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Abstract. Remote sensing and in-situ observations show thatHeliosphere. The exact velocity distribution of solar wind
solar wind ions are often hotter than electrons, and the heavprotons and heavier ions, and the magnetic field fluctuations
ions flow faster than the protons by up to an &fvspeed. close to the Sun in the solar wind acceleration region are
Turbulent spectrum of Alfgnic fluctuations and shocks were not well known. In the future, missions like NASA's Solar
detected in solar wind plasma. Cross-field inhomogeneitiedProbe+ and ESAs Solar Orbiter will provide measurements
in the corona were observed to extend to several tens of sanside this distance, that will likely improve our understand-
lar radii from the Sun. The acceleration and heating of solaring of solar wind acceleration.

wind plasma is studied via 1-D and 2-D hybrid simulations.  The temperature anisotropy of protons deduced from re-
The models describe the kinetics of protons and heavy ionsmote sensing observations in coronal holes and in-situ mea-
and electrons are treated as neutralizing fluid. The expansiogyrements of fast solar wind streams at distanc@<S AU

of the solar wind is considered in 1-D hybrld model. A spec- provide indirect evidence for the presence of the ion-
trum of Alfvénic fluctuations is injeCted at the Computational Cyc|otron waves in coronal p|asma, since the anisotropy is
boundary, produced by differential streaming instability, or g signature of resonant absorption of these waves leading to
initial ion temperature anisotropy, and the parametric depenperpendicular (to the ambient magnetic field) heating. SOHO
dence of the perpendicular heating of #fie** solar wind  Uitraviolet Coronagraph Spectrometer (UVCS) observations
plasma is studied. Itis found that He ions are heated effi- show that heavy ions such a$Q and M@+ have experi-
ciently by the Alfvenic wave spectrum below the proton gy- enced preferential perpendicular heating, are hotter and flow
roperiod. faster in coronal holes than protoriofl et al, 1997 Li

Keywords. Interplanetary physics (Solar wind plasma) — €t al, 1998 Cranmer et a).1999. Purely adiabatic expan-

Space plasma physics (Kinetic and MHD theory; Numeri- Sion of the solar plasma is expected to result in decrease
cal simulation studies) of perpendicular temperate, contrary to observations (e.g.
Marsch et al. 1982 Gazis and Lazarysl982. Observa-
tions of Alfvénic fluctuations in the solar wind by Helios,
Ulysses, ACE, and Wind spacecraft show that these fluctua-
tions follow power laws off ~* and f =53 (where f is the
The solar wind plasma plays a major role in the physical Con_frequency), with steeper spectrum at frequencie_s close to or
beyond the proton gyroresonant frequenGpldstein et al.

nection between the Sun and the Earth. However, despite rel—995 Leamon et al.1998 Podesta et 412006 Smith et al

cent advances in observations and modeling the exact physi -
of the heating and the acceleration of the solar wind plasmacZSOOG Vasquez et al.2007). The above power law indices

is poorly understood. The spectrum of magneticfluc;tuationsare typical of self-organized criticality (e.&reem_an etal.
L S . .~ ~2000 and turbulenceolmogoroy, 1941), respectively.

composition, and the kinetic properties of protons and ions . . i i

provide clues on these processes. So far the properties of WWave heating of the solar wind was considered in the past,

the solar wind have been observed by remote sensing withi@nd numerical models of solar wind heating by resonant and
<0.3AU, and measured in-situ from 0.3 AU outward in the Nonresonat waves have been developed (see the review by
Ofman 2010H. Theoretical studies of ion-cyclotron reso-

nance have been developed and applied to the heating of the
Correspondence td:. Ofman solar corona and the solar winMérsch et al. 1982 Ax-
BY (leon.ofman@nasa.gov) ford and McKenzie 1992 Tu and Marsch1997 Li et al.,
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1999 Hollweg, 200Q Hu et al, 200Q Cranmey200Q Holl- 2 Hybrid model of solar wind plasma
weg and Isenberg2002. However, there are theoretical
difficulties with the application of the ion-cyclotron mech- Hybrid codes represent ions numerically as particles and
anism for coronal heating, and its role is not yet fully under- €lectrons as a fluid, and so require relatively modest com-
stood Ofman and Davila1997 Cranmer 200Q Isenberg putational resources by comparison with full particle-in-cell
2004). The limitation of the fluid or linear kinetic models is codes that represent both ions and electrons as particles,
the assumption of fixed-shape ion velocity distribution andsince electron kinetics, spatial scales, and time-scales are
in quasi-linear theory the distribution changes are assume#leglected (e.gWinske and Omidi1993. The trade-off is
within quasi-linear limits. In the hybrid models the electrons that hybrid codes only represent plasma phenomena with fre-
are treated as a fluid, and the ions are treated fully kineticallyjuencies near or below the proton cyclotron frequency. But
as particles, while the self-consistent fields are obtained on #his is precisely the regime of interest for solar wind acceler-
finite grid. Thus, the above limitations are removed in hybrid ation problems where the momentum is carried by the ions.
models allowing fully nonlinear evolution of the ion velocity The hybrid model allows one to resolve the ion dynamics and
distributions and the corresponding fields and waves. The reto integrate the equations over many ion-cyclotron periods,
sults of the models can be compared to observed velocity diswhile neglecting the small temporal- and spatial scales of the
tributions and magnetic field fluctuations when they becomeelectron kinetic motions. The field equations are solved on a
available in the solar wind acceleration region, for examplefinite grid, using the currents and charge densities produced
from the planned NASA's Solar Probe+ missidiqComas by the particles in the grid. In a typical calculation the three
et al, 2008. components of order million particle velocities are used to
Hybrid simulations allow relaxing many approximations calculate the currents, and the fields in the 2-D grid. For ex-
used in the fluid, multi-fluid, and in linear or quasi-linear ample, inOfman and \ias(2007) study 128x 128 grid with
kinetic theory and can represent more completely and self100 particles/cell/species were used. Note, that each numer-
consistently the wave-particle interactions in the multi-ion ical particle represents large number of real particles, deter-
solar wind magnetized plasma than previous analytical modmined by the density normalization. The required number
els. These models have been used successfully to study tH¥ particles per cell is determined by the required limitation
nonlinear interactions between a Spectrum of waves, beamg,n the overall statistical noise. The fO”OWing equations of
and ions in solar wind plasma and the resulting anisotropicnotion are solved for each particle of all specigs (

