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Abstract

We report analysis of sub-Alfvénic magnetohydrodynafiEID) perturbations in the low-radial- eld solar

wind employing the Parker Solar Probe spacecraft data from 2018 October 31 to November 12. We calculate
wavevectors using the singular value decomposition method and separate MHD perturbations into three
eigenmodegAlfvén, fast, and slow modg$o explore the properties of sub-Alfvénic perturbations and the role of
compressible perturbations in solar wind heating. The MHD perturbations show a high degree of Alfvénicity in the
radial- eld solar wind, with the energy fraction of Alfvén modes dominating5%-83%) over those of fast

modes( 16%-43%) and slow mode¢ 1%-19%). We present a detailed analysis of a representative event on
2018 November 10. Observations show that fast modes dominate magnetic compressibility, whereas slow modes
dominate density compressibility. The energy damping rate of compressible modes is comparable to the heating
rate, suggesting the collisionless damping of compressible modes could beasigfor solar wind heating. These

results are valuable for further studies of the imbalanced turbulence near the Sun and possible heating effects of
compressible modes at MHD scales in loyplasma.

Uni ed Astronomy Thesaurus conce@siar wind(1534); Interplanetary turbulend®30); Magnetohydrody-
namics(1964); Space plasmad544; Stellar winds(1636

1. Introduction heating; transport of particle¢Chandran 2005 Yan &
azarian2008.

The MHD mode composition has been extensively investi-
ated through simulations and satellite observaiiens, Cho

& Lazarian2003 Chaston et ak02Q Makwana & Yan202Q

Zhu et al.2020. Simulations of MHD turbulence found that

; : . different modes cascade differently. The cascade of Alfvén and
formation (e.g., Federrath201§. Turbulence is typically g0 modes is anisotropic, mainly in the direction perpend-

characterized by a broadband spectrum of perturbations, energy iar to the local background magnetield, whereas fast
transmission spanning a vast range of temporal and spatial,yqes tend to show isotropic cascacﬂé.g., Cho &
scales, highly chaotic but self-similar motions within the Lazarian2003 Makwana & Yan2020. Furthermore, satellite
inertial range. The solar wind, a plasmaw originating from observations with a mode composition diagnog@itassmeier

the Sun and continuously blowing into the interplanetary spacegt 5. 1999 show that anti-sunward propagating Alfvén modes
provides an excellent Iabpratory forstudyir]g plqsmfiturbulencedominate mode composition, and energy fraction enhance-
at magnetohydrodynamiMHD) and sub-ion-kinetic scales ments of compressible modes are associated with the back-
(e.g., Dobrowolny et al198Q Verscharen et a2019. MHD ground magneticeld variationge.g., Chaston et a202Q Zhu
perturbations can be decomposed into three eigenmodesgt al.2020).

Alfvén, fast, and slow modee.g., Glassmeier et al995 The compressible modes affect the compressibility of solar
Cho & Lazarian2003. Using the termmodein this study, we  wind turbulence and thus inence other turbulence properties
refer to the carriers of turbulent perturbations in wave (e.g., Chen et a019. Magnetic compressibility, deed as
turbulence rather than classical linear wafes., Cho & EB . . . : .
Lazarian2003 Verscharen et a019. The mode composition Ges |~ ) Is observed to increase with the heliocentric

Plasma turbulence appears ubiquitous and plays a cruciall'
role in various astrophysical processes, such as solar win%
heating and acceleratidie.g., Bandyopadhyay et a2020),
scattering of cosmic ray®.g., Yan2015, turbulent heating
in galaxy clusters(e.g., Zhuravleva et al2014, and star

B

affects almost all turbulence dynamics and the mechanisms ofiStance(e.g., Bavassano et 41982 Chen et al2019 Andres
solar wind heatinge.g., Suzuki et al200§ Cranmer & van et al. 2021). Howes et al_(2013 indicated that co_mprgessmle
Ballegooijen 2012 Makwana & Yan2020. Clarifying the components of solar wind turbulence at the inertial range

mode composition and the properties of each mode can help uf@inly result from the kinetic slow mode. Additionally, Chen
further understand astrophysical mysteries, e.g., corongt al. (2019 suggested that magnetic compressibility depends
on plasma and slow-mode perturbations with the assumption

® Original content from this work may be used under the terms of B from Alfven modes andl.B.l B fro.m S.IOW modes.
Then a straightforward but critical question is whether the

of the Creative Commons Attribution 4.0 licendeny further . . )
distribution of this work must maintain attribution to the aut§and the title assumption of the. mr?\gnet!c .compressub_le compo(leBgt)
of the work, journal citation and DOI. from slow modes is still valid in quiet radiakld solar wind
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turbulence(e.g., Bale et al2019. The normalized radial Radio Frequency Spectromet@flELDS; Moncuquet et al.

magnetic eld is required to satisfy;i 0.8 in this study, 2020. The electric eld data at MHD scales are calculated by

whereBg represents the magnetield along the direction of E= S Vpx B, whereV, is the proton bulk velocity an8 is

the Sun to the spacecraft in radial tangential norfRaN) the magnetic eld. The observed parameters consist of the

coordinates. To investigate the possible origins of magnetic angNsemble average backgrouredd and a uctuating eld, i.e.,

density compressibility, we separate the MHD perturbationsB = Bo* b, Vp=Vo+ v, E= Eo+ e andNy,= No+ n. The

into three eigenmodes using the mode decomposition methodh@gnetic eld perturbatiorb, presented in Alfvén speed units,

