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The Earth's Bow Shock @

® Nonrelativistic shocks: v, K C

® Sonic Mach number: Mg =v/c, = 2-10

® Alfven Mach number: M, = v, /v,= 2-10




PIC simulations vs in-situ measurement: electrostatic waves @p
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Electrostatic waves at/near collisionless shocks

Wave Name

LHW

IAW

ECDI

ESW

LWY

Properties of IAW and ESW:

Polarization or waveform

linear
1 to B, or
oblique to B,

linear
| to B,

elliptical or
“Tear-drop”-
shaped
oblique to B,

bipolar pulse
| to B,

else unipolar
linear

| to B,

or elliptical

Frequency” and/or Appearance

fse ~ 540 Hz

fsc < ffh

symmetric modulated
sine waves’

fse ~ 10°-10" Hz
frestsfpj

symmetric” modulated
sine waves

foo ~ 10>-10% Hz

frast ~ MIX®
asymmetric”
modulated

sine waves

f.. ' ~few 10 s of ms
isolated or trains

of pulses

fse ~ 1060 kHz

symmetric modulated

SE/E, > 50
/IESW =~ 10/1D =~ OOSAse

Scale Length”

kle< 1

A2 27Ape

k< 1
and
lk;l*DeS 1

Free energy source or wave source

currents®, density gradients®,
Electron heat flux?, or
MTSI®

currents‘s,
gyrating/reflected ions®, or
electron heat flux®

relative drift between
incident electrons and
reflected ions®

electron beams?® or
nonlinear wave decay’

electron beams?
and/or
nonlinear wave decay”



Electrostatic waves at/near collisionless shocks @})

* Buneman waves at the shock foot of quasi-perpendicular high
and low Mach number

shocks.

* Electron Bernstein mode can be excited in moderate Mach number
perpendicular shocks.

* lon-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

* Electron-acoustic waves can be observed both in the shock foot as a result of the MTSI
or in the electron foreshock of obliques shocks

* Electrostatic Langmuir waves can be generated via the electron bump-on-tail instability at the foreshock region of
oblique high-beta shocks

Properties of electrostatic waves: OE/Ey = 1

AEW ~ Ase



PIC simulations vs in-situ measurement @j)

SE/Ey ~ 1 SE/E, > 50

/IEW =~ /156 AESW =~ 10/11) =~ 005/153
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PIC simulations vs in-situ measurement @B)

SE/Ey ~ 1 SE/E, > 50

AEW =~ /156 AESW =~ 10/11) =~ 005/156

Very often A &« v, (two-stream instability)

Also 0E & v (available energy). Eg = Byvg, X vszh (assuming constant My) , therefore 0E /Ey & vs_hl

Vgim = 0.2c Vyeqr = 0.002c = 600 km/s
Agw = Ase Agsw = 0.014,,

SE/E, ~ 1 SE/E, ~ 100



PIC simulations vs in-situ measurement @’

SE/Ey ~ 1 SE/E, > 50

/IEW =~ /156 AESW =~ 10/11) =~ 005/153

Very often A &« v, (two-stream instability)

Also OE o vy (available energy). Eqg = BoVs, X¥4, (aSSlﬁi g constant My) , therefore 0E /E, « vs_hl

wor¥”

Vyeqr = 0.002c = 600 km/s
AESW = OOllse

SE/E, ~ 100



Shock simulations @p

Run mi/me van/c'  wo/c Width (di) Ax (de) wpe/Se

A 200 0.0733 0.0338 2.90 0.143 1.76
B 200 0.0518 0.0238 2.71 0.100 2.49
C 200 0.0366 0.0168 2.90 0.071 3.02
D 200 0.0259 0.0119 2.71 0.050 4.99
E 200 0.0183 0.0084 2.90 0.036 7.05




Wave parameters scaling
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Linear dispersion analysis

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

ni Vdr Vdr Vdr
Foun no Ush  Uth,1  Uth,2 USh/C
A 1.52 4.14 2.79 2.78 0.0733
B 1.36 4.15 2.88 2.75 (0.0518
C 1.33 4.16 2.96 2.61 0.0366
D 1.28 4.19 299 245 0.0259
E 1.26 4.28 3.02 2.40 0.0183
S* 1.35 4.19 293 259 0.0010

*S — synthetic run, vy, = 312 km/s



Linear dispersion analysis (LDA) | @E)

Vgn/C=0.0733
0.0518

0.0366
0.0259
0.0183

Electrostatic waves are identified as
electron-acoustic waves driven by two
counterstreaming hot electron beams.
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Periodic-boundary-condition simulations

_ —
L = Var o Var
) 2 2
. Var _ Var
Vtha = 3 Uth2 = 5
Var = (0-08 - 0-3)C Var = 4‘vsh, run A
m; _
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Periodic-boundary-condition simulations

* Good match between PBCS and linear dispersion analysis (T'/w,. = 0.185, the prediction is 0.2)
* Max(SE /(Byc)) does not depend on vy, therefore SE/Eq < vt

* Atwyt>50, 8E/(Byc) x vyl therefore SE/Ey « v,

E1/(Byc)
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Periodic-boundary-condition simulations

1)

1) The wavelength is consistent with predictions and Agg/Ag, & vy,

2) The wavelength A/, is decreasing with time

dP(E,)/dk;

3) Structure becomes closer to solitary waves at later stages of
EAW development
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Conclusions @))

» Driving conditions for EAWSs are independent on the shock velocity.

« The amplitude scales as 5E/E, « v_,2° or §E/E, « vl

therefore 6 E/E in real shocks could be larger than 100.

- The wavelength scales as Aggy /1p x v3y,, therefore Aggy ~ 40 A ~ 300m.

/lV > physics > arXiv:2408.01699
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