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Abstract. We start our considerations from two more recent1 Introduction

findings in heliospheric physics: One is the fact that the pri-

mary solar wind protons do not cool off adiabatically with For many years now it has been recognized that the solar
distance, but appear to be heated. The other one is that se@ind dynamics and thermodynamics at larger distances are
ondary protons, embedded in the solar wind as pick-up ionsinfluenced by the creation and incorporation of pick-up ions,
behave quasi-isothermal at their motion to the outer helio-secondary ions which are produced from the ionization of
sphere. These two phenomena must be physically closelyeutral interstellar H-atoms and then move simultaneously
connected with each other. To demonstrate this we solve aith the solar wind bulk. On the one hand, it was already
coupled set of enthalpy flow conservation equations for thepredicted very early that the solar wind decelerates due to
two-fluid solar wind system consisting of primary and sec- both the pick-up ion loading and also due to the action of
ondary protons. The coupling of these equations comes byhe pick-up ion pressure (Holzer, 1972; Fahr, 1973; Fabhr,
the heat sources that are relevant, namely the dissipation ®ipken and Lay, 1981; Isenberg, 1986; Fahr and Fichtner,
MHD turbulence power to the respective protons at the rel-1995; Lee, 1997; Whang, 1998; Whang, Lu and Burlaga,
evant dissipation scales. Hereby we consider both the dissit1999; Fahr and Rucinski, 1999). While becoming decel-
pation of convected turbulences and the dissipation of turbuerated the solar wind plasma taken as a mono-fluid is also
lences locally driven by the injection of new pick-up ions into heated, partly because of more adiabatic compression com-
an unstable mode of the ion distribution function. Conversionpared to a non-decelerated flow, and partly because of being
of free kinetic energy of freshly injected secondary ions into loaded with suprathermal secondary ions (starting with early
turbulence power is finally followed by partial reabsorption work by Holzer and Leer; 1973, Fahr, 1973). As an evident
of this energy both by primary and secondary ions. We showresult the effective monofluidal solar wind sound velocity in-
solutions of simultaneous integrations of the coupled set ofcreases with distance in the outer heliosphere and the effec-
differential thermodynamic two-fluid equations and can drawtive Mach numbers decrease (see Zank and Pauls, 1997, or
interesting conclusions from the solutions obtained. We carFahr and Rucinski, 1999, 2001).

show that the secondary proton temperature with increasing paying attention to the fact that primary and secondary so-
radial distance asymptotically attains a constant value withar wind ions do not quickly enough (i.e. within a convection

a magnitude essentially determined by the actual solar windime scale) assimilate their distribution functions, may influ-
velocity. Furthermore, we study the primary proton temper-ence one to consider the solar wind plasma as a two-fluid
ature within this two-fluid context and find a polytropic be- rather than a monofluid medium. In that case, however, pri-
haviour with radially and latitudinally variable polytropic in- mary and secondary ions, though in first order moving si-
dices determined by the local heat sources due to dissipateghyltaneously with the solar wind bulk, behave differently
turbulent wave energy. Considering latitudinally variable s0-concering their thermodynamics. From exact solutions of
lar wind conditions, as published by McComas et al. (2000).the transport equation of pick-up ions (see Isenberg, 1987;
we also predict latitudinal variations of primary proton tem- Chalov and Fahr, 1995, 1997; Fichtner et al., 1996), one can
peratures at large solar distances. draw the theoretical conclusion (see Fahr, 2002b) that these
ions behave isothermal at large solar distances, yielding tem-
peratures of the order & 7> ~ 0.5keV. This simply ex-
presses the fact that the distribution function of secondary
ions as obtained from transport theories is found to be con-
Correspondence tdd. J. Fahr (hfahr@astro.uni-bonn.de)  formally invariant with respect to solar distance, expressing
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the fact that ratios of moments of this distribution function considering terms due to wave-driving by velocity shears as-
like P>/p2 ~ T are constant. sociated with solar wind interaction regions and due to pick-
Primary solar wind ions, on the other hand, at least at mod-up ions injected into unstable distribution functions. They
erate distances< 20 AU, do not behave isothermal, but are demonstrated that the usual WKB approximations deviate far
nevertheless, non-adiabatic (see Gazis et al., 1994; Richardrom what can be expected in the solar wind at large dis-
son et al., 1995; or Whang, 1998). As shown in VOYAGER- tances. Dislocated from solar wind interaction regions (or
1/2 and PIONEER-11 data primary solar wind ion temper-at higher heliographic latitudes) one does not expect shear-
aturesTy fall off with distance in a non-adiabatic manner induced turbulent energy, but one should be aware, neverthe-
inside of 20AU and then stay rather constant at distancedess, of pick-up ion induced turbulent energy. Matthaeus et
beyond, though their temperatures there definitively remainal. (1994), Zank et al. (1998) and Smith et al. (2001) anal-
much below those of the secondary ions, fg.< T». This  ysed the heating of the distant primary solar wind ions due to
clearly demonstrates that heat sources are operating at trsorption of wave turbulent energy. They solve a system of
expansion of both fluids, which, however, are different in coupled differential equations which describe the evolution
magnitude for the two different ion species, with the energywith distance of the mean turbulent enengd; the correla-
injection rate to secondary ions obviously being greater.  tion length/, and the proton temperatufg. Comparison of
In the following part of the paper we study these different results with VOYAGER data seem to show that the main fea-
heat sources and want to show that the different behaviourtures are explained by this approach, but the predicted values
with solar distance of the two temperatureg, (r) and7>(r) both foru? and the solar proton temperatufe at distances
can thereby be explained. beyond 10 Au are too low with respect to VOYAGER-2 data,
if heating by pick-up ions is not taken into account. Also
due to mixing of high- and low-velocity solar wind struc-
2 Heating sources for the two-fluid solar wind tures, a physically straighforward data evaluation is compli-
cated. Furthermore, the fact that some fraction of adiabati-
We consider heat sources acting upon primary and secondamally cooled secondary ions copopulate the Maxwell tails of
species of solar wind ions at their propagation to large sothe primary solar wind ions may interfere the interpretation.
lar distances. Direct heat conduction from secondary keV-  zank, Matthaeus and Smith (1996) and Smith et al. (2001)
energetic ions, or pick-up ions, to primary solar wind ions both assume as explicit distributed sources of turbulence
via Coulomb collisions can thereby safely be excluded atpick-up ions, solar wind shear structures and shocks, and
distances beyond 0.3 AU. The only immaginable and physiimposed at 1 AU a background fluctuation and correlation
cally likely mechanism to heat solar wind protons of primary |ength scale which are based on observations. They describe
and secondary species is due to dissipation of MHD turbu{vIHD-waves by a common power spectrum characterized by
lent wave energy, as already anticipated by Parker (1964) anelvo parameters, i.e. the turbulence level and the correlation
Coleman (1968), who expected that some extended heatingngth; in the approach we are presenting below we consider
due to dissipation of waves might cause a non-adiabatic execonvected background MHD-waves and MHD waves locally
pansion of the solar wind to regions beyond its critical point. generated by pick-up ions as two independent, superimposed
The non-adiabatic temperature behaviour, in fact, is clearlycontributions to the turbulence power spectrum, resulting in
manifest for the primary solar wind ions in data taken by two additive heating sources. We use as a distance-dependent
the VOYAGER-1/2 spacecraft (see Richardson et al., 1995quantity the so-called outer scal¢ = 2r/ko, similar to
Whang, 1998; Whang, Lu and Burlaga, 1999). Conceringthe correlation length used by Smith et al. (2001), for the
secondary ions, it has been seen in spectrometric measurgake of characterizing the evolution of the background tur-
ments of plasma-analysers on board of ULYSSES and SOHG®ulence and of describing its contribution to the heating. In
that high-energy shoulders are developping with increasingur approach here this outer scale increases monotonically
distance in their distribution functions which clearly show with increasing solar distance. The main reason for treat-
the action of a wave-driven energy diffusion process, also of-ing the pick-up ion induced heating source separate from the
ten denoted as Fermi-2 acceleration. one connected with the background turbulence is due to the
A quantitative study of the dissipation of turbulence en- fact that the wave numbés ~ Q/V,, of maximum power
ergy to solar wind protons was carried out by Matthaeus etgeneration by pick-up ions (see Huddleston and Johnstone,
al. (1994), showing that wave energy is absorbed with a rate1992) is only one order of magnitude smaller than the main
Grury = psu/ 1, wherep,, u, I are the solar wind mass den- dissipation wave numbety;; = Q/v4, whereas the differ-
sity, the rms turbulent fluctuation speed, and the turbulentence betweek; andkg amounts to more than three orders of
correlation scale. The dependence of these quantitasd magnitude.
[ with distancer was investigated by Zank, Matthaeus and
Smith (1996), describing the evolution of low-frequency tur- 2.1 A: Convected turbulences in a two-fluid solar wind
bulence power in the solar wind and of fluctuation ampli-
tudesu andb about the mean solar wind bulk velocity, The solar wind transports turbulent energy distributed over
and the mean magnetic fieldl. The authors thereby took a wide range of wave numbeksshow a so-called “flicker”
into account nonlinear dissipation terms and power sourcesspectrum at the smallest wave numbers, up to a critical wave
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numberkg (i.e. energy containing range), and a typical iner-  Furthermore we consider the radial dependence of the crit-
tial spectrum from the critical wave number upwards to theical wave numbekg(r) and of the structure constam(r).
solar proton dissipation wavenumbler,; = Q /v4. Here,  For that purpose we assume, that based on Parker'sHBield
Q denotes the proton gyrofrequency, andis the Alfven  and a spherically symmetric solar wind expansion geome-

