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Abstract

Cool plasmas (mostly at ~# 10 K) embedded in a larger, much hotter (generally > 10° K) medium are
ubiquitous in different astrophysical systems such as solar & stellar coronae, the circumgalactic (CGM),
interstellar (ISM) and intra-cluster (ICM) media. The role of these multiphase plasmas has been
highlighted in mass and energy cycles at all such scales, from thermal non-equilibrium (TNE) cycles in
the solar atmosphere to precipitation-regulated feedback cycles that drive star and galaxy formation.
The properties of the cool plasmas across these multiple scales is strikingly similar, intimately linked to
the yet unclear but fundamental mechanisms of coronal and ICM heating and instabilities of thermal or
other nature. Being so close and governed by small timescales, the solar corona constitutes a formidable
astrophysics laboratory where we can spatially and temporally resolve the physics of producing and
removing such multiphase plasma. Recent ISSI team efforts have shown the multi-faceted response of
the solar atmosphere to the heating, best exemplified by TNE cycles that manifest through puzzlingly
week-long EUV intensity pulsations despite the stochastic nature of the solar atmosphere, and are now
recognised as a major solar conundrum which we aim at solving. At small (~ 100 km) scales, the
solar atmospheric response comes through the generation of cool coronal rain, the seed of prominences,
whose mysterious properties are similar to that of multiphase filamentary structure in the ISM and
ICM or to molecular loops in the Galactic centre. Coronal rain also occurs across a wide energetic scale
extending to flares. However, flare-driven rain, whose features seem recurrent in active stars, is often
ignored and is not understood despite its significant energy budget. In all cases, a finely-tuned response
to the heating is observed in the form of cooling, which we aim at quantifying. The formation and
destruction of coronal rain and prominences has recently received further attention in stellar evolution,
due to their potentially significant contribution and diagnostic capabilities to the otherwise unknown
wind mass-loss rate. While the quantity and morphology of the cool plasma in the solar atmosphere
is now known to be closely linked to the properties of coronal heating, the theoretical investigation
of multiphase gas is far ahead in the ISM/ICM. These results therefore provide a new perspective
and strong new constraints on the mass and energy transfer in the solar corona that we will exploit.
Furthermore, they provide unique cross-disciplinary opportunities for knowledge transfer offered by
the multi-scale and multi-energetic manifestation of cool plasma across the universe. In this team we
combine the appropriate expertise to tackle these multi-disciplinary problems. With the help of the
advanced theoretical knowledge achieved in the ISM and ICM fields, we will use the models from the
extragalactic community and test them on the high resolution solar observations to investigate the role
of multiphase plasma in the establishment of the solar atmospheric mass and energy cycle. In turn,
the understanding achieved will be applied to the larger unresolved scales.

Scientific Rationale
Systems with heating, mixing, and cooling processes leading to self-regulating mass and energy cycles
exist at multiple scales in the Universe. Recent advances from solar to extra-galactic physics, captured
in the recent review by the proposed team leaders [1], have shown several similarities between these
cycles, driven by scale-free fundamental physical processes whose understanding constitute some of the
greatest challenges in astrophysics.

At the solar scales, closed magnetic fields anchored at the solar surface permeate the external
atmosphere. The constant stressing by magneto-convection combined with the chromospheric mass
reservoir and with yet undetermined dissipation processes lead to the generation of 10 — 107 K coronal



loop structures filled with plasma. This chromosphere-corona mass and energy cycle is at the heart
of coronal heating. Recent observations by the proposed team have shown that the interplay between
coronal heating and cooling, and the amount of mass in the closed corona is highly fine-tuned [2].
Large amounts of stratified (footpoint) heating of coronal loops leads to higher densities, which puts
them in a state of thermal non-equilibrium (TNE) and are subject to thermal instability (TI) [3, 4].
This leads to an increase of coronal rain — cool and dense filamentary and clumpy material raining
down, thereby evacuating the loops and setting a natural limit to the amount of material that can be
sustained in the closed corona [5, (]. This feeding process via heating and measured cooling response
is exemplified in our recently discovered ubiquitous and large-scale EUV intensity pulsations [7, &, 9,
] with periodic cool coronal rain in the UV /optical spectrum [11]. These TNE-TI cycles can be
mind-blowingly periodic and last over a week. Such emergent behaviour at global scales despite the
stochastic small-scale perturbations is now recognised as a major solar conundrum that we will tackle.
On the other hand, at the large scales of galaxy formation, observations indicate a strong cor-
relation between the hot 107 — 10® K ICM medium, the presence of multiphase gas in the form of

