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ABSTRACT

Aims. Large amplitude narrowband obliquely propagating whistler-mode waves at frequencies of ~0.2 f.. (electron cyclotron fre-
quency) are commonly observed at 1 AU, and they are most consistent with the whistler heat flux fan instability. We want to determine
whether similar whistler-mode waves occur inside 0.3 AU and how their properties compare to those at 1 AU.

Methods. We utilized the waveform capture data from the Parker Solar Probe Fields instrument from Encounters 1 through 4 to
develop a data base of narrowband whistler waves. The Solar Wind Electrons Alphas and Protons Investigation (SWEAP) instrument,
in conjunction with the quasi-thermal noise measurement from Fields, provides the electron heat flux, beta, and other electron param-
eters.

Results. Parker Solar Probe observations inside ~0.3 AU show that the waves are often more intermittent than at 1 AU, and they
are interspersed with electrostatic whistler-Bernstein waves at higher-frequencies. This is likely due to the more variable solar wind
observed closer to the Sun. The whistlers usually occur within regions when the magnetic field is more variable and often with small
increases in the solar wind speed. The near-Sun whistler-mode waves are also narrowband and large amplitude, and they are associ-
ated with beta greater than 1. The association with heat flux and beta is generally consistent with the whistler fan instability. Strong
scattering of strahl energy electrons is seen in association with the waves, providing evidence that the waves regulate the electron heat

flux.
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1. Introduction

Determining which wave modes control the evolution of solar
wind electrons has long been of interest, from the early studies
of their properties, characterizing three populations — core, halo,
and strahl (Feldman et al. 1975). Observations indicated that the
pitch angle width of strahl was much broader at 1 AU than would
be expected due to the conservation of the magnetic moment.
In addition to collisional scattering, various wave modes were
examined to see if they could provide the required scattering.
Early theoretical work was hampered by the lower time resolu-
tion measurements of wave spectra obtained by spacecraft in the
solar wind. The development of waveform capture instruments
provided high time resolution full waveform data. Studies utiliz-
ing STEREO waveform data near 1 AU (Breneman et al. 2010;

Cattell et al. 2020) revealed the presence of large amplitude,
narrowband whistler-mode waves with frequencies of ~0.2 f;..
The waves propagate at highly oblique angles to the solar wind
magnetic field with significant parallel electric fields, enabling
a strong interaction with solar wind electrons without requiring
the counter-propagation needed with parallel propagating waves.
These waves are frequently observed, most often in association
with stream interaction regions (SIRs), but also within coronal
mass ejections (CMEs; Breneman et al. 2010; Cattell et al. 2020).
Individual wave packets occur within wave groups which can be
observed to last for intervals of days.

Inside ~0.3 AU, Parker Solar Probe (PSP) data indicate that
electrostatic waves at higher frequencies (~0.7 to several times
fee) may be more common (Malaspina et al. 2020), particu-
larly in regions of the quiet radial magnetic field. These waves
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Fig. 1. Interval during Encounter 1 with narrow band whistler-mode waves and higher frequency electrostatic waves. Left panels: DC-coupled BPF
electric field spectrum from 12 to 4000 Hz; DC-coupled BBF magnetic field from 12 to 4000 Hz; magnetic field in RTN coordinates, R component

of magnetic field in red with radial component of ion flow —300 km s~
204 eV. Units for the wave spectra are volts and nT, and for the electron data are eV cm™

in blue. Pitch angle spectra for electrons with center energy of 314 and

5. Right panels: spacecraft x component of the electric

field (in mV m™!) snapshots from seven different waveform captures during this interval at approximate times indicated by arrows with blue arrows
indicating more than one snapshot. We note that the time durations vary. See text for details.

include both electron Bernstein and electrostatic whistler-mode
waves. The occurrence frequency decreases with distance from
the Sun, which is consistent with their absence in the STEREO
waveform data at 1 AU. Lower frequency sunward propagating
whistler-mode waves are also observed by PSP (Agapitov et al.
2020), primarily in association with decreases in the magnetic
field or the rapid change in magnetic field orientation called
“switchbacks” or “jets” (Bale et al. 2019; Kasper et al. 2019).

The properties of the electron distributions have been charac-
terized inside ~0.2 AU by PSP (Halekas et al. 2020a,b), between
~0.3 and ~0.75 AU by Helios, at 1 AU by Wind and Cluster,
and outside 1 AU by Ulysses (Maksimovic et al. 2005; Stverak
et al. 2009; Wilson III et al. 2019). Although the radial depen-
dence of the changes in the properties of the core, halo, and
strahl are consistent between these studies, the specific mech-
anisms that provide the scattering and energization have not
been definitely identified. To understand the role the observed
narrow-band whistler-mode waves play in modifying the elec-
tron distributions and in regulating heat flux, it is important to
determine how their occurrence and properties depend on the
distance from the Sun.

