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It has been suggested that under solar coronal conditions, drift waves may contribute to coronal heating. Specific prop-
erties of the drift waves to be expected in the solar corona have, however, not yet been determined using more advanced
numerical models. We investigate the linear properties of density-gradient-driven drift waves in the solar coronal plasma
using gyrokinetic ion-electron simulations with the gyrokinetic code GENE, solving the Vlasov-Maxwell equations in
five dimensions assuming a simple slab geometry. We determine the frequencies and growth rates of the coronal density
gradient-driven drift waves with changing plasma parameters, such as the electron β , the density gradient, the magnetic
shear and additional temperature gradients. To investigate the influence of the finite Larmor radius effect on the growth
and structure of the modes, we also compare the gyrokinetic simulation results to those obtained from drift-kinetics.
In most of the investigated conditions, the drift wave has positive growth rates that increase with increasing density
gradient and decreasing β . In the case of increasing magnetic shear, we find that from a certain point, the growth
rate reaches a plateau. Depending on the considered reference environment, the frequencies and growth rates of these
waves lie on the order of 0.1 mHz to 1 Hz. These values correspond to the observed solar wind density fluctuations
near the Sun detected by WISPR, currently of unexplained origin. As a next step, nonlinear simulations are required to
determine the expected fluctuation amplitudes and the plasma heating resulting from this mechanism.

I. DRIFT WAVES IN THE SOLAR CORONA

A common approach to describing the behaviour of plasma
in the solar corona is to rely on the ideal magnetohydro-
dynamic (MHD) equations. These equations, which govern
the dynamics of a single-fluid plasma with zero resistivity,
can relatively accurately predict global plasma characteristics,
such as some of the plasma flow phenomena and equilibrium
conditions, and resolve specific waves potentially present in
the plasma, including magnetosonic and Alfvén waves. This
model, however, cannot resolve different dynamics of the ions
and the electrons, and even in the cases of more advanced
multi-fluid MHD modelling, MHD approaches still cannot re-
solve the associated kinetic effects.

The extra degree of freedom that results from the separate
ion and electron motions in the plasma also adds supplemen-
tary mechanisms that can destabilise the plasma, in addition
to the modes already known from MHD theory. One such set
of phenomena, called drift waves (DWs), prescribes that there
is always a potential for instability if the plasma has a spa-
tial gradient in the distribution function of its particles, which
is a phenomenon that cannot be predicted or modelled by the
MHD theory alone.

In fusion devices, drift-wave instabilities are the dominant
source of anomalous (turbulent) transport1,2 and have thus
been widely researched in fusion physics. These waves are
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formed in regions with a gradient in density and/ or temper-
ature perpendicular to the strong background magnetic field,
and where diamagnetic currents are induced to satisfy force
balance. In this study, we will focus on density-gradient-
driven DWs (as we expect that to be the dominant DWs mech-
anism in the solar corona due to the strong gradients existing
across coronal loops), though other forms of DWs, such as
ion- and electron-temperature-gradient-driven instabilities3,
trapped-electron modes4 and micro-tearing modes5 also exist.

Density-gradient-driven DWs are generated in plasmas in
which a density gradient ∇n exists perpendicular to the back-
ground magnetic field B0, see Figure 1. If there is a per-
turbation ñ to the number density profile such that locally,
n = n0 + ñ, the faster electrons will, on a short time scale,
move either away or towards this region depending on whether
ñ is positive or negative, respectively. This will create regions
of either positive or negative electric potential, φ̃(ñ > 0) > 0
or φ̃(ñ< 0)< 0. From the perturbed potential, an electric field
Ẽ =−∇φ̃ is generated. Since Ẽ has a component perpendicu-
lar to B0, an E×B drift causes advection perpendicular to B0,
hence the name drift wave.

If the response of the electrons is adiabatic and ñ and φ̃ are
in phase (the adiabatic response of the electrons is assumed
to follow ñ/n0 = φ̃/T0), neutral DWs are created. On the
other hand, if the response is non-adiabatic, with a phase dif-
ference between ñ and φ̃ , these waves can become unstable
when the advection motion further amplifies the initial pertur-
bation. This non-adiabatic response can, for example, stem
from electron inertia or from the fact that there is collisional-
ity in the plasma. In regions of higher density, there will be
more collisions, and as a result, the electron response will be
slowed down. In regions of lower density, the response will be
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FIG. 1. On the left is visualised a schematic of the drift wave mechanism as explained in the text. Shown on the right are example contours
of a ky = 0.3 drift-wave instability in terms of the perturbed electrostatic potential and electron number density as functions of the coordinates
perpendicular to the z-aligned guide field.

faster in comparison, and thus, this will result in an accumu-
lation of electrons in the regions where the density is higher
already, amplifying the initial perturbation and destabilising
the DW.

