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Abstract 11 

It is generally considered that the perturbation electric field generated by the charge 12 

accumulation caused by the current divergence is the driving force for Rayleigh-Taylor 13 

instability (RTI) in plasma. However, in previous calculation of the linear growth rate 14 

of RTI the current continuity equation was applied, which means the contribution of 15 

charge accumulation to the growth of RTI was ignored. Applying the perturbation 16 

electric field and the current continuity equation simultaneously in calculating the linear 17 

growth rate of RTI of the ionospheric F layer will give erroneous results. In this paper, 18 

we calculated the linear growth rate of RTI with the standard instability analysis method. 19 

The charge conservation equation was used in the calculation instead of the current 20 

continuity to study the contribution of charge accumulation to the growth of RTI. The 21 

results show that the contribution of charge accumulation to the linear growth rate of 22 

RTI is proportional to the ratio of Alfvén speed to the light speed. In ionospheric F layer 23 

the ratio is small, the contribution of charge accumulation to the growth of RTI is 24 

negligible. This indicates that the previous physical description of the RTI in the 25 

ionospheric F layer is wrong and a new physical description of RTI is needed. In the 26 

new physical description perturbation electric field and charge accumulation is not the 27 

cause, but the result of RTI. In ionospheric layer, background electric field and neutral 28 

wind velocity have no effect on the linear growth rate of RTI.  29 
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1 Introduction 32 

When a heavier fluid is supported by a lighter fluid against gravity, the equilibrium is 33 

unstable to any perturbations of the interface. For if a parcel of heavier fluid is displaced 34 

downward with an equal volume of lighter fluid displaced upwards, the potential energy 35 

of the configuration is lower than that in the initial state, and the process goes on. This 36 

instability is called the Rayleigh-Taylor Instability (RTI) (Taylor, 1950). In addition to 37 

neutral fluids, RTI also plays an important role in space and laboratory plasmas (Isobe 38 

et al., 2005;Sultan, 1996;Robinson et al., 2004;Atzeni et al., 2004;Ryutov et al., 2000). 39 

 40 

Unlike in neutral fluids, heavier fluids are supported by lighter fluids in equilibrium 41 

state. In the plasma, in the equilibrium state, the heavier plasma is also partially 42 

supported by the magnetic field. The intuitive physical description of RTI in 43 

ionospheric F layer is shown in figure 1 (Kelley, 2009). In equilibrium state a net current 44 

flows in in the horizontal direction and the current is proportional to the plasma density. 45 

There is thus a divergence, and charge will pile up on the edges of the small initial 46 

perturbation. As a result, perturbation electric fields build up in the directions shown. 47 

These fields in turn cause an upward (downward) drift in the region where the density 48 

is low (high). Lower (higher) density plasma is therefore advected upward (downward), 49 

creating a larger perturbation, and the system is unstable. In the above physical 50 

description charge accumulation is the cause for the growth of RTI. However, in the 51 

calculation of the linear growth rate of RTI, the current continuity equation is applied 52 

(Sultan, 1996;Chandrasekhar, 2013;Sharp, 1983). Form the charge conservation 53 

equation 𝛻 ⋅ 𝑱 +
డఘ

డ௧
= 0, we know that when current continuity equation 𝛻 ⋅ 𝑱 = 0 is 54 

applied, there will be not charge accumulation due to the divergence of the current. 55 

Therefore, the contribution of charge accumulation to the growth of RTI is ignored, and 56 

this contradict with the intuitive physical description of RTI in figure 1. 57 

  58 

The linear growth rate of RTI in ionospheric F layer calculated by Kelley (2009) is 𝛾 =59 

௚

௅జ೔೙
 , which can explain many statistical characteristics of equatorial plasma bubble 60 

(EPB) and was widely used in the EPB literature (Yokoyama, 2017, and references 61 

therein). However, in their calculation perturbation electric field and current continuity 62 

equation were applied at the same time. It should be noted that when current continuity 63 

equation applied, there will be no perturbation electric field due to charge accumulation. 64 

