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ABSTRACT

We present a new compressible MHD model for simulating the three-dimensional structure of the solar wind
under steady state conditions. The initial potential magnetic field is reconstructed throughout the computational
volume using the source surface method, in which the necessary boundary conditions for the field are provided
by solar magnetogram data. The solar wind in our simulations is powered by the energy interchange between
the plasma and large-scale MHD turbulence, assuming that the additional energy is stored in the “turbulent”
internal degrees of freedom. In order to reproduce the observed bimodal structure of the solar wind, the ther-
modynamic quantities for the initial state are varied with the heliographic latitude and longitude depending on
the strength of the radial magnetic field.

Subject headings: interplanetary medium — methods: numerical — MHD — solar wind — Sun: evolution —
Sun: magnetic fields

On-line material: mpeg animation

1. INTRODUCTION but the bimodality of the solar wind could not be modeled in
The global structure of the solar wind results from the com- a quantitative manner without adding proper empirical sources

. . . to power the wind in open field regions. The incorporation of
plex interaction between the expanding coronal plasma, mag- ren waves in the momentum balance and energetics of the
netic fields, solar rotation, and interplanetary turbulence. The

observed dichotomy between a fast solar wind and a slow solarSOIar wind was ;tudied extensively in one-dimensional mag-
wind (Phillips et al. 1995; Goldstein et al. 1996) results from conydrodynamics (see Holzer, Fi Leer 1983 and Mc-

the tonoloaical struct f th | tic fields that Kenzie, Axford, & Banaszkiewicz 1997). The effect of an Alf-

1€ topological structure of theé soiar magnetic NIelds that are o, \aye flux on the flow properties of the solar wind, in a
divided into open field and closed field regions by the bound- g approximation, was recently studied in two dimensions
aries of helmet-like streamers. Unlike open field regions (as- )

iated with | hol tic fields in helmet st by Usmanov et al. (2000). These results are in good agreement
sociate bW' | corono?tho_es)t, ma%f]“? ICI I€lds in he rr;n(te S ream'twith the Ulysses data normalized to 1 AU. The dissipation of
€rs are bipoiar, an €lr strength 1S farge enough 1o preventy, ajfven wave spectrum at the ion-cyclotron frequency might

the bulk expansion of coronal plasma. o . . , . ;
. . o . additionally lead to preferential heating of the ions in open field
The simulation runs presented in this Letter are designed toregions (Axford & McKenzie 1992).

reproduce the global structure of the heliosphere under realistic We are still taking the first steps in modeling the global

f;fedr:“f?grsﬁ sThrfo 'Q;ga*;nzgna?:jc tgil?ie?é Egerescoclﬁrstflljézzgeir:tso structure of the heliosphere for realistic conditions derived from
ynop PS, solar magnetogram data (Linker et al. 1999; Riley, Linker, &

the simulation volume through a potential field extrapolation ..« : A
A iki¢ 2001). In this Letter, we present further attempts in this
(Altschuler etal. 1977). The MHD solution is allowed to evolve - ;0 i v3hich employ a fuII;) three-dimensional :fnd com-
from tI_’ns '”'“6!' configuration to a fully self-consistent, non- pressible MHD in our simulations. We allow for the polytropic
potential solution. index to change with radial distance from the Sun (Wu et al.

Our model was inspired by a multitude of previous numerical ; :
efforts pioneered by Pneuman & Kopp (1971), who first studied 1999), butin our model, a form of the total energy is conserved.

the steady, axisymmetric expansion of coronal plasma from a
sphere with an embedded dipolar magnetic field. Similar mag- 2. MODEL
netic configurations were used in the majority of later studies
in two dimensions (see Wang et al. 1998 and Suess et al. 19991)
and three dimensions (see Usmanov 1993 and Groth et al! r
2000), in order to model the solar wind conditions representing
the heliosphere at solar minimum. Most studies have success
fully reproduced the global structure of the outer solar corona,

In order to simulate the large-scale structure of the corona
operly, one has to consider the solar plasma as a gas with a
polytropic indexy close to unity (Steinolfson & Hundhausen
1988), sayy = 1.1, close to the Sun. Near the Earth, however,
observations indicate that the polytropic index of the solar wind
plasma has a value of, = 1.5 (Phillips et al. 1995; Totten,
Freeman, & Arya 1995). This could be interpreted as the ratio
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Fic. 1.—Comparison betweedlysses data normalized to 1 AUdptted curves in black) and simulation results for a nontilted, rotating magnetic dipsbéid
curves in red).