velocity. try at distances > 1 AU, the following relations are valid:
The spectrum of this convected MHD turbulence can beB? = B2(ro/r)?, va = B/(4npy)Y/? = vao = const.

given by: Here, p,, denotes the total proton density given by =

Wi (k)=Dk—" for wave numbersk =< kg and o1+ p2. The structure constaifl is proportional to the wave

Wi (k) = Dké_”k*’7 for wave numbersk => ko, number average of the magnetic field fluctuation power, i.e.

where D is a structure constant. Here,© n < 1isthe to< §B?/4xn >, and inthe low frequency spectral range is
spectral index of the so-called “flicker” spectrum, ands dominated by linear processes, thus
the spectral index of the inertial spectrum, i2e= 5/3 for
the Kolmogorov turbulence, or = 3/2 for the Kraichnan ~ D(r)/D(ro) =< 8bf,(r) > / < §B?(ro) >, (7)
turbulence. .

We consider now the locally constant wave-power flux in Where < 8B7,(r) > = D(r) ky "(ro). We assume below
the inertial branch of the spectrum, as given by Zhou andthat
Matthaeus (1990) or by Tu and Marsch (1995)

D(r) = D(ro)(ro/r)* ®)
Op(r) = —DkkiWk = at distances > 1 AU with the following arguments.
ok It is well known that the wave vectors of AlBn waves

have a tendency to approach the radial direction at increas-
ing distances from the Sun {k and Alpers, 1973; Hollweg,
where Dy is the nonlinear wave-wave diffusion coefficient 1975)- However, th? Alfgn waves propagating at large an-
for isotropic turbulenceCy =~ 0.1 = const, B is the static gles to the_qua5|-a2|muthal amble_znt magnetic field _become
background magnetic field, and with = 1/2 (orx = 1)  unstable with respect to an excitation of magnetosonic waves
for the Kolmogorov turbulence (or for the Kraichnan turbu- (Malara and Elaoufir, 1991; Grappin, Velli and Mangeney,
lence), respectively. This flug, (r), given by Eq. (1), repre- 1993). If' the m,agnetlc field dlstur'bances are mglnly con-
sents a constant in the non-dissipative range, the magnitud@ected with AIf\zen waves then tr;e'lr energy density has to
of which can simply be found by evaluating the above equa-fall Off as < 8B“(r)/4w >4 ~ = in the WKB approach
tion at the critical wave numbép, where the wave power is  at distances > 1 AU, while the radial dependence would

—ACrikva(Ark Wi/ B (kWy), 1)

given by be weaker for the fast magnetosonic waves, rather falling
off as < §B2(r)/4r > ~ r—2. The radial dependence of
Wi (ko) = Dko_n- 2) the magnetic field fluctuations adopted in Eq. (8) for regions

r > 1AU was also supported by Jokipii and Kota (1989) and
This then leads to the following value of the wave-power by Zank, Matthaeus and Smith (1996).
flux : It is now thought that slab turbulence may perhaps only
LD ) L 5 present a minor component (about 20%) of the solar wind
@y (k = ko, r) = ACrrvaky PDF4m/B9)*. (3)  fluctuations, whereas a major component (about 80%) of the
) ) fluctuation power may reside in 2-D turbulence. The basic
In order to further evaluate this expression we make use theory for the propagation of this type of turbulence was de-
the expected radial d.ependence _of the critical wave ”Umbe{/eloped by Zank and Matthaeus (1992), but it is too com-
ko and the average field fluctuation energy. From Chashejyjicated to draw from it simple conclusions for our purposes
and Shishov (1982) and Chashei (1986), requiring thag at pere. For these reasons we may expect that the local MHD
the rates of linear processes and nonlinear interactions shoulg, pulence at > 1 AU represents an undefined, but radially
be equal, we then first obtain variable mixture of Alfien and magnetosonic waves, with
< 8B? >~ < 8B? >y assumed as being valid at small
distances, but the fast, magnetosonic waves finally being re-
sponsible for the successive radial transport of turbulent en-
ergy at larger distances. In this case the Eq. (7) is valid,
and the radial dependenceigi(r) in Eq. (5) is defined only
by the first factor, since the second factor turns out to be a
kéw(l—ﬂ) — (Vi /Crirva)(B2/4m D)X (5) constant, i.e.B%?/ D = const. Assuming, futhermqre, that
< 833/471 > Gopovio with Gog = const < 1 being the
Taking into account Eq. (5) we can now evaludtg(ko)  fractional turbulence level at = ro = 1AU, and, conse-
givenin Eq. (3): quently,ko(ro) = Vi / (vao ro), we finally obtain:

ViwkoWi (ko) = r @y (ko). (4)
where V,, is the solar wind speed. Combining Egs. (1)

through (3), one can thus find the following relation for the
turbulence critical scalky:

Py (ko) = (Vin/r) Dy ". (6)  Pi(k =ko,r) = Po(r/ro)™* 9)
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with: wave turbulences (Chalov, Fahr and Izmodenov, 1995, 1997;
5 Fichtner et al., 1996; Le Roux and Fichtner, 1997).

®o = i (k = ko, ro) = Go(Vu Bp)/(4rro) (10) In the following we consider energy gain and loss mecha-

and: nisms connected with the above-mentioned wave-patrticle in-

teraction processes and then study the effect of ion-generated
s =[343(+ 1A —ml/IL+nld—nl (11)  turbulent energy on primary protons due to a consecutive

absorption of such energy. A purely kinetic description of
In the special cases of Kolmogorgu = 1/2) turbulence or  this situation is not aimed at here, but we simply want to
Kraichnan ¢ = 1) turbulence, we thus have from Eq. (11): describe the coupled thermodynamics of primary and sec-
s=11-5n)/B—n)atu=1/2,0ors = (7—4n) / 2—1n) ondary solar wind protons on the basis of a two-fluid ap-
at u=1. In the most interesting case of the low frequency proximation characterized by pressum®sand P,. Hereby
“flicker” spectrum withn = 1 (Matthaeus and Goldstein, it suffices to take into account the total dissipation of turbu-
1986 ; Horbury and Balogh, 2001) the radial profile of Eq. (9) lent energy to primary and secondary ions at whatever wave
does not depend on the turbulence model, and in both casesumber connected with ion-induced wave power. For the
leads tos = 3. A decrease im up ton = 0 in the case of highly subsonic primary ions one can assume that turbulent
a flat spectrum leads to an increase in Eq. (11), upto an energy cascades down to the main dissipation scale, i.e. up
extreme value of = 11/3 in the case of the Kolmogorov to k4is >~ ,/v4. For the marginally sonic secondary ion
turbulence and up to = 7/2 in the case of the Kraichnan population dissipation takes place between wave numbers
turbulence. In any case, the radial decreas®pfk = ko, r) Qp/ Vi < kais < Q2p/va.

given in Eq. (9) is considerably slower than that for purely we assume that secondary ions just after their injection
Alfv énic turbulences when> 4. undergo fast pitch-angle scattering from an initial torus con-
The turbulent energy®, (k = ko, ) is cascading down figuration in velocity space onto a bi-spherical hemispheric
to the proton dissipation scale, i.e. to the wave numbershell configuration (see Huddleston and Johnstone, 1992;
kais = Q2/va (Smith et al., 2001), and thereby is absorbed williams and Zank, 1994). Rigorously taken, even in this
in parts both by primary and secondary solar wind protons.pj-spherical, but infinitely thin shell mode these ions have
It thus serves as one of two relevant heat sources for thesgot yet attained a strictly stable distribution function, but still
two ion species. It should also be mentioned here that Leamay continue on longer time scales to generate some more
mon et al. (1998), using WIND magnetic data, argued thatturbulent energy (see, e.g. Lee and Ip, 1987; Freund and
the dissipation scale at heliocentric distances of abol/l  \Wu, 1988), a process which, however, is hardly quantifyable.
is possibly connected with the valkg ~ /v,,, wherev;,  Thus, it is not taken into account in our following calcula-
is the ion thermal speed. In the outer heliosphereatl AU tions. Instead, we only take into account the free energy of
this scale is of the same order as the inverse inertial scalgne freshly injected secondary ions pumped into the turbu-

kais = S2/va, which leaves the possibility of using one of |ent wave field until they arrive at a quasi-static, bi-spherical
these scales without detailed consideration of the exact dissidistribution.

pation mechanism. At heliospheric regions beyond 5 AU the tilt of the mag-
netic field B with respect to the radial solar wind flow direc-
tion (especially in the ecliptic) becomes nearly orthogonal.
Thus, the associated bi-spheres centered around the refer-

Secondary ions are produced from ionizations of interstel— oo systems of upgoing and downgoing (i.e. with respect

lar neutral atoms in the heliosphere. After creation andto B) Altven waves become symmetrically populated. Un-

. ) - ; der these conditions at the event of injection the new secon-
pitch-angle isotropization these ions are convected outwards _ . : . S .
i . . o aries have an ion velocity, which in the Solar Wind (SW)
mainly with the solar wind flow constituting a separate

suprathermal ion fluid. The thermodynamic action of this en_;rfa:ge iltscs?;nal Igoggaettzz?:gr \'?(IJIr:ﬁevglc?c(:gzi.biot;}-ss?q#eergiy(,onI
ergetic ion fluid at its motion towards the outer heliosphere P 9 9 P y

. C N it :
was discussed in more recent papers by Williams, Zank and loss of energy is permitted!) within each of these fractional

Y hells for upstream and downstream waves, one expects the
Mat_thaeus (1995), Fahr and RU.C'nSk.' (1999, 2001.’ 2002) an(iollowing pick-up ion velocityv as judged in the SW frame:
Smith et al. (2001). As explained in more detail by Fahr

and Chashei (2002), it is expected that freshly injected sec-

ondary ions excite waves by virtue of their initial distribu- 2 > 2

tion function, which is unstable with respect to the excita- © — U4 + (Vi +v3) = 204/ ViE + v} cosd, (12)

tion of wave power. While immediately after their injec-

tion these ions start generating wave power via kinetic instawhered is the pitch angle of the resulting velocityin the
bilities, they,after some first-order pitch-angle isotropization upstream wave frame. Since the newly generated secondary
has taken place, then rearrange on longer time scales in véens quickly become randomly distributed on the accessible
locity space due to Fermi-2 energizations (energy diffusion)spherical shells, the distribution function for the populated
by nonlinear wave-particle interaction with wind-entrained velocitiesv is then simply given by the associated velocity