The linear growth rate he calculated was not accurate. For example, the linear growth 65 

rate tends to infinity when the collision frequency approaches zero. The linear growth 66 

rate of RTI when collision frequency approaches zero should reduce to that of 67 

magnetized plasma without neutral particles 𝛾 = ට
୥

௅
.  68 

 69 

In this paper, we calculated the linear growth rate of RTI with the standard instability 70 

analysis method. The effects of different factors on the linear growth rate of RTI were 71 

discussed. A new expression of linear growth rate is calculated and a new physical 72 
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description of RTI in ionospheric F layer was depicted.  73 

2 Mathematical model and dispersion relation 74 

Assuming incompressible plasma is composed of two kinds of particles, with 𝑚௘ ≪75 

𝑚௜, where 𝑚௘ and 𝑚௜ are the electron mass and ion mass, respectively. The plasma 76 

and homogeneous neutral wind are immersed in magnetic field B (0, 0, B) and gravity 77 

field g (0,-g, 0) (see figure 1). Ignore the electron collision and 𝑚௘ 𝑚௜⁄  terms (Kelley， 78 

2009).The relevant equations in the Gaussian unit can be written as: 79 

డ(ఘ𝑽)

డ௧
=

ଵ

௖
𝑱 × 𝑩 + 𝜌𝒈 − 𝛻𝑝 − 𝜌𝜐௜௡(𝑽 − 𝑽௡)                               (1) 80 

డ𝑬

డ௧
= −4𝜋𝑱 + 𝑐𝛻 × 𝑩                                                   (2) 81 

డ𝑩

డ௧
= −𝑐𝛻 × 𝑬                                                       (3) 82 

𝛻 ⋅ 𝑩 = 0                                                            (4) 83 

𝛻 ⋅ 𝑬 = 4𝜋𝜌௖                                                         (5) 84 

𝛻 ⋅ 𝑱 = −
డఘ೎

డ௧
                                                      (6) 85 

డఘ

డ௧
+ 𝛻 ⋅ (𝜌𝑽) = 0                                                    (7) 86 

Where 𝑽 ,  𝜌  , 𝑐 , 𝑱 , 𝑩 , 𝒈 , 𝑝 , 𝑬 , 𝜌௖ ,  𝑽௡ , 𝜐௜௡  are the velocity of plasma fluid 87 

element, plasma mass density, light speed, electric current density, magnetic field, 88 

gravity acceleration, thermal pressure, electric field, charge density, neutral wind 89 

velocity, ion-neutral collision frequency, respectively. 90 

To examine the stability of the system, we assume the following perturbation in 91 

physical quantities  92 

 𝜌 = 𝜌଴ + 𝜌ଵ, 𝑝 = 𝑝଴ + 𝑝ଵ, 𝑩 = 𝑩଴ + 𝜝ଵ, 𝑱 = 𝑱଴ + 𝑱ଵ, 𝑽 = 𝑽଴ + 𝑽ଵ, 𝑽଴=0, 93 

𝑬 = 𝑬଴ + 𝑬ଵ, 𝑬଴=0.  94 

Assuming perturbations in the form 95 

𝜓 ∝ 𝜓(𝑦)𝑒௜(௞௫ିఠ௧)                                                  (8) 96 

where 𝜔 is the frequency of the perturbation, 𝑘 is the wave number. 97 

Linearizing the Eq. (1), we get   98 

  𝜌଴ డ𝑽

డ௧
=

ଵ

௖
𝑱଴ × 𝑩ଵ +

ଵ

௖
𝑱ଵ × 𝑩଴ + 𝜌ଵ𝒈 − 𝛻𝑝ଵ − 𝜌଴𝜐௜௡𝑽                    (9) 99 

𝒛 ⋅ 𝛻 × Eq. (9) yields 100 

−𝑖𝜔(𝑖𝑘𝜌଴𝑉௬ −
డ

డ௬
(𝜌଴𝑉௫)) = −𝑖𝑘𝜌ଵ𝑔 −

ଵ

௖
(𝛻 ⋅ 𝑱ଵ)𝐵଴ − 𝜐௜௡(𝑖𝑘𝜌଴𝑉௬ −

డ

డ௬
(𝜌଴𝑉௫)) (10) 101 

where 𝒛 is the unit vector in the z-direction.  102 

From the assumption that the plasma is incompressible  103 

𝛻 ⋅ 𝑉 = 0                                                          (11)                                       104 

We get the following equation 105 

𝑉௫ =
௜

௞

డ௏೤

డ௬
                                                           (12)                                                106 
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From the continuity equation  107 