Once the unstable DWs have attained an adequate wave am-
plitude, stochastic heating sets in when the particle motion in
an electrostatic wave becomes sufficiently chaotic that it can
traverse significant regions of phase space. This heating has
been explained theoretically as well as observed experimen-
tally and numerically in nuclear fusion experiments6 and the
Earth’s bow shock7. Stochastic heating due to drift waves
results in heating in the perpendicular direction, after which
(partial) isotropisation may take place. Considering that the
solar coronal heating problem has not yet been resolved (see,
e.g., the review of Klimchuk in Ref. 8), this drift-wave-based
heating is a candidate for further study.

The observed perpendicular temperatures T⊥ in the solar
wind are indeed larger than the parallel temperatures T|| (see,
e.g., Ref. 9 using Parker Solar Probe data). For that reason,
it has been suggested by Vranjes and Poedts in Ref. 10 that
stochastic heating due to DWs may be at least partly respon-
sible for coronal heating (for the entire rationale including
approximate calculations of the predicted heating and signa-
ture of these waves, see Refs. 10–16). Other arguments used
in Ref. 11 which work in favour of this hypothesis are that
stochastic heating is expected to heat protons indeed more ef-
ficiently than electrons, resulting in Te

Ti
< 1 (which is also ob-

served in the solar wind). Moreover, heavier ions are heated
more than lighter ions, which is also observed in the solar
wind.

Indeed, recent state-of-the-art EUV (extreme ultraviolet),
X-ray and even white-light observations have confirmed that

the solar corona is highly filamentary and inhomogeneous
(see, for example, Refs. 17–21), and thus, density gradients
are ubiquitous on various scales and with a large range of
magnitudes. For example, TRACE (Transition Region And
Coronal Explorer) observations of coronal loops smaller than
1000 km have revealed the existence of structures with a thick-
ness on the order of the spatial resolution of TRACE, see for
instance, Ref. 22 (the 0.5” resolution of TRACE corresponds
to roughly 300 km on the Sun). Doppler measurements sug-
gest that such fine structures may exist even at smaller scales
of the order of 10 km23. These findings indicate that the solar
corona provides an environment conducive to the formation
of DWs and ensuant stochastic particle heating.

Another mechanism through which heating can take place
is kinetic particle acceleration if the DW mechanism leads to
current sheet formation, magnetic reconnection and parallel
electric fields. Particle heating due to magnetic reconnection
on kinetic scales was, for example, studied by Pueschel et al.
in Ref. 24 (though in this case, the initial setup imposed cur-
rent sheets directly, and the DW mechanism was not consid-
ered as a driver thereof).

Despite all these arguments, the possible presence of DWs
in the solar corona has never been observationally studied.
Numerical analyses were generally carried out through sim-
plified numerical models assuming approximate plasma dis-
persion relations based on various approximations. A more
sophisticated approach is necessary to determine at which fre-
quencies and wavelengths these waves may be found in the
corona and to assess quantitatively how their growth depends
on the background plasma parameters.

To that end, in the present study, we aim to characterise
DWs under solar coronal conditions through linear gyroki-
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netic simulations. Once the linear behaviour of these DWs is
understood, nonlinear simulations can be carried out in future
work to evaluate turbulent amplitudes and heating rates.

In Section II, we introduce the code used to perform simula-
tions and describe the numerical setup in detail. The results of
the modelling are presented in Section III. First, we show pre-
dictions for the DW frequencies and growth rates for the de-
fault parameter point at a variety of perpendicular wave num-
bers as well as for other varying background conditions such
as a range of density gradients, electron β and magnetic shear.
This is followed up by a comparison with drift-kinetic predic-
tions. Other possible coronal heating mechanisms are also dis-
cussed, and the expected DW characteristics are briefly com-
pared to the properties of the other types of waves known to
exist in the solar corona. Finally, the physical interpretation
of these results is provided including a discussion of the limi-
tations of the study. The paper is concluded in Section IV.

II. GYROKINETICS WITH GENE AND SIMULATION
SETUP

The results presented in the present paper were obtained
with the gyrokinetic Vlasov-Maxwell solver GENE25 (https:
//genecode.org). While this solver was originally designed
for fusion research, there have been a number of studies in
which GENE was used to simulate basic and astrophysical
plasmas, including processes in the Solar corona24,26–29.

The two main assumptions on which the gyrokinetic frame-
work is based when compared to the regular kinetics are that
it is assumed that i) the background magnetic field variation
happens on a much larger spatial scale than the Larmor ra-
dius, and ii) the investigated frequencies are much lower than
the ion gyrofrequencies, which in the corona lie in the range of
1 to 100 kHz. These assumptions, while preventing the study
of, e.g., light and cyclotron waves, allow for eliminating one
velocity space coordinate due to gyro-averaging. Combined
with the less restrictive time step due to ordering out the cy-
clotron motion, this results in a speed-up of simulations by
multiple orders of magnitude. An assessment of the accu-
racy of gyrokinetics, compared to kinetic simulations, shows
a good agreement between the two approaches even outside
of the regime of the formal applicability of the former30. For
more detail on the theory and assumptions underlying gyroki-
netics, we refer the reader to the reviews in Ref. 31 and Ref.
32.

