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We present a comparison between WIND/SWE observatiofest solar wind ¢s. > 600 km/s) did not appear to be constrained
[Kasper et al, 2006] of 3, and T, ,/T},, (whereg,,, is the proton by the proton cyclotron threshold condition calculatedtfa core
parallel beta and’,,, and T}, are the perpendicular and parallelProtons (which are assumed bi-Maxwellian and the protonrbea

proton temperatures, respectively; here parallel andgpetigular POPulation is neglected); however, the whole proton caarbdis-
indicate directions with respect to the ambient magnetid)iend tribution function may become unstable with respect to toqn

predictions of the Vlasov linear theory. In the slow solandithe cyclotron instability Marsch 1991].

. ) Marsch et al.[2004] showed that the core protons exhibit an
observed proton temperature anisotropy seems to be comesira 5nicorrelation between anisotropy and beta in the foltmyfiorm
by oblique instabilities, by the mirror one and the oblique fiose,

contrary to the results of the linear theory which predictioai- T . a
nance of the proton cyclotron instability and the paralled fiose. Tje ~ %
The fast solar wind core protons exhibit an anticorrelabetween

By andT' /T (Wheregy. is the core proton parallel beta andwith a ~ 1.16 andb ~ 0.55. This relation (constraint) is not well
T . andT). are the perpendicular and parallel core proton tempeynderstood. Also, the role of the mirror instability in tHews solar

atures, respectively) similar to that observed in the HERI@ta Wind remains uncleai{asper et al. 2003].
[Marsch et al, 2004]. In the case of the proton temperature anisotrdpy < 7j, the

relevant instabilities are the parallel fire hosgust and Shapiro
1996; Farrugia et al, 1998] and the oblique fire hosél¢llinger
and Matsumotp2000]. Gary et al.[1998] showed that the ap-
1. Introduction proximate threshold conditions for the parallel fire hoseyrha
given in the same form as in equation(1) but with< 0: for
Thermalization due to Coulomb relaxation in the solar wisd iymax = 10~ %w., they give the values ~ —0.66 andb ~ 0.56.
generally insufficient to account for how closely particistdbu- The observations oKasper et al.[2002] demonstrated the exis-
tion functions resemble to Maxwellian ones. Departuremftbe tence of a limit tol", , /T},, due to the fire hose instability. How-
Maxwellian particle distribution functions are a possibtairce of ever, that investigation compared fluid and kinetic caltates of
free energy for many different instabilities. As a feeddbabe in- the parallel fire hose, and did not consider the effect of thlejoe
stabilities constrain the shape of particle distributiandtions. In fire hose.
this letter we investigate threshold conditions of ingities driven In this letter we extend the work dfasper et al[2002, 2003]
by proton temperature anisotropies: by comparing the statistically large dataset of the WindESg¢-
In the case of the proton temperature anisotr@py, > Tj, lar wind data from 1995-2001 with the linear predictions &ir
(for symbol definitions see Appendix) the relevant insitibs are four of the instabilities driven by the proton temperatunésatropy.
the proton cyclotron [e.gGary et al, 1994] and the mirror modes The letter is organized as follows: in section 2 we brieflyalibe
[e.g. Pokhotelov et a).2004, and references therein]. The approxresults of Vlasov linear theory and we give new fitted thrédgho
imate threshold conditionsy,ax ~ 0 for the two instabilities may conditions for the four instabilities. In section 3 we pneiséhe

@)

be fitted by an analytic relation WIND/SWE data in the case of the slow and fast solar wind and
compare them with the predictions of the linear theory. ktisa 4
T _ ., @ (1) We discuss the resuits.
Tip ﬁp

wherea andb are the fitted parametersSamsonov et a[2001] 2. Linear Theory

give the following fitted parameters of equation (1) fahax =
10 3wep: a ~ 0.45 andb ~ 0.40 for the proton cyclotron instabil-
ity anda ~ 0.74 andb ~ 0.73 for the mirror instability. Activity
associated with the proton cyclotron instability has besported
in ACE observations bysary et al.[2001] in the fast solar wind
and in Wind observations bigasper et al[2003] in the slow solar
wind. However, in the fast solar wind the proton distribngmften
contain a core and a beari@rsch et al, 1982] and in the HE-
LIOS observations bivarsch et al[2004] the core protons in the

