A&A, 710, A19 (2026)
https://doi.org/10.1051/0004-6361/202659934
© The Authors 2026

tronomy
Astrophysics

Thermal instability in coronal loops: Linking eigenvalue spectra to

time-dependent evolution

Adrian Kelly*®, Rony Keppens®, and Jordi De Jonghe

Centre for mathematical Plasma-Astrophysics (CmPA), KU Leuven, Celestijnenlaan 200B, 3001 Leuven, Belgium

Received 18 March 2026 / Accepted 27 April 2026

ABSTRACT

Context. Cool, dense condensations such as coronal rain and prominences suggest that coronal plasma can undergo runaway radiative
cooling. Connecting this behaviour to linear thermal modes requires a fuller understanding of the deeper connection between eigen-
value spectra and actual time-dependent evolution.

Aims. We aim to clarify this intricate link for a simplified coronal-only model of a stratified coronal loop by combining spectral, linear
initial value, and non-linear simulations of the same loop setup.

Methods. We studied waves and instabilities, as well as temporal evolutions for a 1D hydrostatic, thermally balanced loop with opti-
cally thin radiation and prescribed heating. The non-adiabatic spectrum of all the physically realisable eigenmodes was computed with
our open-source code LEGOLAS. We demonstrate the capabilities of our newly developed boundary value—initial value solver called
LEGOLAS-IVP, where linear evolutions are performed for controlled perturbations and fully equivalent non-linear runs are carried out
with our generic software toolkit MPI-AMRVAC.

Results. The spectrum of the stratified 1D loop contains discrete acoustic modes and a thermally unstable branch consisting of ther-
mal modes, including a thermal continuum. Linear initial-value experiments with isochoric, isobaric, and isentropic pulses highlight
how the polarisation of the eigenmodes and the obtained evolution from specific perturbations demonstrate physically consistent be-
haviour expected from the eigenspectrum. Even in the linear stage, thermal imbalance drives siphon-like flows from the footpoints
towards the cooling region. Growth rates measured from LEGOLAS-IVP agree with the spectral predictions and are reproduced in
MPI-AMRVAC. The latter follows the condensation through runaway cooling to chromospheric temperatures, with the resulting cool
dense blob sliding under gravity towards the loop footpoint.

Conclusions. The spectral-linear—non-linear investigation for the simple 1D loop demonstrates a direct link between thermal eigen-
modes and time-dependent condensation dynamics and provides a basis for extending such mode-based interpretations to fully 3D

magnetohydrodynamic models.
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1. Introduction

Coronal rain and prominences are striking examples of cool,
dense condensations forming within the million—degree solar
corona. The current theoretical understanding and the sus-
tained progress in modelling efforts for forming these enig-
matic condensations are reviewed in Keppens et al. (2025),
Liakh & Jenkins (2025), Zhou (2025). The hot coronal plasma
in loops continuously loses energy by radiation and thermal
conduction and can be susceptible to localised cooling insta-
bilities, even in the presence of strong background heating.
Thermal instability (TI) (Parker 1953; Field 1965) is widely
thought to drive the in situ formation of these condensations
by triggering runaway cooling that is dictated by the precise
density-temperature dependence of the radiative loss function.
As coronal loops are gravitationally and thermally stratified,
and because their coupling to denser chromospheric regions can
regulate thermal non-equilibrium (TNE; Antiochos & Klimchuk
1991), both TI and TNE are thought to play crucial roles in
driving the cyclic heating-cooling behaviour in coronal loops
(Miiller et al. 2003). This may explain observed intensity pul-
sations and recurrent coronal rain (Froment et al. 2018).

* Corresponding author: adrian.kelly@kuleuven.be

While TNE is tied to the chromosphere-transition region—
corona stratification of the solar atmosphere, TI is not specific
to the solar corona. Rather, it is a general mechanism invoked
to explain non-gravitationally driven condensations in optically
thin, radiatively cooling plasmas. Particularly, in the interstellar
medium (ISM) and intracluster medium (ICM), thermal instabil-
ity has been used to explain the coexistence of hot, warm, and
cold gas phases (Field et al. 1969; Lepp et al. 1985). Thermal
instability-driven radiative turbulent mixing layers have been
identified as a key site of mass and energy exchange in multi-
phase ICM plasma (Fielding et al. 2020), and cloud-wind inter-
actions in galactic outflows have been shown to drive in situ
cold gas formation through combined shear and radiative cool-
ing (Banda-Barragan et al. 2021).

Despite decades of work, many fundamental aspects of coro-
nal condensation processes are still debated. Open questions
include the precise relation between TI and TNE (Klimchuk
2019), the role of background heating and its detailed spatio-
temporal variation (Brughmansetal. 2022; Yoshihisa et al.
2025), and the extent to which observed condensations can
be interpreted as the non-linear outcome of linear thermal
eigenmodes. Regarding the latter, fully non-linear magnetohy-
drodynamic (MHD) simulations have successfully reproduced
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prominence formation (Donné & Keppens 2024), coronal
rain (Fangetal. 2015), and cyclic evaporation—condensation
behaviour (Lu et al. 2024), but the degree of realism achieved in
these multi-dimensional MHD models makes it challenging to
clearly identify whether particular linear instabilities control the
early evolution, and which physical perturbations are respon-
sible for the observed dynamics. Bridging this gap between
linear theory and fully non-linear simulations is essential
to interpreting condensations as the natural outcome of the
underlying (stable and unstable) eigenmodes of the system and
to connecting these insights to other multi-phase environments.

We considered a 1D coronal loop model, where we iso-
late the coronal part alone, deliberately excluding the important
processes of thermal conduction and coupling to the chromo-
spheric regions. This simplification results in a well-defined, eas-
ily reproducible, and controlled setting in which to study how TI
and runaway cooling operate in gravitationally stratified atmo-
spheres. A combination of a linear spectral code and a non-linear
(magneto)hydrodynamic code was used, which operate on the
same equilibrium. Our 1D loop has a stratified, semi-circular
shape, as typically observed in the solar corona, and frequently
adopted in 1D models.

For the linear analysis we used the LEGOLAS code, an
eigenvalue solver designed to compute full non-adiabatic
(M)HD spectra, including thermal effects (Claes et al. 2020a;
Claes & Keppens 2023), that employs a suitable finite element
spatial discretisation that allows for the representation of both
discrete global modes, as well as a dense but discrete subset
of the ultra-localised continuum modes. With this paper, we
also introduce and demonstrate a newly developed initial-value
solver called LEGOLAS-IVP, built on the same discretisation. For
the non-linear regime we employed MPI-AMRVAC (Xia et al.
2018; Keppens et al. 2021, 2023), a parallelised simulation code
for solving multi-dimensional partial differential equations that
allowed us to follow the evolution into the fully non-linear phase.
While MPI-AMRVAC can be employed in any dimensionality
(Liakh & Jenkins 2025), here we used it for 1D non-adiabatic
hydrodynamic evolutions for coronal loops.

