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ABSTRACT

Ve eating and acceleration of the solar wind remains one of the fundamental unsolved problevs in
HEGRIYS s 11 3 nsually observed that the proton temperature T, is highly correlated with the solar

ion with
the solar wind speed. Here RS
eSS EOIESSE. PSP observations below 30 solar radii clearly show a positive

correlation between proton temperature and wind speed and a negative correlation between electron
temperature and wind speed. One vear (2019) of WIND data confirm that proton temperature is
positively correlated with solar wind speed, but the electron temperature increases with the solar wind
speed for slow wind while it decreases with the solar wind speed for fast wind. Using a one-dimensional
Alfvén-wave-driven solar wind model with different proton and electron temperatiirés; we for the first

ally. If £

ce

to the Sun such that the negative correlation gradually turns positive. The [lSUGHICSUIISISHONREaT

Keywords: Magnetohydrodynamics (1964), Solar wind (1534), Alfven waves (23)

1. INTRODUCTION

Solar wind is the plasma flow ejected from solar
corona, filling the interplanetary space. It carries a large
amount of mass and energy out of the Sun and serves
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as the medium of various physical processes and struc-
tures, such as waves and turbulence, coronal mass ejec-
tion, and magnetic reconnection. Solar wind continu-
ously interacts with the Earth and injects energy in the
Earth’s magnetosphere, causing strong disturbances of
the Earth’s magnetosphere. Understanding the gener-
ation of solar wind and the dynamics of the plasma in
the solar wind is necessary not only for a better space
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2 SHI ET AL.

weather prediction but also for a deeper insight of the
fundamental plasma astrophysics.

A significant amount of energy is needed for the
plasma to escape the solar gravity and to accelerate
to a supersonic speed. Early works (Parker 1958,
1964a,b, 1965) show that an isothermal solar corona
with strong thermal conduction can generate the ob-
served solar wind speeds. However, in-situ measure-
ments imply that in the inner heliosphere both ion and
electron temperatures of the solar wind decay with ra-
dial distance to the Sun and the radial profiles of the
temperatures can be fitted with polytropic relations
(Marsch et al. 1982; Richardson et al. 1995; Stverdk et al.
2015; Boldyrev et al. 2020; Shi et al. 2022). The poly-
tropic indices deduced from the in-situ measurements
are in general smaller than the adiabatic index 5/3, im-
plying that in-situ heating mechanisms are important.
One possible source of the in-situ heating is the tur-
bulence energy cascade. In the solar wind, predomi-
nantly outward propagating Alfvén waves exist (Belcher
& Davis Jr 1971), while smaller-amplitude inward prop-
agating Alfvén waves are generated due to processes in-
cluding wave reflection induced by the gradient of Alfvén
speed (Heinemann & Olbert 1980) and the large-scale
stream shears (Roberts et al. 1992; Shi et al. 2020). The
nonlinear interaction between the outward and inward
propagating waves leads to a turbulence energy cascade
(Kraichnan 1965), which eventually dissipates the en-
ergy of the electromagnetic fields into the plasma energy
through wave-particle interactions (Kasper et al. 2013;
Kobayashi et al. 2017) and intermittent structures (Os-
man et al. 2012; Matthaeus et al. 2015; Sioulas et al.
2022b).

It has been long observed that in the solar wind,
the proton temperature has a strong positive correla-
tion with the solar wind speed (Burlaga & Ogilvie 1973;
Lopez & Freeman 1986; Matthaeus et al. 2006; Démoulin
2009; Elliott et al. 2012; Shi et al. 2021; Hofmeister et al.
2022). This positive correlation indicates the possibility
that a particular mechanism contributes to the proton
heating and solar wind momentum simultaneously. On
the contrary, electron core temperature usually shows
anti-correlation with the solar wind speed (Marsch et al.
1989; Halekas et al. 2020; Maksimovic et al. 2020) and
this anti-correlation may originate at the source of so-
lar wind due to interchange reconnection (Fisk 2003;
Gloeckler et al. 2003) as the coronal electron temper-
ature estimated from the fractions between heavy ions
measured in-situ, which is a good proxy for freeze-in
temperatures of the solar corona, has an anti-correlation
with solar wind speed (Geiss et al. 1995; Ko et al. 1997;
Gloeckler et al. 2003; von Steiger & Zurbuchen 2011).

