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The temperature of the solar atmosphere increases from thousands to millions of degrees moving
from the lower layer, the chromosphere, to the outermost one, the corona, while density drops by
several orders of magnitude. Such a phenomenon is called temperature inversion and how it happens
is still largely unknown. We argue that temperature fluctuations in the chromosphere play a key rôle,
as suggested by the study of a kinetic model of a plasma confined in a semicircular tube subjected
to the gravity of the Sun and in contact with a thermostat at its feet, mimicking a coronal loop
anchored in the chromosphere. Collisions are neglected in the corona, with a sharp transition to a
fully collisional chromosphere. Numerical simulations and analytical calculations show that suitable
fluctuations of the thermostat temperature drive the plasma towards a non-thermal stationary state
with temperature and density profiles strikingly similar to those observed in the atmosphere of the
Sun, suggesting this mechanism may significantly contribute to coronal heating.

Introduction. When temperature and density are anti-
correlated in a stationary state, i.e., the system is hotter
where it is thinner, one speaks of temperature inversion.
It happens in astrophysical systems such as filaments
in molecular clouds [1, 2], the Io plasma torus around
Jupiter [3], the Earth’s magnetosphere [4], the hot gas
in some galaxy clusters [5, 6] and, notably, the solar at-
mosphere, which is with no doubt the most striking and
thoroughly studied example (see e.g. [7] and references
therein). The Sun’s outermost layer, the corona, reaches
temperatures above 106 K and lies on top of a denser
and cooler (roughly 104 K) layer, the chromosphere, the
two layers being connected by the so-called transition re-
gion, a thin interface only hundreds of kilometers wide
in which temperature jumps by a factor of 50 and den-
sity drops by the same factor [8]. How this happens is
still unknown and is commonly referred to as the coronal
heating problem [9, 10].

Assuming local thermodynamic equilibrium, a corona
can form only upon direct heating of the upper layer.
The energy coming from the Sun is enough to heat the
whole corona [11], bringing the problem to how to trans-
port and dissipate energy at coronal heights. Proposed
mechanisms involve release of magnetic energy stored in
the corona [12–17], transmission and damping of waves
generated by photospheric motions [18–20], or direct in-
sertion of hot plasma in form of chromospheric spicules
[21].

However, there are theoretical indications [22, 23] and
observational evidences [24] that local thermodynamic
equilibrium may not be satisfied in the transition re-
gion and in the corona. This allows for another way
of obtaining temperature inversion, as first realized by
Scudder [25, 26]. If the velocity distribution functions
(VDFs) of electrons and ions have suprathermal tails in
the chromosphere, then temperature must increase with

height[27]: faster particles are able to climb higher in the
Sun’s gravity well and temperature increases thanks to
“velocity filtration”. Notably this implies no direct heat-
ing of the upper layers. Unfortunately, the model does
not produce a transition region and, more importantly,
non-thermal distributions in the strongly collisional chro-
mospheric plasma are difficult to justify.

Interestingly, recent numerical studies have shown that
when an isolated system governed by long-range interac-
tions is impulsively perturbed it undergoes collisionless
relaxation reaching a non-thermal stationary state with
temperature inversion, whose origin can be traced back
to velocity filtration [28–30]. This might explain the in-
verted temperature-density profiles of filaments in molec-
ular clouds [31], but it cannot be applied as such to the
coronal plasma, which is not isolated but rather in steady
thermal contact with the chromosphere. However, while
the VDFs of the chromospheric plasma are likely to be
thermal due to collisionality, the chromosphere is a very
dynamic environment showing fine-scale structures down
to instruments’ resolution [32, 33], and its temperature
is expected to fluctuate in space and time [34, 35].

In this letter, using both numerical simulations and
analytical modelling, we show that rapid temperature
fluctuations in the chromosphere are able to build up a
hot corona. For simplicity we model a coronal loop as a
semicircular tube of collisionless plasma in thermal con-
tact with a thermostat, the latter playing the rôle of the
dynamic and collisional chromospheric plasma. The tun-
able part of the model is the statistics of the temperature
fluctuations of the chromosphere. Temperature inversion
appears as a very robust phenomenon and does not re-
quire any fine-tuning. However, matching the density
and temperature values of the solar corona, and obtain-
ing a (thick) transition region, requires a specific range of
temperature fluctuations, and we briefly discuss whether
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the latter might be observationally tested.
Model and numerical simulations. We consider a

