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6Dep. of Astronomy, Eötvös Loránd Univ.,
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ABSTRACT

The recent rediscovery of magnetic field switchbacks or deflections embedded in the solar wind flow

by the Parker Solar Probe mission lead to a huge interest in the modelling of the formation mechanisms

and origin of these switchbacks. Several scenarios for their generation were put forth, ranging from

lower solar atmospheric origins by reconnection, to being a manifestation of turbulence in the solar
wind, and so on. Here we study some potential formation mechanisms of magnetic switchbacks in the

lower solar atmosphere, using three-dimensional magneto-hydrodynamic (MHD) numerical simulations.

The model is that of an intense flux tube in an open magnetic field region, aiming to represent a

magnetic bright point opening up to an open coronal magnetic field structure, e.g. a coronal hole.

The model is driven with different plasma flows in the photosphere, such as a fast up-shooting jet, as

well as shearing flows generated by vortex motions or torsional oscillations. In all scenarios considered,

we witness the formation of magnetic switchbacks in regions corresponding to chromospheric heights.
Therefore, photospheric plasma flows around the foot-points of intense flux tubes appear to be suitable

drivers for the formation of magnetic switchbacks in the lower solar atmosphere. Nevertheless, these
switchbacks do not appear to be able to enter the coronal heights of the simulation in the present

model. In conclusion, based on the presented simulations, switchbacks measured in the solar wind are

unlikely to originate from photospheric or chromospheric dynamics.
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1. INTRODUCTION

With the advent of the Parker Solar Probe (PSP for short) we are able to directly measure properties of the solar wind

closer to the Sun than ever before (Fox et al. 2016). One of the early highlight discoveries of PSP is the omnipresence

of strong local deflections of the magnetic field in the solar wind, mostly referred to as switchbacks (Kasper et al. 2019;

Horbury et al. 2020). These structures, also called as folds, jets, or spikes, are not necessarily full reversals of the local

magnetic field, unlike some names suggest. In fact, the measured distribution of deflections resembles a power law,
with most of the deflections at small angles relative to the Parker spiral (Dudok de Wit et al. 2020). There is evidence

that switchbacks are localized kinks in the magnetic field and not polarity reversals or closed loops (Whittlesey et al.

2020; McManus et al. 2020). However, switchbacks are not a new finding. They were already observed for several

decades, by e.g. Helios (e.g., Horbury et al. 2018), out to 1.3 AU by Ulysses (e.g., Balogh et al. 1999; Neugebauer &
Goldstein 2013). The novelty in the PSP observations is their sharpness and omnipresence (among other features, see

Dudok de Wit et al. 2020), indicating that switchbacks are a more frequent feature closer to the Sun. This observation
lends the possibility that switchbacks may originate lower in the solar atmosphere. The formation mechanism(s) of

switchbacks, and whether they represent large-amplitude Alfvén waves or structures advected by the solar wind, is as

of yet not known. Several explanations about their origin have been put forth. Among these theories, interchange

reconnection is the most focused upon (Yamauchi et al. 2004; Fisk 2005; Fisk & Kasper 2020). In this scenario,

switchbacks are generated in the solar corona, and form at the reconnection sites between open and closed magnetic
fluxes. In some studies, it is argued that the interchange reconnection results in magnetic flux ropes, which are ejected

by the reconnection outflow, and are advected by the wind (Drake et al. 2020). In other studies, reconnection is thought
to generate either Alfvénic (He et al. 2020) or fast magnetosonic (Zank et al. 2020) wave pulses. Alternatively, as the

distribution of deflections appears to be featureless and monotone in switchbacks (Dudok de Wit et al. 2020), they may

not be a distinct feature but a manifestation of the ensuing turbulent dynamics in the solar wind (Squire et al. 2020).

