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Protons and alpha particles in the expanding solar wind: Hybrid

simulations

Petr Hellinger1’2 and Pavel M. Travnicek>1?

Abstract.

We present results of a two-dimensional hybrid expanding $imulation of a

plasma system with three ion populations, beam and cor®msptind alpha particles (and

fluid electrons), drifting with respect to each other. Th@amsion with a strictly radial mag-
netic field leads to a decrease of the ion perpendicular tallphtemperature ratios as well

as to an increase of the ratio between the ion relative wi#gscand the local Alfvén veloc-

ity creating a free energy for many different instabilitid$e system is most of the time marginally
stable with respect to kinetic instabilities mainly due e tion relative velocities; these in-
stabilities determine the system evolution counteracsiogne effects of the expansion. Non-
linear evolution of these instabilities leads to large rfiodtions of the ion velocity distribu-

tion functions. The beam protons and alpha particles areleexted with respect to the core
protons and all the populations are cooled in the paralldction and heated in the perpen-
dicular one. On the macroscopic level the kinetic insttibdi cause large departures of the sys-
tem evolution from the double adiabatic prediction and lemgerpendicular heating and par-
allel cooling rates which are comparable to the heatingsrastimated from the Helios ob-

servations.

1. Introduction

are yet to be determined; different mechanisms are expéctee
relevant at different radial distances and for differerasevind

In the solar wind the proton and alpha particle temperatur@dasma parameters; furthermore, multiple phenomena mexisto
decrease with the radial distané&eslower than what is expected and compete with each other. The solar wind rotation inflaenc

from the adiabatic predictiosx R~/ [Marsch et al, 1982a, b].
Assuming a model which takes into account nonnegligiblegoro
temperature anisotropies in the solar wikte[linger et al, 2006],

Helios observations indicate that in the parallel direttwotons

the differential ion-ion velocitiesNlcKenzie et al.1979;Hollweg
and Isenberg1981]. The azimuthal (transverse) particle velocity
components importantly affect the radial momentum trartsipo
the solar wind leading to the relative deceleration betwapha

need to be cooled around 0.3 AU but further away they need particles and protond [ et al., 2007]; this effect, however, does
be heated whereas they need to be heated in the perpendiculahot seem to account for the observed relative deceleratiche

rection (as well as in total) from 0.3 to 1 AWHEllinger et al,

2011, 2013]; the parallel and perpendicular heating (cgdliates
are comparable and are important fractions of the dimeaklharat-
ing rate given as the ratio between the proton kinetic enanghthe

expansion time
O = npkBTpvsw‘ )
[cf., Vasquez et al2007]; for symbol definition see Appendix.

On the microscopic level the proton velocity distributiamé-
tion typically consists of two populations, core and bedfiaisch
etal, 1982b], which decelerate with respect to each other fatigw
roughly the local Alvén velocity. This deceleration isaid to the
proton parallel cooling. Alpha particles also sometimdsilgixtwo
populations and decelerate with respect to the core prdtdios/-
ing roughly the local Alvén velocityNlarsch et al, 1982a]. The
alpha particle (and proton beam) kinetic energy being losing
this deceleration likely contributes to ion heatir8chwartz et al.
1981;Schwartz and Marsch983].

Ulysses observations of alpha particles in the fast, higitulde

fast solar wind between 0.3 and 1 AU but may be relevant for the
Ulysses observationgiet al., 2007].

The Coulomb collisions naturally reduce the differentieloc-
ities between different specieBl¢ugebauer1976; Kasper et al.
2008] and contribute to a (possible differential) partieteergiza-
tion [Matteini et al, 2012]. While the Coulomb collisions are rele-
vant in slow solar wind streams, fast solar wind streams ssere
tially collisionless. In collisionless plasmas interac$ between
ions and electromagnetic fluctuations (magnetohydrodyeaum-
bulence and/or waves) are the usual suspects.

