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“We need to be as bold and visionary with our
future space missions, in order to acquire the
observations that will tell us how nature
really works”

Matina Gkioulidou



Summary

 Observing the Sun and the heliosphere today, big questions in solar physics
« Why space based solar observatories?

* Overview of present missions

e The multi-messanger (multi-point of view) decade

* Representative examples of remote sensing instrumentation

* The future



Answering the big questions of solar physics Cesa

#1: How and where do the solar wind plasma
and magnetic field originate?

Disentangling spatial structures and time
evolution requires viewing a given region
for more than an active region growth time
(~ 10 days)

— So we need to go closer to the Sun

AlA 171 - 2012/02/00 - 15:37:48Z

#2: How do solar transients drive heliospheric variability?

Coronal shock
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#3: How do solar eruptions produce energetic particle
radiation that fills the heliosphere?

#4: How does the solar dynamo work and drive connections
between the Sun and the heliosphere?

(Roth 2007)



First glimpse of the Sun from space (1946)

» After WWII, captured V2 rockets provided a means for sending scientific instruments above the earth’s
atmosphere which absorbed UV radiation.

* To study the nature of the atmospheric absorption, and to examine the UV portion of the solar spectrum, a group

of the Naval Research Laboratory (NRL), led by Richard Tousey designed a UV solar spectrograph to fly on the V2
warheads.

* The first successful NRL rocket flight was on October 10, 1946. The missile reached an altitude of 173 km and a
series of spectra obtained during ascent showed the decrease in UV absorption with altitude and helped set the
upper limit to the earth’s ozone layer (Baum+, 1946)




How to observe the Sun
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Why from space? |

v' Above the atmosphere ) i A:
v UV, X, and y observations (atmospheric absorption) b i | . o

v' Solar corona (sky brightness) ¥ VA ANk RN

o A .‘1-mia=;e—{_béé —

b S e S A

Giacconi, Gursky & van Speybroeck (1968)

v Outside the magnetosphere 3§
vin situ measurements

v Uninterrupted observations
v Helioseismology

v Out of ecliptic
v’ Polar imaging
v’ polar wind and CR behavior




The multi-messanger decade for solar physics

e Ulysses:
Particles + Magnetic field

* Present days:
EM radiation + Particles + Magnetic and electric fields

* Multi-point-of-view and multi-wavelength:
e Ground based (DKIST, etc.)
e Earth orbit (SOHO, SDO, IRIS, ASO-S, ADITYA-L1)
* Interplanetary (STEREO-A, PSP, Solar Orbiter)



The multi-messanger decade for solar physics
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The solar atmosphere
and the heliosphere are a
system of systems
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T LBLELILLI II
Sclar wing
Accekration Region

The solar atmosphere is composed of a thin plasma in NLTE
equilibrium at temperatures that vary from 4000K to 10MK
Magnetic fields
Thermal properties
Velocities
Abundances

Plasma temperature
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The goal is to measure:
« Magnetic fields
 Thermal properties
* Velocities
|_— ‘ « Abundances
! with high temporal and spatial resolution
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) The SOHO Mission £ 4

* The Solar Heliospheric Observatory (SOHO) was a joint program between ESA and NASA
e ESA: responsible for SOHO’s procurement, integration, and testing
* NASA: provided launch and mission operations (at NASA/GSFC)

* Launched on December 2, 1995 from Cape Canaveral and still operative

» Special orbit around tha Lagrangian point L1 between Earth and Sun

soho

——
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SOHO orbit schematic
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) The SOHO Mission
soho
"« Llargest solar observatory ever flown,

HELIOSEISMOLOGY
* Pay I Oa d . GOLF A.Gabriel, Global Sun velo city Na-vapeur resonant scattering cell
. . . TAS, Orsay, F oscillations [£=0-3] Deoppler shift. and circular polarization
* 3 helioseismology instruments VIRGD C.Frohlick, Low degree (£=0-7) Global Sun and low resolution (L2 pixek)
FMOD /WRIC, irradiance ceeillations and imaging, active cavity radiometers
(GOLF, VIRGO, MDI) Daves, OH sl constaat
’ 4 S0I/MDT P.Scherrer, Velocity oscillations with Deppler shift and magmetic fleld
° 1 1 Stanford Univ., CA barmonic degree up te 4500 observed with Michekeon Doppler Imager
6 re mOte sensl ng I nStr ume nts SOLAR ATMOSPHERE REMOTE SENSING

Lindan, D chrem. threugh cerona angularres.: 1.5"
R.Harriscn, Temperature and density in Nermal and grazing incidence spectrom.:
RAL, Chilten, UK transition regicn and cerona 15-B0nm, gpectr. res. 1000-10000

MPAE, T, density, velocity in spectral resclution 20000-40000,
* 3insitu instruments

(S U ME R’ C DS’ EI'I" UVCS’ LASCO’ SWA \ ) K. Wilhelm, Flasma flow characteristics: Neormal incidence spectrometer: 50-160 nm
DS