Thus, it is still not clear whether switchbacks originate in the lower solar atmosphere, or represent dynamic features

of solar wind turbulence. Additionally, it is not clear whether they are wavelike perturbations, propagating at the
Alfvén or some other characteristic speed, or structures that are advected by the wind, such as flux ropes. However,

some observations offer good constraints on the nature of switchbacks. Given that switchbacks are characterized by
a strong Alfvénic correlation of their velocity and magnetic field perturbations, a nearly constant magnetic pressure,

and velocity enhancements along the propagation direction, an interpretation in terms of propagating nonlinear Alfvén

waves is a plausible scenario (Matteini et al. 2014). Alternatively, their localization in the perpendicular direction and

the kink-like geometry may indicate their kink fast magnetoacoustic nature (e.g., Van Doorsselaere et al. 2008). An

additional option is the association of the switchbacks with kink solitons which keep their shape because of the balance

between nonlinear and dispersive effects (see, e.g., Ruderman et al. 2010), i.e. a stationary nonlinear kink wave pulse.

Other observations, such as a sharp rise in ion temperature at the boundaries of switchbacks are more compatible with
an origin by reconnection (Mozer et al. 2020; Farrell et al. 2020).

Judging by these observed constraints, a lower solar atmospheric origin and a nonlinear Alfvénic nature of the

switchbacks seem likely. In this sense, any potential theory or model aimed to elucidate their observation out to

≈ 35 R⊙ and beyond, should explain their generation mechanism as well as their ability to travel several solar radii

without disentangling. Landi et al. (2006) showed through numerical simulations that a 2.5D switchback embedded and

propagating in a uniform corona is prone to unfolding, and therefore unlikely to survive out to the observed distances.
Other simulations of interchange reconnection-created switchbacks show that while strongly twisted nonlinear Alfvén

waves form as part of the process, these untwist rapidly as they propagate away from the reconnection site (Wyper

et al. 2018). The model of Landi et al. (2006) was re-visited recently by Tenerani et al. (2020). They pointed out that

if the embedded switchbacks are instead of constant magnetic pressure, as it is observed to be the case, and unlike

in the Landi et al. (2006) simulations, they might indeed originate in the lower solar corona and could survive out
into the solar wind. However, this conclusion also presumes a background solar wind without significant gradients in

density, flow speed, etc.
To date, as presented above, most of the modeling on switchback origins focused on interchange reconnection

manifesting in the solar corona. However, there are presumably many other processes in the lower solar atmosphere

that might generate folded magnetic fields that would propagate outward as switchbacks. In the small plasma-beta



Magnetic switchback formation 3

lower corona the magnetic field lines are hardly bendable by non reconnection-related processes, such as waves, flows
or instabilities. The measured transverse wave amplitudes in the lower solar corona, by direct imaging (e.g., Morton

et al. 2015) and Doppler shifts (e.g., Tomczyk et al. 2007), or inferred by the amount of non-thermal broadening

(e.g., Bemporad & Abbo 2012), are 30-50 times smaller than the local Alfvén speed. Instabilities, such as e.g. the

Kelvin-Helmholtz instability, require super-Alfvénic shear flows along the field (Chandrasekhar 1961; Zaqarashvili
et al. 2015). While it is true that transverse waves propagating outward grow in amplitude (e.g., Moran 2001) and

could reach Alfvénic Mach amplitude values, switchbacks generated in this way would enter the in-situ turbulence-
generated scenario, and not the lower atmospheric one. Turbulence is necessary in this case as Alfvén waves are

stable to the Kelvin-Helmholtz instability (Zaqarashvili et al. 2015). Note that the fastest coronal jets observed, which

are reconnection-related, were able to reach Alfvénic Mach speeds, however their median speed is significantly lower

(Raouafi et al. 2016). Nevertheless, there is an interesting possibility that at least some coronal jets could induce

switchbacks. In the lower solar atmospheric layers, as the plasma beta rises to unity or above, the flows and waves
induced by the convective hydrodynamic buffeting (e.g., Kato et al. 2011) below might readily generate switchbacks.

