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Mode composition in MHD perturbations

Ø Solar wind provides an excellent laboratory for studying
ubiquitous plasma turbulence from magnetohydrodynamic
(MHD) to kinetic scales (e.g., Verscharen et al. 2019).
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[Parker Solar Probe and Instrumentations. 
Credits: UC Berkeley Website]

Ø Launch Date: August 12th, 2018.
Ø Orbit Design: perihelia decrease from 35.7 to 9.86 R⊙.

Ø MHD perturbations can be decomposed into three types of
linear eigenmodes: Alfvén, fast, and slow modes (e.g.,
Glassmeier et al. 1995).

Part I
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Magnetic compression is often associated with slow modes,
whereas fast modes are often neglected.
e.g., 𝛿𝐵! arise from Alfvén mode and 𝛿𝐵∥ totally from slow mode
(Chen et al. 2020).
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[Parker Solar Probe and Instrumentations. 
Credits: UC Berkeley Website]

• In the inertial scale, perturbations are composed of
incompressible and compressible perturbations.

~90%; Alfvén modes The nature remains uncertain.

💡Whether is the assumption of 𝜹𝑩∥ totally from slow modes
always valid?

Part I
Mode composition in MHD perturbations

Ø Launch Date: August 12th, 2018.
Ø Orbit Design: perihelia decrease from 35.7 to 9.86 R⊙.

Mode decomposition
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Part II
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Dataset
Ø The first PSP encounter: 31 Oct. to 12 Nov. 2018.
Ø Heliocentric distance: between 0.166 and 0.277 AU.

Interval selection criteria 
(1) Sub-Alfvénic perturbations (𝒗 ≪ 𝑽𝑨 and 𝒃 ≪ 𝑩#)

(2) Large normalized radial magnetic field (|%!|
|𝑩|

> 0.8)

(3) High electromagnetic planarity > +0.8

(4) > 20 minutes in length

15 events are identified.

An overview of a representative case
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Mode decomposition methods

𝝃'()*+, = ,𝒌-×,𝒌∥, (1)

𝝃/(01 ∝ −1 + 𝛼 − 𝐷 𝑘∥,𝒌∥ + 1 + 𝛼 − 𝐷 𝑘-,𝒌-, 2

𝝃)2/3 ∝ −1 + 𝛼 + 𝐷 𝑘∥,𝒌∥ + 1 + 𝛼 + 𝐷 𝑘-,𝒌-. 3

The displacement vectors 𝝃 are expressed as (Cho & Lazarian 2003)

5

The phase-space velocity, magnetic field, and density are given by
𝒗4 = 𝒗4,'()*+, + 𝒗4,/(01 + 𝒗4,)2/3 , 4

𝑏4,'()*+, = 𝐵5
𝑣4,'()*+,

𝑉'
；𝑏4,/(01 = 𝐵5

𝑣4,/(01
𝑐/(01

,𝑩𝟎×?𝝃/(01 ； 𝑏4,)2/3 = 𝐵5
𝑣4,)2/3
𝑐)2/3

,𝑩𝟎×?𝝃)2/3 , 5

𝑁4 = 𝑁4,/(01 + 𝑁4,)2/3 = 𝑁5
𝑣4,/(01
𝑐/(01

,𝒌 A ?𝝃/(01 + 𝑁5
𝑣4,)2/3
𝑐)2/3

,𝒌 A ?𝝃)2/3 . 6

Singular value decomposition wavevectors 𝒌

Part II
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• 𝑃',)'* = 𝑃',+ + 𝑃',,+ 𝑃',-: observed magnetic power 
• 𝑃',./)01* = 𝑃',234516+ 𝑃',47*8 + 𝑃',*3)9: magnetic power from decomposition analysis 

Confirming the validity of mode decomposition procedure.

𝑃𝑆𝐷 𝑏/(𝜇5𝜌5)
7
8

(𝑘𝑚/𝑠)8/𝐻𝑧

𝑷𝒃,𝒐𝒃𝒔~ 𝑷𝒃,𝟑𝒎𝒐𝒅𝒆𝒔

The comparison of magnetic powerPart IV
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Kinetic, magnetic, and density power of each MHD mode
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𝑃!"# = 100%×
∑$ |𝑈$,#(𝒃)|&

∑$,#(|𝑈$,#(𝒃)|&+ 𝑈$,#(𝒗)|&

𝑃'"# = 100%×
∑$ |𝑈$,#(𝒗)|&

∑$,#(|𝑈$,#(𝒃)|&+ 𝑈$,#(𝒗)|&

Ø Alfvén mode: 𝑃:;2~𝑃<;2~31%

Ø Fast mode: 𝑃:;4~17%; 𝑃<;4~16%

Ø Slow mode: 𝑃:;*~5%; 𝑃<;* ≪ 1%

(a) Total power

(d) Density power(c) Magnetic power

(b) Kinetic power

𝑷𝑴𝑬𝒇 ≫ 𝑷𝑴𝑬𝒔 𝑷𝒏,𝒔𝒍𝒐𝒘 ≫ 𝑷𝒏,𝒇𝒂𝒔𝒕

Part IV
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Contributions to magnetic and density compressibility

𝑃;,∥,)2/3~𝑃;,∥,0;/ ≫ 𝑃',∥,*3)9

Fast modes provide
most of 𝛿𝐵∥.