డఘభ

డ௧
+ 𝑽 ⋅ 𝛻𝜌଴ = 0                                                   (13)                                          108 

We get 109 

𝜌ଵ =
ଵ

௜௪

డఘబ

డ௬
𝑉௬                                                     (14) 110 

From Eq. (5) and Eq. (6), we get  111 

𝛻 ⋅ 𝑱ଵ = −
డఘ೎

డ௧
=

డఘ೎௕

డ௧
=

ଵ

ସగ
𝛻 ⋅ (

డ𝑬

డ௧
)                                   (15) 112 

where 𝜌௖ (𝜌௖𝑏) is the charge accumulation in (outside) the fluid element. This term 113 

estimates the contribution of charge accumulation to the growth rate of RTI. 114 

 115 

The exact relation between E and v in collisional plasma is not simply 𝑐𝑬 + 𝑽 × 𝑩 =116 

0, From the generalized Ohm’s law (Vasyliunas, 2005), we get that with the given E 117 

the maximum v is given by the above relation. For simplicity we will use the above 118 

relation and note that the contribution of charge accumulation to the growth of RTI is 119 

maximized. From the above relation we get 120 

 𝐸௫ = −
ଵ

௖
𝑉௬𝐵଴                                                  (16) 121 

Substituting Eq. (12), Eq. (14) and Eq. (16) into the Eq. (10), we get 122 

(𝜔𝜌଴ + 𝑖𝜐௜௡𝜌଴)
డమ௏೤

డ௬మ
+ (𝜔

డఘబ

డ௬
+ 𝑖𝜐௜௡

డఘబ

డ௬
)

డ௏೤

డ௬
− 𝑘ଶ(𝜔𝜌଴ + 𝑖𝜐௜௡𝜌଴ +

௚

ఠ

డఘబ

డ௬
−123 

ଵ

ସగ

஻బమ

௖మ
𝜔)𝑉௬ = 0                                                    (17) 124 

Supposing the initial plasma density has an exponential dependence on y, that is  125 

𝜌଴(𝑦) = 𝜌଴𝑒
೤

ಽ                                                     (18) 126 

Where L is the gradient scale length. Substituting Eq. (18) into the equation (17) we get 127 

(𝜔 + 𝑖𝜐௜௡)
డమ௏೤

డ௬మ
+

ଵ

௅
(𝜔 + 𝑖𝜐௜௡)

డ௏೤

డ௬
− 𝑘ଶ(𝜔 + 𝑖𝜐௜௡ +

௚

௅ఠ
−

௏ಲ
మ

௖మ
𝜔)𝑉௬ = 0    (19) 128 

where 𝑉஺
ଶ =

஻బమ

ସగఘబ
 is the square of the Alfvén speed.  129 

Supposing that the stratified plasma of finite thickness is bounded by two rigid 130 

boundaries y = 0 and y = h, the discrete solutions of Eq. (19) can be found of the form 131 

𝑉௬(𝑦) = 𝐶଴sin(
௠గ௬

௛
)𝑒ି

೤

మಽ                                            (20) 132 

Where 𝐶଴  is a constant. Substituting the Eq. (20) into the equation (19), we get a 133 

general dispersion relation  134 

𝜔 =
ି௜జ೔೙஽భ±௜ටజ೔೙

మ஽భ
మାସ(஽భି஽మ)∗஽య

ଶ(஽భି஽మ)
                                      (21)  135 

Where  136 

𝐷ଵ =
ଵ

ସ௅మ
+

௠మగమ

௛మ
+ 𝑘ଶ                                               (22) 137 
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𝐷ଶ = 𝑘ଶ ௏ಲ
మ