(Cho & Lazarian2003 to explore the role of each mode in IS normalized by/ o S/ oM, Ny, where o s the vacuum

kinetic, magnetic, and density power spectra. permeability, o is the mean proton mass density, angds the
The collisionless damping of plasma waves plays a critical Proton mass. The ensemble average in this study is represented

role in plasma heatinge.g., Suzuki et al2006 Zhuravleva Py @ time average over each 250 s interval.

et al. 2014. In the MHD regime, collisionless damping of ) o

compressible modes is widely considered a possible heating 2.2. Data Selection Criteria

mechanism(e.g., Porter et al1994 Kumar et al. 2006 The rst PSP encounter spans from 2018 October 31 to
Petrosian et a00G Spanier & Schlickeise2009. Therefore,  November 12, covering the heliocentric distance between 0.166
another critical question, which is not well understood, is aboutand 0.277 au. We search for events that satisfy four cri@)ia:
the possible h_eating effects of each mode. Alfvén_ modes argyp-Alfvénic(v= Va andb= By) perturbations, wheréy is
non-compressive and can only be damped ohmically or bythe Alfvén speed. Under such a condition, the nonlinear terms
shear viscosity. Thus, Alfvén modes are weakly damped in a2, b?) are much less than the linear terfvis * v, Bo * b), and
plasma with Maxwellian distributions, making limited con- thys perturbations can roughly be considered as a pure
tributions to plasma heating in the linear regime. By contrast, syperposition of three MHD modef2) Large normalized
compressible magnetosonic modst and slow modgsare 4 qia magnetic eld (% 0.8). In the radial-eld solar wind,

prone to intense collisionless damping owing to wave-particle ) S
interactions, providing an efient energy conversion between the smal(quasi-parall¢iquasi-antiparallgl ow-to- eld angles

waves and plasmag.g., Ginzburgl96% Barnes1967. The gv indicate wavevectors along theld larger than that across

compressible MHD perturbations are typically interpreted as al> K ? k0. Thus, these low-amplitude aneld-aligned

mixture of fast magnetosonic waves and pressure-balance&erturbaﬂons exhibit more wave-like characteristics than
structures(PBS3. The PBS is characterized by an antic- urbulence(e.g., Bale et al2019. (3) High electromagnetic

orrelation of thermal and magnetic pressure, similar to that ofPlanarity>+ 0.8 (Santolik et al.2003 means the validity of
slow modege.g., Howes et aR012 Bruno & Carbone?013. planarity assumption, guaranteeing that Sma” perturbations can
Therefore, mode decomposition provides a valuable tool forP€ Written as Fourier componeres™® ) in the lineariza-
quantitatively analyzing the possible role of each mode in tion of MHD equations. It is the foundation both of the smgular
plasma heating. value decompositio(SVD) method and the mode decomposi-
The Parker Solar Prob@SH mission is well situated to tion method.(4) The event duration should be longer than 20

investigate the properties of the near-Sun turbulence with thegnnytes to ensure the measurements of low-frequency signals.
nearest heliocentric distance 00.17au during its rst ~ DJring the rst PSP encounter, a total of 15 events are
encounter. This study applies the mode decomposition methoddenti €d and listed in Tablel. The representative case
(Cho & Lazarian2003 to in situ spacecraft observations to 2nalyzed in SectioB corresponds to evert15 in the table
study sub-Alfvénic MHD perturbations in the solar wind for &nd the shaded area in Figure

the rst time. This new mode decomposition method makes it . ) .

possible to quantitatively analyze the role of each MHD mode 2.3. The Measurements of the Dispersion Relations

in kinetic, magnetic, and density power spectra and the To measure the observed dispersion relations, wst
contributions of each mode on magnetic and density compresdetermine wavevectoiis using the SVD method of Santolik
sibility. Moreover, we determine the collisionless damping of et al.(2003. The SVD method holds under the assumption of a
each mode to reveal the role of compressible modes in solasingle plane wave. This technique provides a mathematical
wind heating. The outline of this paper is as follows. Se@ion approach to obtain the frequency-time spectrograkswbugh
presents data sets, search criteria, and analysis methods useddblving the linearized Faraday law: kx E( ¢, )

this study. SectioB offers a representative case to analyze the= _B( , t), where complex matrices of electric and magnetic
mode composition of the MHD perturbations and the possible eld (E( , t) andB( < t)) are obtained through the Morlet-
role compressible modes play in solar wind heating. In wavelet transfornfGrinsted et al2004 and ¢.= 2 fs is the
Sections4 and5, we discuss and conclude our results. observed frequency in the spacecraft frame. Then, according to
the Doppler shift, the observed frequency in the plasow
frame can be obtained by,= S ke V,, where
represents the time average. The observed dispersion relations
2.1. Data will be compared with the theoretical ones obtained from the

We utilize data measured by NASAPSP missior(Fox mode decomposition method, as detailed below.
et al. 2019 during its rst perihelion. We analyze magnetic
eld data from the uxgate magnetometéMAG; Bale et al.