The role of the magnetohydrodynamic turbulence in the solar
wind and its effect on the particle energetics and velodisyrithu-
tion function remain an open questiddtthaeus and Vell2011].
Estimations based on the stationary Kolmogorov-Yaglom[&aw.,
MacBride et al, 2008] indicate that there is enough energy in the
turbulent cascade to heat protons. However, the statiynasi
sumption in the expanding solar wind is questionattiellinger
et al, 2013]. Interactions between ions and (parallel propagati

solar wind Reisenfeld et al.2001] indicate that alpha particlesAlfvén/ion cyclotron waves is another relevant mechanighich
need to be heated in total (but they need to be cooled in the p8tay influence properties of protons and alpha particlesvfer
allel direction) and the necessary heating rate matchesrtergy €t al, 2001;Hellinger et al, 2005]. Observations at 1 AWKasper

lost due to the relative alpha-proton deceleration.
Physical mechanisms responsible for the observed evolofio
ion thermal energetics (and of their velocity distributfanctions)
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et al, 2008, 2013] indicate nontrivial correlations between pan
rameters compatible with some of the expected propertigbeof
cyclotron wave-particle interactions.

lon temperature anisotropies and differential velocit@e
constrained by kinetic instabilities. Signatures of terapgre-
anisotropy driven instabilities are clearly observed mgblar wind
[Gary et al, 2001; Hellinger et al, 2006; Matteini et al, 2007;
Maruca et al, 2012] and signatures of instabilities driven by dif-
ferential velocity between ion specid3dughton and Gary1998;
Verscharen et al.2013] are also observeMprsch and Livj 1987;
Tu et al, 2004; Goldstein et al. 2000; Matteini et al, 2013]. It
is unclear what are the relations between a magnetohydanaign
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turbulence and/or important wave activity and kinetic &hdlities  spatial resolutiomd\z = Ay = va /wepo, and there are, 048 par-
(which are usually investigated in the approximation of loge+ ticles per cell for the core protons amgd024 particles per cell for
neous plasma and uniform magnetic field). However, observdie proton beam as well as for alpha particles. Fields andentsn
tions of proton temperature-anisotropy bounéiellinger et al, are defined on a 2-D—y grid with dimensions512 x 512 with
2006] and enhanced magnetic fluctuations in the vicinithebtet- the periodic boundary conditions. lons are advances wiima t
ical marginal stability regions due to proton temperatanésotropy step At = 0.05/wcpo, While the magnetic fieldB is advanced
driven instabilities Bale et al, 2009] indicate that these instabili- with a smaller time stef\¢tz = A¢/10. The initial ambient mag-
ties coexist with the magnetohydrodynamic turbulenceénastiv- netic field is directed along the radialdirection,B, = (Bo, 0, 0)
ity present in the solar wind. The beam-core and alpha pearticand we impose a continuous expansion in the transvgraadz)
core relative velocity driven instabilities naturally temk the rel- directions. For simplicity we here only consider a striathdial
ative velocities as a part of the saturation mechaniBauphton magnetic field. In this case the expansion leads to a decoééise
et al, 1999] and may be responsible for the deceleration of beaimbient density and magnitude of the magnetic field as
protons and alpha particles with respect to core protonsnzend

contribute to ion energizatiorHgllinger et al, 2003]. Hellinger 0\ 2

and TravniceK2011] (referred hereafter as Paper 1) used a hybrid n o« B (1 + t_> (3)
expanding box model (which self-consistently models thape- <0

tition between the expansion and ion kinetic instabiljttesinves-
tigate an evolution of a proton beam-core system in the edipgn
box. The hybrid expanding box simulation results indich ki-

and the double adiabatic prediction of the proton tempegatu
anisotropy and parallel beta in the expanding box is

netic instabilities driven by the beam-core relative véjoeduce T £ \2
this source of free energy leading to a parallel cooling aed p sl Bs) (1 + _) (4)
pendicular heating in qualitative agreement with the oleens. Ti. Le