The specific form and normalisation used in GENE is de-
tailed by Pueschel et al. in Ref. 26. For the presented
case, a sheared slab was chosen as the magnetic geometry.
The particle distribution function consists of a background
components and a fluctuating component. The initial condi-
tion for the fluctuating component of the distribution function
g1 is Maxwellian. The background distribution, g0, remains
Maxwellian throughout the run, but the fluctuating compo-
nent g1 is allowed to evolve. At the time of convergence of
the eigenfunction, g0 will in general not be Maxwellian.

The reference length in the z−direction, Lz, can be iden-
tified as the loop length and cs the ion speed of sound. The

perpendicular wavenumber ky is normalised via the inverse
Larmor radius 1/ρs. The frequency ω and growth rate γ are
normalised using cs/Lz. It should be noted that in our con-
vention, positive frequencies correspond to drifts in the ion
diamagnetic direction. The specific values corresponding to
the conditions of the coronal loops will be inserted when dis-
cussing the physical interpretation of the results in Section III.

The discretisation of the domain was determined with a
number of convergence tests performed on a range of differ-
ent domain parameters. These included the number of grid
points in the different directions considered, Nx,Nz,Nv|| ,Nµ ,
the box sizes of the extension of the velocity domain Lv|| ,Lµ ,
and the strength of hyper-diffusion (see Ref. 33 for its defini-
tion and rationale). Note that the box size Lx is set by the par-
allel boundary condition and depends on ky and shear. The pa-
rameters of magnetic shear s̃, density gradient ωn =

Lz
Ln

(where
Ln is the density gradient scale length), electron β and the ky
wavenumber were varied in this study.

For the number of grid points Nx ×Nz in the radial and par-
allel directions, 51× 40 was found to be generally sufficient,
though in some cases investigated (especially with very low
magnetic shear), Nx of up to 131 was needed at lower ky’s.
Next, the number of grid points in the parallel velocity direc-
tion Nv|| and in the magnetic moment Nµ were found to be
converged at 196 and 16, respectively. Converged velocity
space domains are Lv|| = 3 and Lµ = 9 in units of the species’
velocity.

The fourth-order hyper-diffusion strength in the
x−direction Dx was set to 0.02 based on the scan in
Figure 2, with only a moderate impact seen when varying
this parameter. Note that Dx > 0 is required to ensure
convergence at sensible values of Nx due to its limiting role in
mode extent in ballooning space34. Also note that in this and
the following figures, the data points are notionally connected
according to the branches that they are expected to belong
to, as determined from the behaviour of their frequencies.
Mode-branch identification is based on continuous scaling in
the frequency as well as smooth changes in the shape of the
eigenfunction.

In the parallel direction, the fourth-order hyper-diffusion Dz
was set to 8 with the precise value not affecting the results
significantly over the range 1 to 32. The default set of physical
input parameters reads ωn = 100, ŝ = 0.25 and β = 0.

III. DRIFT-WAVE STABILITY UNDER CORONAL
CONDITIONS

All simulations presented below are unstable to a DW aris-
ing from a prescribed background density gradient. An exam-
ple drift-wave eigenfunction is given in Figure 1 on the right.
The eigenfunction is shown in terms of the electrostatic poten-
tial φ and the electron number density n. Note that the scale of
these values is arbitrary as in this phase, the linear instability
grows exponentially in time. However, relative amplitudes are
meaningful. As mentioned above, it is clear that φ̃ and ñ are
not in phase, a prerequisite for the instability developing in the

https://genecode.org
https://genecode.org
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FIG. 2. The non-dimensional growth rate as a function of hyper-diffusion Dx in the x−direction for DWs at wavenumber ky = 0.3.

first place. The spatial scale of these instabilities is expressed
on the x and y axes in terms of the Larmor radii.

This drift wave behaves differently depending on the
wavenumber and on the background plasma conditions, such
as the density gradient, the magnetic shear, the electron β and
the presence of additional gradients, which can all influence
how fast the DW grows and at which frequencies it will drift.
These dependencies are investigated in the sections below.

