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Fig.1 (a) The dispersion surface of the Alfvén-mode wave, w; /€, where the normalized parameter is the proton cyclotron

frequency Q¢p. (b) The damping rate of the Alfvén-mode wave, —v/w,, where the normalized parameter is the wave frequency

wy,. The dotted curve represents the contour at v = —0.01w,. From the reference [21].
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Fig.2 Total energy transfer rates Py, of protons (s = p, top panels) and electrons (s = e, bottom panels). The panels from left
to right illustrate different n: (a) n = 1; (b) n = —1; and (c) n = 0. The data are normalized by (—27). The four regions labeled
by I, II, III, and IV correspond to the quasi-parallel and medium oblique MHD Alfvén wave regime (surrounded by the black
thin dotted curve) where Py (n = 0)/(—2v) 2 1 and Py (n = 1)/(—2v) < —0.5, the quasi-parallel ion cyclotron wave regime
(surrounded by the black thick dotted curve) where Py (n = 1)/(—2v) 2 0.5 and 6 < 45°, the quasi-perpendicular MHD and
ion-scale Alfvén wave regime (surrounded by the blue thin dotted curve) where Py (n = 0)/(—2v) 2 1, Py (n = 0)/(—2v) 2 0.5
and 0 > 45°, and the quasi-perpendicular sub-ion scale Alfvén wave regime (surrounded by the blue thick dotted curve) where
Pyt(n =0)/(—2v) 2 1 and 6 > 45°, respectively. From the reference [21].
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Fig.3 The proton energy transfer rate distributions of a typical quasi-parallel ion-cyclotron wave which has Ak, = 0.01 and
Apk) = 0.7. In this figure, Vi, and thL denote the parallel and perpendicular proton thermal spccd respectively. (a) The
normalized total energy transfer rate, P,¢; (b) the normalized x component of the energy transfer rate, Ppy; (c¢) the normalized y
component of the energy transfer rate, Ppy, and (d) the normalized z component of the (or parallel) energy transfer rate, sz.
The normalized parameter in the 2D distributions is the maximum P, in the 2D velocity space. The normalized parameter in
the 1D distributions corresponds to the maximum Py (v)) or the maximum P,¢(v1). The 1D energy transfer rate coordinates

are logarithmic coordinates, and the colorbars are also presented in logarithmic form. From the reference [21].
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Fig.4 The distributions of electron energy transfer rates at n = 0 of a typical sub-ion Alfvén-mode wave having A k| = 0.01

and A,ky = 10. In this figure, Vi and Vi, denote the parallel and perpendicular electron thermal speed, respectively. (a) The

normalized total energy transfer rate, P.;; (b) the normalized  component of the energy transfer rate, P..; (c) the normalized y
component of the energy transfer rate, P.y; and (d) the normalized z component of the (or parallel) energy transfer rate, Pe,.
The normalized parameter in the 2D distributions is the maximum P in the 2D velocity space. The normalized parameter in

the 1D distributions corresponds to the maximum Pkt (’UH) or the maximum P (v, ). The 1D energy transfer rate coordinates are

logarithmic coordinates, and the colorbars are also presented in logarithmic form. From the reference [21].
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Fig.5 The radial distributions of the proton beam instability in the inner heliosphere. In this figure, r/Rs denotes the

normalized radial distance (Rg is the solar radius), and V1, denotes the drift speed of beam protons. (a) The maximum growth
rate Ymax; (b) the wave frequency w,; (¢) the argument of E,/E,, arg(E,/E,); (d) the absolute value of E,/E,, |E,/E,|; (e)
the wavenumber A\ k, where A, denotes the proton inertial length; and (f) the wave normal angle . The OA/IC, OFM/W,
OA/IB, PFM/W and PA/IC instability are labeled by I, II, III, IV, and V, respectively. The dotted curves represent the

boundaries between two types of instabilities, and two solid curves represent V,, = Va and 2Vj, respectively, where Vo denotes

the Alfvén speed. From the reference [22].
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Fig.6 The radial distributions of the energy transfer rate of the proton beam instability in the inner heliosphere. In this figure,
r/Rs denotes the normalized radial distance (Rs is the solar radius), and V1, denotes the drift speed of beam protons. (a) The
total energy transfer rate P;/max(|Ps|); (b) the parallel energy transfer rate P|/max(|Ps|); (c) the perpendicular energy transfer
rate P, /max(|Ps|). The normalized parameter max(|Ps|) is the energy transfer rate of the particles with major free energy. The
panels from top to bottom present energy transfer rates of the waves, beam protons, core protons, « particles, and electrons,
respectively. The OA/IC, OFM/W, OA/IB, PFM/W, and PA/IC instability are labeled by I, II, III, IV, and V, respectively.
The dotted curves represent the boundaries between two types of instabilities, and two solid curves represent V1, = Va and 2V,

