, which processes
large projection effects from the solar surface behind the solar flares. We assume the flare I
cannot be used as scientific data. Flare I represents solar flare with the loop-top source
outside the disk but with the footprints inside the on-disk observation. Flare I'1] and IV
represent an invisible solar flare (both footprints and loop-top) as both features are on the
other side of the limb. We consider the solar flares with the loop-top visible outside of the
solar limb as visible. Hence, solar flare 1] is considered visible, whereas solar flares I, 111
and IV are considered invisible from L1.

However, when the identical solar flares are viewed simultaneously from spacecraft
located in L4, different features of the solar flares are observable, as shown in Figure [I3]
Except for solar flare I, which is still invisible due to the low solar flare loop-top apex, flare
II, 111, and IV are observable. Solar flare IV, which was invisible from the spacecraft at
L1, is visible from L4 because of the separation angle of L1 and L4. Flare IV represents
behind-the-limb solar flare loop-top observation with occulted footprints as the footprints
are on the other side of the solar limb. An example of Flare IV can be seen in figure
Additionally, the solar flares I1 and II[ are observed from different angles, allowing the
stereoscopic observation and advancing the 3D reconstruction of the solar flares.

Based on the geometry shown in Figure [I3] the minimum and maximum angle of
visibility for solar flares with averaged solar flare loop apex of 10,000km (Reale et al.| (1997),
Reale| (2014)) are 80.08 and 99.39 for Op;, and Opay, respectively. Opiy and Opay is calculated

as follows
T

@min=§—a—ﬁ (13)
Onin = 5+ = (14)
where a and ( is calculated as follows
1 Ts
- . S 1
a = cos (?"s n hapem) (15)
o1 Ts
B = sin (AU) (16)

where hgpe, defines the altitude of the solar flare apex, r; defines the radius of the Sun, and
lastly, the AU defines the astronomical unit, tabulated in table[I] The solar surface coverage
with varying colors is plotted in section [6]

According to |Schrijver et al.| (2012)), the average number of solar flare events with
energies larger than M1.0 is 140 per year, based on the events recorded from 1996 to 2007
(one solar cycle). Additionally, it is recorded that most of the solar flare events occur within
the N40° and S40°. From the simulations plotted in the Appendix section, the solar surface
coverage for stereoscopic coverage is derived as 11.8% and 24% for dual-spacecraft (L1,
L4(or L5)) and triple-spacecraft (L1, L4 and L5) mission, respectively, throughout the year.
Therefore, we can conclude that under the two assumptions: 1) all solar flares have hgpes
higher than 10,000km, and 2) all solar flares occur within N40° and S40°, placing additional
spacecraft at L4 and L5 will provide multiple-angle on-disk observation and limb observation
of ~ 34 flares per year (Reale et al.| (1997)), Reale| (2014)).
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Figure 13: Top and spacecraft’s view of solar flares erupting from L1 and L5 of the solar
surface.
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2024-02-09 13:15:56 UT

Figure 14: An enormous flare on Feb. 9, 2024, from behind the west limb (W110). The
visible flare was magnitude X6.2 with occulted foot points (Case III in Figure image
taken from Solar Dynamics Observatory)
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4.4 Multi-Point Continuous Sunspot Observation

Observing sunspots is essential for advancing solar magnetic field research. However,
observing the long-term evolution of sunspots, from emergence and development to decay,
has been challenging due to the lack of on-disk coverage of the solar surface. This section
aims to elucidate the advancements in the capability of observing sunspots at different
latitudes with a predefined ©,,, of 60° for spacecraft pairs of L1+L4 and L1+L4+L5, both
with planar and vertical periodic orbits. Figure [I5 depicts the sunspot visibility in days
per solar rotation, which rotates with a differential rotation speed as given by Eq. [ with
Opax of 60°. The improvements from placing multiple spacecraft at the triangular Lagrange
points are tabulated in Tables [4] and [5] for 0° and 14.5° inclined triangular Lagrange points,
respectively. As expected, sunspot visibility per solar rotation near the equator of the sun
experiences a 1.5 times improvement for each spacecraft added at L4 and L5, inherent to
the geometry of the triangular Lagrange points with Oy, = 60°. Significant improvements
occur near high-latitude sunspots when inclined periodic orbits are considered. Compared to
placing L4 and L5 spacecraft in a planar orbit, the vertical periodic orbit option improves
sunspot visibility per solar rotation at ¢ = 60° by 200%. Interestingly, inclined triangular
Lagrange points exhibit smaller improvement in sunspot visibility per solar rotation for lower
solar surface latitudes (¢ = 0,20,40). This is due to the nature of the inclined triangular
Lagrange point’s latitudinal oscillation motion with respect to the ecliptic plane.

—@— 1-sat [14.5deg]
—4—2-sat [14.5deg]

80 f —m—3-sat [14.5deg]
—@— 1-sat [0deq]
60 | 7 —4—2-sat [0deg]

—&— 3-sat [0deg]

20

¢ [Deg]

0 5 10 15
Sunspot visibility per solar rotation [Days]

Figure 15: Sunspot observation per sidereal differential rotation for different latitude with
Opax = 60°

—292—



Table 4: Sunspot visibility improvements for L1+L4 and L1+L4+L5 planar Lyapunov orbit
with Oy = 60° compared to a single spacecraft at L1 in sunspot visibility days per solar
rotation.