Further analysisHellinger et al, 2013] indicates that the heat- . ) .
ing/cooling rates in the hybrid expanding box simulatioe tithe  The expansion tends to increasg /7. leading to the corre-
kinetic instabilities are comparable to the heating rattsmated Sponding temperature anisotropy driven instabilitiesttrermore,
from the Helios data indicating that the observed protoralfetr the Alfvén velocity decreasess oc 1/(1 + t/teo) whereas the
cooling is caused by kinetic instabilities driven by the tneeore ~ Parallel differential velocity,. between the proton core and beam
relative velocity. populations is constant (for the strictly radial magnetdd) when

In Paper 1 a|pha partic|es were not included in the plasnﬁ'@ V\{aVe aCthlty or (.30||IS.I0nS are present. ThIS I’esultsmatlnu-
model. This is rectified in this paper where we investigageetp- OUS increase of their ratio,
lution of a more realistic plasma system consisting of pratore .
and beam populations, and of alpha particles drifting wétspect x1+—, (5)
to each other using the hybrid expanding box model. Thismpiape vA teo
organized as follows, section 2 presents the numerical hisde-
section 2.1) and its results concerning the evolution ofesaand
ions (subsection 2.2) and we calculate the heating ratdé®isim-
ulated system (subsection 2.3). In section 3 we discusdrthédas
tion results and compare them with observations.

Ubc

which leads to beam driven instabilities.
For initial conditions we took these proton parameters:
ne = 0.8n¢, np = 0.1ne, vbe = 1.3v4,
ﬂPH = 0.27 ﬂbH = 0.17 TCL/TC” = 1.87 TbL/Tb” =1 (6)
2. Simulation results

2.1. Model and initial conditions

while for alpha particles we set

In this paper we use the Hybrid Expanding Box (HEB) model Me = 0.067e, Vac = 0.8va,

to study self-consistently the response of the solar wiadmh to Ba) =0.05, Toy /Ty = 1. @)
a slow expansionNlatteini et al, 2006;Hellinger and Travnicek

2008]. In the HEB model the expansion is described as anrelter The characteristic time was chosen tathe= 10" /w.po0, Which is
force where a constant solar wind radial veloaity, is assumed. about 10 times faster than in the solar wind. We chose thesepa

The radial distancé is then eters for comparison with Paper 1 where similar proton patars
. were used.
R = Ro + vswt = Ro (1 + —) (2)
teo 2.2. Waves, particles and instabilities

whereR, is an initial radial distance ando = Ro/vs, iSthe char- Thg _c_hosen initial con_ditions are stable with respect tetiin
acteristic (initial) expansion time. Transverse scaleish(nespect instabilities. The expansion, however, tends to changglemEma
to the radial direction) of a small portion of plasma, co-fingv Properties which typically create a free energy for kinetatabili-
with the solar wind velocity, increase with time (1 + t/t.0). ti€s. Let us investigate the evolution of the HEB simulastarting
The expanding box uses these co-moving coordinates, ieglacwith the wave activity. Figure 1 displays the evolution o tiag-
the spatial dependence by the temporal one (see EquatjorT(® netic fluctuations. The top panel shows the fluctuating migne
physical transverse scales of the simulation box incredtbetime ~ field 3% /B3 as a function of time. The other two panels display
[see Hellinger and Travnitek2005, for a detailed description of gray scale plots of the fluctuating magnetic fiél as a function
the code]. of time and wave vectat (middle panel) and as a function of time
The kinetic model uses the hybrid approximation, electames and propagation anglé.s (bottom panel). Figure 1 shows that
considered as a massless, charge neutralizing fluid, witbna cinitially there is no important wave energy in the systemaBout
stant temperature; ions are described by a particle-inncetlel 0.1t.o electromagnetic waves start to appear around the parallel
and are advanced by a Boris’ scheme that requires the fielols topropagation with wavevectot$5 < kva/wep < 1. At about
known at half time steps ahead of the particle velocitiesis Th 0.4¢.o obligue waves with the angle of propagatiépz ~ 45°
achieved by advancing the current density to this time stitp wand wavevectors ~ 0.1lw.p/va. These oblique waves appear in
only one computational pass through the particle data &t #ae a transient manner (reminding the self-destructive pragseof the
step Matthews 1994]. The characteristic spatial and temporadblique fire hose instability). As the obliqgue waves appeal @is-
units used in the model atey /w.po and1/wepo, respectively (for appear the relative fluctuating magnetic enef§f / B3 decreases.
the definitions of symbols used here see Appendix. We use thater on,d B2/ B2 increases with time again.
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0.030 els)t = 0.6t.o and (bottom panels) @t= 2t.o. The overplotted
B o.0oE dashed lines displays the local Alfvéen velocity.
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Figure 1. Evolution of the magnetic fluctuations: (top) Fluctu- 2
ating magnetic field B2/ B¢ as a function of time. Gray scale 2
plots of the fluctuating magnetic fieltdB as a function of time 1 Ena ]
and wave vectok (middle panel) and as a function of time and S
propagation anglé, s (bottom panel). ? of E3 ]
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A similar evolution is also seen in the proton density fluetua 2
tions. Figure 2 displays the evolution of the proton den8iig- 2
tuations in the HEB simulation in the same format as in Fidure i it E
The top panel shows the proton density fluctuatiéng/n2, The E
middle and bottom panels display gray scale plots of protrsity 0 ER3 E
fluctuationson,, as a function of time and wave vecterand as a - b N E
function of time and propagation anglgz, respectively.
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Figure 2. Evolution of the proton density fluctuations: (top)
Proton density fluctuation®; /n2, as a function of time. Gray
scale plots of the proton density fluctuations, as a function
of time and wave vectok (middle panel) and as a function of
time and propagation angte 5 (bottom panel).