(CELIAS, COSTEP, ERNE) | 15 80nz, spec

EIT JF Delabondiniére Ewclution of chremospheric Images (1024 x 1024 pixels in 42" x 42°)
ITAS, Orsay, F and corenal siructures in the lines of He IT, Fe IX, Fe XII, Fe XV
OvVEC JEKoHhl, SAQ, Electron and ion temp. FProfiles andfor intensity of several -

Cambridge, Mass. densities, velocities in corona | EUV lines [Ly o, O VI, ete.] between 1.3
(1.3-10 Ryy) and 10 Ry,
" G.Brueckner, NRL, Evolution, mass, 1 internal and 2 externally ecenlied 4.2
" Washington, DC momentum and energy trans. | coronagraphs, Fabry-Perot (er26.2)
b in corona [1.1-30 Ry ) spectremeter for 1.1-3 Ry

p ' N SEWAN JL.Bertanx, 54, Selar wind mass flux anise- 2 scanning telescopes with hydrogen
! Verritres-le- BuiksonF' | atropies 4 temperal var. absorpticn cell for Ly-o: hight

SOLAR WIND ‘IN SITU*

: CELIAS D.Hovestadt, MPE, Energy distribution and Electrostatic deflection system, 1.5
. / " b " Garching, D compesition [mas=s, charge, Time-of Flight measnrem ents,
. ) o ionic charge] of ions solid state detectors
o {0.1-1000 keV fe]
/' ] Energy distribution of Solid state and plastic
ions [p, He] 0.04-53 MeV /n scintillator detector telescopes
/ and elecirone 0.04-5 MeV
~ . / ] 1. Terstd, Energy digtribution and Solid state and scintillator 0.71
» > Univ. of Turku, SF isotopic composition of crystal detector telescopes
ions [p - Ni) 1.4-540 MeV /n
and electrons 5-60 MeV

1996
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&E SOHO Mission highlights

Helioseismology

* Revealing the first images ever of a star’s convection zone (its turbulent outer shell) and of
the structure of sunspots below the surface. (MDI)

* Providing the most detailed and precise measurements of the temperature structure, the
interior rotation, and gas flows in the solar interior. (MDI)

MDI - Schou+, 1998 4

MDI, Zhao+, 2001
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: SOHO Mission highlights

Solar corona spectroscopy

soho

——

* Measuring the acceleration of the slow and fast solar wind. (UVCS)

* Measuring the anisotropy of the ion’s temperature distribution (UVCS)

* Identifying the source regions and acceleration mechanism of the fast solar wind in the
magnetically "open" regions at the Sun's poles. (UVCS)

e UVCS/SOHO led to new views of the
collisionless nature of the solar wind.

® Heavy ions are “minor ions,” but they’re
valuable probes of the physics!

protons

¢ |n coronal holes, heavy ions (e.g., 0*>)
both flow faster and are heated hundreds
of times more strongly than protons and
electrons, and have anisotropic velocity
distributions.

(Kohl+. 1995, 2006;
Cranmer+, 1999, 2008)
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SUMER+EUI, Hassler+, 1999
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Remote sensing instruments

Vector magnetographs (Photospheric mag field + helioseism.)
Disk imagers (vertical temperature tomography of low corona)

Total Soler Irrodionce Dotobose
e :

e X-ray imagers (Flares)

. I‘ooown
» Spectrometers (Doppler shifts, temperatures and abundances) = ; ’
* Coronagraphs (Extended corona) e [
* Heliospheric imagers (heliosphere)
* Total Solar Irradiance \

9 I375: T
[ 100 or
Solar Orbiter instrument descriptions in The Solar Orbiter mission, Special Issue, A&A T T \m"“““ R

G. Xopp., 8 Oct. 2012



Operative missions and instrumentation
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SOHO (L1)
1995

ACE (L1)
1997

STEREO (Sun)
2006

HINODE (Earth)
2006

SDO (Earth)
2010

IRIS (Earth)
2013

PSP (Sun)
2018

SolarOrbiter (Sun)
2020

ASO-S (Earth)
2022
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2023
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Solar Wind
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(e, p, He)

SWA

ASPEX

Magnetic & Neutrons

Electric
fields

MAG
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FIELDS

RPW
MAG
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Vector magnetograph

A vector magnetograph is a type of imaging telescope that can estimate
the 3-D vector of the magnetic field with a specific solar spectrum line.
The instrument measures wavelength of the line, its Doppler shift and by
using polarization optics, its Zeeman splitting.
All recent space dopplergraphs and magnetographs are based on this type of mstrument
 SOHO/MDI (Michelson Doppler Interferometer) [1995-2015] Nil 676.8nm
* SDO/HMI (Helioseismic and Magnetic Imager) [2008-present] Fel 617.3nm
 HINODE/SOT-NFI (Narrowband Filter Imager) [2006 — present] Fel D1 630.15/630.25 nm
* SolO/PHI (Polarimetric and Helioseismic Imager) [from 2020] Fel 617.3nm

~* ASO- S/FMG (Full disk vector MagnetoGraph) [from 2022] Fe 1 532.4 nm

Nil 676.8nm - Fel 617.3nm =
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SO/PH|I FDT/HRT FOV at AR 45dea POINTING

Distance = 1.00 AU . Area = 100 %



SO/PHI (measurement principle)

D A
|

| I 7T | I
A=617.3nm; AA =10 nm

Polarized images in five plus one wavelengths

The polarization Stokes vector is obtained by a polarization analyser typically made of a
rotating quarter wave plate and a linear polarizer (LP).

