A&A, 708, A178 (2026)
https://doi.org/10.1051/0004-6361/202659310
© The Authors 2026

tronomy
Astrophysics

The role of ambipolar heating in the energy balance of solar
prominences

Lloren¢ Melis"?>* and Roberto Soler'-?

! Departament de Fisica, Universitat de les Illes Balears, E-07122 Palma de Mallorca, Spain
2 Institut d’ Aplicacions Computacionals de Codi Comunitari (IAC3), Universitat de les Illes Balears, E-07122 Palma de Mallorca,
Spain

Received 4 February 2026 / Accepted 13 March 2026
ABSTRACT

Solar prominence threads are typically located around magnetic dips, where cold and dense plasma is suspended against gravity in
the hot corona due to the upward magnetic force. Because prominences are partially ionized, ambipolar diffusion has the capacity to
deposit part of the energy of their non-force-free magnetic field into the plasma. This ambipolar heating could therefore play a role
in the energy balance of prominences. In this proof-of-concept work, we explore the effect of ambipolar diffusion in one-dimensional
models that satisfy both mechanical equilibrium and energy balance. The magnetic configuration is based on the classic Kippenhahn—
Schliiter model, incorporating a sheared magnetic field. The temperature profile along the magnetic field was computed numerically
by balancing radiative losses, thermal conduction, and ambipolar heating. The resulting models are consistently comprised of a cold,
dense, partially ionized thread with prominence core conditions, a very thin prominence-corona transition region, and an extended, hot,
fully ionized region with coronal conditions. In addition to providing heating that partly compensates for radiative losses, ambipolar
diffusion also gives rise to stationary flows associated with the gravitational drainage of neutrals in the partially ionized region. Here,
we investigate how the length of the cold threads depends on the central temperature, central pressure, magnetic field strength, and
shear angle. We show that thread lengths compatible with observational results can be obtained for realistic values of these parameters.
Finally, we demonstrate that ambipolar diffusion plays a relevant role in this simple configuration, indicating that this effect should be

incorporated into more elaborate multidimensional models and simulations.
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1. Introduction

Solar prominences are one of the most intriguing objects in the
solar atmosphere. They consist of masses of relatively cool and
dense plasma suspended in the corona. Although they reside in
the corona, their plasma properties are more similar to those in
the chromosphere (see, e.g., Vial & Engvold 2015). An impor-
tant property of the prominence plasma is that it is partially
ionized (see, e.g., Heinzel et al. 2024). Prominences are com-
posed of numerous long and thin ribbons, called threads, which
are only seen in high-resolution observations (see, e.g., Lin
2011). These threads presumably outline the prominence mag-
netic structure, whose field lines are anchored at the photo-
sphere (see, e.g., Martin 2015). The threads are believed to reside
in magnetic dips, which allow the dense prominence plasma
to be supported against gravity (e.g., Anzer & Heinzel 2007),
although this idea has also been challenged (Karpen et al. 2001).

Explaining how prominences and their threads are formed
in the coronal medium is a complicated topic and several dif-
ferent mechanisms might be involved (see Karpen 2015; Zhou
2025). However, there is a growing consensus that the key
process that allows the condensation of the cool prominence
plasma is related to thermal instability (for a recent review,
see Keppens et al. 2025, and references therein). In this con-
text, the role of partial ionization in the formation through
the evaporation-condensation process has been investigated by
Jerci€ et al. (2025). Once formed, prominences can remain in a
relative stable global state for long periods of time before their
eventual disappearance (see Parenti 2014). The present paper
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does not deal with the formation of prominences. Instead, we
focus on studying their equilibrium.

There is a rich store of literature on prominence equilib-
rium models. The mechanical equilibrium is a problem well
understood, as it is established that the upward force produced
by the magnetic field is required to compensate for gravity
(see Gibson 2018). A pioneering work in this area is the clas-
sic paper by Kippenhahn & Schliiter (1957), hereafter referred
as the K-S model, based on the construction of magnetohy-
drostatic equilibrium. In the K-S model, the weight of the
prominence plasma produces a shallow dip in a nearly hori-
zontal magnetic field. Although many subsequent papers have
been based on the K-S model, it represents the most simpli-
fied approach and more elaborate models exist in the litera-
ture (see, e.g., Kuperus & Raadu 1974; Ballester & Priest 1987,
Hood & Anzer 1990; Heinzel & Anzer 2001; Low & Petrie
2005; Blokland & Keppens 2011, to name a few). Some applica-
tions of the K-S model include the study of prominence oscilla-
tions (e.g., Oliver et al. 1992, 1993; Anzer 2009) and instabilities
(Hillier et al. 2010).

Contrary to the mechanical equilibrium, the energy bal-
ance is a problem not completely solved (see, e.g., Gilbert
2015). Although such a balance must necessarily result from
the interplay between cooling, heating, and thermal conduc-
tion, their relative importance and, particularly, the nature of
the heating remain under study (see Anzer & Heinzel 1999).
As prominences are suspended in the corona, illumination from
the photosphere and the surrounding corona is an important
heating source (see Poland & Anzer 1971; Heasley & Mihalas
1976; Heinzel et al. 2025). However, radiative equilibrium
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models obtained by solving the full non-local thermody-
namic equilibrium (NLTE) radiative-transfer problem typically
produce slightly lower equilibrium temperatures than those
expected in prominence cores (see, e.g., Heinzel et al. 2010;
Heinzel & Anzer 2012). Recently, Gundr et al. (2025) computed
net radiative cooling rates from 1D NLTE isothermal and iso-
baric models (see also Heinzel et al. 2025). These net rates result
from the combined effects of radiative cooling and radiative
heating. According to Gunar et al. (2025), a net loss of energy
occurs for typical conditions in prominence cores. Their results
suggest that although radiative heating is most likely the dom-
inant heating mechanism in prominences, another complemen-
tary heating could be necessary to completely balance the net
energy losses.

Several heating mechanisms may be acting in
the coronal medium (see, e.g., Mandrinietal. 2000;
Arregui & Van Doorsselaere 2024). In the context of promi-
nences, some works have used parametrized forms of the
heating aiming to represent different processes in a simplified
way without explicitly solving the underlying physics (see, e.g.,
Brughmans et al. 2022). A potential heating source is related to
the dissipation of magnetohydrodynamics (MHD) waves (e.g.,
Pécseli & Engvold 2000; Parenti & Vial 2007; Soler et al. 2016;
Melis et al. 2021; Hashimoto et al. 2023). Since the prominence
plasma is partially ionized, another possibility is the dissipation
of currents by ambipolar diffusion. This type of heating mecha-
nism has been investigated in the chromosphere (e.g., Goodman
2004; Khomenko & Collados 2012; Martinez-Sykora et al.
2017; Stepanov et al. 2024). However, its importance in the
energy balance of prominences has not been examined yet.

Prominence equilibrium models that simultaneously satisfy
both mechanical equilibrium and energy balance have been
explored in the literature using different approaches (e.g.,
Poland & Anzer 1971; Low 1975; Milne et al. 1979; Low & Wu
1981; Degenhardt & Deinzer 1993; Schmitt & Degenhardt
1995; Vigh et al. 2018, to name a few). Our goal is to construct
this kind of model, but which would include the effect of
ambipolar diffusion. To this end, we deliberately adopted a sim-
ple approach based on the use of a modified K-S configuration
as way of testing the importance of ambipolar heating in the
energy balance. The currents associated with the non-force-free
magnetic field of the K-S model are susceptible to be dissipated
by ambipolar diffusion, which would cause the deposition of
magnetic energy into the plasma. This kind of heating would
affect the energy balance and the relative importance of radiative
losses and thermal conduction.