In this paper, we describe comparisons of narrowband
whistler-mode waves observed in the waveform data obtained by
PSP from Encounters 1 through 4 and by STEREO. Section 2
presents the data sets and methodology. Example waveforms and
statistical results on the waves are discussed in Sect. 3. Con-
clusions and possible consequences for solar wind evolution are
presented in Sect. 4.

2. Data sets and methodology

We utilize the Level 2 waveform capture data obtained during
the first four solar encounters by the PSP Fields Suite (Bale
et al. 2016). The details of the waveform capture instrument
are described by Malaspina et al. (2016). During the first
encounter, three components of the magnetic field using the
search coil instrument were obtained, enabling the determination
of the wave vector direction. Subsequent encounters obtained
two components. Although three components of the electric
field (potential difference across probes) were transmitted, we
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primarily utilized the two components in the plane perpendicular
to the spacecraft-Sun line obtained by the longer antennas. A
boom length of 3.5 m was used to covert potential differences to
electric fields; a smaller effective boom length would increase
electric field amplitudes. The waveform data utilized in this
study were obtained for 3.5 s intervals at 150 ksampless~'. As
implemented on STEREO, the highest quality (usually defined
by the amplitude of the electric field) captures were stored and
transmitted. In addition, intervals of interest in the summary data
were selected by the Fields team for transmission of waveform
data to the ground. We note that in the first three encounters, dust
impacts often triggered the quality flag. For later encounters,
software modifications reduced the number of dust triggers. The
wave amplitudes obtained from the first three encounters are
therefore, on average, smaller than those from the fourth. We
also utilized one electric field and one magnetic field channel in
the DC coupled spectral data, which were obtained at a rate of
1 spectra/64 Cy, where 1 Cy =0.873813 s, over a frequency range
of ~10 Hz—4.8 kHz (Malaspina et al. 2016). The spectra are ~30 s
averages. We have also examined one electric field and one mag-
netic field channel in the DC coupled bandpass filter (BPF) data
which were obtained at a higher cadence of 1 spectrum/2 Cy.

The electron parameters were obtained from the PSP Solar
Wind Electrons Alphas and Protons Investigation (SWEAP)
(Kasper et al. 2016) Solar Probe Analyzers (SPAN-A-E and
SPAN-B-E) (Whittlesey et al. 2020). We utilized the elec-
tron temperature, temperature anisotropy, heat flux and density
moments, and the pitch angle distributions for energies from 2
to 2000 eV, covering the core, halo, and strahl (Halekas et al.
2020a,b). The solar wind velocity was obtained from the Level 2
Solar Probe Cup (SPC) moments (Case et al. 2020). The solar
wind density as well as core and suprathermal electron tempera-
tures were obtained from the Fields quasi-thermal noise (QTN)
data (Moncuquet et al. 2020).

3. Waveform examples and statistics

Figure 1 presents an overview of a 31 h interval from 12 UT
on November 2, 2018 to 19 UT on November 3, 2018 that
included nine waveform captures with narrowband whistlers as
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well as higher frequency electrostatic waves. The top two pan-
els, which plot the DC-coupled BPF electric field spectrum and
the DC-coupled BBF magnetic field from 12 to 4000 Hz, clearly
show the distinction between the higher frequency electrostatic
whistlers and Bernstein waves discussed by Bale et al. (2019) and
Malaspina et al. (2020) as well as the narrowband whistlers that
are the focus of this paper. Examples of the higher frequency
electrostatic waves are at ~1615 to 1715 UT on November 2,
and intermittently between ~03 and 05 UT on November 3,
as well as for shorter intervals on both days. Examples of the
narrowband electromagnetic whistlers can been seen in both
spectra at ~1700 to 1740 UT on November 2, between ~09 and
11 UT and ~1430 to 15 UT on November 3, as well as inter-
mittently throughout both days. The fifth and sixth panels show
the pitch angle spectra for electrons with center energy of 314
and 204 eV, providing evidence for the ability of these narrow
band whistlers to scatter electrons in this energy range. During
the intervals with whistlers, seen in the electric and magnetic
field spectra, there is very significant broadening of the pitch
angle distributions of electrons centered around 314 and 204
eV. This feature is most clearly seen around 1230 and 1800 on
November 2, 2018, and ~930 to 1030 and ~13 to ~15 on Novem-
ber 3. We note that some changes in the pitch angle distributions
are associated with changes in the magnetic field orientation. A
detailed discussion of the scattering and specifics on the resonant
mechanisms are presented in Cattell et al. (2021). The fourth
panel plots the radial component of the proton plasma veloc-
ity in blue (with 300 kms~! subtracted to make the changes
clearer) and the radial component of the magnetic field in red.
The third panel plots the magnetic field in RTN coordinates. As
described in Malaspina et al. (2020), the high frequency electro-
static waves primarily occur in the quiet radial magnetic field.
The narrowband whistlers primarily occur within regions with a
more variable magnetic field and slightly increased flow as well
as, at times, within or on the edges of structures called “magnetic
switchbacks” or “jets” (Bale et al. 2019; Kasper et al. 2019).