2016, proton parameters with a0.874 s resolution from the We utilize Cho & Lazariars (2003 method to decompose
Solar Probe CupgSPC; Kasper et al2016, and electron  the MHD perturbations into three eigenmodes: Alfvén, slow,
parameters with a j sesolution deduced from the simpd and fast modes. The three modes share the same wavevector.
quasi-thermal nois@QTN) method with observations from the We rst use k and By to build a new coordinate:

2. Data and Mode Decomposition

2.4. Mode Decomposition Methods

2



List of Identi ed Radial-eld Solar WindTl'?J?:)eultnce from 2018 October 31 to November 12

No. Start Time(UT) End Time(UT) Scale(minute3 ] a (kmsY Va (km s Re, (deg Pkea Puviea Pre Pyt Pues Pues
1 2018-11-0216:14:00 2018-11-0227:22:00 68 0.19 41 102 167 29% 28% 20% 20% 3% =1%
2 2018-11-0804:13:00 2018-11-035:04:00 51 0.21 41 98 169 35% 34% 13% 13% 5% = 1%
3 2018-11-0419:13:00 2018-11-0419:58:00 45 0.28 50 105 170 27% 27% 21% 21% 4% = 1%
4 2018-11-0600:22:00 2018-11-091:23:00 61 0.26 50 107 170 29% 28% 20% 20% 3% =1%
5 2018-11-0615:58:00 2018-11-09.6:31:00 33 0.28 50 103 169 27% 26% 22% 21% 4% = 1%
6 2018-11-0620:05:00 2018-11-0%21:03:00 58 0.16 47 128 161 23% 22% 19% 19% 16% = 1%
7 2018-11-0621:35:00 2018-11-0%2:58:00 83 0.18 45 118 169 28% 27% 21% 20% 4% = 1%
8 2018-11-0704:57:00 2018-11-005:22:00 25 0.17 43 115 170 30% 28% 20% 19% 3% =1%
9 2018-11-0709:20:00 2018-11-070:13:00 53 0.17 70 185 158 29% 28% 17% 16% 9% = 1%
10 2018-11-0807:03:00 2018-11-087:59:00 56 0.16 52 142 169 36% 34% 14% 14% 2% = 1%
11 2018-11-0816:03:00 2018-11-08.6:39:00 36 0.10 48 165 160 42% 41% 8% 8% 1% = 1%
12 2018-11-1000:31:00 2018-11-1®1:20:00 49 0.42 81 136 159 26% 24% 21% 19% 9%

13 2018-11-1012:00:00 2018-11-1a.2:38:00 38 0.18 55 143 165 25% 25% 18% 18% 14% = 1%
14 2018-11-1015:40:00 2018-11-116:35:00 55 0.12 45 143 157 24% 24% 17% 16% 19% = 1%
15 2018-11-1019:30:30 2018-11-10:14:30 44 0.18 47 119 163 31% 31% 17% 16% 5% =1%

‘reusnor reaisAydonsy ayl
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Figure 1. PSP observations of a representative case on 2018 November 10 in RTN coordinates within the yellow shadedmegjoetic eld magnitud¢B|; (b)
normalized radial magnetield %; (c) radial magnetic eld (Bg, black and proton bulk velocityV, g, blug); (d) the tangential components of magneiidd (Br,
black and proton bulk velocityV,, 1, blue); (€) the normal components of magnetield (By, black and proton bulk velocityV,,n, blue); (f), (h) high correlations
between the magnetield perturbatiorb and proton bulk velocity, whereb is shown in Alfvén speed unité) proton density(j) proton thermal velocity. RTN:
radial tangential normal coordinates.

I i ' - Y Vi
Ko Yke Xlin Wavevector spice, where displace-K batven  Bo ko Alfven., besow  Bo kslow g klow;

ment vectors are dened throughsgY Vi, andvy is velocity y Va Cslow
perturbation in wavevector spadé. ( Bo), He( Bg), and boast  Bo— By Vast, q 2

. . . Cr
K ko 'k& are nit vectors along the orientations of ot

coordinate axes. The velocity perturbations do not comply N, Negow N fast NCVK:S'OWkg slow Novkﬁlkdy
with one single mode, i.e., shear Alfvén mode. ' ' Cslow Crast
The time series of velocity perturbation is transformed into (3
frequency space by fast Fourier transf@¢RRT). We transform
velocity perturbatiorfv;) in the frequency domain intg using

fast *

The displacement vectorsare given by

the relationship betweek and f determined by the SVD Y, ko Ik q | (4)
method, which connects temporal and spatial space. Because Alfven ' &

the velocity perturbation of each mode is along respective You 1 1 JD)klk &1 B JB)k'k » (9
displacement vectors at each wavevector sealis, projected

onto the corresponding (i.e., amen siow @Nd fas; SEE Yoo 1 JD)klk &1 B VD)kk » (9

Figure 2(a)). The velocity perturbation, magnetield, and

density of each mode are given by The subscripk represents parameters in wavevector space, and

“ " represents corresponding unit vectors. In lowegime,
Vk  VkAiiven  Vkslow  Vkfast 1) phase speeds of fast and slow moftes; andcgon) are equal
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(a) The decompostion coordinate (b) PSP was located at the quiet solar wind with sunward B.