The method we use to construct the models is based on
those of Terradas et al. (2021) and Melis et al. (2023), which is
restricted to finding one-dimensional (1D) equilibria that sat-
isfy the energy balance equation along a magnetic field line.
In Terradas et al. (2021) an arbitrarily imposed uniform heat-
ing was used and the magnetic field was prescribed instead
of being computed from the balance of forces. Melis et al.
(2023) extended the method by considering a nonuniform heat-
ing resulting from the dissipation of Alfvén waves. Melis et al.
(2023) implemented a numerical scheme in which the Alfvén
wave equation and the energy balance equation were solved
iteratively until convergence to a self-consistent equilibrium
was achieved. However, Melis et al. (2023) also prescribed the
magnetic field. Here, we followed an iterative strategy as in
Melis et al. (2023), but with two important differences. On the
one hand, we included ambipolar diffusion as a heating mech-
anism instead of wave heating. On the other hand, we coupled
the balance of forces with the energy equation. As a result, the
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obtained models satisfy both the mechanical equilibrium and
energy balance, while including ambipolar diffusion in a con-
sistent manner.

This paper is structured as follows. Section 2 includes an
explanation of the method and the self-consistent approach. The
results of the computed models are presented in Sect. 3. Finally,
some general conclusions are given in Sect. 4. Additionally,
Appendix A discusses the convergence of the numerical method
used to compute the models. Appendix B includes a compari-
son of our results with those of the related work by Milne et al.
(1979).

2. Method
2.1. Basic equations for partially ionized plasma

In this work, we used the single-fluid MHD equations for par-
tially ionized plasmas (e.g., Ballester et al. 2018). The basic
equations are

Dp

E=—pV-v, (H
P2 = 9p+ LWxB)x B +pg. @
Dt Ho

OB

E=Vx(va)+V><{nA[(V><B)><B]XB}, 3)
Dp_

o vypV-v+(y— DL, )
V-B=0, )

with % = (% + v - V the material derivative. These equations are,
respectively, the continuity equation, the momentum equation,
the induction equation, the energy equation, and the solenoidal
condition of the magnetic field. The symbols in these equations
have their usual meaning: v is the velocity, p is the gas pressure,
p is the mass density, po is the magnetic permeability, B is the
magnetic field, g is the acceleration of gravity, 7, is the ambipo-
lar diffusion coefficient, y is the adiabatic index, and £ the heat-
loss function, which encloses all sources and sinks of energy,
such as radiative cooling, thermal conduction, and ambipolar
heating. This is elaborated upon later.

The relation between pressure and temperature, 7, can be
written with the ideal gas law, namely,

p = NkgT, ©6)

where N is the total number density and kg is Boltzmann’s con-
stant. We considered a partially ionized plasma composed of
hydrogen and helium. The total number density is computed as

N=m. )
B

where ng denotes the number density of the different species 8
of the plasma. The species considered are electrons (e), protons
(p), neutral hydrogen (H), neutral helium (Hel), singly ionized
helium (Hell) and doubly ionized helium (Helll). The number
densities of the various species can be computed as functions of
total mass density, p, as

1 &p
- 2 Ll 8
T 4A m, ®)
_ 1 &up
T ©)
A Euejp
_ Shejp 10
Ml = T 44 dm, (10)
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for j=1,1I, and III, where A is the helium to hydrogen abundance
ratio, m,, is the proton mass, and &g denotes the mass fraction of
the corresponding species, 8. In turn, owing to charge conserva-
tion, the electron number density satisfies

an

We considered A = 0.1, which means an abundance of helium
of 10% with respect to that of hydrogen. Therefore, N can be
reformulated as
1.1+ é‘:p + O‘lé:HCH + 0~2§HeHI
N = p.
1.4m,

Ng = Np + NHell + NHelll -

12)

These definitions allow us to rewrite Eq. (6) in the usual form,

PRT
P=——
il
where R = kg/my, is the ideal gas constant and f is the mean
atomic weight, which in our case is written down as

1.4
1.1+ gp + 0'1§HCII + 0’2§HCHI )

The mass fractions of the various species can be used to
denote their ionization degree. Hence, &, is used to denote the
hydrogen ionization, while &yerr and &gy denote the two dif-
ferent states of helium ionization. In order to set &,, we used
the values in Table 1 from Heinzel et al. (2015) for an altitude
of 20,000 km above the photosphere, which are obtained from
NLTE computations in 1D prominence slabs'. The values of the
table were interpolated and for 7 > 2 x 10* K we considered full
ionization of hydrogen, i.e., & = 1. However, to our knowledge,
no similar NLTE computations are currently available in the case
of helium. To circumvent this limitation, we adopted a simplified
LTE approach using the Saha equation. The expressions of &genr
and &xenn are

13)

fi= (14)

Nuen
_ , 15
Sttt 1 + Nuen + Nt NHem (1
furon = NuentNVHem (16)

9’
1 + Nuen + NaettNHem

where Nyenr and Npyenp represent the ratio between the number
density in the corresponding ionization state and that in the pre-
vious ionization stage. The ratios can be computed as

2 Zyent (27meksT\?
Ny = -2 2ttt (2mmekoT )75 sy, 17
el Ne ZHeI ]’l2 ( )
2 Zyem (27meksT\'? _wmen
NHeIII = — — e BT (18)
Ne Zyen h

where Zyer = Zyemn = 1 and Zye = 2 are the partition func-
tions of the ionization stages, % is Planck’s constant, m, is the
electron mass, and yper = 24.6eV and ypenr = 54.4eV are the
corresponding ionization energies.

The ionization fractions of helium in both ionization states
are coupled with the hydrogen ionization fraction through the
electron number density (Eq. (11)). We solved the coupled
system and computed the ionization fractions of both ionized
helium species as functions of the temperature and pressure.

! Updated values of the hydrogen ionization fraction are provided in

Gundr et al. (2025). However, the differences with the previous results
are small and have a negligible impact on our results.
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Fig. 1. Ionization fractions of hydrogen and helium for p = 5 x 1073 Pa
as functions of the temperature, 7.

Figure 1 illustrates how the ionization fractions of all the con-
sidered species vary as functions of T for a prescribed value of
p. For low temperatures, hydrogen is partially ionized, while
helium is neutral. As T increases, the progressive ionization
of hydrogen follows the NLTE results of Heinzel et al. (2015),
whereas the ionization of helium follows the LTE result from
the Saha equation. For 7 =~ 11000K singly ionized helium
becomes the dominant helium state, while for 7 ~ 23 000 K dou-
bly ionized helium becomes dominant. Full ionization of helium
is reached at T ~ 30000 K.

In Eq. (3), we consider the nonideal ambipolar diffusion,
which is related with ion-neutral collisions, but other effects
such as Ohmic diffusion, Hall’s term, and the battery term have
been dropped for simplicity (see, e.g., Khomenko et al. 2014,
Ballester et al. 2018). Previous results in Melis et al. (2023) indi-
cate that ambipolar diffusion is the dominant effect in promi-
nence conditions. The ambipolar diffusion coefficient, 775, in a
partially ionized hydrogen-helium plasma takes the expression
(see Zaqarashvili et al. 2013; Soler et al. 2015):

Erane + Egon + 28uéna e
na =

, (19)
Ho (Q'HeIa'H - CX% Hel)

where a; is the total friction coeflicient of species § (account-
ing for collisions of this particular species with all the others)
and agy = aggp is the symmetric friction coefficient for colli-
sions between species 8 and 8. The total friction coefficients are
computed as

ap = Z appr -

BB

(20)

If both species are charged, the friction coefficient (e.g., Spitzer
1962; Braginskii 1965) is

nghg 64 In Aﬁﬂr

App = (21)

- 6r @re&mﬁﬁ/ (kB T/mﬁﬁ') ’

where mgg = mgmg [(mg + mg) is the reduced mass, e is the
electron charge, € is the electrical permittivity, and Agg is the
Coulomb logarithm, expressed as

24re 13T ) o

InAgs = ln[ e3 \ng +ng
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If at least one of the colliding species is neutral, the friction coef-
ficient is the approximation of small drift velocity becomes (e.g.,
Braginskii 1965; Chapman & Cowling 1970; Draine 1986)

8kpT
U = 188 | g TP
n

where o, is the collisional cross section, whose values in the
context of the solar atmosphere can be found in the works of
Vranjes & Krstic (2013) and Wargnier et al. (2022), for instance.

