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Abstract

Waves in plasma play an essential role in the energy transfer and plasma-heating processes. This article discusses
the in situ observation of Alfvén ion cyclotr¢AlC) waves and their characteristics within interplanetary coronal

mass ejectiolCME) ux ropes. We analyzed 401 ICMEx ropes, observed by WIND spacecraft from 1995 to

2021 at 1au. We found onlyve ICME ux ropes that show an explicit presence of AIC waves; two have
normalized magnetic helicity, 0.5, and the remaining three show 0.5 polarization. The angle between

velocity and magneticeld ( yg) for 0.5 is<40°, whereas for ,, 0.5, g > 14(C. This result supports

the existence of quasi-parallel and quasi-antiparallel left-handed polarized AIC waves withinu<kbges. We

suggest that AIC waves are possibly triggered(ibyproton temperature anisotrofyp /Tp > 1 driven by

cyclotron instability andii) low-frequency Alfvén waves through the magnetohydrodynamic turbulent cascade.

This study shows evidence ofiid and kinetic scales coupling in the ICMEX rope.
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1. Introduction Turner 1978 Dusenbery & Hollweg 1981, Marsch &
Tu 2001). Thus, ICWs are crucial for ion dynamics and
plasma-heating processes in the solar wind and solar corona
(Chang et al.1986 Thorne & Horne 1994 Johnson &
Cheng1999 Marsch2006 Telloni & Bruno 2016.

ICWs in the solar wind have been extensively studikah
et al. 2009 201Q 2014 Wicks et al. 2016 Zhao et al.

where the temperature perpendicufp ) to the magnetic 2917,_ 2019. However,.thc_ere are or_1|y a few studies that depict
eld is signi cantly higher than the temperature paraTed ) kinetic-scale waves inside the interplanetary coronal mass
to the eld (Chang et al1986 Thome & Homel994 Johnson ejections(ICMEs) and in thelr.substructure(sAla—LahU et al.
& Cheng1999 Telloni & Bruno2016. Proton double streams 2018 2019. Coronal mass ejectionCMES are large-scale
and proton particle differential streams are examples of ion-Violent plasma eruptions from the solar atmospftéve/ard2011
beam distributions that may also contribute to the generation of/Vebb & Howard2012. The dynamics of space weather and the
right-handed magnetosonic waves or by altering the resonanc@€liosphere are greatly affected by its interplanetary counterpart,
condition for wave-particle interactiogsee, e.g., Jian et al. e ICME (Zurbuchen & Richardso800§ Knipp et al.2011). .
2009 2014 Wei et al.2016 and references thergirPickup Researcher§ have extensively examined the!r macrostructures in
ions are linked to yet another potential mechanism for ICw light of their impact on technology and scien¢¢oward &
wave generatioJian et al2010. In addition, it is suggested ~ 12Ppin2009 Manchester et ak017). However, the microstates
that the high-frequency ICWs can be generated from low-Of ICMEs, particularly the wave-fiitle interactions that result in
frequency Alfvén waves through magnetohydrodynamic tur- particle energization ahdr_klnetlc processes, have not received
bulent cascadge.g., Tu et al.1984 Hellinger et al.2006 adequate attention in the liteneguMirror-mode waves are present
Telloni et al.2019. The ICW in the solar wind was cormed throughout the ICME sheath, from the shock to the magnetic
through measurements taken by spacecraft. These measuréloud (MC) leading edge, but their amplitudes are greatest near
ments revealed that ICW occurred within a frequency range ofthe shock(Liu et al. 2006 Ala-Lahti et al.201§. Moreover,
0.01-10 Hz and amplitudes as Iargeé—'is_ 0.4, whereB, is ultralow frequency(0.02-0.05 H2 waves and higher-frequency

the backgroundeld strengtf(Behannorii976 Tsurutani et al. ( 1 HZ whistler precursors are observed upstream and down-

: - : ; ... stream of ICME shock&ajdi et al.2012 Kilpua et al.2013
1994. It is believed that the resonant cyclotron interaction with L ; .
ions4) could accelerate and heat %/he ioisoliweg & Blanco-Cano et al2016. In addition, Siu-Tapia et a(2015

examined intricate formationgesulting from the interaction

] Original content from this work may be used under the terms between MCs and other trandi@vents, utilizing measurements
from STEREO. They observed the presence of both left-handed

of the Creative Commons Attribution 4.0 licendeny further ; " .
distribution of this work must maintain attribution to the aut§and the title and right-handed |0W'frequ_ency ves with near'C[rCUlar po!ar—
of the work, journal citation and DOI. ization. (see, e.g., Siu-Tapia et &015. The various in situ

