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Geometric considerations of the evolution of magnetic flux ropes
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We use flux conservation and magnetohydrodynarthtidD) theory to discuss essential differences in the
nature of the evolution of two analytical solutions describing magnetic flux tubes evolving in time. The first of
these maintains the elongation of the tube, while the second maintains a constant angular extension with
respect to a possible pointlike source. In the first case, free expansion of the [tksmailyN) occurs only in
a direction perpendicular to the flux-tulseaxis. In the second case, isotropic evolution is considered. In both
cases it is assumed that at initial tiethe flux-tubeB field is the force-free magnetostatic Lundquist solution,
which energetically corresponds to the most stable state for any flux-tube structure. We show that for each case
conservation of magnetic flux is enough to establish the scaling with time & fiedd. While both expansions
may correspond to the evolution of observed flux tubes in the heliosphere, the isotropic expansion appears to
capture consistently essential features associated with the actual observations of expanding coronal mass
ejections within 30 solar radii. For isotropic expansion of the plasma the force-free nature Bffigld is
preserved for all time. As an example the MHD solutions are applied to an interplanetary magnetic cloud
observed with the spacecraft Wind, which passed Earth’s vicinity on June 2, 1998.
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I. INTRODUCTION regions of outer space. In this work, we consider the cases

In the vicinity of Earth, the relatively frequent occur-
rences of convected solar wind regions with low progim V(X,t)=(plt)e,, (1a
good causal connection with solar coronal mass ejections
(CMEs) with durations from many hours to a few days ear-
lier at the Sun(see, e.g., Ref§1], [2]) has been well docu- V(X,t)=(plt)e,+ (x/t)e, (1b)
mented.(In plasma physic$ is the ratio of the plasma ki-
netic to magnetic-field energy densitie8. major effort has
been devoted to the study of CME evolution through modeli.e., thefree expansiorof an initially force-free, magneto-
ing and numerical solutions of the related magnetohydrodystatic, Lundquist tubgL6], whereV(X,t) is the velocity of a
namics(MHD) equations3,4,5,6. Frequently, these CME specific element of plasma at locati¥n(= pe,+ xey) in the
solar wind counterpart regiorisjecta are amenable to iden- flux rope,e, ande, are the unit vector along and perpendicu-
tification as force-free flux tubefr] i.e., interplanetary mag- lar to the observed flux-rope axis. Equatiads) and (1b)
netic clouds(IMC) [1,2]. (These flux tubes show increasing are special cases of two-dimensional evolution conditions
magnetic-field pitch angle as we probe plasma farther awagindt is the current time, equal to the addition of an arbitrary
from the axis of the tube. They are identified as flux ropes ininitial time t, plus the elapsed time intervdlr, i.e., t=t,
heliospheric physics and we use this common terminology- Ar. Thesefree expansion Ansze appear common to
from here on\. These are transient, noncorotating, convectedjecta observed in the interplanetary medium, as suggested
structures, moving as a whole away from the sun at a speegl the solar wind velocity measured at different plasma lo-
greater than 300 ki, about 3 times the Alfve speedV,,  cations inside the ejecta region, and their relationship to the
(=B/+/N), while expanding at-1 V, or less. The literature time of lift-off at the Sun[17]. Equation(1a) and more gen-
on the subject has been presented in its historical perspectivgal velocity laws with only a radial component have been
and current understandinigee Refs[8], [9] and references discussed in several articlg$8,19, and an example consis-
therein. Recently, some of the main characteristics of fluxtent with Eq.(1a) is given of the rope’s magnetic-field evo-
ropes have been recreated in the laborafdf). Some inter- lution in the range~0.3-5.0 AU(see, e.g., Ref$20], [21)).
planetary flux ropes also appear to be related to the mostigure(1a) presents a sketch of this evolution with tirén
extreme geomagnetic disturbandsse, e.g., “bastille day” contradistinction with Eq(1a) Kumar and Rus{9] discuss
Sun-Earth connection, Ref11]). Force-free magnetic-field the role of an expansion in radius and elongation of a com-
structures have also been identified as stable magnetizgallex curvilinear flux rope. In our analysis this corresponds to
plasma entities of astrophysical interddt2,13. General Eg. (1b). Equation(1b) adds stretching along the axis to the
conditions for their evolution have been analyt#&d]. Inthe  radial expansion of Eq.la). Evolution of a flux-rope char-
case of an expanding flux rope, Sug$5] argued for buoy- acterized by Eq(1b) is consistent with the example in plate
ancy to explain the expansion process as the rope movéshy Hundhauserf22] and in most LASCO/SOHO corono-
from a denser location near the Sun to the more tenuougraph image observations of limb CMEZ3]. It is likely that
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0 FIG. 2. Cylindrical representation, at ting, of an ideal force-
free magnetic flux rope in terms of a nested set of magnetic-field
lines (dashed and dotteaf various pitches growing more severely
inclined as they depart from the rope’s ax8s, is the magnetic-field
l“)s,lrt'rength on the axis, anR, is the radius of the ropeX is the
edisplacement vector from the origifon the axi$ to the plasma
point Pin terms of the coordinates(x), wherex is parallel to the
axis andp is the radial coordinate. The solid oval at the top repre-
sents the cross section of the outer boundary of the rope.