One component of the electric field waveforms for seven of
the waveform captures containing narrowband whistlers is plot-
ted in the right-hand set of panels; #1 plots 1 s of a waveform
captured at 12:29:20 UT on November 2, showing an interval
of high frequency Bernstein waves followed by whistlers. The
rest of the waveforms were observed on November 3: #2 shows
0.5 s of a whistler waveform at 10:19:15 UT; #3 plots 0.8 s
of a whistler at 10:34:18 UT, #4 plots the entire 3.5 s cap-
ture at 10:43:47 UT to show the packet modulations, and #5
shows the zoomed in 0.2 s waveform centered on the maximum
amplitude; and #6, #7, and #8 plot .2s intervals at 13:49:45 UT,
when higher frequency waves were superimposed on a whistler
at 14:20:26 UT and at 14:26:11 UT. These examples show the
narrowband coherent nature of the whistler waveforms as well
as the usual duration of individual sub-packets and the ampli-
tude modulation. In the statistics presented below, an event is
defined as a 3.5 s wave capture that contains at least one whistler
wave packet. As these examples show (particularly #3 and #4), an
event frequently contains more than one wave packet. An exam-
ination of the magnetic field hodograms (not shown) indicates
that the waves are right-hand polarized, which is as expected for
whistler-mode waves.

The total number of waveform captures containing narrow-
band whistlers versus radial distance is plotted in Fig. 2 and color
coded by the encounter number. We note that instrument modes
and solar wind conditions varied between encounters, as did
the on-board program for triggering waveform captures. For the
17 waveform captures with whistlers identified in Encounter 1,
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Fig. 2. Number of narrowband whistler wave captures color coded by
encounter number. The number was not normalized by the total number
of waveform captures obtained.

when three components of the search coil data were obtained,
the wave vector direction with respect to the background mag-
netic field and the solar wind velocity was determined using
a minimum variance analysis. The average wave angle with
respect to the magnetic field was 13 degrees, with a maximum
of 47 degrees. The average angle is smaller than that in the
STEREO data at 1 AU (Cattell et al. 2020); it is important to note
that there was a very small number of Encounter 1 events com-
pared to the STEREO database for wave angle determination. A
comparison of the electric to magnetic field ratio for events seen
in the bandpass filter data set suggests that there may be a sig-
nificant number of highly oblique waves. The wave propagation
was very oblique to the solar wind velocity. For 13 sunward-
propagating events, the average angle to the solar wind velocity
was 136 degrees; for the four anti-sunward cases, the angle was
73 degrees. Phase velocities, ranging from 650 to 1550 kms™!,
were much larger than the solar wind speed.

Statistics of the properties for the waves identified in the first
four encounters are shown in Figs. 3 and 4. The number of events
was not normalized by the total number of waveform captures
obtained. Because events in the statistics are color coded by the
encounter, the range of parameters observed in each encounter
is shown in Table 1. The average, minimum, and maximum
values of the density (cm™3), core electron temperature (eV),
suprathermal temperature (e V), temperature anisotropy, heat flux
(Wattsm~2), B, background magnetic field (nT), solar wind
speed (km s71), and distance from the Sun (in solar radii) are
shown. There are significant differences in both the average and
extreme values between the different encounters, as is also clear
in the figures below. Events in Encounters 1 and 4 were, on aver-
age, obtained closer to the Sun in regions of a higher density and
magnetic field. Events in Encounter 4 were associated with sig-
nificantly lower solar wind speeds and higher . Encounter 2
events were associated with the largest core temperature, lowest
heat flux, and lowest .. Possible explanations for the differ-
ences between Encounters 1 and 2 as well as Encounter 4 are
discussed by Halekas et al. (2020b).

Figure 3 provides statistical properties of the whistler-mode
waves observed by PSP. There is not a clear radial dependence
on the wave frequency in the spacecraft frame. In contrast to the
case at 1 AU, where Breneman et al. (2010) showed that Doppler
shifts were insignificant, there are sometimes significant Doppler
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Table 1. Average, minimum, and maximum values of parameters for Encounters 1 through 4.

