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Electrostatic waves and electron holes in 

PIC simulations of the Earth's bow shock.



The Earth's Bow Shock

● Nonrelativistic shocks: vsh≪ c

● Sonic Mach number:  MS = vsh/cs ≈ 2-10 

● Alfvén Mach number: MA = vsh/vA ≈ 2-10



PIC simulations vs in-situ measurement: electrostatic waves

PIC simulations In-situ

(Wilson et al. 2021)



Electrostatic waves at/near collisionless shocks (in-situ)

(Wilson et al. 2021)

Properties of IAW and ESW: 𝛿𝐸/𝐸0 > 50

𝜆𝐸𝑆𝑊 ≈ 10𝜆𝐷 ≈ 0.05𝜆𝑠𝑒



Electrostatic waves at/near collisionless shocks (PIC simulations)

• Buneman waves at the shock foot of quasi-perpendicular high (Shimada & Hoshino, 2000; Hoshino & Shimada, 2002; 

Amano & Hoshino, 2007, 2009; Bohdan et al., 2017, 2019a, 2019b) and low (Umeda et al., 2009) Mach number 

shocks. 

• Electron Bernstein mode (Muschietti & Lembege, 2006; Yu et al., 2022) can be excited in moderate Mach number 

perpendicular shocks. 

• Ion-acoustic waves can be driven by the drift motion of preheated incoming ions relative to the decelerated electrons 

at the shock foot of high Mach number perpendicular shocks (Kato & Takabe, 2010b, 2010a). 

• Electron-acoustic waves can be observed both in the shock foot as a result of the MTSI (Matsukiyo & Scholer, 2006)

or in the electron foreshock of obliques shocks (Bohdan et al., 2022; Morris et al., 2022). 

• Electrostatic Langmuir waves can be generated via the electron bump-on-tail instability at the foreshock region of 

oblique high-beta shocks (Kobzar et al., 2021)

Properties of electrostatic waves: 𝛿𝐸/𝐸0 ≈ 1

𝜆𝐸𝑊 ≈ 𝜆𝑠𝑒



PIC simulations vs in-situ measurement
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Simple explanation

Very often 𝜆 ∝ 𝑣𝑠ℎ (two-stream instability)

Also 𝛿𝐸 ∝ 𝑣𝑠ℎ(available energy). 𝐸0 = 𝐵0𝑣𝑠ℎ ∝ 𝑣𝑠ℎ
2

(assuming constant 𝑀𝐴) , therefore 𝛿𝐸/𝐸0 ∝ 𝑣𝑠ℎ
−1

𝑣𝑠𝑖𝑚 = 0.2𝑐 𝑣𝑟𝑒𝑎𝑙 = 0.002𝑐 ≈ 600 𝑘𝑚/𝑠

𝜆𝐸𝑊 ≈ 𝜆𝑠𝑒 𝜆𝐸𝑆𝑊 ≈ 0.01𝜆𝑠𝑒

𝛿𝐸/𝐸0 ≈ 1 𝛿𝐸/𝐸0 ≈ 100
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Shock simulations

𝑴𝑨 = 𝟏. 𝟖, 𝑴𝒔 = 𝟒, 𝚯𝐁𝐧 = 𝟔𝟓𝐨



Wave parameters scaling

Electrostatic wave power

𝛿𝐸/𝐸0 ∝ 𝑣𝑠ℎ
−0.5

Wavelength

𝜆𝐸𝑊/𝜆𝑠𝑒 ∝ 𝑣𝑠ℎ

𝜆𝐸𝑊/𝜆𝐷 ∝ 𝑣𝑠ℎ
0



Linear dispersion analysis

Two-stream electrostatic instability

*S – synthetic run, 𝑣𝑠ℎ ≈ 312 𝑘𝑚/𝑠

Electron distribution at the shock ramp (run B) Parameters of the electron distribution

0.0010*



Linear dispersion analysis (LDA)

Electron-acoustic waves

Electrostatic waves are identified as 

electron-acoustic waves driven by two 

counterstreaming hot electron beams.

𝜆𝐿𝐷𝐴/𝜆𝑠𝑒 ∝ 𝑣𝑠ℎ

𝜆𝐿𝐷𝐴/𝜆𝐷 ∝ 𝑣𝑠ℎ
0

But 𝜆𝐸𝑆,𝑠ℎ/𝜆𝐿𝐷𝐴 ≈ 2

Shock simulations

LDA



Periodic-boundary-condition simulations

Setup

Scanned parameters

𝑣𝑑𝑟 ≈ (0.08 − 0.3)𝑐

𝑚𝑖

𝑚𝑒
= 200 − 1836

𝑁𝑝𝑝𝑐 = 40 − 2560

Ion content

𝑣1 =
𝑣𝑑𝑟
2

𝑣𝑡ℎ,1 =
𝑣𝑑𝑟
3

𝑣2 = −
𝑣𝑑𝑟
2

𝑣𝑡ℎ,2 =
𝑣𝑑𝑟
5

Reference PBCS

𝑣𝑑𝑟 = 4𝑣𝑠ℎ, 𝑟𝑢𝑛 𝐴

𝑛1 = 𝑛2

𝑁𝑝𝑝𝑐 = 2560

𝑣𝑡ℎ,1 =
𝑣𝑑𝑟
3

𝑣𝑡ℎ,2 =
𝑣𝑑𝑟
5



Periodic-boundary-condition simulations

Results

• Good match between PBCS and linear dispersion analysis (Γ/𝜔𝑝𝑒 ≈ 0.185, the prediction is 0.2)

• Max(𝛿𝐸/(𝐵0𝑐)) does not depend on 𝑣𝑠ℎ , therefore 𝜹𝑬/𝑬𝟎 ∝ 𝒗𝒔𝒉
−𝟏

• At 𝜔𝑝𝑒𝑡 > 50,   𝜹𝑬/(𝑩𝟎𝒄) ∝ 𝒗𝒔𝒉
−𝟏, therefore 𝜹𝑬/𝑬𝟎 ∝ 𝒗𝒔𝒉

𝟎



Periodic-boundary-condition simulations

Results

1) The wavelength is consistent with predictions and 𝜆𝐸𝑆/𝜆𝑠𝑒 ∝ 𝑣𝑠ℎ

2) The wavelength 𝜆𝐸𝑆/𝜆𝑠𝑒 is decreasing with time

3) Structure becomes closer to solitary waves at later stages of 

EAW development

2)

1)

3)



Conclusions

• Driving conditions for EAWs are independent on the shock velocity.

• The amplitude scales as 𝛿𝐸/𝐸0 ∝ 𝑣𝑠ℎ
−0.5 or 𝛿𝐸/𝐸0 ∝ 𝑣𝑠ℎ

−1, 

therefore 𝜹𝑬/𝑬𝟎 in real shocks could be larger than 100.

• The wavelength scales as 𝜆𝐸𝑆𝑊/𝜆𝐷 ∝ 𝑣𝑠ℎ
0 , therefore 𝝀𝑬𝑺𝑾 ≈ 𝟒𝟎 𝝀𝑫 ≈ 𝟑𝟎𝟎𝒎.
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