filamentary molecular clouds, and star formation in the cool cluster cores [12, 13, 14, 15]. A promising
hypothesis behind this multi-scale relation in the ICM evolution relies on a feedback mechanism, also
known as the ‘the precipitation limit’ [16, 17], in which TI plays a central role. While the heating

mechanisms of the ICM are still under debate, it is generally accepted that the cooling via TI and
the subsequent dense multiphase ‘galactic rain’ onto the central supermassive black hole energises the
outflows. These outflows, in turn, control the density and temperature of the ICM [18, 19], as well
as the formation and destruction of multiphase gas through dynamic instabilities and mixing [20, 21],
thereby regulating the precipitation. This theoretical model offers a solution to the observed TNE-TI
cycle on the Sun, with TI serving as a locking and regulating mechanism leading to the large-scale
emergent behaviour. To test this hypothesis, multi-dimensional simulations that self-consistently gen-
erate a solar atmosphere are needed. However, only now with newly-available numerical techniques
developed by team members and adapted to numerical codes we can efficiently model the transition
region (properly regulating the energy flux across), the radiative losses [22, 23], and the chromospheric
response to the heating. Therefore, using these codes and inspired by the precipitation limit model
in the ICM, we will investigate TNE-TT in a realistic setup to decipher the emergent EUV pulsation
phenomenon in the stochastic solar atmosphere.

Previous ISSI team efforts have shown that the properties of TNE-TI cycles, such as the periods,
the spatial and temporal characteristics of the heating are linked to the cooling rate of coronal plasma,
suggesting a strong relation to the amount of coronal rain [24, 25]. Despite its huge importance, no
quantification of this cool material and the associated TNE volume in the solar atmosphere exists to
date, but first results suggest the existence of active regions in which TNE is prevalent [20]. Flares
provide a prime example of this measured heating-cooling response. Coronal rain is a common flare
feature whose quantities seem proportional to the energy release and represent a significant part of the
flare energy budget. However, flare-driven rain is often ignored and remains largely not understood,
pointing to a fundamental gap in the standard flare scenario [27]. We will aim at bridging this gap
by combining an observational and numerical approach. We will exploit the characteristic features of
coronal rain (morphology and dynamics) to apply automated detection algorithms based on machine
learning (ML) and other rapid feature recognition codes (e.g. RHT) [28], building statistics with long-
standing, currently available telescopes such as SDO and IRIS. On the numerical side, we will build on
recent achievement by team members on the first realistic flare-driven coronal rain modelling in 2.5D
MHD and investigate rain production due to multi-dimensional effects and secondary energy sources
in addition to electron beams [29]. We will extrapolate our results to the stellar flare range, for which
coronal rain is a prime candidate to explain the observations of large red-shifts in UV lines [30, 31, 32].

The morphology of multiphase plasma carries far-reaching implications in terms of its survival
and dynamics, and thermal and dynamic instabilities have long been invoked to explain the observed
filamentary, multiphase structure in the ISM and ICM [33, 34, 35, 36]. 3D MHD simulations have



