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The solar corona has temperatures of millions of K.



@ Science Motivation

Stellar interiors and atmospheres are natural laboratories

for plasma physics:

* Physical processes: magnetohydrodynamic turbulence, particle
acceleration, transport mechanisms in plasmas, magnetic reconnection,
magnetised shocks, (magneto)convection in highly stratified & rotating
bodies, MHD instabilities, multi-fluid effects, radiative transfer, dynamo

action, conservation of topological invariants.

» Astrophysical manifestations: Sun/star-spots, flares, coronal mass
ejections, solar/stellar activity cycles, winds, accreting flows, space
weather, exoplanet habitability.

« Multi-wavelength (and multi-messenger) observations needed to reveal
the richness of the underlying physics.




@ Solar Astronomy 101

Most Salient Observational Features about the Sun

* |t rotates, but not as a solid body. The equator rotates faster than
the poles (use helioseismology to probe the interior).

* |t has sunspots. The number of sunspots waxes and wanes with an
eleven year cycle.

 Magnetic fields pervade the entire Sun

« TheSunisa astrophysical object.
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Fig. 3. The solar spectrum from gamma rays to radio wavelengths
from White {1977].




@ Solar Astronomy 101

Most Salient Observational Features about the Sun

* |t rotates, but not as a solid body. The equator rotates faster than
the poles (use helioseismology to probe the interior).

* |t has sunspots. The number of sunspots waxes and wanes with an
eleven year cycle.

« Magnetic fields pervade the entire Sun.

The Sunis a astrophysical object.

» The hot corona consists of loops anchored at/near sunspots.

* Total eclipses are awesome (partial eclipses less so). &




Credit: Swedish Solar Telescope




Credit: Solar Dynamics Observatory / Stanford



e | . 20 Operating Missions with 27 Spacecraft
* 14 Missions in Formulation or Implementation
* 1 Under Study
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Fabrication and metrology of lithium niobate
narrowband optical filters for the solar orbiter

Abstract: We report on the fabrication of custom voltage
tunable etalons for the SO/PHI spaceborne solar imaging
instrument [A. Gandorfer, S. K. Solanki, J. Woch, V. M. Pil-
let, A. A. Herrero, and T. Appourchaux, J. Phys.: Conference
Series 271, 012086 (2011)]. The etalons were manufactured to
place a transmission maximum within 0.3 A of the Fel emis-
sion line at 6175.0 A. Meeting this specification requires an
overall thickness specified to within £15 nm, over a 60 mm
aperture. We describe here the metrology, modelling and
coating procedures we developed to achieve this.
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1 Introduction

Most astronomical spectral instruments are designed
to maximise the light gathering capability, so that their
dispersive elements distribute the spectral signal across
large detectors. In the case of solar observations, however,
imaging can be done with extremely narrow band filters
which still pass enough light for high quality images [1-3].
The narrowest band filters, Fabry-Perot etalons, have an
extremely high angular dependence of their pass band

been a challenge for fabrication. Limitations in the thick-
ness uniformity that is achievable by polishing have led to
the development of vapour deposition as a method for cor-
rection of thickness nonuniformity, enabling us to produce
substrates with thickness variations of <1 nm across 60 mm
[4, 5]. Etalons made of lithium niobate (LiNbO,) have the
advantage of being tunable by tilting, temperature, and
voltage. In addition, their high index of refraction allows
them to be made thinner than comparable air-spaced
etalons, resulting in low angular sensitivity. This makes
them advantageous in telescopic systems, where a wide
field of view is desired. Their light weight and stability also
make them well suited to spaceborne instrumentation.
Typically LiNbO, voltage-tuneable etalons [6] are
designed to be tuneable across the entire free spectral range,
so that a fringe (transmission maximum) can be placed at
any wavelength desired. The tuning range of such an etalon
depends primarily on the thickness and the breakdown
voltage, above which the crystal structure becomes depoled.
The tuning range can be extended by varying the tempera-
ture and by tilting the etalon in addition to voltage tuning.
However, in the Polarimetric and Helioseismic Imager for the
upcoming Solar Orbiter (SO/PHI) [7], the thermal require-
ments of the satellite make temperature tuning of the etalon
impossible, and tilt tuning is avoided to minimise pass band
distortions. For these reasons, we are constrained to tunabil-
ity of only a fraction of the free spectral range. The spectral
window of interest is determined by the range of Doppler
shifts of interest — a combination of the radial gas velocity




NASA's Solar Dynamics Observatory




SDO In a Nutshell

3 instruments monitoring the Sun all the time
since May 2010.

e Atmospheric Imaging Assembly: visible, UV,

and EUV full disk images of the photosphere,
chromosphere, transition region and corona at

4096x4096 pixels.

e Helioseismic & Magnetic Imager: visible light

full disk dopplergrams and magnetograms at
4096x4096 pixels.

S

SOLAR ARRAYS

e EUV Variability Experiment: disk-integratea
EUV irradiance spectra at 1 A resolution.