E ncm™ Teores  Thots T, /T Heat flux By B, Vsw, R,

# eV eV (x10%) W/m?2 nT km s R,

1 382 31 171 0.98 9.9 1.84 55 345 41
(281:431)  (23:42) (124;393) (.87:1.07) (5.4;17.8) (1.1;3.3)  (37:69) (295:412)  (37:45)

2 176 23 155 0.97 9.8 3.26 27 358 54
(70;431)  (15,36) (141;231) (.86;1.08) (2.9;16.7) (97:5.9) (17;76) (277:417)  (36:74)

3172 56 133 0.92 24 1.57 33 379 57
(54;306)  (14,69) (115;163) (.68;1.18) (.15;7.0) (69;1.6)  (21;69) (334:459) (29:69)

4 375 25 139 0.94 9.3 34 40 213 41
(245:826) 16;34)  (110;233)  (.88:1.05) (0.94;16.8) (1.5;7.8)  (32:78) (164:266) (30;51)

Notes. The average values are the top numbers, and the minimum and maximum values are given below in parentheses.
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Fig. 3. Spacecraft frame frequencies for narrowband whistler wave captures color coded by encounter. Top: number of events versus frequency, fre-
quency normalized by electron cyclotron frequency, and magnitude of the background magnetic field. Bottom: whistler event frequency, frequency
normalized by electron cyclotron frequency, and background magnetic field versus radial distance from the Sun.

shifts in the waves observed by PSP. For the Encounter 1 events,
for which the shifts could be determined, the shifts increased
the average f/f.. to ~0.2, which is comparable to the value seen
at 1 AU (Cattell et al. 2020). The lower frequency whistlers
described by Agapitov et al. (2020), utilizing the lower sam-
ple rate fields data set, had significantly larger relative Doppler
shifts. The normalized frequency in the spacecraft frame, f/f..,
has a tendency to increase with distance from the Sun. Further
studies including waveform data from other encounters will be
required to determine the effect of Doppler shifts on the radial
dependence. Whistler events usually occurred in regions with
reduced magnetic field magnitudes. The wave amplitudes, which
were determined from the peak amplitude seen in any compo-
nent in each event, are plotted in Fig. 4 and color coded by
the encounter. The top panels show the number of whistler cap-
tures versus the amplitude of the wave electric field, the wave
magnetic field, and the wave magnetic field normalized by back-
ground magnetic field (6B /By), where 6By, is the magnitude
of the wave magnetic field. The bottom panels show the radial
dependence of these amplitudes. There is a clear decrease in
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wave amplitudes with radial distance from the Sun, although the
decrease in (0By/Byp) is not as strong. The largest amplitudes
were observed close to the Sun during Encounter 4. Although
PSP observes a decrease in the electric field amplitudes with
radial distance, the average amplitude at radial distances around
0.3 AU is only slightly larger than those observed at 1 AU by
STEREO. As noted in Sect. 2, the amplitudes for the first three
encounters are, on average, lower than for Encounter 4 because
many waveform captures were triggered by dust until the algo-
rithm was modified. For this reason, many of the intervals with
whistlers occurred in dust-triggered events rather than ones trig-
gered by wave amplitude. Data from additional encounters will
be required to determine if the observed amplitude differences
between PSP and STEREO are due to differences in the wave-
form capture selection criteria or to physics associated with wave
growth and saturation. We note that STEREO did not have a
search coil magnetometer, so wave magnetic fields were not
directly measured.

The association of the whistler events with electron param-
eters is shown in Fig. 5. For most waveform captures, the


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039550&pdf_id=0

C. Cattell et al.: Narrowband oblique whistler-mode waves

i E T 3 . nc
Wiistler = Amalitude (miin) whistler B amplitucie (nT) — Enc 2 Whistcr Amplia udc.Bmknru.mi Ficl
] LR SR S L R O L 1 I R ] e (LR [NRRNNE I|EEE Enca L ||||||||||||||
o Population: 8585 Waves C EheY 14 =
i Mean 976 20 — = F E
L, S oy 4 I Population: 85/85 Wavas~| i Pralalicn: A5A5 Wanes
nde 06 Mean . 2.03 | Moan 0.0512
vy Mediar 1.64 | o i Macian 00485 ]
Mnde 0.78 | s Mods 00171 =
= a “ E =
3 5 C 1 Eef =
E+ G o — . — & E =t
- | — &
N - il
51— — : =
= 4
ul -| | i- iml- ; I ll ]
0 0 _a “n.aa o0 0.12
mvim ot
+ +Enct) s + +Enc 1
i ial i 4B/ B Radial Post -
& Amipituds v% Radial Posiiah t :EHI:L B Amaliude vs Radial Postion |: * *ENCD LB 4 il Prsition = #Eno2
- 4 £ & o = BRARRRARA SN RRARARRRY bl Encd gl [RRRRARN e e 9Enca
= (RRRRERERN] [NRRNRRI ;-Ence E a IAAAr_nclt 014 ot B = En; 4
= Fopulabon: B5/85 Waves o & 2Encd = Fapulatan: 0585 Waves e il - a Populaiion: 35,55 Waves ———
5 : 8585 = 3 = 4
= = ~ER 4+ E a12 i
& - = . & 4 X
L E E F( I . = 210 — 4 =]
E a0 _ A e = ) 3 a ]
E = = | i % | — 4 +  oa -
E B _c % 4 = ooaos— AR —
] = F = = + o e - s N
2.5 4 3 &7E - 1 B e ¥ .
= = * 3 —a ]
g™ *a g £E - A5 2% 3 o6 4 v - |
g S : L H = T = = A g : 7
- . 3 ;
12 : iy = & _ + at =
NS e B = E Ay 4 3 A% A & i
i PO = ] E. s = ~
£ A B " = W E A++AA ¢ % 5 7 ;.ﬁ, P.‘
b s h R 5 . 7 Sl 3 3 OE—=  ERen g * |
Soat*y i, E E 3 % & T = =: R SRS o b
= Fiooloton a il wlirermneed 5 Ui ceeriet Ui g vl vl [RERRARENI 1111
O i 0 Oan L (NENNERNE (NNRHI L L 24 000~ L - = H S5
Raclial Pasitian {Fis) Raial Posilion (Rs) Fiadizl Position (Rs}

