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NOVEL SOLAR SAIL MISSION CONCEPTS
FOR SPACE WEATHER FORECASTING

Jeannette Heiligers,” and Colin R. McInnes?

This paper proposes two novel solar sail concepts for space weather forecasting:
heliocentric Earth-following orbits and Sun-Earth line confined solar sail mani-
folds. The first concept exploits a solar sail acceleration to rotate the argument
of perihelion such that aphelion, where extended observations can take place, is
always located along the Sun-Earth line. The second concept exploits a solar sail
acceleration to keep the unstable, sunward manifolds of a solar sail Halo orbit
around a sub-L, point close to the Sun-Earth line. By travelling upstream of
space weather events, these manifolds then allow early warnings for such
events. The orbital dynamics involved with both concepts will be investigated
and the observation conditions in terms of the time spent within a predefined
surveillance zone are evaluated. All analyses are carried out for current sail
technology (i.e. Sunjammer sail performance) to make the proposed concepts
feasible in the near-term. The heliocentric Earth-following orbits show a reason-
able increase in useful observation time over inertially fixed, Keplerian orbits,
while the manifold concept enables a significant increase in the warning time for
space weather events compared to existing satellites at the classical L point.

INTRODUCTION

Solar coronal mass ejections are believed to be the cause of magnetic storms that can have detrimental
effects on vital assets on ground and in space: destruction of power grids leading to power outages, damage
to oil pipelines, need for aviation re-routing, damage to Earth-orbiting satellites and hazardous conditions
for astronauts onboard the International Space Station. Measurements taken by spacecraft located in a Halo
orbit around the classical L; point (SOHO (ESA/NASA, 1996), ACE (NASA, 1997) and WIND (NASA,
2004)), are used to warn operators for these events. However, warning times from these satellites are only
30-60 minutes, which leaves little time to take appropriate action.

As alternative to the L; point, many other concepts can be found in the literature that aim at space
weather monitoring and/or forecasting. These concepts are Earth orbiting, Sun orbiting or orbiting an artifi-
cial Lagrange point. Examples of the Earth orbiting type include the use of nanosats [1], cubsats [2] and
microsats [3] in low-Earth orbital constellations to monitor key space weather parameters in the Earth’s
vicinity. The Solar Polar [4, 5] and Helix missions [6] were proposed to orbit the Sun and would be used to
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understand the structures and features of the Sun, the initiation, evolution and propagation of coronal mass
ejections and the tracking of eruptions all the way from the surface of the Sun to the Earth.

Studies similar to the upcoming Sunjammer mission” that targets a sub-L, point sunward of the classical
L, point, are the Geostorm mission [7] as well as more general sub-L, investigations. [8, 9] A more exten-
sive application of the Geostorm concept was proposed by Sauer [10] where four solar sail spacecraft are
placed in a diamond arrangement at the sub-L; point. This would allow multipoint measurements to deter-
mine the large scale three-dimensional structure of solar disturbances propagating toward the Earth.

The Sunjammer mission, as well as the Geostorm concept and the concept proposed by Sauer make use
of solar sails. Although the idea of solar sailing has been around since it was suggested by Tsiolkovsky in
1921, only recently, in 2010, was solar sail propulsion demonstrated in space by JAXA’s IKAROS mis-
sion. [11] Due to its success, as well as that of NASA’s NanoSail-D2 mission [12], research in the field of
solar sailing is flourishing. It is driven by the huge potential of solar sail missions as they are not con-
strained by propellant mass: solar sailing exploits the radiation pressure generated by solar photons reflect-
ing off a large, highly reflecting sail to produce a continuous thrust acceleration. With the Sun as ‘propel-
lant’ source, solar sail missions have in principle infinite lifetime. [13] With more solar sail missions
scheduled within the next few years, including NASA’s Sunjammer mission” and The Planetary Society’s
LightSail mission [14], solar sail technology truly is gaining momentum.

In this paper, the use of solar sailing will be further exploited to complement the space weather moni-
toring and forecasting concepts found in the literature. In particular, two concepts will be explored: helio-
centric Earth-following orbits and Sun-Earth line confined solar sail manifolds.

The heliocentric Earth-following orbits rely on a solar sail acceleration to rotate the argument of perihe-
lion of an eccentric planar orbit such that aphelion is always located along the Sun-Earth line. Since the
orbital velocity at aphelion is relatively small, these orbits allow extended observations of space weather
events traveling toward the Earth. Compared to Keplerian elliptic orbits that are inertially fixed and there-
fore have aphelion aligned with the Sun-Earth line only once per synodic period of the Earth-sail system,
this concept creates an increase in the coverage of the Sun-Earth line.

