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Abstract. Recently, we suggested that the source of ion heatcussed too; see Hollweg and Isenberg (2002) for a review.
ing in solar coronal holes is small-scale reconnection event§hese possibilities cannot be ruled out because there is no
(microflares) at the coronal base. The microflares launch indirect evidence for the ion cyclotron waves, but the indirect
termittent heat flux up into the corona exciting ion cyclotron evidence is rather convincing and we will assume that the ion
waves through a plasma microinstability. The ions are heateayclotron waves do exist in the corona.

by these waves during the microflare bursts and then evolve Then, the next question to ask is, where do these waves
with no energy input between the bursts. The overall coro-come from and how are they replenished to provide the en-
nal heating by this mechanism is a summed effect of all mi-ergy source for the corona and the solar wind. This aspect of
croflare bursts during the expansion time of the solar windthe coronal heating is much less understood. Several mech-
and adiabatic cooling between the microflares. The intermit-anisms of the wave generation have been suggested so far,
tent heat flux produced by the microflares was modeled agut all of them seem to have difficulties putting together all
electron beams with constant speed and temperature for sinelements of the heating process.

plicity. In this paper, we consider a more sophisticated model The waves with high wavenumbers can occur throughout
of the heat flux taking into account the action of the mirror the corona due to a turbulent cascade starting from large
force and the charge separation electric field on the beam pamHD scales (e.g. Hollweg, 1986; Hollweg and Johnson,
ticles. We show that the radial evolution of the heat flux is 1988; Isenberg, 1990; Li et al., 1999). However, this process
determined mainly by the beam expansion along the magrather produces waves with high perpendicular wavenum-
netic field roughly at the root mean square velocity of the bers (e.g. Mongomery and Turner, 1981; Montgomery, 1982;
beam particles, while the variation of the beam bulk speedShebalin et al., 1983; Zank and Matthaeus, 1993; Ng
and thermal energy is less important. and Bhattacharjee, 1996; Kinney and McWilliams, 1998;
Matthaeus et al., 1998; Oughton et al., 1998; Nakayama,
1999; Milano et al., 2001), while generating high frequen-
cies and parallel wavenumbers required for the cyclotron res-
onance remains a problem. A possible solution of this prob-
A possible source of heating of the solar corona is turbulen{em has been described by Cranmer and van Ballegooijen
fluctuations in the ion cyclotron frequency range. This hy- (2003), Vasquez et "’_1" (2003). i
pothesis is strongly supported by the observational data from Altérnatively, the ion cyclotron waves can be excited by
the UVCS instrument on the SOHO spacecraft. In particu-tN€ Plasma instability driven by currents associated with a
lar, the data show that the heating increases the ion temper&loPal MHD mode (Markovskii, 2001). A similar idea was
ture mostly in the direction perpendicular to the backgroundtSed by Viias et al. (2000) to explain electron heating in the
magnetic field (e.g. Kohl et al., 1998: Dodero et al., 1998; corona. But thls_cha_nnel of the wave generation does not op-
Antonucci et al., 2000) and different ions are heated with€rate for an arbitrarily small frequency of the global MHD
different efficiency (e.g. Kohl et al., 1998, 1999). All these M0de compared to the proton cyclotron frequency. There-
and other properties can be explained by the ion cyclotrorf©®: it cannot be linked directly to the large-scale fluctua-
wave-particle interaction (e.g. Hollweg and Isenberg, 2002)_tlons, which are thought to be a possible source of the solar

It should be mentioned that other possibilities have been disWind energy. _ _
According to another scenario, the waves are directly

Correspondence tdS. A. Markovskii launched at the coronal base by reconnection events (e.g. Ax-
(sergei.markovskii@unh.edu) ford and McKenzie, 1992; 1996; Marsch and Tu, 1997; Tu