(23)

2.2. Mechanical equilibrium

We used a Cartesian coordinate system. We assumed that grav-
ity points in the negative z-direction, so that g = —gZ, with g
the surface acceleration of gravity assumed constant. Seeking an
equilibrium, we imposed d/9t = 0 in the MHD Egs. (1)-(4).
Additionally, we assumed that all variables only vary along the
x-direction. Under these conditions, the problem of finding an
equilibrium is analogous to the classic K-S configuration, modi-
fied here by the presence of ambipolar diffusion owing to par-
tial ionization. The effect of gravity should produce a curved
magnetic field (i.e., a dip), where the prominence material can
be supported. Therefore, we found that the horizontal compo-
nents of the magnetic field, B, and B,, are both constant, so
that these two components can be expressed in terms of a uni-
form horizontal magnetic field strength, By, and a shear angle

¢ = arctan (By / Bx), namely,
B, = Bycos ¢, (24)
B, = Bysin¢. (25)

In turn, the vertical component of the magnetic field, B,, follows
the typical K-S form, namely,

2u0po
BZ = \/2/,10[70 tanh [— gf(X)] s

2B, R

where py is the pressure at the center of the magnetic dip (located
at x = 0) and the function f(x) (see Poland & Anzer 1971) is

T A
f(x)—fo P

We note that at the current stage, fi and T are still unknown, so
that f(x) cannot be explicitly computed yet. The pressure and
density again follow the K-S solution, namely,

(26)

27

X1.

B2
pP=po— Z—Z (28)
Mo
B, dB
p= 220 (29)
Hog dx

The density is nonuniform, owing to the accumulation of the
prominence mass around the dipped part of the field line. In addi-
tion, a nonuniform pressure is also required to preserve the force
balance along the magnetic field line.

While there are no equilibrium flows in the classic K-S equi-
librium (i.e., it is static), such flows appear when ambipolar
diffusion is included, so that the equilibrium is stationary (see
also Bakhareva et al. 1992). Assuming v, = O, the y- and z-
components of the equilibrium velocity are

B, dB?
Uy = MAzp 5 (30)
B2+ B’ 4B
UzZ—UAB—Zd—xZ- (31
X
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The result that v, and v, are both proportional to 74 plainly
shows that these equilibrium flows are driven by ambipolar dif-
fusion. The role of these flows, especially that of the vertical
one, is explored later in this work. We note that the general
case with v, # 0 is considerably more complicated (see, e.g.,
Tsinganos & Surlantzis 1992). The main reason for adopting
v, = 01is that we are seeking equilibrium solutions that are essen-
tially modified versions of the classic K-S model. If v, # 0,
terms proportional to v, and its spatial derivative appear in all
the governing equations, introducing effects such as the enthalpy
flux in the energy balance equation. Since these kinds of siphon
flows can be obtained in time-dependent simulations (see, e.g.,
Xia et al. 2011; Donné & Keppens 2024), relaxing the condition
vy = 0 would be an interesting extension of this study, which
could lead to the computation of a different family of solutions.
This investigation is left to future works.

2.3. Energy balance

The equilibrium obtained in the previous subsection is still
incomplete. The modified K-S solution depends on the function
f(x) that, in turn, requires fi and T to be known. The mean atomic
weight can be computed from Eq. (14). However, knowledge of
the ionization state of the plasma is needed, which depends on
the temperature. Therefore, computing f(x) ultimately reduces
to computing the temperature profile. To this end, we solved the
energy balance condition.

The heat-loss function, £, on the right-hand side of Eq. (4)
generally takes the expression,
L=0A-V-q—Ln +C, (32)
where Q4 is the ambipolar heating, ¢ = —kVT is the heat flux
due to thermal conduction, with & the thermal conductivity ten-
sor, Ly,q. represents the energy losses due to radiative cooling,
and C might represent other heating sources, such as viscous
and/or Ohmic heating, which we ignore here.

The ambipolar heating was calculated using the Joule heat-
ing function that accounts for the dissipation of perpendicular
electric currents (e.g., Khomenko & Collados 2012), namely,
On = polBP1Al 1P, (33)
where J, is the perpendicular component of the current density
with respect to the magnetic field direction. Since the equilib-
rium magnetic field in the K-S solution is not force free, there is
necessarily a nonzero current in the equilibrium. We then find

! . . .\ dB
——— (B,By& - (B} + B2)j + B.B,%) =

J =
T olBR

(34)

After some algebra, we easily arrive at an expression for the
heating rate, namely,

(35)

on M (B cos® ¢+ B2) (dBZ )2

Ho dx

Therefore, ambipolar diffusion of the magnetic field continu-
ously provides a heating input to the plasma. For an equilibrium
to exist, this heating needs to be compensated via thermal con-
duction and radiative cooling.

Regarding thermal conduction in a partially ionized plasma,
the conductivity of charges is dominated by the component par-
allel to the magnetic field, while that of neutrals is essentially
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isotropic (see, e.g., Soler et al. 2015). Consequently, the diver-
gence of the heat flux in our configuration is reduced to

d dar
Sae ).

dx dx (36)

with the effective thermal conductivity, «.g , being approximated
as

B

~ ﬁkwc + Kn, 37
where k. and «, are the parallel component of the conductivity
of charges and the isotropic neutral conductivity, respectively.
The role of the charges thermal conductivity is influenced by
orientation of the magnetic field through the factor B,/|B|, since
only the parallel component is relevant. These conductivities are
computing by adding the contributions of the various species,
namely,

Keft.

K|.c = Kj,e T K|lp T K| Hell T K| Helll, (38)
Kn = KH + KHel, (39
where the species-related conductivities are computed as
n2k:T
Kip=32—L2— (40)
ap + app
for B =e, p, Hell, and Helll, with
272
5 ngksT
ks = > i — 41)
3 ap + app

for 8 =H and Hel. In these expressions, ags denotes the friction
coefficient for internal self-collisions of species, 8, while all the
other quantities are already defined.

Now, we go on to discuss the treatment of radiative losses.
In principle, the net losses should be computed from the com-
bined effects of radiative cooling and radiative heating, as done
recently by Gundr et al. (2025) using NLTE calculations. The net
losses tabulated in Gunar et al. (2025) depend on the location of
the plasma element with respect to the source of illumination,
that is, the depth within the prominence. However, the numerical
procedure used here to generate models, based on the one from
Melis et al. (2023), requires the cooling rate to be expressed as
a function of the local plasma properties alone. The implemen-
tation of the tables from Gunar et al. (2025) requires a modi-
fication of the numerical scheme of Melis et al. (2023) that is
beyond the aims of the present paper and left to a forthcoming
work. Therefore, we used a simplified treatment to approximate
the net radiative losses. The adopted radiative cooling function
takes the form of
Liag. = ne(np + nu)A(T), 42)
This expression can be rewritten in terms of the total mass den-
Sity as

& + 0.18en + 0.28Hem
- oA,
1.4 m;

L. = (43)

where A(T) in this and the previous expression is a piece-
wise function that depends on the temperature. Here, we use
the SPEX_DM curve from Hermans & Keppens (2021)2. This

2 We used an analytical fit of the numerically computed cool-
ing curve available at https://erc-prominent.github.io/team/
jorishermans/

is, essentially, an optically thin cooling curve modified with
a special treatment for low temperatures (I < 10*K), as
described in Schure et al. (2009). This and other similar curves
have recently been used in prominence simulations (see, e.g.,
Brughmans et al. 2022; Jerci¢ et al. 2025, among others). As
explained by Heinzel et al. (2025), the NLTE net cooling rates
may deviate significantly from optically thin calculations and so,
caution is needed on this matter.
Formally, the condition of the energy balance is

L=0, (44)

which results in a complicated second-order nonlinear differen-
tial equation for 7 that needs to be solved numerically. The full
expression is omitted here for the sake of simplicity. We note
that, apart from the fundamental constants, all physical quan-
tities are spatially dependent in the model, with the exception
of the horizontal component of the magnetic field and the shear
angle.