2.2 B: Pick-up ion generated turbulences in the two-fluid
solar wind
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space volume\v = vd cost (v), i.e. is given by the expres- cascading which has been seen in many simulations and also

sion: lies at the core of works published by Zank, Matthaeus and
—d cosv (v) Smith (1996), Matthaeus et al. (1994) or Smith et al. (2001).
f) = 1 coso’ (13) The question is really how the typical time periods for dif-
- max

. _ _ o fusion in k-space and for power dissipation to protons com-
where the maximum possible pitch anglghax is simply  pare with each other. For the typical diffusion perigg,

given by: one can derive from the one-dimensional k-space diffusion
VA equation the following value:
J V2402 kais — ki
weA Thk M =1- —)2 17)

2 9
With expression (13) one obtains the mean-squared veloc- 4Dk 4Dk’<

ity {v?(9)) of the bi-spherically distributed pick-up ions by \here the diffusion coefficienbyy, according to Zhou and
the following expression: Matthaeus (1990), can be given in the following form:

1
2 _
<U (19)> Tl x Dy = Cv k'/? Wi (k)

Nen? - (B2/4r)

1 and where the spectral poweriatfor stationary conditions
2 2, .2 2
/c |:”A + (Vi +v3) — 204y Vi3 + UAXi| dX, (15)  can be estimated to be given by:

0SYmax

(18)

which easily evaluates to the following expression: Wi (ki) = Bex A€iThi/ (Kais — ki) (19)
s and thus leads to:
(vZ@) = vZ|1- |tk =V (16) 1wy
Vw + Vi Tk3k/2 =~ (20)
. . . 4Cv k3/2 BexDei
This now permits to account for the fact that the initial en- A (BZ/4r)

ergy g; = %m,,vuz) of freshly injected secondary ions, after

a first violent period of wave-driving, is then reduced to an Now we study the process competing with k-number dif-
average energy;, = %mp (v2()). This also means, on the fusion which s the dissipation of wave power to ambient pro-
other hand, that the energye; = E;, — ¢; is pumped into  tons. For this purpose we follow the analysis carried out by
the ambient turbulent wave field, mainly at or around the in-Gray et al. (1996) which is fully applicable here and shows
jection wave numbelk;| ~ €2,/ V,, (see the analysis carried that on the basis of the Alén ion cyclotron instability, the
out by Huddleston and Johnstone, 1992; and Williams ancRbsorption time period;;; can be estimated with:

Zank, 1994). The loss of free energy to the wave fields at the

occasion of the redistribution from the initial torus configu- Tais =~ 40- Q™% (21)
ration onto the bi-spherical configuration is thereby properly
taken into account. To decide which of the above periods is larger requires

Now we may assume that this energy ingu; into the  Prior knowledge of the injection ratg.., which we, how-
turbulent wave power produces a local power peal atith ~ €ver, at this part of the paper want to keep as an unfixed
decreasing spectral powers on the left and the right specquantity and therefore we postpone the decision as to which
tral side of this injection wave number. In our view it can Of these time periods is the larger one.
be expected that due to nonlinear wave-wave interactions, We consequently take into account two possible versions
i.e. diffusion in k-space, this energy input cascades bothof a distribution of free energy between the two ion popula-
up and down fromk; roughly at equal parts, like in the tions. We assume that the energy input to primary and sec-
case of an oscillator that couples its enforced oscillations toPndary ions due to absorption of ion-induced wave energy is
nearby oscillator modes by coupling strengths only depen£qually splitinto two halves and hence, is given by:
dent on[k? — k?]~2. This means that without further dissipa-
tion processes about one half would cascade to smaller wavg), ,(r) = _ﬂex (r) A€ =
numbers, where strongly Doppler-shifted secondary ions still
can resonantly interact and here may contribute to ongoin
Fermi-2 accelerations of energetic secondary ions to eveﬁﬂcx(r)mp(vuzj
higher energies (see Chalov, Fahr and Izmodenov, 1995), ané VV2+ v%
the other half, to the opposite, would cascade up to larger
wave numbers until it finally is absorbed by primary solar if the casery; < 14, can be faced. On the other hand, if
wind protons at the dissipation wave numbgt = Q,/v4. the casery, > 14 has to be faced, then the turbulent en-
One could also take into account the process of perpendiculagrgy input to primary and secondary protons, respectively, is

A (22)
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split according to the relative abundanégs of these proton 3 Thermodynamics of the wave-heated two-fluid solar
species and hence, one would obtain: wind

Q1.2(r) = E,Bex (r)Ae€iéo. (23) We first formulate the coupled system of enthalpy flow con-
2 servation equations to describe the thermodynamics of the
In the two above equation$., (r) denotes the local charge two-fluid solar wind plasma, consisting of primary and sec-
exchange rate of solar wind protons and interstellar H-atom®ndary protons in terms of pressurBsand P, taking into
also describing the local rate of pick-up proton injections. account the effects of adiabatic cooling and of heating both

This rate is given by: by the diffusive energy fluxd, (k = ko, r) in the convected
turbulence spectral power and by locally generated turbulent
Bex(r) = nw (r)np (r)oex Vi, (24) energy Q1 » locally pumped into the wave field by freshly in-

jected secondary ions. For these pressures we then obtain the
respectivelyp,, is the charge exchange cross section ggd following two coupled equations (see also Fahr and Chashei,

is the solar wind velocity. 2002):
For the upwind hemisphere the following approximative, (

wheren,, andny are the local proton and H-atom densities,

so-called “cold” representation of the H-atom density can bediv
used here (see Fahr, 1971, Axford, 1972):

4 PV ) — (Vi - grad) Py =

3
or© —Z£1Ber (KT1) + Opa(r) + 0in(r), (31)
_—, (25) 2
Voot SINO®

l’l]—[(r, ®) =NHoo exp(_

P2V ) — (Vu - grad)P, =

where® denotes the off-wind angl@g ~ n00.. Vi is the div (

ionization frequency of H-atoms at the reference distapce

and whereVy  is the bulk velocity of the inflowing inter- 1

stellar H-atoms at large distances. &1Bex (1 — €)5Mp V24 Qpa(r) + Qia(r), (32)
For applying formula (25) to the upwind axis with an off-

axis inclination angleé® = 0, one simply considers this for- where, at the application to the casg > 74, which firstis

mula for the limit® — 0 and then obtains: adopted here, according to Egs. (20) and (21), the following
5 definitions were used:
ng(r,® =0°) = nge €XP u0%ex Vil (26)
H ’ - - o - <
VHoor Qp1,2(r) = &12Px(k = ko, 1), (33)

