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Non-Sun-Earth-Line (SEL) Obsenvations to Dale

The first non-SEL line observations were oblained by the two
Helios spacecraft launched in 1974 and 1976, which made
primarily in-situ measurements and stayed close to the
ecliptic plane. The only spacecraft o explore significantly
oulside of the ecliptic was Ulysses ( 1990-2009), which
achievied a near-polar orbit via a Jupiter swing-by, and made
in-situ measurements between 1.3 and 5.4 AU from the Sun.
The corona and inner heliosphere have been observed
through non-SEL imaging since 2006 whean the twin
STERED spacecraft were launched. STERED's imaging
and in-sitlu measurements have been made all around the
Sun, but near the ecliplic plana.

Ulysses

Fig. 1. An owverview of interesiing vanfage points, highlighting
previols nan-sun-Earth-ling (non-3EL) missions. Sun and Earth
arg shown as yellow and biue dots, and Lagrange points as red
dots {radiad scade dedormaed for clarily). The SEL is indicated as a
black dot-dashed line (intersecting L1 and Earth). The quadrature
vigws are shown as blue palches (inlersecting L4 and LS ) the
far-gide view ag a pink palch (infersecting L3); and the polar views
as grean patches. Sample STEREQ arbil is in arange, Halios
orbits in red, and WWysses arbit in ight bive. The Helios orbits are
relfalive to he Earth, iLe., Helocaninc Earth Ecliplic coardinales;
the ather orbits are in Heliocenine lnerial coordinates.

scence Enabled by Non-SEL cbservations
The scientific benefit of non-SEL observations has been
demonstrated by past and current missions, bul, to a large
extent, these observations merely whet our appetite for more
comprehansive and sustained measuremants. Table 1
highlights open science questions, and Table 2 (left column)
describes the specific benefits of non-SEL views.

Table 1
(1] 14 ]

What are the solar surfacefinterior flow/magnetic
field patberns vs. longitude, latitude and depth, and
how do they constrain dynamo models?

5

Regime

Solar
interior and

dynamo

Solar
atrmosphene
global
connections

What is the structure of the global coranal and
helicspheric magnetic field?

What are the source regions of the solar wind?
How is magnetic energy stored/released during
eruption, and role do helicitytopology play?

How do local and global magnetic fields interact?

Solar-wind/

helios pheric
transients

How do transients evolve and interact with the
ambianl solar wind as thay move through tha
helicsphere?

How can we improve prediction of space weather

on time scales of days, weeks, months, or longer?

prediction/ |How can we improve forecast of space-weather
modeling |impacts at the Earth & throughout the solar system?

o Space-
weather
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We explore new opportunities for solar physics that could be realized by future missions providing sustained observations from vantage points away from the Sun-Earth line (SEL). These include observations
from the far side of the Sun, at high latitudes including over the solar poles, or from near-quadrature angles relative to the Earth (e.g., the Sun-Earth L4 & L5 Lagrange points). Such observations fill known
holes in our scientific understanding of the three-dimensional, time-evolving Sun and heliosphere, and have the potential to open new frontiers through discoveries enabled by novel viewpoints.

Measurement Stereo
and view

Banafits from non-SEL vantaga

AssUMmes exishe lementary SEL
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Heliosgismic nversions probe deeper 1 PIQIF ey limited no
Better coverage of global magnetic boundany 1 i limited nao
Comprehensive view of lux emergence and PQF

evalution
Magnetic vector boundary disambiguated 1-2PQ; M VEs no
Polar fields and flows directly observed 1-2P (
Input fo coronal 3D modeling 3-8 yes yes nao
PIQ (3:68) (3 4;6)
Longitudinal coverage enabling monitoring of 1; 36 limited  limited no
“seasons” of space weather PIQIF (3 (1; 3; )
Simultanecus boundany/Bmb views of CMEs and 1-6 Yirs limited no
precursors; global interactions compreensively PG (3 8) (1;3;4; 8)
observed
Solar-wind source regions connacted to i-8 yas yas yes
heliospherc imagingin-situ measurements PIQ (FeT) (1346 (7.8
7, 8)
Improssed monitoning and modeling of Earth- 1-8 limited limited limited
intersacting (planat-interesting) transients P (X6 7T) (1,3 4.8, (7;8)
(PIQIF) 7. 8)
Longitudinal structure of the Alfven surface and g-TP N no no
of CMEs, CIRs, and shocks revealed
Line-of-sight measurements of southwand- 58P no no no
direcied magnetc fiekd
More lines of sight to reconstruct 30 solar-wind 6-7 yes yes limited
structures PIQ -7) (B-T) (T
Improved iradiance measurements enabling 3104 limited no no
better thermospherefionosphere models (3)

WViews Measurements nesded

. Full-disk Doppler vector magnetographs (photosphare)
. Chromospheric spectropolarimeters

. Full-Sun multiwavelength coronal imagers

- Multiwavelength coronal spectrometers

1
Polar (P) 2
3
4
5. Polarimetric coronagraphs
6
T
8
8

Cuadrature (Q)
Farside (F) . White-light/multiwavelength coronagraphs

. Heliospheric imagers (His) with polarizers (7° = no polarizer)

. In-gitu solar wind measurements

Faraday rotation (e.g. beacon signals between spacecraft and Earth)
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Opportunities for discoveries
by non-SEL spacecraft
abound. The polar view in
particular could enable an
unprecedented
characlenzation of solar
speciral imadiance, with as-vet-
lo-be-determined impact on our
understanding of the Sun as a
slar. Bayond this — we have
never observed the solar poles
with imagers. What will we
see? Based on recent images
from planetary missions (Fig. 2
-}, direct observations of the
poles is likely o reveal far
mare complex and beautiful
siructure than anything we
have been able o piece
| together from our curment near-
ecliplic view (Fig. 2 a-b).

