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Solar Wind Fluctuations: Waves and Turbulence
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Abstract. We present a brief review of observations and theory regarding the nature and radial evolution of MHD-scale solar
wind fluctuations. Emphasis is placed on the fact that the fluctuations consist of both waves and turbulence, and on their dual
dynamical roles.

1. INTRODUCTION TABLE 1. A rough (decadal) history of solar wind fluc-
tuation studies
The realization that the interplanetary medium contains 1950s  Birkeland deduces existence of solar wind.
fluctuations in the velocity, magnetic field, and density Parker proposes a theoretical model for it [1].
followed hard on the heels of the presentation of the first 1960S ~ First satellite data; Power-law spectra and

. . evidence for waves. First application of WKB
theoretical model of the solar wind [1]. Spacecraft ob- theory to evolution of fluctuations [8].

servations soon confirmed the existence of such fluctua- Suggestion that fluctuations are turbulent [5].
tions,e.g.,[2]. Parker’s original model [1] predicted flow 1970s  Plentiful wave observations in ecliptic plane.
which was radial with a speed of 400kms* and an Many wave transport models (mostly WKB).

Archimedean spiral magnetic field; over forty years later, ~1980s [ﬂStztzlifbwent transport models and analysis
the meanwind is still adequately described and under- el
_stood using essentia_lly this model_. However, understand- 1990s |r’:l1§\?$/re?1?é?n(suilr¥ Sl:i:etfu’t\rlgln’:géﬁ%%délgénd
ing of how the associated fluctuations evolve, as they are understanding of the nature of fluctuations.
advected outwards by the mean wind, is much less ad-
vanced. Here we review some of the advances in under-
standing which have occured over these four decades re- i . ) o
garding theorigin, nature andradial evolution/transport ~ the mean fields vary. While this assumption is well-
of the fluctuations. Attention is focused on the role of grounded, it is now recognised that it it is a necessary—
waves and turbulence in regions close to the ecliptic®ut not sufficient—condition for the validity of WKB
plane. We denote the fluctuating fields\a, andsp,  theory as applied to MHD-scale fluctuations in a su-
and the mean fields a4, B,, andp,. (Magnetic fields ~Personic and ;uper-Avaemc flow [10-12]. Moreove;r, in
are measured in Alfvén speed uniésg.,b has been re- stapdard Ieadlng_-order WKB theory there is no inter-
defined ad/ /47p,.) action between inward and outward type fluctuations,
Table 1 highlights a few important milestones regard-Where these terms refer to the sense of mode propaga-
ing investigations of MHD-scale solar wind fluctuations. tion alongB, (however, see [10-13]). _
Early observations provided evidence for the existence of N fact, many of the predictions of WKB theory dis-
both Alfvén waves (via highly correlated time series for 29ree with observational results (see below). These short-
v andb, e.g.,[3, 4]) and also for strongly nonlinear pro- €OmMings p'rompt.ed consideration of various other ap-
cesses such as turbuleneey( power-law energy spectra proaches, mcludlng turbulence-based.transport mod_el;.
[5]). However, initial theoretical efforts predominantly — Before proceeding to the observational results, it is
assumed that the fluctuations were (Alfvén) waves, andnstructive to discuss thg major fact_ors which influence
often non-interacting waves,g.,[3, 6-9], although see the evolution o_f solar wind flu_ctuatlons (Ta_ble 3). A_I—
[5]. See Table 2 for some important distinctions betweerfhough expansion effects dominate the radial evolution
the behaviour of waves and turbulence. behaviour, it is departures from this spherical expansion
Prior to the 1980s the associated transport and evovhich comprise the “interesting” physics, since the for-
lution models typically employed (leading-order) WKB Mer holds little mystery. The remaining factqrs in the ta-
theory, wherein the wavelength of the fluctuations isble can lead to such departures. All fluctuations are car-

assumed much smaller than the lengthscale on whicfed along by the mean wind, and since at small enough
lengthscales the flow is essentially uniform, fluctuations
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TABLE 2. Some distinctions between turbulence and waves TABLE 3. Some factors influencing fluctuation evolution

TURBULENCE WAVES Expansion Dominant factor. Controls overall
Inherently nonlinear (Small-ampl.) theory = linear . “decay” withR.
= spectraltransfer. = no spectral transfer. Advection By mean flow. _
Advection Propagation Preferred directions Radial and (local) mean magnetic
(“self"-distortion). — spatialtransport of energy. field. At least partly responsible
No dispersion relation;  Dispersion relation, ) . ) for various observed anisotropies.
all dynamical length/ i.e.,each timescale depends Nonlinear interactions Spectraltransfer of energy (from
time-scales coupled. on only a few lengthscales large scales to small ones).
e.g.0==+k-V, Wave effects PropagatioBpatialtransport of
energy.

