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Abstract. Small-scale Alfenic turbulence in the outer helio- is considered as the principal mechanism of the solar wind
sphere is mainly determined by a source which is connectedheating in the outer heliosphere. This mechanism is efficient
with the instability of the initially highly anisotropic velocity beyond 10 AU where the number density of atoms is suffi-
distribution of interstellar pick-up protons. The main portion ciently large.

of the generated turbulent energy is subsequently absorbed The free energy of the anisotropic distribution constitutes
by the pick-up protons themselves due to the cyclotron-approximatelyv, /Vsw of the total energy of pick-up ions,
resonant interaction between waves and particles. A smalivherev, andVgw are the Alfenic and solar wind speed,
fraction of this energy can be transferred to solar wind pro-respectively. However, as it follows from the results by
tons resulting in their heating. The heating is more efficientwilliams et al. (1995) and Smith et al. (2001) only about 5%
in the high-speed solar wind. of this free energy is enough to explain the spatial distribu-
tion of the proton temperature in the outer heliosphere. It was
unclear for a long time why the other 95% do not contribute
to the proton heating. Isenberg et al. (2003) and Isenberg
(2005) have shown that the amount of turbulent energy trans-

. f if the di i ff
The measurements of the solar wind parameters by thgerred to protons can be reduced if the dispersion effects are

1 Introduction

; . aken into account.On the other hand, Chalov et al. (2004
\Voyager-2 spacecraft (e.g. Richardson and Smith, 2003 ' o
show that the spatial behaviour of the proton temperature dif- 005) have shown that turbulent energy generated by pick

fers essentially from adiabatic cooling. Moreover, the protonUp protons during the process of their isotropization can be
. o2 ’ reabsorbed by the pick-up protons due to cyclotron resonant
temperature even increases beginning with 25-30 AU. Ac y b PP y

. . . ; ‘interaction. It follows from Chalov et al. (2005) that pick-up
cording to the present view the main mechanism of the so- ) :
lar wind heating in the outer heliosphere is connected withprOtonS absorb the major portion of the turbulent energy (so

: L . that the problem of 95% is absent), but, nevertheless, a small
pick-up protons originating in the solar wind as a result of

ionization of interstellar hydrogen atoms (Williams et al fraction of this energy can be transferred to solar wind pro-
ydrog " tons. This amount of energy is, however, sufficiently large to

1995; Zank et al., 1996; Matthaeus et al., 1999; Smith eth :
L ' T i ! ' eat the solar wind up to the measured temperatures. In the
al., 2001; Fahr and Chashei, 2002; Chalov et al,, 2005). In resent paper we extend the results by Chalov et al. (2005)

the solar wind rest frame the speed of newly created protong Lo . :
. . : y taking into account the influence the solar wind speed on
is only approximately equal to the local wind speed due totthe heating rate

the fact that the neutrals move into the heliosphere at abou
20km/s. The velocity distribution of the protons is highly
anisotropic. This distribution is unstable (Wu and Davidson, . .

1972) and for a short time as compared with the time of con-2 Closed system of governing equations for protons
vective transport evolves to a nearly isotropic distribution. and waves
The energy density of the isotropic distribution is smaller . .
than the energy density of the initial anisotropic distribution The effect of p|ck-up protons on the thermodynamical
stable on shortest timescales. The free energy is realized jRroperties of solar wind P'aS”?a becomes _pronounced at
the form of Alfven waves. Dissipation of these waves due " 10— 20 AU from the Sun and it essentially increases fur-

to the cyclotron resonant interaction with solar wind protonsther W'th the heliocentric d|stance_due to relative increase
of the pick-up proton number density as compared with the