Electromagnetic transverse waves with circular polarization,
nearly eld-aligned propagation, and frequencies close to the
proton gyrofrequency ) are known as ion cyclotron waves
(ICWs; Stix1962 Kindel & Kennel19717). ICWs can originate
from the free energy of ion species with velocities following
distributions of large-temperature anisotraiy /Tp ? 1),
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observations suggest the ¢sige of Alfvén waves in ICME  different plasma characteristics than the surrounding solar wind

substructures, i.e., sheath and MC during GNIBE/CME- or sheath regions(Kunow et al. 2006 Zurbuchen &
high-speed stream interactiofi®aghav & Kule2018a 2018h Richardsor2006. However, no report has been found in the
Raghav et al201§ 2019 Shaikh et al2019a Dhamane et al.  literature that discusses the generation of AIC waves in an
2023a Raghav et al.2022 2023 Dhamane et al20231). ordered structure like ICMEuXx ropes.

However, how these waves dissipated inux rope structure The MHD scale uctuations in collisionless plasmas can be
remains an open question. dissipated via a turbulent cascade followed by various wave-

Alfvén ion cyclotron(AIC) waves refer to electromagnetic particle interactions. The wave properties, wavevector direc-
waves that propagate parallel to the magnegicd and have  tion, and anisotropy of theuctuations transporting energy at
circular polarization; these waves encompass both low-tiny scales affect the energy separation between alpha particles,
frequency wavegAlfvén waves are waves far below the jon protons, and electrons and their heatingcigincy (Maneva
gyrofrequency and high-frequency wave$CWs are waves €t al.2015. Moreover, what role each type of wave plays in
near the ion gyrofrequency; Davidson & Ogdedv5 Tajima wave-particle interactions, anisotropic heating, and differential
et al. 1977 Ala-Lahti et al.2019. Recently, Ala-Lahti et al. ~ acceleration is a highly intriguing problem from an observa-
(2019 observed AIC waves within the ICME sheath region. tional point of view. Numerical simulations demonstrated that
They suggested that the occurrence of the AIC wave is highesthe parametric instability of AIC waves in lg#plasma could
near the shock front, whereas the rate decreases as we moWt be studied by ignoring the kinetic effe¢fsaneda et al.
closer to the ICME MC leading eddéla-Lahti et al.2019. 2008. The reported studies suggested that the AIC waves are
AIC waves are also observed in the Emtmagnetosheath, Important candidates in studying solar wind plasma dynamics

where the occurrence frequency is high in the quasi-perpend@nd its thermodynamics. Moreover, the ICME internal
icular bow shock at low Alfvén Mach number conditions €nergetics are not well studied in the literature. This motivates

(Schwartz et al199§ Remya et al2014 Soucek et al2015 us to investigate the existence and characteristics of AIC waves

and less frequent in the plasma depletion layer in the subsolal? the low plasma of ICMEs. This will give an insight into the
magnetosheatiiAnderson et al1992 Soucek et al2015. energy-exchange mechanism at the kinetic regime in ICMEs.
Coleman(1968 suggested collisionless wave-particle scatter-

ing by AIC uctuations as a possible explanation for high- 2. Data and Methodology

temperature anisotropies. The presence of AIC waves greatly
in uences the heating of plasma in both the solar wind and th
Eartis magnetospherfRoberts et al199Q Anderson et al.
1992 Hanson & Vo0ss2007). AIC waves have a variety of
important consequences in multi-ion plasmas with relative
drifts among the ion componestincluding parametric
instabilities of the decay, beat wave, and modulational type
(Hollweg et al. 1993—substantial changes to the linear
response of the system@&omberoff 2003 Araneda &
Gomberoff2004), and nonlinear ion-acoustic-like electro-static

