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A B S T R A C T 

Recent observations of rapidly rotating cool dwarfs have revealed H α line asymmetries indicative of clumps of cool, dense 
plasma in the stars’ coronae. These clumps may be either long-lived (persisting for more than one stellar rotation) or dynamic. 
The fastest dynamic features show velocities greater than the escape speed, suggesting that they may be centrifugally ejected 

from the star, contributing to the stellar angular momentum loss. Many, ho we ver, sho w lo wer velocities, similar to coronal rain 

observed on the Sun. We present 2.5D magnetohydrodynamic simulations of the formation and dynamics of these condensations 
in a rapidly rotating ( P rot = 1 d) young Sun. Formation is triggered by excess surface heating. This pushes the system out of 
thermal equilibrium and triggers a thermal instability. The resulting condensations fall back towards the surface. They exhibit 
quasi-periodic behaviour, with periods longer than typical periods for solar coronal rain. We find line-of-sight velocities for these 
clumps in the range of 50 km s −1 (blueshifted) to 250 km s −1 (redshifted). These are typical of those inferred from stellar H α

line asymmetries, but the inferred clump masses of 3.6 × 10 

14 g are significantly smaller. We find that a maximum of � 3 per cent 
of the coronal mass is cool clumps. We conclude that coronal rain may be common in solar-like stars, but may appear on much 

larger scales in rapid rotators. 

Key words: Sun: filaments, prominences – stars: activity – stars: coronae – stars: magnetic fields. 
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 I N T RO D U C T I O N  

he interplay between heating and cooling is at the heart of the self-
e gulating c ycle that determines the mass structure and dynamics
f stellar coronae. Raising the heating drives material up from
he large mass reservoir in the chromosphere. This increases the
oronal density, pushing it out of thermal equilibrium. The resulting
hermal instabilities trigger catastrophic cooling and the formation of
ondensations that rain out of the corona, lowering the o v erall coronal
ass again. These heating and cooling cycles naturally act to regulate

he amount of mass supported in the stellar corona (Antolin 2019 ;
ntolin & Froment 2022 ). 
Condensations are seen in two forms in the solar corona, both in

he form of coronal rain and the much larger prominences that may
e seeded by these condensations. On other solar-like stars, both
f these types of coronal condensations are also observed. The most
 xtensiv ely studied are the large ‘slingshot prominences’ observed on
apidly rotating cool stars (Collier Cameron & Robinson 1989a , b ).
hese are clouds of cool ( T � 8000 –10 000 K), mainly neutral gas

rapped in the hot ( T � 1–10 MK) stellar corona. They are detected as
ravelling absorption features that mo v e through the line profiles of
 α and man y transition-re gion lines, and are seen in both single and
inary stars (Collier Cameron & Woods 1992 ; Hall & Ramsey 1992 ;
yrne, Eibe & Rolleston 1996 ; Eibe 1998 ; Barnes et al. 2000 , 2001 ;
etit et al. 2005 ; Dunstone et al. 2006 ; Dunstone 2008 ; Skelly et al.
 E-mail: sddy1@st-andrews.ac.uk 

a  

a  
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
008 , 2009 ; Leitzinger et al. 2016 ; Cang et al. 2020 , 2021 ; Zaire,
onati & Klein 2021 ). In a few cases, these features can be detected

n emission, moving at velocities greater than the equatorial projected
otational velocity of the star. They often reappear at the same rotation
hase on the next stellar rotation, suggesting that they are corotating
ith the star. Their formation times and lifetimes are of the order of
ays. The drift rates of these features through the line profile provide
heir distance from the stellar rotation axis, showing that they form
ypically at (or beyond) the centrifugal corotation radius, where the
utward centrifugal force dominates o v er the inward pull of the star’s
ravity. Masses derived from spectra (typically 10 14 kg) are similar
o those predicted from static, steady-state models that use stellar
urface magnetic maps as inputs (Villarreal D’Angelo, Jardine & See
018 ; Villarreal D’Angelo et al. 2019 ; Waugh & Jardine 2019 ; Waugh
t al. 2021 ). Their ejection may provide a significant contribution to
he mass and angular momentum loss in the stellar wind (Jardine
t al. 2020 ; Faller & Jardine 2022 ; Waugh & Jardine 2022 ). Surv e ys
earching for the stellar equi v alent of solar coronal mass ejections,
o we v er, hav e often struggled to detect them (Leitzinger et al. 2014 ).
More recently, it appears that the stellar equi v alent of solar coronal

ain has also been observ ed. H α asymmetries hav e been detected
n surv e ys of man y cool stars (Houdebine et al. 1993 ; Eibe et al.
999 ; Fuhrmeister et al. 2018 ; Vida et al. 2019 ; Namekata et al.
021, 2022a ; Kanodia et al. 2022 ; Wu et al. 2022 ; Inoue et al. 2023 ;
amizaki et al. 2023 ). The lifetimes of these features are not known

s they are not tracked over many stellar rotations, but their velocities
re indicative of cooled gas travelling at speeds that are typically well
bo v e the rotational velocity of the corona, but below the escape
© The Author(s) 2023. 
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peed, although they can in some cases exceed this value. The fastest
oving condensations may have been detected while they are in 

he process of centrifugal ejection from the star. Recent analysis of
uch events on the M dwarf V374 Peg derived higher temperatures 
or these escaping features than have been derived for the trapped 
slingshot prominences’, suggesting that they may have been heated 
uring their ejection (Leitzinger, Odert & Heinzel 2022 ). A range of
asses is derived for these clouds, with typical values of 10 13 –10 14 kg

Vida et al. 2019 ). While the relationship between these features and
he relatively stable ‘slingshot prominences’ is not clearly known, it is 
ossible that when condensations form, they fall under gravity, either 
ollecting in larger accumulations as prominences if they encounter 
 location where they can be supported or falling freely towards the
tellar surface as coronal rain. 