Correspondence tdS. V. Chalov (chalov@ipmnet.ru) number density of solar protons in the expanding solar wind.
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At such large distances the interplanetary magnetic fieldgyy,  Vow 0 b oW,
(IMF) can be considered as azimuthal on average almost ev-g,~ + 3 or (7’ Wk) = ok <Dkkak>
erywhere in the supersonic solar wind with the exception of

the polar regions. Thus, at these distances velocities of newly Wi+ Qe k). ()
created pick-up ions are almost perpendicular to the magnetic |n Eq. (2) Dy (r,v) denotes the energy diffusion coeffi-
field lines and their velocity distribution is close to a ring cient,v is the speed of particles in the solar wind rest frame,
distribution. Such kind of the distribution is unstable and re- gnd S(r,v) is the source of pick-up protons connected with
sults in generation of a broad spectrum of waves. Howeverionization of interstellar hydrogen atoms. The energy diffu-
Alfv énic waves propagating along the magnetic field linession coefficient depends on the spectral density of &ifc
have largest increments (e.g. Brinca, 1991), and this is theéurbulence ¥y, and, in the frame of the quasi-linear approx-
main reason why just these waves are considered in the mamation, is given by (see, e.g., Miller and Roberts, 1995)
jority of studies concerning the instability of the anisotropic

velocity distribution of pick-up ions. At the azimuthal con- 27r262 (UA)2 1 /°° [1 - <kmin)2] Wi 4 @)
figuration of the IMF, the generated Am waves propagat- "~ ~ m2 v /s k k7

ing parallel ¢ > 0) and antiparallel ¥ < 0) to the magnetic

field have equal intensities to the first-order accuracy, ignorWherek.,i, = €, /v is the minimum resonant wave number
ing terms of ordew, /Vgw, whereu, is the Alfven speed  for a pick-up proton of speed The source term in Eq. (2)
and Vg is the solar wind speed. Within this approximation describing production of pick-up protons due to ionization of
and in the case of pick-up protons constituting the most abuninterstellar hydrogen atoms is

dant population among pick-up ions, the total energy density

c

min

injected per unit of time into waves propagating in both di- S(r,v) = 4@;? 0 (v—Vsw) . (5)
rections due to instability of the ring distribution of pick-up TVsw

protons is (Huddleston and Jonstone, 1992) Here Dirac'si—function implies that the initial isotropic dis-
Qr = BinmmyvaVaw /2, 1) tribution of pick-up protons is shell-like. Along the upwind

_ o _ direction the number density of interstellar hydrogen atoms
wherep; is the ionization frequency of and; is the number s sufficiently well given by (Fahr, 1968, 1971)
density of hydrogen atoms, ama, is the proton mass.

Resonant m_tera_ctlon of pick-up ions with the ,_Géimc nE(r) = Nizoo €XP (_ ﬂlETE> _ (6)
waves results in pitch-angle scattering of the particles and, ViooT
therefore, in isotropization of their velocity distribution (in In EQ. (6) ni1e and Vig, are the number density and bulk

the s.olar wind rest frame). At the same time the SpeCt.rak/elocity of interstellar hydrogen at a sufficiently large dis-
density of the self-generated waves evolves to some station-

A ; Nance from the Sun (more precisely, near the solar wind
ary distribution in wave number space. Estimates show tha[
the isotropization time is substantially smaller than the char-
acteristic times of such processes as convection with the s,
lar wind speed, adiabatic cooling, energy diffusion and so o ave number space connected with nonlinear wave-wave
(Bogdan et al., 1991). Since just these latter processes are

. : S >~ ~ Interactions and resonant damping due to wave-particle in-
most interest in the present paper, we consider isotropizatiof, - tions. The diffusion theory of hydrodynamical turbu-

as in_star_1taneogs and will consider only the isotropic VeIOCitylence has initially been developed by Leith (1967) and lat-
distribution of pick-up protons. ter it was applied to solar wind turbulence by Zhou and

th Thelmlthl dsp;eed of newly cTeated p.'Ck'tu‘lj [?[rotﬁnsl ('nlMatthaeus (1990). We assume here that the spectral den-
e solar wind frame) are equal approximately to the local sity is symmetric with respect to the wave numides 0,

;olar wind speed. Ther_efore, the injection of the energyi.e'Wk(k) — Wy(—k). In the frame of the Kolmogorov phe-
into the turbulent wave field occurs around the wave num'nomenology, the diffusion coefficient according to Zhou and

ber kin; = (2, /Vsw, where(l, is the proton gyrofrequency. Matthaeus (1990) has the following form:
The initial distribution of the wave intensity evolves in space

and time due to convection, nonlinear interaction of waves, Wi
. . i . — 7/2 L
and damping connected with the wave-particle interaction.Dxx (7, k) = valk| B2 /ar (7)
In the frame of a spherically-symmetric approximation with

