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ON SOLVING THE CORONAL HEATING PROB

Invited Review

JAMES A. KLIMCHUK

* The importance: signature of impulsive heating
the temperature range from about 0.5 to 10 MK. The high end of the temperature
range is especially important for diagnosing impulsive heating, since relatively
little can be learned about the energy release (duration, spatial distribution along

the field, etc.) once the plasma enters the slow radiative cooling phase (Winebarger
and Warren, 2004, 2005; Patsourakos and Klimchuk, 2005a,b). Since the evolution
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Detection of nanoflare-heated plasmain the solar
corona by the FOXSI-2 sounding rocket

Shin-nosuke Ishikawa &, Lindsay Glesener, Sam Krucker, Steven Christe, Juan Camilo Buitrago-Casas,

Noriyuki Narukage & Juliana Vievering

Nature Astronomy 1, 771-774 (2017) | Cite this article

Focusing Optics X-ray Solar Imager (FOXSI-2), which detected emission above 7 keV froman
active region of the Sun with no obvious individual X-ray flare emission. Through differential
emission measure computations, we ascribe this emission to plasma heated above 10 MK,
providing evidence for the existence of solar nanoflares. The quantitative evaluation of the
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Are loops impulsively heated?

EVIDENCE OF WIDESPREAD HOT PLASMA IN A NONFLARING CORONAL ACTIVE REGION FROM s
HINODE/X-RAY TELESCOPE

FaABIO REALE!”, PAOLA TESTAZ, JAMES A. KLIMCHUK’, AND SUSANNA PARENTI*

400

Hot component

\ 300

10°F ' 3
& 104k 4
£ 10° E S
S 1 2
b o
= - S 200
@ 10°F E >
‘% E
©
% L
c 10%F E
R F ]
2 F
= i 100
"o 5
L L L L L L L L L L L L
6.0 6.5 7.0 7.5
log Temperature [K] 0

0 100 200 300 400
X (arcsec)



Testa & Reale 2012




THE ASTROPHYSICAL JOURNAL LETTERS, 736:L.16 (Spp), 2011 July 20 doi:10.1088/2041-8205/736/1/L
© 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

SOLAR DYNAMICS OBSERVATORY DISCOVERS THIN HIGH TEMPERATURE STRANDS IN CORONAL
ACTIVE REGIONS

FABIO REALE!"2, MASSIMILIANO GUARRASI!, PAoLA TESTA?, EDWARD E. DELUCA?, GiovaNNI PerEs!*2, AND LEON GOLUB?
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Prediction confirmed by SDO/AIA images in “hot” channels



Overall View of the MUSE Instruments

J Spectrograph (SG)
Freet Jeers 25 cm aperture, 3 channel design, common grating
substrate
- multiple (35) slit design, 0.4 arcsec resolution
- Centroiding resolution <5 km/s

2 GFR (O Cameen Magrosamaler |
Electronics Saves) Context Imager ’

2C=E \ 3 Longidisd Sluds
Radaors ) KON e e Context Imager (Cl)
- 20 cm aperture, dual bandpass, 0.33 arcsec resolution
- Modified SDO-AIA design incorporating lessons learned

from IRIS & Hi-C
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MUSE instruments leverage IRIS, SDO/AIA, HiC heritage

Sun-synchronous orbit (600-700 km)
Sustained datarate of 20 Mbit/s (~40x-1000x more than previous spectroqrap




AAISISI=N MUSE captures dynamic coronal properties at key scales

Breakthrough in Resolution & Cadence (x40-100)

EUM Context Images &t 0.33 ar¢ second resolution ard 48caderce
- Reveal processes ; - : ,
| ; High-cadence context &

invisible to imagers broad temperature

coverage (580"x580")

Multi-slit spectroscopy

- For the first time Intensity -> Temperature
capture multi-scale Velocity
physical processes Non-thermal motions

To diagnose reconnection,

from driving scales at
flows, waves, heating

0.5"” to active region
size impact, on short
time scales (20s)

- Distinguish between
competing state-of-the-
art models



What is unique about MUSE?