A. Wavenumber dependency

First, it is evaluated how the frequency and the growth rates
of the DW change for a varying perpendicular wavenumber
ky for the base case. For ŝ = 0.25, ωn = 100 and β = 0,
this behaviour is shown in Figure 3 for the frequency and for
the growth rate. From this figure, it is evident that the non-
dimensional frequencies range between 2.2 and 10.8, with the
peak frequency at ky = 0.3. The jumps in the frequencies be-
tween ky of 0.1 and 3 are due to the fact that there are several
DWs present with similarly large growth rates but with differ-
ent eigenfunctions (corresponding to different characteristic
kz), and each time, it is a different mode that ends up domi-
nating the growth. Indeed, different branches may arise from
the same dispersion relation that respond differently to an in-
creasing ky and parameters such as ŝ and β . This may then
result in the fact that these branches have similar growth rates
in certain conditions. For more details, consult, for instance,
Ref.35. Figure 3 shows that the growth rates vary between 0.6
and 4.6, with the peak growth rates occurring at ky = 4.

Since the peak frequency occurs at ky = 0.3 and the peak
growth rate at ky = 4, it is these two non-dimensional wave
numbers that will be mostly investigated from here on. Also
note that based on mixing-length arguments, the expected
nonlinear (turbulent) spectral peak lies at possibly substan-
tially lower ky than where the fastest growth occurs.

B. Density gradient dependency

The instability drive of the DW is the density gradient. The
baseline simulations presented above were computed using a
nondimensional density gradient of 100, where this gradient
is defined as,

ωn =−Lz

n0

dn0

dx
. (1)

Here, n0 is the number density and dn0/dx the density gra-
dient which defines the x−direction. In the solar corona, den-
sity gradients can be assumed to vary substantially. For in-
stance, Cargill and coworkers36 studied the evolution of den-
sity gradients in coronal loops through zero-dimensional mod-
elling and found that dn0/dx ∼ 5 cm−4 to 20 cm−4 for their
specific cases. Using these values for dn0/dx along with a ref-
erence parallel length of Lz of 108 m (to represent an average
coronal loop length) and a number density of 1014 m−3 as as-
sumed in Ref. 36, we obtain ωn = 100 to 1000. This justifies
our initial choice for ωn, and also suggests that higher values
may be relevant to the corona. In addition, in order to include
weaker coronal density structures, we investigate ωn down to
the value of 1.

The behaviour of the DW frequencies and growth rates de-
pending on the prescribed density gradient is shown in Fig-
ure 4. Since there was no instability occurring at ωn = 1
for both wavenumbers and for ωn = 10 for ky = 0.3, these
points are omitted. As expected, the growth rate increases
with ωn, in our case, by two orders of magnitude between
ωn = 10 and ωn = 1000. There are also significant changes
in the resulting frequencies, demonstrating that the frequency
of the DW generated by a weak gradient can be an order of
magnitude smaller compared to the DW coming from a re-
gion with stronger gradients. We also see that at very large
density gradients, the frequency flips its sign, meaning that
the drift changes its direction, from the electron diamagnetic
direction to the ion diamagnetic direction. Such reversals are
not uncommon in drift-wave turbulence37.
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FIG. 3. The dependency of DW real frequency (left) and growth rate (right) on ky for the base case.

FIG. 4. The dependency of DW real frequency (left) and growth rate (right) on the density gradient ωn.

The critical ωn,crit (i.e., an ωn which has to be exceeded
in order for the instability to occur) for ky = 0.3 was ob-
served to be between 10 < ωn,crit < 50, whereas for ky = 4,
ωn,crit ≈ 1. In DW turbulence, indeed, instability thresholds
are known to depend on the wavenumber35. The value of the
critical gradient may change, however, if effects such as field-
line curvature are introduced. Furthermore, this finding does
not preclude the existence of a (substantial) nonlinear critical
gradient that may arise from nonlinear resonances38–41. For
ky = 0.3, the instability no longer develops for ωn < 20.

C. Magnetic shear dependency

Another aspect affecting the behaviour of the DW is the
magnetic shear. In fusion devices, the magnetic shear ŝ is de-
termined from the profile of the device safety factor as

ŝ =
r0

q0

dq(x)
dx

, (2)

where the safety factor profile q(x) is taken near a flux sur-
face located at a distance r0 (corresponding to q0) from the

magnetic axis. Note that q0 corresponds to the twist of the
magnetic field lines.

There is very little little knowledge about the field-line-
twist profiles of coronal loops, however. Aschwanden in Ref.
42 found that the average Ntwist (which can be interpreted as
≈ 1/q0) in coronal loops is 0.14, giving a q0 of 3.6 (assuming
a half loop). However, to evaluate ŝ, the profile of q(x) at the
flux surface is needed, which, to the authors’ knowledge, has
not yet been determined for coronal loops. If we assume the
extreme case that q is 0 in the middle of the loop, it is possible
to compute the maximum ŝ. In Ref. 42, Aschwanden suggests
a typical loop inverse aspect ratio of rloop/Lloop ≈ 0.1−0.4, so
0.1Lz can be seen as a characteristic flux surface minor radius
at which q = 3.6. In that case, assuming we have the given
qmax on that surface and q = 0 in the middle, we arrive at a
maximum estimate for the magnetic shear of ŝmax ≈ 1.