model of the plasma in a coronal loop made up of
Ne = Ni = 2N protons and electrons having mass mi

and me and charge ei = −ee = e. Particles are confined
in a semicircular tube of length 2L and cross section S,
and are subjected to a constant downward gravity and to
an electric force which ensures charge neutrality, whose
combined effect is proportional to (me + mi)/2 [36–38].
We assume that all quantities depend only on the coordi-
nate along the loop axis, x ∈ [−L,L], and are symmetric
with respect to the loop top located at x = 0. We ex-
pand the electrostatic interactions between the particles
in a Fourier series and retain only the first mode, as in
the Hamiltonian Mean Field model [39–41], so that each
particle only feels the average effect of all the others: in
the limit of large N , the dynamics is collisionless. The
equations of motion read

mαẍj,α = eαE(xj,α) + g
me +mi

2
sin

(
πxj,α

2L

)
, (1)

where j = 1, . . . , 2N numbers the particles, α = e, i de-
notes the species, g = GM⊙/R

2
⊙ is the Sun gravity, and

E(x) = 8
|eα|
S

N (qi − qe) sin

(
πx

L

)
(2)

is the self-consistent electric field [42], with

qα =
1

2N

2N∑
j=1

cos

(
πxj,α

L

)
. (3)

The stratification parameters qα in Eq. (3) are such that
qα = 0 corresponds to a uniform distribution throughout
the loop and qα = −1 (resp. 1) to a distribution concen-
trated in x = ±L (resp. 0); qi − qe appearing in Eq. (2)
measures the charge imbalance. The anchoring of the
loop feet to the high chromosphere is modeled by cou-
pling the coronal plasma to a thermostat at x = ±L:
when a particle reaches the boundary, it is reinjected
into the loop with a random velocity consistent with the
flux from a thermal distribution at the temperature of
the thermostat [43–45]. Once written using dimension-
less variables, the equations of motion depend only on
three parameters: the mass ratio, M = mi/me, and the
strengths of the interactions, C and g̃, expressed as the
electrostatic and gravitational energy, respectively, nor-
malized to the thermal energy,

C =
8ne2L2

πkBT0
and g̃ =

gL(mi +me)

2πkBT0
, (4)

where n is the the average number density of each species,
kB is the Boltzmann constant and T0 = 104 K is the
reference temperature of the thermostat and our unit of
temperature.

Starting with the plasma in thermal equilibrium at the
initial thermostat’s temperature T = 1 (in our units),
the latter is allowed to vary so as to mimic the dynamic
nature of the chromosphere. After a waiting time tw we
increase the thermostat temperature by a quantity ∆T ,
we keep the thermostat at T = 1+∆T for a time τ , and
then we switch back to T = 1. These steps are iterated
for the whole duration of the simulation run, drawing the
values of tw and ∆T from two exponential distributions,

η(tw) =
1

⟨tw⟩
e−

tw
⟨tw⟩ and γ(∆T ) =

1

Tp
e
−∆T

Tp . (5)

The physical idea is that the chromospheric temperature
fluctuates due to random heating events, among which
those producing a larger ∆T are less likely to happen. We
observe that when both tw and τ are sufficiently small,
and in particular smaller than the relaxation times to
equilibrium, the plasma in the loop is kept away from the
initial thermal state, never relaxes to a thermal distribu-
tion with T > 1, but it rather attains a nonequilibrium
stationary state, with non-thermal distribution functions
and inverted temperature-density profiles.
Simulation results. We now focus on the case of a coro-

nal loop with average number density n = 2.5×109 cm−3

and half-length L = π × 104 km, so that g̃ = 16.64. For
the mass ratio we chose the realistic value M = 1836.
A realistic value of the parameter C ≈ 1022 implies very
fast plasma oscillations and prohibitively small integra-
tion time steps (≈ 1/

√
C) to reliably simulate the dynam-

ics. However, we checked that in the stationary state the
temperature and density profiles as well as the VDFs
do not depend on the value of C, which only affects
amplitude and frequency of the oscillations around the
means. Therefore, we arbitrarily chose C = 400 to have
oscillations with periodicity larger than the thermostat
timescale (see below), meaning that our simulated parti-
cles have a much smaller charge than in the real world.
The simulations were performed using N ≈ 2.1 × 106,
τ = 8× 10−4, ⟨tw⟩ = 4× 10−2, and Tp = 90, i.e., 9× 105