Coronal rain has been e xtensiv ely studied on the Sun since it
as first observed (Kawaguchi 1970 ; Leroy 1972 ) and has been
odelled at length in multidimensional simulations for a number 

f decades (Antiochos et al. 1999 ; Karpen, Antiochos & Klimchuk 
006 ; Antolin, Shibata & Vissers 2010 ; Froment et al. 2018 ; Li,
eppens & Zhou 2022 ). Recently, there has been e xtensiv e work on

he relationship between heating mechanisms and the production of 
oronal rain in 2.5D and 3D simulations by Xia, Chen & Keppens
 2012 ), Fang, Xia & Keppens ( 2013 ), Ruan, Zhou & Keppens ( 2021 ),
nd Zhou et al. ( 2021 ). This has allowed for the fine structure of
oronal rain and the corona’s response to its formation to be studied
n unprecedented detail. The studies thus far demonstrate that coronal 
ain can occur in limit cycles known as thermal non-equilibrium 

TNE) and that the corona responds to coronal rain dynamics 
hrough rebound shocks and upflows from the chromosphere. It has 
lso been demonstrated that the rain is embedded in an intricate 
nvironment complete with siphon and shear flows, while the rain 
lobs themselv es hav e a steep temperature gradient reminiscent of
he chromosphere–corona transition region (Fang et al. 2015 ). 

Modelling these complex processes within stellar coronae is 
ven more challenging, since it couples a large range of spatial 
nd temporal scales. The solar literature is rich with simulations 
odelling the full 3D structure of the solar atmosphere (Miki ́c et al.

999 ; Lionello, Linker & Miki ́c 2009 ; Downs et al. 2010 ; van der
olst et al. 2014 ), but in the case of other stars, ho we ver, there

re fewer examples. To date, modelling of stellar condensations 
as focused on the larger, more stable ‘slingshot prominences’ and 
n the contribution that their ejection (or their associated coronal 
ass ejections) might make to stellar spin-down (Aarnio, Matt & 

tassun 2013 ; Cranmer 2017 ). Studies of stellar winds and rotational
volution often underpredict the torque that the wind alone can 
rovide (Matt et al. 2012 ; R ́eville et al. 2015 ; See et al. 2017 , 2018 ;
inley & Matt 2018 ), but models of ‘slingshot prominences’ suggest

hat their ejection may contribute to the loss of angular momentum 

Villarreal D’Angelo et al. 2019 ; Waugh et al. 2021 ; Faller & Jardine
022 ; Waugh & Jardine 2022 ). 
The detection of numerous dynamic features on many stars 

uggests, ho we ver, that condensations may be present throughout the 
tellar corona and that they may play the same role as solar coronal
ain in regulating the mass of the star’s corona. Their relationship 
o stellar flares is currently being explored through simultaneous 
bservations of flares and H α line asymmetries (Namekata et al. 
021 , 2022a ; Kanodia et al. 2022 ; Wu et al. 2022 ; Inoue et al.
023 ; Namizaki et al. 2023 ). In order to bridge the observational gap
etween solar and stellar studies, statistical (Mason & Kniezewski 
022 ) and Sun-as-a-star observations have been conducted, showing 
edshifted and blueshifted H α asymmetries associated with solar 
ares (Namekata et al. 2021 ; Otsu et al. 2022 ). These, ho we ver, did
ot reach the velocities that would allow them to escape from the
olar corona. 

The energy output from a flare does not simply contribute to
eating the coronal gas. Studies of solar flares suggest that the
ajority contributes to mass ejection. There is a clear correlation 

etween the kinetic energy of ejected mass and the energy that
esults from heating of the gas, typically seen in X-ray emission.
xtending this correlation to the typical X-ray energies seen in stellar
ares, ho we ver, predicts stellar mass ejections with an unphysically

ar ge kinetic ener gy (Drake et al. 2013 ). In order to explain this
pparent breakdown of the solar relationship, Alvarado-G ́omez et al. 
 2018 ) suggested that the strong magnetic fields of rapidly rotating
tars with powerful flares may inhibit mass ejection. Detections of 
tellar prominences (and coronal mass ejections) appear to support 
he hypothesis that stellar mass ejections carry away less kinetic 
nergy than their solar counterparts, relative to the o v erall flare energy 
Leitzinger et al. 2014 , 2016 , 2020 ; Korhonen et al. 2017 ; Moschou
t al. 2019 ). 

In this paper, we present the first part of a larger scale study of
he formation and dynamics of condensations within stellar coronae. 

e identify two different types of condensations: the quasi-stable 
ccumulation of material, such as centrifugally supported ‘slingshot 
rominences’, and the more dynamic condensations that fall under 
ravity as coronal rain. These two beha viours ha ve similarities to the
centrifugal’ or ‘dynamical’ magnetospheres of massive stars (Petit 
t al. 2012 ; Sundqvist et al. 2012 ; Villarreal D’Angelo, Jardine &
ee ). In this initial study, we focus on the smaller scale coronal
ain that may form throughout the corona. Studies of the larger scale
slingshot prominences’ will be presented in later papers. We select 
he stars most likely to be magnetically active, with many flares.
hese are the most X-ray luminous, rapidly rotating stars. In this

nitial study, we demonstrate the formation of these condensations in 
esponse to excess heating and analyse their subsequent evolution. 