eling approach in which low values af are associated with  internal degrees of freedom in terms of temperature relaxation,
such “turbulent” internal degrees of freedom, in a way anal- namely,
ogous to the work of Zeldovich & Raizer (2002) in partially

ionized plasmas. E.,— P(n— 4)/2
Within some temperature intervals, the ratio of specific heats (energy eq. withy = ;) = ————, 0}
for partially ionized plasmas is very close to unity, or, equiv- Trel
alently, the specific heéy — 1)™* = n/2 isvery large precisely oE E..— P(n— 4)/2
because energy can be stored in a form of the ionization po- ES% V-(UE) = - == . , (2)
rel

tential of decoupled electrons, and it can be deposited in the
course of plasma recombination as these electrons rejoin the
ions. The contribution of the specific heat due to internal de- wherer,, is the relaxation time. If this time tends to infinity,
grees of freedom i¢y —1)*— (y,— 1) = (n—4)/2, and the stored and classical internal energies are conserved inde-
the additional internal energy may be expressedEgs= pendently, while in general only the total is conserved.

[P(n— 4)/2](T/T). HereP is the plasma pressure, ailg is Following this approach, we assume that the energy of tur-
the temperature in the internal degrees of freedom, which gen-bulent motions near the Sun can also be treated as the extra
erally differs from the kinetic plasma temperatufe,The full energy stored in the plasma, in a manner analogous to equations
energy balance in this case is given by one more equation for(1) and (2). Note that phenomenological models of turbulence
E,, describing the energy exchange between the classical andased on “hydrodynamical” equations for the turbulent energy

Fic. 2.—Left: Three-dimensional view of the magnetic field geometry near the Sun. The solid lines are magnetic field lines, where the false-color code visualizes
the wind speed in kilometers per secoRight: Three-dimensional view far from the Sun showing isosurfaces of a wind speed of 470" kshagled in green);
a wind speed of 760 km™$ (orange); and a zero radial magnetic fielgugple). This figure is also available as an mpeg animation in the electronic edition of
the Astrophysical Journal.



No. 1, 2003 THREE-DIMENSIONAL MODEL OF SOLAR WIND L59

800
. 1700
[=1)]
(D)
o
)
o
= 600
-
S
ay]
=
500

~2.945

0 50 100 150 200 250 300
Carrington Longitude, [deg]

Fic. 3.—Mercator map projection of the steady state wind speed in kilometers per sdmmkgrund image) and the radial magnetic fielccgntours) at
1 AU. The position of the current sheet is shown as the dashed contour in white. The magnetic field strength is given in units of nanotesla.
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Fic. 4—Mercator map projection of the steady state wind temperature in kelviegd) and the number density in units of f(contours) at 1 AU. Both
guantities are shown in a logarithmic scale. The dashed contour line in black marks the minimum value of number density.
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density with some “equation of state” for the latter are widely that whereB; = 0 (magnetic equator). From this definition,
used in applied physics (see Saurel, Chinnayya, & Renaud 2003A(B,) = A, and A(0) = 1 are the two extremes. With this
and the references therein). The role of the energy interchangenodification in place, all of the above derivations still apply,
depends on the relation between the relaxation tipg,and butn, has to be replaced by A [B:(0, )] everywhere. Since
the characteristic hydrodynamical time,,. If 74> 7., then the pressure at the surfaqe[R,, Bz(0, #)] = po(Bz) , scales
E,= P(n — 4)/2, and the resulting energy equation (the sum as T,(Bg), the following relation applieg,(Bg)/p,(0) =
of egs. [1] and [2]) is foy = (n + 2)/n . In the opposite limit,  T,(Bg)/To(0) = [1 + ny2 + n,A0)/4)/[1 + nd2 + n A(BR)/
Thya < T €QUAtion (1) is valid fory = v, , and equation (2) 4] = E(Bg) < 1. The mass density at the solar surface can be
is not needed. In our numerical model, we chogse  to be asobtained from the equation of state, which giyegB;) =
small as possible (of the order of the time step). We further p,(0)Z(Bg)/A(Bg). In order to achieve good agreement between
assume that the internal degrees of freedom depend on the kinetimodel results and solar wind data, as will be shown in § 4, it
plasma temperature agT) = n, + n,T/T, , where we choose is necessary to chooge = 2.10 , which give®)/=(B,) =
n, = 4 andn, = 9 following the discussion above. Héllg is 1.47, and s@,(0)/o,(B,) = 3.09 . Note also that f8, = 0 ,
some reference value of temperature at the Sun that will bey(R) ranges from 1.154 at the solar surface to 1.491 at 1 AU,
defined later. Thus, we employ the full energy equation in our while for B, = B,, these values are 1.087 and 1.474, respec-
computations with a polytropic index = [n(T) + 2] /n(T) , tively. Once derived for the initial temperature distribution, the
which is now a function of temperature describing the additional value of y at each point of the three-dimensional volume is
energy density associated with turbulent motions. We note thatmaintained throughout the simulations.
this technique is an empirical one inspired by the “hidden in-
ternal” degrees of freedom. This is only a model we are using 3. SIMULATION SETUP
to bridge from a polytrope, which is nearly isothermal, to a fully
fledged energy equation with wave coupling and heating.