The second concept, Sun-Earth line confined solar sail manifolds, exploit the unstable sunward mani-
folds of a solar sail Halo orbit around an artificial Lagrange point, or sub-L, point, to travel upstream of the
coronal mass ejections and increase the warning time for space weather events over measurements from the
(sub)-L; point. Since the manifolds eventually move away from the Sun-Earth line, the idea is to provide a
constant disposal of small SpaceChips [15] from a carrier spacecraft to replenish the manifolds. These
SpaceChips have a large area-to-mass ratio, similar to a solar sail, and can therefore exploit solar radiation
pressure in a similar manner. [16] Alternatively, small nanosats with deployable solar sails could be used
for the same purpose or a conventional sailcraft like Sunjammer could be inserted into one of the manifolds
towards the end-of-life to allow improved observations at the end of the mission. The concept of using
manifolds in this particular way was first proposed by Kéchichian and co-authors [17], but was only con-
sidered for the classical case, i.e. for ballistic manifolds winding off a Halo orbit around the classical L,
point. This paper will therefore show the improvements that can be achieved by adding a solar sail acceler-
ation to the concept.

The paper is divided into two main sections, each one devoted to one of the two novel concepts. First,
the heliocentric Earth-following orbits will be investigated: the orbital configuration and constraints are
derived. A simple apsides steering law is first assumed. By furthermore assuming that the semi-major axis
and eccentricity do not change during one orbital revolution, analytic results on the achievable heliocentric
Earth-following orbits for particular solar sail performances can be derived. By removing this assumption,
a numerical analysis provides more realistic results and shows that a Sunjammer-type sail can increase the
time spent within a predefined surveillance zone around the Sun-Earth line by a factor 1.18 compared to an
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equally sized, inertially fixed Keplerian orbit. This factor is increased further to 1.29 by finding the optimal
steering law in the heliocentric Earth-following orbit.

Secondly, the Sun-Earth line confined solar sail manifolds are investigated: the circular restricted three-
body problem is defined, artificial equilibrium points are introduced, the sub-L, points for the Sunjammer
sail performance are derived and solar sail Halo orbits around these sub-L, points are obtained. Orbits,
equal in size to the orbit considered by Kéchichian and co-authors, are selected for a fair comparison and
the unstable sunward manifolds of these Halo orbits are investigated. Three different steering laws are as-
sumed in the manifolds: 1) a sail attitude perpendicular to the Sun; 2) a constant sail attitude pitched with
respect to the Sun-Earth line; and 3) the optimal solar sail steering law to reach as far as possible upstream
of the coronal mass ejections. As will be shown, the second and third steering laws enable significant im-
provements over observations currently being taken from L; and also compared to the ballistic results
found by Keéchichian and co-authors: maximum warning times of 4.5-9 hours can be obtained with a solar
sail, which is a major step forward from the 30-60 minutes currently feasible from satellites at L.

HELIOCENTRIC EARTH-FOLLOWING ORBITS

The concept of heliocentric Earth-following orbits is illustrated in Figure 1: a solar sail acceleration a,

in direction A is used to rotate the line of apsides of an elliptic heliocentric orbit such that aphelion follows
the Sun-Earth line.

Earth’s motion
2ml/year

No thrusting
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Figure 1 Hlustration of heliocentric Earth-following orbits.

Since a planar case is considered (such that the solar sail orbits the Sun in the ecliptic plane), the evolu-
tion of the osculating orbital elements and time is given by the following four Lagrange equations: [18]
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with s =1.3272x10" kg*s” the gravitational parameter of the Sun, p=a(1-e”), r=p/(1+ecoso)
and a, and a, the radial and transverse components of the perturbing solar sail acceleration.

By definition, a heliocentric Earth-following orbit has to satisfy the following conditions:
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where the subscripts '0" and ' f ' indicate the conditions at & =0 and 6 =2z and n_ is the Earth’s mean

motion. The semi-major axis and eccentricity thus need to remain unchanged over one orbital revolution
and the argument of perihelion needs to increase with the angular distance that the Earth traverses in time
At. Here, At is the spacecraft orbital period (accounting for changes in the orbit period due to the perturb-
ing solar sail acceleration). Note that the Earth’s orbit is assumed to be circular.

The conditions in Eq. (2) can be satisfied by choosing a simple apsides steering law. An apsides
steering law creates an acceleration opposite to the eccentricity vector, i.e. parallel to the (instantaneous)
line of apsides and directed towards aphelion, see Figure 1. The radial and transverse components of the
acceleration are then prescribed by:
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Eq. (4) describes an ideal solar sail performance model, which assumes pure specular reflection of the
impinging photons. The solar sail acceleration vector then acts perpendicular to the solar sail surface. The
parameter £ is the solar sail lightness number, which is the ratio of the solar radiation pressure accelera-

tion and the solar gravitational acceleration. Or, equivalently, S can be expressed as a function of the sail
area to spacecraft mass ratio, o, and the critical solar sail loading parameter, " = 1.53 g/m?:

*
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The lightness number of the Sunjammer sail is known to be in the range 0.0388-0.0455 and will be used
throughout this paper to assess the near-term performance of the proposed concepts. The extremes of this
range will be indicated by A, \,, and B, g, , respectively.