HIGH-GAIN ANTENNAS
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EUV constraints on Model AIA 131 Model AIA 211 Model AIA 335

1000 1000 1000
solar/stellar coronal models
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Violent Events on the surtace give rise
to Coronal Mass Ejections

9
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SOHO / LASCO



.
°., U)J
-.. -
)
.
, -.-
| By .
o’. . - L]
- l?.
LR
v
. -
»
o

,-'r'//’[ /"J [ [//(/
/""/- //
;,-4"/‘/ L _/_/J”ff—,b— /"—/
3=, ~,,J,--/“-/ ,,‘,.—/ "
1 r’/_‘,,—" /_“_,,./ -’1//4
/ é e il //
» <r-"'/ '/l-(-.,—" /4/ .
! //w e —,f/ _,.w///
- . ’—J//-’d - ///
-} : // /”/-/ a—
| el — o TS e
‘l l / —d"’,’_,_,-v-"
S f—r ==t
/__.—4 /4
i // ‘IAfﬁ/
= . ..'f—"‘——“—"
i . __—-—-"'"//  ———
- /}_‘/
l:‘ s {0 1‘ 4_’/.-—»———""/”
"
Mok ¥
i ==~
ul ,
4 B2
o e
r ‘F , , I‘ .13 | ‘ -’5
., S e ‘x‘u s"!; -
: Y 1 b L T s 1 % -
5 | A B (i
SN . — ;.
" ’ _ 31 T e
o \L\
4\l - *\h\-o_
el of a coronal mass ejection ancJ resu efic storm
- ~ |




Surface and
Interior
Charging

Magnetic
Attitude Control

Space
Weather

Radio
Wave
Disturbance

.%

AT
S

\/
] )
"q -

lonosphere Currentsﬁ7

A v prm——
é Cgllular:
" Dlsrudtlon
I
—
Check out —

Earth Currents

SWS o bo m o gOV. a u *\Q‘& Pipeline Corrosion

Radiation Belt Particles
Galactic Cosmic Rays
Solar Cosmic Rays

N Computer and Memory

Micrometeorites Upsets and Failures

/

Solar Cell
Damage

HEEHLGEN={T]:]:]

¥

Solar Radio Bursts

Signal
/, Scintillation
N
Can P N
i . 2{},? ¥
N
Electric Grid ke <

A
2
o,

’l.e-‘-
AR

,.
\/

e
i

Disruption =

GPS Station
Navigation

Telecommunication Cable Disruption

Lanzerotti 201/, in Space Science Reviews

R e
19
X
7

¢/ Astronaut
Safety

Atmospheric Drag

SETEY
Water Vapor



@ Interplanetary Scintillation Observations
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o Japanese Solar Wind Imaging Facility (SWIFT; Tokumaru et al. 2011)
observes dozens of IPS sources per day.

14—

« MWA: Probe between ~20 and 30 degrees solar elongation with <
1 source per sq deg; Chhetri et al. 2018)

o ASKAP: Probe between 7 and 12 degrees solar elongation with a
very high density of sources (5 per sq deg; Chhetri et al. 2022).




. A N Current status: Passed PDR, KDPc
/M él!“” S E Launch date: Mid 2027
o Mission: 2-year prime mission

MULTISLIT SOLAR EXPLORER Costcap: ~200M USD

Orbit: sun-synchronous orbit at 600 km for
continuous observations

25cm EUV — -: >
Spectrograph l S,

20 cm EUV

= Context
Guide Telescope —» ¥ Imager Flight heritage: extensive heritage from IRIS,

R | SDO, Hinode ensures low risk for cost or
,,.‘ Instrument schedule and high TRL for instrument,

ye -~ Electronics Box spacecraft and mission operations.

Ka-band .| /4
Downlink e SDIE) s Spacecraft: 3-axis stabilised, fine pointing

400 Mbit/s e % (subarcsecond) using guide telescope, based
- — on IRIS design.
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Observatlons at 30 100x data rate of other spectrographs
= | 'i:: : 12s cadence for 156”x170” FOV
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MUSE's high-throughput, multi-slit spectroscopy reveals processes invisible to imagers (AlIA) or single-slit
spectrographs (IRIS, EUVST), allowing detailed studies of multi-scale processes driving coronal heating and activity:

- full spatial and simultaneous coverage of hot plasma in current sheets, flare loops and CMEs as well as cooler
plasma in coronal loops and flare ribbons, including conjugate footpoints.

- nominal observing mode with 12 step rasters to densely cover 170"x170" at raster cadence of 12s

- special observing modes at very high cadence (<1s) of the impulsive phase of flares and initial stage of
coronal mass ejections (CMEs)



/M&M" S MUSE Science Goals

LIT SOLAR EX

1. Determine which 2. Understand the origin 3. Investigate
mechanism(s) heat the and evolution of the fundamental physical
solar corona and drive unstable solar plasma processes

the solar wind atmosphere
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What is unique about MUSE?

Simulation
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- cadence: 20x-100x faster & larger 2-D FOV than current/planned spectrographs — will, for the first time, freeze “coronal
evolution” under spectrograph slits

- spatial resolution: 10x highert

- field-of-view: captures, for the

nan AlA, 25x better than Hinode/EIS or SOLO/S

first time, the multi-scale nature of solar atmosp

PICE

nere from sub-granular to active region size scales



@ Take home messages

e The Sun is a natural laboratory for plasma and
astrophysical processes.

 Multi-wavelength observations crucial for testing many of
the processes.

e A 99% partial solar eclipse is not close to being a total
solar eclipse. Prepare for 2028 (path of totality passing
through Sydney).

» Australia can make unique contributions to space
weather science and forecasting, and space optics.