Here, we propose a mechanism that the different
temperature-speed correlations for protons and elec-
trons are possibly generated in-situ as the solar wind
propagates. The major factor is how the energy source
for the acceleration of solar wind deposits differently
into protons and electrons. As the turbulence energy
cascades from MHD inertial scales toward ion kinetic
scales, various kinetic processes may arise and they
determine how the electromagnetic energy eventually
heats the ions and electrons. Two major processes are
kinetic Alfvén waves (KAWSs) which mainly heat the
electrons through Landau damping, and ion cyclotron
waves (ICWs) which heat the ions through cyclotron
resonance. Both KAWs (e.g. Podesta 2013; Salem et al.
2012) and ICWs (e.g. Jian et al. 2010, 2009) are identi-
fied in the solar wind, and recent observation made by
Parker Solar Probe shows that the two modes may coex-
ist (Huang et al. 2020). Gyrokinetic theory and simula-
tions show that the ratio between ion heating and elec-
tron heating during dissipation of Alfvénic turbulence
is positively correlated with ion beta (ratio between ion
thermal pressure and magnetic pressure) (Howes et al.
2008; Schekochihin et al. 2009; Howes 2010; Kawazura
et al. 2019). Moreover, existence of compressive compo-
nent in the turbulence will increase the ratio between ion
and electron heating (Kawazura et al. 2020). Hybrid-
kinetic simulations using realistic solar wind parameters
at 1 AU show that 75-80% of the cascaded turbulence
energy heats the ions (Arzamasskiy et al. 2019). Re-
cent theoretical work have suggested that conservation
of magnetic helicity prevents the turbulence energy from
cascading toward sub-ion scales, thus most of the cas-
caded energy is absorbed by the ions (Squire et al. 2022).
Bacchini et al. (2022) show that during the transition
from Alfvén waves to kinetic Alfvén waves at sub-ion
scales, ions can gain more energy than electrons be-
cause the kinetic energy of the waves is mostly acces-
sible to ions instead of electrons. In addition to the
wave-particle interaction, other effects such as intermit-
tency (e.g. Osman et al. 2012) and stochastic heating
(e.g. Chandran et al. 2010) may also contribute to the
differential heating process. Sioulas et al. (2022a), us-
ing Parker Solar Probe measurements, show that pro-
tons can gain more energy from the intermittent struc-
tures than the electrons. The stochastic heating is pos-
itively correlated with the turbulence strength (Vech
et al. 2017) and is shown to be significant throughout
the inner heliosphere (Martinovié et al. 2019, 2020), con-
tributing to the perpendicular temperature of ions.

In this study, we show that, for an Alfvén wave driven
solar wind, if most of the wave energy dissipates into
ions, the positive T, — Vgw (I}, is proton temperature
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Figure 1. Left column: Distribution of data collected below 30 solar radii during first nine orbits of Parker Solar Probe. Right
column: Distribution of one year (2019) of data from WIND. From top to bottom, the rows are proton number density N,
proton temperature Ty, electron temperature 7., and amplitude of the magnetic field fluctuations |§ B| as functions of the radial
solar wind speed Vsw. For PSP data, we use one-minute time windows to calculate the average values of the quantities and
the fluctuation strength. For WIND data, we use five-minute time windows. The gray squares show the median values and the

error bars show the root-mean-squares of the binned data.

and Vgy is solar wind speed) correlation and negative
T. — Vsw (T. is electron temperature) correlation are
naturally generated. The paper is organized as follows:
In Section 2, we present Parker Solar Probe (PSP) and
WIND observations of the solar wind and show the cor-
relations between temperatures and solar wind speed.
In Section 3, we describe the 1D Alfvén wave driven
solar wind model used in this study and present the
simulation results. In Section 4 we discuss the underly-
ing mechanism that explains the numerical results. In
Section 5 we conclude this study.