1 Introduction




486 S. A. Markovskii and J. V. Hollweg: Intermittent heat flux in coronal holes

and Marsch, 1997; Ruzmaikin and Berger, 1998). The diffi-cite a plasma microinstability and the generated waves are
culty with this approach is that the ion cyclotron waves havecyclotron resonant with the protons. The heating of the so-
to propagate through lower layers of the corona, where theyar wind by heat flux generated waves has been studied by
can be heavily damped on the ions with a smaller charge-toForslund (1970), Toichi (1971), and Coppi (Coppi, B., Col-
mass ratio, before they reach upper layers and heat the iorlsionless collective modes including transverse ion heating,
with a larger charge-to-mass ratio (Cranmer, 2000; 2001)Unpublished talk presented at Solar Wind Nine, Nantucket
This argument favors the generation of the ion cyclotronlisland, MA, 1998); for a review of the heat-flux instabili-
waves throughout the corona rather than at the coronal bast¢ies see, e.g. Gary (1993). In our case, the instability has the
Tu and Marsch (2001) argued, on the other hand, that thsame nature as a current-driven instability. A simple way to
damping on minor ions is significant only if the wave energy describe it is to consider two electron components: a hot and
density is relatively low. At greater densities, the dampingtenuous heat flux carrying beam and a relatively cold and
can be negligible. dense core corresponding to the background electron pop-
However, the energy densities used by Tu and Marschulation. The background temperature is about KOThe
(2001) to demonstrate the weak wave damping on the minotemperature of the hot component is greater by an order of
ions are large enough to trigger an additional damping mechmagnitude. This is a reasonable estimate because if we as-
anism. As shown by Markovskii and Hollweg (2002a), at sume that a 10 Gauss magnetic field reconnects and gives
these energy densities the waves experience additional dampdl of its energy to the electrons then, for typical densities of
ing due to the excitation of a plasma instability by the cur- the order of 18cm~2 at the coronal base, the electrons can
rents associated with the waves. be heated up to BK. Therefore, there is more than enough
One more challenge to the direct-launching scenario wagnergy residing in the magnetic field.
presented by Hollweg (2000). He found that the wave spec- The components of the electron distribution move with re-
tra used by Tu and Marsch (1997) are probably inconsistenspect to each other at the thermal speed of the hot compo-
with the observed spectrum of the density fluctuations in thenent, and they also move with respect to the protons. This
corona. This contradiction can be avoided if all the wavesdrift of the background electron population with respect to
propagate nearly along the coronal magnetic field, but thighe protons can drive the instability as if there were a cur-
seems to be unlikely. rent, even though the total current is assumed to be zero. In
It should be emphasized that the above-mentioned difficulParticular, much like the current-driven instability, the heat-
ties do not definitively rule out any of the proposed mecha-flux instability generates electrostatic waves at lower values
nisms of the coronal heating. At the same time, we recentlyof the plasma8 and shear Alfgn waves at higheg (e.g.
suggested a new approach involving plasma microinstabiliMarkovskii and Hollweg, 2002b; 2003). These waves can
ties generated by large but intermittent electron heat flux inthen interact with ions and heat them.

the corona. The aim of this paper is to develop these ideas A different, but similar, approach was used by Feldman
further. et al. (1993) and Voitenko and Goossens (2002). They sug-

gested that MHD flows emanating from microflare recon-
nection sites can excite Alen waves. As has been shown

2 Description of the heating model by Voitenko and Goossens (2002), the excitation of kinetic
Alfv én waves is due to a plasma microinstability. The un-
2.1 Basic concepts stable waves will heat the plasma in the vicinity of the coro-

nal base. The propagation of the ion beams to higher alti-

The basic concepts of our model were introduced by Hollwegtudes has also been discussed by Feldman et al. (1997) and
and Markovskii (2002) and Markovskii and Hollweg (2002b; Voitenko and Goossens (2003). As pointed out by an anony-
2003; 2004). Here we repeat some of them for completenessnous referee, there is an important distinction between the
The first element of our model is magnetic reconnection re-waves generated by the ion and electron beams: they propa-
sulting in microflares at the coronal base. During the flares, ayate in opposite directions. In this respect, the observational
significant portion of the magnetic field energy goes to theevidence of sunward/anti-sunward propagating density fluc-
thermal energy of electrons. The electrons are heated lotuations in the corona would help us to distinguishing be-
cally and when the hot particles become collisionless theytween these two mechanisms.
escape from the heating site generating heat flux going up It is important that in our model the heating has to be in-
into the corona. This heat flux can be pictured as electrortermittent. When the microflare occurs, the heat flux only
beams for simplicity, although in fact the distribution func- exists in the flux tube connected to the flare site, because the
tion is skewed rather than having a bump-on-tail structure. Inparticles do not move across the magnetic field. The next
a collisionless plasma, the electrons escaping from the site diare at the same site does not happen immediately. There is
the local heating can form a beam-like distribution function some waiting time between the flares. Therefore, the beams
through velocity dispersion, at least at the initial stage of thelaunched by the microflares have a finite extent along the
evolution (e.g. Ledenev and Starygin, 2001). background magnetic field and these localized beams are