FIG. 1. View from the side of a flux rope at timeég andt,
assumed to have emanated from soude.g., the sunat timet
=0. Shaded area indicates regions assumed to have negligible ¢
vature. The arrow in the top panel indicates the direction of th
convection velocityV ¢ of the tube.(a) A sketch, in arbitrary units,
of the instantaneous shapes of a flux rope at titgeandt for
evolution R(t) only, Eq. (1), no expansion in elongatiofL(t)
=L,]. (b) Same aga) but for a flux rope that expands, i.e., evolves
in time changing both in radiuk(t) and elongatior_(t) spanning

a constant anglé. with time evolution functiond (t) andg(t) equal to one at

to. Thus we have componentB  (t,) [ =HBgJ;(a(to)p)]
and B,(ty) [ =BgJo(a(ty)p)], whereH= =1 is the rope’s
this isotropic expansion law is consistent in many cases withandedness, constant, and; are thei=0,1 order Bessel
the expansion of magnetic clouds, at further distances fromunctions of the first kind16]. We use a coordinate system

the Sun[23-295. _ ‘with p andx directed, respectively, perpendicular and along
Magnetic flux conservation arguments are presented ifts main axis and its origin rigidly attached to the center of
Sec. I, a full MHD analysis is discussed in Sec. I, anthe tube(see Fig. 2

example of one point observation and analysis of a flux rope A flux rope of radial extensiofR(t), to the point where
in an interplanetary magnetic cloud time interval is presenteghe axial magnetic field is zero implies that=2.4048R
in Sec. IV, and conclusions are drawn in Sec. V. (Table 9.5 in p. 409 in Ref.26]). The quantitya which is
inverse toR(t), is in this way explicitly dependent on tinte
Use of the conservation of magnetic flux suffices to obtain,
Il. CONSIDERATIONS ON MAGNETIC from Eq. (2), the evolution of the flux rope magnetic field
FLUX CONSERVATION with time. Integrating the flux components between 0 Bnd

In the following discussion, we will neglect the curvature @1d —L/2 andL/2 gives
of the magnetic flux rope, as is indicated in the sketches

R [L/2
presented in Fig. 1(Here, we limit ourselves to make local ‘1’¢=H309(t)f f Ji(ap)dp dx
predictions. Note that in the large scale, curvature is assumed 0J-Li2
to be present.Under this simplifying assumption the rope is —[HByg(t)/a]L[1—J4(aR)], (33

a right cylinder of circular cross section with radiRét,) at
timety. We next assume that at tinhg, we have a minimum  gpg
energy force-free flux-rope structurfl2,1§, hence, J

= aB, whereB is the magnetic field) is theB-field aligned R(2m

current, andw is a proportionality function of time. The cor- b= BOf(t)fo fo Jo(ap)pdpdé

responding expression of tigefield for the cylindrical shape

is =[Bof(t)/a?](2m)/[aRJI;(aR)]. (3b

Hence, Egs.(3) give @ ,=H0.4158,g(t)RL and &,
B=Bo[H(to)J1(a(to)p)e,+ f(t)Jo(a(to)pled, (20  =1.3568,f(t)R%
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When only free radial expansion occurs, Etg), the ra- Evolution
dius of the flux rope grows at timeto be R(t) =R(tg)t/tq . 142 14 1.8 18 2
[R(tg)=Rp]. The flux-rope elongation does not grow, i.e., F (a) ]
L(t)=L(ty) (=Lgy), hence, we findg(t)=ty/t, and f(t) 184
=12/t?, and we obtain W
B=HBy(to/t)J1(a(t)p)es+Bo(to/t)2Jo(alt)p)e,. Lengths14 [ 10 AR,
4 - “"(& 10 L/, with Eq. 1b) q
Then it is easy to check that Maxwell equatidrV 12
X B givesJIIB (force-free conditioponly at timet=t, [19]. 10 ke
Hence, the geometry of the expansion imposes a solutior : 10 L/LL_with Eq. 1a
that starts force-free but evolves away from it with time 8 P