PHI makes use for the first time in space of a Liquid Crystal Retarder Plate + LP.

The vector magnetic field and the LOS velocity are inferred by inverting the RTE on board
via the Zeeman Effect

0.2% 0.5 075 0 Y25 "% -03 -02 -O0 0 o
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SO/PHI Data Products

SO/PHI data products:

Dynamic Noise ' ® Maximum possible
ranse cadence:
continuum intensity, /. . <103 = During RS windows:
LOS velocity, v s +5 km/s <40m/s 1 data set per minute
LOS magnetic field strength, B, 55 +3.5 kG 15G = Qutside RS windows:
magnetic field inclination, y 1° 1-4 data sets per day
magnetic field azimuth, ¢ »- | ™ Main limitation: telemetry!

Continuum
~ intensity




Examples of HRT science data

“Slow Wind” campaign on March 3-5, 2022: 3 HRT bursts at 3min cadence

continuum intensity

(line-of-sight) magnetogram scaled to £1000G



Stereoscopic disambiguation
of vector magnetograms

Spectropolarimetric reconstructions of the photospheric
vector magnetic field are intrinsically limited by the 180-
ambiguity in the orientation of the transverse component. So
far, the removal of such an ambiguity has required
assumptions about the properties of the photospheric field,
which makes disambiguation methods model-dependent.

Transverse Zeeman Effect “« - 1 -

3 1
" \/\/\/—
=> °1 $ —>
: st
S, Q B3N > Magnetograph 1

Magnetograph 2

~ £ BT.1.!rue :
. ru

T1,false

The Stereoscopic Disambiguation Method (SDM) that
solves the 180 ambiguity by combining information
from two vantage points: SO/PHI, SDO/HMI.

b) B @

-1500 -1000 -500 O 500 1000 1500

250

200

150

y (HRT pixels)

100

50

0 50 100 150 200 250 300 350 400
x (HRT pixels)

Valori+, Stereoscopic disambiguation of vector
magnetogrames: first applications to SO/PHI-HRT
data, in preparation

Valori+, 2022, SolPhys, 297
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Kahil+, The magnetic drivers of campfires seen by the
NC(nOﬂClr‘eS Polarimetric and Helioseismic Imager (PHI) on Solar Orbiter

The Extreme Ultraviolet Imager (EUI) on board the Solar Orbiter (SO) spacecraft observed small extreme ultraviolet
(EUV) bursts, termed campfires, that have been proposed to be brightenings near the apexes of low-lying loops in the
guiet-Sun atmosphere. The underlying magnetic processes driving these campfires are not understood.

In 71% of the 38 isolated events,
campfires are confined between
bipolar magnetic features, which seem
to exhibit signatures of magnetic flux
cancellation. The flux cancellation
occurs either between the two main
footpoints, or between one of the
footpoints of the loop housing the
campfire and a nearby opposite
polarity patch.

Fig. 3. Distribution of campfire events over the SO/PHI LOS magnetogram (left) and co-aligned HRIgyy image (right). The contours on the
magnetic field map enclose magnetic features with Byos above 305 (21 G). Blue and red contours correspond to negative and positive flux,
respectively. The yellow boxes in both figures enclose the studied campfire events which are located approximately in the centre of each box. The
LOS magnetogram is saturated at +40 G, and the size of the FOV is 512" x 512"”.



Far side helioseismology

Earth-side observations of solar p modes can be
used to image and monitor magnetic activity on
the Sun’s far side. Here we use magnetograms
of the far side obtained by the Polarimetric and
Helioseismic Imager (PHI) onboard Solar Orbiter
(SO) to directly assess — for the first time — the
validity of far-side helioseismic holography

Yang+, Direct assessment of SDO/HMI
helioseismology of active regions on the Sun’s far
side using SO/PHI magnetograms
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Fig. 2. Magnetic activity on the entire solar surface on 18 November 2020 during Carrington Rotation CR 2237. Panel a: The SO/PHI-FDT
magnetogram covers a large fraction of the far side, while a 3-day averaged SDO/HMI magnetogram shows magnetic activity on the near side.
Four active regions identified on the far side by SO/PHI are outlined by red contours (See Table . Panel b: The green/blue shades show the
helioseismic phase @ on the far side, deduced from acoustic oscillations observed on the near-side by SDO/HMI over 79 hours during 17-19
November. The seismic phase is shown over a range corresponding to 1.5-6 times the standard deviation of the noise in the quiet Sun (o¢ = 2.6°).



Disk Imagers

SUMER Q5 spectrum /04-/90 ™
N " T T = Ne VI 770.4 T Eﬁ__
|2 o G ANE Vil 780. > -
» Disk imagers are telescopes used 100 < o 3 ov 2 s =
: . =4 ' @ @2 - 4 =
to image the solar corona in the UV FTg o it SN E :
and X I A s g o JHE

« Disk imagers have been flown in
most of the solar space missions.