Large-scale gradients  So-called MECS effects (Mixing,
Expansion, Compression, Shear):
at these scales are unaltered by the advection. On the Gradients in mean fields mediate
other hand, larger scale fluctuations notice the spatial ., . couplings amongst fluctuations.
: ; ickup ions Inject energy into fluctuations.
dependence of the mean wind and are influenced by Im N
. . . L portant forR < 8 AU.
the associated gradients. This is one contribution to the
MECS effects also listed in the table. Note that these are
typically non-WKB effects [10-12, 21, 23-25], which
bleed energy from the mean fields into fluctuations, aghat certain features of the radial evolution of fluctuations
in the Kelvin—Helmholtz instability. It is straightforward are rather robust [14-17, 38-43].
to estimate that the lengthscales on which these large- The magnetic energy (per umitas$ of the fluctua-
scale gradients vary is of order the heliocentric dis-tions, denotedb?) with (---) thought of as a spatial av-
tanceR [21, 26]. For example, in spherical geometry erage (and in Alfvén speed units), typically decreases
(0-Uy) /U, = 2/Rfor Uy =U,R. Nonlinear interactions ~ with heliocentric distance and indeed insige8 AU fol-
tend to causspectralredistribution of energy, primarily lows an approximate powerlaw of R™*. Recall that
transfer from large scales to small ones, whereas wavéeading-order) WKB theory predicts &' dependence
effects are associated witipatialtransport of energy. [8]. However, one should also note that the observed de-
The influence of the two preferred directions (radial pendence is not a strict powerlaw, with scatter in the data
andB,) is also significant. The simplest models of the probably being due to multiple effects including varia-
solar wind are often one-dimensional, with that direc-tions in wind speed, solar cycle phase, and distance from
tion being the radial since this is parallel to the direc-the current sheet. For distance$ AU, the magnetic en-
tion of the mean flow. More sophisticated 3D modelsergy is significantly above the WKB powerlaw level and
further emphasize the importance of the radial directiorthe suggestion has been made that this “excess” energy
to the fluctuation dynamics, due to both expansion ands provided by pickup ions [24, 44-46].
shear effectse.g.,[27-30]. A strong meaB tends to in- Kinetic energy per unit masgy?), often evolves sim-
duce the dynamical development of spectral (and sometarly to the magnetic energy, and it is convenient to con-
times also variance) anisotropies, in both incompresssider the evolution of their ratio, known as the the Alfvén
ible and compressible plasmasg.,[31]. The effectis  ratior, = (v2)/(b?). At around 0.3 AU this takes values
to make the flow quasi-two-dimensional (quasi-2D) in near to or slightly larger than unity. Thereafter, it tends
the sense that correlation lengths perpendicul@tbe-  to decrease with distance, to a valuexo§ by 5 AU and
come much shorter than those parallel teiy.,[32—-34].  remain at roughly this level out to at least 20 AU [47].
Note thatr, can be used as a diagnostic of the preva-
lence of fluctuations which are Alfvén waves. This fol-
2. OBSERVATIONAL RESULTS lows since the energy in an individual Alfvén wave is
equipartitioned between its kinetic and magnetic com-
These have been well-reviewed elsewherg.([35-37]) ~ Ponents (when averaged over a wave period) and thus
so that here we present only a few pertinent points reShould have , = 1. Departures from this value suggest

garding radial evolution and the geometry of the fluctua-the presence of fluctuations which are not Alfvén waves,
tions. such as turbulence. In particular, 2D and 3D MHD sim-

ulations with an energetically weaR, tend to have

r, <1, indicating an excess of fluctuation magnetic en-
2 1. Radial Evolution ergy, e.g.,[33, 48-50]. This may be associated with the
o current sheets and vorticity quadrupoles characteristic of
magnetic reconnection sites [50]. Alternatively, < 1
may be indicative of local (in Fourier space) dynamo ac-