In addition, it is expected that the magnitude of magnetic
shear in the large variety of density structures in the solar
corona is similarly variable. For that reason, below, we in-
vestigate the DW growth rates for an entire spectrum of mag-
netic shear, ranging from very small values of ŝ = 0.001 and
ŝ = 0.01 up to ŝ = 1. Note that finite ŝ is required for DW to
be unstable.
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FIG. 5. The dependency of the frequency (left) and the growth rate (right) on the magnetic shear ŝ. Note that the smallest shown value in this
plot corresponds to ŝ = 0.001 as ŝ = 0 would not result in an instability.

Figure 5 shows the results for the frequency and growth rate
at ky = 0.3 and 4, respectively, as functions of the shear ŝ, with
the smallest value shown being ŝ= 0.001. As expected, a very
low shear causes the growth rates to drop, whereas for a large
ŝ >∼ 0.5, a plateau develops. Apart from the cases with very
small shear, however, most of the complex eigenfunctions lie
in the general vicinity of the result for the default case ŝ =
0.25.

D. Electron β dependency

So far, it has been assumed that electron β (the ratio of the
electron thermal to the magnetic pressure) is 0 for simplic-
ity, and thus, we are considering a very strongly magnetised
plasma, which is favourable for the excitement of the drift
wave. However, according to Ref. 43, even in the magneti-
cally more active regions in the lower corona, β is expected
to vary between roughly 0.0001 and 0.01. For that reason,
we computed the frequencies and growth rates for finite β to
determine how the formation of magnetic fluctuations - the
consequence of β > 0 - and the concomitant alteration of the
confining field affect DW characteristics.

Figure 6 presents the variation of the DW frequency and
growth rate over a range of β ’s for ky = 0.3 (red diamonds)
and 4 (blue squares). The remaining physical input of the pa-
rameters corresponded to the base case, ŝ = 0.25 and ωn =
100.

As the β increases, the growth rate decreases significantly.
However, even at the highest tested β , this DW growth rate is
still positive. We observe a drop by a factor of roughly 10 over
two orders of magnitude increase in β for ky = 0.3, and only
a factor of 3 for ky = 4. This indicates that DWs may also be
unstable in magnetically less active regions, especially if the
corresponding density gradients are to compensate. We also
see that with the exception of one data point, the frequencies
can be expected to decrease with increasing β . The ky = 4
data point at β = 10−3 shows that there are again multiple

strong-growing modes with different frequencies present, and
the identity of the linearly dominant mode branch can sensi-
tively depend on the specific plasma conditions44.

E. DWs in the presence of temperature gradients

The solar corona is also characterised by temperature gra-
dients, though these can be expected to be generally milder
than the density gradients (e.g., across the cross-section of a
coronal loop). Temperature-gradient-driven modes can coex-
ist with density-gradient-driven modes and DW properties can
change based on a mixed gradient drive. In regions such as
prominences with locally cool, condensed plasma (see, e.g.,
the simulations carried out by Jenkins et al. and Brughmans
et al. in Ref. 45 and Ref. 46), these effects may be especially
important.

For that reason, the base case with ωn = 100 was modified
with the inclusion of a temperature gradient ωT = 1,10,50 and
100, where the temperature gradient is defined analogously to
the density gradient.

The results are shown in Figure 7 for the frequency and for
the growth rate. In both plots, the blue squares correspond to
ky = 4 and the red diamonds to ky = 0.3.

For small temperature gradients ωT ≤ 10, the resulting in-
stability is not significantly affected for the investigated wave
numbers (with the frequencies and growth rates remaining
within 10% of the base case). At larger temperature gradients,
the DWs become partly stabilised. Mathematically, this prop-
erty arises from the drive term ∝ ωn + (v2

∥ + µB0 − 3/2)ωT

in the Vlasov equation26, where for v2
∥ < 3/2−µB0, the tem-

perature gradient can act in a fashion opposing the density
gradient. However, as long as ωn ≫ ωT , one can expect DWs
to remain strongly unstable.
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FIG. 6. The dependency of the frequency (left) and the growth rate (right) on the electron β .

FIG. 7. The dependency of the frequency (left) and the growth rate (right) on the added temperature gradient ωT .

F. Comparison with drift-kinetic simulations

Finally, we have seen above that there is a significant
growth at relatively large perpendicular wave numbers ky > 1.
We now investigate whether DWs are affected by finite Lar-
mor radius (FLR) effects. This can be determined by compar-
ison with drift-kinetic simulations, which, in addition to the
gyrokinetic approximations, assume that the particle gyrora-
dius is small compared to the fluctuating scales, ky ≪ 1. In
practice, this means that Bessel functions of argument ky in
the gyrokinetic equations are replaced by a truncated Taylor
series.

The resulting comparison can be seen in Figure 8, where
the gyrokinetic growth rates are shown as blue squares, while
the drift-kinetic growth rates are shown as red diamonds.