2. WIND & PSP OBSERVATIONS

We use PSP and WIND data to investigate the cor-
relation between the solar wind speed and various solar
wind parameters. For PSP, we use data from the first
nine orbits and we only select data collected below 30 so-
lar radii. For proton measurements, we mainly use data
from the electrostatic analyzer (SPAN-Ton) but use the

Faraday cup (SPC) for the first orbit when high-quality
SPAN-Ion data is unavailable (Fox et al. 2016; Kasper
et al. 2016). The electron temperature is the derived
core temperature by fitting the electron velocity distri-
bution functions measured by SPAN-Electron (Halekas
et al. 2020). The time cadence of SPAN data is typically
7-14 sec, and the time cadence of SPC data is around
0.44 sec. The magnetic field data is collected by the
fluxgate magnetometer with a time cadence of 3.4 mil-
liseconds (Fox et al. 2016; Bale et al. 2016). For WIND,
we use one year of data collected in 2019 and we have
verified that the 2020 data give very similar results. The
proton data is from the 3D Plasma Analyzer (3DP) elec-
trostatic analyzers with three second cadence (Lin et al.
1995), the electron data is from the Solar Wind Experi-
ment (SWE) electron instruments with 6-12 second ca-
dence (Ogilvie et al. 1995), and the magnetic field data is
from the Wind Magnetic Field Investigation (MFT) flux-
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gate magnetometers with three second cadence (Lepping
et al. 1995).

In Figure 1, we show distribution of PSP data on the
left column and distribution of WIND data on the right
column. From top to bottom rows are proton number
density N, proton temperature 7, electron tempera-
ture T,, and amplitude of the magnetic field fluctua-
tions |0B| as functions of the radial solar wind speed
Vsw. For PSP data, we use one-minute time windows
to calculate the average values of the quantities and the
fluctuation strength, defined as the root-mean-square
(RMS) of the magnetic field. For WIND data, we use
five-minute time windows. The gray squares show the
median values and the error bars show the RMS of the
binned data. It is clear in both datasets that higher so-
lar wind speed in general corresponds to lower density,
higher proton temperature, and stronger magnetic field
fluctuations. As previously shown in Maksimovic et al.
(2020); Halekas et al. (2020); Salem et al. (2021); Dakeyo
et al. (2022), the electron temperature has a strong neg-
ative correlation with the solar wind speed as observed
by PSP. However, at 1 AU, T, decreases with Vgy for
winds faster than about 520 km/s but seems to increase
with Vg for slower wind streams.

3. 1D TWO-TEMPERATURE ALFVEN WAVE
POWERED SOLAR WIND MODEL

3.1. Model description

We utilize a 1D Alfvén-wave-driven solar wind model
with different ion (proton) and electron temperatures.
Wave-driven solar wind models have been developed
and widely used to analyze the heating and acceleration
of solar wind (e.g. Cranmer & Van Ballegooijen 2005;
Cranmer et al. 2007; Chandran & Hollweg 2009; Ver-
dini & Velli 2007; Verdini et al. 2009; Lionello et al. 2014;
Shoda et al. 2018; Réville et al. 2020). While most of
the previous works assume a one-fluid solar wind, some
works have adopted a two-fluid solar wind model with
different proton and electron temperatures (Chandran
et al. 2011; Adhikari et al. 2022). The model used in
the current study is very similar to the one-fluid model
used by Réville et al. (2020) but with independent ion
and electron temperatures. The model equations are

Ag
B(r) = mBo (1a)
ap 10
o Aor (pV A) (1b)
ov ov. 10 1 GM
E ar‘par(“f) 2 (1c)

P, or, 1 a(AV)
_ (1d
aP, oP,  10(AV)
- _ 1
ot = Vor T g Fet(e-1Qe (9
8€+ Oet 10 n
110(AV)
— iz 6’/“ e + R+ + D+
Oe~ Oe~ 10 _
W:_(V_VA)W_ZE(A(V_VA))g (1g)
L
2A Or B B