Magnetohydrodynamic spectral theory (Goedbloed et al.
1993, 2019) has shown that the linear spectrum of eigenmodes
containing all waves and instabilities of a force-balanced state
is well organised, and a more general field-theoretical treat-
ment has been used to illustrate that the same operators involved
fully determine the stability and dynamical response of a plasma
at any time in its evolution (Demaerel & Keppens 2016). In
eigenmode computations, perturbations are expanded as normal
modes with time dependence exp(—iwt), leading to a generalised
eigenvalue problem for the spatial eigenfunctions and complex
eigenfrequencies w = wpg + iw;. The real and imaginary parts
carry direct physical meaning: wg # 0 yields oscillations, while
w; > 0 (w; < 0) indicates exponential growth (damping), while
overstable modes exhibit both oscillation and growth. Spectral
theory has been highly successful in the study of laboratory
fusion plasmas, and is at the very basis of all helio- or astero-
seismological studies.

Non-adiabatic terms added to the (M)HD energy evolu-
tion equation, such as radiative losses and (usually) parametri-
cally prescribed heating break the time-reversibility of the ideal
system, as the neutral entropy mode can move upwards into
the unstable half-plane, and introduces a variety of unstable
eigenmodes associated with thermal instability. In non-uniform
magnetised plasmas these include both discrete global modes
and a thermal continuum corresponding to singular, extremely
localised eigenfunctions (Van der Linden et al. 1991). Such con-
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tinua are well known in MHD (Goedbloed et al. 2019), but

notably the thermal continuum also arises in purely hydrody-

namic, non-adiabatic settings (Keppens et al. 2025).

Van der Linden et al. (1991) first identified a thermal
continuum in a 3D cylindrical coronal loop model, and
Van der Linden & Goossens (1991) showed how finite perpen-
dicular thermal conduction can modify the thermal contin-
uum and can introduce unstable eigenmodes with fine spatial
structure, while Ireland etal. (1992) considered the effects
of finite resistivity. More recently, the LEGOLAS eigenvalue
solver (Claes et al. 2020a; Claes & Keppens 2023) has enabled
full non-adiabatic spectra to be computed for flowing, mag-
netised fluxtubes and realistic, stratified atmospheres (e.g.
Hermans & Keppens 2024; Keppens et al. 2025).

However, spectral predictions for thermal instability in coro-
nal loops are yet to be confronted with direct time-dependent
simulations of the same equilibria. Key open questions are
whether the most unstable eigenmodes are actually excited in
initial-value problems, how efficiently continuum modes can be
triggered, and how quickly non-linear evolution causes the sys-
tem to depart from the linear picture that one may anticipate from
the spectral computation.

We address these questions in a setting that combines the
complications of gravitational stratification with thermal insta-
bility: a 1D hydrodynamic coronal loop with optically thin radi-
ation and background heating. Our goal is to perform a unified
comparison between three complementary descriptions of the
same equilibrium:

1. Spectral analysis identifying acoustic and thermal modes,
including the thermal continuum.

2. Linear initial-value evolution using a new LEGOLAS-IVP
extension to test mode accessibility and measured growth
rates.

3. Non-linear evolution with MPI-AMRVAC, determining
when the system departs from linear behaviour and how con-
densations form.

To our knowledge this is the first systematic comparison
of spectral, linear-IVP, and non-linear descriptions of thermal
instability in a coronal loop context. Related recent efforts
to unify insights from spectral computations and observed
non-linear evolutions have focused on coronal current sheets
(De Jonghe & Sen 2025) and on eigenmode initialisation of non-
linear simulations for Kelvin-Helmholtz and tearing-unstable
configurations (De Jonghe & Russell 2026). The paper is organ-
ised as follows. In Sect. 2, we describe the governing equations
and numerical methods. Sect. 3 presents the spectral properties,
linear responses, and transition to non-linear evolution. Sect. 4
contains a summary of the results.

2. Model and methods
2.1. Governing equations

We modelled the loop plasma as a fluid governed by hydrody-
namics. Because the solar corona is typically a low plasma beta
environment, we adopted the crude but often used approxima-
tion in which the magnetic field does not evolve but the mag-
netic loop shape dictates all plasma motions. This reduces the
dimensionality to a field-aligned 1D evolution. We considered
the part of the loop embedded fully in the corona and hence mim-
icked its coupling to the denser chromosphere at both feet by a
perfect-line-tying condition; i.e. we assumed the loop plasma is
confined in 1D between two solid-wall boundaries. This bound-
ary choice enforces vanishing velocity at the domain edges while
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still allowing density and temperature variations to evolve self-
consistently along the loop. The fluid is subject to optically thin
radiative losses and background heating, while thermal conduc-
tion along the loop is deliberately neglected in order to isolate
the role of radiative cooling in driving instability. By ignoring
the intricate thermodynamic coupling with the chromosphere,
this study thereby eliminates all TNE processes, and we could
concentrate on TI-driven effects in stratified loop settings. This
led to the following governing equations:

Continuity'
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The equations are written with all variables varying along the
field-aligned loop coordinate s. For simplicity, we have assumed
that no variation of the cross-sectional area of the loop along
s is at play. The mass density and velocity are denoted p and
v respectively. Gravity is projected onto the loop through g (s),
as discussed in Sect. 2.2. The relation imposed between thermal
pressure, p, and temperature, 7 is the ideal gas law,
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where R denotes the gas constant, with Boltzmann constant kg,
proton mass m,, and mean molecular weight u = 1.0. We adopt
this value for consistency between different numerical codes; it
sets the conversion between p, n, and p but does not affect the
qualitative instability mechanisms. The adiabatic index is taken
to be y = 5/3, appropriate for a monatomic gas.

The net heat-loss term £ is the difference between energy
losses due to optically thin radiative emission and gains due to
a prescribed heating term. It appears as a sink or source term in
the energy equation (3) as

pL(p,T) = n* A(T) — H(s), ®)

where n = p/(umy) is the number density, and the background
heating rate H(s) is spatially-varying and constant in time. We
adopt the convention of Field (1965), such that £ > 0 cor-
responds to net cooling — note that this is the opposite of
Keppens et al. (2025). Note that the volumetric terms n*A(T)
and H(s) both have units of erg cm™ s~!, while £ is defined
per unit mass, with units of erg g=! s~'. The cooling curve
A(T) employed is a composite, implemented in both LEGOLAS
and MPI-AMRVAC, consisting of the tabulation by Colgan et al.
(2008) extended to low temperatures by merging the curve of
Dalgarno & McCray (1972). We note that both codes actually
share the many options available for the cooling table, and how
this choice affects both linear and non-linear evolutions in simple
periodic, initially homogeneous settings was already explored in
Hermans & Keppens (2021).

