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6 L. Ofman

Fig. 3. Nonlinear-wave driven fast solar wind in coronal holes obtained from 2.5D MHD
model developed by Ofman and Davila.?> Left panel shows the density structure and
the right panel shows the solar wind outflow speed in the region 1 to 40 Rp. Adapted
form Ofman and Davila.??

Alfvén waves was developed by Ofman and Davila.?® In that model the
waves were driven at the base of the coronal hole, and their propagation
into the coronal hole and the resulting acceleration of the solar wind
were modeled self-consistently. In Fig. 3 the density structure and the fast
solar wind radial outflow velocity are shown. The amplitude of the driving
Alfvén wave was vg = 46kms™!, the driving frequency was f = 0.35 mHz,
the magnetic field in the center of the coronal hole at r = 1Ry was
B = 7G, the temperature was 7' = 1.4 x 10°K, the number density was
no = 103 cm ™2, and the nonradially expanding magnetic field configuration
with expansion ratio f. = 10 was used. Due to nonlinearity the Alfvén waves
produce compressional waves in a process similar to parametric instability,
as evident in v, and p with highest amplitude near the center of the
coronal hole.

For the purpose of comparison to one-dimensional models the radial
cut through the center of the coronal hole is shown in Fig. 4. The radial
(V) and transverse (V) velocity components of the solar wind are shown
for several wave frequencies. For reference, Parker’s®? isothermal solar wind
solution is shown. The enhanced (over Parker) solar wind acceleration by
the nonlinear waves is evident. It is also evident that low frequency waves
provide higher momentum to the solar wind than high frequency MHD
waves. This is due to increased wavelength of the wave resulting in stronger
reflection from the inhomogeneous coronal hole density. Later, this model
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Fig. 4. A radial cut through the center of the fast wind in the coronal hole model
shown in Fig. 3. The radial and transverse solar wind velocities are shown for several
wave frequencies. The green curve shows the Parker’s isothermal solar wind solution.
Adapted form Ofman and Davila.2?

was extended to two- and three-fluid plasma with a driving spectrum of
Alfvén waves!?:26:5455 (see below).

Recently, Suzuki and Inutsuka?’ investigate the acceleration of the
fast solar wind by nonlinear Alfvén waves using one-dimensional (1.5D)
MHD single fluid model. The main new feature of this model was that
the Alfvén waves were initiated at the photospheric level, rather than at
the base of the corona. The model allows to trace the flow of wave energy
from the photosphere into the corona, taking into account the effects of
reflection from large density gradients of the low frequency (<0.05Hz)
transverse waves. The authors performed parametric studies of the model,
and investigated the effects of boundary conditions, wave amplitude, and
expansion factor on the resulting solar wind. They found that the solar
wind bulk properties agree with observations near 1AU.

3.2. Multi-fluid model result

Recently, Ofman?® developed 2.5D three-fluid model of wave driven fast
solar wind. Here, a brief review of these results is given. Ofman?% solved the
coupled three-fluid equations, that describe the dynamics of protons, and
Het* or O°* ions in a magnetized coronal hole. The electron momentum
equation was solved with the approximation of negligible electron inertia.
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Fig. 5. The typical form of the normalized wave power spectrum used in the three-fluid
and in hybrid model to drive the waves. Adapted from Ofman.26

An f=1 spectrum of Alfvén waves (see Fig. 5) was driven at the lower
coronal hole boundary. A snapshot of the resulting two-dimensional solution
showing the velocity components of protons and He™™ ions is shown in
Fig. 6. The Alfvénic fluctuations were applied non-uniformly with a random
phase, and as a result one can see wave trains propagating into the coronal
hole in the V; components. The associated compressive fluctuations in V;
are driven nonlinearly by the Alfvénic fluctuations.

The radial dependence of the solar wind velocity, density, and
temperature obtained by averaging the model results over # are shown in
Fig. 7. It is evident that Het™ ions flow faster than protons, in agreement
with observations. The proton flow is driven mostly by wave acceleration
and dissipation, while additional empirical heating was deposited into
the Het™ ions to obtain faster outflow. The right panel shows the
corresponding densities (thick curves) and temperatures (thin curves) of
electrons, protons, and He™ ™ ions.