Observational studies @f situ data collected near the
ecliptic in both the inner and outer heliosphere sugges
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tion in the turbulent magnetofluid [51]. These two expla- Thus, most spacecraft datasets do not support full de-
nations forr, < 1 are based on nonlinear processes. Intermination of fluctuation geometry. Nonetheless, using
addition, modeling results indicate that the expansion itvarious strategies it is sometimes still possible to extract
self, in the form of “mixing” effects—which are linear additional information regarding the nature of the fluctu-
(see §3.1)—can also leadtg < 1 [52, 53]. ations. For example, one can analyse data intervals which
Another quantity which can provide information re- haveB, oriented at many different angles to the sam-
garding the abundance of waves is the normalised crogsling (radial) direction. Such an analysis has been per-
helicity: o = 2(v-b)/[(v?) + (b?)]. This is defined such formed [60], and under the assumption of axisymmetry
that |o¢| < 1, with purely outward propagating Alfvén aboutB,, a magnetic correlation function was obtained
waves havings; = 1. Helios and Voyager observations as a function of coordinates parallel and perpendicular
found thato. decreased from values &f 1 near 3BAU,  to B, (the so-called “Maltese cross”). The results indi-
to values scattered around zero beyond about 5 AU [42]cate that the fluctuations could consist of two (or more)
Note that this is very different from the (leading-order) distinct populations, the first characterised by little vari-
WKB prediction ofo; =~ 1 [7]. (Systematic behaviour of ation in the perpendicular directions.g.,slab waves),

o athigh latitudes has also been studied [40].) and the second by little variation in the parallel direc-
Density fluctuations are typically observed to ke tion (e.g.,quasi-2D turbulence). Carbone et al. [61] per-
10% at small (1 hour) scales, in both compression andormed a related study with the dataset restricted so that
rarefaction regions [43]. Such results provide supportonly Alfvénic intervals were used and an assumed de-
for the use of incompressible and nearly incompressible&eomposition into linear wave modes. They also found
models for the fluctuations [54-56] (however cf. [57]). evidence for a two-component nature of the fluctuations,
Although it is difficult to give a unique interpretation although of a different kind to the Maltese cross study,
to the behaviour summarised above, one can nonethelepsesumably because of the differences in both the data
conclude that (i) fluctuations are not just (outward) prop-selection policies and in the underlying assumptions in
agating Alfvén waves, and (ii) inward-type modes tendthe data analysis. In any case, “two-component” descrip-
to become relatively more abundant with distance. tions of solar wind fluctuations have subsequently been

widely employed (cf. §3).
More guantitative results have also been presented.
2.2. Fluctuation Geometry Bieber et al. [62] used data for cosmic ray mean free path
lengths to infer that the energy partitioning for a quasi-
Determining the nature of the geometwg”quasi- 2D/slab model for solar wind fluctuations would be
2D vs slab waves) of the fluctuations using data from a80%-20%. In a direct test based on observed (inertial
single spacecratft is problematic for at least two reasond@nge) power spectra, it was also found that this 80-20
First, even full (vector) amplitude information is often in- Partitioning produced the best fit to the data [63]. Still a
sufficient to distinguish between different types of fluc- third test derives from Mach number scalings associated
tuation. For example, both (quasi-)parallel-propagatingith nearly incompressible theory [54], and for typical
Alfvén waves and (quasi-)2D turbulence have amp"_observed Mach numbers is also consistent with the 80-20
tudes Wh|Ch are (a'most) transvers@@ Consequent'y' Sp“t Thus there iS abundant—and COﬂSiStent—evidence
they both have a minimum variance direction (MvD) for a slab/quasi-2D two-component description, with the
which is~ By, although their Fourier wavevector orien- quasi-2D component being energetically dominant.
tations are very different (respectivelyand L to B,.) Efforts have also been made to explain the dynamical
Second, single spacecraft data typically consists ofrigin of the two-component model(s) using simulation
time series at approximately the same spatial positiorptudies [64, 65], and have met with some limited success.
which can be used to calculate power spectra as a functhe suggestion is that the two components can appear
tion of (Fourier) frequencyP(f), say. Invoking the Tay- at different stages of the evolution, or alternatively that
lor frozen-in flow hypothesis (justified because of thethe “2D” component is associated with non-zero (but still
supersonic flow speed of the wind) enables these fresSmall)k, values, and is therefore actuatiyas2D.
guency spectra to be converted imemlucedwavenum- Returning to the MVD data, Voyager observations in-
ber spectra§®d(k..) = [ S(k)dk  , whereS(k) isthefull  side of 10AU indicate that the MVD fob is centered
wavevectorspectrum and integration is over coordinatesaround the locaB, direction, and similarly for thes
perpendicular to the sampling one. Unfortunately, excepfluctuations, although their MVD moves towards the ra-
for particularly strong symmetrieg.g.,isotropic) deter-  dial with increasingR [66]. Compressible (polytropic)
mination of fluctuation geometry usually requires knowl- 3D MHD simulations can reproduce similar MVD data,
edge of the full waveectorspectrum [58, 59]. both in terms of direction and power ratios between com-
ponents, although there is quite a strong plasma beta de-
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pendence [32]. Also contentious is the issue of whethefABLE 4. Some failures of (leading-order) WKB theory