instabilities(Gomberoff et al2004. and plasma bet43) in Geocentric Solar Ecliptic coordinate
In classical hydrodynamic turbulence theory, the energygyqiam to detect the ICME events in the ambient solar wind at
cascade rate controls the commencement of the dissipatioR’y, Here, we focus on studying ICME MCs only. Each MC is
spectrum across the inertial range that drives disSipd}onk  jgentj ed using the following general criterid) ordered and
& Sreenivasan200§. The spectrum responds to changing pigh magnetic eld strength(ii) low plasma temperaturéii )
cascade and dissipation rates by adjusting the dissipation scalgery low plasma beta, arft) a gradual decrease in solar wind
However, measurements revealed that this does not hold true i@peed (Richardson & Cane2004 Zurbuchen & Richard-
the solar wind and, more likely, in most astrophysical plasmasson 2006 Shaikh et al.202Q Shaikh & Ragha2022. We
(Alexandrova et al2013. The frequency break is a common hayve also veried the ICME boundaries provided by the
feature observed in the power density spectra of thecatalog as mentioned earlier.
interplanetary magneticeld (IMF). This spectral break is Further, we have used fast Fourier transform to determine the
believed to Separateuid-like uctuations from kinetic-scale total magnetic eld power Spectra| dens|(?SD and normal-
uctuations (Telloni & Bruno 201§. Therefore, the links  jzed magnetic helicit{s,,) for each identied ICME MC event
between these large- as well as small-scale space plasm@ee SectioR.1). To explain the existence of sigeant wave-
uctuation patterns across the frequency split are intriguing particle interaction, we applied criterig > |0.5 as suggested
(Bruno & Trenchi2014). This break occurs around the proton in Telloni (2020. A total of 14 ICME ux rope events out of
kinetic scales, such as the proton inertial length and the protom01 events listed in the catalog saéid the above criteria. We
Larmor radius(Telloni et al.2019. In the literature, several aim to link the specic turbulence state within the inertial range
models have been used to predict the precise frequency of thef uctuations to the polarization of magnetald uctuations
spectral break, but none of the models have yet been able tat dissipative scales. The reported solar wind studies suggest
replicate the observations. Moreover, Bruno & Trer{2bil4) the cyclotron resonance with Alfvén left-handed waves
suggested the resonant condition for AIf\#W, i.e., AIC (Hollweg & Isenberg2002 Marsch2006. Thus, we search
wave provides the best agreement with observations. The AlCfor left-handed magnetic waves. We applied the Walérfdest
waves are frequently observed in turbulent solar Wirenci Section2.2) to identify the Alfvénic uctuations in these 14
et al. 2015 and are studied in the ICME sheath regions
(Ala-Lahti et al.2019. Moreover, the ICME ux ropes depict  ’ httpsy/wind.nasa.golCME_catalogICME_catalog_viewer.php

This study examined a total of 401 ICMEs MCs measured
eny the WIND spacecraft. The ICME catalog observed between
1995 and 2021 is availabfée use high-time resolution data
from the Magnetic Field InstrumeriMFI; 3 s and 92 ms;
Lepping et al.1995 and the Three-dimensional Plasma and
Energetic Particle Investigatiof8DP; 3 $ instrument(Lin

et al. 1995 on board the WIND spacecraft. We spexilly
analyze the IMF strengt(Bmag. their component$B,, B,,

B.), their elevationd) and azimutHf ) angles, plasma proton
density(n,,), solar wind speedV,), plasma temperatur@,),



https://wind.nasa.gov/ICME_catalog/ICME_catalog_viewer.php
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ICMEs' MCs. Interestingly, we found onlyve ICME MCs which gives the relationship between Alfvén speadtuations
that show high Alfvénic uctuations. We also estimate the and solar wind speeVvalén1944 Yang & Chao2013 Yang
angle between the IMF vector and solar wind velocity to et al.20186),

identify wave propagation direction since solar wind speed

is almost radial. Hence it is deed as fyp = Opgr = AV =R, AV,. 3)
cos*l(—Bx/Bmag). Below, we will brie y discuss the methods . 3
utilized in'this study. where R, is the Walén slope, AV=V, - Vpean and
AV, =V, — V4 mean@re uctuations in solar wind speed and
2.1. Power Spectral Density and Normalized Magnetic Helicity Alfvén speed, respectively, and bothictuationsare deter-
(om) mined by subtracting the averaged protomw velocity (Vinean)