Even when we simulate the full non-linear set of equations,
we can split all quantities into a stationary background state and
a perturbed part, indicated with a subscript O and 1, respectively,

e.g.

p(S, t) :PO(S) +P1(Ss t)’ (6)

and similarly, this can be done for p and 7. The background
is adopted as stationary (i.e. vyp = 0), in order to isolate the
role of thermal instability in an otherwise hydrostatic loop. The
equilibrium is furthermore taken to be isothermal, yielding a
stratified hydrostatic atmosphere, and is thermally balanced by
enforcing Ly = L(po, To) = 0 everywhere. Enforcing thermal
balance, with heating offsetting radiative losses, ensures that
any evolution is triggered purely by perturbations rather than by
thermodynamically driven drift of the equilibrium state. This is
also the natural prescription for the linear framework, as both
LEGOLAS and LEGOLAS-IVP treat all background quantities,
including £, as fixed and do not account for d.Ly/dt. If Ly # 0,
the background would evolve on its own slow thermal timescale
as the net heating or cooling drives changes in the background,
causing L, to become time-dependent. By enforcing £y = 0
everywhere, this drift is eliminated exactly. This implies a
spatially varying heating profile, since Hy(s) = n%(s)A(To)
for the adopted isothermal background. Thus, the equilibrium
heating is height-dependent in our model, but this dependence
is not imposed as an additional ad hoc heating prescription;
rather, it is fully determined by the requirement of local thermal
balance in the chosen background state. This differs from
the common practice in multidimensional MHD models of
prescribing an independent empirical height-dependent heating
function (e.g.  footpoint-concentrated  heating)  (e.g.
Brughmans et al. 2022; Fang et al. 2015).

2.2. Loop setup

We considered a semi-circular coronal loop of length L =
50 Mm. The background temperature was fixed at a typical coro-
nal value of Ty = 10° K everywhere along the loop. Gravity was
taken as the solar surface value g, = 274 ms~2 and projected
onto the field-aligned coordinate s via

s
91(5) = = gocos( 2. ™)
where s = 0 and s = L correspond to the footpoints and s = L/2
to the apex. The equilibrium density po(s) was obtained from the
isothermal hydrostatic balance condition

> dpo

d
Lo g = po g)(s),

ds ' ods ®)

with the isothermal sound speed C? = kgTo/(ump). This yielded

goL
po(s) = o exp[— i sm(’”)]. ©)
Ci

L

Here p, = 2 X 1075 gem™ is the reference footpoint density.
All quantities are non-dimensionalised using the reference scales

=10% cm, 7 = 10° cm™3, and T = 10° K. The corresponding
tlme unitis = L/c; ~ 110 s.

2.3. Numerical methods
2.3.1. LeacoLas: Spectral solver

To compute the linear stability properties of the loop equilib-
rium we used the LEGOLAS eigenvalue code (Claes et al. 2020a;
Claes & Keppens 2023), which solves the full non-adiabatic
(M)HD eigenvalue problem for equilibria varying along a single
spatial coordinate. Here we adopt the one-dimensional hydrody-
namic limit, where the perturbed state vector is (oy, vy, T1).

A19, page 3 of 15



Kelly, A., etal.: A&A, 710, A19 (2026)

The linearised equations are discretised using a finite-
element method on a uniform grid of N = 200 elements with
quadratic and cubic basis functions. This yielded a sparse gener-
alised eigenvalue problem,

Ax = wBKx, (10)

whose solutions give the complex eigenfrequencies w and asso-
ciated spatial eigenfunctions. Fixed-wall (line-tied) boundary
conditions are imposed at both footpoints to model a coronal
loop section that is tied to the dense chromosphere, enforc-
ing vy = 0 at the boundaries while allowing p; and 7| to
evolve self-consistently. Since there is no ignorable coordinate,
there is no wavevector to prescribe, and this spectral analy-
sis will yield all combinations of eigenfrequencies-eigenvectors
[w; p}(s), v} (s), T (s)] that are physical eigenmodes of the loop
setup. All these quantities are generally complex-valued, giving
the natural response for a exp(—iwt) normal mode variation.

2.3.2. LecoLas-IVP: Linear time evolution

To complement the spectral analysis, we use a newly devel-
oped initial-value solver module for LEGOLAS, referred to as
LEGOLAS-IVP, which integrates the same linearised equations
directly in time. The IVP solver uses the same finite-element
spatial discretisation as the eigenvalue problem, allowing spec-
tral and time-dependent results to be compared directly without
changing the underlying numerical representation of the equilib-
rium.

We evolve the linearised system on the same uniform mesh
of N = 200 finite elements as in the spectral calculations,
and advance in time using a second-order implicit midpoint
scheme. Unless stated otherwise, all runs start from the ther-
mally balanced equilibrium L(pg, Ty) = 0 with v;(s,0) = O,
and are evolved for 97, approximately corresponding to fenq =
1000 s. This duration covers several exponential growth times
of the unstable thermal branch while remaining within the lin-
ear regime (see Sect. 3.3). Note that LEGOLAS-IVP works in real
space (not in the Fourier space used for the spectral analysis),
and hence needs both boundary and initial values for all (real-
valued) variables [p;(s, ?), v1(s, 1), T1(s, )].

Initial conditions are prescribed as small-amplitude,
localised Gaussian pulses applied to p; and 7. Each pulse has a
central peak position, sy, and has a standard deviation, o,

S =50

i(s)=A exp[—( )2] , Al < 1, (11)

where A = 0.01 was chosen so that relative perturbations remain
in the linear regime. Unless stated otherwise, we used a refer-
ence width o = 3 Mm; for the mode-selectivity experiments in
Sect. 3.3 we additionally employ a narrower pulse (o~ = 0.5 Mm)
to preferentially excite individual localised continuum eigen-
functions.

We consider three thermodynamic classes of perturbations.
For isochoric pulses we set pi(s,0) = 0 and T(s,0) =
To(s) d(s). For isobaric pulses we impose pi(s,0) = —po(s) o(s)
and T1(s,0) = Ty(s)o(s), giving p;(s,0) = 0. For isentropic
pulses we choose coupled perturbations such that S(s,0) = 0,
where we employ the entropy variable S = pp™. By impos-
ing these controlled perturbations, the time-dependent simu-
lations allowed us to assess whether this polarisation of the
initial perturbation preferentially selects and initiates certain nor-
mal modes and to extract growth rates directly from the tem-
poral evolution for comparison with the LEGOLAS spectrum.
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The implementation of this linear initial-value solver, includ-
ing verification and grid-convergence tests, is documented in
Appendix A.

2.3.3. MPI-AMRVAC: Non-linear hydrodynamics

Non-linear evolution is studied using MPI-AMRVAC (Xia et al.
2018; Keppens etal. 2021, 2023), a high-resolution shock-
capturing finite-volume code for (magneto)hydrodynamics.
Although the code supports adaptive mesh refinement (AMR), in
this work we employ uniform 1D grids. For the growth-rate com-
parison runs (Sect. 3.3) we use N = 16384 cells, giving a physi-
cal resolution of As =~ 3.1 km, while the full non-linear conden-
sation run (Sect. 3.5) uses N = 65536 cells (As ~ 0.76 km) to
resolve the steep density and temperature gradients generated by
thermal runaway and condensation.