with P = P, + P. and ¢ = ¢ + ¢~. Here, B(r), p(r),
V(r), Pi(r), P.(r) are the radial magnetic field, plasma
density, radial solar wind speed, ion thermal pressure,
and electron thermal pressure respectively. «; . are the
polytropic indices for ions and electrons respectively.
We consider a spherically symmetric radial flux tube
such that A(r) is the cross section area of the tube
and Ag is the cross section area at the inner bound-
ary. et = ip|zi|2 with 2% being the two Elsiisser
variables. Thus e* represent the energy densities (per
volume) of the outward and inward propagating Alfvén
waves. V4 = B/\/pop is the radial Alfvén speed. D
are the dissipation rates of the two wave populations
due to the nonlinear energy cascade, and R4 represent
the reflection of the waves due to the inhomogeneity
of the background plasma. @; and Q. are the heating
terms for ions and electrons, and each of them consist of
three components such that Q; = Q. ; + Quw,i + Q¢ and
Qe = Qh,e + Qw,e + Qc,e- Here Qh,i and Qh,e are the
ad-hoc heating terms that are significant only at very
low altitudes. Q. ; and @, . are the heating of ions
and electrons by the wave dissipation. Q). ; and Q. . are
the heating terms caused by collisionless electron heat
conduction (Hollweg 1976).

A comment on the treatment of the Alfvén wave equa-
tions and their coupling to the solar wind is in order.
Though this model has been used before, it represents
a drastic simplification of the true problem, as it writes
the evolution equations directly in terms of the separate
energy densities of outward and inward modes rather
than the general second order moment of the fluctuat-
ing fields. The latter would imply at least four equations
rather than the two for the fluctuating energies, and a
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Figure 2. Radial profiles of various quantities in two sets of simulations. Left column has C,, = 1, i.e. all the dissipated wave
energy heats the ions. Right column has C,, = 0.8, i.e. 20% of the dissipated wave energy heats the electrons. From top to
bottom rows are solar wind speed, plasma number density, ion temperature, and electron temperature respectively. In each
panel, curves with different colors correspond to different wave amplitudes at the inner boundary. From dark to light, colors
correspond to increasing wave amplitudes of [0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100] km/s.

generalized Reynolds stress in the solar wind momen-
tum equation rather than the simple fluctuating mag-
netic pressure of equation (1c¢). The still unresolved dif-
ficulties of this model have been discussed in, e.g., Velli
(1993), while the approximation used above is effective
in the limit of small reflection - necessary to trigger non-
linear interactions but not large enough to require the
full second order moments - that is satisfied by all ex-
cept the lowest frequency fluctuations (corresponding to
periods of several hours to days).

We use a superradially expanding flux tube (Verdini
et al. 2009; Lionello et al. 2014): A(r) = f(r)r? with

_ Smt frexp (= (r — reap)/Teap)
IO = ol re)foery) O

and f1 = 1 — (fm, — 1) exp((rs — Tewp)/Tewp). Here rg
is the solar radius, rezp = 1.317s, 0cyp = 0.51r,. The
above expression leads to f(rs) = 1 and f(4+00) = fin.
If f,, = 1 we get f(r) = 1, which is a radially expanding
flux tube. In this study, we set f,,, = 4, which is a typical
value for fast solar wind (Wang & Sheeley Jr 1990). The
polytropic indices are 7; = 7. = 5/3 (adiabatic index)
so that both the species cool as T; . o r~4/3 without
other heating terms.

The first three terms on the right-hand-side of equa-
tions (1f & 1g) correspond to the Wentzel-Kramers-
Brillouin (WKB) evolution of the wave amplitudes
(Alazraki & Couturier 1971; Belcher 1971; Hollweg
1974). The reflection term is written as

0
RiZCRX (V?VA)Eln\fp et (3)
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Figure 3. Radial profiles of different heating terms (per
unit mass) in the run with C,, = 0.8 and |z*| = 100 km/s
at the inner boundary. Blue curves are the ad-hoc heating,
orange curves are the wave heating, and green curve is the
collisionless heat conduction. Solid curves are heating of ions
and dashed curves are heating of electrons. The minimum
of the collisionless heating is around —6.1 x 10% m? - s72 at
r = 1.85R;.

with Cr = 0.1 being a constant coefficient. The nonlin-
ear dissipation is
L R
L N )
where A(r) is the perpendicular correlation length
(Réville et al. 2020) and is modeled as

Dy =

(4)