Hinode/EIS
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Breakthroughs in:

-cadence: 40-100x faster & larger FOV than current/planned spectrographs — for the first time freezes
“coronal evolution” under spectrograph slits

-spatial resolution: 10x higher than AlA, 25x better than EIS or SOLO/SPICE
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= Synergy between MUSE and Solar-C/EUVST:
Both are key parts of NGSPM

« Joint JAXA/NASA/ESA report on Next Generation Solar Physics Mission
o 45 A (NGSPM) calls out need for coordinated observations between:
e e S - ) « JAXA-led Solar-C/EUVST single-slit spectrograph with broad

N\ ‘ e temperature coverage from photosphere to hot flaring corona

, L | * MUSE-like instrument with high-speed spectral rasters over large FOV
A vk Yrrlneve f'?*”" Setrogiach . .
Ormanih | e Shelvw peghsendy  caons iex and context imaging

MUSE 170x170” raster cadence of 12s 33 aré
>
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Instrument Resolution Spectroscopy Imaging Datarate

[Mbit/s]

Temperature Cadence FOV
EUVST 0.4" 0.01-15 MK'w/ 10-20 lines 12s (AR) 2" x 140"  Photosphere & chromosphere over 300"x300” 0.7
MUSE 0.33-0.4" 0.7-11 MK w/ 4 lines 12s (AR) 170"x170" TR & corona (1.2 MK) over 580”x580" 21.4

MUSE provides coronal imaging/context and captures multi-scale processes involved in coronal heating and flares/eruptions

11



THE AT RCaA oAk, 0DNC (Mgl S Yheuk Doy

- T ABTOw A SUnat) By T 2 BNEORA ASTIRORES SO0y
OPEN ACCESS

Probing the Physics of the Soliur Atmosphere with the Multi-slit Solur Explarer M1 S,
I. Coranal Heating

Aert D Preticn 7 0 Pacda Tean' ) Joan Vomtivee-Sykon' V0 Banek Antclin® O, Kosstantinsa Karamee o™ 0,
" 10,

Vigeo Hunsteen ™0 Muntlun Rempel® 0, Buk C. M. Cheuna ©, Fabuc Reade™'" 00 :,..,..L\...ab.." Purdo Pasano™ "0,

vansse Moine’ ' O tmeke > seaned™ 2 1hnie lNMp-wv-nn’:"”-” Fom Var Dooesszloene O, Antomns Beraliy' 0
Mudilu e h Au_wi-Tnt’ Pnul B-ruc' o Plecs b ™0, Tieragion (hul. gla 0, Aien I)n * Faf Delawa
Lown lnlm Fakimn “uumm Colgnaown Digartes a0 ad Seott Mo

the MUEE scam

- A Pawne Pow A, DA SEOL TSA Wit sl con
"umlnd et e e b “'\.\ Jwvan ity of ol FO Ban 108 ik, V00 S D Soamay
=f Thacrntical W\uﬂ Urivesity of Od=. ') Bz 1G9 Bladem NA31E Coke, Norwsy
HamaHw thwe o Doms o Adugigucs, 0 Cusl Cande WA T2V A
? Bay Ar Eonvircesscotl Tescaxct Tninse. MATA Roxcach 'u! Nolfont ke, CN 49005 L1gA
S Dvooarnnt of Matewticn, 4 Mesticsl Taguweing, Nodunswa “livirdsy Sowcaahs Dyes Ty, NT.1 877, 1K
"Cot: = nhm' Plow s Ao dgvio | Ll:w-l EU Lewsecn Colod prdas 2008 Bas 201 Lowics, Bdp sy
Mgt Nosds Coacnabory. 000 AL Lax 0L Boulider, O BINY. LSA
ijrm\ Jnl’wv Olu Un.ua‘- Pébornc, Tweia l Pedaoew 1, ) Pabocno, Wiy
vz 4 Pl |, Makermo, kb
Teainae for Sl Phpsice I"au vk o Ay Sowchless e vty Al‘-‘uullunw- e S ¢8 Redile Sevden
“towel o ‘M“Aﬁull"h Larventy o I Ardiors B0 Arcxwa e RYJS S LK
A de Moarctheca X Usacw., L2008 La Lagwra, Toxrle gex
.uw-dddeu Lagwn, Dot Atrlisve. B 3206 La Lasiwa Teserie, Span
meml: fimonterc Rosendh, tosdder LO N300 USA
ML UL USA
-8 CMHA& Tedye 1B X803, Apny
5:-« .'n.c'lx Daanon, hud Mescuxt Ladondory, Wealaagoe, DX 207, JGA
Aorerved BT Zamit W il W BRI B sy W ke 350 A it DU N T

