
Solar-Terrestrial Physics. 2025, vol. 11, iss. 3, pp. 114–119. DOI: 10.12737/stp-113202513. © 2025 
A.V. Stepanov, V.V. Zaitsev. Published by INFRA-M Academic Publishing House 

This is an open access article under the CC BY-NC-ND license 

 Received March 04, 2025 
DOI: 10.12737/stp-113202513 Accepted April 03, 2025 
 

THE RAYLEIGH — TAYLOR INSTABILITY AS A TRIGGER OF SOLAR FLARES 
 

A.V. Stepanov 
Central Astronomical Observatory at Pulkovo, 
St. Petersburg, Russia, stepanov@gaoran.ru 
Ioffe Institute, 
St. Petersburg, Russia 

V.V. Zaitsev 
Institute of Applied Physics RAS, 
Nizhny Novgorod, Russia, za130@ipfran.ru 
 

 

 
Abstract. The review of authors’ papers is devoted 

to the essential role of the Rayleigh — Taylor instability 
(RTI) as a trigger of flare energy release. We have ana-
lyzed two cases of RTI: near coronal loop footpoints 
and at the loop top. RTI near loop footpoints requires 
pre-heating of chromospheric plasma. This pre-heating 
can be realized due to Joule dissipation in partially ion-
ized plasma under condition of the Cowling resistivity. 
RTI at the loop top arises in current-carrying coronal 
loop loaded by prominence. We have determined the 

conditions of RTI as a flare trigger in both cases. It is 
shown that RTI generates super-Dreicer electric field in 
the chromospheric parts of a loop. This is the promising 
solution of longstanding “number problem” of particle 
acceleration. RTI can be also a cause of prompt (~10 s) 
hot onset precursor events (HOPE). 

Keywords: Sun, flare trigger, Joule dissipation, parti-
cle acceleration. 

 

 

 

INTRODUCTION 

The epigraph to this review article is a quotation 
from Cornelis de Jager “Flares are different". Indeed, 
the observed variety of flares does not fit into the Pro-
crustean bed of the standard model. In recent decades, it 
has been found that in most flares flare plasma is heated 
before the appearance of hard X-ray caused by electrons 
accelerated in a flare [Veronig et al., 2002; Sharykin, 
Kosovichev, 2015; Meshalkina, Altyntsev, 2024]. 
Moreover, in some cases there is unusually rapid (~10 s) 
pre-flare heating of chromospheric plasma up to 10–15 
MK at coronal magnetic loop footpoints [Hudson et al., 
2021]. A number of recent works have examined the 
nature of hot onset precursor events (HOPE) (see, e.g., 
[da Silva et al., 2023; Battaglia et al., 2023]). Neverthe-
less, the mechanism of the rapid heating has not been 
determined yet. 

The problem of explaining the huge number of 
charged particles accelerated in a flare remains unclear 
in the physics of solar flares [Hoyng et al., 1976]. It has 
been established that a solar flare in the impulsive phase 
produces ~1037 energetic (>20 keV) electrons per sec-
ond, and the total number of such electrons during the 
impulsive phase (~100 s) is 1039[Miller et al., 1997]. 
This exceeds the number of thermal electrons in the 
coronal part of the magnetic loop: (1÷5)1037 [Emslie, 
Henoux, 1995]. In giant flares, the number of electrons 
with energies >20 keV can be as large as 1041 [Kane et 
al., 1995], i.e. the entire plasma in the flare loop should 
be in acceleration mode. One possible solution to this 
problem is acceleration in denser layers of the solar at-
mosphere. 

An important problem is to identify the trigger of solar 
flares. A number of possible flare triggers have been dis-
cussed in the literature: thermal trigger [Syrovatskii, 1976; 
Ledentsov, 2021], topological trigger [Somov, 2008; 
Kusano et al., 2012], interaction between magnetic loops 

[Kumar et al., 2010], trigger prominence [Pustil'nik, 1974; 
Zaitsev, Stepanov, 1992]. In this paper, we investigate the 
role of Rayleigh — Taylor instability (RTI) as a solar flare 
trigger in the typical magnetic configuration — the current-
carrying flare loop. We examine two cases of RTI devel-
opment: near loop footpoints and at its top due to promi-
nence activity. We also study two important consequences 
of RTI development as a flare trigger: plasma heating due 
to Joule dissipation and acceleration of charged particles. 