MPI-AMRVAC solves the same 1D hydrodynamic equa-
tions as in LEGOLAS, but in conservative form with state vec-
tor (po,m,e), where m = pv is the field-aligned momentum
density and e is the total energy density. Optically thin radia-
tion, background heating, and field-aligned gravity are included
through source terms. The equilibrium is implemented in split
form (Yadav et al. 2022), writing each conserved quantity as a
fixed background plus a time-dependent perturbation and evolv-
ing (o1, my, e1) about the hydrostatic equilibrium. This facilitates
direct comparison with the linear (LEGOLAS) calculations per-
formed about the same state.

Spatial fluxes are computed using the Harten—-Lax—van Leer
(HLL) approximate Riemann solver (Harten et al. 1983) with a
second-order van Leer limiter (Van Leer 1974), and time integra-
tion is performed with a three-stage strong-stability-preserving
Runge—Kutta scheme (SSP-RK3) (Gottlieb et al. 2001). The
same radiative loss function and heating profile are implemented
as in the linear calculations, enabling like-for-like comparisons
of growth rates and mode development.

At both footpoints we impose reflecting (solid-wall) bound-
ary conditions via a ghost-cell prescription. We apply sym-
metric boundary conditions for the perturbations (o, e;) and
antisymmetric conditions for the momentum perturbation m;. In
practice, the symmetric prescription enforces a zero normal
gradient at the boundary, while antisymmetry enforces a sign
change across the boundary and implies m; = 0 at s = 0 and
s = L, corresponding to zero mass flux and vanishing velocity at
the walls.

3. Results and discussion
3.1. The eigenmode spectrum of a stratified loop

Fig. 1 (left) shows the eigenfrequency spectrum computed by
LEGOLAS for the thermally balanced loop equilibrium (£, = 0),
together with representative real parts of the density eigenfunc-
tions (right). The spectrum separates into three main families of
solutions: two branches of acoustic (p-) modes, and a thermal
branch, in agreement with the analytical results of Keppens et al.
(2025).

The vertical band of modes along R(w) = 0 corresponds
to the thermal continuum. These modes have purely imaginary
frequencies spanning a continuous range corresponding to M =
0, where

M=we +iy-1) (.Eo +poL, — TO-£T)~

Here, ¢, denotes the (local) adiabatic sound speed, and £,
and Ly are the partial derivatives of the heat-loss function

12)
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Fig. 1. Linear spectrum and selected eigenfunctions for the thermally balanced 1D loop. Left: Eigenvalue spectrum obtained with LEGOLAS,
showing acoustic modes, the thermal continuum, and an isolated discrete thermal mode. Blue dots denote individual eigenmodes. Selected modes
are highlighted by coloured crosses: two acoustic p-modes (blue, orange), a thermal-continuum mode (red), and a discrete thermal mode (cyan).
The measured growth rates obtained from LEGOLAS-IVP and MPI-AMRVAC for the isobaric perturbation (see Fig. 6) are overplotted as black
and purple markers, respectively, on the R (w) = 0 axis. Right: Real parts of the corresponding density eigenfunctions along the loop coordinate s,
normalised to unit amplitude. The coloured curves correspond to the four highlighted eigenmodes in the left panel. The black dotted curve shows
the eigenfunction of the LEGOLAS mode whose eigenfrequency corresponds to the growth rate measured in the LEGOLAS-IVP simulation.

with respect to density and temperature, respectively, i.e. £, =
(0L/0p)r and Ly = (0L/0T),, evaluated on the equilibrium
state (oo, T0).

The continuum eigenfunctions are strongly localised in
space, reflecting the singular behaviour expected of contin-
uum modes in non-uniform, non-adiabatic systems. Continuum
eigenfunctions, one of which is illustrated by the red curve in
the right panel, will always appear as extremely localised rather
than truly singular, due to the finite nature of the numerical grid.
Physically, the continuum modes are a generalisation of the clas-
sical thermal instability to stratified media.

Pairs of modes symmetric about the imaginary axis corre-
spond to standing acoustic oscillations. These have non-zero real
parts and follow the expected p-mode ordering, with frequen-
cies increasing with the number of nodes in the eigenfunction,
which could be associated with a loop-aligned corresponding
wavenumber (even though no actual simple Fourier representa-
tion is possible due to the stratification). Their eigenfunctions
display the expected nodal structure of a Sturmian sequence,
reflecting the fact that in the adiabatic limit, the governing equa-
tion can be recast into Sturm-Liouville form (Keppens et al.
2025). Radiative losses introduce a weak damping, shifting the
eigenfrequencies slightly into the lower half-plane without alter-
ing their oscillatory character. The blue and orange curves in the
right panel show examples of these p-mode eigenfunctions.

Finally, we find a single discrete thermal mode with a purely
imaginary eigenfrequency (cyan marker). This global mode lies
just below the continuum and is the most unstable non-singular
mode. Its spatial structure is extended across the loop, with the
largest amplitudes near the apex where the background den-
sity is lowest. That such an isolated global mode is possible is

related to the fact that the thermal continuum is displaying a local
extremum at the apex of the loop. Whether such discrete modes
exist for a particular loop equilibrium can be analysed using
WKB techniques, demonstrated in the more complex MHD case
with flow in Hermans & Keppens (2024).

Together, these branches define the complete linear response
of the system and provide the reference against which we com-
pare the linear initial-value simulations (LEGOLAS-IVP) and the
fully non-linear hydrodynamic simulations (MPI-AMRVAC).
As shown in the next section, the time-dependent simulations
recover exactly the same dynamical components: no additional
linear behaviour emerges beyond what is already contained in
the spectrum.

3.2. Time-dependent linear evolutions in a 1D coronal loop

It is not obvious a priori which parts of the spectrum can actu-
ally be excited in time-dependent simulations. Controlled per-
turbations therefore provide a useful test case, as they allow us
to identify which spectral branches manifest in practice, which
thermodynamic constraints favour their excitation, and to what
extent the expected mode structure is recovered. To this end we
compared the spectral predictions with linear initial-value sim-
ulations in LEGOLAS-IVP. The corresponding non-linear MPI-
AMRVAC runs were later used to confirm growth rates and
follow the departure from linear behaviour, but the controlled
IVP tests already clarify the physical relevance of specific spec-
tral branches.

