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Abstract. We review our recent results of global one- reconnection events and compressive waves, the heating of
dimensional (1-D) MHD simulations for the acceleration of which probably concentrates at lower altitude.
solar and stellar winds. We impose transverse photospheric Most of the power of injected Alfen waves is supposed
motions corresponding to the granulations, which generateo be peaked around 5min-0.003 Hz) in the sun, which
outgoing Alfven waves. We treat the propagation and dissi-is, far below the ion cyclotron frequency{0* Hz in the
pation of the Alf\en waves and consequent heating from thecorona), in the MHD regime. When considering such low-
photosphere by dynamical simulations in a self-consistenfrequency Alf\en waves in solar and stellar atmospheres, the
manner. Nonlinear dissipation of Alfven waves becomesstratification of the density due to the gravity is quite im-
quite effective owing to the stratification of the atmosphereportant because the variation scale of the density, and ac-
(the outward decrease of the density). We show that theordingly Alfvén speed, is comparable to or shorter than the
coronal heating and the solar wind acceleration in the opewavelengths; the WKB approximation is no longer applica-
magnetic field regions are natural consequence of the footble. Also, the amplitude of the wave is amplified because
point fluctuations of the magnetic fields at the surface (pho-of the decrease of the density so that waves easily become
tosphere). We find that the properties of the solar wind sennonlinear.
sitively depend on the fluctuation amplitudes at the solar sur- - A number of attempts have been carried out to investigate
face because of the nonlinearity of the Adfvwaves, and nonlinear Alfven waves in stratified solar winds in 1-Dau
that the wind speed at 1 AU is mainly controlled by the field and Siregar1996 Boynton and Torkelssori996 and 2-D
strength and geometry of flux tubes. Based on these result$§Ofman and Davila1997, 1998 Grappin et al.2002), and by
we point out that both fast and slow solar winds can be ex-multi-fluid treatments @fman 2004. These studies nicely
plained by the dissipation of nonlinear Aéfa waves in a  explain observations by suitable choices of perturbation am-
unified manner. We also discuss winds from red giant starglitude at the inner boundary in the corona. However, the
driven by Alfvén waves, focusing on different aspects from input amplitude at the coronal base is not accurately deter-
the solar wind. mined from observations. The photosphere is a more suit-
able inner boundary for theoretical calculations because the
physical properties are precisely obtained from various ob-
1 Introduction servat_ions. The density of the coronal base is 8-9 order_s (_)f
magnitude smaller than that of the photosphere. The dissi-

The Alfvén wave, generated by the granulations or other surPation and reflection of Alfen waves are important in the

face activities, is a promising candidate operating in the heat¢hromosphere and the transition region, which lie between
ing and acceleration of solar winds from coronal holes. It canthe photosphere and corona. Furthermore, from the chromo-
travel a long distance so that the dissipation plays a role in théPhere to the low corona, radiation cooling plays a role in the
heating of the solar wind plasma as well as the lower coro-€nergetics. Then, to consistently treat the heating of the gas,

nal plasma, in contrast to other processes, such as magnet‘i'&e radiative loss needs to be properly taken into account.
Recently, we have extensively studied the heating and ac-
celeration of solar and stellar winds by self-consistent MHD

Correspondence tdT. K. Suzuki simulations with gravity and cooling (Suzuki and Inutsuka,
BY (stakeru@ea.c.u-tokyo.ac.jp) 2005, 2006; hereafter SI06; Suzuki, 2007). By reviewing
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Table 1. Adopted parameters for fast and slow solar wind models. p—

(dvio)kms™)  Bo(G)/fiot B p 19 , . .
Fast Wind 0.7 16175 “ar 'U)H Tz T TR =0 ®)
Slow Wind 1.0 322450 1
0B _ d
=TT SV F LBy =B, 6)

. . . __wherep, v, p, B are density, velocity, pressure, and mag-
our recent results, we introduce various aspects of nonlmearr]etic field strenath. respectively. and subscriptnd L de-
Alfv én waves in the Sun and stars to the geophysics commu- . gth, resp Y: am
ity note radial and tangential componerglﬁandg denote La-

grangian and Eulerian derivatives, respective#;yi_l% is

specific energy and we assume the equation of state for ideal

2 Set-up gas with a ratio of specific hegt=5/3; G and M, are the
gravitational constant and the solar mags(=«o7>?4L)

We consider 1-D open flux tubes which are super-radiallyis thermal conductive flux by Coulomb collisions, where

open, measured by heliocentric distanee, The simula-  xo=10"° in c.g.s unit;qx is radiative cooling l(andini and

tion regions are from the photosphere-(LR) with density, Monsignori-Fossi1990 (for specific prescription, see SI106).