For the downwind axis, i.e. fo® = =, one has, how- and:
ever, to take into account the interstellar H-atom temperature

TH.~ and here, when solar gravity is compensated by soIarQi,l’z(r) = 351,2/3” (r)mpvjef. (34)
H-Lyman-Alpha radiation pressure, one can use the follow- 2
ing approximative representation: While the first term on the right-hand side of Eq. (31) de-
2 scribes the removal of thermal energy from the primary ion
N _ Porg® fluid due to charge exchange reactions with H-atoms, the first
na(r,® =1) =npoo @XP| —————— 27) : ; . )
VHoor SINGO! term on the right-hand side of Eq. (32) describes the simulta-
_ _ neous input of kinetic energy to the secondary ion fluid due
with the angled’ given by: to freshly injected ions. Furthermorg; is the Boltzmann
constant, aneh , is the proton mass. The quantitigs, are
A 2K THoo the relative abundances of primary or secondary ions in the
®' = — arctg . (28) - . - !
m pvgw two-fluid solar wind, respectively, defined by:
Coming back to the Eq. (22) one can simplify the expres-g , _ ni,2 (35)
sion for Q; by setting:  ni4np
1 1 2 These abundances can be found with the help of the fol-
Q1.2(r) = Eﬂ”(rmel = g"r-Vuer (29) lowing continuity equations:

Here, the following shorthand notation for the factgr

has been introduced: div(nzVy) = —div(n1Vy) = §1fex (36)

" 1 and are given by (see Fahr and Rucinski, 1999):
—2p% ~ p—2u?—Zp =~ o (1 - 2u0) ,(30) J Y )

€f=—x=—x
V1+ 2 2 ot ,
& =

whereuw = va/Vy 2>~ o = vao/ Vwo < 1 was used. ni—+ no = exp[— /ro

O—ean/dr’:| (37)
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and Here, we only want to investigate solutions for the tempera-
" , turesTy(x) which one should expect to find under different
&= +2 =1- exp[— / Uean'dr'i| . (38) solar wind conditions, specified by associated different solar
nip—rn2 ro

wind bulk velocitiesV,, and Alfvéen velocities 4.

The two above expressions (37) and (38) can be sim- First, we intend to calculate upwind temperature profiles

ny ~ const ~ nyeo and then yield: the purpose of comparing them with data shown by Gazis
et al. (1994) and Richardson et al. (1995). These data show
r monthly averages df;- andV,,, observations obtained with
f1= eXp[—A (g - 1)} (39)  PIONEER 11 and VOYAGER 1/2 in the upwind heliosphere
and clearly reveal a strong, positive correlation of temper-
and: ature and velocity measurements, with higher temperatures

(40) ations occuring at some distancgas those shown in many
figures of papers by Williams, Zank and Matthaeus (1995) or

with the denotatiom = 1 oo 0ex 0. by Smith et al. (2001), are mainly due to associated fluctua-

The left-hand sides of the above Egs. (31) and (32) dedtions in solar wind bulk velocitie¥,,, we therefore want to
scribe the divergences of the primary and secondary protoghow in Fig. 1 temperature profilgg(x) calculated on the
enthalpy flows and the work done by the pressutgand P, basis of Eq. (41), however, for various solar wind velocities
at the expansion of the two plasmas. V-

Below we will now make use of the assumptiovi, ~ For that purpose we take into account the direct depen-
Vo 3> va = va0, Valid at distances > 1 AU. We further ~ dence onV,, of the quantities\; andgo, as well as the indi-
assume that the two components of the solar wind plasma caf¢ct dependence oW, of the quantitiesZs, go and Go =

- occuring at higher bulk velocities. Since temperature fluctu-
Er=1- exp[—A (— - 1)}

ro

be considered as one-atomic ion gases, suggestiagy, =  Go0n00v500/ (10v50) via dedendence ons. As a conse-
5/3. Then, Egs. (31) and (32), when reduced to equations foguence qf Parker’s spiral field producing an increasing az-
the temperature®y » by settingP12 = &1,2n, K712 with imuthal field componenBy, dependent on the solar wind
nw = nwo(ro/r)?, allow one to find the following equations Velocity, with increasing distance, one therefore first obtains
for T1 andT», respectively: as a parametrization with respectitp the following approx-

imate relationB =~ By (r, Vo) (Vwo/ Vw). For the Alfven
d 4T A velocity one consequently obtains:
T4 22 =T | Gox® + goexp( —— (41) Y duenty
dx 3x X v

w0 7100

VA = VA0 —,/ —> (43)
and: Vw Y no
d ATy  BuTorg wherev 400 denotes the Alfén reference velocity at 1 AU for
— D4+ -—4+— = the solar wind reference conditions: i.e. bulk velodityy =

dx 3x n2Vw 400 km/s ; proton densitygg = 10 cnm 3, proton temperature

ﬂexmp Vwro(1— 6f)
3noK

. Ar Twoo = 4-10%K.
+T [Gox 4+ g0 exp<—7>] ,(42) For the relation between solar wind bulk velocity and den-
sity we base our calculations on the measurements published
where we have introduced the following new denotations: by McComas et al. (2000) which show both a slight de-

x = r/ro; T, = 2mpv§/(3K); AL = crease in the solar wind mass flow and a pronounced in-
A(Viy/ Vioo)(no/nrse) and: go = A(Vy/204)(1 — crease in the solar wind temperature with increasing val-
204/ V). ues of V,,. According to these results in the range 400

It should be noted that the assumptions made to obtaifkM/s< Vi, < 800 km/s the following relations appear to be
Egs. (33) and (34) describe the energy equipartition per ion ofulfilled for the solar wind density,o and temperaturé,o,
the available energy sources to primary and secondary iong&spectively, at 1AU (see Richardson et al., 1995, McComas
This consequently then requires as evident that the right-han8t al., 2000):

side of Eq. (41) is equal to the second term on the right-hand Vo Vo 3
side of Eq. (42). no = [”Oov_w —-25 (1 - V_w>i| cm (44)
3.1 The primary solar wind ion fluid and:
2
Equation (41) which describes the distance-dependence df,,o = Ty00 (“//—w> . (45)
w0

the temperatur@&; of primary solar wind ions unsurprisingly
turns out to be identical with the equation already found and In the following we shall discuss the most important re-