shown that dynamic instabilities (such as KHI) and the generated turbulence play an essential role in
the formation and destruction of multiphase plasma in the ICM [37, 20]. The details of the TI-driven
cooling rate and the structure of the eigenmodes, whose theory is greatly extended in the ISM/ICM
fields [35, 30], directly influence the quantity and morphology of the multiphase plasma, which are
still under debate in the ISM/ICM due to the lack of direct observational constraints [3%]. On the
other hand, coronal rain is similarly clumpy and filamentary [5], and the solar corona, as the ISM and
ICM, can be magnetically dominated and turbulent [39, 40], but is the only environment in which such
multiphase plasma can be properly spatially and temporally resolved. The recent theoretical result
by [35] for the ISM/ICM on the dynamical behaviour and morphology of condensations under non-
adiabatic conditions (such as ‘shattering’ and ‘splattering’) have initiated a search for similar processes
in the solar atmosphere [11, 12, 13], now possible with MHD spectral codes such as ‘Legolas’, developed
by team members [/4]. Similary, the numerical result by [33] revealing the fine-scale, filamentary
magnetic and X-ray imprint of condensations in the ISM/ICM has inspired a search for this possibility
in the solar corona. Using 2.5D radiative MHD simulations, [15] show that TI can explain the long-
standing puzzle of the filamentary structured EUV solar corona.

The creation of multiphase plasma in the ISM/ICM is governed by the ratio of the cooling time
to the free fall time t.o01/ts, a key parameter that dictates the amount of material that is subject
to condensation [16, 47]. Interestingly, the same value for this ratio is theoretically predicted in the
inner solar corona [34]. However, the physics behind this ratio are still unclear, and solar observations
have not yet put this ratio to the test. The free-fall time is linked to the universal phenomenon of
accretion and similar dynamics to coronal rain are observed at larger scales of molecular loops in the
Galactic centre [18, 19] and multiphase ICM plasma [50]. Being so close, coronal rain can serve as a
template for stellar and ICM accretion [51]. In the solar context, the final speeds, determined by the
mass transfer rate, are observed to be much lower than free-fall [5], and appear linked to gas pressure
restructuring [52, 53] and can be used to probe models of turbulent radiative mixing in the ICM [37,

]. A signature of this deceleration mechanism is the existence of a peculiar mass-velocity relation,
predicted by numerical simulations, which we will observationally test [52, 54, 55].

A star’s rotational evolution crucially depends on its mass loss rate via its wind. However, the hot
and tenuous stellar wind of cool stars is extremely difficult to detect. Such stars can support ‘slingshot
prominences’ [506, 57], which are far easier to observe and have been shown to be potentially significant
contributors to the stellar wind, thereby acting as ‘wind gauges’ [78]. Yet, this proxy crucially depends
on the formation and removal of the multiphase plasma from the star’s co-rotation radius, thereby
strongly benefiting from the knowledge from the solar and ICM sides.

Goals, methodology and team members

We propose to integrate the study of similar mass and energy cycles across multiple scales in the
Universe, from the solar to stellar, ISM and ICM scales, for which multiphase plasma plays a similar
and essential role. We will focus on the high-resolution solar observations and exploit the deep link
between the cool multiphase plasma properties and the properties of the heating as a novel and powerful
way to study the heating mechanisms, drawing inspiration from results in the ISM/ICM and, in-turn,
seeking to provide feedback at those larger unresolved scales. Our key target open questions are:

e What is the fraction of the coronal volume that is subject to TNE-TI? How pervasive is coronal rain
and how does it vary across the solar cycle? We expect the amount of coronal heating (including
flares) to be reflected in the amount of coronal rain. This, in turn, will shed light into other systems
with similar self-regulating cycles, such as the ICM, and may constitute a test for the precipitation
limit theory. Recent observations indicate that the TNE volume within an active region could be
on the same order as the coronal volume [26]. Characterising coronal rain features pave the way for
automated detection using ML techniques developed by our team members. We will use transfer
learning from a deep pre-trained convolutional neural network and adapt it to provide classifications



and object detection [59]. Differential Emission Measure (DEM)-based [60] and morphology-based
(Blind Source Separation, [(1]) routines are being developed by team members that disentangle the
hot and cool emission in ATA 304 images, thereby unlocking coronal rain detection with a decade
long AIA data. For IRIS spectra we will use classification methods such as k-means [62].