p=10""gcm 3, to 65k, (0.3 AU) or ~20R, (~~0.1AU), We adopt the second-order MHD-Godunov-MOCCT
where R, is the solar radius. Radial field strength,, is scheme (Sano and Inutsuka, 2006) to update the physical
given by conservation of magnetic flux as guantities. We initially set static atmosphere with a tempera-
ture T=10*K to see whether the atmosphere is heated up to
B,r?f(r) = const, 1) coronal temperature and accelerated to accomplish the tran-

. . . sonic flow. Atr=0 we start the inject of the transverse fluc-
where f(r) is a super-radial expansion factor. We adopt theyations from the photosphere and continue the simulations

same function as ilopp and Holzer(197§ for f(r) (see il the quasi-steady states are achieved.
SI106 for detail).
We input the transverse fluctuations of the field line by the
granulations at the photosphere, which excite Aifwaves. 3 Results
In this paper we only show results of linearly polarized per-
turbations with power spectrum proportional tovlwhere 3.1 High-speed solar wind

v is frequency (see SIO06 for circularly polarized fluctuations _ . . .
with different spectra). Amplitude(dv, o), at the photo- Figure 1 plots the initial condition (dashed lines) and the

sphere is chosen to be compatible with the observed phor_esults aftgr the _qugsi—steady state condition is achieved at
tospheric velocity amplitude~1kms™! (Holweger et al. z.=2573 min (solid I|.nes), compared with recent observa-
19798. At the outer boundaries, non-reflecting condition is tions of fast solar' winds. From top to bottomy,(kms %), i
imposed for all the MHD waves, which enables us to carry ! (K), mass densityp(g cm?), and rms transverse ampli-
out simulations for a long time until quasi-steady state solu-1d€:(@v1)(km s°1) are plotted. As for the density, we com-

tions are obtained without unphysical wave reflection. pare our rﬁsult with t())Ibserved electro; fdensM_g,, in the
We dynamically treat the propagation and dissipation ofcorona. T ese variables are averaged for 3min to incorpo-
the waves and the heating and acceleration of the plasma t&lte observational exposure time. We set the transverse fluc-

; _ 1 i —
solving ideal MHD equations with the relevant physical pro- uation, (dv.0)=0.7kms™, and field strength, ;=161G
cesses (paper I): at the photosphere, and the total superradial expansion fac-

tor, fiot=75 (see Tabld). While our model adopts one-fluid
dp p 9 approximation, namely all the species are assumed to be the
dr + Wa_r(’" fur) =0, (@) same temperature and velocity, we think that the temperature
represents electrons rather than ions because the temperature
is mainly controlled by electron thermal conduction in the

pdv, _ _3_17 _ 1 i rszz) corona, and that the velocity represents protons which carry
dt ar  8mrif or L most of the mass.
ol a GMg Figurel shows that the initially cool and static atmosphere
+ﬁa—r(r H—r P (3) s effectively heated and accelerated by the dissipation of the
Alfv én waves. The sharp transition region which divides the
d B, 9 cool chromosphere witlf ~10*K and the hot corona with
PE(V\/?UJ_) = Ea(VﬁBD. (4)  T~10°K is formed owing to a thermally unstable region
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Fig. 1. Results of fast solar wind with observations in polar re-
gions. From top to bottom, outflow speed.(kms™1), tempera- Fig. 2. r—t diagrams fow, (upper-left),o (lower-left), v, (upper-
ture, 7/(K), density in logarithmic scale, lag(gcm~2)), and rms  right), andB, /B, (lower-right.) The horizontal axises cover from
transverse amplitude(dv )(kms™1) are plotted. Observational g to 15Ro, and the vertical axises cover from=2570min to
data in the third panel are electron density,(g(cm™2)) which 2600 min. Dark and light shaded regions indicate positive and neg-
is to be referred to the right axis. Dashed lines indicate the ini-ative amplitudes which exceed certain thresholds. The thresholds
tial conditions and solid lines are the resultsa2573min. Inthe  greqy, =496 km/s forv,, dp/p=-=0.25 for p, v | =+180 km/s for
bottom panel, the initial value{dv )=0) does not appearFirst: v, andB /B,=+0.16 for B, /B,, wheredp anddv, are differ-
Green vertical error bars are proton outflow speeds in an interences from the averagedanduv,. Arrows on the top panels indi-