Strong shear flows and upflows (Bonet et al. 2008; Liu et al. 2019a,b), at a significant portion of the Alfvén speed,

were previously observed. Particularly, flows in and around photospheric magnetic bright points (MBPs; Bellot Rubio

et al. 2001; Chitta et al. 2012; Utz et al. 2014), which then expand into an open coronal magnetic field are relevant,

as these represent direct magnetic connections between the photosphere, the corona, and out to the solar wind (see,

eg., Hofmeister et al. 2019). MBPs are kG strong magnetic flux concentrations in the photosphere representing the
cross-section of flux tube elements (Utz et al. 2013). They feature very short lifetimes in the range of a few minutes

and are highly dynamic (Liu et al. 2018), continuously changing their morphology under the pushing and buffeting
by the surrounding plasma flows. MBPs are excellent channels for the creation of MHD waves (e.g., Jess et al. 2009;

Stangalini et al. 2013) and therefore a likely spot in searching for photospheric creation mechanisms of switchbacks.

During the convective collapse process (see, e.g., Spruit 1979; Nagata et al. 2008) strong downflows are observed within

the magnetic flux element leading in a first step to an evacuation of the plasma and intensification of the magnetic

field. This process is often followed by strong upflows developing into shock fronts which ultimately can disperse
the magnetic field and destroy the MBP (Bellot Rubio et al. 2001). These flows might induce various instabilities

and ultimately magnetic field switchbacks. Such flows have been previously investigated in numerical simulations by
Kato et al. (e.g., 2011), who found that the massaging of the flux tube elements by downstreaming granular material

next to the flux tube surface leads to jet-like outflow phenomena and upflows within the flux element. Moreover,

there is observational evidence of the existence of small-scale vortex and shear flows associated with MBPs (Shelyag

et al. 2012; Liu et al. 2019b). Thus, MBPs appear to be a suitable photospheric feature in which the generation

of switchbacks could occur. Furthermore, in case these structures are situated below coronal holes, there is a direct
magnetic connectivity between them and the higher solar atmosphere and ultimately the solar wind.

The generation of switchbacks is only one part of the problem. Whether these switchbacks can escape the lower
atmospheric layers and are able to propagate and survive out into the solar wind is the second and arguably the less

known and less understood part of the problem. In this paper, we explore through 3D MHD numerical simulations

whether flows at the base of a model MBP, both transverse and along the field, can create switchbacks. Furthermore,

we investigate whether these switchbacks can escape the lower layers of the solar atmosphere and become propagating

structures in the corona. The paper is structured as follows. In Section 2, we present the numerical model and the
setup, in Section 3 the results are presented, and in Section 4 some discussion on the results and conclusions are drawn.

2. NUMERICAL MODEL

We run full 3D, ideal MHD numerical simulations using MPI-AMRVAC (Porth et al. 2014; Xia et al. 2018). A finite-

volume three-step hll solver is employed, with woodward slope limiter. The solenoidality of the magnetic field is

maintained by using a constrained transport method. The initial condition consists of an intense vertical flux tube

embedded in the stratified lower solar atmosphere (see Fig. 1). The flux tube is prescribed using an axisymmetric

similarity solution (see, e.g., Schlüter & Temesváry 1958; Deinzer 1965), with the magnetic field components given by:

Br(r, z, t = 0) = 1
2B0re

r2(−e−z)−z,

Bz(r, z, t = 0) = B0e
r2(−e−z)−z +Bz0,

(1)

where B0 = 1 kG is the flux density at the foot-point of the flux tube in the photosphere, and Bz0 = 15 G is a

background vertical magnetic field to which the flux tube expands to in the corona. We set the width of the flux
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Figure 1. Snapshots of the initial condition in the simulation. Left: Three-dimensional stream plot of the magnetic field lines.
The coloring of the field lines represents magnetic field intensity, in kG. Right: Plot of density in a slice along the y-axis, through
the center of the flux tube. The color bar is in units of number density (cm−3). Magnetic field lines are also plotted. Axis
values are in Mm.

tube in the photosphere to 300 km. This is around the average value of observed MBP widths (e.g., Utz et al. 2009;

Liu et al. 2018). The novelty in our approach in prescribing a magneto- and hydrostatic equilibrium to a similarity

solution, compared to other studies in which numerical integration is employed (e.g., Schüssler & Rempel 2005; Fedun
et al. 2011), is to find analytical solutions for the density and pressure corrections to the background atmosphere:

p(r, z, t = 0) = p0(z) +
1
16B

2
0e

−2(r2e−z+z) (−2r2 + ez − 8
)