A(r)
Ao

A(r) = Ao ()
In this study, we set Ay = 6x107m, similar to the typical
size of large supergranules (Verdini & Velli 2007; Verdini
et al. 2009; Réville et al. 2020). Since the dissipated
wave energy heats the protons and electrons, we have

Qw,i"’Qw,e = _(D++D—)' (6)

In the model, a free parameter C,, € [0, 1] controls the
portion of the dissipated wave energy that heats the ions:

Qw,i = _Cw(D+ + D*)va,e = —(1 — Cw)(D+ + D,)

(7)
The ad-hoc heating is

A r—Trg
Qh,(ie) = QO,(i,e)jo exp < > (8)

T's

and we set QQo; = 5 X 1077 -m=3 - s~ and Qo =
2x1077J -m™3 - s71. These terms represent contribu-
tions from processes such as the nanoflares (e.g. Cargill

& Klimchuk 2004) that are important in the low corona.
We choose Qo < Qo,; because remote-sensing obser-
vations reveal that the electron temperature is smaller
than the proton temperature in the coronal holes (Cran-
mer 2009). The collisionless heat conduction term writes
as

Qc,i = 07 Qc,e = lg (Aq(') (9)

~Adr

where ¢, = %PEV (Hollweg 1976). Note that the colli-
sionless heat conduction takes effect for electrons only.

The simulation domain is r € [1,215]r, with nonuni-
form grid. The spatial resolution is Ax = 0.001r,
at the inner boundary and Ax = 0.1rs; at the outer
boundary, and the total number of grid points is N =
2934. Dirichlet boundary conditions are imposed for
(B,p, P;, P.,c") at the inner boundary and the outer
boundary is open so the wind and waves can propa-
gate out of the domain freely. We note that no inner
boundary conditions are needed for V' and €~ because
the sonic point and Alfvén point implicitly impose two
constraints for them (Parker 1958; Barkhudarov 1991;
Velli 1993). In all the simulations, we set B = 5G,
n=1x108¢m™3, T; = T, = 1IMK at the inner bound-
ary where n is the number density of the plasma, T;
and T, are the ion temperature and electron tempera-
ture respectively. We carry out five sets of simulations
with Cy, = [1,0.95,0.9,0.85,0.8]. For each C,,, we do
a series of runs with varying e*(r,) such that |z*| =
[0, 5,10, 15, 20, 25, 30, 40, 50, 60, 70, 80,90, 100] km/s at
the inner boundary. We run each simulation until all
the fields reach a stationary state (0; = 0) and acquire
the radial profiles of the fields.

3.2. Results

In Figure 2, we plot the radial profiles of various
quantities in two sets of runs. The left column shows
runs with C, = 1 and the right column shows runs
with C,, = 0.8. From top to bottom rows are solar
wind speed, plasma number density, ion temperature,
and electron temperature. In each panel, dark to light
colors correspond to runs with increasing values of the
inner boundary wave amplitude from 0 to 100 km/s.
Larger wave energy input leads to a higher solar wind
speed because of a stronger wave pressure gradient and
more heating of the plasma. The wave amplitude does
not change the density profile much. The left column
clearly shows that larger wave amplitude leads to higher
ion temperature and lower electron temperature. For
C, = 0.8, the ion temperature still increases with the
wave amplitude, while the behavior of electron temper-
ature is more complicated. Close to the Sun (r < 20r;),
electron temperature decreases with wave amplitude.
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Figure 4. Plasma number density (top), ion temperature (bottom blue), and electron temperature (bottom orange) as functions
of the solar wind speed at 1 AU. From left to right panels are runs corresponding to Cy =1, 0.9, and 0.8 respectively.
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Figure 5. T; — V (top) and T. — V (bottom) correlations at different radial distances to the Sun in runs with Cy, =1 (left), 0.9
(middle), and 0.8 (right). In each panel, from dark to light colors correspond to r =10, 25, 50, 100, and 215 solar radii.