𝐶<<,)2/3~𝐶<< ≫ 𝐶<<,/(01

Fast modes dominate 
magnetic compressibility.

Slow modes dominate 
density compressibility.
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(a)

(b)

(c)

𝐶YY = (Z|𝑩||Z𝑩|)
[, 𝐶YY,\]^_ =

`!,∥,$%&'
`!,()*+,&

, and 𝐶YY,^abc =
`!,∥,&-*.
`!,()*+,&

𝑃,,/(01~𝑃0!,230 > 𝑃0",456 ≫ 𝑃0,7843

—Direct observations —Fast mode —Slow mode —electron density QTN

Part IV

The red vertical dashed lines: f = 0.026 𝐻𝑧. 
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The correlation coefficient between 𝑃#,%&'( and 𝑃#,)*+,-.& is ~ 0.80.

𝝃%&'( aligns with 𝑩𝟎 most density fluctuations

Slow modes modulate the motion of plasmas, resulting in thermal energy variations 
and the inhomogeneous temperature of the plasma.

𝜕𝜌
𝜕𝑡
+ ∇ 4 𝜌𝒗 = 0 Ø Slow mode: 𝑃9:4~5%; 𝑃;:4 ≪ 1%

Part IV
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Dispersion relations in the plasma flow frame

𝑉#$,&'()*+ = 𝑉&𝑐𝑜𝑠𝜃,-! ,

𝑉#$,±/ = 0
/

𝑎/ + 𝑉&/ ± [(𝑎/ + 𝑉&/)/ − 4𝑎/𝑉&/𝑐𝑜𝑠/𝜃,-!]
"
#

Based on ideal MHD theory, the wave phase 
velocity is given by
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< 𝜽𝒌𝑩𝟎 > ~𝟏𝟔𝟑°

Alfvén and fast modes dominate MHD perturbations.

Alfvén- and fast-mode dispersion relations are consistent with observed results.

𝜔0;/ = 𝜔/@ −< 𝒌 >A< 𝑽$ >

Part IV
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𝜸𝒔𝒍𝒐𝒘 =
𝑘 𝑎

2|𝑐𝑜𝑠𝜃()!|
(
1
8
𝜋
𝑚*

𝑚+
)
,
- 1 −

𝑐𝑜𝑠2𝜃()![
𝑎-
𝑉.-

𝑐𝑜𝑠2𝜃()! − 1]

[1 + 𝑎/
𝑉./

− 2(𝑎
-

𝑉.-
)𝑐𝑜𝑠2𝜃()!]

,
-

𝜸𝒇𝒂𝒔𝒕 = 𝜔
𝜋𝛽
4

𝑠𝑖𝑛&𝜃,-!
𝑐𝑜𝑠𝜃,-!

[
𝑚.
𝑚/

exp −
𝑚.

𝑚/𝛽𝑐𝑜𝑠&𝜃,-!
+ 5exp(−

1
𝛽𝑐𝑜𝑠&𝜃,-!

)]

Slow-mode damping rate (Galeev and Sudan 1983):
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Collisionless damping of compressible modes

Ø Both 𝜸𝒔𝒍𝒐𝒘 and 𝜸𝒇𝒂𝒔𝒕 increase with the frequency.
Ø 𝜸𝒔𝒍𝒐𝒘 is systematically larger than 𝜸𝒇𝒂𝒔𝒕.

f (Hz)

Part IV

Fast-mode damping rate of 𝜔 for 𝛽 ≪ 1 and 𝜃=%O~1: 
(Ginzburg 1961; Yan & Lazarian 2004; Suzuki et al. 2006)
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Collisionless damping of compressible modes

𝜖47*8 = ∫ 𝛾47*8𝑈47*8 𝑑𝑓~2.66×10> J kg?@s?@

Wave energy damping rate
𝜖*3)9 = ∫𝛾*3)9𝑈*3)9 𝑑𝑓~2.74×10> J kg?@s?@

𝜖QRST~𝜖UVQW~heating rate~2×10nJ kgopsop
(Bandyopadhyay et al. 2020)

f (Hz)

Part IV
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Ø The radial-field solar wind has a high degree of Alfvénicity (~45%-83%), whereas the often-

neglected fast modes (~16%-43%) dominate over slow modes (~1%-19%).

𝑃789~𝑃:89~29%; 𝑃:8;~𝑃78;~17.5%. 𝑃:8%~7%; 𝑃78% ≪ 1%.

Ø All our events show that fast modes provide most of the parallel components of the magnetic

field, dominating magnetic compressibility. Slow modes provide most of the density fluctuations,

dominating density compressibility.

Ø Slow modes modulate the motion of plasmas, leading to thermal energy variations and the

inhomogeneous temperature of the plasma.

Part V: Conclusions

Ø The energy damping rate of compressible modes is comparable to the solar wind heating rate
from simulations.

Thanks for your attention!
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