analysed by Fahr and Chashei (2002) and thus, its solutionsults of the above theoretical derivations. For that pur-
in some respects can already be found by the reader therpose we first select appropriate values for the relevant
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1 : : the latter to be in fact nearly quantitatively true there, how-
ever, is a clear need that only a minor fractignas derived
05~ in Eq. (30) of the initial pick-up ion energy originally incor-
of- porated into the two-fluid solar wind flow finally and exclu-
15 sively be transfered to the primary solar wind ions. Factors
_'0'5 0 1073 N ey > 0.1 appear to be clearly ruled out from the data, as was
% -1 g - already recognized earlier by Williams, Zank and Matthaeus
i_l 5 B (1995).
o The velocity-dependence @f(x) emphasized in the re-
-2 - sults of Fig. 2 also becomes especially interesting in view
"t B of the fact that, at least under solar minimum conditions,
' strong systematic variations of the solar wind velocity with
-3 ] latitude have been recognized (see McComas et al., 2000,
35 | | | | | | | | | 2002). This invites us here to study in a little more detail the
0O 10 20 30 40 50 60 70 80 90 100 latitudinal temperaturd (¥)-variation to be expected from
solar distance [AU] this fact. In order to also be thereby based as much as pos-

sible on experimental data we start again from ULYSSES
Fig. 1. Shown is the raticR; ;, = Q;1/0Q51 as a function of the  plasma measurements published by McComas et al. (2000),
solar distance in units of AU for various valuesgf = 1.5; 3.0; representing typical solar minimum conditions of the helio-
6.0 -10~3. The other relevant parameters in the calculations herebysphere. As obtained from the first full polar orbit passage
are taken to be equal o = 0.1 ands = 9/3. of ULYSSES the essential solar wind parameters scaled to
a reference distance of =1 AU, like bulk velocity V,0,

o ) ] densityn,,0, proton temperatur@ o, have been obtained as
parameters occuring in the calculations. Wityoo = functions of solar latitude angie

0.05cm® (see, e.g. Izmodenov, 2000, Fahr, 2000) and Concerning the bulk velocity,, () one can derive the

(15 - . o ) .
0.x(440km/s)=210"°cn?* one obtains for the standard fojlowing best-fitting analytic representation of these data:
value of A = npooOerr0=1.510"3. With n,0=7 cm 23 and

V=440 km/s (see Whang, 1998) one obtains the critical ion-v 9 — Vs — Vs

ization distance b1 - rg = A - (nywoVw/NHoo VHoo) - 70 = w@) = Vus + 2

3.7 AU. The parametegy = A - (V,,/4v,) for these standard

values thus amounts i = 3.3 10~3, adopting the Alfén  [1 — tanfac(cosy — cosv,)] , (46)

speed withvs=50km/s. As the standard value fGlpy =
((3%2/4”)/(1;21)2) we may take hera&go = 0.1 Sging where V,,;=380 km/s andV,,;=760km/s are the observed
4 = 0.1.

these above relations and adopting the valligs,=25km/s; wind speeds for slow and fast solar wind, respectively, and

s = 9/3: andGoo = 0.1, we find the ratio of primary ion whered. = 40° anda, = 45 characterize the critical lat-

heating by pick-up ion induced - over convected - turbulencem_JOIe and the rapidity of the change from slow to fast solar

power, i.e. R;;, = Qi1/Qp1, as shown in Fig 1. and the wind. . .

temperature profile®; (x, V,,) as shown by Fig 2. The solar wind density,,o can be represented by the fol-
As one can see in Fig. 1 heating by pick-up ion induced

lowing analytic function:
turbulence, depending on the value for the quangiyi.e.

. . Nywf — Nys
for A, starts to dominate over heating by convected turbu/2wo(%) = nuws + - 2
lences from distances of 15 AU to 50 AU outwards.
Inspection of Fig. 2 shows that the temperatufedirst ~ [1 — tanf(a.(cosy — cosd.)] . (47)

fall off rapidly with increasing solar distances r. Then in the : 3 B 3
region between 20 through 30 AU they reach a minimum and/Vhere the valuea,,;=7 cnm™> andn,,;=3cn > have to be
beyond they start even to slightly increase with increasing“sed as typical densities for the slow and the fast solar wind,
distance. The sensitivity of the temperatufggo the actual eSPectively. For the temperatufgo of the primary solar
solar wind bulk velocities/,, thereby is fairly mild, however, Wind protons one analogously obtains from the ULYSSES
clearly recognizable. As we can show by comparing the re-data when scaled =1 AU by a factor(1/r) (for justifica-
sults of Fig. 1 with 50-day averages of VOYAGER-2 tem- tion see McComas et al., 2000), the following representation:
perature data (see Gazis et al., 1994) our theoretical curves Ty — Tis
nicely guide the observed fluctuating temperature values il o(®) = T1;, + —————.

the ranges 5 AU through 15 AU and 25 AU through 40 AU 2

whereas in the region in between the measured temperatufg — tanh(«,(cosy — cosd,)], (48)
values for some reason seem to be fairly on the low side of the

theoretical values. Th&;-fluctuations, nevertheless, are in- with the typical temperature valu@s, = 7-104KandT1f =
fluenced by associated fluctuations of the velocitigs For 3. 10°K for the slow and the fast solar wind, respectively.



I. V. Chashei et al.: A consistent thermodynamics of the MHD wave-heated two-fluid solar wind

Vw=800 —

7001

600

500

400

3.8 -

3.6 -

Y| N N WA WA WS WU S R N S

0O 10 20 30 40 50 60 70 80 90 100
r [AU]

1413

and
(6B3/4m)

2
PwOV40

2
35BS
2
BO

Go(®¥) = (54)

(51,

The latter assumption is similar to the argumentation given
by Zank, Matthaeus and Smith (1996). Here it has to be men-
tioned that Eq. (52) is only correct in that plane containing
both the upwind axis and the solar polar axis, since only then
the latitude angl® and the off-axis angl® are identical and
with Eq. (25) lead to the given expression g (). For re-
gions outside of this plane the anglesand ® are different
from each other, which then would slightly complicate the
expression for\1(¥) given by Eq. (52).

To evaluate the expression f6ip(¥) given in Eq. (54),
one may study observational results taken by ULYSSES on

s

Fig. 2. Shown versus solar distance r along the upwind axis is themagnetic field fluctuations and published by Horbury and

temperaturel’; of primary solar wind ions in units of [Kelvin] for
various solar wind bulk speedsg,. Consistent with the variation
of vy, solar wind density, the Alfen speed and the energy input

Balogh (2001). From these results one can draw the conclu-
sion that the dependence on the latitude argie the rele-
vant range of turbulence scales is sufficiently weak. For this

parametergo and Go have also been changed according to pre- rag50n we adopt here in this stufy(®) = Ggo = const.

scriptions derived in the text.