k// Vo

kJ_,in kBo plane

E’Alfvcn%

k.J_,in kBo plane

:""-..._Parker spiral

kLXkﬂ

Figure 2. Schemaitic illustrations ¢#) the vectors in the decomposition coordinatdggt _ 160 . The displacement vectors aien (red), rast(green, and gjow
(blug). aiven is perpendicular to thieB, plane. aiand g0 are in thekBy plane. The angle betwedfy and kis  2° in thekBy plane in this eventb) The relative
position between the Sun and PSP.

to Va (Alfvén speeflanda cos Rg, (a represents sound spged (Vo) during 19:30:30-20:14:30 UTmarked by the yellow
respectively. The parameteb (1 )2 B COS g, gshaded region in Figur®, where basis vectoes |, e 5, and

22 . . g are in the(Vox bg)x by, Vox by, and by directions,
whereB 35, and Rg, is the wave propagation angle between  eqpectively(v, and by are unit vectors oW, and Bo). The
wavevectors and the background magneild. wavevectors and frequencies are normalized by average proton
gyro-radius and gyrofrequencl i and ), respectively.
Figure 3(a)c) show spectrograms of absolute values of
wavevectors ire ;, e ,, andg direction, respectively. We can
3.1. Overview of a Representative Case see thatkk ? k , indicating wavevectors along the magnetic

Figure1 shows PSP observations of a representative case of €/d 1arger than that across it. Moreover, wavevectors are
sub-Alfvénic perturbations in low-( 0.18 plasma at a roughly constant in time in the low-frequency range. In

heliocentric distance of around 0.229 au on 2018 November"19ure3(d), the high electromagnetic planar(feg approach-

10. The magnetic eld and plasma data are shown in RTN g 10 1) indicates the presence of a single plane wave,
coordinates. Figurel(d) shows that the magnetic eld guaranteeing the validity of the SVD method and mode

magnitude|B| is almost constant, indicating weak magnetic decomposition methoCho & Lazarian2003 Santolik et al.
compressibility. Figurd(b) shows that the normalized radial- 2003.

. i . ~ Crs
eld magnepc eld ( B ) !S less thars0.8 within the yellow 3.2. The Role of Each Mode in Kinetic, Magnetic, and Density
shaded region, suggesting that the spacecraft is located at a Power

quiet radial-eld solar wind. The corresponding spacecraft

relative position is sketched in Figutéb), where the openeld To facilitate comparison with direct observations, Figlre
lines are emerging from the negative-polarity equatorial shows the decomposition results in the spacecraft frame during
coronal hole(Bg< 0 in Figure 1(c)) during the rst PSP 19:30:36-20:14:30 UT. To reduce the error, west set the
encountere.g., Bale et al2019. In this study, we only focus  domain for averaging as a 20 minute-wide moving window,
on the intervals of the sub-Alfvénic non-switchback perturba- with a step size of 10's. Since frequency-time spectrograms of
tions. In Figures1(f)—(h), the magnetic eld perturbation  wavevectors and background magnetields are roughly

3. Observations and Results

(b= BS B ) and proton velocity perturbatiqu= Vpé Vp) constant in time within each windogigures1 and 3)_, we
present signicantly Alfvénic correlations, wheteis shown in use temporally averaged wavevectors and magnetis to
Alfvén speed units. During this time intervalz Va (sub- build a new coordinate for mode decomposition. Then, we

Alfvénic) and b= By. Therefore, the perturbations can be average the decomposition results overall 20 minute-wide
considered as a pure superposition of the three MHD modesWindOWS._ N
Figure 1(i) shows the proton density with low perturbations.  According to the denition of Elsasser specti@runo &

The proton compressibilitg,, de ned asC, %%ﬁf, is, ~ Carbone 2013, we calculate magnetic eners, w2,
around 0.06, indicating a low level of density compressibility. kinetic energyE, %vz, and total energ\E,= E,+ E,. As
Figurel(j) shows proton thermal velocity with small variations. described in Section 2, the time series of velocity perturbation
Figures3(a)—(c) illustrates spacecraft-frame frequency-time is transformed by FFT with three-point smoothing. Combined
spectrograms of wavevectors in theld-aligned coordinates with the SVD method, the velocity perturbatigwn) as a
determined by the average magnetald (By) and velocity function of wavevectors is projected onto the corresponding
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Figure 3. (8—c) The spacecraft-frame frequency-time spectrograms of wavevkdtothe eld-aligned coordinategd) electromagnetic planarifygg.

displacement vectors ( afvén, fass and  gow S€€
Figure2(a)). Then the magneticeld perturbation and density
are calculated based on the ideal MHD theory.

modes, the kinetic energy fractid®xgs accounts for 5%,

whereas their magnetic energy fractRyes is negligible.
Figures4(b)—(e) show the power spectral densit{®SD3 of

Figure 4(a) shows the comparison between the sum of the each MHD mode in the spacecraft frame, where red, green, and
magnetic power of three MHD modes calculated based on thehlue curves represent Alfvén, fast, and slow modes, respec-

ideal MHD theory (purple; Ppsmodess Poaivent Poastt

tively. In Figure 4(b), total power is dominated by Alfvén

Ppsiow) @nd the magnetic power directly obtained by FFT on modes, in agreement with the sigeantly Alfvénic features

magnetic eld data(black; Ppops= Por+ Po1+ Pon) in the

shown in Figuresl(f)—(h). Fast modes make a considerable

spacecraft frame, where the error bars denote the standarghntribution to total power, even comparable to Alfvén modes

deviation.Pp 3modes@Nd Py ops @re in good agreement when the
frequency fs. is less than 0.026 Hz (marked by the red
vertical dashed line in Figura)), con rming the validity of

as the frequency increases. Slow modes play a limited part in
total power. In Figured(c), similar proportions are shown in
kinetic power. The slow-mode kinetic power is smaller than

our mode decomposition procedure. The MHD frequency ihose of Alfvén and fast-mode modes but still holds a

range can be consideredfas [0.004, 0.02fHz.