Further away from the Sun, electron temperature in- nificant wave heating is larger than the ad-hoc heating.
creases with the wave amplitude. Figure 3 shows contri- In addition, the collisionless thermal conduction is com-
butions to ion heating (solid curves) and electron heat- parable or even larger than wave heating far away from
ing (dashed curves) per unit mass, i.e. Q/p, by different the Sun.

mechanisms in the run with C,, = 0.8 and |27| = 100 In Figure 4, we show how the plasma number density
km/s at the inner boundary. Blue curves are the ad- (top panel), ion temperature (bottom blue) and elec-
hoc heating, orange curves are the wave heating, and tron temperature (bottom orange) vary with the solar
the green curve is the collisionless electron thermal con- wind speed at 1 AU in runs with different C',,. From left
duction. The wave heating is weaker than the ad-hoc to right columns are C, = 1, 0.9, and 0.8 respectively.

heating close to the Sun, but the radial extent of sig- The behavior of plasma density does not depend on C,,
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Figure 6. T; — V (top) and T. — V (bottom) correlations
at 1AU for three sets of runs with different amplitudes of
electron ad-hoc heating. Blue curves are Qo = 2 X 1077
J/m?/s, orange curves are Qo = 1 x 1077 J/m?/s, and
green curves are o, = 0. All the runs have C,, = 1.

as how the dissipated wave energy is distributed among
ions and electrons does not affect the radial profile of
solar wind speed or the density much. As we increase
the wave amplitude, the density drops at first and then
starts to increase, though only with small variation (n
varies between 12.5 and 14.5 cm~3). Since the mass
conservation law gives n(r) = ng x (AgVo/A(r)V (r)),
as the wave amplitude increases, if V| increases slower
than V(r), n(r) has an anti-correlation with V (r), and
vice versa. Hence, the small variation of density with
wave amplitude indicates that the waves modify V and
V(r) with similar proportions. Similar to the density,
ion temperature is not modified by C,, significantly, ei-
ther. On the contrary, the electron temperature is quite
sensitive to C,. As (), decreases, the negative T, — V'
correlation gradually turns to positive, consistent with
what is shown by Figure 2.

In Figure 5, we show T; — V (top row) and T, — V
(bottom row) at different radial distances to the Sun
for runs with C,, = 1 (left), Cy, = 0.9 (middle), and
Cy = 0.8 (right) respectively. In each panel, from dark
to light colors correspond to r = 10, 25, 50, 100, and

215 solar radii. For C, = 1, positive T; — V correlation
and negative T, — V correlation are well established at
very close distance to the Sun and maintained as the
wind propagates. For C,, = 0.9 and C,, = 0.8, the
ion temperature is not modified much, while the T, — V'
correlation evolves as the solar wind propagates. Close
to the Sun, negative T, — V correlation is produced,
while as r increases, T, — V correlation gradually turns
positive. This trend is similar to in-situ measurements
by multiple satellites (Maksimovic et al. 2020).

4. DISCUSSION

The positive T; — V' correlation is easy to under-
stand: With more wave energy injected from the in-
ner boundary, the solar wind speed increases because of
larger wave pressure and larger thermal pressure gradi-
ent. Meanwhile, because most of the dissipated wave en-
ergy heats the ions, the ion temperature also increases,
resulting in a positive T; — V' correlation. The cause of
negative T, — V' correlation is more complicated. If we
consider the most simple case where the electron fluid
is polytropic such that To(r) = Tao X (po/p(r))?™", the
T. — V relation should be similar to n — V relation.
However, the left column of Figure 4 shows that even
in the large-V regime where the density increases with
V', T, still decreases with V. This indicates that the ad-
hoc heating may play an important role in forming the
T, — V anti-correlation. By observing the equation for
electron pressure (equation (le)), we see that, in a sta-
tionary state (0; = 0) and without Alfvén wave heating
of the electrons, there is

oP, B 1 0A 10V Qh,e
ar ~ O Pegg TPy 0

(10)