At lower ky, the predicted growth rates according to gyroki-
netics and drift-kinetics agree well with each other, with the
values at ky = 0.1 matching closely. At higher wave num-
bers, however, the drift-kinetic predictions for the growth fall

to zero. This shows that drift-kinetics is inaccurate at gyro-
radius and sub-gyroradius scales (ky >∼ 1), meaning that FLR
effects play a significant role in the destabilisation of small-
scale DWs.

G. Application to the solar corona

To understand what the findings above imply for the solar
corona, in this section, the results will be translated into di-
mensional quantities.

The baseline reference values were chosen as follows. The
reference length in the z-direction Lz of 100 Mm was used
to represent the length of a typical coronal loop. The back-
ground parallel magnetic field B0 (also in the z−direction) was
set to 10 G, or 0.001 T, to represent the typical magnetic field
strength in coronal loops. The background temperature T0 was
set to 90 eV, or roughly 1 MK, also representative of the elec-
tron (and ion) temperature in coronal loops. For typical ranges
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FIG. 8. Comparison of growth rates as functions of perpendicular wavenumber as computed according to gyrokinetics (blue squares) and
drift-kinetics (red diamonds). Note that the two gyrokinetic and drift-kinetic data points overlap at ky = 0.1.

of values of these quantities in coronal loops, see the work of
Dahlburg et al. in Ref. 47.

Using the reference speed of sound of the ions cs, as derived
from the reference temperature and the reference length, we
obtain a normalisation frequency ωref = cs/Lz of ≈ 9 ·10−4 rad
s−1 = 1.4 ·10−4 Hz. This means that for our base case, the non-
dimensional frequencies (in the range of 2 to 12) and the non-
dimensional growth rates (in the range of 0.5 to 5) correspond
to real frequencies of 0.3 mHz to 1.7 mHz and growth rates
of 0.07 mHz to 0.7 mHz. For smaller structures (e.g., shorter
coronal loops), we find that the implied real frequencies and
growth rates increase inversely in proportion, that is, of 3 mHz
to 17 mHz frequencies for 1 Mm structures and 3 Hz to 17 Hz
for 10 km structures. The same scaling applies to the growth
rate.

The background temperature affects the reference speed of
sound, and thus, colder or hotter structures will also have dif-
ferent ranges of frequencies and growth rates. Considering the
base case, a lower temperature of 100 kK results in frequen-
cies of 0.09 mHz to 0.6 mHz and growth rates of 0.02 mHz to
0.2 mHz. A much hotter coronal loop of 10 MK, in contrast,
would yield frequencies between 0.9 mHz to 6 mHz.

The ranges above only hold for the base case, the results
of which were presented in Figure 3. If we significantly ei-
ther increase or decrease the density gradient, we correspond-
ingly get much higher or smaller values for the growth rate,
respectively. For the investigated case of ky = 4, the maximum
growth rate of 0.6 mHz increases to 4 mHz at ωn = 1000, and
gets reduced down to 0.04 mHz at ωn = 10. For a varying β ,
wave frequencies remain in the 0.1 mHz to 2 mHz range, with
the growth rate falling down to 0.02 mHz at ky = 0.3 for the
highest β tested.

Finally, the typical ion gyroradius for our conditions, con-
sidering a background coronal magnetic field of 10 G and the
sound speed of ions of 90 km/s, is roughly 1 m. Thus, the

indicated wave numbers at which these waves grow fastest
and have the largest frequencies also correspond to ky ≈ 0.3
to 5 m−1, which translates into wavelengths of ≈ 1 to 20 m.
These wavelengths are much smaller than any scale present-
day space instruments can resolve in the corona. DWs also
propagate in the direction parallel to the magnetic field, with
k|| ≪ k⊥ (see observations in Ref. 6). This direction is along
the loop, and our simulations indicate that the first and sec-
ond harmonics in k|| are the dominant mode, see Figure 9,
depending on the choice of ky. That is, the wavelength of this
oscillation is half the loop radius for ky = 4 or the full loop
radius for ky = 0.3. However, linear results by themselves are
insufficient to predict the amplitudes of these oscillations and,
thus, whether they should be observable, especially next to the
strong modes such as those generated by the kink instabilities.

The frequency values indicated above are interesting from
the observational standpoint. Kepko et al. in Ref. 48 iden-
tified density fluctuations with frequencies between 0.1 and
3 mHz in the solar wind plasma. In Ref. 48 and Ref. 49, it
is suggested that these periodic density fluctuations may origi-
nate in the solar corona, which was confirmed in by Viall et al.
in Ref. 50 and Ref. 51. The exact driver of these fluctuations
remains unknown to this day. If these density fluctuations are
accompanied by fluctuations in the electrostatic potential, DW
could be a viable candidate for their explanation. This discus-
sion thus brings us to the point where we can compare the DW
properties determined above to the properties of other mecha-
nisms that suspected to contribute towards coronal heating.