The energy fraction of different modes at the MHD scale is

estimated by

%Uk,m(b) 2

Pvem 100% ,
e ST SERRTA R
og Uk,m(V) 2
Pcem 100% g .
= B m(Uem(®) 2 UV ) (8

Here, Pyem and Pxem represent magnetic and kinetic energy
fractions, respectively. The spectty(v) are the energy

certain proportior{Figure 4(c)).

Figure 4(d) shows that magnetic power is almost provided
by Alfvén and fast modes, whereas slow-mode contributions
can be negligible. FigurB compares magnetic power spectra
from direct observations with mode decomposition results
(from Alfvén and fast modést the MHD scale. Magneticeld
data are transformed inteld-aligned coordinatgthe same as
Figure 3). The PSDs ofb ; and b , components of the
magnetic eld perturbation are much larger than those of
component, indicating that magnetield perturbations are
mostly contained perpendicular Bg. Moreover,R,,, with the
scaling S 1.49 is comparable to Alfvén-mode magnetic

ower. P,,, and P, are comparable to the perpendicular and

density for each mode, calculated by the velocity perturbationpara“e| components of fast-mode magnetic power, respec-
(v) along the corresponding displacement vectors at eaChtiver. Since the angle betwear, andk is 2° and Vo is

wavevector scale. The spectia(b) are calculated based on
Equation (2), whereb is normalized by / N, @runo &
Carbone2013. For Alfvén and fast modes, the kinetic energy

almost in thekBy plane in this evensketched in Figur(a)),
the VoBy plane andkB, plane are roughly coplanar. The
Alfvén-mode magneticeld perturbations are perpendicular to

fraction is roughly equal to the magnetic fraction, where thekB, plane, leading to their magnetic power mainly along the

Pvea Pkea 31%,Pxgr 17%, andPygs  16%. For slow

e o direction. Similarly, fast-mode magnetield perturbations
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Figure 4. Power spectral densities from three MHD modes in the spacecraft frame during 326830 UT.(a) the sum of magnetic power: the observed
magnetic powefblack; P, ops= Por+ Po1+ Ppn) and the magnetic power calculated based on the ideal MHD tifeorgle; Py smodes= Po.aiven + Pofastt

Py,siow)- The red vertical dashed line represents the frequigncy0.026 Hz. The error bars stand for the standard devighiptotal power spectrgc) kinetic power

spectrajd) magnetic power spectrgg) proton density power spectra. Red, green, and blue curves represent Alfvén, fast, and slow modes, respectively. The purple

dashed lines irfb)—(d) mark the Kolmogorov-like power laf, g) as a reference.

are in thekBy plane, which explains the consistency between
Pb;l and F)b, [fast

Since slow-mode magnetic power is negligible and slow-
mode density power is much larger than that of fast modes
(Figure4(e)), we speculate that fast modes dominate magnetic
compressibility, and slow modes dominate density
compressibility.

We compare PSDs of the compressible component from the
direct observations with the decomposition results to verify our
speculation on magnetic and density compressibility. In
Figure 6(b), the parallel component of magnetic power
(Pp, ob9 is obtained by FFT on magneticeld data from
MAG, and fast-mode parallel magnetic pow@;, fas) IS
calculated based on the ideal MHD theoryy, ops IS
comparable td?, scin the MHD regime, indicating that the
parallel component of the magnetield perturbatior( B ) is
mainly provided by fast modes. The earlier assumption of

Figure 5. Results of the comparisons of magnetic power spectra from direct EB X Begfrom slow modes is invalid in the radiaéld solar
observations and mode decomposition from 19:3@6(14:30 UT. wind. Moreover, Figure6(c) shows the comparison of
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Figure 6. Comparison of compressible components of different modes during 19:30:38:30 UT in the spacecraft fran{e) The sum of magnetic power in
Alfvén units: the observed magnetic powetack; Py ons= Por+ Pot+ Pon) and the magnetic power calculated based on the ideal MHD tt{parple;
Pb.3modes= Pbaiven * Pobfastt Pobsiow)- (b) Spectra of parallel component of magnetic power in units of Alfvén sgee@pectra of magnetic compressibility

EB Pb, &fast F’b, &slow . . . .
Cae =) Cap fast Cap— andCag siow Po amoaes (d) Density power spectra: proton density poﬂgrspc from SPC, electron density powBf, qtn from

QTN, and density power provided by fast moBgs.stand slow modePB, sion. The error bars represent the standard deviation. The red vertical dashed line represents
fsc 0.026 Hz.