2.4. Numerical solution and self-consistent strategy

We considered a single magnetic field line of length, L. We used
the coordinate s to denote length along the magnetic field line,
with the center located at s = 0 and the end at s = +L/2. The
parametric equations for the magnetic field lines are

dx dy dz ds

ey 45
B, B, B. B )

If the horizontal component dominates, as expected, then B, <
By and |B| = By. Therefore, the coordinates x and y are almost
directly proportional to s, since B, and B, are both uniform. The
parametric representation of the magnetic field line is

X & X0 + SCOS ¢, (46)
Yy = yo + ssin g, 47)
S B
2z [ 2, 48)
o Bo

where Xy, yo and zo are arbitrary constants, so that xp = yo =
Zo = 0 can be imposed with no loss of generality. We note that
the actual height of the field line is irrelevant since the K-S model
is invariant in the vertical direction.

We used Wolfram Mathematica to numerically solve the
energy balance condition (Eq. (44)). The integration was per-
formed with the module NDSolve, which adapts the spatial res-
olution in order to minimize the numerical error. The numerical
integration was performed in two stages: first from x = 0 to
X = Xmax./2 and then from x = 0 to x = —Xpax /2, Where xpax.
is the maximum value of the x coordinate that corresponds with
s = L/2. The two solutions were joined together and the com-
plete profile was constructed. In all cases, we considered a total
length of L = 100 Mm.

We imposed the same boundary conditions as in
Terradas et al. (2021) and Melis et al. (2023). We prescribed a
central temperature, T, and required the temperature to be at its
minimum at the center, namely,

T=T, at x=0, 49)
dT
= =0 at x=0. (50)
dx

In addition, Terradas et al. (2021) showed that an additional
restriction must be satisfied at the center for an equilibrium to
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exist under such conditions, namely,

T Lyg -
_=rad-—QA>0, at x=0,
dx?

Keft.
so that L,q, > QO at the center. If Qp > L;,q,, the heating would
be too intense, making it impossible the existence of an equilib-
rium.

Equilibrium solutions were studied considering four param-
eters: the central pressure, pg, the horizontal magnetic field
strength, By, the shear angle, ¢, and the central temperature, 7.
The considered ranges of values for those parameters are: from
2x1073Pa < py < 1.5x1072Pa, 4G < By < 20G, 0° < ¢ < 90°,
and 7000K < Ty < 10000K. The central temperatures and
pressures were chosen to be consistent with those expected in
prominence cores, while the magnetic field strength corresponds
to that seen in quiescent prominences (see, e.g. Gibson 2018).
Importantly, these four parameters are not completely indepen-
dent from each other regarding the existence of an equilibrium
solution, so that it was not possible to compute equilibria for
certain combinations of parameters. This is explored later in this
paper.

In a similar way as the issue described in Melis et al. (2023)
for the case of Alfvén wave heating, the computation of equi-
librium models that incorporated ambipolar heating posed a cir-
cular problem. The heating rate depends on the magnetic field,
temperature, and other quantities through Eq. (35). However, the
temperature is obtained by solving the energy balance condition
(Eq. (44)), which needs the heating rate to be known in advance.
We solved this circular problem with an iterative strategy. First,
we selected particular values of By, po, ¢, and T, for which the
self-consistent model is to be computed. The iterative method
as initialized by solving Eq. (44) with no ambipolar heating
(Qa = 0). An initial temperature profile was obtained in such
a way, which allowed the computation of the vertical magnetic
field (Eq. (26)), the pressure (Eq. (28)), and the density (Eq. (29))
profiles. With these initial profiles, the ambipolar heating rate
was computed (Eq. (35)), completing the first iteration. Then,
in the second iteration, the energy balance condition was again
solved, but this time using the ambipolar heating rate computed
in the previous iteration. Furthermore, the profiles for tempera-
ture, vertical magnetic field, pressure, and density were updated,
allowing for the computation of another ambipolar heating rate,
and so on.

The profiles obtained after every iteration would be slightly
different compared to those of the previous iteration. To quantify
the difference from iteration to iteration, we used the L2 relative
error norm of the temperature profile, since it is the one com-
puted from the energy balance condition. The error estimation,
g, is computed with the [? error norm as

(5D

f_)::ax (Ty(x) = Tiey (%)) dx
fxmi\x. T2 1(x) dx

Xmax. 17

(52)

where T;(x) and T;_;(x) are the temperature profiles for the i-th
iteration and the previous iteration, respectively. We assume that
a self-consistent equilibrium model is achieved when & < &,
where g is a prescribed small tolerance. We used gy = 1077,
The iterative process was repeated until the convergence crite-
rion is satisfied. As mentioned before, for some combination of
parameters the constraint of Eq. (51) cannot be enforced. This
causes the convergence criterion to be unachievable, even after
many iterations. In those cases, it was not possible to compute
an equilibrium model. The relevance of the spatial resolution
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Fig. 2. Visualization in 3D of the magnetic dip obtained for the ref-
erence model with T, = 8000K, p, = 5 x 1073 Pa, By = 10G, and
¢ = 88°. The color gradient denotes the variation of the density along
the magnetic field line. Note: the axes are not presented to scale.

and the effect of the constraint of Equation (51) are explored
in Appendix A.

3. Results
3.1. Properties of a reference model

We start by presenting the results of a reference model computed
using a particular set of parameters, namely, 7o = 8000K, py =
5% 1073 Pa, By = 10G, and ¢ = 88°. A visualization of the
magnetic field line obtained in this configuration is displayed
in Fig. 2, which shows the formation of a dip where the dense
prominence plasma is supported.

Figure 3 shows the profiles along the magnetic field line
of temperature, density, pressure, mean atomic weight, vertical
component of the magnetic field, ambipolar diffusion coeffi-
cient, y- and z-components of the velocity, and ambipolar heat-
ing rate. The temperature profile (Fig. 3a) has a shape similar
to the profiles presented in Terradas et al. (2021) and Melis et al.
(2023), even though these previous works considered very differ-
ent heating mechanisms: Terradas et al. (2021) assumed an arbi-
trary constant heating and Melis et al. (2023) considered heating
by Alfvén waves. The profile can be understood as formed by
three different regions: a central cool region with an almost
parabolic shape that represents the cold prominence thread; a
sharp increase of the temperature by two orders of magnitude
in a very thin prominence-corona transition region (PCTR);
and, finally, an extended external region where the temperature
increase is smoother, reaching typical coronal temperatures of
~8.5 x 10° K. The length of the cold thread, denoted by a, is
computed as in Melis et al. (2023) by detecting the location of
the two PCTR that symmetrically surround the cold region. Due
to the considered boundary conditions, the profile of tempera-
ture and those of the other physical quantities are symmetric or
antisymmetric with respect to s = 0. For this particular model,
we find a ~ 2.56 Mm, which is a very small fraction of the total
length of the magnetic field line (L = 100 Mm), but agrees well
with the thread lengths reported in observations (e.g., Lin 2011).