Spacecraft Locations ¢ =0 ¢=20 ¢=40 ¢ =060

L1 (days) 80 752 592 1.6
L1+L4 (days) 1.2 1056 896  2.72
Imp. (%) 40%  405%  51% 0%
L1+L4+L5 (days) 144 1376  11.20  3.36
Imp.(%) 80%  82%  89%  110%

Table 5: Sunspot visibility improvements for L1414 and L1+L4+L5 (planar Lyapunov orbit
for L1 and 14.5 inclination for L4 and L5 periodic orbits) with . = 60° compared to a
single spacecraft at L1 in sunspot visibility days per solar rotation.

Spacecraft Locations ¢ =0 ¢=20 ¢=40 ¢ =60

L1 (days) 8.0 7.52 5.92 1.6
L1+L4 (days) 10.88 104 848  3.52
Imp. (%) 36%  38%  43%  120%
L14+L4+L5 (days) 14.34  13.44 10.24 4.8
Tmp. (%) 8% 9% 2%  200%

5 Summary and discussion

In this study, we conducted a comprehensive analysis of solar surface visibility for a
multi-spacecraft mission, aiming to quantify the advantages and disadvantages of various
orbit configurations in the Sun-Earth system’s Lagrange points. Our approach involved using
the L1 Lyapunov orbit and planar Lyapunov orbit for spacecraft located at L1, and both
inclined and planar periodic orbits for the triangular Lagrange points. For a single spacecraft,
our analysis showed that placing a spacecraft at the Sun-Earth 1.4 planar orbit increased
on-disk observation by 51% and 87.5% for latitudes ¢ = 0° and ¢ = 60°, respectively.
Introducing a spacecraft at Sun-Earth L4 with a 14.5° inclination about the ecliptic plane
expanded the observation duration by 131% compared to a single spacecraft at Sun-Earth
L1. Furthermore, identical spacecraft placed at L5, mirroring the inclination of the L4
spacecraft, experienced a 268% improvement in observing ¢ = 60°, compared to a single
spacecraft at Sun-Earth L1. The limb observation, lying within the range of W20 to W40
of the Carrington rotating frame due to the geometry of the triangular Lagrange points,
aligns with on-disk observations from L1 and L4 for O,y > 30°. This alignment enhances
the potential for magnetic field reconstruction by combining coronal constraints from limb
observations with on-disk magnetograph observations. Regarding sunspot observation, the
duration significantly increases with additional spacecraft at the triangular Lagrange points.
However, improvements are more substantial in high-latitude observations, with smaller
gains in lower altitudes due to the latitudinal oscillation of inclined triangular Lagrange
points with respect to the ecliptic plane. The implications of these findings are vast for
future heliospheric sciences and human missions to the Moon and Mars. A multi-spacecraft
mission at L4 and L5 enhances our understanding of the Sun and may enable solar activity
forecasting. This information is crucial for spacecraft safety in Earth orbit and future human
missions beyond, providing unprecedented advantages in mitigating potential dangers posed
by solar activity.
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P—=planar Solar surface fea- | High-latitude Limb observation

I=Inclined | ture coverage coverage

L1 Limited around the | Limited high- | Limb observation
Sun-Earth line. latitude coverage. from L1.

L1 + L4(P) | Elongated longitude | No increase in high- | Limb observation
coverage. Multi- | latitude coverage as | from L1 and L4.
point view starts | L1 and L4 is on the
from Oy = 30°.| ecliptic plane.

Sunspot obser-
vation duration
increases.

L1 + L4(I) | Same as L1 + | Modest increase in | Same as L1 + L4(P)
L4(P). Sunspot ob- | high-latitude cover-
servation duration | age due to inclined
increases. High- | L4 periodic orbit.
latitude sunspots
are visible with less
projection effect.

L1 + L4(P) | Larger longitude | No increase in high- | Additional  limb

+ L5(P) coverage. Signif- | latitude coverage as | observation from
icant increase in | L4 and L5 are on | L5. Multi-point
sunspot observation | the ecliptic plane. view of L1/4 and

L1/5 are covered
by limb observation
from L5 and L4,
respectively.

L1 4+ L4(I) | Same as L1 + | Modest increase in | Same as L1 + L4(P)

+ L5(P) L4(P) + L5(P).| high-latitude cover- | + L5(P).
High-latitude age due to inclined
sunspots are visible | L4 periodic orbit.
with less projection
effect.

L1 + L4(I) | Same as L1 + | Significant increase | Same as L1 + L4(P)

+ L5(TI) L4(P) + L5(P).| in high-latitude cov- | + L5(P).
High-latitude erage duration.
sunspots are more
frequently  visible
with less projection
effect.

6 Appendix

The figures in the Appendix section illustrate the visibility condition of the solar surface
with multi-spacecraft located in L1, L4 and L5. Figure [16|shows the coverage map of the
multi-spacecraft with zero inclination. Figure shows the identical coverage map with
14.5° inclined periodic orbit for spacecraft located in the triangular Lagrange points. The
Earth’s location is projected onto the solar surface with a red dot. The projected location of
the L4 and L5 on the solar surface is plotted as red square and diamond, respectively. The
visible solar surfaces of the spacecraft are shown in blue, red and green, respectively, for
L1, L4 and L5, while the invisible region is in gray. The region visible by two spacecraft is
denoted in magenta for L1 and L4, while in cyan for L1 and L5. The white region represents
the solar limb viewed from each of the spacecraft. All simulation assumed O, = 60° for
on-disk observation, and 80.08° < Op.;, < 99.39° for limb observation from Sun-Earth L5,
which is derived from hgpe, = 10,000km.
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Figure 16: Solar surface coverage with spacecraft located in planar L1, L4 and L5 with
Opax = 60°.
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Figure 17: Solar surface coverage with spacecraft located in planar L1 and vertical L4 and
L5 periodic orbits (14.5 inclination) with Gy, = 60°.
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