A limitation of solar sails is their inability to generate an acceleration component in the direction of the
Sun. [13] The steering law described in Eqg. (3) can therefore not be maintained when 0<@ <7z or

27 <0<2x. Within these ranges, a different sail attitude is therefore assumed: turned edgewise to the
Sun, and thus not producing an acceleration.



Substituting the adopted steering laws into Eq. (1) gives:
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Time invariant semi-major axis and eccentricity

A first assessment of the heliocentric Earth-following orbits can be made by assuming that the semi-
major axis and eccentricity do not change during the orbital motion. When keeping a and e constant, the
equations for the argument of perihelion and time can be integrated analytically to obtain the change in
these variables after one full revolution:
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By substituting Egs. (7) and (8) into the third equation of Eq. (2), the lightness humber required to
maintain a heliocentric Earth-following orbit can be obtained:
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Since g is a function of the semi-major axis and eccentricity only, contours of equal lightness number

can be drawn as shown in Figure 2a. The grey shaded area indicates a minimum required perihelion of 0.25
AU due to limitations on the thermal tolerance of the sail film. [13] Although the contours in Figure 2a
extend up to large values for the lightness number, the validity of the results diminishes for such large sail
accelerations since the Lagrange equations in Eq. (1) only hold when the perturbing acceleration is small
compared to the gravitational acceleration.
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Since the lightness number of the Sunjammer sail (and therefore the perturbing acceleration) is relative-
ly small, Lagrange equations still hold for that performance range. The contours for g, ,, and S, ., are

shown in Figure 3a from which it is clear that a Sunjammer sail would only enable heliocentric Earth-



following orbits with small semi-major axes and small eccentricities. To maximize the relative time spent
along the Sun-Earth line, the orbits with the maximum eccentricities (i.e. where the contours intersect the
grey area) are considered for further investigations. Details of these orbits are given in Table 1. The evolu-
tion of this orbit for g = g, . the steering law, argument of perihelion and dimensionless time are given

in Figure 4. From Figure 4b (where the time is made dimensionless such that 1 year equals 2x), it is clear
that the third condition in Eq. (2) is satisfied.
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Figure 2 Contours of equal lightness number for #=[0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45] for helio-
centric Earth-following orbits. a) Constant a and e. b) Time-varying a and e.
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Figure 3 Contours of equal lightness number for g=[0.0388 0.0455] for heliocentric Earth-
following orbits. a) Constant a and e. b) Time-varying a and e.

Table 1. Semi-major axis and eccentricity of selected heliocentric Earth-following orbits.

Constant a and e Time-varying a and e
b= p a,, AU 0.2698 0.2708
S & 0.0736 0.0777
a 0.2728 0.2742
B=p i -
- & 0.0847 0.0888
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Figure 4 Heliocentric Earth-following orbits with constant a = 0.2698 AU and e = 0.0736 for
B = Bs10n- @) Orbital evolution. b) Evolution of argument of perihelion and dimensionless time.

Time variant semi-major axis and eccentricity

The assumption of constant semi-major axis and eccentricity in the previous section allows an analyti-
cal investigation into the heliocentric Earth-following orbits. Removing this assumption and taking the ac-
tual variation in a and e into account, will have an effect on the performance of the solar sail. Since for
time-varying a and e an analytic solution cannot be obtained from Eq. (6), a numerical approach is taken:
a fine mesh in the initial value for a and e is considered (i.e. a, and e,) and for each combination, the
equations of motion are integrated for a range of £ - values. For each value for £, the third condition in
Eq. (2) is evaluated and the value that matches the condition closest is considered the required lightness

number. The results are shown in Figure 2b, which clearly shows a difference with the results in Figure 2a
that assumed constant a and e along the orbit. Interestingly, for small values of the lightness number, the

performance seems to be improved. This is also clear from the contours for g, ,, and A ., in Figure
3b: the intersection between the contours and the grey area occurs at larger values for the semi-major axis
and eccentricity. Details of the Keplerian elements of these orbits are also included in Table 1, while the
evolution of the Keplerian elements during the orbit is provided in Figure 5 for g = g, -
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Figure 5 Evolution of Keplerian elements for heliocentric Earth-following orbits with time-
varying a and e (a, = 0.2708 AU and e, = 0.0777) for = fs;0u- I'p IS the perihelion radius.