« Telescopes of the last decades 720 740 760 780
make use of multilayer coatings,
coupled with low bandpass

SUMER QS spectrum 972.5-1050

. . . 1000 C na7? oVl 1032
aluminum filters to provide narrow 1
bar)d pass images at spemflc 100 3
emission lines or group of lines, 8

. . . o=
with normal incidence telescopes 10 3
1L . . . .
Del Zanna & Mason, LRSP (2018) 980 100D 020 1040
Curdt+, 2001,2004 Wavelength (A)
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Temperature of UV
solar atmosphere
line formation

Temperature [K]
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Disk Imagers

AlA (Atmospheric Imaging Assembly) of SDO

Lemen, J.R,, et al.,(2012), Solar Physics, DOI: 10.1007/s11207-011-9776-8
(36,000km Circular, 28.5° Geo Synch Inclined orbit).
Four telescopes = Ten wavelength band

23[C ]
Region of Atmosphere*
Visible . Continuum Photosphere 3.7 _F ]
1700A . Continuum Temperature minimum, photosphere 3.7 | 22 =
304A 12.7 Hell Chromosphere, transition region, 4.7 u'-'g
1600A . C IV+cont. Transition region + upper photosphere 5.0 5 - .
171A 4.7 FelX Quiet corona, upper transition region 5.8 f 21 — —
193A 6.0 FeXll, XXIV  Corona and hot flare plasma 6.1,7.3 é s :
211A 7.0 FeXIlV Active-region corona 6.3 :E; )
335A 165 Fe XV Active-region corona 6.4 8L E
94A 0.9 Fe XVII Flaring regions 6.8 3
133A 4.4 FeXX, XXl Flaring regions 7.0, 7.2 19t/ : - 7
*Absorption allows imaging of chromospheric material within the corona; Log Te (K)
HTFWHM, in A
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Disk Imagers (AlA)

Four Ritchey-Chretien Telescopes - 8 Science Channels
— 7 EUV Channels in a sequence of Fe line and He 304A
— A UV Channel with 4500A, 1600A, 1700A filters
e Active secondaries for image stabilization
eFour 4096 x 4096 thinned Back llluminated CCD’s (12um pixel)

1600 C IV
1700 UV Cont. Fe XIV
4500 White Light

Fe

X
/ / Ins uny/ﬂOd e/ O tlca%V
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Multiband
Sun

HMI Dopplergram HMI Magnetogram HMI Continuum AIA 1700 A
Surface movement Magnetic field polarity Matches visible light 4500 Kelvin
Photosphere Photosphere Photosphere Photosphere

AlA 4500 A AlA 1600 A AlA 304 A AlA 171 A AlA 193 A

6000 Kelvin 10,000 Kelvin 50,000 Kelvin 600,000 Kelvin 1 million Kelvin

Photosphere Upper photosphere/ Transition region/ Upper transition Corona/flare plasma
Transition region Chromosphere Region/quiet corona

AlA 211 A AlA 335 A AlA 094 A AIA 131 A
2 million Kelvin 2.5 million Kelvin 6 million Kelvin 10 million Kelvin
Active regions Active regions Flaring regions Flaring regions



Solar Orblter Extreme Ultravuolet Imager (EUI)

3 telescopes:

e Full Sun Imager (Fe X, Hell)

* High Resolution Imager (Lya)
* High Resolution Imager (FeX)

1 K3 dhA s s O T ARRE O e aR: O S LB Swmss O s

1
! |
|
]
'
i
i
i
i
i

FSI Bandpass

<

;
06 F T T —T r T T — ]
— Zrfiter ] Passband centre 174 A and 304 A alternatively !
0sf Mofiter 3 Field of View 3.8 arcdeg x 3.8 arcdeg !
E Alfilter ] 2 :
Coating ] s ezl BOY Resolution (2 px) 9 arcsec g
04 Typical cadence 600 s i |
2 b Passband centre 174 A ]
5 1 HRIEUV Field of View 1000 arc sec square
02 Angular resolution (2 px) | 1 arcsec

Typical high cadence 2s

> == = = = - =
T O 0 0 D 0 B i i I

Passband centre 1216 A
E ) G Field of View 1000 arcsec square
2 et 35 40 Resolution (2 px) 1 arcsec
Typical high cadence Sub-second

Rochus, Auchére, Berghmans, et al. 2021 A&A é;::::

i
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Thermal response:

Response (DN.cm®.s™)

Response (DN.cm®.s™)

FSI174-n,=1.0x10° cm™

FST & HRIz,y
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FSI304-n,=1.0x10° cm?

T T T

1 0-23

10%

1 0-25

-I 0~26

107 Al Lo TN N N e
10* 10° 10° 10’ 10°
Electron temperature (K)

Typical of 174 / 304 EUV imagers
Based on pre-flight calibration

Subject to revisions ...
FSI,-4 & HRIgy, similar

Coronal contribution in FSl;g,

Higher than in previous imagers
Due to single bounce design



FSI occulting disk

D=0.90AU, (lat,lon)=( 00, 0.0) deg, S/C (pitch,yaw)=( 0, 0) arcrains, S/C roll= 0 deg.
No METIS-induced.effpointing limit (on-disk). Solar radius is 17.76 arcmin.