heating Gary et al, 2001 2003 Ofman et al. 2001, 2002 dxi

2005 Xie et al, 2004 Ofman and Viias 2007 Ofman ;= U (1)
20103. The effects of solar wind expansion of the evolu- dvy v x B

tion of the wave-patrticles interactions and on the heating wasn, — = Ze <E+ - ) (2)

also studiedl(iewer et al, 2001; Hellinger et al, 2003 2005

Hellinger and Tavricek 2008. wheremy is the particles massj; is the charge numbeg,
Recently,Ofman(20103 reported the results of paramet- is the electron charge, ands the speed of light. The elec-

ric studies of 2-D hybrid models of inhomogeneous solartron momentum equation is solved by neglecting the electron

wind plasma heating by a spectrum of Afvic fluctuations. inertia

The results of that study were motivated by future Solar 5 vex B

Probe+ mission that will investigate solar wind proton and —nemeve=0= —ene(E+ ) —V pe,

He™* components near the Sun at about 10 solar rai !

Comas et a)2008. In this region the solar wind plasma den- where the scalar electron pressuse = kpnele IS used

sity is inhomogeneous due to quasi-steady structures (corfor closure, and quasi-neutrality implieg = np + Zinj,

pared to kinetic time scales) as evident from SOHO/LASCOwhere ny, is the number density of electron, protons, and

observations (e.gDeForest et a).2007). In Ofman(20103 ions, respectively, andg is the electron temperature. The

study, it was found that the magnetic fluctuations power specabove equations are supplemented with Maxwell's equa-

trum steepens in regions of higher density and higher heatingions, namely,V x B = 47’71, andV x E = —%% for self-

rate, while in lower density regions the spectral index is closeconsistency. The field solutions are obtained on a 2-D grid,

to —5/3. The higher heating results due to Afvwave re- and the proton and ion equations of motions are advanced in

fraction by the density inhomogeneity and formation of small time as the particle motions respond to the fields at each time

scales facilitating dissipation. Here, we describe some recerdgtep. The method has been tested and used successfully in

results of 2-D hybrid models of inhomogeneous solar windmany studies. The particle and field equations are integrated

plasma heated by a spectrum of resonant waves, and the ra@: time using the Rational Runge-Kutta methdlambecq

sults of 1-D hybrid model that considers the effect of expan-1978 whereas the spatial derivatives are calculated by pseu-

sion on the evolution of the plasma temperature anisotropydospectral FFT method. The hybrid model allows computing

and the p-He&™ relative drift. the self consistent evolution of the velocity distribution of

the ions that includes the nonlinear effects of wave-particle

®)

c
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interactions without additional assumptions. Moreover, thederivatives in terms of the primed coordinates and transform
hybrid model is well suited to describe the nonlinear satu-the equations to be solved in the hybrid code

rated state of the plasma.
b dv dv' U ,

The hybrid code is a robust, well-documented simulation Z= — Z__ Vv, (7)
tool which has been used to study various electromagneticdf dr’" ~ Ro
ion instabilities McKean et al. 1994 Gary et al, 1997, where
Daughton et aJ.1999 Gary et al, 2000 2001, 2003 Of-
man et al. 2001 Xie et al, 2004 Ofman and Mias 2007, 000
Ofman 20103. Both 1-D and 2-D hybrid codes solve for the P=1010], ®)

full three components of velocity for the ions; the critical dif- 001

ference between the two types of codes is in the dimension
ality of the magnetic field fluctuation solver. Comparisons ) ) )
between one- and two-dimensional hybrid simulations oftendx” _ , 4y’ _ 1, dz 1, ©)
show qualitative agreement in the ion respostingke and ~ dr *" dt a ¥ dt a ¥

is limited to a discrete number of modes which propagate in )

a single direction with respect to the background magneticﬁ+B,(V/.U/_)_(B/.V/)U{ +(U.-V)B (10)
field, whereas 2-D simulations represent fluctuations propa-dt’ ! ! !