Surveillance zone analysis

In order to assess the performance of heliocentric Earth-following orbits for space weather applications,
the amount of time spent by the spacecraft in a particular surveillance zone is considered. This surveillance
zone is defined through the angle ¢, which is measured from the Sun-Earth line (see Figure 6a). Whenev-

er the spacecraft is located within this surveillance zone, it is assumed to be able to conduct useful space
weather observations.

For comparison, the observation time achieved with an equally sized, Keplerian orbit is also considered.
Since Keplerian orbits are inertially fixed, aphelion will only be aligned with the Sun-Earth line once per
synodic period of the Earth-sail system. At other times, the Earth may be on the opposite side of the Earth
when the spacecraft is at aphelion, losing out on valuable observation time.

For both the heliocentric Earth-following orbit as well as for the Keplerian reference orbit, the time
spent within the surveillance zone depends on the initial orientation of the orbit with respect to the Sun-
Earth line. This orientation is given by the initial value of the argument of perihelion, which is measured
from the Sun-Earth line at time t=0. For heliocentric Earth-following orbits the optimal orientation is

@, = 7 . This is clear from the bottom left plot in Figure 5, which shows the symmetry in the orbit’s evolu-

tion and the fact that aphelion is located at the instantaneous Sun-Earth line (i.e. the intersection of the two
curves at € = ). For the Keplerian orbit it appears that the maximum observation time in the first orbital
revolution is obtained when, again, aphelion coincides with the instantaneous Sun-Earth line, see Figure 6b.
Since the orbit is inertially fixed, this means that @, can be derived from the angular distance the Earth

traverses in half the Keplerian orbital period, P,,.. When using time in its dimensionless form, the argu-

ment of perihelion for the Keplerian reference orbit, @, , can thus be derived from:
o =T+At=mw+A, =7+1iP (10)
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Figure 6 a) Definition of the space weather surveillance zone. b) Orbital geometry for Keplerian
reference orbit.

The results of the surveillance zone analysis are provided in Figure 7 for both g, ,, and S ., and

for three different values of ¢,,,: 10, 20 and 45 degrees. From the observation time per orbit (plots a,b) it is

immediately clear that, as expected, the heliocentric Earth-following orbits enable a constant number of
days per orbit for useful observation since the Earth-sail configuration is the same for each orbital revolu-
tion. Also, as expected, the Keplerian reference orbit enables a good coverage during the first orbital revo-
lution, but due to the fact that it is inertially fixed, much observation time is lost in subsequent orbits. This
translates into a smaller overall percentage observation time for Keplerian orbits than for the heliocentric

Earth-following orbits (plots c,d), e.g. for 8= f; ., and &, =45, the overall percentages are 25.6 per-



cent and 30.1 percent, respectively. This means that the heliocentric Earth-following orbits allow 4.5 per-
cent more observation time, or, equivalently, increase the observation time by a factor 1.18 compared to a
Keplerian orbit. When inspecting the other results it appears that very similar factors hold for all cases, i.e.
for B=Bs 1w B = Ps g @nd for each value for g, .
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Figure 7 Surveillance zone analysis for 8= Bs; 0w (plots a,c) and B= Bshigh (Plots b,d). a-b) Ob-
servation time per orbit for heliocentric Earth-following orbits (blue solid markers) and Keplerian
reference orbit (red open markers). c-d) Observation time as percentage of elapsed time for heliocen-
tric Earth-following orbits (upper blue line) and Keplerian orbit (lower red line).

Optimal steering law

Although the apsides steering law assumed in the previous section allows for a simple steering of the
solar sail, it may not be optimal from an observation point of view. Therefore, to see whether the perfor-
mance of heliocentric Earth-following orbits in this respect can be increased further, this section investi-
gates what the optimal steering law should be to maximize the observation time. The optimal steering law
is found by solving the accompanying optimal control problem using a particular implementation of a di-
rect pseudospectral method in C++: PSOPT. [19] A condensed definition of the optimal control problem is
given below.



The objective is to maximize the (initial) eccentricity of the heliocentric Earth-following orbit. This
maximizes the difference between the orbital velocity at perihelion and aphelion. Then, the spacecraft
spends relatively much time around aphelion, which eventually maximizes the percentage coverage per
orbit. The objective function therefore is:

J=—¢, (11)

The states, x(t), and controls, u(t), as well as bounds on these variables are defined as:
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Figure 8 Optimal heliocentric Earth-following orbit for = Ss;nign . @) Evolution of Keplerian el-
ements with r, the perihelion radius. b) Optimal steering law. c) Orbit evolution. d) Surveillance zone
analysis for heliocentric Earth-following orbit (upper blue line) and Keplerian reference orbit (lower

red line).