௖మ
                                                     (23) 138 

𝐷ଷ = 𝑘ଶ ௚

௅
                                                         (24) 139 

 140 

3 The impact of various factors on the linear growth rate of RTI 141 

Form Eq. (21) we know that the linear growth rate of RTI is   142 

𝛾 =
ିజ೔೙஽భାටజ೔೙

మ஽భ
మାସ(஽భି஽మ)∗஽య

ଶ(஽భି஽మ)
                                        (25) 143 

3.1 Absence of collision and charge accumulation   144 

When 𝜐௜௡ = 0 and 𝑉஺
ଶ = 0 the growth rate reduces to  145 

𝛾 =
ඥସ஽భ∗஽య

ଶ஽భ
= (

௚

௅

௛మ௞మ

௛మ௞మା௠మగమା௛మ/ସ௅మ
)

భ

మ                                    (26) 146 

This is the growth rate of classical RTI. With k increases, the growth rate tends to a 147 

maximum value  148 

𝛾 = ට
௚

௅
                                                             (27) 149 

3.2 Influence of charge accumulation on the linear growth rate of RTI  150 

When 𝜐௜௡ = 0 the growth rate is  151 

 𝛾 =
ඥସ(஽భି஽మ)∗஽య

ଶ(஽భି஽మ)
= (

௚

௦

௛మ௞మ

௛మ௞మା௠మగమା௛మ/ସ௅మି௏ಲ
మ/௖మ

)
భ

మ                        (28) 152 

To investigate the effect of charge accumulation on the linear growth rate of RTI, we 153 

normalize equation (29) with the following expressions  154 

 𝛾∗=𝛾(𝜔௣௘)ିଵ, 𝑔∗ = 𝑔(𝐿𝜔௣௘
ଶ )ିଵ, 𝑘∗ = 𝑘𝐿 , ℎ∗ = ℎ(𝐿)ିଵ 155 

Where 𝜔௣௘ is the plasma frequency. We get 156 

𝛾∗ = (𝑔∗ ௛∗మ௞∗మ

௛∗మ௞∗మା௠మగమା௛∗మ/ସି௏ಲ
మ/௖మ

)ଵ/ଶ                                 (29) 157 

Figure 2 shows the dimensionless dispersion relation for configuration, ℎ∗ = 1, 𝑚 =158 

1, 𝑔∗ = 10, 𝑔∗ = 10, 𝑉஺
ଶ/𝑐ଶ=0, 0.01, 0.1, 0.3, 0.5. Note that the curve representing 159 

𝑉஺
ଶ/𝑐ଶ =0.01 is basically coincides with that of  𝑉஺

ଶ/𝑐ଶ=0. When 𝑉஺=0, equation (28) 160 

represents the dispersion relation for the classical RTI (Goldston and Rutherford, 1995), 161 

and the growth rate is the same as that of the classical RTI. When 𝑉஺>0, the growth 162 

rate is larger than that of the classical RTI and increases with the increase of 𝑉஺
ଶ/𝑐ଶ. It 163 

can be seen from figure 2 that only when 𝑉஺ is large will charge accumulation have a 164 

significant effect on the growth rate of RTI, otherwise, the effect can be neglected.  165 

3.3 Influence of collision frequency on the linear growth rate of RTI  166 

Ignore the 𝑉஺
ଶ/𝑐ଶ term, the growth rate reduce to 167 
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𝛾 =
ିజ೔೙஽భାටజ೔೙

మ஽భ
మାସ஽భ∗஽య

ଶ஽భ
                                           (30) 168 

With k increases, the growth rate tends to a maximum value  169 

𝛾 = ට
௚

௅
+

జ೔೙
మ

ସ
−

జ೔೙

ଶ
                                                 (31) 170 

Normalize Eq. (30) with the following expressions  171 

 𝛾∗=𝛾(𝜔௣௘)ିଵ, 𝑔∗ = 𝑔(𝐿𝜔௣௘
ଶ )ିଵ, 𝑘∗ = 𝑘𝐿 , ℎ∗ = ℎ(𝐿)ିଵ, 𝜐௜௡

∗ = 𝜐௜௡(𝜔௣௘)ିଵ 172 

We get 173 

𝛾∗ = −
జ೔೙

∗

ଶ
+

ඨజ೔೙∗మ(
భ

ర
ା

೘మഏమ

೓∗మ ା௞∗మ)మାସ(
భ

ర
ା

೘మഏమ

೓∗మ ା௞∗మ)௞∗మ௚∗

ଶ(
భ

ర
ା

೘మഏమ

೓∗మ ା௞∗మ)
                     (32) 174 

Figure 3 shows the dimensionless dispersion relation for configuration ℎ∗ = 1, 𝑚 =175 