gating across a plane with an arbitrary angle with respectto € Vg [(V' xB)xB]=

and where to calculat€ we have used

the background magnetic field, which can more realistically 4men,
represent observations. In addition 2-D codes allow investi- —%B’ s @B’ ” @B,A
gating inhomogeneous background field, and density struc- ~— Ry x Ro vy Ro 2

ture. Thus, waves propagating obliquely to the direction of

the background field can be incorporated in the 2-D hybrig"here the transformed ion bulk velocityll§ = U; —Uo, and
model self-consistently. the electric field in the moving frame is

1

, 1
2.1 Expanding box model E'=--UxB'+ (V' xB)xB’ (11)
c dmen,
The basic equations for the simulation code with expansion _ iV’(nekB T,)
have been derived b@rappin and Velli(1996 for an MHD en '

lowing Liewer et al.(2001) work, the particle position up-  Eq. (20) of Liewer et al.(200]) is recovered. The above
dates according to Eq. (16) of their paper. The updates fogquations are implemented in our 1-D hybrid code. In this
the particle velocities have additional terms, which follow ¢qode, all three components of velocities and fields are main-

Eq. (17) in that paper. The magnetic field updates followstained, but the derivatives with respecttoandz’ are zero.
from Egs. (5b) and (5f) oGrappin and Vell(1996, but with

the flow velocity and density of the ions obtained by mo-
ments over the particles of the hybrid simulation. The ex-3 Numerical results

panding box equations are obtained with the transformation . . ] )
Detailed parametric studies of inhomogeneous plasma heat-

R(t) = Ro+Uot, (4) ing are described in recent study Bfman (20103. The
where R(¢) is the time dependent position of a parcel of results of 2-D hybrid model of inhomogeneous plasma heat-
plasma in the solar wind propagating fraRp at a constant ing for a different (Gaussian) inhomogeneous background
velocity Ug. The dimensionless quantity are described in Sed.1 The first results with our 1-D ex-

Uo panding box hybrid model are presented in SB@&.
a(t)=R()/Ro=1+ R—t, (5)

0 3.1 Inhomogeneous plasma results

and a Galilean transformatiaf= v — Up. Assuming “slow”
expansion we define the small quantity g—gt <« 1, neglect- Motivated by planned missions to the inner heliosphere, such

ing terms of0 (¢2). Thus the coordinates are transformed to as the Solar Probe-McComas et a).2008 we study the ef-

a moving frame as follows: fect of solar wind density inhomogeneity across the magnetic
, , , field. Observations show (e.dPgForest et al.200]) that at
X=x+R,y=ay, z=az. ®)  about 10 solar radii (the perihelion of Solar Probe+) there

Note, that the x-coordinate undergoes Galilean transformaare quasi-steady density structures extending from the solar
tion, while the y- and z-coordinates undergo stretching. Us-corona, persistent on time scales much longer than consid-
ing the above transformation we can write the time and spacered here. These structures can affect the dissipation of the
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Proton position at t= 0.03 lon position at t= 0.03 A spectrum of circularly-polarized Al@nic fluctuations
: : ' with amplitudeB,o = 0.04 andf —1 frequency dependence in
a frequency band below the proton gyrofrequesigy= ni—fc
was driven continuously gt= 0 boundary. In the model the
spectrum spans frequencies below the protons gyroresonat
frequency but includes the Fig ion resonant frequency that
is 0.5Q,. From linear theory (e.gGary, 1993, the reso-
E . nance condition for left-hand polarized parallel propagating
o 50 100 150 0 50 100 150 ion-cyclotron waves is — kv ; = ;, wherew is the res-
onant frequencyk is the parallel (to the background mag-
netic field) wavenumbey ; is the ion parallel velocity, and
Qi= fr,% is the ion gyrofrequency, whetg is the charge
number, andd is the mass number of the ions. Therefore,
the alpha particle distribution resonate with the input fluc-
tuations spectrum, while the non-resonant protons are not
heated. There is no initial drift between the protons and
He™™ ions in this case. As a result, the plasma is heated
in three stages in a nonlinear process (see Bigfirst, the
He™ ions are heated by absorbing the resonant left hand
Fig. 1. The initial spatial distributions of protons (left panel) and polarized part of the frequency fluctuations spectrum. This
He™™ ions (right panel) in the inhomogeneous 2-D hybrid model. |eads to the increase of He ion perpendicular temperature
and anisotropy to~ 7. As a result, the He" ion distribu-
tion becomes unstable to ion-cyclotron instability (eGary
Alfv énic fluctuations propagating in the solar wind. In order gt al, 2001, 2003 and emit a spectrum of magnetic fluctu-
to study the effects of an inhomogeneous proton and'He  ations while relaxing the anisotropy of Hé temperature.
ion density the 2-D hybrid model computations are initialize Tnhe |eft hand circularly polarized part of the emitted spec-