In this model, as the Alfvén waves propagate into the coronal hole,
they deposit momentum into the solar wind, and dissipate via enhanced
(turbulent) viscosity and resistivity. The high frequency end of the Alfvén
wave nonresonant spectrum dissipates closer to the Sun, than the low
frequency waves. As a result, the spectrum is modified, and becomes steeper
than the source f~! spectrum. The result of this process is evident in the
spectrum of Alfvénic fluctuations shown at a distance of 18R (Fig. 8).
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Fig. 6. A snapshot of the fast solar wind outflow driven by Alfvén waves in a model
coronal hole calculated with the three-fluid model by Ofman.2® The left panels show the
Het* velocity components, and the right panels show the protons velocity components
(upper panels: Vy; lower panels: V;-). The velocities are normalized by the Alfvén speed
Vi =1527kms— L.

The steepening of the spectrum is also consistent with the dissipation of
magnetosonic shocks arising from the large amplitude, nonlinear Alfvén
waves.?8

The kinetic and effective (line width) temperature of protons, and He™ "
ions calculated with the three-fluid model by Ofman?®® is shown in Fig. 9.
The temperatures were averaged over the width of the coronal hole in the
model. In the three-fluid Alfvén wave driven solar wind model it was found

that the proton effective temperature is dominated by the contribution of
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Fig. 7. The solar wind outflow obtained from the 2.5D three-fluid model with Het+
driven by the wave spectrum. The left panel shows the outflow speed of protons (solid
curve) and Hett (dashes). The right panel shows the corresponding densities (thick
curves) and temperatures (thin curves). Additional heat was deposited into the Het+
ions to obtain the faster than protons outflow. The above quantities were averaged over
the width of the model coronal hole.26
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Fig. 8. The magnetic field fluctuation spectrum in stationary frame obtained at 18R .
The Alfvén waves with f~1 spectrum were launched at the coronal hole boundary (1R ).
Adapted form Ofman.26

the waves close to the Sun (the second term on the r.h.s. of Eq. 1). For the
He™™ ion component of the wind, the main contribution is kinetic (the first
term on the r.h.s. of Eq. 1). The He*™ ion heating in model is constrained
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Fig. 13. (a) The initial density distribution of protons. The temporal evolution of
the temperature anisotropy of (b) Het™t ions and (c) protons (lower panel) in the
inhomogeneous plasma with driven ion-cyclotron wave spectrum.

the non-homogeneous background structure, and they disappear when the
run with the same parameters is repeated with homogeneous background
plasma.

5. Conclusions

Several leading models of solar wind acceleration and heating by nonlinear
waves are reviewed. Single fluid models show how the solar wind can be
accelerated to fast wind speed of ~800kms~! measured at 1AU, driven
by Alfvénic fluctuations from the photosphere, or from the coronal base.
It has been shown that waves can heat the solar wind plasma to corona
temperatures given sufficiently enhanced effective viscosity and resistivity.
However, single fluid models can not describe the kinetics of the heating
process, the different ion temperatures, outflow speeds, and other properties
of the solar wind constituents, as deduced from observations.

Multi-fluid models are used to model the observational signatures of
heavy ion heating and acceleration. The results of multi-fluid models can
be compared to spectroscopic observations by constructing line profiles and
comparing to ion emission lines. The 2.5D hybrid models can successfully
account for the acceleration and heating of the solar wind ions in large
scale coronal structures, such as holes or streamers. Waves, in the MHD
spectral range (i.e., below the gyroresonant frequency) can be included self
consistently in these models, and the resulting solar wind agrees remarkably
well with observations. The multi-fluid dispersion relation does contain the
ion-cyclotron resonances and can be used to study ion wave velocities.?®
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However, the kinetics of the heating process can not be described in detail
by the multi-fluid models.

Kinetic response of the ions to resonant and nonresonant wave heating
can be modeled with hybrid codes. For example, using hybrid models it
was shown that O®' ions are heated more strongly than protons and
He™™  ions due to resonant interaction with driven left-hand polarized
cyclotron wave spectrum, and the stability threshold of anisotropic O°* was
determined.?! After short linear heating stage, the evolution becomes non-
linear, and the resulting temperature anisotropy saturates at a parameter-
dependent value. It was found that the velocity distribution of the heavy
ions heated by broad-band spectrum of cyclotron waves in the lower
corona can be approximated well by bi-Maxwellian distribution. However,
when super-Alfvénic drift is present the perpendicular velocity distribution
becomes shell-like, and Het™ as well as O°T ion temperature develops
strong perpendicular anisotropy. Since the hybrid models are usually limited
computationally to small scales of order several hundred ion-inertia lengths,
they can not be used effectively to model the global 3D solar wind from the
Sun to 1AU. Therefore, the results of both, kinetic and fluid models must
be combined to study the physics of the solar wind.
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