In the static initial state, the plasma temperature as a function
of radial distance from the Sul, can be obtained from the
differential equation of state, nameldp = {y(T)/ [y(T) —

The governing equations of compressible MHD are solved
in conservative form using the Block Adaptive-Tree Solar-wind
Roe-type Upwind Scheme (BATS-R-US) code (Powell et al.
1999). We employ the Artificial Wind method (Sokolov et al.
2002) as an approximate Riemann solver. An explicit, two-

1]} o dT, and the equation for hydrostatic equilibrium in the . . . . ;
O . 7 stage time-stepping algorithm is used to advance the solution
ﬁlbﬁﬁﬁg?/v?\ferrgag\neeﬂﬁicglrgé:.dgszoﬁggrﬁdélfa)ﬂs th(eV\ﬁeV;%”;noin time. The solenoidal constraift-B = 0 _is achieved using
; gas : gL the eight-wave scheme of Powell et al. (1999).
lecular weight.) As a result of simple integration frdgy, to The simulation domain is a cube with a length of 439
R, we obtain the following quadratic equation fo(R) = and the numerical grid is nonuniform, consisting of self-similar

TR/ o: blocks with £ cells. After five levels of uniform initial refine-
ment, we applied seven more levels of body-focused refinement
w2 (1 n ﬁ)) o2 (1 4o, n_l) Re 0. (3)  in order to achieve the highest spatial resolution near the Sun.
1 2 1 2 4/ R Thus, the total number of computational cells becomes

3,147,264. The smallest grid size corresponds to 0.0269
Here the reference temperatufg  is chosen such that the aswhile the largest cells (near the outer boundaries) are 128 times
ymptotic behavior ofu(R) at large distances+4/R, so that bigger than this.
u— 0asR— . Furthermore, this choice is consistent with solar ~ The boundary conditions describe an impenetrable and highly
wind observations showing that~ 1/R*  afic~ /R fors conducting spherical inner body, placed”Ri= R, =1 , and

1.5 The explicit choice forT, readd, = GM/[R,(1+ open outer boundaries. In order to achieve line-tying of the mag-
ny/2 + n,/4)]. Once the temperature is derived from equation netic field at the inner boundary, all velocity components are
(3), the plasma pressure can be obtained frbim (p/p,) = maintained at zero throughout the simulation runs, with the ex-
{v(M[v(T) — 1}dIn (T/T,) = [1 + ny/2 + n,u/2]d In u, fol- ception of solar rotation (which is assumed to be uniform with

lowing a direct integration. (Herp, is the reference value for latitude). The pressure, turbulent energy dendty, , and mass
pressure aR, whereT = T,.) As a result, density are fixed at the inner body. This ensures a dynamical

evolution of the system toward a steady state. Floating conditions

Gnor2) n, (1 — u) are applied to the radial and tangential components of the mag-

P = pourT expl|— 5 |- (4) netic field. The open boundary conditions at the outer surface

of the computational domain are implemented by applying a

From the equation of state, the mass density pis= zero gradient to all physical variables.