plume region by UVCS/SoHOTeriaca et al.2003. Dark blue  cate characteristics of Alén, slow MHD and entropy waves at the
vertical error bars are proton outflow speeds by the Doppler dim-regpective locations.

ming technique using UVCS/SoHO da@afgrilli et al, 2002.
A dark blue open square with errors is velocity by IPS measure-

ments averaged in 0.13-0.3 AU of high-latitude regioksjitna . Lo . . .
et al, 2004. Light blue data are taken froGrall et al. (1996 around7~10°K in the radiative cooling functionL@ndini

crossed bars are IPS measurements by EISCAT, crossed bars wiid Monsignori-FossiL990. The hot corona streams out as
open circles are by VLBA measurements, and vertical error barghe transonic solar wind. The simulation naturally explains
with open circles are data based on observation by SPARTAN 201the observed trend quite well.

01 (Habbal et al.1994). Second Pink circles are electron tem- The heating and acceleration of the solar wind plasma in
peratures by CDS/SoHO-udra et al. 1999. Third: Circles and inner heliosphere is done by the dissipation of Atiwaves.

stars are observations by SUMER/SoH®8ilpelm et al, 1998 and Here we inspect waves in more detail. Fia@neresents con-
by CDS/SoHO Teriaca et al.2003, respectively. TrianglesTéri- p_ ’ .g fler
tours of amplitude ob,, p, v, andB, /B, in Ro<r<15Ry

aca et al.2003 and squaresLamy et al, 1997 are observations . ' .
by LASCO/SoHO.Fourth: Blue circles are non-thermal broaden- oM 1=2570min to 2600 min. Red (blue) shaded regions

ing inferred from SUMER/SoHO measuremenBaterjee et .  denote positive (negative) amplitude. Above the panels, we
19989. Cross hatched region is an empirical constraint of non-indicate the directions of the local 5 characteristics, two

thermal broadening based on UVCS/SoHO observatigssér et Alfvén, two slow, and one entropy waves at the respective

al,, 1999. Green error bars are transverse velocity fluctuations de{positions. Note that the fast MHD and Affm modes de-

rived from IPS measurements by EISCATgnals et a).2002. generate in our case (wave vector and underlying magnetic
field are in the same direction), so we simply call the inner-
most and outermost waves Aém modes. In our simple 1-D
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7777 ' o in unit of energy flux derived from wave actiodacques
:%/ Outgoing Alfven - 1977. For the incoming Alfén wave, we plot the oppo-
Incoming Alfven site sign ofS, so that it becomes positive in the sub-Adfvic
Outgoing Slow region. The outgoing and incoming Afm waves are de-
composed by correlation between and B, . Extraction of
the slow wave is also from fluctuating component®,0édnd

4 o

(@]
[}

@]
[¢

Figure 3 clearly illustrates that slow MHD waves as well
as incoming Alfien waves are nonlinearly generated, which
play a role in the heating and acceleration of the solar wind
3 plasma. Then, the outgoing AEn waves dissipate quite
] effectively; S. becomes only~10-2 of the initial value
at the outer boundary. Figurg also shows that a siz-
able amount is reflected back downward below the coro-

\w»

Sc(erg cm™ 27"

3 _
10 ol vl o dowl ol bl nal base f—Rx<0.01Rs), which is clearly illustrated as
0.01 0.1 1 10 100 the incoming Alf¥en wave following the outgoing compo-
(r=Re)/Ro nent with slightly smaller level. This is because the wave