Vsw = const the closed system of equations for the veloc- where B is the magnetic field magnitude. We prefer to use

ity distribution function of pick-up protong(¢, r, v) and for - the Kolmogorov form of the diffusion coefficient, since it
the spectral density of Alenic wavesWy (¢, 7, k) can be  describes solar wind turbulence more adequately than the

ermination shock).
Equation (3) describes evolution of the wave power in
e expanding solar wind taking into account diffusion in

written as Kraichnan phenomenology in the case when the normalized

of af 10 (, af cross-helicity is small (Miller and Roberts, 1995). The sec-

ot + VSWE ~ 2o <v DVV%) ond term in the right-hand side of Eq. (3) describes the damp-
Wawv Of ing of Alfvén waves due to resonant interaction with pick-up

ar 90 S(r,v), (2)  protons. The characteristic time-scale of this process is larger
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than that of the evolution of the ring velocity distribution to to the case when forward and backward propagating waves
the isotropic distribution and it results in stochastic accelera-have equal intensities. However, nonlinear interactions of the
tion of the pick-up protons. The associated dampingfate waves leads to decrease the anisotropy at large distances.
has the following form (e.g. Bogdan et al., 1991; Miller and  The velocity distribution function and spectral energy den-

Roberts, 1995): sity are normalized such thﬁfC 42 f(r,v) dv is the num-
b o uaNZ 1 [ dmo ber density of pick-up protons anﬂf;o Wk(r, k) dk is the
Y (r, k) = =27 (—) Tl m—f(f‘,v) dv, (8) total energy density of waves propagating parallel and an-
Ymin TP tiparallel to the magnetic field.

In EQ. (8) vmin =2, /|k| is the minimal speed of pick-up

protons at which the resonant interaction between the par- N .

ticles and Alfen waves with wave numbéris possible. Fi- 3 Boundary conditions and basic parameters of
nally, the source ternd)y is the energy input in the wave the problem

field from pick-up protons during the process of isotropiza- , .
tion. In Chalov et al. (2004) it was assumed for the sake ofE_quanr_\s (2) ar_1d (3)_are a closed sys.tem Of Integro-
simplicity that injection of the wave energy occurs exactly atf:ilffe.ren'nal _equatloqs with respect to the isotropic veloc-
k== kin; (kinj = 2,/ Vaw). Here as well as in the recent pa- ity dIStI’IbUtlon. functlon,of' pick-up protong(r,v) and the
per by Chalov et al. (2005), the more realistic expression forspectr_al density of Alfenic turbulenceW (r, k). ~These
the source term obtained by Huddleston and Jonstone (199 quations (an_d, thereforgf, _a_nd W) are coupled_ through
taking into account a spread of the injected energy in wavde energy diffusion coefficient (4) and damping rate of

number space is used. If as above we ignore terms of ordé?‘lfv (a_qic fluctuations .(8)' To solve Eq (2) the boundary
of ua /Visw, this expression is condition f(rg,v) =0 is used. In addition we assume that

f(r,v) is finite at all values of- andv. As the boundary

k) — 1 Q, kinj\ 1 9 conditions for Eq. (3) we adopt thédt, (k=0,r) =0 and
Qx (1 k) = 5Qr(r) Vew ' |k ) &2 © (k= kmax, ) =0. The largest value of the wave num-