Fig. 4. Whistler peak amplitudes color coded by encounter. Left panels: number of whistler captures versus amplitude of electric field, magnetic
field, and magnetic field normalized by background magnetic field. Right panels: event amplitude of electric field, magnetic field, and magnetic
field normalized by background magnetic field versus radial distance from the Sun.

. Enc 1 — -

Whistier QTN Density ; - Enc 1 [

P F:I-E:E; Whistier Electron Core Temp |- Enc 2 Whistier Suprathermal Electran Temp -E::z
AR ALY LAL R AT T T T I T e Enc 3 " e R S S oz
r . | Enc 4 il B Enc 4 I | I I - Enc
12 Populafion: B4/85 Waves B a0 E Population: B3/85 Waves { nc il H e T | Enc 4
= JMea o ] F Mean 260 ] 20 Mean 148 -
10—  Median 266 _ 25 Meddian 27.0 — Veclian 140 ]
Mode 380 F Mode 24.0 < Mode 130 ]
8l 20 [ . - 15 —
£ 2 2 ]

3 § u g ]

3 15 ]

o
o 8 - . 8 |
4 L8 = i
C - ] 5 —
5 =
: A | [T E
ol i} S o L
GRESETE D (el | S, J d 10 20 30 40 50 60 70 q =50 w50
0 100 200 300 00 500 Tempesrature (V) Temnparatsrs (61
Miem? TR
= [+ + +Enc1 |
+ + o T,.., v& Radial Positi
Density vs Radial Positon L : lg:g; oy 38 Pt Pt v ®= *Enc 2| 200 LI T P * *Enc2
GRO T T e Eatn BRRRARERN T T T[T Ene 3 TTT T T T T TITTTT (RERRARERRNR TTTTTf Encﬁ
E TT TT T & jo & AEnCcd) W & ABnNcd
E & a i as - It T ]
Ea a Population: B4/BS Waves [ & 4Enad) 80 [— Population: 83/8% Waves Population: 73/85 Waves
s00 - -3 1 180 |— —
F = E - L y 4
E a = - a
= oy = & -
E a 4 = —

400 - g 5-! = o ] 160 |— ?A‘ = —
o E e = - 1 La, aa® e » 1
E so0 B PR 3 z =z % -

- E &t E 40 — & — 140 |— x'!?'l A =1
: R : e . E R ]
200 [ v, = Fas ﬁ*,i a3 * 3 g k ]
E | . ShgrLE . ™ 120 — e e v o =
mu:— - - 3 iy 4 - a = * ] - a & -
E . = i

E * 3 - | . |

E 3 100 —
B 2 FITEROTNY A TITET TV AT AU TIRATTUTATT] (TPECTRNN, E B A A R B

Radial Position [Rs) o 40 S0 a0 70 &0 3o 40 B0 70
Radial Position (Rs) Fadial Position (As)

Fig. 5. Whistler dependence on core density, core, and suprathermal temperature (from the QTN measurement). Top panels: plot the number of

events versus core electron density, core, and suprathermal temperature. Botfom panels: plot the same quantities versus radial distance from the
Sun.

electron parameters were determined within a few seconds of plot these quantities versus the radial distance from the Sun.
the capture, with median times of ~2 s for QTN parameters These comparisons, which are restricted to events with narrow-
and ~4 s for SWEAP-determined parameters. For almost all band whistler waves, exhibit interesting differences from the
events, the ratio of the electron cyclotron frequency to the elec- results for all intervals during encounters 1 and 2 presented by
tron plasma frequency (not shown) is <0.01. The left-hand panels = Moncuquet et al. (2020). Their results show that the core electron
plot the number of events versus the core electron density, core, temperature decreases with radial distance, and the suprather-
and suprathermal electron temperature, and the right panels mal temperature was almost constant. For intervals with the
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> Ty

red line is the whistler temperature anisotropy threshol

=1+0.27/8%

, and the lower red line is an arbitrary firehose instability (both from

Lacombe et al. 2014, based on Gary et al. 1999). Normalized electron heat flux versus S,;. The yellow and red lines plot the linear instability
thresholds for the whistler heat flux fan instability from Eq. (5) of Vasko et al. (2019) for the parameters of 0.5 and 1 in their Table 1). The electron
Alfvén energy to compare to the threshold for the beam mechanism of Sauer & Sydora (2010) which requires electron beams with energies greater

than four times the Alfvén energy.