. . ) . . shape is considerably deformed owing to the steep den-
Fig. 3. 5. of outgoing Alfven mode (red), incoming Aln mode ity gradient; a typical variation scale<{®®km) of the
(blue), and outgoing MHD slow mode (green) @2573min. A, e speed becomes comparable to or even shorter than
Hatched region indicates the chromosphere and low transition Cthe wavelength (:1@—106 km). Although the energy flux
gion with T <4x10¢ K. ~5x10° ergcnm?s~1, of the outgoing Alfen waves §. in

the static region is equivalent with the energy flux) which

geometryp, andp trace the slow modes which have longi- Penetrates into th.e corona is onil 5% of the inpgt value, it
tudinal wave components, whilg and B, trace the Alfen satisfies the requirement for the energy budget in the coronal
modes which are transverse. holes Withbroe and Noygsl977). o

One can clearly see the Av waves i, andB, /B, di- _ The processes dls_cussed here are the_comb|nat|0n of the
agrams, which have the same slopes with the &ifeharac- direct que conversion to the compressive waves and_ the
teristics shown above. One can also find the incoming modegarametric decay instability due to three-wave (outgoing
propagating from lower-right to upper-left as well as the out- Alfv €n, incoming Alfien, and outgoing slow waves) Interac-
going modes generated from the surface. These incominons (Goldstein, 1978; Terasawa et al., 1986) of the &dfv
waves are generated by the reflection at the ‘density mirrorsWaves. Although they are not generally efficient in the ho-
of the slow modes. At intersection points of the outgoing andM0geneous background since they are the nonlinear mech-
incoming characteristics the non-linear wave-wave interac-2nisms, the density gradient of the background plasma to-
tions take place, which play a role in the wave dissipation. {@lly changes the situation. Owing to the gravity, the den-

The slow modes are seenipandp diagrams. Although sity rapidly decreases in the coronaraincreases, which

it might be difficult to distinguish, most of the patterns are results in the amplification of the wave amplitude so that
due to the outgoing slow modewnhich are generated from the waves easily become nonlinear. Furthermore, theeslfv
the perturbations of the Alsn wave pressurdﬁ/&r (Ku- speed varies a lot due to the change of the density even within

doh and Shibatal999. These slow waves steepen eventu- ON€ wavelength of Alfén waves with periods of minutes or
ally and lead to the shock dissipation. longer. This leads to both variation of the wave pressure in
Figure3 presents the dissipation of the waves more quano"€ wavelength and partial reflection through the deforma-

titatively. It plots the following quantities, tion of the wave shapev{oore et al, 1991). The dissipation
is greatly enhanced by the density stratification, in compar-

2 (vr + vph)2 r2f(r) ison with the case of the homogeneous background. Thus,
= ,081) 2 s (7) he | & i isgj
voh  12f(re) the low-frequency Alfén waves are effectively dissipated,
. o . . . which results in the heating and acceleration of the coronal
of outgoing Alfven, incoming Alf\en, and outgoing slow plasma.
MHD (sound) waves, whergv andvpn are amplitude and * pefore closing this section, it should be noted that the
phase speed of each wave modeis an adiabatic constant  apove discussion is based on the 1-D simulation. In realistic

1The phase correlation of the longitudinal slow waves is op- 3-D treatments, various other dissipation channels become

posite to that of the transverse Al waves. The outgoing slow €ffective, which will be discussed in Sedt.
modes have the positive correlation between amplitudes ahd

p, (8v-8p>0), while the incoming modes have the negative correla-

tion (Sv,8p<0).

Se
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3.2 Dependence afw R A A I

1000

We study dependences on the amplitudes of the input fluctu-
ations at the photosphere. We compare the results of larger

(dvy o)=1.4kms and smaller(dv, ¢)=0.4kms? and Q .
0.3km ! cases with the fiducial casgl; 0)=0.7 kms!) g ot o
in Fig. 4. Note in the case ofdv, 0)=0.3km s1 quasi E

——<bv>=1.4 |
- — 0.7km/s
— 0.4km/s 4 ©

0.3km/s 7

steady-state behavior is not achieved, and the density and
temperature decrease with time as explained later.