1, 𝑔∗ = 10, 𝑔∗ = 10, 𝜐௜௡
∗=0, 0.01, 0.1, 0.3, 0.5. Note the 𝜐௜௡

∗=0.01 line basically 176 

coincides with in  =0 line. From figure 3 we can see that with the decrease in collision 177 

frequency the linear growth rate increase, and the linear growth rate tends to that of 178 

classical RTI as collision frequency approaches zero. 179 

4 The linear growth rate of RTI in ionospheric F layer  180 

In ionospheric F layer 𝑉஺
ଶ/𝑐ଶ is typically very small, the linear growth rate of RTI 181 

should be equation (30). The maximum growth rate is 𝛾 = ට
௚

௅
+

జ೔೙
మ

ସ
−

జ೔೙

ଶ
. The linear 182 

growth rate calculated by Kelley (2009) is 𝛾௄ =
௚

௅జ೔೙
. In figure 4 we plotted the linear 183 

growth rate of RTI as a function of collision frequency. Typically values in ionospheric 184 

F layer g=9.8 m/s2, L=20 km and 𝜐௜௡= 10-3-101 s-1 were used in the plots. As can be 185 

seen from figure 4, as the collision frequency increases, both γ and 𝛾௄ decrease rapidly. 186 

When the collision frequency is large, the difference between the growth rates 187 

calculated by the two expressions is small. As the collision frequency decreases, the 188 

difference between the growth rates calculated by the two expressions becomes larger, 189 

with γ tends to a specific value 0.022 and 𝛾௄ tends to infinity.    190 

5 Discussion  191 

The difference between the current calculation and previous calculation is that the 192 

charge conservation equation (Eq. (6)) is used instead of the current continuity equation 193 

during the calculation. Take the divergence of Eq. (2) indicate that when the 194 

displacement current term in Eq. (2) is ignored, the current continuity equation is 195 

automatically satisfied. In general, the displacement current term is neglected because 196 

it’s typically much smaller than the J and curl B term, or because of the requirement of 197 

quasi-neutrality considerations. However, as we can see from Eq. (2) that the 
డ𝑬

డ௧
 term 198 

has the same order of magnitude as J, and the changing electric field have significant 199 
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effects on the dynamics of the plasma (Vasyliūnas, 2012;Buneman, 1992). Also, studies 200 

show that when Alfvén speed is comparable to or larger than the light speed, the 201 

displacement current cannot be neglected, regardless of the quasi-neutrality 202 

considerations (Vasyliunas, 2005;Song and Lysak, 2006;Boris, 1970), and this is 203 

consistent with our result discussed in 3.2. Time scale analysis showed that everything 204 

involving charge separation happens on time scales of the inverse plasma frequency, 205 

and in such short time scales, the displacement current term cannot be ignored 206 

(Vasyliunas, 2005;Gombosi et al., 2002). The RTI process involves charge 207 

accumulation, in order to be consistent with the physical description the displacement 208 

current term should not be ignored during the calculation of the growth rate of RTI. 209 

 210 

Although the RTI in the plasma involves charge accumulation, the contribution of 211 

charge accumulation to RTI growth depends on the ratio of Alfven velocity to the speed 212 

of light. In ionospheric F layer Alfvén speed is typically much smaller than the speed 213 

of light, the contribution of charge accumulation to the growth of RTI can be ignored.     214 