Fig. 2 shows the space-time evolution of density and tem-
perature perturbations for the three representative thermody-
namic pulses introduced in Sect. 2.3.2: isochoric, isobaric, and
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Fig. 2. Space—time maps of density (top row) and temperature (bottom row) perturbations for the three initial pulses: isochoric (left), isobaric
(middle), and isentropic (right). Each panel shows the perturbation amplitude as a function of position along the loop and simulation time. Note
how a centrally cooling, denser region at the apex develops for both isochoric and isobaric pulses, corresponding to the thermal instability, which

is not triggered by an isentropic pulse.

isentropic. The isochoric pulse triggers local thermal insta-
bility by exciting the thermal continuum modes, as well as
triggering acoustic propagating waves, since a pure tempera-
ture perturbation necessarily induces a pressure disturbance and
launches p-modes. The isobaric pulse, constructed to satisfy
p1 = 0, suppresses acoustic oscillations entirely and isolates
the exponentially-growing local thermal instability. The isen-
tropic pulse excites only weakly damped acoustic oscillations,
and shows no sign of thermal runaway. When acoustic modes
are excited, we see them propagate to the loop footpoints, from
where they get reflected as a result of the solid-wall boundary
assumption there. This process repeats, while their amplitude
dampens weakly, due to the non-adiabatic effects.

Fig. 3 shows the evolution of the pressure and entropy per-
turbations for the very same initial and boundary value exper-
iments. Isochoric and isobaric constraints are imposed only at
t = 0 and are not necessarily preserved in the subsequent evo-
lution. Nevertheless, in the isobaric case p; remains small and
the response stays close to isobaric over the times shown. The
isentropic pulse remains nearly adiabatic, while the thermally
unstable cases exhibit a clear decrease in entropy, reflecting the
non-adiabatic nature of the thermal mode.
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Fig. 4 shows the evolution of the volumetric net heat-loss
term pL(p,T) = p*A(T) — H(s) for the isobaric pulse, recon-
structed from the linear LEGOLAS-IVP solution to interpret the
local thermal imbalance. Note that pL is evaluated from the total
fields p = po+p1 and T = Tp+T;, whereas the LEGOLAS solver is
only aware of the linearised source term (p£);. The loop initially
satisfies thermal equilibrium, so p£ = 0 everywhere at t = 0.
When the perturbation is applied, the local balance is broken and
pL becomes positive (blue) around the apex, indicating excess
radiative cooling relative to the imposed heating. As the insta-
bility grows, the response remains approximately isobaric (see
Fig. 3): the temperature decreases while the density increases,
driving converging siphon-like flows from the line-tied foot-
points towards the cooling site (illustrated by arrows denoting
velocity in Fig. 5), leaving underdense regions around the foot-
points. Because optically thin radiative losses scale as o« p? A(T),
the mass-depleted regions radiate less efficiently and tip into a
state of net heating (red), since H(s) is time-independent.

Fig. 5 shows the total density and temperature along the loop
at t =~ 2750 s, together with the loop-integrated total entropy
as a function of time, for the extended isobaric simulation. The
total entropy S (¥) = f (p/p”) ds, normalised to its initial value,
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Fig. 3. Space-time evolution of the entropy perturbation S; (top row) and pressure perturbation p; (bottom row) for isochoric (left), isobaric
(middle), and isentropic (right) initial pulses. Colour scales indicate the perturbation magnitude in each case. As expected, the isentropic initial
pulse maintains the original equilibrium entropy variation.

decreases monotonically throughout the linear evolution, con-
firming that the dominant response is a non-adiabatic thermal
mode. The simulation is terminated at + ~ 2750 s, before the
perturbation amplitudes start to become comparable to the back-
ground. 800 1 4,00 x 10733
These controlled tests demonstrate that (i) the localised ther-
mally unstable continuum eigenmodes are readily excited by
suitable density-temperature perturbations; (ii) purely acoustic  _ gool g
(isentropic) perturbations do not trigger thermal instability ina X,
balanced loop; and (iii) no additional linear behaviour appears (IEJ
|_

6.00 x 1073>

2.00 x 1073°

0.00 x 10°

beyond the branches identified in the spectrum. This establishes
a one-to-one correspondence between the spectral structure and
the time-dependent linear response of the loop.

Even in this minimal gravitationally-stratified setup, siphon-
like upflows emerge naturally as a linear response to thermal
imbalance. That these features already appear in the earliest
stages of the instability suggests that the linear continuum mode
dynamics play a crucial role in explaining prominence forma- —6.00x 10735
tion. Recently the role of these TI-induced siphon flows was 0 1 1 L 1
emphasised in the full 3D MHD simulation of a forming qui- 0 10 20 30 40 50
escent prominence by Donné & Keppens (2024). s [Mm]
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33 Comparlng growth rates and mode structures Fig. 4. Space—time map of the net heat-loss function p(s).E(p, T) =
02(s)A[T(s)] — H(s) for the isobaric initial pulse. The colour map
We now quantify the instability development by extracting expo-  denotes the local value of pL over the loop as a function of time, with

nential growth rates from time-dependent simulations and com-  blue corresponding to net cooling, and red to net heating.
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Fig. 5. Total density p (top) and temperature 7 (middle) along the loop
at t ~ 2750 s in the extended isobaric simulation, shown in physical
units. The velocity v is overlaid as white arrows in panel (a), illustrat-
ing the converging siphon-like flows directed towards the apex con-
densation. Panel (c) shows the loop-integrated total entropy S(f) =
f (p/p”)ds, normalised to its initial value, as a function of time. The
entropy decreases monotonically throughout the linear evolution, con-
sistent with the non-adiabatic nature of the dominant thermal continuum
mode.

paring them with the thermally unstable branch of the LEGOLAS
spectrum. Since the isobaric pulse suppresses the acoustic
response most effectively, we focus on this case as the cleanest
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Fig. 6. Comparison of spectral and measured thermal-instability growth
rates for an isobaric perturbation. Evolution of A(f) = maxeron |71 (s, #)|
for LEGOLAS-IVP and MPI-AMRVAC. Vertical dotted lines mark the
fitting interval.

representation of the thermal modes. Besides the time-dependent
LEGOLAS-IVP evolution, we now also run MPI-AMRVAC with
exactly the same initial and boundary conditions.

As an amplitude measure we use the maximum absolute tem-
perature perturbation in a region of interest (ROI) around the ini-
tial pulse centre,

A(®) = max |T1(s, 1), (13)
where we take ROI = [s¢ — w, s¢+ w] with half-width w = 6 Mm
and pulse centre sy. For our reference Gaussian pulse with stan-
dard deviation o = 3 Mm this corresponds to w = 20, which
brackets the perturbed apex region and prevents the diagnostic
from being contaminated by acoustic features outside the con-
densation site.

During the linear phase we expect A(¢) o exp(y?), and we
estimate y from a linear regression of In A(¢) over the interval
t € [55,330] s (indicated in Fig. 6). We report y in inverse code-
time units (with 7 = L/c;), so that the corresponding physical
e-folding time is 7, = f/y. The e-folding time 7, is the time
required for the perturbation amplitude to increase by a factor of
e, and therefore provides a direct timescale for instability evolu-
tion.