 
RAYLEIGH — TAYLOR  
INSTABILITY AT FLARE  
LOOP FOOTPOINT 

We proceed from the representation of a flare loop as 
an equivalent electric circuit [Alfvén, Carlqvist, 1967], 
when an electric current is generated by convective mo-
tions in the photosphere, and the current flowing through 
the loop is closed either through the photosphere at the 
level of τ5000=1 [Zaitsev, Stepanov, 1992; Zaitsev et al., 
2020] or through the loop surface [Melrose, 1991]. Fig-
ure 1 schematically shows a flare loop footpoint located 
in the partially ionized chromosphere. RTI is caused by 
centrifugal acceleration with an appropriate magnetic 
field curvature with radius Rc [Zaitsev, Stepanov, 2015]: 
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where ρ is the plasma number density; kB is the Boltz-
mann constant; T is the plasma temperature at the outer 
boundary of the flux tube; n, na are electron and neutral 
atom densities respectively. The appropriate curvature 
of the magnetic field of a loop is formed in the region of 
a sharp increase in the width of the loop due to a de-
crease in external pressure; therefore, the vertical size of 
the RTI region can be estimated as l≈(0.5÷1.0) 108 cm. 
The dynamic pressure gradient of the convective flow  
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Figure 1. Scheme of plasma injection from the chromo-
sphere into the magnetic loop footpoint during the develop-
ment of RTI: fc is the centrifugal force; a(z) is the radius of the 
magnetic flux tube; pe is the external gas pressure; θ is the 
angle between the direction of the radius of curvature and the 
vertical [Zaitsev, Stepanov, 2015] 
 
also acts on the outer boundary of the tube. 
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Here, Te is the temperature inside the magnetic flux 
tube; g is acceleration of gravity on the Sun. It follows 
from (2) that ballooning instability develops when the 
outer shell of the flux tube is heated and the convective 
plasma flow velocity (dynamic force) increases sharp-
ly. To determine the temperature to which the outer 
shell should be heated, we can use the modified Saha 
formula for hydrogen atom [Brown, 1973]: 
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where x=n /(n+na) is the degree of ionization. It follows 
from (3) that for a chromospheric layer with a density 
n+na=1015 cm–3 instability criterion (2) is fulfilled at 
relatively low plasma stream velocities V0(t) if the flux 
tube shell is heated to T≈2.5104 K. The degree of ioni-
zation x runs to 90 %, and the instability criterion takes 
the form xT/(2Te)≈2.6>1. In this case, the typical RTI 
time in the magnetic flux tube with radius 

  73 5 10a    cm 

 1/ 23 / 2
RT e3 / 4 10 s.aT Tg     (4) 

This value is of the order of a /VTi that takes the external 
plasma tongue to penetrate the magnetic flux tube with 
the thermal velocity of ions. 

The Rayleigh — Taylor instability causes disturbance 

of the magnetic field of a loop and compression of the cur-
rent channel leading to amplification of current and its 
increased dissipation due to ion-neutral particle collisions 
in chromospheric plasma. 

 
ELECTRON ACCELERATION 
IN INDUCED ELECTRIC FIELDS 

Electric field acceleration of charged particles is most 
effective. When the chromospheric plasma tongue pene-
trates into the loop footpoint at a velocity 

   r 0, /V r t V t r a   the magnetic field components Bz 

and Bφ=2I /(ca), and hence the current, according to 
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From Formula (5) and  rot 1/ /E c B t   
 

, we can 

show that with the development of RTI the induced 

electric field  1/E c V B    
  

 is perpendicular to the 

magnetic field, so it does not accelerate charged parti-
cles. However, during the time A A/ 5 10 s,l V     

where   80.5 1.0 10 cml    is the vertical extent of the 

RTI region, the magnetic field tension pulse Bφ "es-
capes" from the instability region at an Alfvén velocity 
VA as a pulse of longitudinal electric current 
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The magnetic pressure pulse Bz(r,t) remains in the 
region of plasma tongue penetration, exciting FMS 
oscillations (Figure 2). 