the MVD is aligned with the fluctuations wavevector, as WKB PREDICTION OBSERVATION (1S RS10AU)
would be the case for Alfvén waves but not for quasi-2D™ 5 inward modes above Significant amounts
fluctuations [60, 66]. Alfvén critical radius.
ra~1,0c~1 ra =~ 0.5; o¢(R) —~0
MVD for v, b: radial ~ parallel toB, (but that forv
3. TURBULENCE-BASED MODELS moves closer t with incr R)

The first published suggestion that solar wind fluctu-

ations could be turbulent appears to be due to ColemHp equations, averaging, and then subtracting the re-
man [5]. It took another 16 years, however, for the firstgits from the unaveraged equations. Switching to El-
turbulence-based transport model for fluctuations to apgssser variables™ = v+ b, the equations can be written
pear [20]. Prior to this, transport models were predomi-

nantly based on the application of WKB theory to short- 0
wavelength Alfvén waves [6-9, 67, 68], although there (ﬁ +L\ﬂIEVKB> Z +MZT = NLY, (1)
were some studies which explored non-WKB effects,

e.g.,[69]. where the (tensor) operatokd'® represent WKB ef-
Results from WKB theory are, in generabtin agree-  fects and theVi* “mixing” effects, which depend solely
ment with observationswith some of the more well-  on the gradients of the mean fields. Nonlinear terms are
known failures listed in Table 4 [10, 21, 37, 66]. Conse-collected on the RHS and denoted only symbolically.
quently there was a need to develop non-WKB models. Note that the mixing effects are linear and appear at the
Below we briefly review a particular class of same formal order as the WKB effects [11, 12, 21, 23].
turbulence-based models which have had some suc- Wwhile it is sometimes advantageous to work directly
cess in matching a wider range of observational datawith these equations [11, 24, 25], it is often more con-
Note that various other interesting and important non-venient to form the equations for the evolution of the as-
WKB models have also been investigated, such as theociated spectra (or, equivalently, correlation functions).
expanding box modef Grappin and Velli [27, 28], but  To make further progress, one can assume that the fluc-
they are not our focus here (see also [71-73]). tuations have particular symmetry properties, based on

observational [60-63] and theoretical results [75, 76]. In

the most general case this would yield 16 transport equa-
3.1. Scale-separation models tions, one for each of the 16 scalar functions (such as en-

ergies and helicities) which collectively characterise the

The underlying idea here is similar to that of the fluctuations [21, 76]. In some of the simpler cases the
Reynolds decomposition in classical hydrodynamic tur-equations reduce to
bulence theorg.g.,[74]. More specifically, one assumes PE* (K)
thatV, B, andp can each be meaningfully decomposed + + + _NIZE
into a mean component and a fluctuating component us- Jt LweE™ (k) + MR (k) = NL(k) S, @
ing a multiple-scales approach. For example, that
Up(R) +Vv(x,t;R), whereR is the heliocentric position
vector,X is a small spatial displacement at each giRn
andU,(R) = (V) can be thought of as the average of the
velocity with respect to the small scales,

An important point is that whereas in the WKB ap-
proach fluctuations are assumed to be Alfvén waves fro
the outset, the present approach requires no such assumjl-,
tion: the fluctuations can be waves and/or turbulence: 1,24,37,52, 70, 77-80].