,

ρ(r, z, t = 0) = ρ0(z)−
B2

0e
−2(r2e

−z+z)(2r2−ez+16)
16g ,

(2)

where g = 274 m s−2 is the gravitational acceleration at the surface of the Sun, and p0(z), ρ0(z) is the background

hydrostatic atmosphere prescribed using the temperature distribution T (z) from Fontenla et al. (2007), by numerically
integrating the hydrostatic equation:

dp0(z)

dz
= −gρ0(z), ρ0(z) =

p0(z)m

kBT (z)
, (3)

where m ≈ 0.62 mp is the mean mass per particle for photospheric abundances, mp is the proton mass, and kB is

Boltzmann’s constant. In Eq. 3, we assumed an ideal equation of state. Note that the pressure and density corrections

result in an evacuation of the interior of the flux tube, as compared to the hydrostatic equilibrium outside of it,

visible in Fig. 1. The evacuation is height-dependent. At 100 km from the base of the simulation, it is a factor of
≈ 2.5 in density and ≈ 1.6 in pressure, respectively. Therefore the interior of the flux tube is slightly hotter than

the surrounding plasma. The plasma-beta is around unity at the center of the flux tube at the same height, while

outside the flux tube it is ≈ 6000. Along the axis of the flux tube, plasma-beta reaches a maximum of ≈ 6 at 1.5 Mm,

after which it decreases to unity again at 2.5 Mm. At a height of ≈ 3.5 Mm, just inside the corona, the plasma-beta

reduces to ≈ 0.3. For the implementation in the numerical simulation, the equations above are transformed from

cylindrical to Cartesian coordinates, as the simulations use a Cartesian grid. The (x, y, z) extents of the 3D numerical
box are (−2, 2)2 × (0, 10) Mm, with z = 0 Mm being the photospheric height. The numerical grid initially consists of

482 × 96 numerical cells, with 5 levels of refinement. Thus the effective resolution is 7682 × 1536, or ≈ 5.22 × 6.5 km.

Refinement is enforced inside the lower flux tube (for z ≤ 750 km and within a radius r ≤ 750 km from (x, y) = (0, 0)

at all times. Outside of this region, the refinement criteria is the presence of negative Bz values, the vertical component
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of the magnetic field, indicating switchback forming regions. The boundary conditions are the following. Laterally,
all variables obey a zero-gradient, continuous condition, which allows perturbation to freely leave the domain. In the

top and bottom z-axis boundaries, the density and pressure are extrapolated by using Eq. 3, with the temperature in

the cell closest to the boundary. The magnetic field is extrapolated in all boundaries with the zero normal gradient

and zero divergence conditions. In the top z-axis boundary, all velocity components are obeying the zero gradient
condition. In the bottom z-axis boundary, velocity components that are not driven are set to anti-symmetric with

respect to the boundary. We employ two different types of velocity drivers at the bottom z-axis boundary. First, we
consider perturbations along the magnetic field, in the middle of the flux tube, of the following form:

vz(r, t) =







A e−(t/τ)4e−(r/rb)
6

r ≤ rb km,

0 r > rb km,
(4)

where A is the perturbation amplitude, τ is the characteristic driving time, and rb is the width of the perturbation in
the horizontal plane. Second, we consider torsional flows, in the horizontal plane of the flux tube:

vθ(r, t) = f(t) ·A e−((r−rb)/rb)
2

(5)

where rb now represents the radius at which the flow amplitude is maximal, and for f(t) we choose either a sinusoidal

oscillating flow (f(t) = sin(2πt/τ)), or a decaying vortex flow (f(t) = e−(t/τ)4), with τ either the oscillation period or

the characteristic driving time. The width of the Gaussian is chosen in such a way as to drive vθ only a narrow ring

around rb. Note that the amplitudes ‘A’ of Eq. 4 and Eq. 5 can be different, as described in the following.

3. RESULTS

The simulations are run for tf ≈ 850 s. The integrated sonic (Alfvén) vertical transit time through the domain is

ts ≈ 340 s (tA ≈ 400 s), at the center of the flux tube. Thus the simulated duration is sufficient for perturbations

induced by the driver to enter the corona. In the following, the results with the various drivers discussed in Section 2

will be presented separately.