The density fluctuations are not seen for the nearly paraitgd-
agating waves in agreement with the linear expectationseiseat
more oblique angles the evolution of the density fluctuatisrsim-
ilar to that of the magnetic fluctuations.

The interaction between waves and ions leads to importadt m
ifications of the ion velocity distribution functions. Figu3 shows
the proton (left panels) and alpha particle (right panetdpeity
distribution functions as functions af; andv, at (top panels)
t = 0.4tco, (Middle upper paneld) = 0.5t.0, (middle lower pan-

2 .
v)/va0 vy /va0

Figure 3. lon velocity distribution functions as functions of
andwv, (normalized to the initial Alfvén velocity o) at (top
panels) = 0.4tco, (middle upper panels) = 0.5t.0, (Middle
lower panels) = 0.6t.o and (bottom panels) at= 2t.o. Left
panels show the total proton distribution functions, wihigght
panels shows the alpha particle distribution functionssHaal
lines displays the local Alfvén velocitya .

Figure 3 shows that the general effect of the expansion,ehe p
pendicular cooling which is partly counteracted by wavetiplke
interactions. The quasi-parallel waves interact mainlyhwhe
beam protons, slowing them and scattering them in the pdipen
ular direction. Alpha particles are only weakly affectedthgse
waves. On the contrary, the transient oblique waves styangu-
ence the (resonant) alpha particles; they are deceleratedemted
in the perpendicular direction. The beam protons likeleratt
with the oblique waves as well and the core protons are glearl
heated in the perpendicular direction. These results ansiso
tent with the quasi-linear predictions for the parallel metgpsonic
and oblique Alfvén instabilities for the standard and aatous cy-
clotron resonances (see Paper 1). Furthermore, there dicain
tions of a formation of a quasi-linear plateau in the protelogity
distribution function due to the Landau resonance.

In order to discern the instabilities responsible for theewgen-
eration we used the local ion velocity distribution funooand
calculated the linear prediction, the maximum growth rae,a
function of time (when it was possible). The results of thesleu-
lations are shown in Figure 4 where dots displays the maxitmm
&ar growth rate calculated from the local/instantaneouséocity
distribution functions as a function of time (see Paper 1)e Top
panel shows the maximum linear growth rate for the paralksym
netosonic instability, the middle panel shows the maximinear
growth rate for the oblique Alfvén instability and the lmtt panel
the maximum linear growth rate for the parallel proton cy@o
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instability for the propagation along the beam/alpha plsi. For
comparison we calculated temperatures and mean velooftfes-
ticles which initially formed the three populations and wadco-
lated the maximum growth rate assuming bi-Maxwellian vi&yoc
distribution function for the three populations.