Abstract
[Be Mirlh-d Soder Fxboerr (0005 uar-qvndn'nurcmmva S LY qurtmgsph on hece spectol
Dmhaqndl A ZAA D NBAadan 1 LY oomod imager (m two sastands wround 195 4
wwl 204 AL WUSS mllm.lma&unh;-r‘dad lmdw-ma(- G wbe coma o high tocul 05
wxl rmqand n\l TR ) R ) \hul-\.r~ ok s tlamks n dy earvdive ol o desggr Ry
obfrisivg pear in MngL-lb:s Ferx 171 A, Fe xv 284 A, Fe xix-Fe xx1 lMAj-a:Mqa%km@td
}‘.-ltwult-.ami.luJT)ﬁ-nxdan\nh." Sh e e e oo oee™ i g koo 2 slen.

LU with A speonmacopes grste” e cacdntyon of e dynamec corcee] plasing ower 3 wids pege of scakes: brom e sposa)
scalx on whbles eergy bs sehoased (010 w0 de krpe seade o170 1707 amogrherk repan. %mmmrnl
modding o dhorrces bow 00 SE will cestndn de priogpssies of Ce sk aoxesteme o oo ooanpond sades 0]
S. A w1 by ol s oatech date-cltheert models of the phopacal tecvass ol dree ool heang,
- and xeonal mebcuw (MB ek Mpmir; nd wsatk mlmm e desorize W «qu BeTweEn
'” S km*—.nhmmmm O EUVE spen sl s gposad-lasod decrvidooes | 0 ad ey,
o e ezl roe VL plays Bacause o6 the ol uudmp.mlprewdumchmhuamr«.w
foaus vm coroned haxing mecheniars Ao acompeming poper foceses oa e and CAIEs
Unit=d Astromzoy Tharaums concepie falar corcral hesting (1949 Theoredead modo s 21077 Selar
msinrwos ¢ 1409);

S iing vafs il wiisadio o

How can MUSE distinguish between competing physical mechanisms?

Tuble 3. Fosxictel MUSE dosguos-tios for vark us models of Dealiog s lss=ns

Muchcimn  Foulcdwl Dingns 3 2 d [é] b iy
Eoder v = sype T and type TT sricobes 304 2,3
= shertlived blne-<hifod brightemings ar lcop fotpeings asencisted w! | 171 2,3
spcaks
« propagition of Alfane waves [Doppke: soc POS otious), weeeered by | 04, LV, 190, 285 1la, (614
ek, wlooy oo
dissipaciun af Allwis: waves cDrough Enpul-ivdy driven KEI 171, 351 15, 1318
Srmazion of carannd Do, asoviated witk spieulss 171, 195 284 2,3
- evnerathve 3aws ot Inap frotpe! vs, amodated with =plsals sy 2,4
Prasding = aisikly braided lecps Al i
- ppatic-temparal cobieomeos of intemeity and lime width aloag oops (20608, | 171, 354, 106 - [
~ )
chout Baed [ 20 cbngle, = €ln cleator) nonojets bigh vebodlaes (<= | 171, 251, 1M L8,
TINT o o7 ) sunned Biva: win Ihhes Lomeovesa Loy ool Bedd!
- e formstion seacisted with anojets 1TV 168, 254, 103 3
- swisting ard ueeviadiag mations 170, 195, 754 i
= evancrative Sows in loops 170, 254, 108 510,01
« nanoflaze deven saortahived Snghtenings 2t joop footpouts, and associs lul. a4, 108 10, 10
wlond shicat-livad ot Joup wmnssion
Wi sropagutisg oc standing e llntory displavcones s of loops and jets 3014, 171, 195,384 16 16
cevillivbon: in vodocity, line width along locw 171, 284 12 14,1€ 1D
matinl dependence of FFT power spectrum aloos loop 17, 284 13
« wropagation of Dopoler shi® oscillazlons 2.ong bocps 171, 284 15, 1515
« soationtemnpocal ccherenze of welozities axd lwe widih aloag leops from | 171, 284 12, 14, 1w
WaYE o pagalivog 15
- el phie: relalomsdups Lotween mteasaly, sulowty, Loe widlk 171, 431 15-1%
conventralon of wive powee ot edge of Hux tubes [KHI RA) 171, 195, 334 1518
retuly downtows fuptloms acoand edge of Bux tubes (KHL KA) 171, 195, 384 16 18
Fhy -aher-l'wed. lowelying locgs, nesclale FUV absomition rom aavrlymg eaal | 304, 171, 105, 286 20
Ererp plasma
« Low potterns asscciated with dracmang of nsmwy boops anc topological | 171, 254, 195 20, 2L
avodutios oeduding oolpoimnl seporat o
- sexony whaet-livw] e ghbusinge sl bi-dioet oadd Dows (5 TR ke w7 '), | 171, 550, LR 21, 2
lnrggs e widthe [froon e amgle seovmneet cm)
- gpatoasemoorol coherenee of Lighly dynomde “srormg” of sudden beighe- | 304, ST 108 20 20
ening wed line width incrense (10-30". 203) 284, 105
- witiows ty o of jets, indediag etupting Cuini-)Gaments 04, 1TL, 195, 284 20, 2L