The mean atomic weight, represented in Fig. 3b, is computed
with Eq. (14). Its behavior is inverse to that of the temperature.
In the cool central region, ji reaches its maximum value of 0.86,
approximately, which corresponds to a partially ionized plasma
with & ~ 0.5, &gen ~ 107%, and &ge ~ 0. This means that
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Fig. 3. Equilibrium profiles along the magnetic field line for the reference model: a) temperature, b) mean atomic weight, c) z-component of the
magnetic field, d) pressure, e) density, f) ambipolar diffusion coefficient, g) y-component of the velocity, h) z-component of the velocity, and 1)
ambipolar heating rate. Results for T, = 8000K, py = 5 x 107 Pa, By = 10G and ¢ = 88°. The vertical dashed red lines mark the location of the
cool and dense prominence thread of a length, a ~ 2.56 Mm, as this the distance between the two lines.

at the thread core, half the hydrogen is ionized, while almost
all helium is neutral. In the PCTR, there is a sharp decrease of
i, related with the fast ionization of both hydrogen and helium,
as well as & = 1.4/2.3 =~ 0.61 in the extended coronal region.
Such a value corresponds to a fully ionized hydrogen-helium
plasma. A closed-up view of the transition from partial ioniza-
tion to full ionization is displayed in Fig. 4a. The ionization of
hydrogen progressively increases with s and reaches its complete
ionization at s ~ 1.28 Mm, within the PCTR. Conversely, the
ionization of helium happens in a much thinner region. The frac-
tion of singly ionized helium, &yeyr, peaks within the PCTR and
then decreases sharply when doubly ionized helium becomes the
dominant helium state. Helium reaches complete ionization at
s ~ 1.29 Mm, shortly after the location where complete ioniza-
tion of hydrogen happens. We recall that the ionization of helium
is computed here in a approximate manner with the Saha equa-
tion, so that the profiles of &yerr and Eyerr might be somewhat
different in more general approaches.

The vertical component of the magnetic field, computed
from Eq. (26), is shown in Fig. 3c. We find that B, > 0 for
s > 0and B, < 0 for s < 0, so that the profile is antisym-
metric with respect to s = 0, where B, = 0. This results in the
formation of the magnetic dip. The profile has a sharp increase
(decrease) in the PCTR and a smooth increase (decrease) in the
outermost region. At the ends of the magnetic field line, where
B, is maximum, we find B, = +0.35 G, which is two orders of
magnitude below the strength of the horizontal component, By.
Therefore, the dip produced by the effect gravity is very shallow.

Using the expression for the z-coordinate of the magnetic field
line (Eq. (48)) and setting zop = O as a reference, we find that
z=~ 1.5Mm at s = L/2, which confirms that the depth of the dip
is much smaller than the length of the magnetic field line.

The pressure profile is calculated from Eq. (28) and plotted
in Fig. 3d. The pressure has its maximum located at the center.
Then, it decreases sharply in the PCTR and in a gentler way
in the coronal region, although the decrease in the outermost
region with respect to the value at the center is only a small
percentage. This can be explained by the fact that the variation
of p is proportional to B2, and B, itself takes small values, as
already discussed. In turn, the density profile is computed from
Eq. (29) and represented in Fig. 3e. As in the case of the pres-
sure, the density is at its maximum at the center, with a value of
p ~ 5x107"" kgm™, and decreases as we move toward the coro-
nal part, where p ~ 10713 kg m™>. The shape of the density pro-
file seems to mimic that of the temperature but with an inverse
behavior. The magnetic field line displayed in Fig. 2 has been
colored according to the values of the density. The three distinct
regions discussed before are clearly shown along the magnetic
field line: the dark red region around the dip corresponding to the
cold and dense prominence thread, the light blue region denoting
the narrow PCTR, and the dark blue representing the evacuated
part of the domain matching coronal conditions.

The ambipolar diffusion coefficient, 74, is plotted in Fig. 3f.
It has a null value in the coronal region, where the plasma is
fully ionized. In the cold central region, it has two relative max-
ima slightly displaced from the center. This shape agrees with the
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models computed in Melis et al. (2023). The maximum value of
the coefficient is 75 ~ 10'*m?s~! T~2, which is an order of mag-
nitude above the values computed in previous works where the
plasma was considered to be composed of hydrogen alone (see
Melis et al. 2021, 2023). Here, the effect of helium is included
and it has an important contribution to the ambipolar diffusion
coefficient. The important role of helium for accurately comput-
ing s was discussed by Zaqarashvili et al. (2013) in the context
of the chromosphere. A detailed view of 77 in the cold central
region is represented in Fig. 4b, where the location of the max-
imum of 7, is seen to correlate well with the location where
helium begins to ionize (see Fig. 4a). The sharp decrease of 7
within the PCTR, owing to the fact that the plasma gets fully
ionized there, is also clearly visible.

The y- and z-components of the equilibrium flow velocity
are represented in Figs. 3g and 3h, respectively. Both velocities
are caused by ambipolar diffusion and depend on the ambipo-
lar diffusion coefficient, as seen in Egs. (30) and (31). The y-
component is antisymmetric with respect to the thread center,
being positive for s < 0 and negative for s > 0, taking a max-
imum value of v, ~ +200ms~". This means that v, represents
a converging flow that is essentially directed along the mag-
netic field lines, owing to the large shear angle considered in this
model. Despite the presence of this converging flow, the equilib-
rium density does not change in time. The reason for this result
resides in the role of the z-component of the velocity. The ver-
tical component of the equilibrium flow takes negative values
within the thread, which means that v, is a drainage flow that
causes the fall of some of the prominence material, compensat-
ing the convergence of plasma caused by v,. The value of v,
around the thread center is v. ~ —14ms~!. This drainage flow
we obtain in the model can be compared with that studied in
Gilbert et al. (2002) and Terradas et al. (2015). To compare the
present results with those of the previous references, Eq. (31)
should be rewritten by using the relation between the density and
the vertical component of the magnetic field. Since the vertical
magnetic field profile is antisymmetric, the drainage velocity at
the thread center can be expressed as

v; = —pognap, at s=0. (53)

Moreover, the ambipolar coefficient should be expressed in
terms of the collision frequencies. The frequency of collisions
between species 8 and 3’ is

App

Vg = ——, (54)
P g

while the total collision frequency of a species, S, is

Vg = Z Vg (55)

BB

Expressing na from Eq. (19) in terms of the collision frequen-
cies, and neglecting collisions between neutral hydrogen and
neutral helium, allows us to rewrite Eq. (53) as

éu &

Uy & —g(— + 25| = fnun + Enetttner,  at s =0, (56)
VH VHel

where uy = —g/vyg and uger = —g/vher denote the drainage

velocities for neutral hydrogen and neutral helium, respectively.
Essentially, the total drainage velocity can be calculated as the
weighted average of the drainage velocities of the two neutral
species, with the weights being their respective abundances. At
the thread center, the collision frequencies are vy ~ 135 Hz and
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Fig. 4. Close-up views of some quantities of the reference model around
the cold thread and the PCTR: a) Mass fractions of protons (ion-
ized hydrogen), singly ionized helium, and doubly ionized helium. b)
Ambipolar diffusion coefficient. Only half the domain with s > 0 is dis-
played due to the symmetry of the profiles. The discontinuous deriva-
tives of the ambipolar diffusion coeflicient are caused by the first-order
interpolation used to implement the hydrogen ionization degree from
the tabulated values in Heinzel et al. (2015).

vier = 5.75Hz, and the drainage velocities for each species
are uy ~ —2ms ! and ugg ~ —-47.6ms”'. The computed
hydrogen drainage velocity matches almost exactly the value
of —2.3ms™! given in Terradas et al. (2015). The computed
drainage velocities are also of the same order of magnitude as
the results of Gilbert et al. (2002), who obtained drainage veloc-
ities of —=3.7ms~! for neutral hydrogen and —81.1 ms~! for neu-
tral helium. Therefore, the model captures well the drainage of
neutrals due to the effect of gravity. Observationally, detecting
such slow drainage flows is challenging and there is only indi-
rect evidence of their existence (Gilbert et al. 2002, 2007).