The maximum temperature ¢fv, 0)=0.4km slcaseis
~5x10° K, which is cooler than the usual corona. The den-
sity is much lower than the fiducial case by 1-2 orders of
magnitude because the sufficient mass cannot supply into
the corona by the chromospheric evaporation owing to thes
low temperature; the evaporation is drastically suppressed ag

500 O

-10

100 200

T decreases since the conductive flux«7524L) sensi- < ] emg
tively depends orf". As a result, the mass flux(,) be- § 1! 3
comes more than an order of magnitude lower than that ofthe g >
present solar wind. These tendencies are more extreme in the ke,

-20

(dvy 0)=0.3km s1 case; the coronal temperature and den-
sity become further low in the case @fv, ¢)=0.3km st I

T~2x10PK and the density in the corona qnd splar wind is T a5 00 20103000 o Mo
smaller by 3 orders of magnitude than the fiducial case. /Re (r—Ry)/R

This behavior can be understood by the wave dissipa-

tion. The Alfvén speed<B//4mp) is larger in a smaller  Fig. 4. Structures of corona and solar wind for differeut | )=0.3
(dvy o) case due to the lower density and the nonlinearity, (green), 0.4 (blue), 0.7 (black dashed), and 1.4kh@ed). We
(8va.+)/va, becomes weaker. As a result, the final energyplot solar wind speed, (km s~1) (top left), temperaturef; (K) (top

flux of the solar wind at 0.1 AU, mostly consisting of the ki- right), density in logarithmic scale, log(g cm™2)) (bottom right),

: v2 and rms transverse velocitydv )(kms-1) (bottom left). Each
netic energy v 2 ), becomes further smaller compared to variable is averaged with respect to time during 28 min (the longest

the difference of input engrgy flux. N wave period considered).
Once the coronal density starts to decrease, a positive feed-
back operates. Namely, the decrease of the density leads to
weaker non-linearity of the Alfen waves, which reduces the tjve cooling function aZ’~10P K (Landini and Monsignori-

plasma heating by the wave dissipation. This decreases thegssj 199 because the radiative loss is efficient owing to

coronal temperature, and further reduces the coronal densitye large density. The second increase of the temperature be-

by the suppression of the chromospheric evaporation. Thigins fromr~1.03R, and above there the corona is formed.

takes place in the case ¢fvi0)=0.3kms™! so that the  The coronal density and temperature are larger than those in

coronal density and temperature continue to decrease at latghe case Withdv, 0)=0.7 km s 1. In particular the density

time, instead of maintaining steady corona and solar wind. i the outer region is 10 times larger, and the mass flux of the
Our results show thatdv, ¢)>0.4kms! is the crite-  solar wind is larger by the same extent.

rion of the photospheric fluctuations for the formation of the

stable hot plasma. To get the maximum coronal tempera3.3 Solar wind speed

ture >10°K, (dv, 0)>0.7kms is required. Otherwise if

(dvy 0)<0.3kms™t, the low-frequency Alfén waves can- It is widely believed that field strength and geometry of open

not maintain the hot corona, and the solar wind mass fluxflux tubes are important parameters that control the solar

becomes drastically small. wind speedWang and Sheele§l 99Q 1997 showed that the
Larger (dv, o) gives larger coronal density. The initial solar wind speed at1 AU is anti-correlated withfiot from

increase of the temperature starts from a deeper locatiotheir long-term observations as well as by a simple theoreti-

aroundr~0.005R, than the other cases. Thanks to this, a de-cal model. Ofman and Davilg1998 showed this tendency

crease of the density is slower (larger pressure scale heighf)y time-dependent simulations as welkisk et al.(1999

so that the density aroumd=1.01R; is two orders of magni-  claimed that the wind speed should be positively correlated

tude larger than that of the case williv, 0)=0.7 kms™. with B, o by a simple energetics consideration.

However, the temperature decreases slightly instead of a Kojima et al. (2009 have found that the solar wind ve-

monotonical increase; it cannot go over the peak of the radialocity is better correlated with the combination of these two

20
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simple energetics argument:

V1IAU = |:2x (

= 300(km/s) [5.9(

B R2 B, o
47 (pvr?)1au frot

(6B1dv1)o

I
) (Br,CD(G)>

—(6B1dvy)o
8.3 x 1P(cm s1G) frot
0.1

)25 () -+

108(K)
where we have the three free parameters, surface amplitude,
(6B18v1)e, effectivecoronal temperaturelc, and ratio of
specific heatsy. In the equation, these parameters are eval-
uated by the standard values, which should be used for actual
prediction of wind speed. The first term is the contribution
from Alfvén waves, the second term represents net heating
minus cooling due to radiation loss and thermal conduction,
and the third term is the gravitational loss. The first term, due
to Alfvén waves, exhibits the dependenceB®i/ fiot, which
reflects the Alfien waves in expanding flux tubes. Figire