“For S s 195 ieaging i Jesired, Koo 1710 384, and 106, inamsily, Doppker shill. sed line brossdvning sov orpivally desiced,

12



AAIBSI=N | stitution Teams and Roles similar to IRIS SMEX

MUSE Management Structure | - MUSE team structure similar to IRIS SMEX team
ATC leads development and science operations and
Dr. Bart De Pontieu, PI lvsi
Lockheed Martin ATC SN s |
Solar&Astrophysics Lab - nciuding Ong—te'rm CO. aborators: '
Management Spectrograph (SG) - Harvard Smithsonian Astrophysics Observatory
Science Operations  Context Imager (SAOQ),
Science Guide Telescope NASA GSEC
Data Center Flight Software ' , ,
Electronics Inst & Obs I&T - Montana State University,
UC Berkeley (Mission Ops),
Smithsonian Montana State Uﬂivaw“y and many science institutes
Astrophysics Obs Student Collaboration, _
Context Imager, SG, Spectrograph Support, Contributions by: .
Science Science - Norwegian Space Agency (NOSA) for downlinks,
data center and science
nzgsmrgzlgrgt?oﬂé ;Masg.cjrg; - Iltalian Space Agency (ASI) for mirrors, thin film
Data Processing, Scie;\ce P 2Iters, coating tests, a(r;d scien::e v
- German Aerospace Center (DLR) for grating,
NASA GSFC Co-nvestigators calibration, and science
Optical GSE, SG design, MHD madeling, Science
Science Analysis




AISSI=N g icnce Co-l Team

_m Responsibilities (expertise) _“ Responsibilities (expertise)

De Pontieu, B.

Boerner, P.

Hansteen, V.

Jin, M.

Martinez Sykora

Polito, V.

Chintzoglou, G.

Cheung, M
Golub, L.

Samra, J.

Testa, P.

Reeves, K

Daw, A.

Kankelborg, C.

Winebarger, A.
Rempel, M.

LMSAL
LMSAL

LMSAL

LMSAL

LMSAL

LMSAL

LMSAL

CSIRO
SAO
SAO

SAO

SAO

GSFC

MSU

MSFC
HAO

PI; IRIS Coordination (PI IRIS)
Deputy PI; Project Scientist

Models flux emergence, braiding; obs. programs braiding; obs. analysis tools;
public release of models, Hinode coordination

Models of flux rope driven CMEs, global corona; obs. programs for CMEs;
comparison of CME models and observations; AIA coordination (Pl AlA)

Deputy Science Lead; Models of spicules and impact on corona; observational
programs for spicules, numerical modeling tools

Models of nanoflares incl. non-thermal particles and Alfven
waves; comparison with observations; analysis of flare obs.

Work on numerical simulations on flaring-productive active regions and closely with
the Project Scientist/Deputy PI Dr. Paul Boerner

Science Lead; Space weather applications (incl. MURAM and data-driven
models); Al techniques

Institutional Pl at SAO; SAO Project Scientist; Cl design, I&T
Dep. Instrument Scientist; SAO ClI Inst. Scientist, lead CI calib.