H. Comparison with other heating mechanisms

In this work, we treat DWs as one of the potential candi-
dates to (at least partly) explain the source of solar coronal
heating. There has been, however, a variety of other mecha-
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FIG. 9. The amplitude fluctuations of the electrostatic potential and density in the direction along the coronal loop path (z-axis). The values
on the vertical axes are arbitrary.

nisms suggested for this role, and it is thus important to com-
pare DWs to these mechanisms to determine in which aspects
they may differ in practice and how they may be distinguished.

The mechanisms that could be responsible for coronal heat-
ing are typically separated into the those involving dissipation
of energy from waves and those related to magnetic reconnec-
tion, see, for instance, the review in Ref. 8. While originally,
studies mostly focused on finding "the one" coronal heating
mechanism, recently it has been more and more accepted by
the community that there is not a single one mechanism solely
responsible for heating the corona, but that more likely, the
heating is caused by a variety of mechanisms at different spa-
tial and temporal scales52. A review of the variety of waves
that have been observed in the solar corona and that could
contribute towards coronal heating can be found in, for exam-
ple, the work of Van Doorsselaere et al. in Ref. 53, including
Alfvén waves, magnetosonic waves and standing waves. As
has been also pointed out in Ref. 52 however, it can be diffi-
cult to separate the different mechanisms, as MHD waves may
drive magnetic reconnection and vice versa. Similarly, it was
in Ref. 24 that magnetic reconnection in coronal plasma may
lead to the generation of kinetic Alfvénic waves. Alfvénic
turbulence has been shown to be a viable candidate to explain
coronal heating54.

The main feature which makes drift waves distinguishable
from the other observable wave types, such as Alfvén waves,
is the presence of electrostatic fields of substantial amplitudes.
In Figure 1 on the right, we see oscillations in the electrostatic
potential φ̃ , which, provided that their amplitude (as deter-
mined from nonlinear simulations) is large enough, may be
observable in future in-situ measurements.

The different kinds of wave mechanisms provide heating
at different spatial and temporal scales. For example, for
standing kink waves, frequencies between 0.6 mHz to 17 mHz
are reported55. The CoMP waves, observed by the Coronal
Multi-channel Polarimeter56, have been interpreted as trans-
verse Alfvén waves57,58 with a peak at ≈ 3.2 mHz, though Van
Doorsseleare et al. argue that these could be fast-mode kink
waves instead53. Khan et al. predict a few mHz for kinetic

and inertial Alfvén waves in Ref. 59. For decayless standing
waves observed in coronal loops, the survey of which was per-
formed in Ref. 60, frequencies of 3 to 6 mHz were reported.
We thus see that the frequencies of DWs expected from the
results reported in the present paper overlap with these quite
significantly.

However, as also visible on Figure 1, the spatial scale of
the DW oscillations is very small, on the order of a few to a
few tens of Larmor radii depending on the wavenumber. In
solar coronal conditions, this means the scale of a few cen-
timeters to a few meters. Given the high speeds (generally
≫ 1 kms−1) of the CoMP and standing waves summarised in
the work in Ref. 53, the corresponding wavelengths would be
mostly in the range of hundreds of kilometers to megameters.
In the conditions of the solar corona, DWs would thus be ob-
servable on much smaller spatial scales. Further away into the
heliosphere, however, thanks to the smaller magnetic field and
thus much larger gyroradii, the wavelengths of DWs may also
reach the scale of kilometers to megameters, however.

Finally, in the nonlinear simulations planned in the future, it
will be also possible to analyse the resulting turbulence spec-
trum and compare that with what has been measured in-situ in
the solar wind, similarly to what has been done by in Ref. 24.
These nonlinear simulations can be set up in the future thanks
to the linear simulations presented in this paper.

I. Limitations of the modelling approach

The results above suggest the possible existence of unsta-
ble drift waves in coronal loops with frequencies and growth
rates lying in the general range of 0.1 mHz to 1 Hz, which
are unstable in all of the conditions tested and which grow es-
pecially in environments with high magnetisation and density
gradients. It must be emphasised, however, that the ranges
of frequencies and growth rates estimated for this mode were
computed with linear simulations only. Thus, these simula-
tions cannot provide an estimate of the oscillation amplitudes.
In addition, quasilinear treatments (see, e.g., Ref. 61) of drift-
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wave instabilities produce turbulent diffusion scaling as γ/k2
⊥,

allowing large scales to affect the turbulence much more sub-
stantially than small scales. Relatedly, nonlinear character-
istics of drift-wave turbulence, such as spectra, cross-phases
and probability distribution functions, are generally set by
the larger scales in the system62, whereas coherence is lost
and amplitudes are much smaller at the smaller scales, even
when growth rates there remain substantial. See also Ref. 63.
In practice, this means that nonlinear fluctuation amplitudes
will peak at scales larger than that associated with the fastest-
growing linear eigenmode.