A | 868 459.4 mm Auchere+, 2023

Detector el
30.72x 30.72 mm —

Al filter
| 20 x20 mm

Mirror —

Hex. pupil Oculting disk
— d 66 x 66 mm

2.75mmedge (7 8.87 mm

FeXl w/o occulter FeXl w occulter

3.8°FOV:4.1Rs @ 0.56 AU
Must run > 0.47au to occult disk
Stray-light dominates above ~2Rs
FSI can become a coronagraph
Occulter mounted on internal door
e Campaign mode only
* Calibration under way
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Cam pfl res!

Berghmans, Auchére, Long et al. 2021 A&A



High resolution @0.31au Perihelion

Cesa

2022-03-17T03:27:31.061



In-situ/ remote connection:
slow wind sources

Coordinated observation campaigns were conducted by
Hinode and IRIS. The magnetic connectivity tool was
used, along with low latency in situ data, and full-disk
remote sensing observations, to guide the target
pointing of Solar Orbiter.

Solar Orbiter targeted with EUI, PHI and SPICE an active
region complex, the boundary of a coronal hole, and the
periphery of a decayed active region.

Post-observation analysis, using the magnetic
connectivity tool along with in situ measurements from
MAG and SWA/PAS, shows that slow solar wind, with
velocities between ~210 and 600 km/s, arrived at the
spacecraft originating from two out of three of the target
regions.

Magnetic connectivity tool http://connect-tool.irap.omp.eu

2022-03-21T00:00:00 CR2255
% SUNTIME: 2022-03-19T00:01:03 Magnetogram: ADAPT
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|

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Carrington Longitude

Bg (NT)

(dz‘l ™ M ”M " VR
—~ 400 | i |
Tm 1 Wuk\ .1" A : -N vr
€ 200 1 RSW2 o v \ »
= ARRIVAL
g ‘ Mﬁ M. ' '” 'Ml " '
> m
00:00 00:00 00:00 00:00 00: 00 00 00 00:00 00: OO 00:00
03-17 03-18 03-19 03-20 03-21 03-22 03-23 03-24 03-25
Time (UT)

Figure 10. The SWA/PAS and MAG data taken by Solar Orbiter during the time period of 2022 March 17 to 25, along
with the connectivity tool and the PFSS model taken in the middle of RSW2. Panel a shows the ADAPT magnetic field map
from 2022 March 19 at 00:01:03 UT used to calculate the connectivity of Solar Orbiter on 2022 March 21 at 00:00 UT. The
connectivity points (red circles) are determined by using a solar wind speed of 320 km s~! measured by SWA/PAS. The online
animation of panel a shows a movie of the magnetic connectivity between 2022 March 16 00:00 UT until March 26 00:00 UT (in
situ time) with a cadence of 6 hr. Panel b shows an SDO/HMI magnetogram with open field lines taken from the PFSS model
(created using the PFSS module from SSW developed by (Schrijver & De Rosa 2003)) taken at a similar time. Panel ¢ shows
the radial magnetic field measured by MAG and panel d shows the 3D velocity distribution functions measured by SWA /PAS.
The green shaded region indicates the time period of RSW2 whereas the pink shows the corresponding solar wind arrival period
taken from the connectivity tool. The first and last solar wind arrival (pink dash-dot lines) correspond to the Sun time (green

dashed lines) determined from the connectivity tool, when Solar Orbiter is connected to the positive polarity of AR 12967 i.e.
the second target of RSW2.




electron

—

Bremsstrahlung

Hard X-ray diagnostics

The remote-sensing X-ray measurements determine intensity, spectrum, timing,
and location of accelerated electrons near the Sun. In this way, STIX, together with
RPW and EPD, is able to magnetically link the heliospheric region observed at the
spacecraft back to regions on the Sun where the electrons are accelerated.

X-ray

@

proton

plus a few lines (Fe/Ni)

\\jd

X-ray spectrum [photons s cm” keV']

ﬂll:l"—

10°+

-II:-:]I'I |
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above

| m

thermal
bremsstrahlung
L. T>8 MK

ermal
strahlung
rated electrons |
pical energies
~10 keV

10 100
energy [keV]

1
STIX range \\

Typical X-ray spectrum of a

solar flare: the red curve

shows the spectrum of the

hot flare loop. The blue
spectrum is produced by
high energetic electrons

accelerated during the flare

near the solar surface

flare peak: 20-Jan-2005 06:45:10.994 UT

’ thermal
bremsstrahlung:
flare loop

Non-thermal
bréemsstrahlung:

Flare ribbons
12-15 keV (i

250-500 keV (non-thermal)
18 TRACE 1600A (image)

T8( 800 ¥, 94 364 Y 0N 120

The image of the same event shows the
flare loop in red with high-energy
emission from the location where the
flare loop is rooted in the photosphere.

40



Spectrometer Telescope for Imaging X-rays (STIX)

Since the use of focusing optics
to achieve arcsec-class imaging
over the 4-150 keV energy
range is not feasible, STIX uses
collimator-based, indirect
imaging, similar to that used by
Yohkoh/HXT and RHESSI to
measure Fourier components
of the source distribution.