Is the creation of multiphase plasma in the solar corona and in the ISM/ICM governed by the same
physics? Is the predicted tco01/tg ratio, common to both scenarios, supported by solar observations?
Using the analysis from the previous point we will be able to measure this ratio accurately and
compare with the values found in the ISM/ICM. Furthermore, we will be able to test the predicted
mass-velocity relation, which will reveal the underlying physics behind the characteristic accretion
of coronal rain. The mass transfer rate in the solar atmosphere is expected to affect the terminal
velocity of coronal rain, thus, its dynamics can be used to probe models of turbulent radiative mixing
layers in ICM and shed light on the dynamics of molecular loops in the Galactic centre.

What are the properties of TNE-TT in realistic 3D MHD simulations? How can we reconcile the week-
long TNE-TT pulsations with the stochastic solar atmosphere? We will conduct the first realistic
3D MHD simulation at high-resolution of an active solar network, long enough to capture the EUV
pulsations, now possible with highly efficient algorithms for transition region modelling [63]. The
TNE-TI onset in various magnetic topologies will help understand the formation of molecular loops
in the CGM [18], and that of multiphase plasma at a star’s co-rotation radius. This in turn will help
assess the role of slingshot prominences in the contribution to stellar mass-loss rates.

How is flare-driven rain produced and how common is it? Is the rain quantity highly correlated to
the energy release? The understanding of flare-driven rain will bridge a major gap in the standard
flare model. With the HYDRAD code (in 1D, [27]) and MPI-AMRVAC (in 2.5D, [29]), particularly
suited for flare investigation, we will numerically explore multi-dimensional effects (such as loop-top
pressure increase due to above-the-loop flare sources) and identify secondary heating mechanisms
that added to electron beams can lead to coronal rain. We will conduct a parameter space investi-
gation quantifying the amount of rain in each case with the aim at building power laws of energy
input versus rain ouput. We will extrapolate these power laws to the stellar energy flare range to
infer properties of the heating and cooling processes at large stellar scales.

What determines the clumpy and filamentary morphology of multiphase plasma? What is the
true morphology of condensations from solar to ISM/ICM conditions? Increasingly higher spatial
resolution reveals a tip-of-the-iceberg distribution, with increasingly higher clump numbers. MHD
simulations and spectral codes (such as Legolas) indicate distinct morphologies, such as splattering,
shattering and so forth [35, 38], which are strongly linked to the character of TI and interaction
between modes. Accordingly, can we distinguish various kinds of condensations in solar observations?
Combined high-resolution observations with Solar Orbiter, IRIS and DKIST! will reveal the internal
workings of T1I, with far reaching consequences for the ISM/ICM.

To achieve these goals, we propose a team that will focus on solar observations (experts PA, CF,
FA, LK) combining quiescent and flare-driven coronal rain modelling (CD, CJ, RK, JR), TNE & wave
theory (JK, RO, RK) and ML expertise (ES, LK) while bringing in the theoretical knowledge from
the CGM/ISM/ICM fields in instability theory (MG, PS) and stellar evolution (MJ, RK, LK) (see
Table 1). To strengthen the skill set from our core group we will consider inviting experts in the
ICM/CGM feedback effect (M. Voit, MSU, US), non-linear TI theory (D. Proga, U Las Vegas, US; P.
Choudhury, Cambridge, UK), observations of multiphase gas in the CGM (J. Werk, U Washington,
US), multi-dimensional simulations of molecular loops in the Galactic centre (R. Matsumoto, Chiba U,
Japan) and quiescent /flare-driven coronal rain and prominence modelling (C. Xia, U Yunnan, China;
W. Ruan, KU Leuven, Belgium; G. Pelouze, IAS, France).

Ytwo PI-led projects approved in DKIST Cycle 1 (one specifically tailored for coronal rain) will run in spring 2022.