To derive turbulence characteristics within ICME MCs, we from measured values of plasma velocit_y). Here,"mean 1
used fast Fourier transformation on magnetield data. "€ average value of the corresponding parameter in each
Generally, a magneticelds PSD follows power-law depen- interval unQer study. Ideally, a high correlation between the
dency ag~“, where f is the frequency and is the spectral ~ corresponding components @V and AV,, and R, =+
index. In wavenumber space, the PSD of turbulemtuations 1 represents the equipartition of energy as predicted for ideal
is divided into three parts: injection range, inertial range, andAlfvén waves.
dissipation rangéTu & Marsch1995 Bruno & Carbone013 Typically, the background quantities employed are either the
Kiyani et al.2015. The different values af indicate different mean values associated with speciegions or the averaged
characteristics of turbulent and associated physical processeslue within the de HoffmanfTeller frame(Gosling et al.
(see, e.g., Vlahos & Cargilk009 Zimbardo et al.201Q 201Q Yang & Chao2013 Raghav et al2018. Nevertheless,
Horbury et al.2012. Moreover, to determine the handedness according to Gosling et a{2009 and Li et al.(2016, it has
(polarization of each wave, we also derive the normalized been argued that the de Hoffmafieller frame can undergo

magnetic helicity(Goldstein et al1994 Telloni et al.2019 variations in high-speed solar wind streams and that the
Telloni 2020 uctuations in the solar wind are associated with a slowly
changing base value of the magneteld. It is shown by Li
on(f) = 2m[Y*(f) - Z(f)] , (1) et al. (2016 that the fourth-order Butterworth bandpa#iers
Ep are applied to each component of the plasma velocity and

wherefis the frequencyy andZ are the Fourier transforms of Magnetic eld data to decrease the uncertainty in Alfvén wave
identi cation. Ten logarithmic frequency bands with equal

the y aan compon('ant's of the' magnetield vector in the ._spacing are chosen. Thdters used are 35 s, 1525 s,
geocentric solar ecliptic coordinate system; and the asteriskg 40 5 4060s. 60100 s. 100160 s. 160250 s. 250400 s
superscript indicates the complex conjugate. The paramgter 400-630 s, and 6361000 s. Each band-passed signavalén

depicts the polarization of the magnetiectuations. It is zero  relation is examined as followShaikh et al2019b:
for plane-polarized waves ard for right- and left-handed Vi ARV @)
[ w VAi-

circularly polarized waves. Moreover, the direction of the
background magneticeld strongly inuences the sign of the The band-passed componeftsand V,;, which represent the
normalized magnetic helicifffelloni et al.2012 2013 2019 Itered V andV, values, respectively, are examined in this
Telloni 2020. The high speed of the solar wirnd > V,) study. For each frequency band, the correlation @oeft
means that as the magnetald rotates, the Doppler shift of the between the corresponding components Vpfand V,; is
wave traveling over the spacecraft may change the sign of thealculated to determine whether Alfvén waves or Alfvénic
measured helicity. Thus, it is essential to identify waves in the uctuations are present in the region under study. This
solar wind by a range of properties, such as correlations,technique is used, which is comparable to the method used
frequencies and dispersion relations, and magnetic helicity. Weéby Li et al. (201§. A contour map of the frequency-time
used IMF data with an 11 Hz temporal resolution to estimatedistribution with a bin size of 10 minutes is shown in Figdre

the PSD andr,,(f). Here, we have used WINBBDP instrument data on the plasma

and magnetic elds with a 3 s time resolution.
2.2. Walén Test

Alfvénic uctuations are ubiquitous in space plasmas. Solar

wind turbulence is frequently found to be Alfvénic. It is The ve ICME MC events with the signature of the AIC
characterized not only by velocity-magnetield correlations  wave are listed in Tablg In this section, we will describe one