Figure 6 shows that both LEGOLAS-IVP and MPI-AMRVAC
exhibit a clear exponential growth during the early phase and
yield growth rates consistent with the unstable thermal branch of
the LEGOLAS spectrum. The fitted values are ypyp = 2.205% 107!
and yamrvac = 2.304 x 107!, corresponding to 7, =~ 499 s
and 477 s respectively. Because the thermal continuum con-
tains a continuous range of unstable eigenvalues with (numer-
ically) extremely localised eigenfunctions, a finite-width Gaus-
sian pulse necessarily excites a band of neighbouring contin-
uum eigenfunctions rather than a single eigenfunction. We there-
fore compare the fitted y with the thermal-continuum eigenvalue
whose eigenfunction is localised closest to the pulse centre sp;
for the apex-centred pulse in Fig. 6 this corresponds to the local
continuum growth rate near the loop apex.

To demonstrate this spatial selectivity explicitly, we repeat
the isobaric Gaussian experiment with the pulse centred at three
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different locations along the left-half of the symmetric loop,
so ~ 1.7 Mm, 11.8 Mm, and 25 Mm. For each pulse loca-
tion we extract a growth rate using the same procedure. This
time we use a narrower pulse (oo = 0.5 Mm) to better isolate
a single localised continuum eigenfunction at each location. We
perform these measurements with both LEGOLAS-IVP and MPI-
AMRVAC. The results are shown in Figure 7, where we display
the M = 0 thermal continuum frequency (green curve) as a func-
tion of loop coordinate s, together with density eigenfunctions
for the three continuum modes (dashed curves) centred at our
previously chosen values .

The measured growth rates from LEGOLAS-IVP (blue cir-
cles) and MPI-AMRVAC (purple squares) follow the same
position-dependent trend and lie close to the local continuum
growth rates at the imposed pulse centres. This confirms that dis-
tinct segments of the thermal continuum are selectively accessi-
ble in initial-value problems, and that, when the perturbation is
sufficiently localised, the measured early-time growth rate is pri-
marily controlled by the local continuum eigenvalue associated
with the perturbation location. Returning to the discrete thermal
mode (see Fig 1), we note that this has a smaller growth rate than
the thermal-continuum branch at all positions along the loop, so
any thermal-instability-triggering perturbation (in entropy) will
tend to be dominated at early times by the locally fastest-growing
continuum component.

We point out that the growth rates of the thermal contin-
uum modes are fully determined by the local M = 0 condition
(Eq. 12), which depends only on the analytically prescribed equi-
librium quantities at each position along the loop, and is there-
fore independent of numerical resolution. This is confirmed in
Figure 7 by the agreement of continuum growth rates obtained
by LEGOLAS, LEGOLAS-IVP, and MPI-AMRVAC, which employ
very different numerical resolutions and discretisation schemes.
The spatial profiles of the continuum eigenfunctions are singu-
lar: a Frobenius analysis of the governing scalar ODE derived
in (Keppens et al. 2025) shows that the leading coefficient van-
ishes at M = 0, giving locally singular solutions with a loga-
rithmic contribution v; ~ In|s — so| near the continuum point
50, analogous to what was shown in the radially-varying MHD
cylinder case by Van der Linden & Goossens (1991). Any finite
numerical grid approximates this singular behaviour, with spa-
tial localisation sharpening indefinitely with resolution. A spatial
convergence study is therefore not meaningful for these modes.

3.4. Runaway cooling versus runaway heating

While the spectrum contains all information on the linear eigen-
modes of the system studied and each of these normal modes is
a priori known to be unstable or damped, it yields eigenvalue-
eigenvector pairs obeying Eq. (10) that do not specify an arbi-
trary (complex-valued) amplitude factor for x(s). In a time-
dependent simulation, we specify an initial perturbation with a
clear (real-valued) amplitude and also a sign factor; in practice,
we imposed a local temperature deficit or excess by choosing
T(s,0) < 0 or Ti(s,0) > 0O in the initial pulse (and the corre-
sponding p; constraint for the chosen polarisation). We then per-
formed time-dependent simulations that show how a sign choice
in the initial condition can realise either runaway cooling or run-
away heating, and we linked this with the sign of the initial tem-
perature perturbation.

This is illustrated in Fig. 8, where we impose two otherwise
identical isobaric Gaussian pulses of opposite sign: a positive
temperature perturbation on the left half of the loop and a neg-
ative one on the right. Both perturbations amplify at the same
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Fig. 7. Spatial selectivity of thermal-continuum modes. The green curve
shows the thermal-continuum branch (M=0) plotted as a function of
loop coordinate s. Coloured dashed curves (right axis) show the real
part of three representative thermal-continuum density eigenfunctions.
Blue circles and purple squares mark growth rates y measured using
LEGOLAS-IVP and MPI-AMRVAC respectively.

exponential rate, but the left-hand pulse evolves towards run-
away heating, while the right-hand pulse evolves towards run-
away cooling and condensation.

We note that this symmetric linear picture is a consequence
of the linearisation itself: both branches see the same isobaric
derivative evaluated at Ty, and the linearised system has no
knowledge of the global shape of A(T") away from equilibrium.
The non-linear asymmetry between the two branches, and the
reason the heating branch reaches a finite plateau while the cool-
ing branch collapses catastrophically, is discussed in Sect. 3.5.

The sign dependence follows from the linearised net heat-
loss term. We work with the volumetric loss term p L because
that is the quantity that enters the energy equation as a source
term. Linearising around a thermally balanced equilibrium,
(L) =0, gives

(0L = (M) pi+ (M) .. (14)
T P

op oT

For an approximately isobaric response (p; = 0), the linearised
ideal gas law implies p; = —pg T1/Tp so that filling into the
above yields an expression in terms of the isobaric derivative,

_3(‘)‘)) .
P

oT (15)

0LH = (

Using the first law of thermodynamics p7T dS/df = —(pL) and
the thermodynamic relation between Sy and Ty, S| = ¢,T1/Ty
for p; = 0, yields

a7, 1 (a(pL)) T,
P

dr :_poc,, oT

(16)

Here ¢, = yR/(y—1) is the specific heat at constant pressure, and
we use the same entropy variable as before, S = pp~". Field’s
isobaric criterion, (0(0£)/dT),, < 0, therefore implies exponen-
tial growth. Since £ > 0 corresponds to net cooling and £ < 0
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Fig. 8. Space-time evolution of a bipolar isobaric perturbation in LEGOLAS-IVP. Perturbation density p; (left), temperature 7', (centre), and
velocity v; (right). The positive-temperature pulse (left half) drives runaway heating and rarefaction, while the negative-temperature pulse (right
half) drives runaway cooling and condensation, illustrating how the sign of the initial perturbation selects between the two branches of thermal

instability (Sect. 3.4).

to net heating, this shows that 7, < 0 drives runaway cooling
(condensation), whereas 77 > 0 drives runaway heating.