Figure 4 shows that the system becomes first unstable with re-

spect the parallel magnetosonic instability, later on théqoe
Alfvén instability appear but is rapidly stabilized whidtkely
causes a stabilization of the parallel magnetosonic iflgiafd heir
interaction leads to an overall decrease of the fluctuatiagmatic
energy. The linear analysis indicates that after the staltibn the
parallel magnetosonic instability becomes again weakistalrie
and possibly the proton cyclotron instability gets weakigtable.
The linear prediction based on the assumption of bi-Maxarmll
particles gives generally different maximum growth rat@spared
to the prediction based on the local velocity distributiandtions;
only initially when the particle velocity distribution fations re-
main close to bi-Maxwellian ones the two predictions givaikir
results. The maximum growth rate for the oblique Alfvéntaimsl-
ity appear to reach much larger values that that of the ottstai
bilities. This may possibility due to small volume of the taide
region (in the wavevector space) as indicated by the obdevase
spectra at the oblique propagation. The important changései
alpha particle velocity distribution function due to theeiraction
with oblique Alfvén waves indicate that the main sourcehaf free
energy for the oblique Alfvén instability is the differgaltvelocity
between alpha particles and core protons.
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Figure 4. Dots denotes the maximum growth ratg.x as a
function of time for the relevant instabilities: (top) tharpllel
magnetosonic/fire hose instability for the propagatiomglthe
beam, (middle) oblique Alfvén instability, and (bottongrpllel
proton cyclotron instability for the propagation along theam
(and the alpha particles). For comparison the solid lin@svsh
the linear prediction assuming bi-Maxwellian velocitytdisu-
tion function for all three populations.
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The complex evolution of ion velocity distribution functi®

We expect that such a fit would work at least at the beginningef
simulation as the initial velocity distribution functiomé this form.
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Figure5. Evolution of the beam: (top left) number density,,
(bottom left) mean velocity,, (top right) parallel, and (bottom
right) perpendicular temperaturds,| andZ;, ., as functions of
time. Solid lines show results of a fit of the total proton dist-
tion function as a sum of two bi-Maxwellian velocity distuib
tion functions. Dashed lines show the moments calculated fr
protons which initially formed the beam. Dotted lines denot
the double-adiabatic prediction.

Figure 5 shows the evolution of the beam properties obtained
from the fit (solid lines) compared to the moments calculéitech
protons which initially formed the beam (dashed lines). uFig5
displays (top left) number densityy,, (bottom left) mean veloc-
ity, v, (top right) parallel, and (bottom right) perpendiculamte
peratures,Ii,; and T, as functions of time. For a comparison
the dotted lines denote the double-adiabatic predicticigure 5
shows that initially the fit and the moments give similar tesu
following the double adiabatic prediction. As an importarave
activity develops the double adiabatic prediction is brokeeam
protons are accelerated and heated in the perpendicukstidin
while they cool in the parallel directions. During this tirthe fit-
ted results departs considerably from the calculated mtsveerd
aftert = 0.7t.o there is a jump in the fitted results which indicates
that the proton velocity distribution cannot be at laterggncharac-
terized as a superposition of two bi-Maxwellian distribas (see
Figure 3).

Figure 6 shows the corresponding plot for the evolution ef th
core obtained from the fit (solid lines) compared to the mdsen
calculated from protons which initially formed the beam<oed
lines). Figure 6 shows (top left) number density,, (bottom left)
mean velocitywp, (top right) parallel, and (bottom right) perpen-
dicular temperaturedy,; and7}, ., as functions of time in the same
format as in Figure 5. For comparison the dotted lines detiate
double-adiabatic prediction. Figure 6 shows that inijidhe fit
and the moments give similar results and follow the doubie-ad
batic prediction. As the important wave activity appeares ¢hre