K in physical units [46]. Together with the choice of
T0 = 104 K, these values imply an average temperature
Tb ≈ 1.2 × 104 K at the base of the loop (see below).
This sets the base at a height zb ≈ 2× 103 km above the
chromosphere, where the transition region begins, and
the top of the loop at zt ≈ 2.2 × 104 km, well into the
corona.
In the top panel of Fig. 1 we report the time evolution

of the kinetic energies per particle

Kα =
1

2N

2N∑
j=1

p2j,α
2Mα

, (6)

where pj,α is the dimensionless momentum of the j-th
particle of species α, with Me = 1 and Mi = M ; in
the bottom panel the stratification parameters qe and
qi defined in Eq. (3) are reported, again as a function
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of time. After a transient, a stationary state is reached
where all these quantities fluctuate around constant val-
ues, the transient being longer and the amplitude of the
fluctuations smaller for the ions, as expected due to their
larger mass. The initial value qi = qe ≈ −0.99 corre-
sponds to the stratification of an isothermal atmosphere
at T = 1. In the stationary state, which is not a ther-
mal equilibrium state as we shall see in the following, a
smaller value is obtained, qi ≈ qe ≈ −0.94, indicating a
slightly milder stratification.

In Fig. 2 we report the temperature and density profiles
along the loop, obtained by time-averaging in the sta-
tionary state. To make the comparison with the known
profiles of the solar atmosphere easier, we report the re-
sults in physical units as a function of the height z above
the chromosphere (temperatures in K, densities in cm−3,
height in km). Temperature inversion is clearly visible,
as well as the presence of a transition region: indeed,
there is a sharp increase (resp. decrease) of the temper-
ature (resp. density) roughly between z = 2 × 103 and
z = 5× 103 km, with a jump from 1.2× 104 to 6× 105 K
while density drops by two orders of magnitude, followed
by a gentler change of both quantities. Both the values
of T and n and the shape of the curves are strikingly
similar to those of the Sun atmosphere (see e.g. [7, 8]),
but for the fact that the transition region in our model is
larger than in the real case, that is, roughly 3 × 103 km
against less than 2× 102 km.

Theory. The numerical results can be reproduced and
explained computing the distribution functions (DFs)
fα(ϑ, p) of ions and electrons in the nonequilibrium sta-
tionary state (ϑ is the dimensionless position). To this
end, we first consider the time averaged incoming flux of
energy at the feet of the loop, i.e., at ϑ = ±π, which can
be written for each species as JIN,α = ⟨JT (t),α⟩t, where

Jζ,α =

∫ +∞

0

dp
p

ζMα
e−

p2

2ζMα (7)

is the flux when the thermostat is at temperature ζ.
To explicitly compute JIN,α we replace time averages
with averages over the probability distributions of wait-
ing times and of thermostat temperatures, obtaining

JIN,α = (1−A)J1,α +A⟨J1+∆T,α⟩γ , (8)

where A = τ/ (τ + ⟨tw⟩η) and ⟨·⟩γ and ⟨·⟩η stand for
averages over the distributions γ and η given in Eq. (5).
In our model the plasma in the loop is collisionless, so
that fα obeys the Vlasov equation and in the stationary
state it depends on ϑ and p only via the single-particle
Hamiltonian

Hα(ϑ, p) =
p2

2Mα
+ 2g̃ cos

(
ϑ

2

)
, (9)

as implied by the Jeans theorem. Note that also an elec-
trostatic interaction term proportional to the effective

electric field should be present in Eq. (9), but it can be
proved that it vanishes in the stationary state [47]. The
DF at ϑ = ±π is fixed imposing equality of the incom-
ing and outgoing fluxes at the feet of the loop, that is,
JIN,α = JOUT,α, with

JOUT,α =

∫ 0

−∞
dp p fα(±π, p) . (10)

The result for fα(ϑ, p) in the stationary state is [48]

fα(ϑ, p) = N
[
(1−A)

e−Hα(ϑ,p)