At the next step in our model, the heat flux loses energyseparated by periods of much smaller heat flux. Furthermore,
to protons. This is possible because the heat flux can exit turns out that not only is the intermittency inevitable, but
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this mechanism can only work if the heat flux is intermittent.

If the heat flux were constant and large enough to exceed the' P
threshold of the instability, then it would carry much more
energy than is needed to drive the solar wind (Markovskii
and Hollweg, 2002b; 2003). This is impossible because this
extra flux cannot be left unaccounted. We know that at 1 AU

the energy of the solar wind is mostly the kinetic energy of -
the protons and the heat flux is small. This means that by
1AU, or actually much closer to the Sun, the heat flux has
already given all of its energy to the solar wind.

Therefore, to avoid this contradiction, we use the argu-
ment of the intermittency. We assume that sporadically the
heat flux is large enough to excite the instability, but because R
these sporadic bursts are rare, the total time-averaged heat
flux is much smaller and it gives the correct energy to the so-_. .
lar wind. In fact, this is how we can estimate the degree OfFlg. 1. Schematic of the proton temperatuig of a marked plasma

. . . . - parcel moving with the solar wind, which results from the intermit-
intermittency, i.e. the ratio of the time between the bursts to, . heating, as a function of the heliocentric distarceThe tem-

the burst time (see Sect. 3'2_ below). We need to Compa_re thSerature profile that would result from continuous heating is shown
energy budget of the solar wind and the threshold of the instaxg 5 gashed line.

bility. At the coronal base the degree of intermittency turns
out to be around several hundred (Markovskii and Hollweg,
2002Db, 2003). distortion. One of them is the heating itself. The wave par-
ticle interaction due to the heat flux instability operates only
2.2 Plasma heating in the collision-dominated region of thein a certain region of the particles phase space. As a result,
solar wind the distribution deviates significantly from its initial struc-
ture during the burst. Another source of the distortion is the
Markovskii and Hollweg (2004) have developed a simple mirror force, which is different for particles with different
method of calculating the heating during the heat flux burst.velocities across the magnetic field. Therefore, in general,
We will not repeat the details here. We only mention that it is for every cycle we would need to calculate the heating for
sufficient to assume a marginal instability slightly above thea different distribution. It turns out, however, that there is
threshold, so the calculation can be done in the quasilineaalways a process that works against the distortion of the dis-
limit. The reason is that the characteristic time of the global,tribution function. This process can recycle the distribution
macroscopic, expansion of the solar wind is much greateand it will have qualitatively the same structure by the end of
than any characteristic time of all microscopic plasma pro-every cycle.
cesses except perhaps the collision time. For instance, the The situation is especially simple close to the Sun because,
proton gyroperiod is about 6 orders of magnitude smallerfor reasonable parameters of the heat flux, the time between
than the expansion time at 1.5 solar radii. Therefore, evernthe bursts can be greater than the time of proton-proton colli-
if the instability results only in slow heating on the micro- sions. As a result, the distortion from the heating is com-
scopic scale, it can still be fast enough on the global scale tgletely absorbed and the distribution is isotropized by the
account for the observed heating of the solar wind. collisions by the time of the next burst. The distortion due
The heating during the heat flux bursts contributes to theto the mirror force also does not occur. This means that the
overall heating, which in this model is a summed effect of variation of the macroscopic solar wind parameters can be
a burst and of what happens until the next burst. The solacalculated simply from fluid equations. Note that the parti-
wind behavior between the bursts is relatively simple. Therecle diffusion within the burst is not affected by the collisions
is no energy input and the solar wind just cools down adi-because the bursts are short enough.
abatically because of its expansion. This kind of behavior The region close to the Sun, where the collision time is
is illustrated in Fig. 1. If we mark a plasma parcel and fol- smaller than the interval between the heat flux bursts, is
low its motion with the solar wind, the temperature profile of the most important one because the expansion here is the
this parcel will look like sawteeth, instead of a smooth line. strongest and a heating mechanism should work most effi-
By comparing the heating during the burst and the adiabaticiently to overcome the adiabatic cooling. However, the heat-
cooling between the bursts, we can determine whether thigng continues at greater heliocentric distances and without
mechanism maintains the temperature at the level suggestetle collisions we can again run into the problem of the distor-
by the observations. tion of the distribution function mentioned above. A detailed
One of the problems associated with the intermittent heatdiscussion of this problem is beyond the scope of the present
ing is that the proton distribution function at the beginning of paper. Here we only mention that the collisions can be re-
a heating cycle in Fig. 1 is not the same as it is at the end oplaced by a similar process. The basic idea is that the dis-
the cycle. It gets distorted. There are several sources of th&ibution function distorted by the mirror force between the
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bursts is unstable and excites waves that scatter particles arisl unknown, but apparentl®.q cannot exceed.®Rs,p, the
act against the distortion. This secondary instability cannotdistance at which the time between the buistshecomes
add any energy to the particles, in contrast with the primarycomparable to the solar wind expansion time.