For these reasons, we have not yet proceeded with the es-
timation of DW-based heating of the coronal plasma. Corre-
sponding nonlinear analyses are ongoing and will be reported
at a later time.

In addition, it should be noted that here, only a simple slab
geometry with a density gradient is studied. In reality, mag-
netic curvatures may result in additional dynamics that affect
the outcomes. For example, field-line curvature can result in
critical ωn, below which no instability exists.

Further 3D effects include the fact that in solar wind, elec-
trons largely do not have Maxwellian distributions, but con-
tain suprathermal tails, with a distinguishable thermal core,
an energetic halo and a more energetic superhalo64,65. These
may, according to numerical simulations, also exist in the so-
lar corona, see, for instance, the work of Vocks et al. in Ref. 66
or Cranmer in Ref. 67, and they may have an influence on the
behaviour of DWs according to the work of Guo in Ref. 68. In
the work of Guo, it is shown that the critical wavenumber may
become higher when the suprathermal features are included
and that both the frequency and the growth rates may be af-
fected by a few tens of percent. However, the Strahl compo-
nent of the electron halo is, unlike the core and the superhalo,
highly anisotropic, and generally points in the direction away
from the Sun65,66. Thus, its direction is expected to change
depending on the position along the coronal loop. Such con-
siderations can inform future studies that extend the present
effort to realistic, 3D coronal-loop geometries.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we use the gyrokinetic code GENE to compute
linear properties of drift waves (DWs) in the environment of
the solar corona. DWs can get excited linearly in magnetised
plasmas that contain density and/or thermal gradients perpen-
dicular to the magnetic field due to the different dynamics
of ions and electrons, and a non-adiabatic response of elec-
trons further destabilises these modes. It was shown in Refs.
10–16 that DWs may potentially contribute to coronal heating
through processes such as particle acceleration and stochastic
heating, which may explain phenomena such as temperature
anisotropy of the solar wind and stronger heating of heavier
ions. Especially in the solar coronal environment, the density-
gradient-driven DW is relevant, considering the profiles of
coronal loops.

Analysis of density-gradient-driven DWs within the gyroki-
netic framework, which, in comparison with kinetics, aver-

ages over the gyrating motion of the charged particles and thus
requires fewer computational resources. The setup considered
was a slab geometry with an ion-electron plasma with a back-
ground density gradient and a background magnetic field per-
pendicular to it.

Linear results indicate that for all investigated conditions,
the drift-wave mechanism is present and unstable, except for
smaller ky’s at small density gradients. Simulations exhibit
the growth rates in the range between 0.07 and 0.7 mHz and
frequencies in the range between 0.3 and 1.7 mHz for our base
case (a 1 MK corona with a 10 G magnetic field, a loop length
of 100 Mm and a nondimensional density gradient of 100, as
derived from Ref. 36). Frequencies of up to tens of mHz to
Hz are estimated for very hot (> 107 K) and small (< 10 km)
density filaments.

We also demonstrate that increasing the density gradient
enhances the growth of this instability. While finite magnetic
shear is required for growth, for realistic values, growth rates
are rather insensitive to shear. Finally, increasing electron β

reduces growth by roughly one order of magnitude going from
the electrostatic limit, β = 0, to β = 0.01, which is more rep-
resentative of the coronal environment.

This work thus concludes that DWs may be present and un-
stable in the environment of the solar corona. In comparison
to the work of Vranjes and Poedts10–16, we base this conclu-
sion on an extensive numerical gyrokinetic study instead of a
simplified dispersion relation, with this study carried out for
a wide variety of wavenumbers, density gradient strengths,
magnetic shear strengths, realistic β values and even in the
presence of additional temperature gradients. We also show
that the predicted frequencies of these simulations agree with
the periodic oscillations that have been recently measured in
the solar wind51. Finally, we compare the expected character-
istics of DWs with the properties of the other types of waves
present in the solar corona that are currently suspected to con-
tribute towards coronal heating.

However, linear simulations are not sufficient to predict to
which extent this mechanism can contribute to coronal heat-
ing. They cannot determine the amplitudes of the resulting
oscillations. Our linear results are merely indicative that DWs
may be present and unstable in the corona, and they show in
which environments this mode should be expected to be more
prevalent and faster growing. Determining the linear charac-
teristics is, however, an important first step towards carrying
out a more sophisticated analysis. Knowing how these modes
behave linearly allows us now to progress to nonlinear simula-
tions, through which we can determine the heating as well as
heat flux that can be generated via this mechanism. Nonlinear
simulations will indicate on which time scales DWs can af-
fect the background and how these time scales compare with
a typical coronal-loop lifetime. Finally, comparisons with ob-
servations will be possible through the analysis of the result-
ing turbulence spectrum. This work is currently in progress.
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