3.1. Upflows

In this setup, we employ the driver in Eq. 4. The characteristic time of the upflow pulse is set to τ = 90 s. The

width of the perturbation is constrained to the extent of the intense flux tube, setting rb = 75 km. The perturbation
amplitude is set to A = 10 km/s. This corresponds on average to about 1 Ms and 2 MA, the sonic and Alfvénic Mach

numbers, respectively. Although this speed is too high when compared to observed photospheric upflow speeds, which

are up to 6 km/s (e.g., McClure et al. 2019), the driver is used only to induce a strong jet in the higher layers. Most

of the interesting dynamics occur well above the bottom boundary, at around 1 Mm. At these heights, the upflow

speed is still about 10 km/s, which is small when compared to, e.g. observed chromospheric jets speeds, such as in

spicules (e.g., De Pontieu et al. 2017). In Fig. 2, the ensuing dynamics are shown, presenting the early stages of the
formation of magnetic field deflections. In Fig. 3, the three-dimensional appearance of the folded magnetic fields are

shown. Similar structures were observed before in related numerical simulations, as in Murawski et al. (2013). There

are a number of observations that can be made by investigating these snapshots. First of all, the folds in the magnetic

field seem to be induced around the edges of the impulsively driven plasma upflow. This process is reminiscent of a

Rayleigh-Taylor type instability. More precisely, as it is impulsively induced, and it is trailing behind an impulsively
accelerated fast shock wave (visible at t = 60 s in Fig. 2) it is possibly of Richtmyer-Meshkov type (see, e.g., Brouillette

2002). The apparent switchbacks first form around the height of 500 km. These structures are advected upward by the
initial pulse. However, as the pulse reaches its peak height, at around t = 170 s, the switchbacks cease to propagate

outward. Subsequently, the switchbacks continue to evolve at the same height and ultimately unfold.

We have repeated the above simulation considering different perturbation amplitudes. For higher pulse speeds, the

peak height of the perturbation is increasing, and even elongated denser structures form, which protrude into the

corona, resembling spicules. In all cases studied, while perturbations and waves reach into the corona, the switchbacks

appear to be frozen into the denser chromospheric plasma, and do not enter the corona.

3.2. Vortical flows
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Figure 2. Snapshots showing the vertical component of the velocity perturbation (vz), in a slice along the y-axis (through
y = 0), at three different times, indicated at the top of each snapshot. Overplotted are magnetic field lines, originating from
the bottom boundary. Colorbar in units of km/s.

Figure 3. 3D streamplot of selected magnetic field lines at t = 220 s (same as in Fig. 2), colored according to the magnitude of
the vertical component of the magnetic field. Blue shades therefore represent local sunward polarity of the magnetic field. The
gray panel at the bottom represents the bottom boundary. Colorbar in units of G.

We use Eq. 5 to drive vortical flows, and consider both a sinusoidal oscillating flow, and a decaying vortex, as
described in Section 2. Same as before, we set the characteristic width of the perturbation to match the extent of the

flux tube, rb = 75 km. First, we present the results for an oscillating vortex flow. Oscillating vortex flows in the solar
photosphere were both observed and shown to exist through numerical simulations (e.g., Moll et al. 2011; Kitiashvili

et al. 2013). Although not well constrained by observations, we set the periodicity of the torsional flows to τ = 320 s,

which is a characteristic timescale of oscillatory flows in the photosphere (e.g., p-modes). We study different driver

amplitudes, in a range A = 3 − 6 km/s, which are consistent with the observed velocities (e.g. Silva et al. 2020).