(Figure 3) needs a further analysis. Here we try to charaeter protons are weakly accelerated, cooled in the parallettime and

the two proton populations by fitting the proton velocitytdisu-
tion function as a superposition of two bi-Maxwellian distitions
drifting with respect to each other along the ambient magfietd.

heated in the perpendicular one. The fitted results thernrtsegan-
siderably from the calculated moments and after 0.7t.o, there
is the jump in the fitted results.
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10 ‘ ‘ ‘ 10* ‘ ‘ ‘ cooled in the parallel direction and heated in the perpealici-
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Figure 6. Evolution of the proton core: (top left) number den- -
sity, ny, (bottom left) mean velocityp,, (top right) parallel, <
and (bottom right) perpendicular temperatufEs, and7} ., as =
functions of time. Solid lines show results of a fit of the tota
proton distribution function as a sum of two bi-Maxwelliag-v

Tor/Taro

10"

locity distribution functions. Dashed lines show the motsen e T
calculated from protons which initially formed the core.t2al tfio /0
lines denote the double-adiabatic prediction. Figure 7. Evolution of the alpha particles: (top left) number

density, n., (bottom left) mean velocityp,, (top right) par-
) o _ ) allel, and (bottom right) perpendicular temperaturgsy and

The velocity distribution function of alpha particles albe- T, as functions of time. Solid lines show results of a fit of
the alpha patrticle distribution function as a bi-Maxweiliee-

comes quite complex during the simulation (see Figure 3)r Folocity distribution function. Dashed lines show the monsent
calculated from the alpha particle velocity distributiomé€tion.

comparison with the analysis of the proton velocity disttion ~ Dotted lines denote the double-adiabatic prediction.

function we have fitted the alpha particle distribution bye dsi-

2.3. Temperatures and heating rates

Maxwellian distribution (although at later times the al ticle . . L . .
( 9 L From the macroscopic point of view it is interesting to ines

distribution might be better characterized by two bi-Makiae
gate the properties of the total (effective) proton and alpéarticle

populations). The results are shown in Fig. 7 which showkalp
temperatures. Figure 8 shows the evolution of the totabprtegm-
particle number density, mean velocity and parallel angemalic-

. . . perature (including the core and the beam and taking intowaxtc
ular temperatures as function of time. Solid lines show #seiits

of the fit by a bi-Maxwellian velocity distribution functioashed their differential velocity) in the top panel whereas theldie panel
lines show the moments calculated from the alpha partidiecve shows the evolution of the total alpha particle temperaturbe

ity distribution function. Dotted lines denote the doubldiabatic gt1om panel shows the ratio between the total alpha parict

prediction. The fitting procedure gives a good alpha partitim- proton temperatures (solid line); the dashed line showgdtie

ber density. At later times there are clear discrepancitgdsn the
between the total alpha particle and the core proton terhpesa

fitted moments and the moments calculated from the velo@styid

The total proton temperature decreases faster than thipthaf par-
bution function. The fitted and calculated moments folloitidtly

ticles. The nonlinear evolution of the system leads to adéfftial
the double adiabatic prediction till ~ 0.5¢t.0c when the oblique 4

waves appear. The oblique waves seem to disrupt the double iating of protons and alpha particles, the ratio betweeralpha

abatic behaviour, the alpha particles are importantly ldeated, particle and proton temperaturés /7}, increases with time.
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Figure 8. Evolution ion temperatures: (top) total (effective) i
proton temperaturé,, (middle) alpha particle temperature, 0 s 20

, and (bottom) the ratio between the alpha particle tempearat ' ' /e

and the proton one (solid line) as functions of time. The ddsh

l'_nf on the bottom ﬁanel ‘T‘hOWS the ratio between the alpha par g6 9. Estimated proton heating rates: (top) the parallel

ticle temperature the total proton core temperature. heating rate),,, (middle) the perpendicular heating ragg
and (bottom) the average heating rétg normalized toQ) ¢ as

For the comparison with observationsidlinger et al,  functions of time.