Mα

+A

∫ +∞

0

dζ γ(ζ)
e−

Hα(ϑ,p)
1+ζ

(1 + ζ)Mα

]
,

(11)

where N is a normalization constant fixed by impos-
ing

∫ +∞
−∞ dp

∫ π

−π
dϑ fα(ϑ, p) = 1. The interpretation of

Eq. (11) is rather transparent: the stationary DF is given
by a thermal distribution at temperature T = 1 plus
a non-thermal contribution arising from the average of
thermal distributions at T = 1 + ζ over the probability
distribution γ(ζ) of the temperature fluctuations. The
weight of the non-thermal contribution is proportional to
A, the fraction of time in which the thermostat is not at
temperature T = 1. The thermal population dominates
at small heights z, and is depressed by the gravity term in
Hα when increasing z; conversely, the non-thermal con-
tribution becomes more and more relevant at larger z due
to velocity filtration, because faster particles can climb
higher in the potential well, showing up as suprathermal
tails in the distribution.
This is shown in Fig. 3 where the VDFs of electrons

normalized by the density are plotted at three increasing
heights, z = 2.3, 3.9, 11 × 103 km from bottom to top,
corresponding to the base of the transition region, the
middle transition region, and the corona, respectively.
Red, blue and green curves are obtained from the simu-
lation, while grey curves are the theoretical predictions
of Eq. (11). Note that VDFs are reported as functions
of the signed kinetic energy sign(p) p2/2 in a semiloga-
rithmic scale, so that a thermal distribution (a Gaus-
sian) appears as a triangle symmetric about zero. The
VDFs are always composed of a thermal core at small ve-
locities plus a suprathermal tail at larger velocities. As
height increases, the thermal core progressively shrinks
and almost disappears in the corona, where the VDF is
basically suprathermal.
These VDFs explain the shape of the temperature and

density profiles reported in Fig. 2, where the grey curves
are the theoretical prediction obtained with Eq. (11).
The sharp temperature rise in the transition region (and
density decrease) is caused by the dramatic change in the
shape of the VDF that passes from being nearly thermal
to almost completely suprathermal. Once coronal heights
are reached, totally nonthermal VDFs produce a gentler
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FIG. 1. Kinetic energies (top) and stratification parameters
(bottom) of ions and electrons in green and orange, respec-
tively, as a function of time. The black horizontal lines are
the theoretical stationary values predicted using Eq. (11).
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FIG. 2. Electron density (red) and temperature (blue) as a
function of the height above the photosphere, obtained in a
numerical simulation with parameters corresponding to the
solar atmosphere (see text). The thick grey lines are the the-
oretical profiles computed using Eq. (11).

variation of temperature and density, similar to the case
described in [25, 26]. For completeness, the stationary
values of the kinetic energies and stratification parameter
computed using Eq. (11) are drawn with black horizon-
tal lines in Fig. 1. Theoretical results show remarkable
agreement with numerical ones in all the figures.

Discussion. We have presented a very simple model
of the solar atmosphere, where the collisonless coronal
plasma is in steady contact with a thermostat mimicking
a completely collisional chromosphere. The analyical and
numerical results consistently show that in response to
short-lived increments of the chromospheric temperature,
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FIG. 3. Electron VDFs (color curves) normalized by the elec-
tron densities as a function of the signed kinetic energy, at
different heights (see labels). Theoretical VDFs computed
from Eq. (11) are plotted as thick grey lines. In the bottom
panel, a magnification of the central region of the same VDFs
is shown to appreciate the disappearance of the Gaussian pro-
file.

suprathermal tails in the VDFs naturally form and grav-
itational filtering causes a sharp temperature rise and
density decrease in the above atmosphere, consisting of
a (thicker than observed) transition region, followed by
an extended corona at roughly 106 K.

Suprathermal electrons, along with a thermal popu-
lation, are measured in situ in the solar wind [49–51].
Their presence in the transition region [24] or in flaring
regions [52] is also compatible with remote sensing obser-
vations of non-thermal line widths, but direct detection
is still challenging. Our model supports the formation
of a nonthermal population already at the base of the
corona, thus favouring the formation of the solar wind
by gravitational filtering as in exospheric models [53–57].

Fundamental in achieving temperature inversion is
that the coronal plasma is in a nonequilibrium stationary
state. This requires the chromosphere to maintain any
given temperature for intervals much shorter than the re-
laxation time of electrons in the corona, tR, which in our
model is expected to be the shortest between the sound
travel time and the free fall time, that is, roughly 10 s for
the parameters we considered above. To reach tempera-
tures around 106 K in the corona while keeping temper-
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atures around 104 K at the base of the transition region,
the mean of chromospheric temperature increments must
be as large as the coronal temperature, i.e., Tp ≈ 106 K,
but the ratio between their duration τ and the typical
waiting time ⟨tw⟩ between them must be small, so that
τ ≪ ⟨tw⟩ ≪ tR.