 M O D E L L I N G  

.1 Magnetohydrodynamics 

e solve the equations of magnetohydrodynamics (MHD) in the 
tar’s rotating frame. These equations are 

 t ρ + ∇ · ( ρv v v ) = 0 , (1) 

 t ( ρv v v ) + ∇ · ( ρv v v v v v − B 

B B B 

B B + p tot I I I ) = ρg g g eff , (2) 

 t B 

B B + ∇ · ( v v v B 

B B − B 

B B v v v ) = 0 , (3) 

 t e + ∇ · (( e + p tot ) v v v − B 

B B B 

B B · v v v ) = ρg g g eff · v + ∇ · F c + Q, (4) 

here ρ, v , B , p tot , e , F c , g eff , and Q are, respectively, the
ensity , velocity , magnetic field, total gas pressure, internal energy,
onductive heat flux, effective acceleration due to gravity, rotation, 
nd finally the difference between phenomenological heating and 
ptically thin radiative cooling. 
Here, the effect of rotation has been combined with gravitational 

cceleration to give an effective gravity: 

 

 

 eff = 

−GM ∗
r 2 

+ �2 
fr r sin 2 ( θ ) ̂ r + �2 

fr r sin ( θ ) cos ( θ ) ̂ θ , (5) 

here �fr is the angular velocity of the rotating frame, which in this
ase is the stellar rotational velocity. The distance from the origin is
 and θ is the poloidal angle. We define the rotational axis to be along
he z-direction, following the convention used in spherical geometry. 
MNRAS 526, 1646–1656 (2023) 
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he thermal conductive flux is defined as 

� 
 c = −κ0 T 

5 / 2 ˆ b ̂  b · � ∇ T , (6) 

here κ0 = 8 × 10 −7 cgs is the Spitzer thermal conduction
oefficient. To deal with the challenge of resolving the steep
ransition region temperature gradients, we employ the transition
e gion adaptiv e conduction method as implemented in MPI-AMRVAC

see the works of Johnston et al. 2019 , 2020 ; Iijima & Imada 2021
or details). This means applying a modified thermal conduction
oefficient to broaden the transition region for temperatures below
 specified cut-off temperature. The contributions from heating and
ooling are 

 = Q h + Q loc − n e n i � ( T ) , (7) 

here Q h is the steady background heating and n e and n i are the
lectron and ion number densities, respectively. Q loc is an impulsive
ocalized heating source and � ( T ) is the optically thick radiative
oss function for which we use the SPEX DM curve (Schure et al.
009 ; Hermans & Keppens 2021 ). The exact form of the heating
ources and the role they play are explained in the following
ection. 

.2 Wind modelling 

.2.1 The extended wind 

e establish a corona and drive an extended wind by applying a
cale height heating model. This takes an exponential form and
onsists of two terms, one to heat the chromosphere and lower
orona and a second maintaining the extended wind. This takes the
orm: 

 h = H 0 exp 

(
− r − R ∗

λ0 

)
+ H w exp 

(
− r − R ∗

λw 

)
, (8) 

here H 0 and λ0 are the amplitude and length-scale of the heating
esponsible for the lower corona, and H w and λw are the amplitude
nd length-scale of the heating that maintains the extended wind.
his form of heating is used by Lionello et al. ( 2009 ) and Downs
t al. ( 2010 ). 

.2.2 Local heating 

o accompany the background heating, we apply localized footpoint
eating. This is responsible for forcing the system into TNE. The
orm of heating we use is adapted from Zhou et al. ( 2021 ). The only
ifference is that we apply it in spherical geometry, with the result
hat the heating separation is expressed in radians. 

The heating takes the form of two Gaussian profiles separated by
n angle θ loc such that θ r = ( π + θ loc )/2 and θ� = ( π − θ loc )/2
re the the centres of the two Gaussian profiles. This ensures that
he footpoints of the flaring loop are symmetric about the star’s

agnetic equator. Both footpoint profiles have a Gaussian width
f σ : 

Q loc = H loc R( t) C( r) [
exp 

(−( θ − θr ) 2 

σ 2 

)
+ exp 

(−( θ − θ� ) 2 

σ 2 

)]
. 

he two coefficients, R ( t ) and C ( r ), moderate the heating input by
pplying a relaxation time, t relax , and a ramp time, t ramp . This allows
he system to relax from the initial conditions and slowly increases
he heating in a manner that does not produce unphysical flows.
NRAS 526, 1646–1656 (2023) 
hese conditions are summarized as: 

( t) = 

⎧ ⎨ 

⎩ 

0 , if t ≤ t relax 

( t − t relax ) /t ramp , if t relax < t < t relax + t ramp 

1 , if t ≥ t relax + t ramp . 

(9) 

he footpoint heating also has a Gaussian profile in the radial
irection of the form: 

( r) = 

{
1 , if r ≤ r h 
exp 

(−( r − R ∗) 2 /λ2 
h 

)
, if r > r h . 