heat-flux instability, because the secondary instability is gen-

erated by the distortion of the distribution and the distortion2.3 ~ Solution of the fluid equations

is due to a stationary magnetic field. Therefore, the heating]_ ) ) ) )
will still be done only by the heat-flux instability during the 1° illustrate the heating and acceleration of the solar wind,

burst. On the other hand, the scattering resulting from theVe Will use a numerical example similar to the one in
secondary instability can play the role of collisional scatter- Markovskii and Hollweg (2004). We start from the steady-
ing and prevent the distribution from getting too far from the State fluid equations of the mass, momentum, and energy
Maxwellian at the beginning of each burst. Note, however,conservation for the protons

that, in contrast with the collisional scattering, the scatter-, ryV(R)A(R) = const )
ing due to the secondary instability is anisotropic; therefore,
complete isotropization is unlikely in this case.
Below, as in Markovskii and Hollweg (2004), we will fo- V(R)dV(R) _ _ 1 dlkn(R)(Tp(R) + T.(R))]
cus on the collision-dominated region of the solar wind. A dR mpn(R) dR
simple way to describe the global evolution of the solar wind GMgyn 4
in this region is to use the fluid equations with a heating T R2 )
function derived from the microscopic kinetic theory. In the
fluid models, the heating function determines the amount of dT,(R) 2T,(R) d[V(R)A(R)]
energy put into the solar wind by some unspecified mecha¥ (R) ;R =3 :(R) IR
nism at a given heliocentric distance and it plays the role of 5 5
a source ter_m in the MHD equation of energy. + —(T.(R) — Tp(R)) + = Q(R), (5)
To establish the analogy between the fluid models and our Tep 3nk

heating mechanism, we need to assume that the time betwegfhere g s the heliocentric distanceg is the heating func-
the heat flux bursts is much smaller than the solar wind €X1ion. A is the flow tube cross section. and

pansion time. In this case, the variation of the macroscopic

solar wind parameters will be determined by atime-averaged 0.15 mp(kT,)%/? )
effect of many bursts and each burst will give only small vari- *” =~ /mone*in A

ations of the solar wind parameters. Since the bursts are very L _
short and the evolution of the solar wind between bursts is'S the electron-proton collision time. The thermal coupling
controlled by collisions, as discussed above, our mechanisrR€tWeen the electrons and protons, described by the second
will then give the same results as the fluid model if the heat-18"M on the right-hand side of Eq. (5), is considerable within
ing function is the same. a distance of about.3Rsun, Wherer,, is less than the solar
The solar wind expansion time, which we define as thewind expansion time, and becomes insignificant at greater
ratio of the scale of the density inhomogeneity to the So|aro_listances. _Recall that the quantities _entering ipto these equa-
wind speed, varies with the heliocentric distance. The minj-ions are time-averaged ones as displayed in Fig. 1 by a
mum value of the expansion time is approximately 1000 s adashed line. In_ general, the heat flux instability results_ in
1.5 solar radii. Following Markovskii and Hollweg (2004), Mmomentum addition as well as heating, because the particles

we assume that the time interval between the heat flux burst&cauire a bulk velocity along the magnetic field. The mo-

