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The study of solar wind electrons The analysis method Low-pass filter in velocity space
+Coronal electrons that are non-Maxwellian contribute to solar wind acceleration and the solar wind  »Remove low energy electrons and fill with a Maxwellian fit. -Legj_?]drf-Lagéler:e t"af“SfOVTth ectron VDF S el Figure A: (Top left) at each pitch-angle the Laguerre transform in energy is shown as the color bar. Hashed portion is set to zero. (Middle)
thermal energy budget through the gradient of the heat flux. .Interpolate the VDF to regular v, v, coordinates to take gradients in © .eg?n _re Fanstorm, o the electron | N Ormalise p.ara °" line plot of the squared Laguerre spectra, color maps to dots on top left panel. (Bottom) comparison of the inverse transformed function
*Collisions, large-scale fields, turbulent mesoscale electromagnetic fields, and instabilities shape the | velocity v = \/A 2E/m, byv;/|v;|, where E'is the energy, m, isthe 514 the observation.
electron velocity distribution function (VDF). electron mass, bl- = bl-/ | bj| Is the normalised magnetic field Figure B: (Top) at each energy the Legendre transform in pitch-angle is shown as the color bar. Hashed portion is set to zero. (Middle)
*Observations of solar wind electrons are dominated by a Maxwellian core (%90) and three non- line plot of the square Legendre spectra, color maps to dots on the top panel. (Bottom) comparison of the inverse transformed function

accordance with the theory.
*A spectral method is considered for the electron VDF to deal with

. . . . . .. noise and compute smooth gradients. For example, an expansion can vector. .
Maxwellian features: strahl - a field-aligned beam, halo - isotropic super thermal electrons, deficit - be considered -Take the Laguerre transform of the electron VDF in energy (E) and the observation.
.sNunWI?/Ird absllgnc? O]; phas.e ?ﬁaCT dfnSIttl/.DF Cestabilice e o | | *The spectra are analysed for a noise floor and truncated appropriately. Figure C: (Top left) the inverse transformed VDF interpolated to v, V- (Top right) before interpolation, black dots mark the grid in E,
Sl AL LE R IS U SS L TUIS S S iAo el Clesielallis une piskinnzy, Celeing, [lieismnel tieite F(x) = 2 ¢. T (x) And since the functions I (x) are *The inverse transform provides a low-pass filtered electron VDF. pitch-angle. (Bottom left) bi-Maxwellian comparison. (Bottom right) normalized difference between the interpolated function and the bi-
emission at the expense of particle energy, softening the non-Maxwellian features. e n > 2 Maxcwellian
e Thi - - - i n . 1 he electron VDF is interpolated to a regular v, v, = +/v:" — v grid . ' . .. . . . L .
This project directly measures the rate of change of macroscopic quantities (e.g. temperature and orthonormal the coefficients ¢ can be obtained P J I ¥ L \/ i I 9 Figure D: (Top left) perpendicular derivative of the interpolated transformed function. (Top right) parallel derivative of the interpolated
heat flux) according to quasilinear theory using Solar Orbiter observations. " so that it can be treated with quasilinear theory. transformed function. (Bottom left) perpendicular derivative of the bi-Maxwellian function. (Bottom right) parallel derivative of the bi-
Following Marsch et al. 2006, the quasilinear equations are written J dx I, (x) f(x) = Z c,| dxl,()I(x) = 2 COum = Cpy - d| 1 | Figure E: (Left column) parallel slice along magenta lines in Figure C. (Right column) perpendicular slice along magenta lines in Figure C.
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oo v =Vi(kp) -1t e b o |15 Y - T e Figure F: (Top) Egn. 2 of the interpolated and transformed electron VDF analysed at the resonant velocity Egn. 3, i.e. V| = Ve(k”, —1).
The collective equations describe the rate of change of the macroscopic quantities. The key 2 | 10—+ ED ii ;ﬁg Vertical coloured lines map to the bottom panel via the resonant velocity (Egn. 3) and Doppler shift. (Bottom) the magnetic field energy
measurements are the wave frame pitch-angle gradient and the magnetic field energy spectrum. = 21 1015 ; ;“ % 10-23 Contral Diff. of Tnterp % spectrum observed by the Radio and Plasma Waves instrument on Solar Orbiter. The Doppler shift is computed by inverting:
N 10715 & n-H —— bi-Max .
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Solar Orbiter observations Ly | ., | . = where @, is the spacecraft frequency, w,, is the dispersion relation, K is the wavenumber, V ¢y is the solar wind velocity, 0, , is
*The observations are the same interval studied in Ber¢i¢ et al. 2021: L10-17 & 11070 i || .2 £ > ' whistler ’ $ T SW kY
*June 24, 2020 while Solar Orbiter was at a heliocentric distance of 112 solar radii a short | > g —107% § the angle t?etween the wavg gnd the solar"wmd. _ o _ _ .
bandwidth enhancement of electromagnetic fluctuations were detected by the Radio and 0- 21018 : : - | Figure G: (i) Resonant velocities (Egn. 3). (i) Unnormalised magnetic field energy spectrum. (iii) The essential part of the integrand in
Plasma Waves instrument 100 107" T 10~ T Egn. 4. (iv) Rate of change of the parallel bulk velocity (Egn. 5). (v) Rate of change of the parallel temperature (Egn. 5). (vi) Rate of
. = i ients x v R
*The Solar Wind Analyser measured an electron distribution function displaying a deficit and 10~ 14 5 %D” R B b aenta x A » change of the heat flux (Eqn. ).
strahl. = o || 20 ] =7 G of vk wse x| G310 Conclusions and future work
. . —15 : \ —— Difference of distributions H . . .
*The electromagnetic enhancement is between the proton and electron cyclotron 107" = = g bR g Driorence o dRmhWIA * Quasilinear theory has been extended to measure the rate of change of the heat flux due to resonant wave-particle interactions.
g p y [ Q&D S \ /\/. \\ GN) 10-141 Difference of gradients x v' g
frequencies, quasi-parallel to the magnetic field (3.8°), and the wave ellipticity of the 116 § § ?;@ Y[\, 7;6 o Effffffﬁfiide NS * A low-pass filter in velocity space of the VDF has been constructed to obtain the wave frame pitch-angle gradient and remove noise.
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bandwidth is > 0.5. They are quasi-parallel right hand circularly polarised whistler waves. - Ci 10 = || 2 . I 3n This method has been applied to Solar Orbiter measurements pf the elegtron V!Z)F by SWA and the magnetic flelq by RPW..
This project analyses the same interval to directly show the wave-particle interaction is 10 5 = * There is a .Ioss of momentum and the tempera.ture_s are bepommg more |sqtroplc. The parallel electron heat flux is decreasing.
occurring and measure the rate of change of the macroscopic quantities. This is done by g8 |, 4% N AL R LS R | j| < iEBE dlrect_measurement pf the wavg—partlcle interaction and the first time the decregse of the heat flux hag been measurgd.
obtaining gradients of the electron VDF: the primary novel piece of the analysis. 3 -2 -1 0 1 2 3 32 1 0 1 2 3 0 I 2 5| ® ﬁg low pass filter technique is npt meetlng .expecj‘tatlonsz but when ready, it can be applied to obtain the velocity space gradient,
u)/ven Normalized parallel velocity : vy /v Normalized parallel velocity : v /vm|  which governs all electromagnetic and collisional interactions.
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