(10) 

As we are exploring large scale coronal rain, the choice of heating
eparation needs to result in a thermalized loop that maximizes
he furthest extent of a condensation. For a dipole magnetic field
eometry, this requirement would result in maximizing the separation
ngle. Ho we ver, this is also constrained by the requirement for the
hermalized loop to be located within the closed field region. Since
he stellar wind opens up the field close to the poles, this limits the
eparation angle, and for this simulation we keep θ loc = π /2. Once
he heating is established and t ramp has passed, the local heating is
onstant and persists for the remainder of the simulation. This is
onsistent with solar magnetic arcade simulations in the literature
Xia et al. 2012 ; Fang et al. 2013 ; Zhou et al. 2021 ). We note that the
eating described abo v e fulfills the necessary conditions for TNE,
hat the heating needs to be low in the corona and quasi-steady
Klimchuk 2019 ; Klimchuk & Luna 2019 ). 

All the variables used for the heating modelling and to define the
hysical parameters of our simulated star are summarized in Table 1 .

 N U M E R I C A L  M O D E L L I N G  

e solve the MHD equations using the parallel, block based,
daptive mesh code MPI-AMRVAC (Xia et al. 2018 ; Keppens et al.
021 ). Time and space discretization are handled with the strong
tability preserving third-order Runga–Kutta time-stepping and the
econd order van Leer limiter (van Leer 1974 ), respectively. We
air these methods with the HLL Riemann solver (Harten, Lax &
an Leer 1983 ) to complete the advection algorithm. Additionally,
e use the method of super time-stepping to address thermal

onduction and apply the background field splitting strategy to
mpro v e code stability . Finally , the divergence of the magnetic
eld is handled according to Powell’s 8-wave formalism (Powell
t al. 1999 ). 

.1 Computational grid 

ur computational grid extends between r ∈ { 1, 50 } R ∗ and θ ∈
 0, π} radians. This places the outer radial boundary sufficiently far
rom the stellar surface to a v oid impacting the dynamics in the lower
orona and facilitates the establishment of a stable stellar wind. 

A base resolution of 128 cells in the radial direction and 96 cells in
he poloidal direction, with the addition of four refinement levels, is
sed to provide an ef fecti ve resolution of 2048 × 1536. Grid cells in
he radial direction are stretched, allowing us to concentrate resources
n the chromosphere and transition region, while not needlessly
 v erresolving the smooth regions of the extended wind. 

.1.1 Initial conditions 

e initialize the grid with a hybrid approach. The transition region
s treated as a discontinuity separating a hydrostatic chromosphere
xtending out to r = 5 Mm above the stellar surface. Beyond this
oint, and out to the upper boundary at r = 50 R ∗, a Parker wind
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Table 1. Stellar and simulation parameters. 

Name Parameter Value Source 

Radius R ∗ 1 R 	 –
Mass M ∗ 1 R 	 –
Period P ∗ 1 d –
Polar magnetic field strength B 0 100 G –
Chromosphere height h ch 5 Mm –
Background heating length-scale λ0 40 Mm Downs et al. ( 2010 ) 
Wind heating length-scale λw 0.7 R 	 Downs et al. ( 2010 ) 
Background heating amplitude H 0 7.28 × 10 −5 erg cm 

−3 s −1 Downs et al. ( 2010 ) 
Wind heating amplitude H w 5 × 10 −7 erg cm 

−3 s −1 Downs et al. ( 2010 ) 
Local heating length-scale λh 50 Mm Zhou et al. ( 2021 ) 
Local heating amplitude H loc 2 × 10 −2 erg cm 

−3 s −1 Zhou et al. ( 2021 ) 
Local heating height r h 6.5 Mm Zhou et al. ( 2021 ) 
Relaxation time t relax 1000 s Zhou et al. ( 2021 ) 
Ramp time t ramp 500 s Zhou et al. ( 2021 ) 
Local heating separation θ loc π /2 radians –
Local heating width σ 1 R 	 –
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olution is used. We keep density, pressure, and velocity constant in 
he poloidal direction. 

This initial condition is designed to provide a smooth density pro-
le paired with the discontinuous jump in temperature characteristic 
f the transition region. Either side of the transition region there is an
sothermal profile, such that T = 1 × 10 4 K in the chromosphere
nd T = 1 . 7 × 10 6 K in the P arker wind re gion. One issue this
et-up presents is a non-physical jump in pressure at the transition
egion. This is, ho we ver, dissipated early in the simulation and has
o impact on the solution at the time when the flow begins forming
ondensations. 

Our simulated chromosphere has an initial width h ch = 5 Mm
nd we specify the number density at the top as 10 9 cm 

−3 and the
onstant, isothermal temperature as 10 4 K. The pressure and density 
rofiles are determined by integrating the hydrostatic equation, from 

he top of the chromosphere down to the surface of the star. Abo v e
 ch , the Parker wind equation is solved for pressure and density,
eading to the pressure jump described abo v e. The precise values
f the initial density and temperature of the upper chromosphere 
o not impact the simulation once it reaches steady state. This is
ecause the position, density, and temperature of the chromosphere–
oronal transition self-consistently adjust based on the heating rate 
cf. equation 7 ) and local conditions. Therefore, the values in the
imulation are correct for young active stars in so far as the heating
rescription is correct. 
The magnetic field is initialized as a dipole aligned with the 

otational axis of the star. For the current simulation, we kept the
ipole field strength constant at 100 G (polar value). This value is
ased on the empirical trends reported by Vidotto et al. ( 2014 ) for
ow-mass stars and represents a typical value for a star of this class
ith a one day rotation period. 
In summary, our simulated star differs from the inactive, present 

ay Sun, in that it has a higher rotation rate and a consequently higher
agnetic field strength. 