X-ray window

| :
¢lem

Imager Detector

Electronics
Module

s/c panel

ptmocsoder ;

IRt et cortr ol &
of MR COmRition

imager tube

1 |
s/c interior wall

Krucker+, 2020

frontgrid
reargrid
Attanuator

s/c heat shield
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STIX
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Figure 4. Left- The STIX Imager. Right: Layout of the front grnid assembly. Its 180 mm diameter contains thirty-two 22 mm
x 200 mm subcollimators (open rectangles) as well as room for an aspect lens at its center.  The rear gnd assembly is similar
except that there is no lens and the subcollimators dimensions are only 15 mm x 15 mm. The solid squares represent the
10 mm x 10 mm’ detectors located in the DEM behind the grids.

Energy Range 4 — 150 keV

Energy Resolution (FWHM) 1-15 keV (energy dependent)
Effective area 6 cm”

Finest angular resolution T arcsec

Ficld of view 2°

Image placement accuracy ~& arcsec

Time resolution (statistics limited) >0.1s
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Flare of April 17, 2021



EUl + STIX captured a
solar flare erupting from
an active region on the
face of the Sun on

2 March 2022.

EUI/FSI 174 A EUI/HRI 174 A
STIX 5-9 keV
STIX 16-50 keV

A. Battaglia, FHNW/ETH




Eclipse
EcIIEiplse
Coronagraphs Cipee

A coronagraph is a telescope that by means of an occulting disk
performs an artificial eclipse of the Sun.

Two main configurations are used:

* Internally occulted coronagraph (Lyot coronagraph)

* Externally occulted coronagraph

Space EO coronagraph

T

wGround based 10 corg!’.,ié@jaagﬁz /
 Internally occulted coronagraphs: Q -
e constant pupil aperture 8
* Necessary to observe the corona close to the limb
e All ground based coronagraphs are internally occulted
Space heliospheric imagelr' '

e Externally occulted coronagraphs
* Variable entrance pupil (vignetting)
* Necessary to observe the extended corona
* Almost all space coronagraphs are externally occulted

-40° -20° 0° 20° 40°
. — -

- Solar Cerona
o O S T R N

I T 1 L et &
10° 1°

STEREO-A:12/11,/08 12:48:00 AM

Solar
Wind
\'

Density



Lyot coronagraph

INTERMALLY OCCULTED REFRACTING COROMAGREAPH (LY OT)

(L1

OCCULTIN & A LyaT STOF

(01 OISk (F 13 % (02
SOLAR DISK AND ’/
/ COROMAL LIGHT '
LyOT SPOT
& & ..
i E

FOCALFLANE AHND
COROMNAL IMAE

Space Instruments for Physics of the Solar 46
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Space internally occulted coronagraph

, , Stereo-Corl (1.3 — 4 Rs)
e CORI Flight Unit and LASCO/C1 (1.1 — 3 Rs)

PLANE

\ g 0 g are the only internally occulted
PLANE MASK
space coronagraphs

/ DOUBLET-2 POLARIZER &

HOLLOW
. ST on board of ASO-S
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+ FILTER
FIELD LENS
AEFLES
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' CUBE
<
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FPA = X LENS
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47



Externally occulted coronagraph

SOLAR DSk AND L1 SHADES
COROMALLIGHT Y

LvOT SPOT
FOCAL PLANE AND
(01 COROMAL IMAGE
OCCULTING (D
DISK (A1) OCCULTING (43 LyoT STOP
DISK AND FIELD
COROMALLIGHT (01) STOP (F 1 (0 2

EATERMALLY OCCULTED REFRACTING COROMAGREAPH (MEWEKIRK])
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Antonucci+, 2020

Metis is an externally-occulted coronagraph designed to provide full imaging of
the extended corona (~ 1.7-9 Ry) in:

 total and polarised visible-light brightness (580-640 nm) and
* UV HIl Lyman-a line (121.6 + 10 nm)

W’e_ W%
\vi

HI

Q o

K-corona B, pB

Thomson scattering V Resonant scattering



Inverted occultation principle

Classical external occultation

IEO

Telescope

Disk light

T T T T Disklight T }‘ """""""""""
Disk light

Space Instruments for Physics of the Solar Corona — Part 2



Metis is an externally-occulted coronagraph designed to provide full imaging of
the extended corona (~ 1.7-9 Ry) in:

 total and polarised visible-light brightness (580-640 nm) and
UV HIl Lyman-a line (121.6 + 10 nm)

Metis observations allow the investigation of the:
 density distribution of coronal e and HIl atoms (protons)
» 2D solar-wind outflow (HI/proton component)

* large-scale dynamics of e and Hl in CMEs and other solar transients




* The coronal radiation 1s mainly produced by

Doppler dimming

collisions with free electrons and through
resonant scattering of chromospheric photons by
coronal atoms/ions (dominant in the case of the
Lya emission). The observed radiation reduction
1s linked to the Doppler shift of chromospheric
photons as seen by the flowing coronal
atoms/ions (e.g., see Withbroe et al. 1982; Noci
et al. 1987).

The scattered intensity depends on the
expanding corona velocity: the higher is the
outflow velocity, the lower is the scattered
coronal intensity.