150 F 150

s 100F

N protons per bin
N ions per bin

0 20 40 60 80 100 120
X bin X bin

0 20 40 60 80 100 120

with the following expression in (se@fman 20103: trum that matches the proton resonant condition leads to pro-
g ton heating. This results in increase of proton temperature

e (x) = nox [1+n0me—( = } (12)  anisotropy to~1.2. Finally, both, protons and He ions
are heated in the parallel direction due to velocity-space dif-

fusion, resulting in decrease of the temperature anisotropy of

wherexg is the location of the central symmetry axis, both particle species

is the amplitude of the inhomogeneity (dfman 2010a ] ] o ]
study the values ofig, Were in the range © 4, where The inclusion of background density inhomogeneity leads

nom = 0 corresponds to homogeneous plasma; here we usi® the refraction of AIf\é,nic fluctuations due to non-
nom = 2), w = 38.4A determines the width of the high den- uniformity of the local Alfen speed. The refraction facil-
sity regi(,)n whereA = ¢/w,, is the proton inertia length itates the formation of small scales in the inhomogeneous
andw,, = (4zn,e2/m,)Y/2 is the proton plasma frequency, and the higher density (lower Alén speed) regions. As a

k is the index for protons, and Hé ions, and is the power result, the dissipation of the fluctuations and the heating of
that determines the sharpness of the transition between thg'€ Plasma is more efficient than in the homogeneous case.
low and high density region. As i@fman (20104 the size This effect was demonstrated and investigated in detail in a
of the grid is 192 in each direction, and the resolution is Parametric study bpiman(20103. Here, by comparing the
128x 128 with 127 particles per cell of each speciesOfn  results of the inhomogeneous case to the results of the ho-
man (20103 the valueg =6 was used, and detailed descrip- M0geneous plasma (see FA).it is evident that the heating
tion of the boundary conditions, the method for the genera-'S More efficient in Gaussian inhomogeneous proﬂle then_ln
tion of the driving Alfvénic fluctuations, and the method of the homogeneous case. Parallel and perpendicular heating,
solution with the numerical parameters are described. Here2S Well as the anisotropy of protons and'Heons increases

we use the same method to study the effects of Iess-sharﬁ? larger valued in the inhomogeneous case compared to ho-

Gaussian inhomogeneity; & 2) on plasma heating. The MOgeneous case.

two-dimensional spatial distribution of the proton andHe The perpendicular velocity distribution of H& ions is
ions density and the corresponding Gaussian density profilshown at =450§2;1 in Fig. 3. The cut through the distribu-
are shown in Figl. The protons number density is 0.9 and tion atV; =0 is shown in the lower panel of the figure. The
the He™ ion density is 0.05 in units of electron density. The best-fit Maxwellian velocity distribution is shown (dashes).
electron thermal to magnetic pressure ratijo=0.02, and It is evident that the distribution is close to Maxwellian in
the initial proton and iog, = g; = 0.04. the core, with non-thermal tails at higher velocities. The tails

Ann. Geophys., 29, 1071879 2011 www.ann-geophys.net/29/1071/2011/
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Anisotropy i
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Fig. 2. The left panels show the evolution of the anisotropy of fiéons (top panel) and protons (lower panel). The right panels show the
corresponding evolution of the perpendicular (solid) and parallel (dot-dashes) kinetic energi€soids and protons for the 2-D hybrid
model of plasma heating with Alénic fluctuations spectrum. The thick curves are for the inhomogeneous plasma2faqng the thin
curves are for homogeneous background density.

are the results of non-equilibrium heating process, and theidistribution with super-Alfenic drift. The above initial states
magnitude decreases at later timesl()OOQ;l, not shown)  (calculated separately) are used as the sources of free energy
as new equilibrium state is approached. that produce the ion-cyclotron instability and waves in the
models. We compare the results of the two cases without
expansion to the expanding cases, thus, demonstrating the

3.2 Expanding box model results i - '
effects of expansion on the evolution of the plasma heating.

The linear (Vlasov) stability theory of anisotropic or drift-  The effect of solar wind expansion on the relaxation of
ing plasma populations was discussed extensively in the pashe temperature anisotrops,  / 7, of protons and He"
(Gary, 1993 e.g.). The validity and applicability of the linear ions in the three component plasma was studied. For this
stability analysis was tested with 1-D and 2-D hybrid mod- purpose the 1-D hybrid expanding-box code was run with
els of two-ion plasma@fman et al, 2001, 2002 Gary et al, initially isotropic protons (92 %) and anisotropic He ions
2001, 2003 Xie et al, 2004 Ofman and Mias 2007). It (4%) with 7; | /T;,; =10 att = 0. In this model the ini-
was found that the threshold condition for instability of drift- tial ge = p = i = 0.05, and the field solutions were ob-
ing ion-proton plasma is the requirement that the drift ve-tained in 1024 grid cells with cell size.IP5A, and with
locity is larger than the local Alfen speed. The threshold of 160 particles per cell of each ion species. Two cases are
ion-cyclotron instability of anisotropic population of ions ob- compared to non-expanding solutioes£0): ¢ = 103, and
tained from linear dispersion relation and verified by hybrid e =2 x 10°3. As in Liewer et al.(2001) the expansion rate
models is that the temperature anisotr@py; / 7),; > S(By,i) is about two orders of magnitude faster then the solar wind
exceeds a parameter dependent threshidy ;) > 1, de-  expansion rate so that the evolution takes place on a short
termined by the ratio of the parallel thermal and magnetictime scale due to numerical limitations. In Figthe tem-
pressuref); (e.g.Gary and Lee1994 Ofman et al. 2007, poral evolution of the temperature anisotrofy /Ty, is
Gary et al, 2003, Xie et al, 2004). In this section we present shown. It is evident that with expansions, the*Ftdon tem-