.1.2 Boundary conditions 

e follow the approach of Zhou et al. ( 2021 ) when specifying our
hromospheric boundary. This means extrapolating the hydrostatic 
quations into the boundary such that pressure and density are 
onstant. The velocity is set to zero and the magnetic field is
xed to the initial configuration. At the maximal radial boundary, 
ll quantities are outflowing. The poloidal boundaries are set to 
e axisymmetric. This means that all quantities are set to be
eflectiv e, e xcept for the non-axial components of the vector fields,
hich are set to be asymmetric (i.e. with the same value but
ith ne gativ e sign). This ensures zero flux through the poloidal
oundaries. 

 RESULTS  

n the following sections, we lay out the results, starting with an
 v erview of mass density and temperature for both the simulation
nitial conditions and for a significant condensation event, happening 
t ∼6.7 d into the simulation. We follow with a time series analysis
f the radial distribution of mass within the magnetosphere’s source 
urface and end by characterizing the mass and velocity properties 
f the aforementioned condensation event, placing it into an obser- 
ational context. 

.1 Global magnetosphere structure 

he initial conditions for the magnetosphere and extended wind 
re shown in Fig. 1 . There is clear division between open, free-
treaming wind and slow, higher-density wind, concentrated towards 
he magnetic equator. This structure is consistent with the solar 
ind. 
Close to the star, the so-called dead zone of mostly hydrostatic gas

an be seen extending out to ∼10 R ∗. This dead zone represents the
egion of closed field lines. In the limit of ideal MHD, there should
e zero cross-field velocity. Ho we ver, there is non-zero numerical
iffusion due to relatively course resolution at the boundary between 
he open and closed field. This diffusion acts in the manner of
esistivity and leads to reconnection of the field and material outflow
rom the dead zone , into the extended wind, forming the star’s slow
ind . This global structure is consistent with early numerical wind
odels of the solar wind (Wang et al. 1998 ; Keppens & Goedbloed

999 ; Lionello, Linker & Miki ́c 2001 ) and with wind models of cool
tars (R ́eville et al. 2015 ; Finley & Matt 2017 ; Pantolmos & Matt
017 ) more generally. In our case, the dead zone extends further
rom the stellar surface than in simulations of the solar wind. This
s expected, ho we ver, as our magnetic field strength is an order of
agnitude larger than that typically used in solar wind simulations. 
MNRAS 526, 1646–1656 (2023) 
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Figure 1. Density and temperature steady-state profiles for the entire grid, obtained by advancing the simulation’s initial conditions with only background 
heating until all quantities no longer change. 
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.2 Local heating and the transition to thermal 
on-equilibrium 

nce the simulation has started, we allow the steady-state profile
o persist for a short time, t relax , before commencing the local-
zed heating. The amplitude of Q loc is then linearly increased to
ull strength o v er a time t ramp . This allows the system to adjust
o the new heating profile without causing significant numerical
roblems. 
After this initial phase, the density inside the thermalized loop

egins to increase, filling with e v aporated chromospheric material.
adiative losses therefore increase and the gas begins to cool, leading

o the local onset of thermal instability, and the gas condenses into
oronal rain. This condensed mass then drains from the thermalized
oop by descending to one of the footpoints and is finally absorbed by
he chromosphere. This process is cyclic and these stages correspond
o the three steps of the TNE cycle as described by Antolin ( 2019 ). 

The local heating method detailed in Section 2.2.2 leads to
he establishment of a thermalized loop extending into the closed

agnetosphere. The first condensation event occurs after ∼1 d of
imulated time. This is highly symmetric and largely a reflection
f the initial conditions. After this initial event is reabsorbed into
he chromosphere ( > 1.5 d), symmetry is broken, and draining of the
hermalized loop is asymmetric from here on. 

The time evolution of these initial features and the subsequent con-
ensations, their heights abo v e the surface and time of reabsorption
y the chromosphere, are characterized in Fig. 2 . This plot employs
he method of ud-Doula, Owocki & Townsend ( 2008 ) in which the

ass density is integrated over the two angular directions ( θ and φ)
NRAS 526, 1646–1656 (2023) 
eaving the mass distributed in the radial direction d m /d r . One can
hink of this radial mass distribution as the total mass contained in
ach spherical shell and at each value of r . Calculating d m /d r for
ach time snapshot gives us a time series of the mass as a function
f height abo v e the stellar surface. 
Visual inspection of Fig. 2 shows a steep drop off in d m /d r at
 2.5 R ∗ (corresponding to � 1.5 R ∗ abo v e the stellar surface). We

nterpret this as the source surface , the boundary between the closed
nd open magnetospheres. This value is similar to the solar value –
 result that is surprising, given the relative strength of our dipole
eld compared to the Sun. We point out, ho we ver, that the rotation
ate of our star is significantly higher than the Sun (1 d rather than
24 d). This additional rotational acceleration helps to open up the
agnetosphere, allowing material to escape to the free streaming
ind that would usually be confined to the dead zone . 
Within the source surface, there are multiple arches of material

ccruing at different heights abo v e the stellar surface. There are two
amilies of such features, either large arcs that extent to � 2 R ∗ (the
rst symmetric condensation is the most apparent), and smaller arcs