At is much smaller and equals to 100s. mentum addition can be incorporated into a fluid model (e.g.
Once this time is specified, we can estimate the maximunfFSSer et al., 1997). From a mathematical standpoint, it ap-

heliocentric distanc®cq) at which the distribution between P€&rs as a source or sink term in the momentum equation.

the bursts can be recycled and isotropized by the collisions. OUr goal, however, is to check whether the heating rate
We use the formula associated with the heat flux in our model can provide ob-

served parameters of the solar wind. The solar wind density

32
o — 029V kD) / (1)  n(R) canbe measured quite accurately; therefore, we assume
bp ne*In A thatn(R) is given by Eq. (2), derived from the observations,

for the proton-proton collision time (e.g. Spitzer, 1962, and considerQ(R) an unknown function. We supplement
Egs. 5-26), where In is the Coulomb logarithm. Taking the system of Egs. (3)—(5) with the area expansion function
T = 10°K and the density in the form A(R) in the form

n=32.100"16125.100,37%cm™3 @) fmax(R/Rsun)?

A(R) = —.
derived from the observational data of Feldman et al. (1997), 1+ (max—= D+ ((R/Rsun) = 1))

wherer is the heliocentric distance in solar radii, we obtain Here fimax is the overall expansion factor of the flow tube,
Rcoll~1.3Rsun BeyondRcan, the quantityr,, is greater than  which we set equal to 5. The constaatsind ¢ determine
At. The value ofR.q is somewhat uncertain becauae how the overall expansion is distributed as a function of the

@)
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heliocentric distance. We put=2 andc=7. This assures 6
that, firstly, the temperature maximum of the solution ob- 1. 4 T[107K] T
tained below is achieved beyond 1.5 solar radii and, sec-1. °
ondly, the faster than radial expansion contributes a factor
of 2.7 to the flow tube cross section from 1 to 1.5 solar radii,
which will result in a solar wind speed of 100 km/s &Ry 0.
for the boundary conditions described below. According to
Eq. (7), the greatest rate of the superradial expansion occurs |
near 15Rq, and the expansion is essentially radial beyond 0-
2.5Rsun 0.
We then solve Egs. (3)—(5) with the boundary condi-
tion 7,(1.5Rsun=1.5-10°K, which is consistent with the 1 1.1 1.2 1.3 1.4 1.5
observations reported by Esser et al. (1999). The con-
stant in Eqg. (3) is equal to the proton flux density at 1 AU

. _2 —1 . .. _
310°cm s~ For simplicity, we do not attempt to de Fig. 2. Numerical solution of the fluid Egs. (3)—(5) for the solar

scribe the electrons self-consistently. Instead, we set th%\vind electron and proton temperatures as functions of the heliocen-
electron temperature to be almost constant and never greatgy

. . c distance.
than the proton temperature in agreement with the observa-
tional data in the corona (Wilhelm et al., 1998). We take into
account the electron-proton thermal coupling by assumingng Markovskii and Hollweg (2004), we will also assume that
that the electron and proton temperatures are exactly equdhe beam’s speed and temperature remain constant as it prop-
for R<1.3Rsun With 7, gradually leveling off to a constant agates to higher altitudes. Then, the beam density will be the
value of 810°K at R>1.3Rsun The numerical solutions for only varying parameter. As we will see below, in Sect. 3.2,
T,(R) and T.(R) are displayed in Fig. 2. These tempera- this is a reasonable approximation at least in our region of
ture profiles are close to the ones obtained by Markovskii andnterest, within 15Rs;n.
Hollweg (2004) in the approximation of an exactly constant As shown by Markovskii and Hollweg (2004), the heat
electron temperaturg,=7.5-10° K neglecting the electron-  flux instability needed to provide the heating rate resulting
proton thermal coupling in Eq. (5). The reason is that in thefrom Egs. (3)—(5) has to be in a marginal state. Therefore,
region R<1.3Rsun, Where the coupling could affect the en- to derive the radial evolution of the heat flux from the heat-
ergy balance, the proton and electron temperatures calculatdfig rate, we can simply determine the threshold beam density
from Egs. (3)—(5) turn out to be close to each other even if therequired to excite the instability for the beam speed and tem-
coupling is neglected. However, for completeness, we havdoerature specified in the previous paragraph. In the gow-
used a more accurate model here. We do not extend this sdegion of the corona close to the Sun, the dominant mode of
lution beyond 1.5 solar radii because the isotropic fluid equathe heat-flux instability is the electrostatic one. To calculate
tions are not applicable to our model at greater distances (sei@e threshold beam density, we will use the usual linear elec-
the discussion in the end of Sect. 2.2). At the same time{rostatic dispersion relation in the frame moving at the bulk
within 1.5 solar radii these solutions give the temperaturespeed of the protons:
vglues close to th_e observed ones; and the heating rate, dete_Lr-+ £(0) + £c(@ — kyue) + (@ — kyup) = O, @)
mined by Eq. (5), is comparable to the one used, for instance,
by Esser et al. (1997) in their fluid model of the solar wind. Where the subscriptg, ¢, andb denote the protons and the
background (core) and heat flux carrying (beam) electron
components, respectively. The relative bulk velocitieand
3  Parameters of the heat flux up of the electron components with respect to the protons
satisfy the zero current condition