the results of expanding box 1-D hybrid model of homoge- perature anisotropy relaxes more rapidly than without ex-
neous plasma for two cases: (1) initially anisotropic unsta-pansion. The proton temperature also become anisotropic
ble He"* ion distribution, with isotropic proton distribution, due to expansion, with}, | /Tp | < 1. Further decrease in
and without drift; (2) initially isotropic proton and He ion Tp, 1/ Tp, can lead to fire-hose instability at later times when

www.ann-geophys.net/29/1071/2011/ Ann. Geophys., 29, 1I7719-2011
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-1.0F . Fig. 4. The temporal evolution of the temperature anisotropy for

‘ : : : protons (solid) and He™ ions (dashes) obtained with the 1-D ex-
-0 O'\(/)X 0-3 10 panding box hybrid model for initially anisotropic Fié temper-
ature. The thin curves show the temporal evolution without ex-
pansion ¢ = 0), the thicker curves are fer= 1073, and the thick
curves are foe =2 x 1073,

1000

perpendicular heating. The effect of the expansion on this
process is evident by comparing the resultsder 0, 102,

2x 103, The solar wind expansion leads to the decrease
of proton and H&™ perpendicular temperatures, and con-
sequently to the decrease of the anisotropy. The magnetic
fluctuations increase somewhat, and the drift decreases to a
lower level when expansion is present.

100

Particles/bin

4 Conclusions

Vx

The heating of the solar wind plasma by Agfvic fluctua-

and the corresponding cut of the distributiorVat= 0 showing best tions spectrum is investigated with 1-D and 2-D hybrid mod-

fit Maxwellian distribution (dashes). The velocity is in units of the €1S: The effects Of_ inhomogeneity on the hea.ting is ans_id-
Alfv én speed. ered in a 2-D hybrid model. Here, the Gaussian density in-

homogeneity is considered, extending previous studies. In
previous studies it was shown that inhomogeneity leads to
more efficient plasma heating compared to the homogeneous
case due to refraction of the input Aéfa waves in the in-

threshold in the modeled time (Zﬂgl). Note, that the _homogeneou_s_layer anq formatlc_)n of small scales, facilitat-
ing more efficient heating than in the homogeneous case.

He™ parallel temperature increases and perpendicular temgyo e “this is confirmed further using the Gaussian inhomo-
peratgre_decreaseslrapidly leading to anisotropy decrease {p,nequs density profile. It is found that the plasma heating
~ 2 within ~ 10062~ consistent with the ion-cyclotron in- 1, 5 shectrum of Alfénic fluctuations occurs in three non-
St"’_‘b'l'ty marginally stable _Va“%eG(aW et al, 200_])' It is linear stages. First, the Fi¢ ions are heated by the res-
evident that when expansion is present the"Héon tem- oo jeft-hand circularly polarized waves increasing their
perature anisotropy continues to decrease gradually, belowe e ngicular temperature, next the protons are heated by the
the ion-cyclotron marginally stable value. waves produced by the relaxation of theHetemperature
The effect of solar wind expansion is demonstrated on amanisotropy through ion cyclotron instability and resonance
initially drifting populations of p-H&™ ions in Fig.5. The  with the waves emitted by the Fi& ion population. Finally,
initial drift velocity was Uy grit = Ux,p — Ux,i =2 in units of  parallel heating occurs in both ion species due to velocity
the Alfvén speed, above the threshold for beam instability (asspace diffusion resulting in the decrease of their anisotropy.
discussed above). As a result of the instability the magneticThe 2-D hybrid model results demonstrate the three stage
fluctuations increase rapidly (withirr 1002, %) leading to  plasma heating, that can take place when the magnetic fluc-
perpendicular heating of He ions to the marginally stable tuations spectrum has most of its power below the proton
temperature anisotropy 6f 2. Consequently, the drift veloc- gyroresonance. This scenario is likely to occur in solar
ity has decreased transferring the kinetic energy to (mostlywind plasma, since observation indicate that the solar wind

Fig. 3. The perpendicular velocity distribution of Fig' ions (top)

the threshold for marginal stability is reached (@ayy et al,
1998. In the present study the solutions did not reach this

Ann. Geophys., 29, 1071679 2011 www.ann-geophys.net/29/1071/2011/
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2.5

panding evolution. The relaxation of the drift instability oc-

SrIIlTTIi oo curs somewhat faster and the decrease of the drift velocity is
more pronounced in an expanding solar wind plasma com-
pared to the non-expanding case. The perpendicular cooling

“ of protons can lead eventually to fire-hose instability at much

(a)