Obs. programs for nanoflares; validation of multi-slit
disambiguation; analysis of TR & coronal observations

Studies that connect MUSE observations with heliospheric data from various
missions including PSP, Solar Orbiter, and PUNCH.

Institutional Pl at GSFC; optical GS E lead for SG & Cl; atomic physics sensitivity
analysis; analysis of EUV spectra

Lead of student collaboration; assist instrument design,
contribute to science ops; obs. programs for coronal holes

Validation of multi-slit disambiguation methods; obs. programs for quiet Sun;
analysis of coronal spectroscopy and imaging

Models of flares and CMEs driven by flux emergence

Jaeggli, S.

Bale, S.

Carlsson, M.

Leenaarts, J.

De la Cruz Rodriguez, J.

De Moortel., I.

Antolin, P.
Fletcher, L.
Peter, H.

Solanki, S.

Ugarte-Urra, .

Soufli, R

Reale, F.

Spadaro, D.

ucB

uUio

ISP

ISP

St.And.

NUni

UGl

MPS

MPS

NRL

LLNL

UoP

UoC

DKIST coordination, SG calib., analysis DKIST/MUSE obs.

Institutional Pl at UCB; PSP coordination, analysis PSP/MUSE

Models of flares, coupling to low atmosphere (He Il synthesis); UiO data center, liaison with
NSA; SoLO coord. (SPICE co-PI)

SST coordination (SST dir.); models of low atmosphere incl.
non-equilibrium ionization and non-LTE radiative transfer

Perform inversions of the photospheric and magnetic field using DKIST coordinated datasets
Models of wave propagation/heating; obs. progs. waves

Models resonant absorption, plasma instabilities; wave analysis

Obs. Programs for flares; comparison flare models & MUSE obs

Data-driven models of corona; comparison w/ MUSE obs

Coordination with GREGOR and SoLO/PHI (PHI PI)
Coordination with EUVST, development of NGSPM observing programs, analysis of coordinated

EUVST/MUSE datasets

Response for EUV coatings of the grating and the SG and CI mirrors

Perform MHD modeling of coronal heating via braiding.

Analysis of spectral data, and coordination with Solar Orbiter.
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MSSE

[talian contribution: ASI/INAF Agreement

D. Perrone, ASI

* Hardware:
* EUV Filters (M. Barbera, UniPa, INAF/OAPa)
* Mirrors (D. Spiga, INAF/OA Brera)
* Test coating (M. Pelizzo, CNR/IFN)

* Scientific support:
* UniPa (F. Reale)
* INAF/OACt (D. Spadaro)
* INAF/OACN (V. Andretta)
* UniCal (F. Malara)
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Loop kink instability and MHD avalanches
(Cozzo, Hood, et al. 2023)

» Localised instability leading to a large heating event
(Tam et al 2015, Hood et al 2016, Reid et al 2018,
2020);

« Stratified atmosphere (chromosphere + TR + corona),
magnetic field tapering, thermal conduction, radiative
cooling, anomalous diffusivity, gravity in curved loop;

* Kink Instability can trigger an MHD avalanche.
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EUV diagnostics of a multi-threaded coronal loop

Cozzo et al. 2024, in preparation

MUSE lines

Coronal energy release by MHD avalanches
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MNEBSE Conclusions

« MUSE will provide unprecedented spectra at 0.4 arcsec resolution, 12s cadence, over
a FOV of 170”"x170", and context images at 5s cadence (up to 580"x580")

« Launch in 2027, strong synergy with Solar-C EUVST, but also with Solar Orbiter
« MUSE spectroscopy 40x-100x faster and 10x higher res than current spectrographs

« MUSE will provide important constraints and diagnostics for magnetic reconnection

and heating in coronal loops

« MUSE will spectroscopically capture the multi-scale nature of coronal heating and
solar flares and eruptions

« MUSE will allow comparisons between unprecedented observational constraints and
state-of-the-art models:

« Physics of flares and eruptions: triggers, reconnection/current sheet, non-thermal
particle properties, flare energy thermalization, etc

« Fundamental physical processes: instabilities, non-thermal particle acceleration

« Connection with space weather and Solar Orbiter/Metis