Finally, the ambipolar heating rate is plotted in Fig. 3i. The
largest values of the heating rate are found in the cool promi-
nence region, although not exactly at the center but slightly dis-
placed from it, in a similar fashion as the 1, profile. This is
explained by the fact that Q4 is proportional to 775, as shown
in Eq. (35). Then the heating rate undergoes a sharp decrease in
the PCTR and is absent in the coronal region, where the plasma
is fully ionized and 775 vanishes.

3.2. Mechanical equilibrium and energy balance

In this section, we explore how the mechanical equilibrium and
the energy balance are established. Regarding the mechanical
equilibrium, we computed the forces on the right-hand side of
the momentum equation (Eq. (2)) in the case of the reference
model discussed in the previous section.
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Fig. 5. Mechanical equilibrium along the magnetic field line for the ref-
erence model: a) longitudinal and b) vertical components of the forces.
Only a region around the cold thread, the PCTR, and the beginning of
the coronal part is displayed.

Figure 5 shows the equilibrium of the forces in the x-
direction (panel a) and the z-direction (panel b). This figure can
be compared with Figs. 5 and 6 of Terradas et al. (2013), who
investigated the balance of forces in a 2D prominence equilib-
rium. The forces acting in the x-direction (i.e., the horizontal
direction) are the gas pressure gradient and the x-component of
the Lorentz force, which is essentially the magnetic pressure gra-
dient. These two forces compensate for each other, so that the
total (gas plus magnetic) pressure remains constant. These pres-
sure gradients are antisymmetric, having their maxima near the
PCTR and decreasing sharply in the coronal region. On the other
hand, the forces acting in the z-direction (i.e., the vertical direc-
tion) are gravity and the z-component of the Lorentz force, which
is essentially the magnetic tension. As gravity is pointing down-
ward, the magnetic tension needs to provide an upward force
to sustain the prominence plasma. Both profiles are symmetric
with respect to the thread center and maximum at the center, and
decrease sharply in the PCTR and the coronal region. Of course,
this behavior is related to the shape and values of the density.
Comparing the values of the various forces, we see that the ver-
tical components are up to an order of magnitude larger than
the horizontal components. This result can be attributed to the
important role of gravity.

Concerning the study of the energy balance, we computed
the terms on the right-hand side of Eq. (32) using, again, the
parameters of the reference model. Explicitly, these terms are
the ambipolar heating rate, divergence of the heat flux due to
thermal conduction, and the energy loss due to radiative cool-
ing. Figure 6 compares the relevance of such terms along the
magnetic field line in a zone encompassing the cool thread, the
PCTR, and the beginning of the coronal region. The sign of each
term indicates whether the term acts as an energy sink (nega-
tive) term or an energy source (positive) term. Obviously, radia-
tive cooling is a sink term that extracts energy from the plasma.

1072
10—4,
10—6, _______________________ _,-" ]

10—10, \. 4

Thermal conduction ||

100 | - Radiative cooling |-

—— Ambipolar heating

Energy terms (W m‘3)

Fig. 6. Comparison of the energy terms in the heat-loss function
(Eq. (32)) along the magnetic field line for the reference model. Only
a region around the cold thread, the PCTR, and the beginning of the
coronal part is displayed. Only half the domain with s > 0 is displayed
due to the symmetry of the profiles. In the coronal part, the ambipolar
heating is set to a nonzero but negligible value for numerical stability
reasons.

The radiative losses are most efficient within the PCTR, for a
temperature of 7 = 57 000K, and their minimum (in absolute
value) takes place in the cold prominence thread. The term due
to thermal conduction follows a similar profile as that of radia-
tive losses, especially in the PCTR and the coronal part, but with
a positive sign. Finally, the ambipolar heating rate (Fig. 3i) is
positive, as expected for a term that provides an energy input.
However, this heating term is confined within the cool region
where the plasma is partially ionized.

Comparing the relevance of each term in the energy bal-
ance, we see that the radiative losses are entirely compensated
by the thermal conduction in the PCTR and the coronal part,
since the ambipolar heating is there absent. However, in the cool
central region the important energy input provided by ambipo-
lar heating partly compensates for the radiative losses, while the
relative weight of the conduction term in the energy balance con-
sequently decreases. These findings about the relevant role of
the heating term in the cool thread are consistent with previous
works, where either a prescribed uniform heating (Terradas et al.
2021) or a self-consistently computed nonuniform wave heat-
ing (Melis et al. 2023) were considered. An important difference
with respect to those previous works is that the heating consid-
ered here is not arbitrarily imposed, as in Terradas et al. (2021),
nor produced by external sources, as in Melis et al. (2023);
instead, it is generated by the internal diffusion of the non-force-
free magnetic field of the prominence itself.

The central values of the energy terms depend on 7, and
Po. We computed additional models to study the dependence of
the ambipolar heating at the center as a function of these two
parameters and its importance compared with radiative losses.
These results are displayed in Fig. 7 in the form of contour plots.
Importantly, for every value of T, there is a minimum value of
po for which an equilibrium is achievabe. These critical values
are represented with the dotted red line in Fig. 7 and are explored
later in Sect. 3.3.

Figure 7a represents the ambipolar heating at the center. The
ambipolar heating is largest when the pressure is high and the
temperature is low. This can be explained by the indirect rela-
tionship between the ambipolar heating and the mass density.
According to Eq. (13), high pressures and low temperatures are
associated with high densities. Then, according to Eq. (29), high
densities are related to large values of dB,/dx; in turn, they give
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Fig. 7. Contour plots of the ambipolar heating at the center (upper panel)
and the ratio between heating and cooling at the center (lower panel),
as functions of T and py. The color range in the upper panel is in lineal
scale, whereas the lower panel is in logarithmic scale.

rise to large values of Q4 when Eq. (35) is taken into account. In
more plain physical terms, the larger the density, the deeper the
magnetic dip needs to be to support the plasma. Consequently,
the larger the equilibrium current and so, the greater the heating
produced by the dissipation of such a current. However, remark-
ably, the central heating is independent on both the horizontal
magnetic field and the shear angle.

On the other hand, the ratio between the central values of
the ambipolar heating and the radiative cooling can be seen in
Fig. 7b for the same computations as before. For low and inter-
mediate central pressures, the ambipolar heating can compen-
sate for a significant fraction of radiative losses. In particular,
for pressures lower than 6 mPa, the ambipolar heating can be
as high as 90% of radiative losses, although for higher pres-
sures the percentage decreases rapidly. For instance, for 10 mPa
the ambipolar heating can only compensate for about 10% of
radiative losses. We note that the ratio Qa/L;,q. is almost inde-
pendent of the central temperature, except for high temperatures
approaching 10000 K.

3.3. Parameter survey

Here, we investigate in more detail the effect of changing the
free parameters of the model. We recall that these are the central
pressure, py, the horizontal magnetic field strength, By, the shear
angle, ¢, and the central temperature, Ty. We focus on analyzing
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the role of these parameters in the length of the cold thread, a.
Realistic values of prominence thread lengths reported in obser-
vations are on the order of 2-30 Mm (see, e.g., Lin et al. 2005;
Arregui et al. 2018). The parameter study was performed in the
following way. Since there are four free parameters, we calcu-
lated the dependence of a with one specific parameter while
keeping the other three parameters unchanged. This parameter
survey is summarized in Fig. 8. Unless otherwise stated, the val-
ues of the unchanged parameters are same as those of the refer-
ence model of Sect. 3.1.