This sign dependence does not contradict the second law of
thermodynamics. The loop plasma is an open system with energy
exchange through prescribed heating and optically thin radiative
losses. During runaway cooling the plasma entropy can decrease
locally, but this is accompanied by an increase of entropy in the
emitted radiation field (and, more generally, in the combined sys-
tem consisting of plasma plus its thermal environment). The sign
of the initial pulse therefore selects whether the perturbation ini-
tially increases or decreases the local volumetric loss term (0£);,
driving the evolution towards runaway heating or cooling with-
out violating thermodynamic constraints.

3.5. From linear to non-linear evolution

We now use MPI-AMRVAC to follow the instability into the
fully non-linear regime, using an isobaric perturbation centred
at sp = 30 Mm with a narrower width (o = 1 Mm) than in
Sect. 3.3, in order to more cleanly isolate the non-linear devel-
opment at a single loop location. The early exponential growth
and its agreement with the LEGOLAS spectrum are already dis-
cussed there (Fig. 6); here we focus on the subsequent non-linear
development.

Figure 9 shows space—time heatmaps of the total density p,
velocity v, and temperature T over the full simulation domain
and duration. The condensation initiates at the pulse centre at
s = 30 Mm. As the instability grows, converging siphon-like
flows pull mass from both loop footpoints towards the cooling
site, visible as the large-scale positive (negative) velocity on the
left (right) half of the loop in the velocity panel. These flows are
already present in the linear stage (Sect. 3.2) and intensify as the
density contrast grows.

Figure 10 shows profiles of T, p, and v at five representative
times: the initial equilibrium, the onset of visible departure from
equilibrium (¢ ~ 513 s), evacuation waves (¢ =~ 1250 s), peak
condensation (¢ ~ 1787 s), and the sliding phase (¢ ~ 2413 s).
The outward-propagating diagonal features visible in the veloc-
ity heatmap at approximately + ~ 1250 s are physical waves
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launched outwards by the collision of the two incoming streams;
such ‘evacuation shocks’ are a known feature of coronal promi-
nence/filament formation (e.g. Xia et al. 2011). In this case, the
waves travel at a speed of ~50-70 km s~!, sub-sonic relative to
the ambient corona (¢, =~ 117 km s~ at T = 10° K). These fea-
tures may therefore be more accurately described as pressure-
driven ‘evacuation waves’ rather than fully-developed shocks.
By ¢t =~ 1500 s these waves reach the loop footpoints, visi-
ble as the abrupt change in the velocity heatmap at the domain
boundaries, after which the boundary reflections interact with the
ongoing condensation. Tests with open (zero-gradient) boundary
conditions in place of the perfectly reflecting walls confirmed
that these reflections do not significantly affect the subsequent
sliding condensation dynamics.

By peak condensation the temperature at the blob has fallen
t0 Tmin = 1.68 x 10* K, well into the chromospheric regime,
while the local density reaches ppax =~ 7.55 x 10714 g cm™3,
a factor of ~60 above the background value at that location.
This density enhancement is comparable to values reported in
other simulations of coronal condensations (e.g. Xia et al. 2011;
Claes et al. 2020b).

After peak condensation the blob moves rightward under the
projected gravitational component g; > 0 for s > L/2, as seen
in the sliding profile at ¢ ~ 2413 s. The velocity profile at this
time shows a coherent positive-velocity region spanning the left
half of the loop, with a sharp reversal at the blob location where
inflowing material meets. The secondary density enhancement
ahead of the blob at s ~ 45 Mm at t = 2413 s reflects coronal
material being swept up and compressed ahead of the sliding
condensation.

A notable feature of the non-linear evolution is the heating
of the evacuated coronal regions on either side of the conden-
sation site, visible as the bright orange (T > 10° K) flanking
regions in the temperature heatmap. Unlike the runaway heat-
ing discussed in Sect. 3.4, which is driven by the temperature-
dependence of the cooling curve, the heating here is primarily
driven by the depletion of density in the evacuated regions. As
mass drains from these regions via siphon flows, the local den-
sity p falls below the equilibrium value py, so that the radiative
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Fig. 9. Space—time heatmaps of total density p (left), velocity v (centre), and temperature T (right) are shown for the non-linear MPI-AMRVAC
evolution of the isobaric perturbation (- = 1 Mm, s, = 30 Mm). The condensation forms at s = 30 Mm and slides rightward after  ~ 1200 s.
Diagonal features in the velocity panel are sub-sonic evacuation waves propagating outward from the condensation site. Flanking regions of
elevated temperature reflect heating of the mass-depleted footpoints under the fixed balanced-heating prescription.
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Fig. 10. Profiles of temperature T (top), density p (middle), and velocity
v (bottom) at five representative times. The dotted and dashed vertical
lines mark the loop apex (s = 25 Mm) and pulse centre (s = 30 Mm)
respectively. The horizontal dotted line in the top panel indicates the
temperature floor Teor = 10% K.

losses p>A(T) decrease while the prescribed background heat-
ing H(s) = p(Z)A(To) remains frozen at its equilibrium value. The
resulting net heating drives temperature increases in the evac-

uated regions; this is not a numerical artefact but rather a true
realisation of the frozen balanced-heating prescription used. In a
more realistic model, chromospheric evaporation driven by the
increased heating would replenish the evacuated regions with
dense plasma, quenching the runaways; this is the essence of ther-
mal non-equilibrium cycling (Klimchuk 2019). The absence of
this feedback in this coronal-only model is a known limitation of
the idealised setup, and does not affect the condensation dynam-
ics at the blob itself, which are the primary focus of this study.
The simulation thereby completes the physical picture antic-
ipated by the linear analysis: thermally unstable continuum
eigenmodes, selectively excited by the isobaric perturbation,
grow exponentially at the rate predicted by LEGOLAS, driving
converging siphon flows, and ultimately producing a cool, dense
condensation that detaches from close to the apex region and
slides towards the footpoint under gravity — the hallmark non-
linear outcome of thermal instability in a stratified coronal loop.
The non-linear evolution also reveals an intrinsic asymme-
try between the runaway cooling and heating branches iden-
tified in Sect. 3.4. To illustrate this directly, Figs. 11 and 12
show the non-linear MPI-AMRVAC evolution of a bipolar iso-
baric perturbation analogous to Fig. 8 but with narrower pulses
(o0 = 1 Mm), now followed into the fully non-linear regime. The
negative-temperature pulse collapses to chromospheric tempera-
tures by ¢ ~ 2104 s and the resulting condensation subsequently
slides towards the left footpoint, while the positive-temperature
pulse drives a rarefied, superheated region that plateaus near
~107 K by ¢ ~ 2540 s. Although both branches are linearly
unstable at the same exponential rate, the non-linear outcome
is strongly asymmetric. This asymmetry is invisible to the lin-
earised system, which approximates p.L by its tangent at T
and therefore predicts identical growth rates for both branches
regardless of the global shape of A(T). In the fully non-linear
evolution, however, MPI-AMRVAC evaluates the complete tab-
ulated cooling curve at every timestep. Above T, A(T) gener-
ally decreases with increasing temperature, though with a series
of local plateaus associated with emission from different ioni-
sation stages of heavy elements. The heating branch is there-
fore self-reinforcing overall, but a new thermal equilibrium can
be reached at any temperature where the curve flattens or turns
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Fig. 11. Space—time heatmaps of total density p (left), velocity v (centre), and temperature 7' (right) are shown for non-linear MPI-AMRVAC
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evacuated region under the fixed balanced-heating prescription.
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Fig. 12. Profiles of temperature 7 (top), density p (middle), and velocity
v (bottom) at five representative times for the non-linear bipolar run. The
vertical dotted line marks the loop apex (s = 25 Mm). The horizontal
dotted line in the top panel indicates the temperature floor Tgeer = 10* K.

upward sufficiently for the heating to balance the losses again.
The non-linear evolution naturally settles at the first such equilib-
rium encountered as the temperature rises, rather than diverging

A19, page 12 of 15

catastrophically, in contrast to the cooling branch where no such
equilibrium exists until chromospheric temperatures are reached.