4

11

+34(

(=5.3x 10° G cm 1) with the fiducial temperature. Observed data ShOWS the prediction of Eg8], in comparison with the ob-
are from Kojima et al. (2005). Coronal magnetic fields are extrapo-S€rvation using interplanetary scintillation measurements by

lated fromB,. o by the potential field-source surface methbidika-

Kojima et al.(2005. The observed data are nicely explained

mada and Kojimal999. fiot is derived from comparison between by the relation based on the simple energetics.

the areas of open coronal holes at the photosphere and at the source

surface {=2.5Rp). v1 au is obtained by interplanetary scintillation 3.4  Unification of high-/low-speed solar winds
measurementu1 oy, Br,o, and fiot are averaged over the area of

each coronal hole and the data points correspond to individual coroBased on our studies we can infer the suitafale, o) and

nal holes.

parametersB; o/ fiot, than ¥ fiot or B, o from the compar-

B;.0/ ftot for the slow solar wind by comparing with those
of the fast wind: The slow wind requires larggtv o) and
smaller B, o/ fiot than the fast wind. The adopted parameters
are summarized in Table

Figure6 presents the results of fast (dashed lines) and slow

ison of the outflow Speed obtained by their interp|anetary(50|id |ineS) solar winds OVQrIayed with reC(_-:‘nt observations.
scintillation measurements with observed photospheric fieldl he temperature and density of the slow wind case becomes

strength (Fig.5). Suzuki(2004), SI06 andSuzuki (20069

larger on account of the largédv, o), which explains the

also pointed out thaB,. o/ fior Should be the best control pa- ©Observations. On the other hand, smakBegy fiot gives slower
rameter provided that the Alén waves p|ay a dominate role terminal SDEEd. As a result, the observed anti-correlation of
in the coronal heating and the solar wind acceleration. Thighe wind speed and the coronal temperat&eh(vadron and

is because the nonlinearity of the Aéfw waves{§va +)/va

is controlled byva B, x B, 0/ fiot in the outer region where

McComas 2003 is well-explained by our simulations. In
the slow wind case, the acceleration of the outflow is more

the flux tube is already super-radially open. Wave energydradual, and it is not negligible inz 20 Ro (e.g. Nakagawa

does not effectively dissipate in the largBfo/ fiot Case in

et al., 2006).

the subsonic region because of relatively small nonlinearity The Alfvén wave dissipates more slowly in the fast wind
and more energy remains in the supersonic region. In genconditions because of larget, («B:o/ fio). As a result,
eral, energy and momentum inputs in the supersonic regioddv.) is larger in the fast wind model. Various in situ ob-
gives higher wind speed, while those in the subsonic regiorervations in the solar wind plasma near the earth also show
raises the mass fluw¢,) of the wind by an increase of the that the fast wind contains more Aimic wave components

density (amers and Cassinglll999. This indicates that

the solar wind speed is positively correlated witho/ fiot.

Suzuki (2006 further derived a relation between the so-

lar wind speedy1 au, at 1 AU and surface properties from

Nonlin. Processes Geophys., 15, 2964 2008

(see Tsurutani and Ho, 1999, for review), which can be ex-
plained via the nonlinear dissipation of Aém waves based
on our simulations.

Although (dv, o) and B, o/ fiot Of the fast and slow winds
a are simply chosen to explain the observations, we would like

www.nonlin-processes-geophys.net/15/295/2008/
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to discuss the difference of these parameters. Slow winds are 1 10 100
mainly from low-latitude regions, which are mostly covered 1000 i
by closed regions. Then, open field regions in low-latitude 109 ~ _ 3
regions generally expand more, namglyt is larger. Thisis £ _5x10° =
an interpretation whyBo/ fiot is smaller in slow winds. Some §, §2xw 05
solar winds are known from the vicinity of active regions > s
(Kojima et al, 1999. Due to the influence from active re- 10 E
gions, the amplitudes of the footpoint motions of these solar I sx10*f -
winds is expected to be larger than solar winds originating 500 f TN woj« 1
from coronal holes. We think that this leads to largér, o) % 200 ! \H\\L'\n,l”.q"u. W ] 185 d 1
in slow winds. E 00l U i':]’ 10° h :
L . ) X, 50k 10* o 1
3.5 Application to red giant winds 3" 1000 Nﬂ‘,‘f“’ﬂ\k 3
v 20 100 'M»W\'“IM E
So far we have focused on the acceleration of solar wind. 10 10 caut W