2011, 2013] it is interesting to calculate ion heating ratdhe As in the case of protons we calculated the alpha particlérigea
) ] rates. Figure 10 displays the evolution of the alpha partielating
heating rates are calculated as the difference betweencthala rates normalized t@) . Top panel shows the parallel heating rate
Q.| the middle panels shows the perpendicular heatingpate,
temporal change of the spatially averaged ion temperatuméshe and the bottom panel shows the average heating@atas func-
tions of time.
double adiabatic (CGL) prediction

dTy dTy
Qs = nsks {— - (—
dt dt ) o

cmnne[ B (2]
Figure 9 displays the evolution of the proton heating ratdee 06 -
lated from Equation (8) normalized to the dimensional meptate gjo“* 7
QEe = nkpTy/te (see Equation (1). Top panel shows the parallel §O'2§ —
heating rate,,, the middle panels shows the perpendicular heat- gé}g

 0.010

ing rateQy, 1, and the bottom panel shows the average heating rate< 8888

0.004

@y as functions of time. During the initial, double adiabatiape 0.002

N Lt oo

o

S [T

o

0.5 15

there is no proton heating/cooling. When quasi-parallelesaap- t/lt'gn

pear, the protons are cooled in the parallel direction arlelte g e 10, Estimated heating rates of alpha particles: (top) the
parallel heating rate),,, (middle) the perpendicular heating
rate Q.. , and (bottom) the average heating rélg normal-
ized to the heating rat@ i as functions of time.

in the perpendicular one; in total the proton are cooled aarta p

of their energy is transfered to the waves. The appearantieeof

oblique waves leads to transient and much stronger paraltst The alpha particle are not very affected by the quasi-perall
. ) . o waves. As the oblique waves appear the alpha particlesieatib-
ing and perpendicular heating compared to the earlier tilvethe  havior qualitatively similar to that of protons. Alpha fakes are
transiently strongly cooled in the parallel direction arehted in
same time the protons are shortly strongly heated (with #akp the perpendicular one. At later times the alpha particlesvaakly
cooled in the parallel direction and heated in the perperaione;
value abou0.4Q ). At later times the protons exhibit a steady parin total they are heated with a heating rate ab@002Qr. The
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heating rates of alphas are weaker than that of protons diheito
much lower abundance; actually, the alpha particle tentperén-
creases with time with respect to the proton one (see Figure 8

3. Discussion

simulation of the plasma system consisting of proton codssam
populations, and of alpha particles (and of fluid masslesstns)
drifting with respect to each other along the ambient magfietd
as typically observed in the solar wind.

The expansion drives the initially stable system unstdfirigt,
with respect to the parallel magnetosonic instability (thuthe dif-
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2002; Kasper et al. 2008, 2013]. The hybrid expanding model
used in this paper does not fully describe the complex ptigser
of the solar wind. The strictly radial magnetic field is assaim
the chosen characteristic expansion time is about ten tiastsr
than in the solar wind and the model does not include any turbu
lence/wave activity typically present in the solar wind.eTrhodel,
however, self-consistently resolves the competition betwthe ex-
Bansion and kinetic ion instabilities. The simulation tessuggest
that the kinetic instabilities are partly responsible foe tproton
perpendicular heating and parallel cooling in the fastragiad as
observed by Helios. The simulation results also indicaaé dfpha
particles play an important role in the solar wind ion engoge A
nonnegligible part of the necessary proton heating may ket
deceleration of alpha particles with respect to protongifeato an

ferential velocity between the beam and the core) and thém wimportant total proton heating (a fraction@fz). We think that the

respect to the oblique Alfvén instability (mainly due tettiffer-
ential velocity between the alpha particles and the cor¢ops).

effects of the proton beam and alpha particles populatibrerved
in kinetic simulations need to be taken into account (eglgdhe

The proton beam and the alpha particles are deceleratedavith proton parallel cooling) when incorporating kinetic etfem fluid

spect to the core protons, heated in the perpendiculartidineand
cooled in the parallel one. There are indications that thpeoelic-
ular heating may at later times lead to a proton cyclotrotalifity
driven by the anisotropic core protons. These results aaegmal-
itative agreement with Helios observations showing a coatiis
deceleration of the proton beam and alpha particle popuistvith
respect to the core protons following the local Alfvén \ciip