o ber, kmax, has been varied in the range0® — 10*) k;y; to

The value ofQy is given by Eq. (1) andy,; < |k[ <€©,/va.  make sure that the obtained solutions of Eq. (3) do not de-
Note that the dlspersmn_ effects which can be important alsend onk,,,, in a vicinity of the solar wind proton dissi-
k~Q,/va are not taken into account here. Note that the IN-pation scalekyis =2, /va (e.g. Leamon et al., 1998). The
stability of the ring distribution of pick-up ions leads to the nowledge ofit, nearky;, will allow to estimate the diffu-
generation of left hand polarized waves. However, the ex-gjye flux of wave energy throughy;. which can be absorbed
pression (4) for the energy diffusion coefficient is valid in py solar wind protons.
this case too as follows from the general quasi-linear theory ~ at the inner boundary of the spatial calculation region
taking into account arbitrary wave’s polarization states and(r =rg) the condition (10) is used. It means that we ignore
propagation directions (Schlickeiser , 1989). Itis only im- 5 hossible contribution of the self-generated wave energy in
portant for our analysis that the powers of waves propagatingy, at 1 AU. This approach is justified since the number den-
parallel gnd'antlparallel to the magnetic field are qual. sity of hydrogen atoms is low in the inner heliosphere.
_ In derivation of Eq. (9) the effects of wave-wave interac- 14 golve Eq. (2), the method of stochastic differential
tions are ignored, although these effects can influence theqations is used. Unlike for Eq. (2), the finite-difference
spectral properties of the generated waves. To treat thesgethod, based on a spliting of physical processes, is used
effects a more complicated model taking into account they, golve Eq. (3). We emphasize that only steady state so-
p!tch-an_gle e_volutlon of the velocity distribution fUﬂCUOD of |utions of the equations are considered in the present paper.
pick-up ions is needed. In the present paper we restrict OUfyqyever, the full time-dependent version of Eq. (3) is used
consideration to more simple model. to find these steady solutions. For an extended description of

In'a(.jdition to the local source (9), we take into account b, merical methods which we apply to solve Egs. (2) and (3)
Alfv énic turbulence generated near the Sun and convectegye chalov et al. (2004, 2005).

into the outer heliosphere. We include the effect of this en-

In the present calculations we consider two sets of the

ergy input assuming that at=rp, (e.g. Toptygin, 1983) solar wind parameters (e.g. Toptygin, 1983; Fahr, 1989):
—3 —6
T 241 §B2\ k2 kg 1) sz =450 km/S, . NpE = 64 Cm , ﬁiE =0.63-10
Wy = 5 3/2&/ 72 _)1/2) (0Bg) K/ jzﬂ , (10)  (ordinary solar wind in the ecliptic plane);
N [1 + (k/kcE)ﬂ 2) Vew =750km/s, nyp=3cm3, fg=0.41-10"°

(high-speed solar wind). In addition we adopt that
whereI'(z) is the gamma-function(§BZ) is the mean- Bg=5.2-10"°G, Ag=0.023AU, (0B§)/BE=0.05.
squared value of magnetic field fluctuationsg = 27 /k.g IS The parameters of interstellar neutral hydrogen are
the correlation length of turbulence, ands the spectral in- Vo, =20kms™! and ng., =0.1cm=2 (more precisely,
dex (=5/3). Note that according to observations in the innerthese values are at the TS position).
heliosphere, Alfén waves in the fast solar wind are mainly  Calculated differential fluxes of pick-up protons (in the
outward propagating, while our consideration is restrictedsolar wind rest frame) at the high-speed solar wind condi-
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Fig. 1. Differential fluxes of pick-up protons (in the solar wind rest Fig. 2. Normalized spectral wave poweVE,’ as functions of the
frame) in the high-speed solar wind at different distances from thenormalized wave numbér. at 10, 30, and 100 AU. The solid lines
Sun. Solid lines show self-consistent solutions of Egs. (2) and (3).are spectral powers in the case when the wave damping owing to
Dashed lines correspond to a non-self-consistent case whero. resonant interactions between the waves and pick-up protons is
taken into account, while the dashed lines are spectral powers at
vk = 0. The vertical dashed lines show the solar wind proton dissi-
tions are presented in Fig. (1). Solid lines correspond toPation wave numbers.
self-consistent solutions of Egs. (2) and (3), while dashed
lines show fluxes in the no-damping case whgn=0 in . . .
Eq. (3), that is when absorption of the turbulent energy bythe outer heliosphere is reab;orbed by pick-up protons them-
pick-up protons is not taken into account. The main conclu-S€lves and only a small portion of this energy can be trans-
sion which can be made from these calculations coincided®red to solar wind protons. As we show below, this small
completely with the results obtained by Chalov et al. (2004,port|on nevertheless is sufficiently large to heat the prot(_)ns
2005). Namely, stochastic acceleration of pick-up protonsUP t0 the observed temperature. The vertical dashed lines
by self-generated turbulence in the outer heliosphere can ngt?oW the solar wind proton dissipation wave numbers at 10,
produce extended suprathermal tails in their velocity distri-30, and 100 AU-_ ) ) . )
butions if absorption of the turbulent energy is taken into ac- T he self-consistent evolution of the pick-up ion velocity
count. One can also see in this figure that the relative contridistribution and solar wind turbulence has been considered
bution of low-energy particles increases with distance frombPefore by le Roux and Ptuskin (1998). The main difference
the Sun due to adiabatic cooling in the expanding solar wind P€tween our and le Roux and Ptuskin (1998) models is the
Figure (2) shows normalized spectral energy densitiesabsence of pick-up ion generated wave energy in the latter
model. As we show, however, contribution from this source
prevails at medium and small wave numbers at large helio-