Also, the amplitude of the fluctuations need not be small. Recently, th;s approach was used to model the radial
Equations for the evolution of the fluctuations can beevolutlon of {b%), a carrelation length for the magnetic

obtained by substituting these decompositions into thé < 9Y: and the proton temperaturg, from 1-40AU
70, 78]. Three major assumptions were adopted, namely

that (i) fluctuations are primarily quasi-2D turbulence
1 The mai tion is the radial evolution ) inside~ 10AU (with o¢ = 0), (ii) energy is injected into the fluctuations

e major exception is the radial evolution inside ~ , .
which is indeed close to the WKB prediction & 1. However, it by Iarge'-scale'shear and f?_OmpreSS'O“S' and also, at large
turns out that many other approaches also yield this form.esge R, by pickup ions, and (iii) energy cascades to small
[24, 47, 70] and discussion below. perpendicularscales where it is converted into heat.

whereE* (k) = (zt(—k) - z"(k)) are the spectra for the

Elsasser energieB(k) ~ (z+(—k) -z~ (k)) O (v —b?),

and at least two more equations similar to (2) are re-

quired to close the system [13, 21, 23, 25, 77]. Also in-

cluded are possible source ternss, Although the as-

nsrociated models by no means reproduce all the obser-
tional trends, the degree of agreement is encouraging
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Using the scale-decomposition approach describethat turbulence is likely to play a crucial role. In particu-
above, one obtains a system of three (ordinary) differdar, driving by shear appears to be essential in accounting
ential equations, assuming steady-state. The linear struder the observed super-adiabatig(R) profile.
ture is of the form (2)—although further simplifications  Nature.The fluctuations are definitely not pure Alfvén
are made—while the nonlinear terms are modeled uswaves (either outward type or a linear superposition of
ing homogeneous turbulence theoeyd(,[81] and ref-  inward and outward), although such intervals may exist.
erences therein). Source terms modeling the injection oThere is multiple support—from observations, theory,
pickup ion energy are also included and these start to beand simulations—for the fluctuations being comprised
come effective foRZ 8 AU. Numerical solutions of the of (at least) two components, namely quasi-parallel-
equations for realistic values of the variables at the innepropagating Alfvén waves and quasi-2D turbulence, with
(1 AU) boundary, and the wind speed, etc. show excellenthe latter energetically dominant.
agreement with observational data from the Voyager and Finally, we note that there are many other issues per-
Pioneer missions in the case (@) andT, (the agree- taining to solar wind fluctuations which we have not dis-
ment with the correlation scale is less persuasive). cussed here. These include the details of the dissipation

Richardson has recently improved this model by usingmechanism, the difficulty of achieving a parallel cascade

the observed correlation between wind speed Bnelt

of energy in MHD when(b?) /B < 1, the situation out

1 AU. This produces a model wherein the radial temper-of the ecliptic, the radial evolution of spectra, and vari-
ature dependence fits the observational peaks and troughsce and polarization anisotropies. Many of these topics

quite strikingly (see his paper in this volume).

are discussed elsewhere in this volume.

Finally, we wish to comment on the apparent success AcknowledgmentsValuable discussions with W.H.

of WKB theory in predictingb?) ~ R"1[24, 47, 53, 70].

Matthaeus, C.W. Smith, and G.P. Zank are happily ac-

For reasonable models of the mean fields the mixknowledged. This research was supported by grants from

ing terms €.g., M“F) are only important foiR < 2 AU
[21, 52]. Thus, in the outer heliosphere departures from
WKB evolution of the energies would appear to be due
to nonlinear effects and/or source terms [see Eqg. (2)].
However, for inertial range scales in strong turbulence
NL* (k) ~ 0 [e.g., 21]. Thus, in the absence of sources 1.
(2) reduces to the WKB energy transport equation anc®.
the WKB prediction is recovered (coincidentallyje-
spite its lack of applicabilityn these circumstances.

4. CONCLUSIONS AND SUMMARY

co~No G

It is now well-accepted that solar wind fluctuations in-

clude both turbulence and waves, with each playing; o
important roles. Models based purely on wave effects;1.

generally give inadequate agreement with observations,

whereas turbulence-based models are giving encourag-=2.

ing agreement over an enormous range of distances
[13, 21, 23-25, 37, 70, 77, 78, 80]. 1
Returning to the three aspects of solar wind fluctu-
ations mentioned in the introduction (origin, evolution,
and nature), we note a few points about each one.
Origin. Outward propagating waves probably predom-

inantly originate in the corona, with the bulk of the in- 16.

ward type modes being generated by (spatially local)
in situ dynamics. Generation of the inward type modes’
could be due to either linear effectsg.,mixing) or non-
linear ones, such as turbulence, or a combination.

approximation is usually inappropriate and inadequate,

whereas observations, theory, and modeling all sugge@tl-
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15.

18.
19.
Evolution.Despite some apparent successes, the WKRO.

the NSF, NASA, and the UK PPARC.
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