In this section, we investigate the proton cyclotron, nriremd
parallel and oblique fire hose instabilities in a plasma itimg) of
protons and electrons. The plasma is assumed weakly magdeti
wpe /wee = 100, consisting of Maxwellian electrons with. = 1
and bi-Maxwellian protons. We calculated the maximum glowt
rate of the four instabilities in the regidh01 < G, < 30 and
0.1 < Ty1,/T), < 10. The relationy = 103w, was than fit-
ted for the four instabilities in the following, generalizéorm of
equation (1):

TLp a
— =14 (©)]
Tp (ﬂllp — Bo)®
Copyright 2006 by the American Geophysical Union. wherea, b, and g, are the fitted parameters. The results of the fit-
0094-8276/06/2006GL025925$5.00 ting are summarized in Table 1. Table 1 gives the triads, (5o
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for the four instabilities. It shows that in the case of thetpn cy-
clotron and mirror instabilities the approximation of etioa (1) is
reasonablefy ~ 0 and the fitted parametetsandb are similar to
those ofSamsonov et a[2001]. However, in the case of the fire
hose instabilities the inclusion @f term is important.

Table 1. Fitted parameters for equation (3) for the approximatestine
old conditionymax = 1073.

Instability | a b Bo
Proton cyclotron instability] 0.43 0.42 -0.0004
Mirror instability 0.77 0.76 -0.016
Parallel fire hose -0.47 0.53 0.59
Oblique fire hose -14 1.0 -0.11
0.01 < B, < 30,0.1 < Ty, /Tj,, < 10,
Be = lrwpe/wce =100

3. Observations

Following Kasper et al[2002] we use fitted data from the two
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Now we continue with the WIND/SWE data in the case of the
fast solar wind. The results of the period 1995-2001 arergive
in Figure 2 which has the same format as Figure 1. Both pan-
els of Figure 2 show a color scale plot of the relative freaqyen
of (Byjc, T'Le/T ) in the fitted SWE data for the solar wind with
vsw > 600 km/s. The overplotted curves show the contours of
~Ymax IN the corresponding plasma with Maxwellian electrons and
bi-Maxwellian protons with3), = 8. andT' ,/T}, = T1c/T)c;
the other plasma parameters are given in Table 1. The leflpan
displaysymax for the proton cyclotron instability (solid curves) and
the parallel fire hose (dashed curves) whereas the right plisie
playsvymax for the mirror instability (dotted curves) and the oblique
fire hose (dash-dotted curves). The dash-dot-dot-dottes Ide-
note equation (2) between the paramet€rs /7). and 3. of the
core protons found in the HELIOS datisl@rsch et al, 2004].

Similar to the case of the slow solar wind, Figure 2 shows that
a majority of observations lies outside the regions unstatith
respect to the four instabilities (for the used plasma patars).
The data shows a clear anticorrelation betwggnand T’ . /T
which is similar to that observed byarsch et al, 2004]. For
T../T). > 1 the observations seems to be only weakly con-
strained by the mirror instability (but not by the proton toon

Faraday Cup instruments in the Solar Wind Experiment (SWE) dnstability) whereas the parallel proton fire hose may beaoesi-

the Wind spacecraft. WIND is a rotating spacecraft with aspiis
perpendicular to the ecliptic plane and a period of thre@isés.
A Faraday Cup is an energy/charge instrument with a largei- co
cal field of view which measures the current produced by gadi
within a given energy window. The proton density and the fielra
and perpendicular proton temperatures are obtained usimana
linear least-squares fitting of data to a theoretical modslm-
ing a bi-Maxwellian proton distribution function and the gmetic
field direction obtained from three-second measuremeimtgged
by the Magnetic Field Investigation (MFI) on the Wind spaedic
The fitting procedure separates contributions of core p®foom

ble for the constraint in the case ®f . /7). < 1.