respectively, where Vi denotes the Alfvén speed. From the reference [22].
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Fig.7 The radial distributions of basic parameters and energy transfer rates of the electron heat flux instability in the inner
heliosphere. In this figure, r/Rg denotes the normalized radial distance (Rg is the solar radius), and V., denotes the drift speed
of beam electrons. (a) The maximum growth rate v; (b) the absolute value of the wave frequency wy; (c) the wavenumber A .k,

where A, denotes the electron inertial length; (d) the wave normal angle 6; (e) the argument of E,/E,, arg(E,/E,); (f) the

absolute value of E,/E,, |E,/E,|. (g)—(j) present the energy transfer rate of the waves, beam electrons, core electrons, and
protons, respectively, where the panels from top to bottom denote the parallel Pj/max(|P,|), perpendicular P, /max(|P,|), and
total P;/max(|Ps|) energy transfer rate, respectively. max(|Ps|) is the energy transfer rate of the particles with major free energy.

The EA-HFI, LH-HFI, OA-HFI, and PW-HFT are labeled as I, II, III, and IV, respectively, where the boundaries between two

1

types of instabilities are denoted by the dotted curves. The data with v < 0.1 rad-s™" are removed. From the reference [23].

36-12



64 % AR 58 R TORE 1855 B 1 b R LR F A BRI 7T 3 34

vl [14] Klein K G, Howes G G, Tenbarge J M. JPIPh, 2017, 83:
[1] Verscharen D, Klein K G, Maruca B A. LRSP, 2019, 16: 535830401
5 [15] Klein K G, Howes G G, TenBarge J M, et al. JPIPh,
[2] Marsch E. LRSP, 2006, 3: 1 2020, 86: 905860402
[3] Leamon R J, Smith C W, Ness N F, et al. JGR, 1998, [16] Howes G G, Klein K G, Li T C. JPIPh, 2017, 83:
103: 4775 705830102
[4] Schekochihin A A, Cowley S C, Dorland W, et al. ApJS, (17] He J S, Duan D, Wang T Y, et al. ApJ, 2019, 880: 121
2009, 182: 310 [18] Chen C H K, Klein K G, Howes G G. NatCo, 2019, 10:
[5] He J S, Zhu X Y, Verscharen D, et al. ApJ, 2020, 898: 43 740
[6] Stix T H. The Theory of Plasma Waves. New York: [19] Kitamura N, Kitahara M, Shoji M, et al. Science, 2018,
McGraw-Hill, 1962: 45-49 361: 1000

[7] Barnes A. PhFI, 1966, 9: 1483
[8] Kennel C F, Engelmann F. PhFI, 1966, 9: 2377
[9] Drummond W E, Pines D. NucF'S, 1962, 3: 1049

[20] Kitamura N, Shoji M, Nakamura S, et al. JGR, 2021,
126: €e2020JA028912

[11] Sagdeev R Z, Galeev A A. Nonlinear Plasma Theory. New
York: Benjamin, 1969: 55-115 24] Bale S D, Goetz K, Harvey P R, et al. SSRv, 2016, 204:

[12] Quataert E. ApJ, 1998, 500: 978 49

[13] Klein K G, Howes G G. ApJ, 2016, 826: L30 [25] Marsch E, Livi S. JGR, 1987, 92: 7263

21] Zhao J S, Lee L, Xie H S, et al. ApJ, 2022, 930: 95
[10] Vedenov A A, Velikhov E P, Sagdeev R Z. NucF'S, 1962, [21] P
9: 465 [22] Liu W, Zhao J, Xie H, et al. ApJ, 2019, 920: 158
[23] Sun HY, Zhao J S, Liu W, et al. ApJ, 2021, 916: L4
[

On Theoretical Study of Quantifying Wave-particle Interactions
in Collisionless Plasmas

ZHAQO Jin-song
(Purple Mountain Observatory, Chinese Academy of Sciences, Nanging 210023)

AsstracTt Wave-particle interactions can naturally result in energy transfer between electromagnetic
fields and particles in collisionless plasmas, and these interactions can therefore reshape the particle
velocity distribution function. How to quantify wave-particle interaction is one fundamental problem in the
heliosphere and astrophysical plasma communities. Recently, there are many important findings related
to the wave-particle interaction. This paper will report recent theoretical developments in the study
of the wave-particle interactions. In particular, this paper will introduce a newly-developed theoretical
method in quantifying both resonant and nonresonant wave-particle interactions. This paper will also
introduce applications of quantifying wave-particle interactions for the Alfvén-mode wave, the proton
beam instability, and the electron heat flux instability in the inner heliosphere.

Key words Sun: heliosphere, waves, plasmas, wave-particle interaction
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