Now our goal is to estimate the heat flux required to producen le + npup = 0 )
the solar wind parameters shown described above and then ¢ ’

check if it is consistent with the actual radial evolution of the wheren,. andn;, are the number densities of the electron

SO N A O O L N

r [ solar radii ]

electron beam carrying the heat flux. components. The real part of the angular frequency is
and the subscrigt denotes the direction parallel to the back-
3.1 Heat flux derived from the heating rate ground magnetic field3o=(0, 0, B,g). The particle distri-

butions of the protons and the electron core and beam are
The heat flux is controlled by three parameters of the electrorassumed to have the Maxwellian form. The explicit expres-
beam, its bulk speed, temperature, and density (see Eq. 1§ons fore’s can be found, e.g. in Markovskii and Hollweg
below). For an illustration, we postulate that the beam elec{2004).
trons are heated up to the temperatije-8-10°K at the When the beam speed is constant, the threshold of the
coronal base and the beam is launched at the bulk speed equagat-flux instability depends most strongly on the tempera-
to its thermal speetly,=+/2kT,/m.~15 600 km/s. Follow-  ture ratio of the protons and the core electrons. The threshold
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0.12 0.08
0.1 0.06
0. 04
0. 08 0.02
0. 06 ‘ ‘ : : : ‘ ‘ 0
0.8 1 1.2 1.4 1.6 1.8 2 2.2 1 1.1 1.2 1.3 1.4 1.5
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Fig. 3. Threshold relative beam density as a function of the proton-Fig. 4. Relative beam density as a function of the heliocentric dis-
to-electron temperature ratio. tance calculated from the heating rate (top curve) and from the beam

expansion (bottom curve).

relative beam density calculated from Eq. (8) as a function of
the temperature ratio is plotted in Fig. 3. We then used themotion, we take a quasi-particle that represents the most pop-
proton and electron temperatures calculated from the fluidulated region of the beam distribution. The initial veloc-
equations and shown in Fig. 2 to represent the threshold beaiity vo of the quasi-particle along the magnetic field at the
density as a function of the heliocentric distance. The resultcoronal base is equal to the beam bulk speed and the ini-
is displayed as the top curve in Fig. 4. The electrostatic disial perpendicular velocity ¢ is equal to the beam thermal
persion depends on the Afn speed very weakly as long as speed. We assume that the beam is launched at the coronal
Va/c < 1. Therefore, we assumed the same Alivspeed  base with the temperatuf®, = 8-10°K and the bulk speed
V4=3000 km/s in the entire region from 1 to 1.5 solar radii. Vy,=+/2kT,/m., and the radial direction coincides with the
direction of the magnetic field. Thus, botly andv, o are
3.2 Heat flux derived from the beam evolution equal toVr,. The acceleration of the quasi-particle in the