If the current is low ( 2 8 ,B p    where p is the plas-

ma gas pressure), the magnetic field disturbance is bal-
anced by the gas pressure disturbance and Ez=0. An 
electric current pulse propagates along the loop as a 

linear Alfvén wave. At 2 8B p  , an induced electric 

field appears which is directed along the magnetic field 

of the loop Bz 0. This is due to the fact that at 2 8B p   

magnetic field disturbances are no longer balanced by 
the gas pressure gradient as in the linear Alfvén pulse, 
but velocity perturbations occur along the flux tube ra-
dius and along the undisturbed magnetic field Bz 0, 
which lead to the generation of the electric field compo-
nent Bφ nonlinear in field and current along the flux tube 
axis [Zaitsev et al., 2016]: 
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The electric field average with respect to the loop cross-
section  
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For example, for na=1014 cm–3, Bz 0 =300 G,  I0 =1010 A, 

find 0.1zE   V/cm, i.e. electrons can accelerate at a 

length l≈(0.5÷1.0)108 cm to an energy of ~10 MeV. 
The ratio of the maximum field to the Dreiser field ED  
=6·10–8n /T V/cm, when plasma electrons go into escape 
mode, is [Zaitsev et al., 2016] 
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Figure 3 displays generation regions of electric 
fields, large and small Dreiser fields for typical condi-
tions in the chromosphere.  

Why are electric fields of the order of the Dreiser 
field necessary for effective acceleration of particles in a 

 

Figure 2. Magnetic field disturbance in the flux tube due 
to the development of RTI. Here, l is the vertical size of the 
penetrating external plasma tongue; a is the radius of the mag-
netic flux tube; Δξ is the size of the electric current pulse 
along Bz 0 [Zaitsev et al., 2016] 

 
Figure 3. Plasma number density — electric current plot 

for a=107 cm, Bz 0 =2103 G, T=2104 K, δΔξ=5107 cm. Re-
gions of sub- and super-Dreicer electric fields (gray) are 
shown which are formed at the leading edge of a current pulse 
propagating along a magnetic loop from the RTI region 
[Zaitsev et al., 2016] 

flare? In the chromospheric part of the loop, the number 
of particles in the column from the temperature mini-
mum to the transition region between the chromosphere 
and the corona averages ~51039. This is enough to 
provide injection of the required number of electrons 
~1039 into the acceleration mode [Miller et al., 1997]. 
Since the total number of accelerated electrons does 
not differ much from the total number of particles in 
the chromospheric part of the loop, this indicates a 
high efficiency of the acceleration mechanism when 
the number density of accelerated electrons is compa-
rable in order of magnitude to the background plasma 
number density. This means that when accelerated by 
regular electric fields, the fields should either be 
close to or exceed the Dreiser field. That is why, in 
sufficiently powerful flares, acceleration of electrons 
should most likely occur in the chromosphere. Oth-
erwise, it is difficult to explain the high number den-
sity of accelerated electrons n~1010–1011 cm–3 with an 
energy >20 keV. Electric fields larger than the Drei-
ser field can appear at the front of an electric current 
pulse generated in a loop due to the development of 
RTI if the current amplitude exceeds 1010A (see Fig-
ure 3). The presented results on particle acceleration 
in the chromosphere can be considered as déjà vu — 
return to the concept of a chromospheric flare [Gio-
vanelli, 1946; Fritzova-Švestková, Švestka 1967]. 

 
FLARE ENERGY RELEASE 
INITIATED BY PROMINENCE 

Some authors (see, e.g., [Zimovets et al., 2020]) believe 
that a shortcoming of the current interruption model is the 
inability to explain the observed energy release at the loop 
top, which occurs in hard X-ray “above-the-loop-top flare" 
[Masuda et al., 1994]. We show that RTI caused by promi-
nence at flare loop tops can explain this phenomenon. For 
the first time, the possibility of initiating a flare in magnetic 
loops loaded with prominence (filament) was observed by 
Pustil'nik [1974] under the assumption of magnetic recon-
nection. In fact, a dense (na+n~1011–1012 cm–3) and rela-
tively cold (T~0.01 MK) prominence of thickness 
D≈(3÷10)108 cm, located above a flare loop or an arcade of 
loops with T~(1÷10) MK and n~109 cm–3, represents a 
classical RTI pattern: heavy liquid over light (Figure 4). An 
appropriate magnetic field curvature is also available. As a 
result, partially ionized plasma tongues penetrate into the 
hot current-carrying loop, which lead to increased Joule 
dissipation under the Cowling resistivity and to accelera-
tion of charged particles, described in the previous section, 
in induced electric fields. If loops are sequentially arranged 
in height (see Figure 4), there may occur a Masuda flare 
effect since the increased plasma number density provides 
a target thick enough for generating hard X-ray by elec-
trons accelerated at loop tops. This is, briefly, our scenario 
of a flare trigger due to prominence-induced RTI. 