From Eq. (41) one now derives the following solution:
Ti(x, V) = x 43

[T10(9) + Ts(@)Up(x, 9) + Li (x, 9))], (49)

whereT, () is given by:
() = 2m v} (9)/(3K)

with:
Bo()
Bo(¥ = 0)
Adopting Parker’s spiral magnetic field solution one ob-
tains for the ratio of the magnetic fields:
Bo(@w) V(@ = 0) cos®
Bo( =0) Vi (9)

Furthermore, the expressiong(x,®#) and [;(x, 9) in
Eq. (49) are defined by:

va(®) = vao Vnwo(® = 0)/nyuo0(9).

3Go(? ‘
Ix, 9) = 220 (az-sos_ g

13— 3s (50)
and:
Ii(x, 9) = go(?) /1 cBexp(—A1()/5)ds (51)

with the following definitions:
_ v V(@) nyo(d)
A1) = Asinz? Vioo HHoo (52)
and
Vi (D) va ()

0= A @ T V@) 3)

Now we want to use Eqg. (49) to calculate the primary pro-
ton temperaturd’ (r, ), but prior to doing so one should
keep in mind the fact that this equation concerning the ef-
fect of a heating due to dissipated convected turbulences (see
Sect. 4.1) was derived for heliospheric conditions only valid
beyond some critical distaneg at which the tiltw of the
Archimedian magnetic field with respect to the radial direc-
tion becomes larger thaigW = B,/B, > 1. This critical
distance on the basis of the Parker spiral field solution evalu-
ates to an expression given by:

Vi ()
V)= ———
re(@) Q, cosy

whereQ; is the angular speed of the solar rotation. For
latitudes® > . = 20° the above relation roughly yields the
following result:

Vi (9 = 0) Vi (9c)
re(v) = ~
Q V(@ = 0) cosy
760 ro  2AU

380cos?  cosd

In order to be able to rely on data which were taken by
ULYSSES atr < 5AU one should thus make sure that
only latitudes are considered at whigl(?##) <5 AU, mean-
ing that with the above derivations, in principle, we are re-
stricted to latitudes? < 65°. In the following we thus
make use of Eq. (41), however, starting from an inner bound-
ary with r5()=5AU. At this boundary we obtain the ob-
servationally supported temperatufgs(¢) using relation
(48) but rescaling temperatures to 5 AU with the scaling law
Th5(9) = (1/5Tio(®) applied by the authors of the paper
by McComas et al. (2000).

In Fig. 3 we have shown the temperaturggr, ©) ob-
tained with Eq. (49) as a function of solar distance for differ-
ent solar latitude®. As can be seen there, within latitudes
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4.8 ——————— (261Vw) / (62va) > 1, (56)

theta=70

50 and thus expresses the fact that heating of secondary ions by

46 0 damping of self-induced waves can tacticly be neglected in

\ f§ comparison with the direct energy injection connected with

charge exchange induced injection of new secondary ions.
4 ] This does not imply that Fermi-2 acceleration of secondary
\\—/‘/ ions, as discussed in Chalov, Fahr and Izmodenov (1995,

log T [K]
N
N

1997) or Fichtner et al. (1996), is unimportant, but it has to
T be seen as connected with energy absorption from convected

e turbulences (see the term on the right-hand side of Eq. (55)
= affiliated with the factoiGo).

4 Ll | L In the following we first investigate the asymptotic be-
0 0.5 1 15 2 haviour of the secondary ion temperatiewith solar dis-

log r{AV] tance at heliocentric distances, where 208 > A1 > A is
valid. In this range we can, on the one hand, neglect both self-
induced and background heating sources on the right-hand
side of Eq. (55) (see also Fahr and Chashei, 2002), but, on

sistent with the variation off, solar wind velocity, density, the the other hand ,one can expand Egs. (39) and (40) for small

Alfv én speed and the energy input parametgiandG have been  ValueSAx < 1 and can easily find thay /& ~ 1/ (Ax).
changed according to prescriptions derived in the text. The initial T NUS the asymptotic form of Eq. (55) is obtained by:
boundary values fof, at 5 AU have been taken from McComas et
al. (2002). dTz 1Ty Tex

dx  3x x’

4.2

Fig. 3. Shown versus solar distaneas the temperaturé&y of pri-
mary solar wind ions in units of [Kelvin] for various heliographic
latitudes, i.e. for9 = 0, 10, 20, 30, 50, 60, 70 degrees. Con-

(57)

0° < v < 20° temperatures are nearly insensitive to lati- where7,, = mquz;(l —¢s) / 3K is the injection tempera-
tude and distance. However, then with increasing latitudegyre corresponding to the energy imported into the secondary
30° < # < 60° there appears a fairly strong latitude depen- jon fluid by freshly injected secondary ions immediately af-
dence. As a hint for a better understanding of the data it iger the charge exchange process and the incorporation into

perhaps important to recognize that the latitudinal gradient inthe solar wind bulk has occured. Equation (57) has the fol-
T1 is much more pronounced than the radial gradient, at leasowing solution

during solar minimum conditions.
3
N . _ 73 2 7/3
3.2 The secondary solar wind ion fluid T =x <T20+ 7X Tex) . (58)

Now we want to investigate the temperatdbeof secondary Here Tyg is the secondary ion temperature at some inner
protons, but for that purpose werestrict again our considerheliocentric reference distanegy > 5AU beyond which
ations to the ecliptic, i.e. keeping = ® = 0. Using Eq.(57) is valid. This boundary temperature most probably
Egs. (36), (49) and (50) the Eq. (48) is then represented iris determined by turbulent heat sources as those discussed
the form: above.

AT, 4T £ One can see from the solution 58 that, if these turbulence-

o + 3T + AE_ exp(—A1/x) Tr = induced heating sources are neglected completely, then the
X X 2

secondary ion temperature is approaching from above the
5 constant valueize, = m,V2(1 — €7)/7K which is deter-
Aé exp(—A1/x) (mpvw(l - Gf)> mined by a balance between the energy input due to locally
&2 3K generated secondary ions and the quasi-adiabatic cooling at

the motion to larger distances. This asymptotically isother-
4T [Goxz—s + 2 exp(—Al/x)] ’ (55) mal behaviour of the secondary ions, interestingly enough,
was already anticipated as a well suggested fact from kinetic
studies and even was used as a suggested assumption in the
paper by Fahr (2002b). In view of Eq. (58) the asymptotic
value Tx, can be refered to as the minimal possible temper-
ature of secondary or pick-up ions which can result under
specific solar wind conditions, i.e. given by corresponding
m, V2 values ofV,, andvg4.
[A% exp(—A1/x) (#) a- ef)] A value for the secondary proton temperature at small so-

ex __ I
Ry = [goTs exp(—Al/x)] - lar distances ofg ~1 AU can also be easily found from

where the relative abundancgsandé, of primary protons
and secondary protons are given by Egs. (39) and (40).