) ) ) radial direction is determined by the mirror force and the
The actual radial evolution of the heat-flux carrying beam charge separation electric field:

is determined by three processes. Firstly, because the beam
has a finite spatial extent, it expands along the magnetic fieldiv, v, d(InA) k d(nT,)
due to the velocity dispersion of the beam particles. This;, = 5 ~ ;g mon dR
expansion by itself is not accompanied by the beam energy
variation, since the particles are hot enough and they interwhere the last term on the right-hand side is the electron pres-
act neither among themselves nor with the background parsure gradient with a constant electron temperature, which is
ticles via collisions. Secondly, the beam loses its energy taesponsible for the generation of the electric fieddandn
the protons via the wave-particle interactions resulting fromare given by Egs. (7) and (2), respectively, dhdis dis-
heat flux instability and the interaction with the electromag- played in Fig. 2. We then solve Eq. (10) using the equality
netic field responsible for the zero-current condition (Eq. 9).dR/dt=v), the relationA(R)~B~1(R), and the conserva-
Thirdly, the beam loses its energy due to the global forces irtion of the magnetic moment, which impIie%(R)~B(R).
the corona. The most important forces are the mirror force The resulting solution fow;o with the boundary condi-
in the inhomogeneous magnetic field and the electric fieldtions vjo=v0=15 600 km/s is shown in Fig. 5. As we can
created by the charge separation of the protons and the backee, the velocity is almost constant (in agreement with our
ground electrons, while the effect of gravitational force act- assumption in the previous section) with a slight acceleration
ing on the beam electrons is negligible. This latter energydue to the mirror force. At the same time, the total kinetic
loss is undesirable from the standpoint of our model, becausenergy of the quasi-particle, modeling the total energy of the
the beam loses the energy without heating the protons. beam, is decreasing (Fig. 6) at the expense of the perpen-
The full description of beam evolution is a complicated dicular energy because the mirror force does not change the
problem, which is beyond the scope of the present papelparticle’s total energy and the electric field extracts the par-
We will defer the second process associated with the heatallel energy. However, the energy variation is not significant,
flux instability to a future study. Here we will show that the the quasi-particle loses about 1/4 of its initial energy, which
beam’s thermal expansion and the action of the global force$s again consistent with our assumption in Sect. 3.1. We do
are consistent with our heat-flux instability mechanism. not extend the solution beyondbRg,, because the approxi-
Let us first estimate the variation of the beam speed asnation of an almost constant electron core temperature even-
it propagates away from the Sun. To model the beam’s bulkually becomes invalid at greater distances.

: (10)
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Fig. 5. Calculated speed of the quasi-particle modeling the bulk Fig. 6. Total energy of the quasi-particle per unit mass as a function
speed of the beam as a function of the heliocentric distance. of the heliocentric distance.

Note that the total beam energy, as well as the actual bearhlere the sum is over the beam and core (background) compo-
distribution function, has only a minor effect on the excita- nents of the electrons population, the heat flux is calculated
tion of the heat flux instability. The reason is that the beamfor a Maxwellian distribution of each componeit, is the
particles do not interact with the waves directly. The only duration of the heat flux bursiz is the time interval between
role of the beam is to produce the backstreaming of the backthe heat flux bursts, and the ratia /§t is the degree of inter-
ground electrons through the zero current condition (Eq. 9)mittency. Strictly speaking, Eq. (11) is incomplete because
and it is the background electrons that drive the instabil-not all of the beam energy goes to the protons. As discussed
ity. Therefore, the excitation of the instability is controlled above, some of the energy is needed to get the beam itself out
mainly by the beam bulk speed and density. It is importantof the potential well associated with the charge-separation
to emphasize that the backstreaming of the electron core iglectric field. However, given the qualitative nature of our
not affected by the electron-proton collisions, because thesalculations, Eq. (11) is a reasonable approximation.

backstreaming takes place only when the finite-extent beam gy pstituting the parameters at the coronal #&sel07,,
passes through a given region of the background plasmg, _v.,, 7,=8.10°K, and ny/n,=0.08, using Egs. (7)
within a period of time much smaller than the electron-protonang (13), and deriving the solar wind speed at the base
collision time. V=2.1km/s from the mass conservation law, we calculate the

To calculate the radial evolution of the beam density, wedegree of intermittency at the coronal base/(5t)o=260.
now need to determine the parameters of the heat flux at therom here the burst duratiqdr)o=Atr/260=0.38 s.