The effect of Ty is shown in Fig. 8a. Higher central temper-
atures produce shorter threads, which is related to the increas-
ing efficiency of radiative losses when the temperature increases.
This effect produces steeper temperature gradients in the con-
duction term and, consequently, shorter threads. This finding
is consistent with previous works (see Terradas et al. 2021;
Melis et al. 2023). Figure 8a contains three curves for three dif-
ferent values of pg, which show that, for the same temperature,
the larger the central pressure, the shorter the cold thread. This
result is explored in more detail in Fig. 8b, which displays a as
a function of p for three different values of Tj. Hence, Figs. 8a
and b are reciprocal to each other. The influence of the central
pressure on the thread length results from a complicated inter-
play between radiative losses and heating, as both ultimately
depend on pg through p, B,, and the ionization degree. Findings
from Terradas et al. (2021) and Melis et al. (2023) indicate that
threads become shorter when the heating rate decreases in rela-
tion with the cooling rate. The result that larger pressures pro-
duce shorter threads can be explained by the fact that the heating
rate decreases faster than the radiative losses at the core of the
thread when pq increases and T remains fixed, as previously
shown in Fig. 7b. As already mentioned, the value of the central
temperature determines a critical value of the central pressure
below which an equilibrium is impossible. The larger T, the
smaller this critical pg. The existence of this critical pressure is
related to the largest value of the plasma density that the mag-
netic field is able to support.

The influence of the strength of the horizontal magnetic field,
By, is shown in Fig. 8c. Stronger magnetic fields provide shorter
threads, although the length saturates to a constant value once
the magnetic field is strong enough. However, for weak mag-
netic fields the thread length increases asymptotically when B
decreases, so that there is a critical value of the magnetic field
strength for an equilibrium to exist, in a similar fashion as hap-
pens for the central pressure. As before, three different values of
the central temperature have been considered, with higher tem-
peratures providing shorter threads, thereby remaining consis-
tent with the findings discussed before. Moreover, the central
temperature also affects the critical value of the magnetic field
strength, so that the critical By decreases when T increases. As
an example, for Ty = 7000 K, the critical magnetic field strength
is By = 6.3G; meanwhile for 7y = 9000K, this value gets
reduced to By = 4G. The combined effects of By and pg are
analyzed in more detail in Appendix B.

To conclude this parameter study, Fig. 8d shows the effect
of the magnetic shear angle. The thread length increases for
increasing shear angles in a more significant manner when the
shear angle approaches 90°. For small magnetic shear, the thread
length has unrealistically small values of less than 0.2 Mm.
In this configuration, large magnetic shear is needed to obtain
realistic values of the thread length of the order of 2 Mm or
larger. We note that the equilibrium models are computed along
the x-direction and then projected in the s-direction (i.e., the
direction of the magnetic field) according the prescribed shear.
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Fig. 8. Parameter survey of the thread length, a, in terms of the parameters: T (upper left), po (upper right), By (lower left), and ¢ (lower right).
All the panels are in linear scale with the exception of the lower-right panel, which is in logarithmic scale.

Therefore, the total thread length depends on the shear angle
through the relation a = a,/ cos ¢, where a, denotes the thread
length measured along the x-direction, which is weakly modified
when varying ¢.

4. Discussion and caveats

In this paper, we explore the role of the heating produced by
ambipolar diffusion in the energy balance of solar prominences,
using an idealized 1D model. We considered a modified K-S
configuration to construct models that satisfy both mechani-
cal and energy equilibria, with the effect of ambipolar heating
included in a consistent manner. We used a numerical method,
based on that of Melis et al. (2023), where the balance of forces
and the energy balance are solved iteratively until convergence
to a self-consistent model is achieved.

The obtained models have a similar structure as those
computed previously in Terradas et al. (2021) and Melis et al.
(2023). A cool prominence region was found at the center, fol-
lowed by a very thin PCTR, and an extended coronal region.
The dense prominence plasma is supported against gravity by a
shallow magnetic dip. In the cool prominence region, the plasma
is partially ionized and ambipolar diffusion produces heating by
dissipating currents associated with the non-force-free magnetic
field. Additionally, ambipolar diffusion drives stationary flows
associated with the gravitational drainage of neutrals.

A parameter survey was done to explore the variation of the
length of the cold region. Cold regions with lengths compatible
with those observed were obtained when realistic temperatures,
pressures, and magnetic field strengths are considered, although
the shear angle has an important effect. Only large values of the
shear angle provide realistic cold thread lengths. In turn, there

are critical values of pg, Ty, and By, for which computing an
equilibrium configuration is no longer possible, and the length
of the cold region increases asymptotically when those critical
values are approached. Appendix B expands and complements
the results of the parameter survey.

The force balance has been analyzed, showing that, essen-
tially, magnetic tension compensates for gravity in the verti-
cal direction, whereas magnetic pressure balances gas pressure
in the horizontal direction. Regarding the energy balance, it
has been demonstrated that the heating produced by ambipo-
lar diffusion can partly compensate for the cooling by radiation.
The ambipolar heating can balance almost entirely the radiative
losses for very hot and tenuous threads. Considering more real-
istic values of temperature, pressure, and density, it is more con-
servative to state that ambipolar heating can compensate for, at
least, 10% of radiative losses. We therefore conclude that the
heating provided by the ambipolar diffusion of the prominence
own magnetic field can play a non-negligible role in the energy
balance of prominences.

The models explored here have some limitations that can be
improved in the future. We used a 1D configuration, which obvi-
ate complexities that may appear in multidimensional models.
An extension could be made by studying prominence threads
in cylindrical geometry, which might include more ingredients
such as the perpendicular component of thermal conduction.
In this context, the study of thread widths in multidimensional
models would be a natural extension of this work. Another lim-
itation is that the models are stationary. However, prominences
are dynamic objects that can suffer changes in relatively short
periods of time. The models constructed here apply only to the
global, large-scale quasi-equilibrium of prominences, ignoring
the rich temporal evolution that is especially important at small
scales. Another aspect we have not addressed is the stability
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of the constructed models. In this regard, the stability analysis
of Bakhareva et al. (1992), including partial ionization effects,
could be a starting point for future research. In this direction,
studying the eigenmodes of the equilibrium models can help in
determining their stability, as in Schmitt & Degenhardt (1995).

The results presented here can be qualitatively compared
with those of recent time-dependent studies of prominence and
coronal rain formation, allowing for potentially important effects
that have not been included here to be identified. For instance,
Jercic et al. (2025) studied prominence formation in a 1D hydro-
dynamic setup using the two-fluid theory. Although their com-
puted structures show similarities with our models in terms of
temperature, density, and pressure profiles, the formation and
evolution of shocks play a prominent role in their simulations.
These dynamics cannot be captured by our stationary models.
Additionally, the threads obtained in the simulations continu-
ously accrete mass and increase their lengths beyond the limited
lengths obtained from our equilibrium models; thus, reconciling
the results of these different approaches requires further anal-
ysis. Similarly, Popescu Braileanu & Keppens (2025) used the
two-fluid theory to study coronal rain formation in a 3D setup
without gravity. Their results show that ionization and recom-
bination processes play an important role in their simulations.
Howeyver, ionization and recombination cannot be described with
the single-fluid approach used here.

Although our focus here is set studying the influence of
ambipolar heating and not on radiative losses, a potential lim-
itation of this work is the approximate treatment of the cool-
ing rates. We can roughly compare the radiative cooling rates
obtained at the center of the reference model using the approxi-
mate cooling function (Eq. (43)) with those given in Gunar et al.
(2025). To this end, we considered their results for a 1D ver-
tical slab illuminated from its sides, using 7 = 8000K and
p = 0.05dyncm™2. To estimate the distance to the illumi-
nated surface, we took into account that the length of the cold
thread is 2.56 Mm, which means that the PCTR is located at a
distance of 1.28 Mm from the center. Approximating the loca-
tion of the PCTR as the location of the slab surface in the
model of Gunar et al. (2025), we used L ~ 1250km (from their
Table A.5). The tabulated cooling rate is ~2x 10~ W m~3, which
is about a factor of 10 greater than that computed from Eq. (43).
Therefore, using the net radiative cooling rates of Gunar et al.
(2025) could introduce some differences in the properties of the
models discussed here. We plan to explore this in detail in a
forthcoming work.
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Fig. A.1. Comparison of the convergence of the parameter ¢ from itera-
tion to iteration for two cases with different spatial resolutions. In both
cases, the model parameters are 7y = 8000K, py = SmPa, By = 10G,
and ¢ = 45°. The horizontal line denotes the convergence threshold of
e=107".