N
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'
0
IR B

o

Anisotropy

o
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o

later times (left for a future study) when the perpendicular
. temperature falls significant below the parallel temperature
time and threshold for instability is reached (see, &gry et al,
1998 Hellinger and Tavricek 2008. Since in-situ observa-
tions at 0.3—1 AU show that usuall§y, > T;; (e.g.Marsch
1991 strongly suggest that perpendicular heating of the pro-
tons and ions takes place continuously, countering the effects
of expansion as the solar wind plasma propagates into the he-
liosphere.
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tion with Uy gritt = 2 (in units of the Alfiven speed)(a) The temper-
ature anisotropies(b) The magnetic fluctuations (arbitrary units). Axford, W. I. and McKenzie, J. F.: The origin of high speed solar
(c) The p-He™ drift velocity. The thin curves show the tempo- wind streams, in: Solar Wind Seven Colloquium, pp. 1-5, 1992.
ral evolution without expansiore & 0), the thicker curves are for Cranmer, S. R.: lon Cyclotron Wave Dissipation in the Solar
€= ]_0_37 and the thick curves are fer= 2 x 10_3_ The time is in Corona: The Summed Effect of More than 2000 lon Species,
units on,—)i_ Astrophys. J., 532, 1197-1208, 2000.
Cranmer, S. R., Field, G. B., and Kohl, J. L.: Spectroscopic Con-
straints on Models of lon Cyclotron Resonance Heating in the
Polar Solar Corona and High-Speed Solar Wind, Astrophys. J.,
magnetic fluctuations have most of their power in frequencies 518, 937-947, 1999.
below the proton gyroresonant frequency (aith et al, Daughton, W., Gary, S. P., and Winske, D.: Electromagnetic pro-
2006. Note, that in the 2-D hybrid model the scattering rate  ton/proton instabilities in the.solar wind: Simulations, J. Geo-
of the ions is somewhat faster than in the 1-D model due Phys. Res., 104, 4657-4668i:10.1029/1998JA900105999.

to the additional degree of freedom allowing oblique wave DeForest, C. E., Plunkgtt, S. P, aqd Andrews, M. D.: Observation
propagation. of Polar Plumes at High Solar Altitudes, Astrophys. J., 546, 569—

575,d0i:10.1086/3182212001.

The solar solar wind expansion is implemented in 1-D Freeman, M. P., Watkins, N. W., and Riley, D. J.: Power law dis-
hybrid model and the expanding-box equations are solved tributions of burst duration and interburst interval in the solar
for two heating scenarios in homogeneous plasma. In the wind: Turbulence or dissipative self-organized criticality?, Phys-
first case effect of solar wind expansion is considered on ini- ical Review E, 62, 8794-87910i:10.1103/PhysRevE.62.8794
tially unstable Hé+ population with temperature anisotropy 2000 o o .
above the stability threshold. In the second case (calculate§2": S- P-: Theory of Space Plasma Microinstabilities, Cambridge
separately), the effect of expansion is considered on a drifting, University Press, New York, NY, 1993. . .
p-Het+ plasma population with initial super-Alénic rela- ary, S. P and Lee, M. A The. lon cyclotron anisotropy in-

. . . - . stability and the inverse correlation between proton anisotropy
tive drift above the stgblllty thrgshold. Itis founq in both 4 proton beta, J. Geophys. Res., 99, 11297-11302,
cases that the expansion contributes to perpendicular cool- y4i-10.1029/94JA00253994.

ing of the ions, and to faster relaxation of the initial e Gary, S. P., Wang, J., Winske, D., and Fuselier, S. A.: Proton tem-
anisotropy compared to non-expanding plasma. This is ev- perature anisotropy upper bound, J. Geophys. Res., 102, 27159—
ident in Figs.4-5 by comparing the expanding and non ex-  27170,d0i:10.1029/97JA01726.997.

www.ann-geophys.net/29/1071/2011/ Ann. Geophys., 29, 1I7719-2011


http://dx.doi.org/10.1029/1998JA900105
http://dx.doi.org/10.1086/318221
http://dx.doi.org/10.1103/PhysRevE.62.8794
http://dx.doi.org/10.1029/94JA00253
http://dx.doi.org/10.1029/97JA01726

1078 L. Ofman et al.: Hybrid models of solar wind

Gary, S. P, Li, H., O'Rourke, S., and Winske, D.: Proton res- pressible Viscous Fluid for Very Large Reynolds’ Numbers,
onant firehose instability: Temperature anisotropy and fluctu- Akademiia Nauk SSSR Doklady, 30, 301-305, 1941.
ating field constraints, J. Geophys. Res., 103, 14567-14574l eamon, R. J., Matthaeus, W. H., Smith, C. W., and Wong, H. K.:
doi:10.1029/98JA01174.998. Contribution of Cyclotron-resonant Damping to Kinetic Dissipa-

Gary, S. P., Yin, L., Winske, D., and Reisenfeld, D. B.: Electromag- tion of Interplanetary Turbulence, Astrophys. J. Lett., 507, L181—
netic alpha/proton instabilities in the solar wind, Geophys. Res. L184,d0i:10.1086/3116981998.