waves, we see a slight increase in the core temperature, possi-
bly indicating the heating of core electrons by the waves, and a
slight decrease in the suprathermal temperature. We note that our
statistics are small and the observed variability at a given radial
distance is as large as the average change with radial distance.

Possible instability mechanisms are examined in Figs. 6. The
most striking feature is that the waves occur when S, > 1. Many
of the largest amplitude waves occurred in Encounter 4, which
had significantly higher §,. Halekas et al. (2020a) show that dur-
ing encounters 1 and 2 inside 0.24 AU, B, was usually <1. This
association of narrowband whistler waves with B, > 1 was also
seen in the STEREO data at 1 AU. The wave occurrence is con-
strained by both the whistler temperature anisotropy threshold
and the heat flux fan instability threshold, as was also the case
at 1 AU (Cattell et al. 2020).The temperature anisotropy desta-
bilizes parallel propagating waves at lower frequencies that we
observe. We conclude, therefore, that the waves are most likely
driven by the fan instability. This is consistent with the study of
the electron heat flux and beta for all intervals inside 0.25 AU
in the first five encounters by Halekas et al. (2020b), and with
the conclusion of Agapitov et al. (2020) for a set of events in
Encounter 1. We note, however, that there are a significant num-
ber of cases with large 3, where the normalized heat flux is
above the threshold (most are from Encounter 4).

The third panel of Fig. 6 plots the energy associated with
the electron Alfvén speed for the whistler events for compari-
son to the electron beam driven instability proposed by Sauer &
Sydora (2010). This mechanism, which generates highly oblique
waves, requires electron beams that propagate at speeds greater
than twice the electron Alfvén speed. The energy associated
with the Alfvén speed is very low for the whistler events, ~10—
20 eV; thus this mechanism would require beams with energies
of ~40-80 eV. This is an order of magnitude lower than would be
required for the mechanism to operate at 1 AU. To date, we have
not yet been able to identify beam features at the appropriate
energies in either event list.

To better assess the occurrence probability of these waves,
we utilized one electric field channel in the DC coupled spectral
data at 30 s resolution. We examined by eye the spectral data
for each hour during the first encounter interval shown in the
BPF data in Fig. 1, which covers 31 h on November 2 and 3.
This yields only a very rough estimate of the occurrence rate.
The individual waveform captures (duration 3.5 s) usually con-
tain several individual wave packets. An example of a 3.5 s
waveform capture was shown above in Fig. 1, packet #4. The
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large amplitude whistler packets have durations on the order of
a few seconds (see #4, and the shorter duration waveforms in
Fig. 1), while the lower amplitude waves can last through an
entire capture. Waveform #1 in Fig. 1 provides an example when
the higher frequency Bernstein waves had the largest amplitude
for the initial ~1 s, followed by an interval with both wave types
with whistler dominating from ~1 to 2 s. We also examined the
higher cadence BPF data, which can more accurately determine
the duration of regions with whistler packets. The BP cadence
is comparable to the duration of the observed large amplitude
whistler packets. A comparison of the spectral (1 sample/64 Cy)
to the BPF data (1 sample/2 Cy) suggests that the occurrence
could be on the order of five to ten percent, based on the elec-
tric field spectra.There are a significant number of waves that
are only observed in the electric field, which is consistent with
very oblique propagation. Any definitive determination of an
occurrence rate will depend on the amplitude threshold selected.

4. Discussion and conclusions

We have compared statistics of the properties of the narrowband
whistler-mode waves observed in waveform capture data from
PSP during the first four encounters inside ~0.3 AU to proper-
ties observed in waveform capture data from STEREO at 1 AU.
At both radial distances, the waves are narrowband and large
amplitude. The association with heat flux and beta is generally
consistent with the whistler fan instability. In both data sets, the
whistlers are only observed for beta >1, and the average tempera-
ture anisotropy was ~0.9. The PSP electron data show significant
scattering at strahl energies, as is documented in detail by Cattell
et al. (2021). This is consistent with a study of electron heat flux
(Halekas et al. 2020b) for Encounters 1 through 5, which shows
that the heat flux and beta were constrained by the fan instabil-
ity threshold, providing evidence that these waves regulate the
electron heat flux.