The wave-particle interactions due to the driven instiedilead
to large departures of the ion velocity distribution funas from
bi-Maxwellian shapes. Assuming bi-Maxwellian velocitgulibu-
tion functions for proton core, beam and alpha particlegiegally
insufficient description of the ion velocity distributionrfctions;
especially, the linear analysis based on the bi-Maxweliatribu-
tion functions gives often quite different results comgiangth the
analysis based on the instantaneous velocity distribditioctions.

The evolution in the present simulated system is similah&d t
observed in the simulated proton beam-core system witHpbtaa
particles in Paper 1. The main difference is that the presefthe
drifting alpha particles leads to a stronger oblique Affugstability
(which is in this case driven by the alpha particles); consetly
a part of the alpha-particle kinetic energy is transferegrtions.
The proton parallel and perpendicular heating/coolingsan the
simulation are comparable to the heating rates estimated tine
Helios observations around 0.3 Abi¢llinger et al, 2011, 2013]
Moreover, the total proton heating rate in the simulatioaches
transiently values comparable with what is estimated frioenHe-
lios observations and at later times we observe a steadytotan
heating which makes an important fraction of the observetbpr
heating rates in Helios data.

models of the solar wind [cfChandran et al.2011]. Further anal-
yses of observed and simulated data are needed to deterugine q
titative roles of kinetic processes for ion energetics alt agefor
the evolution of ion velocity distribution functions.

Glossary

Here subscriptsL and || denote the perpendicular and par-
allel directions with respect to the ambient magnetic fi&ld,
By = | Bo| denotes its the magnitude denotes a velocity; = |v|
being its magnitude, ang| andv_ denote magnitude of the veloc-
ity components parallel and perpendicular®B, respectively;t
denotes the time. HerR denotes the radial distance from the sun,
vsw denote the solar wind velocity and = R/vs., is the ex-
pansion time. Here subscriptands’) denotes different species
electronsg: core protonsh: beam protonsp stands for all the pro-
tons,« denotes alpha particles); subsciipdienotes initial values.
Herens denotes the number density, denotes the mean parallel
velocities, and ., = vs — vy denotes the relative parallel velocity
between speciesands’. HereTy andT; . denote the parallel and
perpendicular temperatures, respectivély= (271 + Ty)/3 is
the mean temperature of speciesHere 3y, = 2uonsks1y/Bj
is the parallel betay.. = ¢:Bo/ms andwys = (nsq2/meeo)'’?
denote the cyclotron and plasma frequencies, respectivetiiese
expressionsns denotes the masag is the Boltzmann constan;
denotes the chargey and o denote the vacuum electric permit-
tivity and magnetic permeability, respectively. Heredenotes the
Alfven velocity va = Bo/(uompne)'/? andc denotes the speed
of light. Here,k denotes the wave vectdk,its magnitudelcu and

In the hybrid expanding box simulation alpha particles arg, its parallel and perpendicular components, respectivily,

cooled in the parallel direction and heated in the perperaione.
The heating rates of alpha particles are weaker than thqeetains
but due to their smaller abundance the ratio between the gah
ticle and proton temperatures increases with time; intiexgy this
is at odds with observations Barsch et al[1982a] who reported
an overall decrease of the alpha particle to proton temperaatio
with the radial distance in contrast with the Ulysses olstiras
in the high-latitude fast solar windRjeisenfeld et al.2001] where
the alpha particle to proton temperature ratio increaststive dis-
tance. Further analysis of Helios data is needed. The aojsot
thermal energetics of the alpha particles in the solar wigsl ot
yet been investigated but from the radial profiles of the alpér-
ticle parallel and perpendicular temperatures observetidlios
we expect that parallel cooling and perpendicular heatfrajaha
particles also occur in the inner heliosphere as observimihigh-
latitude fast solar windReisenfeld et al2001].

denotes the angle betwekrand the ambient magnetic field.
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