where C7, Cs, and C3 are constants depending on -,
and the collisionless heat conduction strength. Close to
the inner boundary, the dominating term is the ad-hoc
heating term (Figure 3). Because Qp, (r) is a given func-
tion of r, the contribution of this term to the increment
of pressure is inversely proportional to the solar wind
speed. That is to say, the faster the plasma is ejected,
the less internal energy it gains during its propagation.
This is why a stronger Alfvén wave injection leads to a
lower electron temperature at close distances to the Sun.
In Figure 6, we show T; — V (top) and T, — V' (bottom)
relations at 1AU for three sets of runs with C,, = 1
and varying amplitudes of electron ad-hoc heating. The
blue curves correspond to Qo =2 x 10~7 J/m3/s, the
orange curves correspond to Qo = 1 x 1077 J/m3/s,
and the green curves correspond to Qg . = 0. One can
see that, as we decrease Qo ¢, the negative T, — V' cor-
relation gradually vanishes, implying that the ad-hoc
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heating is necessary for the negative T, — V correla-
tion. However, if the electrons gain a portion of the
wave energy during the solar wind expansion, the anti-
correlation between T, and V is gradually destroyed, be-
cause further away from the Sun the contribution of the
ad-hoc heating gradually becomes less important com-
pared with the contribution of the wave dissipation (Fig-
ure 3). This explains why there is a radial evolution of
the T, — V relation. Based on this scenario, the in-situ
observations (Figure 1) indicate that in the slow solar
wind, electrons get more heating during the solar wind
propagation compared with electrons in the fast solar
wind, leading to different T, — V correlations for slow
and fast streams (right column of Figure 1). The under-
lying mechanisms, however, need further studies.

5. CONCLUSION

Through a 1D Alfvén-wave-driven solar wind model
with different ion and electron temperatures, we have
successfully reproduced the positive correlation between
the ion temperature (7;) and solar wind speed (V') and
the negative correlation between the electron tempera-
ture (T) and solar wind which are observed in the solar
wind. In our simulations, the different 7; —V and T, — V'
relations are a result of the fact that most of the dissi-
pated Alfvén wave energy heats ions instead of electrons
(e.g. Arzamasskiy et al. 2019; Squire et al. 2022; Bac-
chini et al. 2022), making electron heating close to the
Sun by the ad-hoc heating term, which represents mech-
anisms such as magnetic reconnection, less efficient due
to faster wind speed. With a small but finite portion
of the dissipated wave energy heating the electrons, the
simulations also reproduce the observed radial evolution
of the T, — V relation, i.e., the initially negative corre-
lation gradually turns into a positive one (Maksimovic
et al. 2020), because the contribution of the ad-hoc heat-
ing term gradually becomes negligible compared with
the Alfvén wave heating as the wind propagates.

We note that the model used here is not fully self-
consistent and some important characteristics of the ob-

served solar wind are missing in the model results. First,
the temperature evolution given by the model only qual-
itatively, but not completely quantitatively, agrees with
the observations. The radial decay rate (a in T, o< %)
of the electron temperature is large and does not vary
much with solar wind speed. In the bottom-right panel
of Figure 2, o changes from ~ 0.67 to ~ 0.65 as the wind
speed at 1AU increases from 470km/s to 660km/s. In
contrast, « varies between ~ 0.4 and ~ 0.2 as wind speed
changes from 400km/s to 600km/s as estimated using
HELIOS data (Maksimovic et al. 2020). This differ-
ence implies that other mechanisms, e.g. electron heat
flux, omitted in our model play an important role in lo-
cal electron heating. Second, the density only changes
slightly among runs with different wave amplitudes (Fig-
ure 2) and thus density does not vary with the wind
speed significantly (top row of Figure 4). However, it is
well known that faster solar wind is generally less dense
than slower solar wind and the mass flux only moder-
ately depends on the solar wind speed (Wang 2010).
Both the inner boundary plasma density and the ex-
pansion factor can heavily affect the solar wind density,
but they are both constant in the current study. A thor-
ough parametric study in which all these parameters are
treated as variables is necessary and will be conducted in
the future. Hence, the current study serves as a demon-
stration of how the Alfvén waves can contribute to the
observed T'—V correlations in the solar wind, while other
mechanisms (e.g. Fisk 2003) may still be important and
should be incorporated in a complete description of the
system.

This work is supported by NASA HTMS
80NSSC20K1275 and the NASA Parker Solar Probe
Observatory Scientist grant NNX15AF34G. The instru-
ments of PSP were designed and developed under NASA
contract NNNO6AAO1C. We thank Dr. Kun Zhang for
many useful suggestions.
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