Many instability mechanisms have been proposed for
whistler-mode waves in the solar wind that have free energy
sources associated with electron properties, including elec-
tron temperature anisotropies (Gary & Wang 1996), heat flux
(Feldman et al. 1975; Gary et al. 1994), heat flux fan insta-
bility (Krafft & Volokitin 2010; Vasko et al. 2019), the fast
magnetosonic-whistler mode (Verscharen et al. 2019), and elec-
tron beam instability (Sauer & Sydora 2010). Theoretical studies
of the dispersion relations have concluded that the most unstable
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modes for the temperature anisotropy and heat flux instabili-
ties are parallel propagating, and they have frequencies f/f.
of ~.01, which are lower than the frequencies we observe. The
transition to oblique modes (Gary et al. 2011) occurs at val-
ues of beta that are much smaller than those observed in the
PSP data presented herein. Only the heat flux fan instability,
the magnetosonic-whistler mode, and the beam instability have
the highest growth rates at oblique angles. The PSP whistlers
occurred when beta was high, and the events for which Doppler
shifts could be determined had frequencies of f/f. of ~0.2.
Most cases, however, propagated within 20 degrees of the mag-
netic field, and none were propagating close to the resonance
cone as was seen by Agapitov et al. (2020) in a study of lower
frequency whistlers in Encounter 1 and by Cattell et al. (2020)
at 1 AU. The magnetosonic-whistler mode is low beta, and the
most unstable modes are at higher frequencies (f/f.. ~ 0.5) than
observed at PSP (Verscharen et al. 2019). No beam features have
been observed in the energy range needed for the whistler beam
instability. The whistler fan instability is most unstable in the
range of f/f.. of ~0.1 to 0.2 (Vasko et al. 2019), which is the
range we observe. As shown in Fig. 7, the wave occurrence was
constrained by the heat fan flux instability threshold. For these
reasons, we conclude that the whistler-mode waves observed by
PSP are most likely due to the fan instability, as was also the
case for the STEREO whistlers (Cattell et al. 2020). Although
the wave occurrence is also constrained by whistler temperature
anisotropy, the observed wave properties are not usually consis-
tent with this mode. As discussed below, however, it may be the
case that the parallel whistlers and the very oblique whistlers are
associated with different instability or saturation mechanisms.
At 1 AU, two distinct populations of whistler-mode waves
with frequencies of f/f.. of ~0.1 to .2 have been reported from
waveform capture data; one population is parallel-propagating
with small electric field amplitudes (Lacombe et al. 2014;
Graham et al. 2017; Tong et al. 2019) and one is obliquely prop-
agating with resultant large electric fields (Breneman et al. 2010;
Cattell et al. 2020). Although the parallel-propagating waves are
usually seen in quiet, slow solar wind (Lacombe et al. 2014),
Tong et al. (2019) show that quasi-parallel whistlers can also
occur in the faster solar wind. The oblique waves are often
seen in faster solar wind (Breneman et al. 2010; Cattell et al.
2020) (see Fig. 7). The PSP data shown herein include both
parallel and oblique waves, as is also described in Agapitov
et al. (2020). There is a tendency for more electrostatic whistlers
(i.e., more oblique) to occur within regions of enhanced flow.
A recent study of frequency bank spectral data from Helios

(Jagarlamudi et al. 2020) presented statistics on waves with
spacecraft frame frequencies between ~ f, and 0.5 f., identified
in the search coil magnetic field data at distances of 0.3-0.9 AU.
The observed spectral peaks were identified as whistler-mode
based on similarities to Lacombe et al. (2014), but the polariza-
tion, wave vectors, and Doppler shifts could not be determined.
The waves were observed almost exclusively in the slow solar
wind (<400 km s71).

Figure 7 plots histograms of the number of whistler events
versus the solar wind speed in the Cattell et al. (2020) STEREO
database (left) and the number of PSP events color coded by
the encounter (right) versus solar wind speed. The center panel
plots the PSP events versus the solar wind speed and radial
distance. The highly oblique whistlers observed at 1 AU by
STEREO are predominantly seen with solar wind speeds of
~400 kms~!, but they are also observed with speeds up to
~700 kms~!. PSP events are associated with lower solar wind
speeds (~300 km s~!). The bi-modal distribution is likely due
to the small number of events and to radial distance effects as
well as differences in conditions during each encounter, as indi-
cated by the center panel which plots the PSP events versus
the solar wind speed and radial distance. Encounter 4 events
were all obtained inside ~50 solar radii and solar wind speeds
were ~200 kms~!, whereas events during Encounters 2 and 3
were primarily outside ~50 solar radii with solar wind speeds of
~350 kms~! (see also Table 1). The contrast in solar wind condi-
tions and heat flux during Encounter 4 compared to Encounters 1
and 2 is described by Halekas et al. (2020b). The differences in
wave association with the solar wind speed between PSP events
inside .3 AU and the STEREO events at 1 AU may just be due
to the evolution of the solar wind. The Jagarlamudi et al. (2020)
observations which cover the distances between 0.3 and 0.9 AU,
however, were associated with slow flow. Wave vector angles
have been determined for only a small fraction of the PSP events;
therefore, it is not yet possible to determine if there is a rela-
tionship between wave obliquity and solar wind speed at these
radial distances. The parallel propagating waves and the oblique
waves may represent two different modes or, alternatively, dif-
ferent sources of free energy. However, the distinction may also
be due to differences in instrumentation. Future studies utilizing
the PSP data set may resolve the relationship between the parallel
and highly oblique waves.