Lett., 27, 1355-1358, 2000. Li, X., Habbal, S. R., Kohl, J., and Noci, G.: The Effect of Tem-

Gary, S. P, Yin, L., Winske, D., and Ofman, L.: Electromag- perature Anisotropy on Observations of Doppler Dimming and
netic heavy ion cyclotron instability: Anisotropy constraint Pumping in the Inner Corona, Astrophys. J., 501, L133-1L137,
in the solar corona, J. Geophys. Res., 106, 10715-10722, 1998.
doi:10.1029/2000JA000402001. Li, X., Habbal, S. R., Hollweg, J. V., and Esser, R.: Heat-

Gary, S. P, Yin, L., Winske, D., Ofman, L., Goldstein, B. E., and ing and cooling of protons by turbulence-driven ion cyclotron
Neugebauer, M.: Consequences of proton and alpha anisotropies waves in the fast solar wind, J. Geophys. Res., 104, 2521-2536,
in the solar wind: Hybrid simulations, J. Geophys. Res., 108, do0i:10.1029/1998JA900126999.
1068,d0i:10.1029/2002JA009652003. Liewer, P. C., Velli, M., and Goldstein, B. E.: Alén wave prop-

Gazis, P. R. and Lazarus, A. J.: Voyager observations of solar wind agation and ion cyclotron interactions in the expanding solar
proton temperature — 1-10 AU, Geophys. Res. Lett., 9, 431-434, wind: One-dimensional hybrid simulations, J. Geophys. Res.,
1982. 106, 29261-292820i:10.1029/2001JA000088001.

Goldstein, B. E., Smith, E. J., Balogh, A., Horbury, T. S., Goldstein, Marsch, E.: Kinetic Physics of the Solar Wind Plasma, pp. 45-133,
M. L., and Roberts, D. A.: Properties of magnetohydrodynamic  Physics of the Inner Heliosphere Il. Particles, Waves and Tur-
turbulence in the solar wind as observed by Ulysses at high heli- bulence, XI, 352 pp. 152 figs, Springer-Verlag Berlin Heidelberg
ographic latitudes, Geophys. Res. Lett., 22, 3393-3396, 1995. New York, also: Physics and Chemistry in Space, volume 21, 2,

Grappin, R. and Velli, M.: Waves and streams in the expanding solar p. 45-133, 1991.
wind, J. Geophys. Res., 101, 425-4d44j:10.1029/95JA02147  Marsch, E., Schwenn, R., Rosenbauer, H., Muehlhaeuser, K.-H.,

1996. Pilipp, W., and Neubauer, F. M.: Solar wind protons — Three-

Hellinger, P. and Tavriek, P. M.: Oblique proton fire hose instabil- dimensional velocity distributions and derived plasma parame-
ity in the expanding solar wind: Hybrid simulations, J. Geophys. ters measured between 0.3 and 1 AU, J. Geophys. Res., 87, 52—
Res., 113, 101090i:10.1029/2008JA01341@008. 72,1982.

Hellinger, P., Tavricek, P., Mangeney, A., and Grappin, R.: McComas, D. J., Acton, L. W., Balat-Pichelin, M., Bothmer, V.,
Hybrid simulations of the expanding solar wind: Tempera- Dirling, R. B., Feldman, W. C., Gloeckler, G., Habbal, S. R,
tures and drift velocities, Geophys. Res. Lett., 30, 050000-1, Hassler, D. M., Mann, I., Matthaeus, W. H., McNutt, R. L.,
doi:10.1029/2002GL016402003. Mewaldt, R. A., Murphy, N., Ofman, L., Sittler, E. C., Smith,

Hellinger, P., Velli, M., Tavricek, P., Gary, S. P., Goldstein, B. E., C. W, Velli, M., and Zurbuchen, T. H.: Solar Probe Plus: Re-
and Liewer, P. C.: Alfén wave heating of heavy ions in the ex- port of the Science and Technology Definition Team (STDT),
panding solar wind: Hybrid simulations, J. Geophys. Res., 110, NASA/TM-2008-214161, 2008.
12109,d0i:10.1029/2005JA011242005. McKean, M. E., Winske, D., and Gary, S. P.: Two-dimensional

Hollweg, J. V.. Cyclotron resonance in coronal holes: 3. A five-  simulations of ion anisotropy instabilities in the magnetosheath,
beam turbulence-driven model, J. Geophys. Res., 105, 15699— J. Geophys. Res., 99, 11141-1115%i$i:10.1029/93JA03025
15714,d0i:10.1029/1999JA000442000. 1994.

Hollweg, J. V. and Isenberg, P. A.: Generation of the fast solar wind:Ofman, L.: Hybrid model of inhomogeneous solar wind plasma
A review with emphasis on the resonant cyclotron interaction, J. heating by Alf\en wave spectrum: Parametric studies, J. Geo-
Geophys. Res., 107, 114d0i:10.1029/2001JA00027Q002. phys. Res., 115, 4108pi:10.1029/2009JA015092010a.

Hu, Y. Q., Esser, R., and Habbal, S. R.: A four-fluid turbulence- Ofman, L.: Wave Modeling of the Solar Wind, Living Reviews in
driven solar wind model for preferential acceleration and  Solar Physics, 7, 4, 2010b.
heating of heavy ions, J. Geophys. Res., 105, 5093-51120fman, L. and Davila, J. M.: Do First Results from SOHO UVCS
doi:10.1029/1999JA90043Q000. Indicate That the Solar Wind Is Accelerated by Solitary Waves?,

Isenberg, P. A.: The kinetic shell model of coronal heating Astrophys. J., 476, L51-L54, 1997.
and acceleration by ion cyclotron waves: 3. The proton Ofman, L. and \fas, A. F.: Two-dimensional hybrid model of wave
halo and dispersive waves, J. Geophys. Res., 109, A03101, and beam heating of multi-ion solar wind plasma, J. Geophys.
doi:10.1029/2002JA0094492004. Res., 112, 6104J0i:10.1029/2006JA012182007.