Short-lived, intense, and small-scale brightenings are
routinely observed on the Sun [34, 58–61]. The so-called
campfires, recently observed in extreme UV imaging by
Solar Orbiter, have temperatures of≈ 106 K, while explo-
sive events appearing in Hα line widths have smaller tem-
peratures, around 2× 105 K [59], but are ten times more
frequent. This trend is compatible with the exponen-
tial distribution of temperature increments we assumed.
However, current measurements have a temporal resolu-
tion which is at best of a few seconds, so that temperature
increments able to form a corona according to our model
remain unresolved. Anyhow, even in the case of unre-
solved events, a given temperature measurement brings
a footprint of the underlying event distribution. For in-
stance, assuming ⟨tw⟩ ≈ 1 s, with τ ≈ 0.1 s our model
would predict an average temperature T ≈ 2 × 104 K
at the top of the chromosphere, which is not observed;
however, if τ ≈ 1/50 s we get T ≈ 1.2 × 104 K, as in
the case we have shown in Fig. 2. This is consistent with
ALMA observations of brightness temperatures as large
as 1.2 × 104 K [62], with measurements at 2 s cadence.
A possible physical mechanism at work is magnetic re-
connection in the low atmosphere, as suggested by recent
observations [63, 64].

The main result in this letter is that the average tem-
perature profile of the solar atmosphere can be obtained
keeping the coronal plasma in thermal contact with the
chromosphere, without direct heating. At variance with
previous results based on velocity filtration, a transition
region shows up, and non-thermal chromospheric VDFs
are not needed: a corona can be formed out of a colli-
sional, but dynamic, chromosphere. The simplicity of the
model makes it analytically solvable and allows to inves-
tigate the effects of a single mechanism without having
to disentangle it from other ones. Clearly, this does not
exclude that also other mechanisms contribute to coronal
heating.

Potentially important physics is neglected in the model
presented here, e.g., radiation losses, collisions in the
corona, and magnetic fields. Although a detailed dis-
cussion of these effects is beyond the scope of this work,
let us briefly address them. In our model, energy is trans-
ported in the corona by the particles’ stream, and is ex-
changed with the thermostat on a timescale of the order
of the crossing time of the loop, which is less than a
minute and much smaller than the radiation timescale
(around 30 m, see e.g. [65–67]), so that energy losses
due to radiation can be safely neglected in our model.
Moreover, radiation losses would not change the picture,
because in the nonequilibrium state a heat flux towards

the radiating region would set in and restore the tem-
perature profile [22, 43, 68]. Collisions between parti-
cles will surely occur in the corona. Relaxing the drastic
approximation of a fully collisional chromosphere in con-
tact with a completely collisionless coronal plasma would
imply a much more complicated description. However,
due to the nature of Coulomb collisions, whose cross sec-
tion strongly depends on the particles’ energy, the mean
free path of a particle with velocity v is proportional
to v4. Therefore, we expect that only “cold” particles
would be heavily affected by collisions: the VDFs would
become closer to thermal at small energies, while non-
thermal features related to the “hot” particles, which are
the ones selected by gravitational filtering and can then
reach coronal heights, would not be erased by collisions
[22, 43]. Velocity filtration is then expected to become
more efficient in presence of some degree of collisionality:
the latter effect, together with particle confinement by
magnetic lines, may result in a transition region sharper
than the one obtained here and closer to the observed
one.

The mechanism producing temperature inversion in
the solar corona in our model is very general, and might
be relevant to other systems where hot coronae are
thought to be present, e.g., stars other than the Sun, but
also active galactic nuclei. Moreover, our results show
how peculiar behaviors due the absence of thermal equi-
librium allow to explain seemingly paradoxical phenom-
ena without invoking ad hoc mechanisms.
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M. Velli, and P. L. Whittlesey, Astrophys. J. Suppl. Se-
ries 246, 62 (2020).

[52] V. Polito, J. Dud́ık, J. Kašparová, E. Dzifčáková, K. K.
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