magnetic compressibility. Fast-modslow-mod¢ magnetic 3.3. Dispersion Relations and Collisionless Damping of
compressibility is dened as the ratio of fast-mo@&ow-modg Compressible Modes

parallel Fr’?ggnetlc powe! &slofvo total magnetic . power:  gjnce the propagation time of wave packet is much less than
Gefast 5, (Ceesow 7, ). The magnetic compressi-  nponlinear interaction tim(:{:: +, wherel is the characteristic
o EB \2. length scalg and k ? k 0, perturbations exhibit more
bility Cee (T) is comparable t@ggmstand much larger wage-like cﬁaracteristics than Furbulence. To investigate the
than Cggsiow CON rming that fast modes dominate magnetic propagations of MHD modes, we analyze their dispersion
compressibility. relations. First, according to the Doppler shift, the observed
In Figure6(d), we compare PSDs oluctuating density with  frequency in the plasmaow frame can be obtained by
those provided by fast and slow modes calculated based onthe ;= .S k+V,, where =2 f is the observed fre-
ideal MHD theory(black, proton density powe#, spc from quency in the spacecraft frame, and represents the time
SPC; red, electron density powBf qn from QTN; green,  average. The observed frequencys corresponds to the
density power provided by fast mod&;.; blue, density dominant frequency of perturbations at each wavevector scale.
power provided by slow modé®, ¢o.). Due to the relatively ~ Second, based on ideal MHD theory, the wave phase velocity is
low time resolution of electron density d4ta7 §), we obtain ~ given by
the PSD of electron uctuating density by global FFT with Voh,aliven  VACOS Rg, (9
three-point smoothing rather than the average moving windows 1
used in proton data. Figuig(d) shows that bottR, spc and Vio (@ VA [(& V)2 4&cod Rel?} .
Ry qn @re much larger thaR, s indicating that fast modes 2
cannot provide enough density perturbations. Therefore, it is (10)

likely that slow modes provide density perturbations from Here “+” and“S” stand for fast and slow modes, respectively
qualitative aspects. MoreoveP,siow is systematically larger  (Hollweg 1975. The theoretical frequency is calculated by
thanF, sp Whereas at the same order of magnitudéag, m= KVnm Where the subscript represents Alfvén, fast, and
further quantitatively verifying that density perturbations are gjow modes.

mainly provided by slow modes. Given the consistency in  Figure7(a) displays the comparisons between the observed
magnetic power and electron density power, the systematic lowjispersion relationblack and theoretical ones for Alfvén
Py.spc is likely caused by SPC data measurement e(egs, (red), fast(green), and slow(blue) modes in the plasmaow

Liu et al. 2021). Therefore, the mode decomposition method frame during 19:30:30:14:30 UT. The wavevectors and
used in this study provides an auxiliary for the calibration of frequencies are normalized by average proton gyro-radius and
density data. gyrofrequency ( . and (), respectively. The dispersion
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relations of Alfvén and fast modes are similar because of
k ? k and the low plasma value. Both dispersion relations
are in reasonable agreement with the observed results at
— 0.08, demonstrating that Alfvén and fast modes

dominate the MHD perturbations. The existence of the
dominant dispersion relation across most of the spectrum
further proves the validity of the SVD approach. Only when

% 0.08, theoretical dispersion relations deviate from

observations. The plasma-frame frequescy  0.083corre-
sponds tofsc 0.026 Hz in the spacecra'ft frame, consistent
with the MHD frequency range idenad by comparing
magnetic power in Figuré(a).

F'g!”e,7(b)_ shows that the wave propagation an_gle is close to Figure 7. (a) Dispersion relations in the plasmaow frame during
180, indicating the waves propagate roughly antiparallel to the 19:30:36-20:14:30 UT.(b) The interval-averaged wave propagation angle.
background magneticeld. Due to averagéRs, § 163 at n The wavevectors and frequencies are normalized by average proton gyro-radius
the MHD scale, Alfvén-mode phase VebCMﬁh,Alfvén is and gyrofrequean( o and ), respectively. The red vertical dashed line

Hi corresponds te- _ 0.0&.
roughly equal to that of fast mod&pnsas), €Xplaining the &
similar dispersion relations between fast and Alfvén modes.

We investigate the possible effects of collisionless dampingscale. Moreover, the slow-mode energy damping power
of each mode on solar wind heating in Fig8rén contrast to slowsiow @ccounts for 32.2% 4.0% of slow-mode kinetic
weakly damped Alfvén modes, compressible modes underggower (Pysiow). Since Pyiast iS much larger thanP, giow
an intense collisionless wave-damping process, contributing tqFigure 4(c)), tasisast iS roughly comparable t0sonwUsiow
solar wind heating. The damping rate of fast modes of In this process, wave energy can be converted into plasma

frequency for = 1andRg _ 1(Ginzburgl961 Yan & energy by collisionless damping of compressible modes.
Lazarian2004 Petrosian et ak00§ is given by To further quantitatively explore their possible contributions
to solar wind heating, we calculate the fast-mode energy
H \/6 Gir? @99 Me damping rate byQ.st:= fasMrasdf and slow-mode energy
ot oS Ry, m &XP damping rate bydyow= siowUsiondf. at the MHD scale.
P Results. sShowdasr 2.66x 10°Jkg”?s®t and &0  2.74%
Me 1 10°Jkg®'s°?, roughly consistent with the heating rate
o ode 59&@ “cod (Cltl) ( 10°Jkg's°t at the rst PSP perihelignestimated by
P kB K8 the ‘global heliospheric simulation®andyopadhyay et al.
2020.