hat represent material condensing in the legs of the thermalized loop.
n this latter case, the arc is formed of material that is within a single
oop le g. F or larger arcs, condensing material can either fall within
he same leg or traverse the entire loop. One characteristic of this
imulation is that gas begins condensing low down in the loop while
till travelling towards the apex. This is a departure from smaller
cale or simplified 1D models, where condensations typically occur
t or close to the loop apex. We note that this behaviour is seen when
ymmetric heating methods are used. Random or asymmetric heating
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Figure 2. Radial mass distribution for the inner 4 R ∗ of the simulation. The impact of the initial conditions is apparent on the left, where mass can be seen 
moving to larger radii as time increases. This mass is remo v ed by the stellar outflow within � 2 d. Note the distinct arch of material tracking up and back to the 
stellar surface during this time. This represents the first condensation forming. From this point, multiple arching tracks of varying heights abo v e the surface can 
be seen. Each of these marks a condensation event and a subsequent fall to the stellar surface where it is reabsorbed by the chromosphere. Large arches, reaching 
up to � 2.5 R ∗, represent condensations forming and tracking through the full thermalized loop extent. Smaller arches indicate the presence of a condensation 
that forms low in the legs of the loop. The maximum arch height effectively marks the source surface for the stellar wind. Beyond this radius, the plasma is a 
free streaming, radially outflowing wind. 
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an lead to condensations significantly away from the apex (Li et al.
022 ). 
We postulate that this difference is due to the extended length 

f our simulated loop compared to solar loops. The cooling time 
or our loop may be similar to a solar loop, but the typical
raveltime may be much greater due to the loop length. One would
xpect that the site along the loop where condensation occurs 
hould correspond to the distance travelled in the cooling time. 
ur thermalized loop extends to � 1 R ∗ above the stellar surface.
his gives a total loop length of � 2.76 R ∗ and therefore the half

oop length is � 1.38 R ∗ = 960 Mm. This length is roughly an order
f magnitude larger than solar coronal arcade simulations in the 
iterature (Xia et al. 2012 ; Fang et al. 2013 ; Zhou et al. 2021 ; Li
t al. 2022 ). 

.3 Characteristic time-scales 

o place these results in context, we can estimate the rele v ant time-
cales for this system. Following Reale ( 2014 ), we scale quantities
o typical values as follows: n 9 is the typical loop number density in
nits of 10 9 cm 

−3 , L 9 is the loop half length in units of 10 9 cm, and
 6 is the typical loop temperature in units of MK. Typical numbers
rom our simulation would be n 9 = 9.96, T 6 = 6.0, and L 9 = 96.06
for the tallest features in Fig. 2 that extend to � 1.0 R ∗ above the
urface) or L 9 = 9.6 (for the lower features in Fig. 2 that extend only
o � 0.1–0.2 R ∗). 

With these value, we find the free-fall time for a height of 1 R ∗
bo v e the stellar surface is t ff ≈ 1.1 h. This is similar to the isothermal
ound traveltime 

 s ≈ 80 
L 9 

T 
1 / 2 

6 

, (11) 

hich gives t s ≈ 0.9 h for this length-scale. This suggests that the
ime-scale on which a conduction front could reach the summit of
he taller loops is similar to the time-scale on which material could
all back to the surface. 

This time-scale is also similar to the radiative cooling time 

 r ≈ 3000 
T 

3 / 2 
6 

n 9 
, (12) 

hich gives t r ≈ 1.2 h. By comparison, the time-scale for conductive 
ooling (which depends on the length-scale) is 

 c ≈ 1500 
n 9 L 

2 
9 

T 
1 / 2 

6 

, (13) 

hich gives t c ≈ 4.34 h for the shorter loop but the much longer
alue of t c ≈ 434 h for the longer loop. Thus, for the longer loop,
he dynamical and radiative cooling times are similar, although 
he conductive time-scale is longer. This is consistent with our 
bservation that for longer loops, some condensations may form 

ithin an upflow and fall back to the surface on similar time-scales.
hese simple estimates suggest that the dynamics and energetics of 

hese loops are closely intertwined. The length of the conductive 
ime-scale may point to a much longer recurrence time between 
ondensation events than is seen on the Sun. 

.4 Periodicities in condensation 

o further investigate the time period and cyclic behaviour of the
ondensation events and to determine any dominant periods in the 
ise and fall of condensing material in the thermalized loop, we
nalyse several slices at different heights through the radial mass 
istribution in Fig. 2 . The results are shown in Fig. 3 . The heights of
ach investigated slice and the corresponding period of peak power 
 peak are: P peak (1.1 R ∗) = 18.7 h, P peak (1.5 R ∗) = 17 h, P peak (2 R ∗) =
7 h. Slices closer to the surface were chosen to coincide with the
maller condensation arcs and the higher slice to coincide with the
arger arcs in Fig. 2 . 
MNRAS 526, 1646–1656 (2023) 
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M

Figure 3. The left panel shows the mass variation with time at three separate heights: 2.0 R ∗, 1.5 R ∗, and 1.1 R ∗, while the right panel shows the corresponding 
power spectrum of these variations. The period of the peak power P Peak corresponding to each radial slice and its height abo v e the surface are, from top to 
bottom: P peak (2 R ∗) = 37 h, P peak (1.5 R ∗) = 17 h, P peak (1.1 R ∗) = 18.7 h. Each P peak is indicated by a vertical dashed line. 
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In the case of the upper slice at 2 R ∗, we find the dominant period
s 37 h. This appears to be the recurrence time between the large
ondensation events. In the case of the two lower slices at 1.1 R ∗ and
.5 R ∗, we find the dominant periods are approximately half that of
he period at 2 R ∗. This may either represent the lifetime of the largest
ondensation events, or simply the period doubling effect that results
rom both legs of the loop being counted as separate signals. We note
hat there are also many lower-amplitude signatures of much shorter
eriods on time-scales of a few hours. The dynamics of the condensed
aterial in our simulation therefore appear to behave as a scaled-up

olar loop, with the associated longer time-scale for condensations
37 h), but also the shorter-period signature of coronal rain, similar
o that in the Sun ( S ¸ahin & Antolin 2022 ). 