coronal base. As discussed above, the heat flux has to be
intermittent. The degree of intermittency is derived from
the energy budget of the solar wind in the following way
(Markovskii and Hollweg, 2002b; 2003). At 1 AU the energy
of the solar wind is mostly in the form of the proton kinetic
energy. Taking the number density at 1 AY=4 cm2 and
the solar wind speetfz =750 km/s, we find the energy flux

The only difference at greater heliocentric distances is that
the heat flux becomes less intermittent. The duration of the
heating cycleAr remains the same, but the duration of the
heat flux burssr increases. The reason is that, as discussed
above, the heat flux carrying electron beam has a finite spa-
tial extent and it is expanding along the background magnetic
. gt 5 1 . field as it moves away from the Sun. Since the beam elec-
per unit area per unit timg;=1.4 erg cm™=-s~*. Mapping a}rons are collisionless, the beam expands roughly at the root

this flux backto 1 solar radius and assuming thqt the coron mean square velocity of the beam particles in the direction of
holes occupy 20% of the solar surface, we obtain the energy, magnetic field

flux at the coronal basg=3.3-10° erg cm=2.s 1. ] ) ] ) )
The fluxg consists mostly of two parts: the heat flyx To estimate the beam density at a given distance, we will
assume that the front and rear edges of the beam, mov-

carried by the electrons and a negative gravitationaldlix
ing at the velocitieSufozuboJrO.S,/<v12>b%21 000 km/s

q =4qr + 96, (11)

where andu,o=upo—0.5,/ <v?>,~10 000 km/s, respectively, start
GM. at the coronal base with the time delays)o. Here

g6 = —mpn,V——2 (12)  up=Vr»~15600km/s and

sun
G is the gravitational constan¥/syn is the solar mass, and

+00
qr = 57‘3 l nlu1< . +”1>~ (13) <v; >p=,/ Z”ka_oo v, €Xp

e

)dvz. (14)

me UZ?
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We then model the beam’s rear and front edges again withs to produce the backstreaming of the background electrons

two quasi-particles whose initial perpendicular velocity is through the zero-current condition and it is the background

equal toVy, and the parallel velocities are equalit@ and  electrons that drive the instability. Therefore, the excitation

u yo, respectively. of the instability is controlled by the beam bulk speed and
The beam density is inversely proportional to the increas-density.

ing distance between the front and rear quasi-particles and Since the beam speed and energy do not change much,

the increasing flux tube cross-sectidiiR). From here we  the radial evolution of the heat flux is determined by the ex-

obtain pansion of the finite-extent beam along the magnetic field
np  np(Rsun) np(Rsun)A_l(R)(St)ouro (15) rpughly at the root mean square velocity of the peam par-
n,  1,(Reu) np(R) R—_R ticles. This expansion by itself is not accompanied by the

N beam energy variation, since the particles are hot enough and
where we seR equal to the position of the beam’s front edge they interact neither among themselves nor with the back-
Ry and Ry is related to the position of the rear edBeby  ground particles via collisions. The only varying quantity is

the equation then the beam density. We have demonstrated that the beam
Ry R, density variation is not inconsistent with the heating rate re-
ds ds quired to produce the observed solar wind parameters.
— (8t)o = ) (16) . o .
vf(s) vy (s) Finally, in this paper, we have not taken into account the
Rsun Rsun effect of the microinstability on the evolution of the elec-

Herev(R) andv, (R) are the solutions of Eq. (10) describ- tron distribution function. The microinstability will intro-
ing the front and rear quasi-particles. The quantifyn , is duce additional decrease of the energy of the heat-flux car-
plotted in Fig. 4 (bottom curve) as a function of the heliocen- r'Ying beam. However, the energy will be lost to the protons,
tric distancer. which is what we want to achieve with this model. As the
As we see, the beam’s relative density derived from itsthreshold of the heat-flux instability gradually decreases with
evolution Stays approximate|y constant Compared to the abthe heliocentric diStance, all of the energy is eventually ex-
solute density that drops by more than two orders of magm_tracted from the beam, and the core and beam will slow down
tude in this region. This behavior is similar to that of the rel- t0 the speeds observed in situ in the solar wind. However, a
ative density derived from the heating rate, which is almostProper kinetic calculation of this process still remains to be
constant too. Also, both curves in Fig. 6 follow the same done.
trend, which is a reasonably good agreement in the frame-
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