The kinetic damping rate of slow modeGaleev &

Sudan1983 is given by Figure8(c) shows that slow-mode kinetic P§Blue; P, sjow)

is closely related to the proton thermal kinetic P&Ink;

kKa 1 1 Py therma), With a correlation coetient of 0.80. The proton

How ——— thermal kinetic energy is deed as %Wg where w, =
2 cosRg, 8 My W,S W, are thermal velocity perturbation of the protons.
" According to mode decomposition analysis and the continuity
cos?2 kBo[(%) cosRyg, 1L Fequation, slow-mode velocity perturbatigalong 0w in
1 A - (12) Figure2(a)) mainly aligns with the background magnetild
1 & 2(51_2) cos R 2 and provides most density perturbations. Therefore, we deduce
VA \ Fo that slow modes may modulate the motion of protons, resulting

) in thermal energy variations and the inhomogeneous temper-
Here,me andm, are the electron and proton mass, respectively. ature of the plasma.

Figure 8(a) shows the comparison of the damping rates of
compressible modes. For each mode, the damping rate , i
increases with increasing frequency. At the MHD scalg,, 4. Discussion

(blue) is systematically larger tham.s(greer), suggesting that During the rst PSP encounter, we iderd 15 eventgsee

slow modes suffer more intense collisionless damping. More-Table1) based on the selection criteria described in Seétn
over, fast-mode damping is affected by the wave propagationa|| the events show similar properties to the representative case
angle R, rast €nlarges whenRg, approaches 90(Yan & presented above, such as a high degree of Alfvénicity, stable
Lazarian2004), likely because more plasmas can be trappedwavevectors, low magnetic compressibility mainly provided by
and interact with fast-mode waves at more sigant magnetic  fast modes, and low density compressibility primarily resulting
compression. In contrastgqw is scarcely inuenced byRe, from slow modes. All our events propagate anti-sunward based
under the condition of quasi-antiparallel propagation. on the directions of wavevectors. One possible explanation for

Figure8(b) shows wave energy damping power for fast and the absence of sunward eeted waves is that we can only

slow modes, which is deed as the product of the damping identify the stronger one when both sunward and anti-sunward
rate ( )1and the mean energy density of the wég, where  waves exist simultaneously. The spacecraft is so close to the
Uast 3Mas @NdUsow 5\ The fast-mode energy damp-  Sun that sunward waves do not have enough time to develop
ing power tslUsast @accounts for 14.6% 3.9% of fast-mode  suf ciently, and anti-sunward waves domindfiel.6 times
kinetic power(P, tas) in @ 95% condence interval at the MHD  more energy in the anti-sunward waves than sunward waves

9
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Figure 8. (a) Fast-mode damping rate,s, slow-mode damping rateyo,, and the interval-averaged wave propagation afigléVave energy damping powc)
Slow-mode kinetic power spectral dengRy, sjon) and the proton thermalctuating kinetic PSIpink; P, therma)- The red vertical dashed line mafks 0.026 Hz.

Chen et al.2019. The nonlinear interaction is weak, with propagating alon@®, show similar characteristics to Alfvén
waves dominating in one direction, and cannot generate strongnodes, explaining the observed high-degree Alfvénicity.

turbulence. Besides, slow-modeuctuating velocitiegalong gjow) almost
Comparing with previous studies on MHD mode composi- align with By in thekBy plane, indicating that slow modes are
tion of solar wind turbulencéChaston et al202Q Zhu et al. primarily acoustic.

2020, we set more stringent criteria to guarantee the validity of ~ Furthermore, the magnetield perturbations are determined
the single plane-wave assumption and combine the SVD andased on the linearized induction equatignb, = kx

mode decomposition methoflCho & Lazarian 2003 to (Box W)). The density perturbations are related to the angles
perform mode decomposition in wavevector space. In thebetween k and v, based on the continuity equation
quiet radial-eld solar wind, the energy fraction of Alfvén (Equation(3)). Thus, it is easy to understand that fast modes
mode is 45%-83%, roughly comparable to the results of provide most of the parallel components of the magnetid
Chaston et al(2020 outside eld reversalg 50%-60%). In perturbations but only tiny density power. By contrast, slow
contrast with them, slow modgs 1%-19%) occupy a much  modes dominate density power whereas only provide a tiny
lower proportion than fast mode 1696-43%) and could even  amount of magnetic power. Therefore, both in fast-mode and
be negligible in some events. The differences come from theslow-mode perturbations, the apparent correlation aidb
sources of perturbations. Considering the limitation of the cannot be observed in the radiald solar wind.

plane-wave assumption, we analyze the perturbations in the Only when Rg, is approaching 90 can fast modes produce
rigorous radial-eld solar wind, wherein fast modes show more signi cant density perturbations based on Equati@sand
Alfvénic characteristics, and compressible modes occupy les$6), and slow modes can produce sigrant magnetic eld
proportion than those outsidesld reversals. The new mode perturbations based on Equatiaf@ and (5). Owing to the
decomposition method, apart from providing with energy enhancements of fast-mode damping rate Rith(e.g., Yan &
fraction, makes it possible to quantitatively analyze the role of Lazarian2004), it is dif cult to identify fast modes based on
each MHD mode in kinetic, magnetic, and density power the positive correlation af and b. By contrast, highly oblique
spectra. Thereby the contributions of each mode to magneticlow waves are less damped and exist in the form of non-
and density compressibility are quaetil. Moreover, we  propagating PBS&.g., Verscharen et &019. These ndings
determine the collisionless damping of each mode, revealingllustrate why few fast waves are observed, whereas slow
the role of compressible modes in solar wind heating. Thesewaves can be frequently detected based on the anticorrelated
results will help us further understand the nature of solar winddensity-magneticeld strengti{e.g., Yao et al2013 Shi et al.