For these velocity amplitudes, initially the Alfvénic Mach number of the driven torsional waves is in the range 0.1

to 0.3. However, as the flux tube quickly expands and the density drops with height, the upward-propagating waves

become super-Alfvénic in amplitude, reaching up to 1.5 MA. In Fig. 4, the results for an oscillating driver are shown.
By investigating Fig. 4, we can notice that initially the driven torsional waves are weakly nonlinear, but subsequent

wavefronts are strongly affected by nonlinear wave steepening (see, e.g. Verwichte et al. 1999; Shestov et al. 2017). This

leads to strong bends in the magnetic field, which can be identified as switchbacks. In Fig. 5, we show the dynamics at
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Figure 4. Snapshots showing the LOS component of the velocity perturbation (vy), in a slice along the y-axis (through y = 0),
at three different times, indicated at the top of each snapshot. Overplotted are magnetic field lines, originating from the bottom
boundary. Colorbar in units of km/s.

the end of the simulation time. Note that over time the resulting dynamics are displaying more small-scale structure,

Figure 5. Late-stage dynamics in the oscillating vortex simulation, at t = tf = 850 s. Left : Snapshot showing the LOS
component of the velocity perturbation (vy), in a slice along the y-axis (through y = 0), with overplotted magnetic field lines
originating from the bottom boundary. Colorbar in units of km/s. Centre and Right : 3D stream plots of selected magnetic
field lines, colored according to the magnitude of the vertical component of the magnetic field. Blue shades therefore represent
local sunward polarity of the magnetic field. The gray panel at the bottom represents the bottom boundary. Color bars are in
units of G.

reminiscent of transition to turbulence, resulting in many strong deflections of the magnetic field lines. The observed

dynamics resemble those of previous studies with related setups (e.g., Murawski et al. 2016). The stream plots show

that while magnetic field deflections are strong, torsional waves alone result only in at a most π/2 deflection of the
local magnetic field, and do no lead to complete reversals of polarity, as in the previous case with driven jets. We also

note that while the chromospheric magnetic field is strongly bent by the action of the propagating torsional waves,
the coronal part remains mostly straight with minimal deflections throughout the simulation, even though waves enter

the corona. A possible explanation for this is the following. The Alfvén speed jumps in the transition region and

subsequently in the corona, therefore even waves with strong deflections (i.e. large curvature, large parallel wave

number), are elongated to form ‘long’ waves (i.e. small curvature, small parallel wave number) with slight deflections.

A simple analogy for a better understanding of this process is: Consider a cylindrical thread bundle (spool) on which

thread is coiled or spooled up at a slow speed relative to the axis of the bundle, in a strongly helical manner. At the

moment the end of the bundle is reached, consider now a fast dragging of the thread relative to the bundle axis, as to
unwind the thread from the coil. The result of this fast dragging of the thread is analogous to the fast advection of

the torsional waves as they enter the corona, and results practically in the straightening of the thread, or the magnetic

field, respectively.
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Simulations with a non-oscillating, decaying vortex flow lead to similar dynamics for the same amplitudes, however
the characteristic decay time is crucial to the formation of strongly bent wave fronts. Parameter studies show that

if the vortical motion stops too early (≈ 3 minutes) these do not form. There is observational evidence that vortex

flows in the solar photosphere could persist for a longer duration (e.g., Bonet et al. 2008, 2010; Vargas Domı́nguez

et al. 2011; Tziotziou et al. 2018, 2019).

4. DISCUSSION AND CONCLUSIONS

We have investigated whether switchbacks can form as a result of different types of motions at the photospheric base

of a strong magnetic flux concentration in the form of a vertical magnetic flux tube, representing e.g. a magnetic bright
point. Recent solar wind measurements with the Parker Solar Probe revealed that switchbacks are not a well-defined

population of magnetic field deflections, but their distribution is rather power-law-like with respect to the amount

of deflection. In this sense, switchbacks, unlike the name suggests, are not necessarily full reversals of the magnetic

field. The numerical model consisted of a self-similar expanding magnetic field solution, with an analytically-derived

pressure-balanced atmosphere based on the Fontenla et al. (2007) lower solar atmospheric model. The perturbations

to this equilibrium were induced at the bottom boundary, consisting of either field-aligned, vertical flows, i.e., jets
with upflow speeds on the order of the local sonic Mach number, or vortex flows transverse to the magnetic field

resulting in torsional wave propagation. In both cases, the answer to our initial question is positive, as the ensuing

non-linear processes result in strongly-deflected magnetic fields, resembling switchbacks. The details of their formation