Fg. 2 (a) Ring-diagram analysis of near-surface flow anomalies indicate spiral fow palterns af
fhe poles (Bogart of al, 2015). (b) Obsenvations of large-scale. high-latifude magnelic features
spanning midtiple decades (Mcintosh 1973 2003) similanly demansirale spiral sfructure at the
poles (Webb of al, 2018, red=negalive coronal hole, bive=posilive coronal hale, grey =
negaltive polanty quet Sun, ligh! blue = positive polanty quist Sun, dark green=Mlaments). (c)
View cenlered an Saturm's noith pale. North is up and rotated 33 degrees fo the leff. The
image was laken with the Cassini spacecrall wide-angle camera on June 14, 20713 using a
speciral flter sensifive to wavelengths of near-infrared light centered at 752 nanomelars.
(Source: NASA JPL), o) Multiple images combined show Jupiler's south pole, as seen by

b} Solar Morth pole
Cict 1982 CROT 1728
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MNASA's Juno spacecrall from an allifude of 32,000 miles. The oval fealures are cyclones.
|(Credir: NASAJPL - Caltech/SwRIMSS5/Belsy Asher HallGervasio Robies).

Condusions

Non-SEL vantages present unigue opportunities for answering the outstanding science questions of heliophysics, for improving space-weather monitoring and prediction, and for revealing new discoveries about our Sun and
solar systemn. All three of the viewpoints considered in this paper are of interest. The quadrature (e.g., L5) vantage combines relative ease of access with substantial space-weather operational advantage. However, the polar
vantage is the most compelling scientifically, and would achieve essentially the same space-weather operational capability as quadrature. For this reason, it is essential that investment in and demonstration of the technologies

needed for polar missions are prioritized over the next few years so that by the next decadal survey community proposals for solar polar missions will not only be scientifically justified, but technologically robust.

Future missions and gap analysis
| Non-SEL obsarvations have the potential for transformative progress. Table 2 describas tha
| measurements needed from the vanous non-SEL vantages (colors comelated to science areas shown
in Table 1).
!
| The forthcoming Sclar Orbiter (S0O) mission, which will orbit the sun between 0.28 - 0.7 AU and reach
|& maximum inclination of ~30-34" out of the ecliptic by the end of its extended mission in 2025-2030,
| will pravide the first detailed mapping of the sun's polar magnetic fields. In addition,
I
EF'atkur Solar Probe (PSP) will explone the outer corona and inner hisliosphene with very rapid solar
|encounters, as close as 9.86 solar radii from the center of the Sun. Fig. 3 shows sample orbits for
ltl-n-l.h spacecrafl.
It is undeniable thal both 50 and PSP will provide unique data and views of the coronal and
ihaﬁnsphalil: environment and enhance the sophistication of multi-viewpoint analysis, far beyond
|STEREQ. However, they are necessarily limited to the science achievable by the instruments they
|have on board, and in their ability to obtain the sustained measurements needed for longer-time-
Efrarm studies and space-weather monitoring (see Table 2).

!Thn idea of a mission to the Lagrange LS point has been explored in several concepls in recent years
|(Webb et al.,, 2010; Gopalswamy ef al., 2011, Voudidas el al,, 2015; Lavraud et al,, 2016). it has
|obvious advantages for space-weather research and forecasting, and it also addresses many of the
|open science questions (see Table 2). Such analyses depend upon the existence of complementany
| SEL chservations,

I
[ Imaging of the solar poles has been a long-held desire of the solar community ever since the

ic-arnaia!icrn of the imaging sister payload to Ulysses, Mission concepis have bean proposed for tha
|ESA large mission competition (e.g.. POLARIS; Appourchaux et al., 2009, 2074), and the Chinese
|space program (SPORT: Xiong & Liv 2014). Tha Solar Polar Imager (SP1) concepl was discussed in
|the Heliophysics Decadal Survey (Liewer ef al,, 2009). As Table 2 demonsirates, comprehensive and
%uniquu scnca is achieved from a polar vantage, and this polar vantage provides the most

| opportunities for discovery (Flg. 2).
L —_— =

Fig. 3. Infevesting viewpoinis
shown az in Fig. 1, with Parker
Solar Probe [PSP: red) and
Solar Qrbiter (30, green) orbits
overlaid. The dashed orange
fne represenis 8 sAmMple
“oiamond ™ orbil with four
spacecrall (gney cubes) 90
degreas apard, reaching as high
&5 7o degress hetolaituoe
{Vourtidas ef al. 2018).

Space Weather

' In addition to all that may be gained scientifically from non-SEL observations, there are clear benefits
|of such measurements for space-weather prediction and moniloring. Table 1 (last row) highlights
|driving questions, and Table 2 (left column) describes the specific benefils of non-SEL views, OFf

| utmost importance, non-SEL line configurations seem o be our best option for quantifying the
|magnetic field entrained in the CME. We note that from the poles, the line-of-sight field is B,, the

| southward component critical to geoeffectivenaess (Fig. 4).
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\Fig. 4. B_for a simulated, erupting CME (Fan et al, 2018) viewed from the North pole. a) Simulation ground
truth B, in equatovial plane. b) B, inverted from rafio of forward-modeded (Gibson af al., 2076) Stokes circwlar
polarization V and infensity 1. ¢) B, values with signa-lo-noise ratio > 3, based on a 1.5 meler lelescope, 127
| spatial resolution, and 5§ minute infegration. d-a) Same except with lower resolution/smaller telescope
| aperfures as indicated. Note that the sign and strength of the pre-eruptive core fleld is captured for all,