Accordingly, we make some estimates. RTI (balloon-
ing mode) occurs if the prominence thickness 
D>Dc =B2 /(10πρg) [Pustil'nik, 1974]. Given ρ=mi (na+n)= 
=5·10 –13g/cm3 and B=10 G, we find Dc=2·10 8 cm, which 
is less than the observed filament thickness. 

The Joule dissipation rate per unit volume of magnetic 
flux tube is determined as [Stepanov, Zaitsev, 2018] 
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Figure 4. Flare loop-prominence interaction. The tongue 
of dense partially ionized plasma of prominence penetrates a 
loop due to RTI [Zaitsev, Stepanov, 1992] 
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where  2 ,zj I a   2
e eine m v   is the classical 

conductivity (Spitzer), F=na /(n+na), Bφ=2I /(ca), 
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describes dissipation due to the Cowling resistivity associ-
ated with ion-atom collisions, which in the case of injection 
of neutral particles from a prominence to a magnetic loop 
is predominant. Then, the dissipation rate can be represent-
ed as 
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Assuming I=1011A, F=0.5, the loop radius in the corona 
a=108 cm, n=109 cm–3, T=104 K, we obtain q≈4103 
erg/(cm 3s). If the energy release region at the loop top 
is ~31025 cm3, we get an energy release capacity of 
~1029 erg/s.  

The number of energetic electrons accelerated at 
the top of the current–carrying loop when the promi-
nence plasma tongue penetrates it can be estimated as 

Ti2 .N n xDV t     For the time Δt≈100 s at n≈31011 

cm–3, the length of the tongue penetrating the loop top 
83 10 cm,x D     4 6

Ti 10 K 10 cm/sV T   , we 

have N≈2 1037. This number of accelerated electrons 
corresponds to a medium power flare. 

 
PULSE HEATING 
OF THE CHROMOSPHERE  
AND PROMPT FLARE  
PRECURSORS  

Among HOPEs, there are also unusually prompt 
flare precursors. For example, Hudson et al. [2021] us-
ing observational data from GOES and RHESSI have 
shown that before the flare impulsive phase on January 
7, 2017 the chromospheric coronal magnetic loop foot-
points rapidly, for ~10 s, heated up to a temperature 10–
15 MK, being almost the same for 1.5 min. The emis-

sion measure of radiating loop footpoints slowly in-

creased and, according to GOES data, ran to 2 4710n V   
cm–3. With loop footpoint volumes of 

23 255 10 10V    cm3, this leads to an estimate of plas-

ma number density   113.0 4.5 10n   cm3 near the pre-

cursor region, which is typical of the chromosphere. 
During the heating phase, the chromosphere was not 
heated by accelerated electrons. A similar result has 
been obtained in a number of other papers [Awasthi, 
Jain, 2011; Battaglia et al., 2023]. Thus, pre-flare heat-
ing is not related to collisional heating of the active re-
gion by non-thermal electrons, which contradicts the 
standard flare model.  

We assume that the pre-flare heating is linked to a 
sharp increase in the longitudinal electric current (Bφ) 
during the development of RTI, described in the previ-
ous sections, at loop footpoints. A pulse of high-
amplitude longitudinal electric current remains in the 
chromosphere for A A/ 5 10 s.l V     During this 

time, the current heats the chromospheric footpoint to 
T~107 K, forming an X-ray flare precursor. Then, the 
pulse of the longitudinal electric current leaves the in-
stability region as a nonlinear Alfvén wave (see Figure 
2) with the induced electric field that accelerates elec-
trons to energies sufficient to form a solar flare hard X-
ray source. This is a possible scenario for a flare with a 
precursor [Zaitsev, Stepanov, 2025].  

Explore the conditions for the formation of such a 
prompt flare precursor. First, from (11), find the time of 

heating of magnetic loop footpoints to 710 KT   by 

electric currents. We can ignore dissipation due to the 
Spitzer resistivity since at ~31011 A such resistivity is 
significant only for heights <1000 km [Stepanov et al., 
2024]. When estimating the heating time, neglect the 
radiative losses caused by high temperatures, as well as 
the thermal conductivity along the loop, which is sup-
pressed by a significant azimuthal magnetic field compo-
nent Bφ associated with the longitudinal current jz. As-

sume that at 6>10 KT  the relative number density of 

neutrals depends on temperature in the same way as in 
the quasi-stationary corona, i.e. 0.15 /F T  [Verner, 
Ferland, 1996; Zaitsev, 2015]. From the heat balance 
equation 
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determine the temperature dependence on time 
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From (13), find the heating time of the chromospheric 