3. Event Analysis

but also by low compressibilitfalmost constant magnetield ICME MC event as a representative example.
magnitude B and proton number density; Colemd®68 Figure 1 shows the temporal variatio(3 s temporal
Belcher & Davis1971; Belcher & Solodynal975 Grappin resolution of plasma parameters antagnetic eld during
et al.1991). The Alfvén speed is demed ag(Cramer2011): the passage of an ICME observed by the WIND spacecraft on
— 2000 July 31. We did not observe a clear ICME shock front
VA’ __B , @) and thus, sheath region. Moreover, the ICME MC crossover is
NITY2 depicted by the pink shaded region. Within the MC, the

magnetic eld is enhanced. It has smooth variations compared
wherep is the proton density3 is the magnetic eld strength, {0 the ambient solar windeld, slower variations iff andf ,
and o denotes permeability of free space. To identify Alfvénic high plasma speedp, low proton densityN,, low plasma
uctuations in space plasma, we use the Walén test methodgemperaturdl,,, and low proton plasma beta(Zurbuchen &

3
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31-Jul-2000

Ll 1
Aug 01, 00:00 Aug 01, 06:00 Aug 01, 12:00 Aug 01, 18:00

Time (in UT) b

Figure 1. The interplanetary parameters correspond to the [GM&nsitshaded argan 2000 July 31, shown in thegure. The panels from top to bottom represent
total IMF (Bmagin nanoteslp the absolute value of IMFuctuation, i.e.¢B; = w; IMF vector components, i.€Bcomp; azimuth(f ), and elevatiorff) angle;
proton density, in centimeters cubgdplasma velocityV,, in kilometers per secojidtemperaturg7,, in kelving; and plasma betgs).

Table 1
A List of Events in Which We Found AIC Waves

ICME Start Time MC Start Time ICME End Time Ove Nature of Fluctuations
1999 02 18 02:48 1999 02 18 09:14 1999 02 19 00:00 22640 Quasi-antiparallel
2000 06 08 09:07 2000 06 08 16:47 2000 06 10 01:18 2526 Quasi-parallel

2000 06 23 12:57 2000 06 24 09:00 2000 06 25 23:58 2845 Quasi-antiparallel
2000 07 31 23:28 2000 07 31 23:28 2000 08 01 13:11 2989 Quasi-parallel

2014 06 22 18:28 2014 06 22 18:28 2014 06 23 22:04 caun7 Quasi-antiparallel

Note. Respective meafi,s values and their nature concerning the background magmdtiare also included. The start and end time taken ffittps;/ /wind.nasa.
gov/ICME_catalog|CME_catalog_viewer.php

Richardson2006 Shaikh & Raghaw022. The onset of the
MC is on 2000 July 31 at 23: 28 UT. We also noticed higtier
uctuations superposed on total IMF during the MC passage.
Figure2 demonstrates the PSD plot Bf,,q and o, for the

plot near frequencies at0.1 Hz, 0.60 HZclose to the proton

break around the gyrofrequency could linkid and kinetic
scales in MC.
Furthermore, to identify the presence of Alfvénirtuation,

we applied the Walén test during the passage of the MC. The
MC interval. Here, we observed the three humps in the PSDtop three panels in Figu@represent the Walén test result for

this event, indicating a sigréant positive correlation between

gyrofrequency, and 1.24 Hz. We estimated the gyrofrequency all three components df and V,. It con rms the Alfvénic
nature in ICME MC. The&)g is consistently found near 40
and depicted all the above-mentioned frequencies using drefer Figure3) during the MC interval. The observations of the
coexistence of Alfvénic mode with ICWs may support the left-
handed polarizednegativgé quasi-parallel ow of the AIC

of protons by considering the average total IMF of thr rope

vertical dotted line, We noted that the averagds < — 0.5.
Interestingly, we also observed humps in R3Bn et al2009
exactly match a bump in the, curve as in Telloni et al.

wave (He et al.2011a Telloni 2020. Further, we found high-

(2019. The peak in ther,, spectrum is a robust signature of temperature anisotrog, /7, during the passage of ICME
parallel-propagating left-handed polarized ICWs. However, MC. We performed an analysis similar to the rest of the four
ICWs at proton scales are related to the amplitude of thelCME MCs that exhibit strong signatures, and we found similar

turbulent uctuations(Telloni & Bruno 2016. This spectral

results, which we list in Tabl&.
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Figure 2. PSD ofBynagando,, for MC is plotted. The 11 Hz magnetield data of the WIND spacecraft instruments are used for estimation.
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Figure 3. Time-frequency distribution of correlation coeients betweel,; andV; for the entire event. Solar wind speed and magneiid are shown in the fourth
panel. Temperature anisotropy &k are plotted in the last panel. WIND satellite 3 s observations from MFI and 3DP, in addition to the Solar Wind Exf@2iment
s; Ogilvie et al.1995 for temperature anisotropy are utilized for the analysis.
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4. Discussion ow in the ICME MC? This is an exciting research question for
the future.