mechanisms are different for the two separate drivers, though. In the case of a jet-like driver, the switchbacks form as

a result of a Rayleigh-Taylor-type instability, and roll-ups form on the sides of the protruding jet. These roll-ups can

lead to true full-reversals of the local magnetic field, and to the formation of plasmoids (magnetic ‘bubbles’) through

reconnection. In the case of a vortex driver, nonlinear wave steepening of the torsional waves is responsible for the
generation of strongly deflected magnetic fields. However, this mechanism cannot lead by itself to full magnetic field

reversals, but is rather limited to local deflections around π/2. We note that the nature of the generated switchbacks

is also different for the two drivers. The vortex driver induces torsional Alfvén waves which steepen nonlinearly, thus

the resulting switchbacks are of Alfvénic nature. On the other hand, the roll-ups induced by the Rayleigh-Taylor-type

instability of the driven jet are more adequately categorized as non-propagating vortex structures.

While it seems likely that switchbacks are frequently generated in the lower solar atmosphere, as demonstrated in the

present simulations, the other important question is whether these structures are able to leave the solar chromosphere
and result in propagating or advected switchbacks into the corona. The simulations presented here suggest that

switchbacks generated in the lower solar atmosphere are not likely to enter the corona. While the total simulation time

is a few times longer than the wave transit times in the vertical direction, and waves are seen propagating through the

corona, highly deflected magnetic fields are only present in the chromospheric layers. We offer different explanations

for this observation depending on the origin of the highly deflected magnetic field structures. In the case of roll-ups or

plasmoids resulting from the instability of the jet, these are frozen-in into the dense chromospheric plasma, therefore

their motion is restricted to the bulk motion of the plasma. High-velocity jets of chromospheric plasma are seen
protruding into the corona, and while they may contain highly deflected magnetic fields, these jets eventually fall back

under the effect of gravity. In the case of highly steepened torsional waves, induced by the vortex flow driver, the

strong magnetic field bends abruptly unwind as they propagate into the corona, in analogy to the unwinding of a

thread spool at the fast pulling of the thread along the axis of the spool.

We must stress that these conclusions are relevant under the physical model considered, that is, MHD dynamics

in the absence of non-ideal non-partial ionisation effects, except of slight numerical dissipative coefficients. Thermal

conduction and optically thin radiative cooling are neglected, however these non-ideal effects are mostly relevant for
coronal dynamics, while in our simulations the relevant dynamics are restricted to chromospheric heights. Some of

the neglected chromospheric physics, especially resistive terms leading to the violation of the frozen-in condition, such
as ambipolar diffusion, might be relevant in this context (Vishniac & Lazarian 1999; Yalim et al. 2020). We leave the

investigation of these effects on the dynamics of switchbacks to a follow-up study.

Furthermore, it is still an open question whether switchbacks that are already in the solar corona, either formed

there by some process or entering from the lower solar atmospheric layers by some process not described by our MHD

simulations, are able to propagate out to distances where these can be measured by e.g., PSP. We will investigate this
possibility in the next paper of this series, by following the propagation of switchbacks embedded in realistic solar

atmospheres.
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R. 2018, ApJS, 234, 30, doi: 10.3847/1538-4365/aaa6c8

Yalim, M. S., Prasad, A., Pogorelov, N. V., Zank, G. P., &

Hu, Q. 2020, ApJL, 899, L4,

doi: 10.3847/2041-8213/aba69a

Yamauchi, Y., Suess, S. T., Steinberg, J. T., & Sakurai, T.

2004, Journal of Geophysical Research (Space Physics),

109, A03104, doi: 10.1029/2003JA010274

Zank, G. P., Nakanotani, M., Zhao, L. L., Adhikari, L., &

Kasper, J. 2020, ApJ, 903, 1,

doi: 10.3847/1538-4357/abb828

Zaqarashvili, T. V., Zhelyazkov, I., & Ofman, L. 2015, ApJ,

813, 123, doi: 10.1088/0004-637X/813/2/123


	1 Introduction
	2 Numerical model
	3 Results
	3.1 Upflows
	3.2 Vortical flows

	4 Discussion and Conclusions