However, the same process is expected to operate in other

10 100
r/Re

10 100
r/Rg

types of stars that have surface convective layer, such as red
giant stars, proto-stars,.and Ir!termedlate and IF)W mass r“a'laig. 6. Simulation results of the fast (dashed) and slow (solid)
sequence stars. Red giant winds are studied in 1-D steadys|ar wind models in comparison with observations. Outflow ve-
state calculationsHartmann and MacGregorl98Q) and 2-  ocity, v.(kms™1) (top left), temperature7 (K) (top right), elec-
D dynamical simulationsAjrapetian et al.2000, although  tron density,V,(cm~3) (bottom right), and rms transverse velocity,
these studies do not set photosphere as the inner boundaries | )(kms™1) (bottom left) are plotted. The observations in polar
but arbitrary higher altitudes. We simulation red giant winds regions to be compared _with_the fast wind_ model are shown by open
from the photosphere by extending the solar wind simulationsymbols, and the data in mid- to low-latitude region for the slow
ki 2 wind modes are by filled symbols. Since the data for the fast wind
(Suzukj 2007). oy 1 . )
We consider stellar winds fromi,, stars in various evo- arel tvr;e ost?mfva?i '2 Fl'g \tNe tsun}ggrrl]zztf:jerdaitar:‘ci)r tk;)e Slr‘\)/""tiW:‘”(f
lutionary stages from main sequence to red giant branch. Thgeo - Dbservational data, top- aded region Is observationa
; . . ata in the streamer belSkeeley et al.1997). Top-right Filled
properties of surface fluctuations (e.g. amplitude and spec

. ) ~“diamonds and triangles are electron temperature obtained from the
trum) can be estimated from conditions of surface convectionne ratio of Fe XII1/X in the mid-latitude streamer by CDS/SOHO

which depend on surface gravity and temperature (€.9. Renand UvCS/SOHO respectivelfPérent et al.2000. Bottom-right

zini et al., 1977; Stein et al., 2004). Then, we carry out therilled diamonds and triangles are data respectively from CDS and

simulations of the red giant winds in a similar manner to the UVCS on SOHO observation of the mid-latitude streanRarénti

solar wind simulations. et al, 2000, and filled pentagons derived from observation of the
Figure7 presents the evolution of stellar winds of ar4, ~ total brightness in the equator region by LASCO/SOHH{ayes et

star from main sequence to red giant stages. The middI&!- 200).

panel shows that the average temperature drops suddenly

from T>~7x10° K in the sub-giant star (blue) th<1®K in . .

the red giant stars, which is consistent with the observed “di—4 Discussion

viding line” (Linsky and Haisch1979. The main reason of

the disappearance of the steady hot coronae is that the sou

1) of ~
speed £150kms ™) of ~10° K>plasma exceeds the escape o catiously examined. Solar wind plasma around 1 AU
Spee_d'“e“(’"):V 2GM./r, atrZ afewR, inthe red giant s complicated structures. Various types of discontinu-
stars; the hot corona cannot be confined by the gravity anioq are observed, which are regarded as a result of phase
more in the atmospheres of the red giant stars. Therefore,thgteepemng or turbulent-like cascade of nonlinear @tfv

material flows out before heated up to coronal temperaturey o es Tsurutani et al.2002 2005. Multi-dimensionality,

In ad_dmon, th_e _thermal |ns_tab|I|_ty of the radiative cooling which enhances turbulent cascadoldreich and Sridhar

funcuon Landini and MonS|gnor|—Fos,sIL99Q plays a role 1995 Oughton et al. 2003, and/or effects beyond MHD,

in the sudden decreas_e of temperatezuki 2007)_' _ e.g. finite Larmor radius effect, are supposed to be important
The top panel of Figs shows that nearly-static regions i, these events. Probably, these complicated structures also

are formed above the photospheres in the red giant stars, aﬁ}ﬁay a role in the dissipation of Aln waves in the inner he-

the acceleration of the winds essentially starts from severafignshere. It is important to quantitatively estimate how these

stellar radii. Accordingly, their wind speeds in the outer ,.cesses operate in the actual solar and stellar winds besides
regions are considerably slower than the escape velocitieg,q 3_wave process we are discussing in this paper.
at the surfaces, which is consistent with the observed trend

(e.g. Dupree, 1986).