0o(P/Po)/u, Wherep, = py/T,= 1 (in units of8.36 x 107"

kg m,3). Forn, = 4 andn, = 9, the value of, becomes 4. “STEADY-STATE” SOLAR WIND DRIVEN BY SOLAR

4.402 x 10° K, and u(R) = T(R)/T, ranges from 1 aR = MAGNETOGRAMS
R, 10 8.053x 10°® atR = 1 AU. Accordingly,y(R) ranges The model described above was tested for a nontilted, rotating
from 1.154 at the solar surface to 1.491 at 1 AU. magnetic dipole (with the field strength at the poles chosen as

In order to reproduce the observed bimodal structure of the 3.87 G). We used this simple case to explore the consequences
solar wind, we impose a temperature variation on the solar of the source terms we introduced in equations (1) and (2), as
surface depending on the strength of the radial magnetic field.well as to filter out the right choice of parameters that produces
This is chosen a3 [R,, Bz(8,9)] = ToA [Br(6, ¢)] = T[1 + the most realistic solar wind. The results of this comparison are
(A, — 1)Bg(0, ¢)/B,]. HereBy, is the strength of the radial mag- shown in Figure 1. The solid curves in this figure correspond
netic field at the surface (by absolute vall®), isthe maximum to simulation results, while the dotted curves represipsses
value of By, andA, %1) is the ratio between the temperature data obtained for the period from 1994 September through 1995
whereB; = B, (magnetic poles in the case of dipole field) and July. These data are normalized to 1 AU following Goldstein et
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al. (1996). The set of parameters for this simulation run is as solar wind. These results agree with the observed solar wind
given above. As seen in the figure, the bimodal structure of the characteristics at 1 AU, both in a qualitative and a quantitative
modeled solar wind is well reproduced. However, there is a lack manner, despite the relatively course spatial resolution in our
of sharp transition between the two types of wind because of simulations £3.438R) at this radial distance from the Sun.
the insufficient numerical resolution.

Simulation results for a realistic magnetic field configuration
at the Sun are shown in Figures 2, 3, and 4. To obtain the bulk )
solar magnetic fields, we followed the Potential Field Source We used the concept of energy interchange between the
Surface method by Altschuler et al. (1977). This method as- Plasma and turbulence, in terms of temperature relaxation, to
sumes that the magnetic field is a potential field and that the describe the thermal properties of plasma and flow acceleration
magnetic scalar potential is estimated as a series of spherical the inner heliosphere. We developed an empirical model in
harmonics' The Coefﬁcients in the Seﬁm Chosen to f"tea] Wthh the IOW Values O’s/ near the Sun are aSSOC|ated with the
magnetogram data obtained from the Wilcox Solar Observa- ‘turbulent” internal degrees of freedom; we allowed fpto
tory. The source surface (where the scalar potential is equal tochange with radial distance from the Sun, but a form of the

5. CONCLUSIONS

zero) is placed at radial distande, = 2.5 R,  from the total energy was conserved. By means of this approach, we
were able to produce a steady state solar wind in simulations

involving magnetic fields derived from observations, and we
succeeded in obtaining results that are consistent with observed
wind properties at 1 AU.

We believe that the computational techniques presented in

Sun. The functionA [B(f, ¢)] is chosen ad + (A, —

1) min [1,Bz(0, ¢)/B,]}, whereB, = 3.87 G as above. In this
Letter, we present simulation results for Carrington rotation
1881 (with a central meridian on 1994 April 22). The left panel
of Figure 2 shows a three-dimensional view of the field ge-

ometry near the Sun under steady state conditions. The spher&is Letter open new doors to incorporating magnetic obser-
is placed aR = R, , and the color code represents the solarvations into numerical simulations aimed at modeling the global

wind speed. A three-dimensional view far from the Sun is
shown in the right panel of Figure 2.
As seen in Figures 3 and 4, the fast wind790 km s?)

heliosphere and space weather. In a follow-up study, we intend
to make a detailed comparison between MHD results and ob-
servational data, ranging from solar minimum to solar maxi-

correlates with open field regions, whereas the slow wind mum conditions.

(~425 km s%) originates from helmet-type coronal streamers.
The dense~1.5 x 10" m™9%) and cool £1.1 x 10° K) outflow
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