— Tu=1.5 x 10° K v, =150 km /s
< 1.97 Lya (1215.67 A)
- Chromospheric Ly
'O-o? Doppler shift = 0.61 A i a
35
6_9 1.0 I Coronal Ly«
£.c
co |
<%= 0.57
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Analysis of the first images acquired by Metis in May 2020
using the Doppler dimming technique:

From the comparison of coronal UV HI Lya emission dimmed due to coronal
expansion with UV HI Lya emission for a static corona (no dimming) synthesized
on the basis of electron density from VL pB 2D maps of the coronal plasma wind

speed are generated. (Dolei+ 2018; Dolei+ 2019) _ 0.64 AU heliodistance
Romoli+ 2021

Antonucci+ 2023

11° heliolongitude
FOV ~ 4-7 Ro

 |dentification of a high-density layer centred on the
extension of a quiet equatorial streamer -- the coronal
origin of the heliospheric current sheet

Outflow velocity (T, = T,) 2020/05/15 11.39.25 UT

* The slow wind is found to flow along the axis of the
equatorial streamer at ~160 km/s from 4 R to 6 R

* The wind velocity rapidly increases beyond this layer,
marking the transition between slow and fast wind in
the corona

7
6
5
4
3
2
1
0
1
2
3

Heliocentric distance [Rs)

* A first estimate of the polar fast solar wind using Metis
data is in Telloni+ 2023 PSI MAS-WTD

2020/05/15 8:54 UT SolO/Metis View (8Rs)

-7-6-5-4-3-2-10 1 2 3 4 5 6 7
Heliocentric distance [Ro)]




High cadence observations in VL

Metis high cadence observations provide a new Metis design permits unprece.der?ted obseryatiQns at high temporal cadence:
window on the dynamics of the solar corona in a . down to 1 s per frame, in single polarization mode (FP)

i . down to 20 s per frame in total brightness mode (tB)
range of physical parameters never explored before. . 5,4 down to 1 polarized brightness (pB) image per minute

2022-10 Running

High cadence observations at . - T
perihelion take also advantage
of the high spatial resolution

Upflows and downflows in a loo

p region — J-maps

— e - o o — I o o L T T R ST I

Cadence: 20s Cadence: 1 min

Abbo+, 2024, in preparation

lar radii

Andretta+ 2025, submitted

ime / minutes

High cadence VL observations ( <1 min ) open to a new type of coronal investigation



UV and VL extended corona diaghostics

UV spectroscopy
VL imaging UV imaging

Line intensity Line profile

POS velocity
(rising features
Doppler dimming)

POS velocity
(rising features)

POS velocity LOS velocity (line

Velocity (Doppler dimming)  shift) Turbulence

Density Electrons (pB)  Hydrogen Maps Hydrogen Hydrogen

Elemental Maps Elemental Elemental

Abundance (He, Fe, O, etc)) (He, Fe, O, etc.) (He, Fe, O, efc)

Kinetic
(H, ions)
Electron temp.

Electron Temp.
Temperature (line ratio) P
Spectro-polarimetry needed for MagField

Magnetic Field Morphology intensity measurement through Hanle
Effect

Most of the diagnostics requires the knowledge of the electron density
Withbroe et al. (1982), Kohl et al. (2006)




SOHO (and ACE) .

. 4 stereo .
= ey " (Ahead)"

STEREO %
(Behind)

N
~»

‘mm simowacew Relativ of SOHO & both STEREO .
- spacecra ft
about 1 million mies (1.6 km) | <rc oF psec aft attained 90° separation on January 24, 2009

e "PI'H."’L“” {Diagram not to scal]

D)
https://ste(Deo.gsfc.nasa.fzov/galIerv/fzalle ry.shtml

* Launched in October 2006

« STEREO consists of two nearly identical spacecrafts put into
slightly different orbits around the sun - one moving faster than
Earth (Ahead), one moving more slowly (Behind) - so they each
have a different vantage point of the star.

» Payload:
*SECCHI, coronagraph suite + disk imager
* In-situ particles and radio waves instruments (IMPACT,
PLASTIC, SWAVES)

» The STEREO mission was designed to provide the first-ever
stereoscopic measurements of the sun, providing 3D views of the
structure and evolution of eruptions on the sun - eruptions such
as coronal mass ejections that can disrupt the space environment
near Earth and interfere with radio communications and satellite
electronics.

*Contact with STEREO-B was lost on October 1, 2014. Recovery
attempts lasted until 2018, with no success except for a brief
contact in 2016, that did not give time for the rescue.
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Heliospheric activity from the Sun out to the Earth

20° 40°

DO
I

-40° -20°

STEREO-A:12/11,/08 12:40:.00 AM

On July 23, 2012, STEREO-A was in the path of
the CME of the solar storm of 2012. This CME, if
it were to collide with Earth's magnetosphere, is
estimated to have caused a geomagnetic storm
of similar strength to the Carrington Event
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Radius (apparent Rg)

STEREO Scientific results NA

Fine-scale structures in the outer corona at solar maximum, with deep-exposure campaign data from COR2 coronagraph coupled with =+~ J°
postprocessing to further reduce noise and thereby improve effective spatial resolution.