4. Discussion

We have presented a comparison between the statisticedly la
data set of the WIND/SWE Faraday Cup observatiokasper
et al, 2006] of the proton parametefs. andT'../T}. and G,
andT.,/T), (assumed in the case of the slow solar wind) and
the predictions of the Vlasov linear theory. The linear tlye(@or

alpha particles (and/or a proton beam) and gives a good astimthe plasma consisting of Maxwellian electrons and bi-Makare

of core proton parallel and perpendicular temperaturesrate to
approximately 8%asper et al. 2006].

3.1. Slow solar wind

protons) predicts four distinct instabilities: proton kytcon, mir-
ror, parallel and oblique fire hose instabilities. Their apgimate
threshold conditions may be given in the form of equation@h
the fitted parameters, b and 3, shown in Table 1. The parameter

We start with the WIND/SWE data in the case of the slow solag, in equation (3) is important only for the two fire hose inskiabi

wind. The results of the period 1995-2001 are given in Fidure
Both panels of Figure 1 show a color scale plot of the reladive
servation frequency of3),, T ,/Tj,) in the fitted SWE data for
the solar wind withvsw, < 600 km/s [cf. Kasper et al. 2002, Fig-

ties; for the proton cyclotron and mirror instabilities wexover the
previous results, equation (1) [@amsonov et gl2001].
In the slow solar wind, the observed proton temperature

ure 2]. Note that we assume that there are no proton beamaop@nisotropy seems to be constrained by the oblique indtibilithe

tions, setting3. = B|p, T'Lc = T1, andT). = T,. The (log-
arithmic) color scale is given on the right. The overplottenives
show the contours of the maximum growth ratg. in the cor-
responding plasma with Maxwellian electrons and bi-MaXael
protons with3,, andT',,,/T),,; other plasma parameters are give
in Table 1. ‘IJhe left panel displays the contoursgf.x for the
proton cyclotron instability (solid curves) and the paghfire hose
(dashed curves) whereas the right panel displays the cantifu
Ymax fOr the mirror instability (dotted curves) and the obliqueefi
hose (dash-dotted curves). The maximum growth rate is given
units ofw.,. Note that the two contour® 2 and10~2 of the max-
imum growth rate for the oblique fire hose are indistinguidban
this scale.

Figure 1 shows that a majority of observations lies outsiae t
regions unstable with respect to the four instabilities (fe used
plasma parameters). It also indicate two possible comsgréor the
higher 3, one forT,,/T}, > 1 and another fofl", ,/T}, < 1
[cf. Kasper et al.2006]. ForT',, > T}, the apparent constraint is
compatible with the threshold condition for the mirror inisility.
The linear predictions for parallel proton cyclotron irstdy does
not seem to constrain the observations. ¥oy, < T), the con-
straint seems to be more compatible with the oblique fire tome
with the parallel one, at least fgtj,, > 2.

3.2. Fast solar wind

Jor all but large proton betas,

mirror one and oblique fire hose). This result is in contrdit
with the results of the linear theory which predicts that pineton
cyclotron instability and of the parallel fire hose would doate
2 10. The fast solar wind core
protons exhibit an anticorrelation betwegp. and7’. /7). sim-
ilar to that observed in the HELIOS datMarsch et al, 2004].
These observations also indicate a possible constrainiegf the
mirror and parallel fire hose instabilities. On the other dhathe
observations bysary et al.[2001] show constraints consistent with
the proton cyclotron instability based on the total prot@ngme-
ters whereas we use the core proton parameterd/fafsch et al,
2004].