turbulence at the MHD scale. 2015 Zhao et al2019.
The MHD perturbations in the radiaéld solar wind All radial- eld solar wind events in this study show that fast
typically have a smalRg, (approaching U 18C). Figure2(a) modes provide most of the parallel components of magnetic

shows a schematic illustration of the vectors in the decom-power, dominating magnetic compressibility. As the Sun
position coordinate aRg, _ 1601, where the angle between rotates, the ow in the inner heliosphere is still radial and not
Vo andk is around 2, and Vg is almost in thekB, plane. along the jetline, whereas the magnetéd creates a Parker
Ko(?Bg), H{ Bo), and k» glkg are Unit vectors along the spiral (Parker1957, as sketched in Figurg(h). The angle
orientations of coordinate axes. As we can see, the fast-modéetween the radial direction and the Parker spiral direction
uctuating velocitiegalong ¢.sp) are mainly perpendicular to  increases with the heliocentric distance thereby. Since the angle

Bo in the kB, plane, suggesting that their transverse betweenVy andk is small in the radial-eld solar wind(e.g.,
components dominate. Transverse components of fast mode®y, _ 21in the presented evgnit is reasonable to assume that

10
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waves propagate in theow direction, implying thatRg, mode and the possible contributions to magnetic and density
enlarges with the heliocentric distance. Based on Equdfipns compressibility. Moreover, wend that collisionless damping
and(6), fast modes become increasingly compressive with theof compressible modes may sigoantly affect solar wind
enlargement ofiRs,. Thus, we deduce th&lzg enhancements  heating based on the correlation of the wave energy damping
with the increasing heliocentric distance are attributed to morerate and the heating rate. The spesiof our ndings are

enhanced compressive fast modes, and the effects of fast modesimmarized below.

on compressibility cannot be neglected.

In the radial-eld solar wind, wave energy damping power
accounts for a considerable proportion in wave kinetic power,
such as 14.6% 3.9% for fast modes and 32.2604.0% for
slow modes in the presented event. Wave energy can be
released into plasma energy by collisionless damping of
compressible modes. ARg, increases, fast modes suffer more
intense damping, whereas slow modes with highly oblique
propagation are less subject to weak collisionless damping
(e.g., Yan & Lazariar2004 Verscharen et a2019. Therefore,
we speculate that fast modes may play a more critical role in
plasma heating with increasing heliocentric distance. The radial
evolution of each mods contributions to compressibility and
solar wind heating is beyond the scope of this paper. They will
be the subjects of our future studies

We acknowledge the limitations of the SVD method in
combination with the mode decomposition study. The SVD

provides a linear mapping relationship between frequency and

wavevector, whereag represents the total velocity perturba-

tions at each wavevector scale. Mode decomposition is
performed in the space of wavevector, which is retrieved by

SVD method and is the only available one currently from
single-spacecraft measurement. We assumeythransformed

by the SVD method includes all perturbations from the threerFIELDS/ PSP (http7/ research.ssl.berkeley.ddiata psp

MHD modes at each wavevector. There is no physical reaso

for the wavevectors of all three modes to be the same.
Nonetheless, this assumption hardly affects the results of modé&

decomposition of turbulence in the radiald solar wind. We
take eventt 15 as an example without loss of generality. The

decomposition results show that the fraction of Alfvén modes

( 62% is slightly higher than that of fast modés33%y,

indicating that both Alfvén and fast modes determine the
wavevectors. Moreover, fast modes show similar dispersion

relations to Alfvén modegFigure 7) in the low- limit,

1. The radial-eld solar wind turbulence has a high degree

of Alfvénicity, with the energy fraction of Alfvén
modes dominating( 45%-83%) over those of fast
modes( 16%-43% and slow mode$¢ 1%-19%). For
Alfvén and fast modes, the kinetic energy fraction is
roughly equal to the magnetic energy fractimg.,
Pvea Pkea 31%, Pxer Pwer 17% for event

# 15). For slow modes, the kinetic energy fracti®ges
accounts for 5% (event# 15), whereas their magnetic
energy fractiorPygs is negligible.

. All our events show that fast modes provide most of the

parallel components of the magnetield, dominating
magnetic compressibility. Slow modes provide most of the

density perturbations, dominating density compressibility.

3. Slow modes modulate the motion of protons, leading to
thermal energy variations and the inhomogeneous temp-
erature of the plasma. The energy damping rate of
compressible modes is comparable to the solar wind
heating rate from the simulations.
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stimulating discussions. We acknowledge the use of data from

datd sci eldd12/)), SWEAR PSP (http// sweap.cfa.harvard.
du puly datd sci sweap), and SQTN(https!/ cdpp-archive.
¢nes.ff). Data analysis was performed using the IRFU-
MATLAB analysis package available https!/ github.comn
irfu/ irfu-matlaband the SPADAS analysis software available
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