the Sun as functions of the dimensionless wave numbetentric distances and essentially modifies the spectral shape
k* =kVsw/Qpe. The solid lines are the self-consistent so- of wave turbulence.

lutions of Egs. (2) and (3). The solutions clearly show the

formation of a second maximum (at larggin the spectral

distributions as the distance from the Sun increases. Th& Heating of the outer solar wind

existence of this second maximum is connected with the

source term@)y in Eq. (3) describing generation of Awic In the short-wavelength part of turbulence the wave energy
turbulence by pick-up protons during the process of theircan be absorbed by solar wind protons, and this process re-
isotropization. The dashed lines show the spectral energgults in heating of the solar wind in the outer heliosphere.
density in a non-self-consistent case, when generation of turThe extent of this heating can be easily estimated on the
bulent energy and stochastic acceleration of pick-up protondase of the present results. The estimates are based on the
are taken into account, while the damping term in Eq. (3) iscalculation of the diffusive energy flux transferred through
absent, that isy, = 0. It follows from the results presented in k= =+ kqis(r) (see Fig. (2)) to larger wave numbers. The
Fig. (2) that the main portion of the self-generated energy inequation for the solar proton temperature in the case when

2
Wy = (er,lE/ 2 /mpcvsw) Wi, at different distances from
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Fig. 3. Spatial distributions of the solar wind proton temperature Fig. 4. The same as in Fig. (3) but for the normal ecliptic wind.
in the high-speed wind. The dotted lines correspond to the adia-

batically expanding flow and to the non-self-consistent solution for
Wi when~, =0 in Eq. (3). The solid and dashed lines show the
temperatures at different values/iaf;s in the case wheiVy is the
self-consistent solution of Egs. (2) and (3).

up protons is taken into account, the temperature of solar
wind protons is essentially lower than it is in the frame of
the non-self-consistent approach with=0. The next in-
teresting feature is the factor of 2—3 difference in the proton
Vaw = const andn,, = (rg/r)? npE €an then be written as  témperatures in the high-_speed and low-speed flows. The
(see e.g. Fahr and Chashei, 2002) difference is connected with the fact that the amount of en-
) ergy transferred from pick-up ions to AEwic turbulence
ar n 4T 2 (L) O(r) (the source term (1)) is larger in the high-speed wind. Be-
dr 3r 3\rg) ksVeswnpe sides that, the number density of protons in the high-speed
flows is lower. This effect can explain the large variations of
the solar wind temperature observed by Voyager 2 (see also
Chashei et al., 2003).
OWic (1, kais) (12) We point out, however, that the temperature measured in
ok ' the outer parts of the heliosphere {0* K, see Richardson
Figures (3) and (4) show numerical solutions of and Smith, 2003) is somewhat higher than in our calcula-
Eq. (11) corresponding to the ecliptic wirlidsw = 450 km/s, tions. Chalov et al. (2005) proposed several explanations
npp = 6.4 cm 3, Big=0.63-10"%, and to the high-speed of this difference. First of them is a strong heating of the
wind, Vsw = 750 km/s,npyr =3cm=3, Big =0.41-1075. In solar wind observed inside 10 AU which is not connected
both cased = 70000K is adopted. The dotted lines are With pick-up ions and more likely is due to interplanetary
the adiabatic behaviour of the temperature of solar windshock waves and dissipation of turbulent fluctuations in re-
protons with the distanced(=0 in Eq. (11)) and the spa- gions of an interaction between high- and low-speed flows.
tial distribution of the temperature in the non-self-consistentlt follows, however, from Figs. (5) and (6) that the distri-
case whemy =0. In the latter case the temperature in- butions of the solar wind temperature inside 10 AU have
creases extremely as compared with the Voyager-2 measuré&ather small influence on the temperature in the outer helio-
ments. The solid lines show the calculated spatial distribu-sphere. These figures show the same as Figs. (3) and (4),
tions of the temperature in the self-consistent case. In ordebut the boundary condition for the temperature is posed at
to estimate the sensitivity of the temperature to the value ofL0 AU. In accordance with the observations we adopted that
kqis we consider two additional casesy;, =20, /va and T (10 AU) =20000K.
kais =2, /2va (dashed lines). We make this estimation since  The main reason of the relatively low theoretical tempera-
the equationky;s =2, /va only approximately defines the ture compared to observational values is connected with the
onset of the dissipative range. argumentation concerning the diffusive flux (12) needed to
It is evident from Figs. (3) and (4) that in the case when describe the transfer of energy from Adfwic turbulence to
reabsorption of the self-generated turbulent energy by picksolar wind protons. This approximation is rather crude. In