In the following section, we analyse one condensation event,
ooking at the mass and velocity behaviour and quantify how it fits
nto recent observations. 

.5 Large condensation event 

ig. 4 captures a large condensation event mid-way through the third
tage of the TNE cycle. This structure is shown in a snapshot in
ig. 4 and captures an in-progress condensation occurring at ∼6.7 d

nto the simulation. The cold dense gas is not stationary, but begins
o collapse while forming an arch in Fig. 2 . 

Fig. 5 shows a detailed time series of this event. We find that
he structure has a peak mass of 3.6 × 10 14 g, corresponding
NRAS 526, 1646–1656 (2023) 
o a maximum coronal cold gas component of 2.9 per cent. The
eature has a spread of line-of-sight velocities between 50 km s −1 

blueshifted) and −250 km s −1 (redshifted) and lasts for � 5 h. This
ime period is shorter than any of the peak periods found in Fig. 3 .
he data in Fig. 4 are produced via a temperature cut at 80 × 10 3 K.
his allows us to capture gas that has condensed and excludes most
f the mass of the hot corona. From the velocity spread, we can see
hat at the time when the condensation cools below our temperature
ut, it is already travelling at approximately 100 km s −1 (redshifted).
his implies that we are only capturing the latter half of the falling
as trajectory, happening within a narrow window (see the arcs in
ig. 2 ). This implies that the majority of the 37 h time period for the

arge arcs is comprised of the rise and concentration of hot gas before
he cool phase, which occurs in the fall to the chromosphere. 

We might expect that once a condensation forms, it will fall back
o the surface in approximately the free-fall time, which for a height
f 1 R ∗ abo v e the stellar surface is t ff ≈ 1.12 h. This is shorter by
pproximately a factor of 4 than the lifetime of the condensation event
 � 5 h). If we calculate the terminal velocity from t ff , we obtain a value
f 170 km s −1 (redshifted), which is consistent with our simulations.
his suggests that the magnetic geometry of our thermalized loop

s playing an important role in supporting the condensed gas. The
oop does not drain to the chromosphere in the manner in which one
iscrete object would fall under gra vity, b ut instead as an elongated
tructure spanning the majority of the loop. This way, there can be
as draining at speeds close to the free-fall velocity over a period
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Figure 4. Density (top left), temperature (top right), energy dif ference gi ven by equation ( 7 ) (bottom left), and magnetic field magnitude with field line 
visualization (bottom right). All profiles are at the time of a significant condensation, � 6.7 d into the simulation. The thermalized loop, with footpoints at θ l and 
θ r is seen as the smaller loop within the closed magnetosphere. A large fraction of the loop has condensed into a cool, high-density structure that is undergoing 
collapse, moving down to the southern hemisphere footpoint of the loop, where it is absorbed by the chromosphere. The energy difference is ne gativ e in the 
higher density regions, indicating that cooling due to radiative losses is dominant over heating. A video version of this figure is provided online. 

Figure 5. Time series of the gas in the simulation that has a temperature < 80 × 10 3 K. Below this cut-off, we assume the gas has condensed and has a significant 
population of neutrals. Gaps in the time series indicate a lack of material below the temperature cut-off. Left: time series of the mass in the simulation within the 
source surface (assumed to be 2.5 R ∗ based on the results from Fig. 3 ). The peak cold gas mass is 3.6 × 10 14 g. Right: time series of the line-of-sight velocity for 
the condensation event shown in Fig. 4 , for an observer aligned with the stellar equator. The maximum (dotted line), minimum (dashed line), and mass-weighted 
(solid line) velocities show that there is a spread in velocities both towards and away from the observer and that the bulk motion is towards the stellar surface. 
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any times greater than the free-fall time. We note that although
he free-fall speed is not a strong function of stellar mass (since it
epends on the ratio of stellar mass to radius), we would expect the
ree-fall time to be shorter for M dwarfs because of their smaller size.

We stop short of calling this feature a prominence as the condensed
as is neither stable nor stationary within the thermalized loop. Even
s the structure begins to form, it collapses towards the surface with
 spread of velocities. It is more appropriate to call it large-scale
oronal rain. This is consistent with the notion that our simulated
tar has a dynamical magnetosphere, where material is free to mo v e
etween the chromosphere and the closed corona in the TNE cycle,
ather than a centrifugal magnetosphere where it is suspended in
he corona by rotational acceleration. In our current set-up, the

agnetic geometry does not lead to a stable point for a prominence to
uild. 

What distinguishes these two types of magnetospheres is the
elative position of the Kepler and Alfv ́en radii (Petit et al. 2012 ),
hich in our study are R K = 4.2 R ∗ and R A � 41 R ∗ (average),

espectively. As R K < R A , our simulated star should be strongly in
he centrifugal magnetosphere regime. Ho we ver, from the dynamics
f what we observe, this is not the case. To address this discrepancy,
e consider that the relative position of R K and R A as a characterizing

actor stems from the analysis of massive star magnetospheres. This
ay not be appropriate in the case of cool stars. From Fig. 2 , we

an see that the extent of the closed magnetosphere determines the
eight to which material can be supported or confined by magnetic
ension. This is given by the source surface, R SS � 2.5 R ∗, and not
 A . If we consider R SS instead of R A , we can indeed see that R SS <