The ratio R;* of the first and the third term on the right-
hand side of Eq. (55) evaluates to:




I. V. Chashei et al.: A consistent thermodynamics of the MHD wave-heated two-fluid solar wind 1415

Eq. (48) by setting, in view of the vanishingly small abun-  »;s ——mm™m————F+—F+""+—""+""+""—"+"—"+—"——""——""
dances of secondary protons thefg/é2 > 1. Using this
result one simply obtains:

myV2(l—ep) 7
Tyo=—L22=__J2~ 7. 59
20 3K 3120 (59) B
The general profile of the secondary ion temperafure)
now has to be found from the general solution of Eq. (55) —
given by: L 100

To(x) = expg— /x Ax(x)dx]x
5

N
S)
\

=
(4]

T [MegaKelvin]
=
o

o b b b b b b b P b
0
0 10 20 30 40 50 60 70 80 90 100

{Tzo + / " Bo) expit f ) Az(x”)dx”]dx'} . (60) rlAU]
5 5

Fig. 4. Shown versus solar distaneealong the upwind axis is
The lower borderx20=5AU has been selected because the temperatur@; of secondary solar wind ions in units of [Mega

here the boundary value fd@bo can still well be taken from  Kelvin] for various solar wind bulk speeds, . Consistent with the
relation (59) and from here outwards the approximations (39)variation of v, solar wind density, the Alfén speed and the en-
and (40) are valid. In the above expression the followingergy input parameterg andGg have also been changed according

functionsA,(x) and By(x) were introduced: to prescriptions derived in the text.
4 Aexp(—A(x — 1)) A1
Az(x) = 3x + 1—exp(—A(x — 1)) exp(—T) (61) time periods given by Eq. (30) and dissipation time periods
given by Eq. (20) may tell that diffusion becomes the more
and: effective process, meaning that one can expect the free en-
Aexp(—A(x — 1)) ergy of freshly injected secondary ions to be distributed by
Ba(x) = T2°1 “exp—A(x — 1)) equal amounts to primary and secondary protons, and not ac-

cording to the relative abundances. For this alternative ver-
sion of the heating model presented by us here, one can thus
assume that the wave energy generated by freshly injected
) secondary ions passes by equal amounts to primary and sec-
where the expressiofbo = m, V(1 — ¢7)/3K developed  gndary protons. In this case the heating source in Egs. (48)
in Eq. (59) has been used again here. and (49) should be modified accordingly, i.e. the fagter
In Fig. 4 we have shown the temperatlte= T>(x) cal- should be changed t¢1/2)go (§1/£2). However, this modi-
culated as a function of the solar distance: x20 = S5AU fication does not change the asymptotic solution (59) because
along the upwind axis for different values ©f,, taking into similar to Eq. (50) the ratick,,,, now remains quite large,
account the associated functiong(Vy), va(Vy), A1(Vy) which again yieldsR,/, = 2V,,/va > 1.
as given by Egs. (44), (43) and (45). As it can be seen in
Fig. 3 the temperature®, at all distances are clearly re-
lated to the solar wind bulk velocity and at larger solar dis-4 Concluding remarks
tances behave with distance fairly isothermal, as was already
pointed out earlier in papers by Fahr (2002a, b). In view of In the following we shall discuss the most important results
the latitudinal solar wind velocity gradient, which is evident of the theoretical derivations presented in the aforegoing sec-
at solar activity minimum conditions, analogous to the re-tions. We have described a two-fluid solar wind plasma con-
sults shown in Figure 3, we can thus in view of Fig. 4 also sisting of primary and secondary (i.e. pick-up) solar wind
expect that strong latitudinal gradients in the temperaturesons. The two fluids are thermodynamically coupled by their
T» should be present. The secondary ion fluid definitely will enthalpy source terms, i.e. dissipation of convective turbulent
show higher temperatur@s at higher heliographic latitudes. energy and pick-up ion induced turbulent energy. As a result
As one can clearly see in Fig. 4 the secondary ion tempereone can see in Fig. 2 that the primary solar wind ion tempera-
aturesT»(x) show a pronounced reaction to the solar wind turesTy, even at small distances, do not fall off adiabatically,
bulk speed¥/,, with initial and asymptotic values being pure but polytropically, with distance-variable polytropic indices.
functions ofV,, and with the change-over profile being de- They are also noticeably dependent on the solar wind speeds
termined by other competing parameters like the values forV,,, and thus also a clear latitude dependencg afs shown
£0, Go, v4 ands. in Fig. 3, has to be expected at least for solar minimum con-
Finally, we only want to mention briefly here that at fairly ditions. The secondary ion fluid temperatdige as shown in
large ion production rateg,,, the comparison of diffusion Fig. 4, reflects a clear dependence on the solar wind speed

A
exp— =2y + T,Gox 2™, (62)
X
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Vyw, demonstrating a quasi-isothermal behaviour at distanceto the action of the secondary ion pressure gradient and due
beyond 30 AU. Though not very many observations of pick-to pick-up ion momentum loading just have to cancel each
up ions in the outer heliosphere are at the present time availether (see Fahr, 2002b), meaning that:
able, which could enlighten their thermal behaviour, it nev-
ertheless turns out that at large distances these ions definitely P2 = pw Vuz,Gean (63)
appear to be energized and show suprathermal tails (Krimigis
one Decker 2001? Decker otal 20(';)2, Closckler 20(03)’th%§hould be fulfilled. Otherwise, if Eq. (63) is not fulfilled, for
supporting our theoretical conclusions. a decelera_tlng solar wind, some addltlona_l telmmsand '

As shown in Figs. 2 and 3 the effect of heating due to ab-ShOUId be included in Egs. (31) and (32) given by
sorption of convected and self-generated turbulences is such y
that at larger distances in all cases shown the polytropic ind'1.2 = — 1Pl’2d_r V. (64)
dex falls below 1, reflecting a slight temperature increase 4
with the expansion of the solar wind to larger distances. In this respect the analysis of this paper is still not fully
This latter result differs from a similar study carried out by consistent, since in the two-fluid thermodynamics presented
Fahr (2002a/b) where only a drop-off of the effective poly- here the solar wind dynamics was inconsistently prescribed
tropic indexy,rr (x) with distancex to asymptotic values of by the requirement that,, = const.
Yerf(x — 00) ~ 1.1 > 1 was obtained. This study by Fahr
(2002a, b) was, however, based on two assumptions: first, if\cknowledgementsThis work was partially funded by a NATO
was asssumed that pick-up ions when being convected out3¢ientific Research Grant (CLG number: 69-5109) and by a bi-
wards with the solar wind strictly behave isothermal, and sec."2tional cooperation project numbered 00-02-04022 jointly spon-
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