The processed images reveal radial structure with high density contrast at all observable scales. Inferred density varies by an order of
magnitude on spatial scales of 50 Mm.

They are inconsistent with a well-defined “Alfvén surface,” indicating instead a broad trans-Alfvénic region rather than a simple

boundary. We use these structures to track overall flow and acceleration, These results point toward a highly complex outer corona

with far more structure and local dynamics than has been apparent. '

STEREO-A COR2 L6: 2014-04-14 00:41 UT

alized radiance (o)

Norm

180
Azimuth (degrees)

STEREO-A COR2 L7: 2014-04-14 00:41 UT

Scaled radiance (x10® Bg Hoﬂ




S The ASO-S Mission [

S http://aso-s.pmo.ac.cn/en index.jsp ASE= y
Advanced Space-based Solar Observatory e opare”

Launched on October 9, 2022

ASO-S has three payloads
* Full-disk vector Magnetograph (FMG)
* Lyman-alpha Solar Telescope (LST)
e Solar Hard X-ray Imager (HXI)

* To
* Measure the full-disk vector magnetic field

* Observe the Sun and inner corona in both the Lya line and WL waveband
* Image the Sun in HXR (30 — 200 keV)

Three main top-level scientific objectives

e Simultaneously, to record non-thermal images of hard X-rays and observe the
formation of CMEs to understand the relationships between flares and CMEs

e Simultaneously, to observe the full disc vector magnetic field, the energy
release of solar flares, and the initiation of CMEs, to understand the causality
among them.




—5'“4' S0 https://www.isro.gov.in/Aditya L1-MissionDetails.html

» Aditya-L1 is the first space-based observatory-class Indian
solar mission to study the Sun.

* Launched on September 2, 2023, destination: L1
e Aditya-L1 payload

The Aditya-L1 Mission |***"*

Visible Emission Line Coronagraph (VELC)

o ||coee @

Syli_ 6-Dec-2023 07:14:30 UT Mgll h 280 n

Solar UV Imaging Telescope (SUIT) near UV

Solar Low Energy X-ray Spectrometer and High Energy L1 Orbiting X-ray
Spectrometer (SOLEXS — HEL10S)

Aditya Solar wind Particle EXperiment and Plasma Analyser Package for Aditya
(ASPEX — PAPA)

Magnetometer (MAG) Seetha, Megala, 2018

* Uniqueness of Aditya-L1

First-time spatially resolved solar disk in the near UV band

CME dynamics close to the solar disk (~from 1.05 solar radius) thereby providing
information in the acceleration regime of CME, which is not observed consistently
Onboard intelligence to detect CMEs and solar flares for optimised observations
and data volume

Directional and energy anisotropy of solar wind using multi-direction observations

Distance

1.5 million kilometres™%
from the Earth, about 4 times™

Space-based, obs rvatory-crass
solar probe




SOL INVICTUS

PROBA-3/ASPIICS Coronagraph

Objective: Artificial eclips
Spacecraft: Formation-flying C
Instrument: Visible-Light pB & FeXIV & Hel D3
Corona Physical parameters: Electron density;
Launch: December 4th, 2024
Earth Orbit: Period: 20 hrs

Apogee 60,000 km; Perigee 300 km
Nominal mission: 2 years

.
o, .’
5 P Metis opter-edge, Ny ‘
® 5 channels: (1 white light, 4 '
polarised light, 1 narrow-band the field of view (3 23 oy *‘
filter to be centered at the He | D3 Re) wjth Solar Orbrter
line at 5876 A). at 0.3AU"

Metis inner edge of
the field of view (1.8
Re) with Solar Orbiter
at 0.3 AU

o 2048x2048 pixels, 2.8 arc sec per
pixel

Orbit: in dark blue:
HEO . . formation
around o flying

the Eal‘th ’ "" , (6 hours)

e Outer edge of the field of view:
2.99 Re (4.20 Re in the corners)

e 60 s nominal cadence

e 2 s cadence if only a quarter of Inner edge’of the ASPIICS
the field of view is used. field of view (1.08 Re)

orbit duration:
19h 38min

ASPIICS will cover Th

typical fields of v S
and externally occulted coronagraphs!




The future

Out-of-Ecliptic science (Solar Orbiter and polar orbiters)

Space Weather Surveillance

Solar Polar Observatory (CAS)

Polarimeter to Unify the Corona and Heliosphere

41 view of the Sun PUNCH

FIREFLY




Solar News: https://solarnews.aas.org/

SPA newsletter: http://lists.igpp.ucla.edu/mailman/listinfo/spa

European Heliophysics community (EHC):  https://spaceweather.gfz.de/helio-europe-mailing-list
hitps://www.heliophysics.eu/

Space Weather and Environment (SWEN):  https://swe.ssa.esa.int/es-ES/web/quest/swen-newsletter

European Space Weather and Space Climate Association (E-SWAN): htips://eswan.eu/index.php/newsletter

UK Solar Physics newletters: https://uksolphys.org/news/newsletter-archive/

MIST: https://www.mist.ac.uk/community/mist-mailing-list

SCOSTEP: https://scostep.org/
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