Moreover, Grappin et a(1982, Roberts et al(1987, and
Bruno & Carbong2013 suggested thatz has a tendency to
vanish in the Alfvénic range. For higher frequencigshas an
imbalance in favor of kinetic energy usually associated with the
noise of velocity spectra. The middle hump corroborated
and kinetic-scale coupling near the gyrofrequef@cg H2). It
is expected that decreasing the Alfvénicity leads to the energy
xchanges between magnetic and kinetic energy, resulting in
e heating of protons.

To con rm our observations, we measured the spectrym
with respect to the local mean magnetidd at various angles,

; S allowing one to roughly analyze, as a function of the wave
date. Moreover, the microstate examination of ICMIk ropes ropagation direction (He et al. 2011a Podesta &

has been overlooked in past studies. A thorough, dedicate ary 20113 2011B. The spectrunw,, for each vertical slice
investigation is required to get insight into the local processes;q presented at an anglgs with respgct to the direction of the
and couplings in ux rope plasma that trigger instabilities and |5c4| mean magneticeld. When observinguctuations while
may in uence the_ overall evolution of ICME m_the hgllo- looking roughly parallel to angle®,,, @ population of
sphere. Thus, we investigate the prototype event in the light of |, ,5tions with left-hand polarization is seen. In Figsire

In general, the Alfvénic turbulence inside ICMEx ropes is
a low-amplitude, i.e., weak turbulent. However, the example
shown (see Figurel) includes high-frequencyuctuations in
total IMF, with left-handed polarization and high Alfvénicity;
hence, we identify them as AIC waves. The high-frequency
uctuations are not visible at the front and back ends ofuke
rope. It implies that the outer layer of the ICMEX rope is
free of these high-frequencyuctuations. As a result, we
conclude that the shear interaction between the solar wind an
ux rope is not responsible for the observed superposed high-
frequency uctuations in the ux rope. In fact, we are unaware
of the source of such sigrdant uctuations in the ux rope to

M'_]'_E algld ,ki“EtiC'SC,aﬁégup””% d to studv the Alfvéni (plotted with 11 Hz dafa we observed that at or near
conteent osf?ﬁzetjc\gggons I)t(i:sgmeegi\eigsigwﬁere i?smc gyrofrequency, i.e.kp~1, the helicity has a maximum
: & =v v negative value, and the angle is below.40has been inferred

the velocity and is the magnetic eld vector in Alfvén units 4t the quasi-parallebictuations are AIC waves moving away
(Tu et al. 1989 Grappin et al199]). We derive the residual  from the Sun. It is attributed to wave energy transferred to the
energyoy, from the total energy and particularly focus on the jon scales by kinetic microturbulence. The turbulent Alfvénic
cross helicity. Thee™ is the energy dened using the:™. uctuations interact with protons at frequencies close to
The nfrmzail|zed+ cross helicity is given by the formula gyrofrequency via resonant ion cyclotron scattering. This
o.=(e" —e )/b(e te )band the normalized residual energy process results in the release of energy across the magnetic
asog=(e" —e”)/(e” +e”). Here,e" is the trace of the spectra ~ g|q direction. The magnitude of the magnetigctuations
of the velocity components, whil¢! is the trace of the spectra ithin the inertial range would therefore be linked to the degree
of magnetic eld components in Alfvén units. As andoz are  of temperature anisotrofgee Figure8). The particle velocity
normalized, they will vary from-1 to 1. _ distribution function is altered by the anisotropy in the system,