Appendix A: Convergence of the solutions

Here, we briefly discuss the converge of the self-consistent
method to compute equilibrium solutions. First, we explore the
effect of the spatial resolution used in the numerical integration
the energy balance equation to compute the temperature profile.
Figure A.1 shows the evolution of the convergence parameter &,
as defined in Eq. (52), from iteration to iteration, for two different
spatial resolutions and considering the same model parameters.
For this set-up, only the case with high resolution correctly con-
verges to a self-consistent model, as & progressively decreases
until the convergence threshold of & = 1077 is reached. We
note that this threshold is arbitrary and is set after examining
the evolution of many converging calculations. High resolution
is crucial in regions where strong gradients are present. In this
problem, the PCTR exhibits sharp variations in several physi-
cal quantities, which require a very fine resolution to be prop-
erly resolved. In the case with low resolution, the PCTR is not
sufficiently resolved. Instead of converging to a self-consistent
model, the iterative method enters a loop in which two differ-
ent states alternate indefinitely. The convergence properties of
the method can be compared with what was already discussed in
Melis et al. (2023). In the previous paper, depending on the set
of model parameters, the method either converged and produced
cool thread models or became unstable, preventing the computa-
tion of physically consistent models.

Another constraint that heavily affects the computation of
physically acceptable models is the condition in Eq. (51), which
corresponds to the requirement that the radiative losses at the
thread center must be larger than the heating. In cases where
this condition is not satisfied, it may still be possible to com-
pute models that apparently converge according to the criterion
based on the value of . However, those models are nonphys-
ical. Figure A.2a shows a comparison of the evolution of & in
two situations: a case in which Eq. (51) is satisfied and another
case in which it is not. Essentially, the difference between the
two cases is the assumed value of the central pressure, py. We
find that both cases converge, with convergence being slightly
faster in the low-pressure case than in the high-pressure case.
Although both cases apparently converge, the computed tem-
perature profiles differ significantly. This is shown in Fig. A.2b,
where the final temperature profiles of both cases are compared.
The high-pressure case satisfies Eq. (51) and the computed tem-
perature profile has the expected shape. Conversely, Eq. (51) is

(a)
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Fig. A.2. (a) Comparison of the convergence of the parameter £ from
iteration to iteration for two cases with different central pressures. The
horizontal line denotes the convergence threshold of € = 107, (b) Con-
verged temperature profiles for the same cases. In both cases, the model
parameters are 7, = 8000 K, By = 10G, and ¢ = 88°.

not satisfied in the low-pressure computation, resulting in a tem-
perature profile that displays an unexpected behavior. Instead of
increasing toward coronal values when |s| increases, the temper-
ature decreases and eventually reaches negative values, which is
physically impossible. The reason for this behavior is that, when
ambipolar heating exceeds radiative losses at the center, ther-
mal conduction must become a negative term in the cool region
to compensate the excess of heating. Consequently, the devel-
oped temperature gradient has the opposite sign (decreasing tem-
peratures with increasing |s|) than in the physically acceptable
solutions. Obviously, although the method has converged, these
unacceptable solutions must be discarded.

Appendix B: Comparison with Milne et al. (1979)

Our research shares many similarities with the work of
Milne et al. (1979), and also with the more recent paper by
Vigh et al. (2018), although there are several important differ-
ences. Here, we discuss how these previous results can be com-
pared with our findings.

Milne et al. (1979) assumed a fully ionized plasma, but we
considered partial ionization, which incorporates two effects that
have an important influence in the energy balance: ambipolar
diffusion and the role of neutrals in the thermal conduction.
Another relevant difference resides in the boundary conditions
used to solve the energy balance equation. In our work, we
imposed the temperature and the pressure at the center of the
thread, in order to have a dense and cold region, and the energy
equation is integrated from the center to the edge of the domain
as in an initial-value problem. Conversely, Milne et al. (1979)
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set the temperature and the density at the edge of the domain to
coronal values, while they imposed symmetry of both the ver-
tical component of the magnetic field and the temperature at
the center. Thus, in the case of Milne et al. (1979), the energy
equation is integrated as a two-point, boundary-value problem,
where the central temperature and pressure have to be deter-
mined rather than being fixed.

Because of the different numerical set-up, our results are not
directly equivalent to those of Milne et al. (1979), although some
comparisons can be made. Milne et al. (1979) discussed the exis-
tence of two types of solutions, the cool solutions and the hot
solutions, whose appearance crucially depended on the plasma
B = po/ (B(z) /240), defined as the ratio between the gas and mag-
netic pressures, and the shear angle. Only in the case of the cool
solutions, the central temperature is low enough to be consis-
tent with prominence temperatures. Essentially, the temperature,
pressure and density profiles in the cool solutions of Milne et al.
(1979) are similar to the ones computed in the present paper,
having a cold and dense region at the center and corona-like
regions in the outermost part of the domain, as is seen in Figs. 10
and 11 of Milne et al. (1979). Hot solutions are not possible in
our method, since we already imposed the temperature at the
center to be that of cold prominences.

Milne et al. (1979) explained that there was a small range of
B for which a cool equilibrium was computable. However, these
allowed values of S are higher than the ones considered here. To
further address this, Fig. B.1 displays a contour plot of the cold
thread length as a function of both py and By, for Ty = 8000 K
and ¢ = 88°. The dashed purple lines denote several combi-
nations of py and By that provide the same cold thread length
(indicated next to every line). As discussed in Sect. 3.3, equilib-
rium models with high pressures have short cold threads, almost
regardless of the magnetic field strength. Conversely, for low
pressures, the computed thread lengths can reach values above
10 Mm for intense magnetic fields. Cold and dense threads with
realistic lengths can only exist for sufficiently intense magnetic
fields and relatively low pressures. This is explained by the fact
that the weight of the dense plasma must be balanced by the
upward magnetic force. If the magnetic field is too weak, the
dense thread cannot be sustained. For every value of pg, there
is a critical value of By above which an equilibrium is possible,
and we see that the cold thread length increases abruptly when
By approaches the critical value. The domain where an equilib-
rium can be reached is enclosed by a dotted red line in Fig. B.1,
while no equilibrium is allowed in the white region. The dashed
black lines included in Fig. B.1 indicate constant contours of 5.
Regions with relatively large § are related with short cold threads
and with limited ranges of py and By where an equilibrium is
possible. On the contrary, regions with small 8 are associated
with longer cold threads and with wider ranges for py and By.
However, it is clear from the results of Fig. B.1 that the plasma 8
does not uniquely determine the length of the cold thread in our
models. In fact, models with dramatically different cold thread
lengths are possible along contours of constant 3.

The values of the cold thread length obtained in these com-
putations are far larger than the ones obtained in Milne et al.
(1979) for their standard model, but they obtained longer cold
regions for larger values of the shear angle. This particular result
agrees with our findings, although in the case of Milne et al.
(1979) there was a maximum shear angle for an equilibrium to
exist due to the constraints imposed by their boundary condi-
tions. This maximum shear does not appear in our models. We
recall that, in our models, the plasma ionization degree is also
important and determines several physical parameters, such as
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Fig. B.1. Contour plot of the cold thread length, a, as a function of pg
and By. The dashed black lines represent contours of constant 3, while
the dashed purple lines represent contours of constant thread length. All
the models are computed with 7y = 8,000 K and ¢ = 88°.

the thermal conductivity and the ambipolar diffusion coefficient.
The assumed value of T is very relevant concerning the plasma
ionization degree. Therefore, the properties of our models and,
in particular, the length of the cold thread, results from a com-
plicated interplay between the four parameters: pg, By, To, and
¢. Conversely, 8 and ¢ are the two crucial parameters that fully
determine the properties of the models computed by Milne et al.
(1979).
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