The dynamics are defined in Eg. (1) and the event constraints are the required conditions defined for he-
liocentric Earth-following orbits in Eq. (2) as well as @, =t, =0 . Finally, two path constraints are included

to ensure that the norm of the control vector is unity and that perihelion is always larger than 0.25 AU:
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u(o)=1

(14)
a(l-e)>0.25 AU

The intial guess to initialise the optimal control problem is taken equal to the heliocentric Earth-
following orbit found in the previous section, i.e. with time-varying semi-major axis and eccentricity and
with an apsides steering law. To limit the number of results presented, Figure 8 only shows the outcome for
B = Ps; nigr - Figure 8b and Figure 8c clearly show the difference between the apsides steering law and the

optimal steering law: thrusting extends beyond the feasible domain for apsides steering, i.e. beyond
1m <0 <37z, andis more radially directed than the apsides steering law. When considering the time spent
in the surveillance zone defined in the previous section and comparing it to an equally sized Keplerian

orbit, it appears that the Earth-following orbit increases the time spent in the surveillance zone by a factor
1.29, compared to 1.18 for the apsides steering law.

The increase in surveillance zone coverage for heliocentric Earth-following orbits with respect to Kep-
lerian orbits is promising. When requiring continuous coverage in the surveillance zone through the use of
multiple spacecraft phased in the heliocentric orbit, the Earth-following orbits could, for example, allow a
reduction in the required number of spacecraft to achieve this. Although the improvements achievable with
a Sunjammer-type sail performance may be moderate, significant improvements can be expected from
more advanced solar sails. However, as mentioned at the start of this section, care should be taken when
using Lagrange equations as the perturbing sail acceleration becomes large with respect to the solar gravita-
tional acceleration and the assumptions for the Lagrange equations break down.

SUN-EARTH LINE CONFINED SOLAR SAIL MANIFOLDS

The second type of novel application of solar sails for space weather monitoring and/or forecasting are
Sun-Earth line confined solar sail manifolds: a solar sail acceleration is used to alter the course of the
unstable subward manifolds associated to solar sail Halo orbits around a sub-L; point to travel upstream of
coronal mass ejections and as such provide advanced warnings for space weather events.

Solar sail circular restricted three-body problem
The analyses start from the definition of the well-known circular restricted three-body problem
(CR3BP), which describes the motion of an infinitely small mass, m, (here, the solar sail) under the
influence of the gravitational attraction of two much larger masses, m, and m, (here, the Sun and Earth,
respectively). [20] The reference frame employed is shown in Figure 9 and the corresponding motion of a
solar sail is governed by the following equations of motion: [13]
f+2oxr+ox(oxr)=a,-VV (15)

with V the gravitational potential and all other definitions provided in Figure 9. Furthermore, new units
are introduced in the CR3BP: the sum of the two larger masses is taken as the unit of mass, i.e.
m +m, =1. Then, with the mass ratio x=m,/(m +m,), the masses of the large bodies become

m, =1-u and m, = x. For the Sun-Earth system, z=3.0404-10"° (i.e. also including the Moon’s mass).

As unit of length, the distance between the main bodies is selected, and 1/ @ is chosen as unit of time,
yielding @ =1, and so one year is represented by 27z . Finally, an ideal solar sail model is once again as-
sumed, defining the solar sail acceleration, a, as:

a, = pE (¢ -0) (16)




Following Reference [13], the centripetal acceleration mx(mxr) in Eqg. (15) can be written as the gra-

dient of a scalar potential function, ® = —%"m x r||2 . Furthermore, given that the gravitational potential is:

Ve _[_1‘*‘ +ﬁJ an
n n
the gravitational and centripetal potential functions can be combined into a new, effective potential, U :
2 2 _
o Xy (lou (18)
2 n r,
The new set of equations of motion then become:
r+2oxr=a,—-VU (19)
ZA o
4>
Sail a.

Figure 9 Schematic of circular restricted three-body problem.

Sub-L, point

The sub-L; point mentioned at the start of this section is a particular equilibrium point solution to
Eqg. (19). These equilibria can be found by setting ¥=f=0. For a, =0, this yields the classical five
Lagrange points, while for a, = 0 additional artificial equilibrium points (AEPs) can be found. The required
solar sail acceleration to maintain an arbitrary AEP in the CR3BP is then given by:

a, =VvU (20)

S

The required direction of this solar sail acceleration and the required solar sail lightness number can al-
S0 be derived: [13]

n :& (21)
VU
2 A

L-u (b, -0)
Since the point of interest in this work is the sub-L; point which is located along the Sun-Earth line,

sunward of the classical L, point, its position coordinate will be r = [xsub_Ll 0 OT . From Eq. (21) it then
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follows that A =[l 0 O]T, requiring the sail to be oriented perpendicular to the Sun-Earth line, and
Eq. (22) reduces to:

2
(:u + Xsub-L1 )
= _Xsub-L1 +

,U(Xsub.Ll —(1—,u)) . (1—y)<y + X, )
(1-4)

(OO (R

By substituting the lightness number of the Sunjammer solar sail, Eq. (23) can be solved numerically
for the location of the sub-L; point, see Table 2. The table shows that, by positioning the Sunjammer solar
sail at this sub-L, point, the warning time for space weather events can be increased by a factor 1.67-1.83
compared to existing satellites at the classical L; point.