The power spectra for velocity and magnet@d can be  \which reshapes it. This anisotropy is responsible for the
used to characterize solar v_vmdctuatlons. Particularly, the  gyccessive release of free energy by generating AIC waves.
balance between” and z~ is shown byo., whereasoz  plasma instabilities form to produce waves that dissipate excess
represents the state of equipartition between magnetic angherpendiculdr energy. The signicant departure from an
kinetic energy. Figuré demonstrates the PSD of the trace of isotropic, thermal equilibrium causes the plasma to become
magnetic eld (PSOB.)+PSDB,)+PSDB.), e', ¢, ¢”, and  ynstable, which causes waves to be produced as a means of
e”. In addition, we determined the andoy in the frequency  dissipating the extréperpendiculdrenergy(Gary et al.1994
domain using 3 s data. Note that the PSD of the trace of theTe|loni et al.2019.
magnetic eld is estimated with 11 Hz data. Here, we examine e utilized the estimation of magnetic helicity and PSD of
the highly uctuating ICME MC region from 02:15 UT to  |MF to uncover the nature of the turbulence at the kinetic scale
11:30 UT on 2000 August 1. The left panel of Figdrdepicts  in the ICME ux rope. We observed an explicit hump in the
the PSD of the total magnetield with three spectral breaks PSD spectrum of all the IMF components for each listed event
shown by the vertical dashed line. These three spectral breaks Table 1. The study found a strong positjireegative
corroborate the outputs of Figuze magnetic helicity(values greater than 0.5 or smaller than

The PSD ofe” ande’, as shown in the right top panel of _0.5) within the proton gyrofrequency range of about
Figure 4, demonstrates a distinct equal distribution for both 0.9< kp; < 1.1, wherep; is the proton gyroradius. Furthermore,
energies. They values uctuating near zero corms a strong  we found a high correlation coefient between the magnetic
resemblance to Alfvénic characteristics. The middle top panel eld components and the solar wind velocity vector. It
of the same gure demonstrates a similar humpein PSD indicates the existence of Alfvén waves inside the studied
spectrum as that @f” ande”. However, the PSD af" shows ICME ux rope. Moreover, we observellg < 40°, which

at distribution. 0. reaches~ —1 at the same frequency implies the parallel propagation of AIC waves. We restricted
corresponding to the leftmost hump in Figd(a), which might ourselves as this wave is quasi-parallel in naftte et al.
be interpreted as inward Alfvénicuctuations although it  2011a Telloni2020 though many simulations and observation
should be investigated in more detail. The above estimationstudies in the literature deed this wave as oblique in nature
deduced that the inward-directed Alfvénic turbulence dom-(Lacombe & Belmonfl995 Harmon & Coles2005 He et al.
inates near therst spectral break of Figuré(a). It further 2011k Isenberg & Vasque2011, Maneva et al2015.
implies a higher rate of dissipati®@xchange of energy at the Moreover, low-resolution data are sometimes not effective at
bump frequency region. Moreover, what is the reason for themeasuring high-frequencyuctuations. The high-resolution
inward turbulent ow being more dominant than the outward data provides a more complete picture of the role of such
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Figure 4. Panel(a) shows the spectral analysis of trace of magnetid (PSO(B,)+PSOB,)+PSOB.)). Top part of panelb) demonstrates spectral analysisand
e; in addition, bottom part shows the variationopfin the frequency domain. In the top part of pafwpl PSD ofe” ande” is plotted along with that in the bottom
part, where variation aof is shown.

Magnetic helicity distribution (August 2000, 01 at 00:00—12:00 UT)
0.01

‘IH!II [T
I

o
o

Frequency [Hz]

|IIHII | |

1.00

|

[l

0
(=)

Figure 5. The normalized magnetic helicity spectrury), is represented in color within this compositgire. It is plotted at various evenly spaced anghgs, and
combined to create thenal visualization. Each vertical slice in thgure corresponds to the spectrupnat a specic look angle g, relative to the local mean
magnetic eld direction.

high-frequency uctuations in an ordered magnetild. In the strongly provides observational evidence for the generation of
presence of turbulence, Alfvén waves can interact with oneleft-hand-polarized parallel-propagating AICs and follow their
another and other types of waves, such as ICWs, to form aranisotropic nonlinear turbulent cascade in the ICME rope
energy transfer cascade. This cascade can lead to the generatidriven by temperature anisotropy. We found the energy
of AIC waves. The mechanism for this interaction involves a exchange between wave and particle at the gyrofrequency.
nonlinear wavewave interaction process known as the Moreov&_’-zr, a perpendicular signature is much more effective for
parametric decay instabiliffSpangler et al1997, where an generating such waves.
Alfvén wave can decay into two other waves with different
frequencies and wavevectors.
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