(11)

In Eq. (11) kg is the Boltzmann constant and the diffusion
energy flux is

®(r) = —=2Dy (7, kais)
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Fig. 5. The same as in Fig. (3) but with the boundary condi- Fig. 6. The same as in Fig. (4) but with the boundary condi-
tion 7' (10 AU) =20000K. tion T (10 AU) = 20000 K.

reality the absorption of energy by solar protons results ina_ _ -
more steep spectral distribution néag, and, therefore, in B”gca' Aa,tL'agoTetatry p'aimg ‘wcehs,sef‘ '”Agsogrl‘yz'l 'l/lolngoggf
an increase of the diffusive flux. Strictly speaking, in order er., edited by Jonstone, A. 1., ashington, P e :

t lculate th | ind t ¢ tintrod . Chalov, S. V., Alexashov, D. B., and Fahr, H.-J.: Reabsorption of
0 calculate the solar wind temperature, we must introduce in self-generated turbulent energy by pick-up protons in the outer

Eqg. (3) an additional term describing absorption of the tur- heliosphere, Astron. Astrophys., 416, L31—L34, 2004.

bulent energy by protons and solve Egs. (2) and (3) togethegngajov, S. V., Alexashov, D. B., and Fahr, H.-J.: Interstellar pick-

with the energy equation for the protons. up protons and heating of the solar wind in the outer heliosphere,
Astron. Lett., 32, 206-213, 2006.

Chashei, I. V., Fahr, H.-J., and Lay, G.: Heating of distant solar
wind ion species by wave energy dissipation, Adv. Space Res.,

) , 32,507-512, 2003.

We have assumed that small-scale Affic turbulence in Eanr H.-J.: On the influence of neutral interstellar matter on the

the outer heliosphere is generated mainly by pick-up protons ypper atmosphere, Astrophys. Space Sci., 2, 474-495, 1968.

during their isotropization. The main portion of this energy Fahr, H.-J.: The interplanetary hydrogen cone and its solar cycle

is then reabsorbed by the pick-up protons themselves as a re- variations, Astron. Astrophys., 14, 263-274, 1971.

sult of the cyclotron resonant interaction between particles-ahr, H.-J.: Filtration of the interstellar neutrals at the heliospheric

and waves, and only a small fraction can be transferred to interface and their coupling to the solar wind, in: Physics of the

solar wind protons. This amount of energy is, however, suf- Outer Heliosphere, edited by Grzedzielski, S. and Page, D. E.,

ficiently large to heat the solar wind up to the measured tem- 327-342, 1989.

—_ . . Fahr, H.-J. and Chashei, I. V.: On the thermodynamics of MHD
peratures. The heating is more pronounced in the high :speeo""wave_heated solar wind protons, Astron. Astrophys.. 395, 991

solar wind. 1000, 2002.
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