Kohl, J. L., Noci, G., Antonucci, E., Tondello, G., Huber, M. C. E., Ofman, L., VRas, A., and Gary, S. P.: Constraints on th&°0
Gardner, L. D., Nicolosi, P., Strachan, L., Fineschi, S., Ray- Anisotropy in the Solar Corona, Astrophys. J. Lett., 547, L175—
mond, J. C., Romoli, M., Spadaro, D., Panasyuk, A., Sieg- L178,d0i:10.1086/31890®001.
mund, O. H. W., Benna, C., Ciaravella, A., Cranmer, S. R., Gior- Ofman, L., Gary, S. P.,, and Kas, A.. Resonant heating and ac-
dano, S., Karovska, M., Martin, R., Michels, J., Modigliani, A., celeration of ions in coronal holes driven by cyclotron resonant
Naletto, G., Pernechele, C., Poletto, G., and Smith, P. L.: First spectra, J. Geophys. Res., 107, 1461-1469, 2002.

Results from the SOHO Ultraviolet Coronagraph Spectrometer,Ofman, L., Davila, J. M., Nakariakov, V. M., and fRés, A.-
Solar Phys., 175, 613644, 1997. F.: High-frequency Alfén waves in multi-ion coronal plasma:
Kolmogorov, A.: The Local Structure of Turbulence in Incom- Observational implications, J. Geophys. Res., 110, 9102,

Ann. Geophys., 29, 1071879 2011 www.ann-geophys.net/29/1071/2011/


http://dx.doi.org/10.1029/98JA01174
http://dx.doi.org/10.1029/2000JA000406
http://dx.doi.org/10.1029/2002JA009654
http://dx.doi.org/10.1029/95JA02147
http://dx.doi.org/10.1029/2008JA013416
http://dx.doi.org/10.1029/2002GL016409
http://dx.doi.org/10.1029/2005JA011244
http://dx.doi.org/10.1029/1999JA000449
http://dx.doi.org/10.1029/2001JA000270
http://dx.doi.org/10.1029/1999JA900430
http://dx.doi.org/10.1029/2002JA009449
http://dx.doi.org/10.1086/311698
http://dx.doi.org/10.1029/1998JA900126
http://dx.doi.org/10.1029/2001JA000086
http://dx.doi.org/10.1029/93JA03025
http://dx.doi.org/10.1029/2009JA015094
http://dx.doi.org/10.1029/2006JA012187
http://dx.doi.org/10.1086/318900

L. Ofman et al.: Hybrid models of solar wind 1079

doi:10.1029/2004JA010962005. Wambecq, A.: Rational Runge-Kutta Methods for Solving Systems
Podesta, J. J., Roberts, D. A., and Goldstein, M. L.: Power spectrum of Ordinary Differential Equations, Computing, 20, 333-342,

of small-scale turbulent velocity fluctuations in the solar wind, J.  1978.

Geophys. Res., 111, 1010%i:10.1029/2006JA011832006. Winske, D. and Omidi, N.: Computer Space Plasma Physics: Simu-
Smith, C. W., Hamilton, K., Vasquez, B. J., and Leamon, R. J.: lation Techniques and Sowftware, edited by: Matsumoto, H. and

Dependence of the Dissipation Range Spectrum of Interplanetary Omura, Y., Terra Scientific Publishing, Tokyo, 1993.

Magnetic Fluctuationson the Rate of Energy Cascade, AstrophysWinske, D. and Quest, K. B.: Electromagnetic ion beam instabil-

J. Lett., 645, L85-1L88¢0i:10.1086/5061512006. ities — Comparison of oneand two-dimensional simulations, J.
Tu, C.-Y. and Marsch, E.: Two-Fluid Model for Heating of the Solar Geophys. Res., 91, 8789-8797, 1986.

Corona and Acceleration of the Solar Wind by High-Frequency Xie, H., Ofman, L., and Mias, A.: Multiple ions resonant heat-
Alfven Waves, Solar Phys., 171, 363-391, 1997. ing and acceleration by Al&n/cyclotron fluctuations in the
Vasquez, B. J., Smith, C. W., Hamilton, K., MacBride, B. T., and  corona and the solar wind, J. Geophys. Res., 109, A08103,
Leamon, R. J.: Evaluation of the turbulent energy cascade rates doi:10.1029/2004JA010502004.

from the upper inertial range in the solar wind at 1 AU, J. Geo-
phys. Res., 112, 710ilpi:10.1029/2007JA012302007.

www.ann-geophys.net/29/1071/2011/ Ann. Geophys., 29, 1I7719-2011


http://dx.doi.org/10.1029/2004JA010969
http://dx.doi.org/10.1029/2006JA011834
http://dx.doi.org/10.1086/506151
http://dx.doi.org/10.1029/2007JA012305
http://dx.doi.org/10.1029/2004JA010501