The physical description shown in figure 1 which attribute the growth of RTI to charge 215 

accumulation is inaccurate. A more reasonable physical description of RTI should be 216 

like this (see figure 5): In equilibrium state a net current flows in in the horizontal 217 

direction and the current is proportional to the plasma density. There is thus a 218 

divergence, and charge will pile up on the edges of the small initial perturbation, and 219 

the perturbation electric field try to increase the initial perturbation. However, as 220 

discussed above the contribution of charge accumulation to the growth of RTI can be 221 

neglected. At the same time, when a parcel of heavier plasma is displaced downward 222 

with an equal volume of lighter plasma displaced upwards, the potential energy of the 223 

system decreases, and the process goes on. That is the tendency to decrease the potential 224 

energy of the system is the main driving force for the growth of RTI. The downward or 225 

upward movement of the plasma create the horizontal perturbation electric field and 226 

charge accumulation. The perturbation electric field and charge accumulation is not the 227 

cause, but the result of RTI. The fact that the linear growth rate of RTI in plasma without 228 

collision and the linear growth rate of RTI in neutral fluid are both 𝛾 = ට
௚

௅
  also 229 

implies that charge accumulation is not the driving force of RTI.   230 

 231 

The linear growth rate calculated by Kelley (2009) is 𝛾 =
௚

௅జ೔೙
, which tends to infinity 232 

when the collision frequency approaches zero, this is physically unreasonable. The 233 

problem in his calculation is that perturbation electric field and current continuity 234 

equation were applied at the same time. Current continuity means no charge 235 

accumulation due to the divergence of the current, and no associated perturbation 236 

electric field. Kelley (2009) also generalized the RTI by include the effects of 237 

background electric field and neutral wind. He think the fundamental destabilizing 238 

source is the current, background electric field and neutral wind create electric current 239 

and affect the linear growth rate of RTI. However, as discussed above the contribution 240 

of charge accumulation to the growth of RTI can be ignored in ionospheric F layer, 241 
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background electric field and neutral wind velocity has no effects on the linear growth 242 

rate of RTI. In ionopheric F layer, the maximum growth rate is 𝛾 = ට
௚

௅
+

జ೔೙
మ

ସ
−

జ೔೙

ଶ
. 243 

  244 

6 Conclusions 245 

The linear growth rate of RTI was calculated with the standard instability analysis 246 

method. In order to be consistent with the physical description and estimate the 247 

contribution of charge accumulation to the growth of RTI, the charge conservation 248 

equation was used instead of the current continuity equation during the calculation. The 249 

results shows that the contribution of charge accumulation to the growth of RTI is 250 

proportional to the ratio of the Alfvén speed to the light speed. In ionospheric F layer, 251 

Alfvén speed is much smaller than the light speed, the contribution of charge 252 

accumulation to the growth of RTI can be neglected. The physical description of RTI 253 

which consider the charge accumulation as the cause of RTI is inaccurate. In the new 254 

physical description, charge accumulation and the perturbation electric field is not the 255 

cause, but the result of RTI. In ionospheric layer, background electric field and neutral 256 

wind velocity has no effect on the linear growth rate of RTI, the linear growth rate of 257 

RTI in ionospheric F layer is 𝛾 = ට
௚

௅
+

జ೔೙
మ

ସ
−

జ೔೙

ଶ
,  258 

 259 
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Figures 308 

 309 

Figure 1. Schematic diagram of the RTI in the equatorial geometry. In this physical 310 

description, charge accumulation and the perturbation electric field is the cause of RTI.   311 
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 312 

Figure 2. The growth rate of RTI (𝛾∗) versus wave number (𝑘∗) for different values of 313 

𝑉஺
ଶ/𝑐ଶ. 𝑉஺ and c are the Alfvén speed and light speed, respectively.  314 
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318 

Figure 3. The growth rate of RTI (𝛾∗) versus wave number (𝑘∗) for different values of 319 

𝜐௜௡
∗. 320 
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 322 

Figure 4. The linear growth rate of RTI as a function of collision frequency. 𝛾 =323 
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 325 

Figure 5. Schematic diagram of the RTI in the equatorial geometry. In this physical 326 

description, charge accumulation and the perturbation electric field is the result of RTI. 327 

Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2019-28
Manuscript under review for journal Ann. Geophys.
Discussion started: 6 March 2019
c© Author(s) 2019. CC BY 4.0 License.