The disagreement between the predictions of the linear the-
ory and the observations could be related to the assumethalas
composition and particle distribution functions. Indeeah-
served proton distribution functions exhibit departunesyf the bi-
Maxwellian distribution function, especially in the fastiar wind
[Marsch et al, 1982]; alsoMarsch and Ty2001] reported a quasi-
linear cyclotron plateau-like proton distribution furati. More-
over, for example a presence of non negligible abundanckbéa
particles (and other plasma parameters as electron tetapesa
influences all the four instabilitie®fasso et al.2003;Gary et al,
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Figure 1. Both panels show a color scale plot of the relative frequesicys),,, T, /T}j,) in the WIND/SWE data (1995-2001) for the
solar wind withvs, < 600 km/s [cf. Kasper et al. 2002, Figure 2]. The (logarithmic) color scale is show oa tight. The over plotted
curves show the contours of the maximum growth rate (in wfits.,) in the corresponding bi-Maxwellian plasma (left) for theon
cyclotron instability (solid curves) and the parallel firese (dashed curves) and (right) for the mirror instabildgt(ed curves) and the
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oblique fire hose (dash-dotted curves).
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Figure 2. Both panels show a color scale plot of the relative frequeafcy3) ., T'../Tj) in the WIND/SWE data (1995-2001) for the
solar wind withvs,, > 600 km/s. The color scale is show on the right. The over plotteslesishow the contours of the maximum growth

rate (in units ofu.,) in the corresponding plasma (left) for the proton cyclathastability (solid curves) and the parallel fire hose (aakh
curves) and (right) for the mirror instability (dotted ces) and the oblique fire hose (dash-dotted curves). Thediztstiet-dotted lines

denote equation (2) betweéh ./T). andf). found in the HELIOS dataMlarsch et al, 2004].

2003; Hellinger and Travnicek2006]. Another possible explana-mer one Hellinger and Matsumota2001;Hellinger et al, 2003].
tion of the disagreement could be related to nonlinear &ffewing  The properties of proton temperature anisotropies ob¥jods-

to the different linear and saturation properties of theahiities. (F;fe%degg meegaggi':mss_V_‘I’_wggglg‘:e\;vtiﬂgn& L:rggi?) Erl'sgi déi‘é“;ifo
H)_/brld_ S|mul_a_t|ops indicateNicKean et al. 1992, 1994] that the T, > T, (at least for a nearly radial relagnetic fielg). Numeri-
mirror instability is more robust than the the proton cyobotone. 3| simulations Hellinger et al, 2003;Matteini et al, 2005] show
Similarly, in the case of the competition between the patahd that an ideal expansion could drive the system relativatyriside
the region unstable with respect to the parallel fire hostbikty

oblique fire hose instabilities the latter is more robusnhtttze for-
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and to drive the oblique fire hose unstable. These may exfiiain Hellinger, P., and H. Matsumoto (2000), New kinetic instiibi Oblique

observation results we present in this letter (howevegdtsmula-
tions assume non realistic expansion time scales). A Hadtxa
ing mechanism for generation @, > T, (@ndT'.. > Tj.) is
the proton cyclotron resonance with left-handed cyclotwaves

[Hollweg and Isenberg2002]. The cyclotron resonance heating

may lead to the anticorrelation, equation (R)grsch et al, 2004].

Numerical simulationsHellinger et al, 2005] moreover show that

the cyclotron resonance may drive minor ions unstable veisipect
to the corresponding cyclotron instability. An equivaleffect may
explain the apparent disagreement between the obseryadioth
linear theory for protons.

Further theoretical, simulation, and observation workesaed
to investigate role of different instabilities in the solaind. It is
important to include more realistic plasma compositiongjoad
description of the particle distribution functions andrntification
of active instabilities [e.d.acombe and Belmont995, in the mag-
netosheath context].