 K and that we are in the dynamical magnetosphere regime. 
The range of v elocities e xhibited by this condensation event is

onsistent with observations of other stars, where velocities range
rom the fairly low values of 70 km s −1 (redshifted) detected in the
ltracool dwarf VB10 (Kanodia et al. 2022 ) to the ranges of 100–
00 km s −1 (redshifted) reported by Wu et al. ( 2022 ) for an M dwarf.
he latter values are typical of those found in M dwarfs: Namizaki
t al. ( 2023 ) found 200–500 km s −1 (redshifted) for YZCMi and Vida
t al. ( 2019 ) found in a surv e y of 25 M dwarfs that 100–300 km s −1 

blueshifted and redshifted) was a typical range. These values may
e below the escape speeds, but faster condensations have also been
bserved, such as the detection of a fast-moving condensation in
D Leo of 5800 km s −1 (blueshifted) (Houdebine, Foing & Rodono
990 ). The number of such observations is not yet sufficient to detect
 clear trend with stellar mass, but larger v elocities hav e been found
n more massive stars, such as 510 km s −1 (blueshifted) on EK Dra
Namekata et al. 2022a ) or 760–1690 km s −1 (blueshifted) on the RS
Vn-type star V1355 Orionis (Inoue et al. 2023 ). 
Values of velocities for solar coronal rain are, ho we ver, typically
uch lower. Antolin & Froment ( 2022 ) found a range of 100–

50 km s −1 (redshifted), while S ¸ahin et al. ( 2023 ) found � 40 km s −1 

redshifted). Sun-as-a-star measurements also tend to give lower
alues. Namekata et al. ( 2022b ) found 95 km s −1 (redshifted), while
tsu et al. ( 2022 ) reported velocities up to 200 km s −1 (redshifted). 
While the velocities of our large condensation event may be

onsistent with stellar observations, the masses we derive are smaller.
his one event has a peak mass of 3.6 × 10 14 g, which is below

he lower end of reported masses from the sample of M dwarfs
onsidered by Vida (10 15 –10 18 g) or indeed the values of 10 18 g
eported for another M dwarf by Wu et al. ( 2022 ) or 7.7 × 10 17 g
eported for AD Leo (Houdebine et al. 1990 ). A slightly larger mass
1.1 × 10 18 g) is reported for the G-type star EK Dra (Namekata
t al. 2022a ). The values for the RS CVn-type star V1355 Orionis
re higher (9.5 × 10 18 g < M < 1.4 × 10 21 g) (Inoue et al. 2023 ). 
NRAS 526, 1646–1656 (2023) 
We can only speculate on the origin of this discrepancy. Such small
asses for our simulated condensation (and their correspondingly

mall H α transients) may simply have escaped observational detec-
ion. A calculation of these H α signatures is complicated by the fact
hat any condensation may have been heated as it moves through the
ot corona, in the same way that solar ejected prominences may suffer
eating (Heinzel et al. 2016 ). Indeed, based on non-local theremal
quilibrium (NLTE) modelling of the H α transients on the M dwarf
374 Peg, Leitzinger et al. ( 2022 ) concluded that they may be as hot

s 95 000–115 000 K. In the case of this cooler star, there is a further
omplicating factor in that the lower stellar surface brightness may
ean that the thermal contribution of the source function dominates
 v er pure scattering, with the result that the transient may be seen in
mission rather than absorption, even as it transits the star. Even for
he solar-mass star that we have modelled, ho we ver, a calculation of
he mass and the H α signature of any condensation is limited by the
D nature of our model, where the mass we analyse is ef fecti vely a
hin segment of the full magnetosphere. The impact of this will be
ested in future fully 3D simulations. 

 C O N C L U S I O N S  

e have analysed the structure and dynamics of the coronae of
apidly rotating solar-like stars through 2.5D MHD simulations. We
nd that large-scale condensations form naturally in response to
xcess heating. These form at heights 1–2 R ∗ above the stellar surface
much further out in the corona than similar solar condensations,

espite the fact that the extent of the closed-field corona is similar
o that of the Sun. These condensations display complex velocity
tructures, with some upflows, but predominantly do wnflo ws at ve-
ocities similar to those of solar coronal rain. The range of velocities
s large – extending to around 250 km s −1 – and similar to many of
he velocities seen in observations of stellar H α line asymmetries.

e find that these cold clumps comprise some ∼3 per cent of the
ntire coronal mass. The peak mass of one of the cold clumps is small
y stellar standards at 3.9 × 10 14 g, much less than the 10 16 –10 17 g
nferred from the H α line asymmetries in the M-dwarf sample of
ida et al. ( 2019 ) or of other more massive stars. 
These condensations display quasi-periodic behaviour, with dom-

nant periods around 37 h coexisting with shorter periods. These
horter periods are typical of those detected in the coronal rain that
orms on much smaller scales on the Sun, e.g. 9, 5.6, and 3.8 h
eported by Froment et al. ( 2015 ), with shorter periods of the order
f 30 min reported by S ¸ahin & Antolin ( 2022 ). 
Our condensation events mirror closely those seen in simulations

f solar loops, either at similar scales or at larger scales. Therefore,
e demonstrate that the same physics occurs on cool stars other

han the Sun and that the young Sun, with a faster rotation rate and
agnetic field strength, may have experienced the same coronal rain

henomenon. 
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Figure 4 . Density (top left), temperature (top right), energy dif- 
ference given by equation ( 7 ) (bottom left), and magnetic field 
magnitude with field line visualization (bottom right). 
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