In this paper we treat wave propagation and dissipation
IWthin 1-D MHD approximation, of which validity needs to
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' L L B0 5] B LA B However, it is difficult to heat up protons which compose
L ] the main part of plasma because the energy of ion cyclotron
— r i waves that are resonantly coupled with protons are already
100 ¢ E absorbed by the heavy ion€ranmer 2000. Therefore, we
§ F ] believe that low frequencyJ1 Hz) Alfvén waves, which are
= r T focusing on in this paper, is more dominant in the total heat-
oL ] ing.
a 1 5 Conclusions
6 ’ We have performed 1-D MHD numerical simulations of solar
10 _ _ and stellar winds from the photosphere. The low-frequency
C ] Alfv én waves are generated by the footpoint fluctuations of
5 | i the magnetic field lines. We have treated the wave propaga-
< 10 3 3 tion and dissipation, and the heating and acceleration of the
= C ] plasma in a self-consistent manner. Our simulation is the first
s | i simulation which treats the wind from the real surface (pho-
10 3 E tosphere) to the (inner) heliosphere with the relevant physical
F ] processes.
" T We have shown that the dissipation of the low-frequency
10091 3 3 Alfvén waves through the generation of the compressive
10_ K E waves (decay instability) and shocks (nonlinear steepening)
10_13 4 T is one of the solutions for the heating and acceleration of the
6\18'14 : : plasma in the coronal holes. However, we need to carefully
£10-15F 3 examine the validity of the 1-D MHD approximation we have
L0718 3 adopted.
% 1 0‘1; - & The density, and accordingly the mass flux, of solar winds
10:19 - . show a quite sensitive dependence(dn, o) because of an
10 o F E unstable aspect of the heating by the nonlinear &ifwaves.
10_21 3 L For example, the mass flux of solar wind becomek0
10 S R times smaller if(dv, o) becomes~1/2. We also find that
1 10 100 1000 the solar wind speed has a positive correlation \Bitla/ fiot,
r/RQ which is consistent with recent observations by Kojima et
al. (2005).
Fig. 7. Time-averaged stellar wind structure of thed, stars. From Based on these findings, we show that both fast and slow

the top to the bottom, radial outflow velocity, (kms-1), tem-  solar winds can be explained by the single process, the dis-
perature,T (K), and density,o (gcm3), are plotted. The black, Sipation of the nonlinear low-frequency Aém waves, with
blue, green, and red lines are the results of stellar r&diiRo (the different sets ofdv, o) and B, 0/ fiot. Our simulations nat-
present Sun), 3Ry (sub-giant), 1®o (red giant), and 3R (red urally explain the observed (i) anti-correlation of the solar
giant), respectively. wind speed and the coronal temperature and (i) larger am-
plitude of Alfvénic fluctuations in the fast wind.

We have also extended the solar wind simulations to red
giant winds. With stellar evolution, the steady hot corona
with temperature T~10°K, suddenly disappears because
the surface gravity becomes small; hot plasma cannot be con-
fined by the gravity. Nearly static regions are formed above
the photospheres of the red giant stars, and the stellar winds
are effectively accelerated from several stellar radii. Then,
the wind velocity is much smaller than the surface escape

McKenzie 1997 Kohl et al, 1998. The resonant frequency, o
T X o speed, because it is regulated by the slower escape speed at
which is in proportion to mass-to-charge ratio, is smaller forthat location

heavy ions. As a result, these ions are heated up before pro-
tons by resonant coupling with ion cyclotron waves. This
process results in the perpendicular heating with respect to
underlining field, which is actually observed in heavy ions.

If Alfv én waves cascade to higher frequenchdndran
2005, kinetic effects (e.g. Nariyuki and Hada, 2006) be-
comes important. The high-frequency10* Hz in the so-
lar corona and~1-10Hz at~0.3 AU in the solar wind)
ion cyclotron waves were recently highlighted for the addi-
tional heating of minor heavy ions (e.g. O, M@xford and
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