4. Summary and outlook

We presented a unified comparison of spectral, linear initial-
value, and fully non-linear descriptions of thermal instability
in a gravitationally stratified 1D hydrodynamic coronal loop
subject to optically thin radiative losses and sustained bal-
anced heating. Using LEGOLAS, we computed the full non-
adiabatic spectrum of complex-valued eigenfrequencies w and
identified acoustic branches together with a thermally unstable
branch at wg = 0, including a thermal continuum with strongly
localised eigenfunctions. With the new LEGOLAS-IVP capabil-
ity, we demonstrated that controlled perturbations selectively
excite the expected spectral components: isobaric pulses trigger
the unstable thermal response while suppressing acoustic oscil-
lations, whereas isentropic pulses drive weakly damped acoustic
behaviour without triggering instability. Even in the linear stage,
thermal imbalance drives siphon-like flows from the footpoints
towards the cooling site. Measured growth rates from LEGOLAS-
IVP agree with the spectral predictions and are reproduced inde-
pendently in non-linear MPI-AMRVAC simulations of the same
equilibrium, establishing a consistent link between eigenvalue
spectra and time-dependent evolution.

The non-linear simulation follows the condensation through
runaway cooling to chromospheric temperatures (Tpin =~ 1.68 X
10* K), with a local density enhancement of factor ~60 rel-
ative to the background. The resulting cool dense blob slides
towards the loop footpoint under gravity, consistent with the
non-linear outcome anticipated from the eigenspectrum. Mass-
depleted flanking regions undergo runaway heating — a direct
realisation of the frozen balanced-heating prescription.

Two limitations of the present study are worth noting. Field-
aligned thermal conduction is omitted, which is known to have
a stabilising effect on thermal instability onset; its effect on
the spectral structure is briefly discussed in Appendix B. The
line-tied boundaries also exclude a chromospheric mass reser-
voir and the evaporation—condensation feedback of thermal non-
equilibrium cycling; the heating of the evacuated regions is a
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direct consequence of this idealisation rather than a numerical
artefact.

A natural next step is to extend the model to include ther-
mal conduction and more realistic footpoint physics, enabling
the role of conductive stabilisation and chromospheric mass
exchange to be quantified within the same framework. More
broadly, the workflow demonstrated here — combining spectral
analysis, linear IVP simulation, and non-linear simulation for
the same equilibrium — can be applied to more realistic loop
geometries, including multidimensional MHD models. Incorpo-
rating spectral information into 3D loop studies offers a route to
interpret condensation formation and coronal rain in terms of the
underlying unstable thermal modes and their accessibility.
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Appendix A: Verification of the linear initial-value
solver

The linear initial-value solver used in this work was verified
using a wave propagation test in a uniform medium. We con-
sider a one-dimensional homogeneous background and impose
a small-amplitude Gaussian density perturbation. The system is
evolved under an isothermal closure, meaning that the pressure
satisfies p = cizp and no energy equation is evolved, where c;
denotes the isothermal sound speed. In this limit, the system
reduces to the linear wave equation, whose analytical solution
is given by d’Alembert’s formula,
p(x,1) = 5 [p(x = ct,0) + p(x + ct,0)] . (A.D

Simulations are performed on a domain of length L = 1
(code units) with sound speed ¢; = 0.5. Grid resolutions N, =
{50, 100, 200,400} are used, with the time step refined propor-
tionally to maintain a fixed CFL number. Errors are evaluated at
time ¢ = 0.6, prior to any interaction with the domain boundaries.
Time integration in the solver is carried out using the generalised
trapezoidal method with implicitness parameter . We consider
a = 1 (backward Euler) and @ = 0.5 (implicit midpoint). For
each run, the L, norm of the error relative to the analytical solu-
tion is computed. Figure A.1 shows the resulting convergence
behaviour. The backward Euler scheme exhibits first-order accu-
racy, while the implicit midpoint scheme achieves second-order
accuracy, in agreement with theoretical expectations. This con-
firms that the initial-value solver reproduces the correct linear
wave dynamics.

Appendix B: Effect of field-aligned thermal
conduction on the thermal continuum

Van der Linden & Goossens (1991) showed that, for a radially-
varying cylindrical MHD equilibrium, perpendicular thermal
conduction replaces the thermal continuum with a discrete set
of thermal modes. Figure B.1 shows that an analogous discreti-
sation occurs for the loop equilibrium of Sect. 2.2 when Spitzer—
Hérm field-aligned thermal conduction is included (k; =~ 0.65 in
code units, N = 400 grid points), with Neumann (zero heat-flux)
boundary conditions imposed on 7T’ at both footpoints.

The thermal continuum of Fig. 1 is replaced by a number of
discrete thermal modes with smooth, globally extended eigen-
functions displaying n nodes, whose damping rates increase with
n. The discrete global thermal mode of Fig. 1 persists with an
unchanged growth rate but a modified eigenfunction. The acous-
tic modes remain largely unaffected.
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Fig. A.1. Grid convergence of the linear initial-value solver for wave
propagation in an isothermal uniform medium.



Kelly, A., etal.: A&A, 710, A19 (2026)

0.0

-0.5

Im(

-1.0

-1.5

-2.0

X thermal mode (unstable)
X n=1 (unstable)
X n=2 (stable)
X n=3 (stable)
X n=4 (stable) X
1 1 1 1
-4 -2 0 2 4
Re(w)

(norm.)

A

Re o1

1.0

0.5

0.0

-0.5

-1.0

10

20

s [Mm]

30

40 50

Fig. B.1. LEGOLAS spectrum for the equilibrium of Sect. 2.2 with Spitzer—Hérm field-aligned thermal conduction, N = 400 grid points). Left:
eigenvalue spectrum; the thermal continuum of Fig. 1 is replaced by discrete thermal modes (crosses) and the global thermal mode persists (purple
marker). Blue dots are acoustic modes. Right: normalised density eigenfunctions, showing n nodes for the n-th mode.
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