Table 1: TL: Team leader; F: Fully funded; A: Only accommodation funding; SS: Self-supported

Team member Institute Country Comment
Patrick Antolin Northumbria U. UK TL, F, Solar
Clara Froment | LPC2E, CNRS, U. Orléans France TL, F, Solar
Cooper Downs Predictive Science USA F, Solar
Moira Jardine U St Andrews UK F, Stellar, ISM
Craig Johnston GMU/NASA GSFC USA F, Solar
Rony Keppens KU Leuven Belgium F, Solar, Stellar, ISM
Lucia Kleint UNIGE Switzerland F, Solar, Stellar
Jim Klimchuk GSFC/NASA USA A, Solar
Max Gronke MPA Germany F, CGM/ISM/ICM
Ramon Oliver UIB, Mallorca Spain F, Solar
Prateek Sharma 1ISc, Bangalore India F, ISM/ICM
Elie Soubrié IAS / UIB France / Spain | F, Computer scientist
Frédéric Auchere TAS, Paris France SS, Solar
Jeffrey Reep NRL, Washington USA SS, Solar

Timeliness, value of ISSI and expected output

With this proposal we want to profit from the momentum gathered in our previous ISSI team in 20182,
and the workshops (2019) and conference sessions (2018, 2021) that spawned from it®. Furthermore,
a NAM session on this topic is scheduled in 2022 (SOC a subset of this group). These events reflect
the recent international recognition of the importance of this topic, and we will continue proposing
sessions in international conferences (e.g. COSPAR, AGU) based on the topic of our team. At ISST we
aim at solving major open solar questions with astrophysical analogues by drawing inspiration from
ISM/ICM results. We further aim at exploring new powerful ideas through a-first-of-its-kind cross-
disciplinary approach based on multiphase plasma across multiple cosmic scales. This proposal focuses
on solar observations for which very high resolution instrumentation are now available that span the
whole temperature range of coronal heating and TI-driven cooling (in particular SDO and IRIS). Solar
Orbiter data is now available, of which EUI’s unprecedented 2 —4x AIA resolution allows to probe the
link between fine coronal loop structure and the heating/cooling processes (co-PI and several co-Is in
the team). DKIST will be added to this list, for which Cycle I projects (from several team members)
are set to run in spring 2022. With a 30 km spatial resolution, multi-wavelength coverage and coronal
magnetic field measuring capabilities, DKIST will provide a unique insight on the internal workings
of TI. On the numerical side, realistic multi-dimensional quiescent and flare-driven coronal rain is
only recently made possible by the team members [15, 64, (5] thanks to new techniques for efficient
transition region modelling [63, 23]. Furthermore, the new MHD spectroscopy tool Legolas has been
developed by the team members [11] providing insight into the complex routes to instability. With
its modus-operandi, ISSI offers the ideal scenario to carry out the collaboration we are seeking within
this essentially new team. To consolidate our team output we will suggest a Special Issue publication
around our topic, collecting our team’s cross-disciplinary works.

Schedule, Facilities and Financial Support

The schedule would consist of 2 meetings, each 1-week long. Given the country distribution of our
team members we consider that the ISSI-Bern headquarters are the most appropriate. We will com-
plement the 2 ISSI meetings with various online meetings at regular intervals to enhance discussion
and motivation, and to keep our schedule on track. To kick-off our discussions, a meeting will take
place in June 2022 for a subset of our team. We request the standard financial support for 12 team
members (accommodation and per diem, see Table 1).

2:Observed multi-scale variability of coronal loops as a probe of coronal heating’ (2018, PIs: Froment & Antolin)
3COSPAR 2018 event D2.2/E3.2; 1-day ISSI Team Workshop in St Andrews in 2019; COSPAR 2021 event D2.3/E3.3


https://nam2022.org/science/parallel-sessions/details/2/158
https://legolas.science
https://www.cospar-assembly.org/admin/session_cospar.php?session=714
https://www.cospar-assembly.org/admin/session_cospar.php?session=877

Appendices

Acronyms

CGM: Circumgalactic Medium; EUI: Extreme Ultraviolet Imager; ICM: Intracluster Medium; IRIS: In-
terface Region Imaging Spectrograph; ISM: Interstellar Medium; MHD: Magnetohydrodynamics; ML:
Machine Learning; SDO: Solar Dynamics Observatory; SolO: Solar Orbiter; TI: Thermal Instability;
TNE: Thermal Non-Equilibrium
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