(23)

Table 2 Sunjammer sub-L; data.

X- . Increase
o Distance .
position in warn-
B sub-L from ing time
1 Earth, km g
point over L,

0.0388  0.9833 2,496,371 1.67
0.0455 0.9816 2,747,104 1.83

Solar sail Halo orbits

Similar to Halo orbits around the classical co-linear Lagrange points, solar sail Halo orbits can be found
around sub-L; points. [21, 22] Here, the approach described in Reference [21] is adopted, particularly the
case where the attitude of the sail in the Halo orbit is assumed to be equal to its attitude at the sub-L; point,

i.e. n= [1 0 0]T , S0 perpendicular to the Sun-Earth line. The first step is to approximate the equations of

motion in Eq. (19) in the neighborhood of the sub-L; point by linearizing the equations of motion and ex-
panding the combination of the effective potential and solar sail acceleration terms to third order with a
Taylor series expansion. Subsequently, the Lindstedt-Poincare method is used to find the third order-
approximate periodic solution to this dynamical system by cancelling secular terms and matching the in-
plane and out-of-plane frequencies.

Details on the method can be found in Reference [21]. For brevity, this paper only provides the results,
see Figure 10, which shows five solar sail Halo orbits for different out-of-plane amplitudes, Z (in CR3BP
units) and for both 3 ,,, and S, g, - In the work by Keéchichian and co-authors [17] the manifolds of a

Halo orbit around the classical L; point with out-of-plane amplitude Z =0.0027 is considered, hereafter
referred to as the ballistic reference Halo orbit. The solar sail Halo orbit around the sub-L; point with the
same out-of-plane amplitude is highlighted in blue in Figure 10 and will be considered for further investi-
gations and comparison purposes.

Since the orbits in Figure 10 are only periodic approximations to the solutions of the full nonlinear sys-
tem (i.e. Eq. (19)), the orbit quickly diverges when integrating its initial conditions in Eq. (19), see the red
dashed line in Figure 11a. A differential correction scheme, see Reference [23], is therefore employed to
adjust the initial conditions in such a way that true periodic solar sail Halo orbits are found. The result is
shown by the light-blue, think line in Figure 11, which shows only minor differences with the approximat-
ed solution (thin blue line). The figure also includes the ballistic reference Halo orbit considered in Refer-
ence [17] (black dashed line).
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Figure 10 Approximated solar sail Halo orbits for Bs;jow and = Bsnigh and out-of-plane amplitude
Z =0.001, 0.002, 0.0027 (in blue), 0.003, 0.005, 0.0075. The sub-L; point is indicated by a round
marker.

Unstable invariant manifolds

The last step in the design process of Sun-Earth line confined solar sail manifolds is the generation of
the actual invariant manifolds associated with the solar sail Halo orbit in Figure 11. Since the theory of
invariant manifolds and the approach to find these manifolds is described extensively in the literature (see
for example Reference [24]), details are omitted here. It is just mentioned that, at first, the attitude of the

sail in the manifolds is the same as in the Halo orbits, i.e. n=[1 0 O]T , and that we are particularly in-

terested in the unstable manifolds that evolve in the direction of the Sun. As discussed in the introduction,
under the correct circumstances, these manifolds stay close to the Sun-Earth line, while traveling ‘up-
stream’ of the coronal mass ejection, potentially increasing the warning time for space weather events
compared to spacecraft at the classical L; point as well as to a static solar sail at the sub-L, point or a solar
sail in a Halo orbit around the sub-L, point. These unstable, sunward manifolds are shown in Figure 12a
together with the manifolds that wind off the ballistic reference Halo orbit.

Surveillance zone analysis

In Reference [17], a manifold is considered useful for space weather forecasting as long as it resides
within a cylinder of 4 Sun radii centered around the Sun-Earth line. This cylinder is hereafter referred to as
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the surveillance zone. The manifolds in Figure 12a are truncated when the manifold leaves this surveillance
zone, which is also evident from Figure 12b. Most important is how far upstream of the coronal mass ejec-
tions this occurs: the further upstream the manifold leaves the surveillance zone, the larger the warning
time for a space weather event. Considering /g, . the manifold that extends farthest upstream reaches

x =-0.0290 with respect to the classical L; point. This means that the warning time compared to spacecraft
at L, can be increased by a factor 3.90, see also Figure 12c. For g, .., this factor is even slightly larger,

4.02. Note that the manifold number in Figure 12c and d is measured in the solar sail Halo orbit starting
from the Sun-side crossing of the (x, z)—plane and continues in clockwise direction. Furthermore, the red

manifold in Figure 12b-d highlights the manifold that enables the largest warning time, while the green
manifold indicates the manifold that resides longest within the surveillance zone. It is clear that these do
not overlap, i.e. the manifold with the largest warning time does not enable the longest stay time.