Appendix: Definitions

We use subscriptd. and || to denote the directions with re-

spect to the ambient magnetic fiel8ly with By = |Bjy| denot-

ing its magnitude. Herd',, and T, are the perpendicular and

parallel proton temperatures (with respect By), respectively,
whereasl’| . andT|. denotes the perpendicular and parallel te

peratures of core protons. respectively; denotes the (isotropic) M

electron temperature. We defige, = 2uon,ksT|,/Bs, Bjc =
2uoncksT)./Bs and B = 2uoncksT./B3. The proton and
electron cyclotron frequency are., = eBo/m, andwe. =
eBo/me, respectively, the electron plasma frequencywijs =

Alfvén fire hoseJ. Geophys. Resl05 10,519-10,526.

Hellinger, P., and H. Matsumoto (2001), Nonlinear competibetween the
whistler and Alfvéen fire hosed, Geophys. Resl06, 13,215-13,218.
Hellinger, P., and P. Travni¢ek (2006), Parallel andcplg proton fire hose
instabilities in the presence of alpha/proton drift: Hgbsimulations,J.

Geophys. Res111, A01107, doi:10.1029/2005JA011318.

Hellinger, P., P. Travnicek, A. Mangeney, and R. Grap®@03), Hybrid
simulations of the expanding solar wind: Temperatures aifitvéloci-
ties,Geophys. Res. LetB0, 1211, doi:10.1029/2002GL016409.

Hellinger, P., M. Velli, P. Travnicek, S. P. Gary, B. E. l@stein, and P. C.
Liewer (2005), Alfvén wave heating of heavy ions in the exgliag
solar wind: Hybrid simulations). Geophys. Res110, A12109, doi:
10.1029/2005JA011244.

Hollweg, J. V., and P. A. Isenberg (2002), Generation of &t §olar wind:
A review with emphasis on the resonant cyclotron interagtib Geo-
phys. Res107, 1147, doi:10.1029/2001JA000270.

Kasper, J., A. J. Lazarus, J. T. Steinberg, K. W. Ogilvie, andszabo
(2006), Physics-based tests to identify the accuracy afrseind ion
measurements: A case study with the Wind Faraday clgSeophys.
Res, 111, A03105, doi:10.1029/2005JA011442.

Kasper, J. C., A. J. Lazarus, and S. P. Gary (2002), Wind/SWemwa-
tions of firehose constraint on solar wind proton tempegaamisotropy,
Geophys. Res. LetR9, 1839, doi:10.1029/2002GL015128.

Kasper, J. C., A. J. Lazarus, S. P. Gary, and A. Szabo (200 %ind
temperature anisotropies, iAIP Conf. Proc. 679: Solar Wind Ten
edited by M. Velli, R. Bruno, and F. Malara, pp. 538-541, ANew
York.

mI=acombe, C., and G. Belmont (1995), Waves in the Earth’s mtagheath:

Observations and interpretationsdv. Space Resl5, 329-340.

arsch (1991), Kinetic physics of the solar wind plasmaPimysics of
the Inner Heliosphere Il. Particles, Waves and Turbulerigysics and
Chemistry in Space — Space and Solar Physied. 21, edited by
R. Schwenn and E. Marsch, pp. 45-110, Springer-Verlag,irBetgi-
delberg, New York.

(neQ/meeo)lm. In these expressions,, andm. denote the elec- Marsch, E., and C.-Y. Tu (2001), Evidence for pitch angléudibn of solar

tron and proton mass, respectively, andn, are the electron and
proton number densities, respectively, is the number density of

core protonsg is the proton chargeyo andeo stand for the vac-
uum magnetic permeability and electric permittivity, resgively,

wind protons in resonance with cyclotron wavésGeophys. Resl06
8357-8362.

Marsch, E., K. H. Muhlhauser, R. Schwenn, H. Rosenbauer,iffjpPand
F. M. Neubauer (1982), Solar-wind protons — three-dimerdigelocity
distributions and derived plasma parameters measurecebat@.3 AU

andkg is Boltzmann constant. Finally, we denote the maximum gnq 1 AU, J. Geophys. ResB7, 52-72.

grow rateymax and the solar wind velocitys., .
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