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Introduction
Brief reversals in the solar wind’s magnetic field direction are 

termed switchbacks (SBs). The origin of SBs is not yet fully 

understood, although interchange reconnection is among the 

mechanisms proposed. Utilizing Thin Flux Tube (TFT) models, 

our work investigates non-linear wave solutions to the MHD Eqs 

and shows support for reconnection as a generator of SBs.

Model and Initial Conditions
Following reconnection, the flux tube evolves according to the 

TFT model [1], composed of the energy equation, 
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 and momentum equation,
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The field strength in the flux tube is set by an external field 

consisting of:
1. A field strength falling as Τ1

𝑟 out to a radius 𝑅𝑐𝑜

2. A uniform field, 𝐵0, at 𝑟 > 𝑅𝑐𝑜

Interchange reconnection, at angle 𝜃𝑅𝑋, occurs between a 

closed circular flux tube of radius 𝑅0, and an open field line. This 

flux tube, initially at a fixed, uniform  is the initial condition (IC).

Figure 4 (right)
Shows the relation between 𝜃1 and 

travel time from 𝑅0 to 𝑅𝑐𝑜, a dashed line 

separates SB and non-SB waves. Each 

point is an individual simulation, with 

other parameters leading to scatter.

Figure 3 (left)
Flow speeds in the wave’s reference 

frame, 𝑣𝑧 = 𝑣𝐴. The velocities plotted 

are from the tube section highlighted 

in black on the left.  The parallel flow 

speed (blue) matches the (negative) 

Alfven velocity (lower green).

Figure 1
The evolution of the flux tube (left) with the reconnection point marked as a 

diamond, and temperature (right). Parameters of the IC are shown.

Figure 5
The evolution of 𝜃1 
(top) and 𝜃2 (bottom) 
over time, for  ∊ 
[0.1,0.8]. Both 𝜃1 and 
𝜃2 can be seen to 

clearly approach a 

constant value.

Figure 2 (Right)
Nonlinear wave from 

example run at 250 s. 

We characterize the 

wave by 4 quantities: 

𝜃1, 𝜃2, 𝑅𝑎𝑣, and 

𝑥𝐴𝑟𝑐 𝐶𝑒𝑛𝑡𝑒𝑟, which can 

be derived from , 𝜃1, 

𝜃2, and 𝑅𝑎𝑣. All angle 

and radii were 

measured using 

tangent vector 

approximations and 

indexes were found 

using the flow speed, 

Figure 3 . A sample 

path, over which a SB 

could be identified is 

also shown.

The evolution, driven primarily by magnetic tension, begins at the 

point of reconnection. The temperature around the reconnection 

site jumps, due to shocks. By ~120 s (violet), the disturbance 

has taken a ~circular form. This form persists, shown at 250 s in 

Figure 2, and is shown to be a non-linear wave.
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Further Work
We found a nonlinear wave of some form from all choices 

of IC.  We found 𝜃1 to depend on the radial wave travel 

time from 𝑅0 to 𝑅𝑐𝑜, (see Figure 4). Further work is 

needed to fully understand the creation of the nonlinear 

wave. We also plan to increase the initial closed loop 

pressure, adding gas dynamics.

Example Run

Results
In both Figures 1 and 2 the kink directly preceding the vertical tube 

would constitute a switchback. For this nonlinear wave to result in the 
SBs observed at >10 𝑅𝑆, by PSP for example, it must not be a transient 

feature of the MHD equations. Showing this indirectly, we measure the 

independent geometric aspects listed in Figure 2 over time and found 

them all to approach constant values (Figures 5 & 6).  Figure 3 shows 

that, in the co-moving frame, the perpendicular flow speed vanishes 

and the parallel flow speed approaches the Alfven speed.  Along with 

the fact that the propagation velocity matches the Alfven speed this 

constitutes a steady solution of the momentum equation: 
𝜕𝒗

𝜕𝑡
 = 0. While 

this shows the nonlinear wave is a persistent, steady solution and 

supports interchange reconnection as a source of switchbacks, it does 

not fully explain the origin of its circular geometry, although some 

relation to the 𝜃𝑅𝑋, 𝑅0, and 𝑅𝑐𝑜 is apparent.
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Figure 6
The evolution of Rav 

of the nonlinear 

wave for fifteen initial 

conditions 

 ∊ [0.1,0.8].
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