Comparing the results with the performance of the ballistic reference manifolds (in grey in Figure 12), it
becomes clear that the increase in warning time enabled by a solar sail is not significant: the ballistic case
increases the warning time by a factor 3.84. However, what the sail does enable is a longer stay time in the
surveillance zone, as is evident from Figure 12b. Although much time is spent in close proximity of the
solar sail Halo orbit, also the time further upstream of the coronal mass ejection is extended.

b)
a)
Approximated sail halo
Ps jow By high O SubL, Bsyow Bsmgh
0.0z 0.02 Propagated sail Halo 0.02 0.02
0.015 0.015 Corrected sail Halo 0.015 0.015
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Figure 11 Differential correction scheme results and ballistic reference Halo orbit.

Pitched solar sail in manifolds

To investigate whether the performance of the solar sail can be increased further, this section pitches the
solar sail in the manifold at a constant angle with respect to the Sun-Earth line. This angle is referred to as
the cone angle and is defined in Figure 13. The sail is thus only pitched in the ecliptic plane, generating no
acceleration component out-of-the ecliptic, and for « =0, the results as presented in the previous section
can be obtained. When varying the value for « , the performance as shown in Figure 14 can be obtained.
The figure indicates the maximum increase in warning time that any of the manifolds of the solar sail Halo
orbit can establish. As a reference, Figure 14 also includes the performance of the ballistic reference mani-
folds (i.e. the previously mentioned factor of 3.84). It then immediately becomes clear that, when pitching
the solar sail, significant improvements over the ballistic concept can be achieved: for a pitch angle of -
33.2 deg and -32.9 deg for B, ,, and B, 4 respectively, the warning time compared to a spacecraft at
L, can be increased by a factor 7.05 and 7.74. Specific details are provided in the first three rows of Table 3
and in Figure 15. The red manifold again highlights the manifold that enables the largest warning time,

while the green manifold indicates the manifold that resides longest within the surveillance zone. This time,
these two types of manifold almost coincide.

15



While the results in Figure 15 show a significant improvement in the warning time for space weather
events, the assumption of a pitched sail comes at the cost of a much shorter stay time in the surveillance
zone, see Figure 15d. However, as indicated in the introduction of the paper, it is envisaged that the concept
of Sun-Earth line confined manifolds for space weather monitoring/forecasting is enabled by replenishing
the best-performing manifold with SpaceChips from a solar sail platform in a Halo orbit around sub-L;.
With the production cost and weight of these SpaceChips being very low, the disadvantage of a short stay
time is expected to be outweighed by the large increase in warning time that this concept enables.
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Figure 12 Solar sail manifolds with sail perpendicular to Sun-Earth line (blue) and ballistic refer-
ence manifolds (grey). The red manifold maximizes the warning time, the green manifold maximizes
the time in the surveillance zone. a) (x,y)-projection. b) Distance from the Sun-Earth line. ) Increase

in warning time compared to L;. d) Time within surveillance zone.
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Table 3 Solar sail manifold data for constant cone angle and optimal steering law.

ﬁSJ,Iow ﬂSJ,high
Constant cone angle
Cone angle -33.2 deg -32.9 deg
Factor increase warning time compared to L 7.05 7.74
Time in manifold, days 102.2 101.1
Optimal steering law
Factor increase warning time compared to L 8.16 9.19
Time in manifold, days 213.0 213.1

Optimal steering law in manifolds

The steering law of a constant cone angle as assumed in the previous section allows the use of low con-
trol authority devices such as SpaceChips. However, as mentioned in the introduction of the paper, another
option could be to insert a conventional sailcraft like Sunjammer into the best-performing manifold towards
the end-of-life to enable further improved observations at the end of the mission. In such a case, much
higher control authority would be available. Therefore, this section investigates what the optimal control
law would be to achieve the maximum increase in warning time, i.e. to travel as far upstream of the coronal
mass ejection as possible. To that end, the accompanying optimal control problem is solved that minimizes:

J=x (24)

where X, is the final x -coordinate, i.e. upon leaving the 4 Sun radii surveillance zone. Since the optimal
control problem is described in the CR3BP, the states and controls are defined as:

[1-2-0.1] x| [1-u]
-0.1 0.1
0.1 Z 0.1 - x
' <x(t)= <l 7, |-1l|<u(t)=]|n, [<]|1 25
-0.2 ( ) X 0.2 ( ) y (25)
. -1 n,
-0.2 y 0.2
| 02 | 2] [ 02

and the dynamics are prescribed by Eq. (19).
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Figure 15 Solar sail manifolds with constant cone angle -33.2 deg (fsj,10w) @nd -32.9 deg (Ssj nigh)
(blue) and ballistic reference manifolds (grey). The red manifold maximizes the warning time, the
green manifold maximizes the time in the surveillance zone. a) (x,y)-projection. b) Distance from the
Sun-Earth line. ¢) Increase in warning time compared to L,. d) Time within surveillance zone.