footpoints 4
H 10 s 3t    hr to 710 KT  at 

1210 A,I  114 10n   cm–3 and 73 10a   cm. Such a 

long heating time means that we cannot use the formula for 
the relative number density of neutrals for the quasi-
stationary corona, but we should take into account the 
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pulsed nature of heating and the nonstationarity of ioniza-
tion process. The rate of change in the plasma electron 
density during neutral atom ionization by electron impact 
can be estimated from the equation 

a H Te .
dn

nn V
dt

   (14) 

The hydrogen atom ionization cross-section 17
H 2 10    

cm2 at 710 KT   [Andreev, 2010]. The heating time of 

precursor plasma by electric current H 10   s. During this 

time, plasma at the loop footpoint is only partially ionized, 
retaining a certain number of neutrals. The number density 
of neutrals at the heating stage is estimated from Equation 
(14): 
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With the plasma number density 114 10n   cm–3 in the 
precursor generation region, the relative number density 

of neutrals 5
a= / 10 .F n n   It is three orders of magni-

tude higher than the relative number density of neutrals 

in the corona with  7 8=10 K 0.15 / 10 .T F T    This 

difference is caused by the fact that when a strong elec-
tric current is pulsed on the heating rate is higher than 
the ionization rate (ionization does not keep up with 
heating). Therefore, when a current pulse "escapes" 
from the flare precursor region in the form of a nonline-
ar Alfvén wave, the residual number density of neutrals 
in this region remains quite high [Zaitsev, Stepanov, 
2025]. To determine the current required to heat the 
precursor to T≈107 K during the time τH 10 s at F≈10–5, 
we use Equation (12) from which we find the heating 
time. 

8 3 6 3/ 2
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1.6 10
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n a T

FI


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It follows from (16) that for the region with n=4·1011 
cm–3, a=3·107 cm, F=10–5 plasma heating to T≈107 K 

during the time H 10   s is possible at 1210 A.I   For 

the plasma number density n=1011 cm–3, the critical 

current 115 10 A.I    Such electric currents are recorded 
in flare precursors [Wang et al., 2017]. Since the heat-
ing time is ~I–4, prompt X-ray precursors at currents 
lower than 1011 A are unlikely to exist. 

 
CONCLUSION 

We have shown that the Rayleigh — Taylor instability 
is a flare trigger both at loop footpoints and at their tops. 
RTI at the loop footpoint leads to the intrusion of the sur-
rounding chromospheric plasma into the loop at a velocity 
~VTi during the time ~a /VTi ~10 s, with the longitudinal 

electric current increasing  0 0

2
exp .

t

zI I V t dt
a

    
   

Joule dissipation with increased Cowling resistivity causes 
the chromosphere to heat up at loop footpoints and a sig-
nificant number of electrons to accelerate to energies ~1–3 

MeV in induced electric fields. At the same time, for 
~1038–1039 electrons to accelerate during a flare, electric 
fields should be either close to the Dreicer field or higher 
(super-Dreicer). Our results on energy release and particle 
acceleration in the chromosphere can be considered as déjà 
vu — return to the concept of a chromospheric flare. 

The Rayleigh—Taylor instability at tops of flare loops, 
loaded with a dense cold filament, initiates phenomena 
similar to those described for loop footpoints. In this case, 
the filament injects a significant number of neutral particles 
into current-carrying magnetic loops, which dramatically 
increase the Joule dissipation at loop tops, accompanied by 
charged particle acceleration. Thus, we can explain flares 
of the “above-the-loop-top” type [Masuda et al., 1994] in 
the current-carrying magnetic loop model.  

An important consequence of RTI as a solar flare 
trigger is the possibility of explaining prompt (~10 s) 
hot (10–15 MK) solar flare precursors. We have shown 
that if the pulse current exceeds 1011A, the Joule plasma 
heating rate overtakes the ionization rate, which leads to 
increased electric current dissipation. Note that preheat-
ing of flare plasma to a temperature >12 MK is also a 
necessary condition for accelerating high-energy (>100 
MeV) protons [Struminsky et al., 2024]. Moreover, un-
derstanding the physical nature of the solar flare trigger 
is of paramount importance for predicting space weather 
and mitigating its impact on technological infrastructure. 

The work was financially supported by RSF (Grant No. 
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