There are two main differences between the characteristics
of the whistlers identified in waveform captures inside 0.2 AU
and the waves at 1 AU: (1) the association with larger scale
solar wind properties and structure; and (2) the occurrence of
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a broader band less coherent mode at 1 AU which has not been
identified yet in PSP waveform data. In addition, inside 0.2 AU,
the narrowband electromagnetic whistlers are interspersed with
lower amplitude electrostatic whistler-mode waves and Bernstein
waves at frequencies of ~0.7 f. to > f.. (Malaspina et al. 2020;
Bale et al. 2019), which have not been observed at 1 AU in the
STEREO waveform data.

At 1 AU, the narrowband oblique whistlers are most often
associated with SIRs, frequently filling the downstream region of
increased solar wind speed and usually variable magnetic field.
The waves are also seen within CMEs (Cattell et al. 2020). As
shown in Fig. 1, inside ~0.3 AU, the whistlers are associated
with intervals of variable background magnetic field and slight
increases in solar wind flow, sometimes due to magnetic field
switchbacks. The association with switchbacks has been previ-
ously described by Agapitov et al. (2020). The intervals with
packets of narrowband whistlers can last for several hours, but
not for a day or more as seen at 1 AU. This is most likely due to
the much more variable solar wind conditions observed by PSP
close to the Sun. Future studies including data from additional
encounters will examine whether there is an association between
the whistlers with SIRs or CMEs inside ~0.3 AU.

Both the wave magnetic field amplitudes normalized to
the background magnetic field and the electric field ampli-
tudes observed by PSP decrease with radial distance from the
Sun, however, the average electric field amplitudes observed by
STEREO at 1 AU are comparable to those seen by PSP near
0.3 AU. This may be due to the different selection criteria for
burst data for the two spacecrafts or to differences in the physics.
For example, the waves may, on average, be more oblique at 1 AU
or the wave growth and saturation mechanisms may be different
due to differences in the solar wind and electron properties.

Initial results on whistler-mode waves observed by PSP
identified in the magnetic field data during the first encounter
have been presented by Agapitov et al. (2020), utilizing the
~300 samples s~! waveform data. The observed waves had large
amplitudes (~2—4 nT), had variable wave angles, and were often
propagating sunward. The waves were significantly Doppler
shifted resulting in plasma frame frequencies of ~0.2-0.5 f.
The differences including average f/ f.. warrant additional stud-
ies for other encounters. This will require developing a method
to accurately determine the wave vector direction when only two
components of the search coil data are available, utilizing an
approach similar to that used on STEREO based on the three
components of the electric field waveform and the cold plasma
dispersion relation (Cattell et al. 2008).

In conclusion, we have shown that narrowband whistler
mode waves observed in the PSP waveform capture data inside
~0.3 AU have many characteristics similar to those seen by
STEREO at 1 AU. In both regions, the waves are most consis-
tent with the whistler heat flux fan instability and occur when
beta is greater than 1. The waves at 1 AU have slightly higher
average f/ fee and are on average more oblique, but both of these
differences may be due to the small number of PSP events for
which we have determined wave angle and Doppler shifts. When
there are wave events, the radial dependence of the core and
suprathermal temperatures is different from that seen for the
full electron data set (Halekas et al. 2020a), possibly indicating
that the waves heat core electrons. At PSP, the waves are often
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associated with regions of variable magnetic field and slightly
enhanced solar wind flow, and sometimes with “switchbacks”,
whereas at 1 AU, the waves are most often seen in the down-
stream region of SIRs, which are also regions of enhanced flow.
Inside ~0.3 AU, the regions containing wave packets tend to last
for intervals of hours, whereas at 1 AU, they can last for days.
It is very likely that these differences are due to the fact that the
solar wind is much more variable on short time scales at PSP
compared to at 1 AU. The waves are associated with scattering
of strahl energy electrons. A very rough estimate of the wave
occurrence at PSP suggests that the waves are often the domi-
nant wave mode at frequencies below ~3 kHz; combined with
the observations of scattering, this suggests that the narrowband
whistlers may play a significant role in the evolution of solar
wind electrons and regulation of heat flux.
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