Event constraints can be defined where the initial state-vector, x,, should coincide with the location on
the solar sail Halo orbit at time t =t,. This location is found through an interpolation of a large state matrix

that provides the position and velocity vectors along the Halo orbit for a range of time values. Note that
0<t<t, with t, the period of the solar sail Halo orbit and t =0 coinciding with the Sun-side crossing of

the Halo orbit with the (x,z)-plane. An additional event constraint should be defined on the final state-
vector, X, , such that the trajectory terminates at the edge of the surveillance zone:

\ fyf +122 = 4R (26)

with R, the radius of the Sun. Finally, a set of path constraints ensures that the normal of the control vector

equals unity, no acceleration component is generated in the direction of the Sun, the solar sail stays within
the surveillance zone and the trajectory does not move too far downstream (i.e. not beyond classical L,):
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n;+n2+n? =1
B-A>0 -
0<Jy? +2° <4R,
0<x<Xx

The solution to the optimal control problem is obtained with PSOPT by using the red manifolds in Fig-
ure 15 as initial guess. The results are provided in the last two rows of Table 3 and in Figure 16. The arrows
in Figure 16a indicate the direction of the solar sail acceleration and show a very smooth optimal steering
law. Furthermore, Figure 16b highlights the fact that the optimized trajectory allows a longer stay time
within the surveillance zone than the constant cone angle steering law. Finally, and most importantly, Table
3 shows a further increase in the warning time for space weather events: for f, ,,, and B ., , the warn-

ing time can be increased by a factor 8.16 and 8.19 compared to observations from the L, point, resulting in
a maximum warning time of approximately 4-8 and 4.5-9 hours, respectively.
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Figure 16 Solar sail manifolds with optimal control law (magenta), constant cone angle (blue) and
ballistic reference (grey). a) (X,y)-projection. b) Distance from the Sun-Earth line.

CONCLUSIONS

In this paper, two novel solar sail concepts for space weather forecasting have been presented: heliocen-
tric Earth-following orbits and Sun-Earth line confined solar sail manifolds. The first concept has shown
the possibility to rotate the line of apsides of a heliocentric orbit with a solar sail such that aphelion always
coincides with the Sun-Earth line. As such, the observation time of the region between Sun and Earth is
increased, allowing for improved observations of space weather events compared to an inertially fixed Kep-
lerian orbit. A simple apsides steering law can already increase the time spent within a predefined cone
around the Sun-Earth line by a factor 1.18 for a sail performance equal to that of the Sunjammer solar sail.
For an optimal solar sail steering law, this increases further to a factor 1.29. The result is that, when requir-
ing continuous observation around the Sun-Earth line through the use of a phased constellation of satellites,
the heliocentric Earth-following orbits may require one or two spacecraft less than a Keplerian orbit.

The second concept has exploited a solar sail acceleration to alter the course of the unstable, sunward
manifolds of a Halo orbit around a sub-L, point. Again, for a Sunjammer like performance, the sub-L; point
is located a factor 1.67-1.83 farther from the Earth than the classical L; point, already allowing a substantial
increase in the warning time for space weather events. By keeping the solar sail acceleration vector along
the Sun-Earth line, Halo orbits around the sub-L; point have been found and the unstable sunward mani-
folds of these Halo orbits travel upstream of the coronal mass ejections. This increases the warning time by
a factor 3.90-4.02. However, the ballistic manifolds winding off an equally sized ballistic Halo orbit around
the classical L; point can achieve a similar increase in the warning time. Therefore, the solar sail has been
pitched at a constant angle with respect to the Sun-Earth line, significantly increasing the warning time: up
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to 7.74 times the warning time from the L; point. However, this comes at the cost of a much shorter stay
time in the surveillance zone, requiring a more frequent replenishment of probes into the manifold to ensure
a continuous advanced warning time. A final improvement has been achieved by finding the optimal steer-
ing law for the solar sail to travel as far as possible upstream of the space weather events. This resulted in a
maximum increase in the warning time by a factor 8.19 compared to satellites at L,, leading to a total warn-
ing time of 4.5-9 hours as well as a longer stay time in the surveillance zone compared to the constant cone
angle steering law.
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