>ty. As shown in Sec. lll, this implied solution to th@
field is an approximate solution to the ideal MHD equations.
In the case of the expansion in radius and elongation of

10 R

18 N/N
0

Eq. (1b), L(t)=Lg t/ty [similar toR(t) = R(tg)t/ty] with the
result thatf11] g(t) = f(t) =t3/t?, therefore, in this case, Plasma 1 | : ——
Magnitudes F § ; — 12 BB,

B=By(to/)[HIy(a(D)p)e, + Jo(a(V)p)e]. (5 Jame SO N R

att=t,. This is the necessary time evolution for the poloidal 0.1+ s W

and axial fields for force-free evolution of thg field to be ; ] 0

possible. [ (b)

Of equal interest are the density and pressure scaling witt el I D B

time. In the case of the density, we may assume mass cor 1 1.2 1.4 1. 1.8 2

servation and plasma uniformly distributed over the whole Time (t/t)

volume of the flux rope. Thus, the scaling of density with

time, i.e., particle number per volunih), is proportional to FIG. 3. (a) Time evolution betweety, and 2, of the magnetic

the inverse of the volumev( of the magnetic flux rope, and flux rope’s dimensionless length ratiB$R, andL/L,, scaled with
the following proportionality in time holds,N(t)wv(t) a factor 10.(b) Time evolutions, relative to their values atany

=N(to)v(ty), i.e., plasma location in the flux rope, of the plasma densltgnd the

magnitudes of the magneti®) and currentJ) fields. Thin, thick

N(t)= N(to)RSLo/RZL:N(to)[to ", (6) solid lines correspond to the expansion of Eq®) &nd 1b), re-
spectively.

with n=2 for radial expansion only, Eqla), andn=3 in

case of expansion on radius and elongation, ). Pres-  asymptotic limit for timest>t,, when JxB=~0, the cold

sure scaling for an isothermal expansion of this dilute gas i?)lasma condition can be used. For this asymptotic limit Egs.

thenP(t) =Po[to/t]", where, in general, for a gas with poly- (1), (4), (6), and(7) are solution of the momentum equation.

tropic indexy (Under more general considerations, in R&f7], the exact

time evolution has been shown numerically, with the result

P()=P(to)[to/t]". @) that expansion occurs fop<1, and that in };ts asymptotic

limit the free expansion corresponds to the case when the

[We should mention here that other dengit) distributions et
value of y is 3 for t>t,.)

can be successfully employéd.he evolutions of the mag-
netic flux-rope parameters with time are synthesized in

Fig. 3. V-B=0 ©)

is satisfied becaud®, Eq. (4), is only dependent ohandp,

and has component zero aloeg. The free expansion with
Next we apply the MHD equations to the vector fieMls ~ V, andN(t), casen=2, in Egs.(1a) and(6), satisfy identi-

B, J, and scalar field8l, P. In case of radial expansion only, cally the mass conservation condition

after entering/, B, N, P[Egs.(1a and(4), and cas&=2 in

Egs.(6) and(7)] in the momentum equation, IN+V-(NV)=0. (10)

Ill. SELF-CONSISTENT MHD SOLUTIONS

No;V+N(V-V)V=+(IXB)—- VP, (8) The Faraday equatiof{B=V X E in the ideal MHD limit
(E=VXB) is equivalent to the flux conservation condition
we find that the left hand side is identically zero, while theof Eq (3) This allows 50|Ving in Straightforward manner for
right hand side in Eq(8) is given byJXB=[(VXB)XB]  the magnetic vector potentid, i.e.,
= —B§/RoJ1(a(t) p)Io(a(t) p)[(to /1)~ (to/t)%]e,  and
—VP. Hence, —VP has to be equal taJxXB. In the dA=VXB+VD. (11
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Because there are no free chargdésA=0 is required28].  ture estimate is obtained from Wind SWE high-resolution
In the case of expansion only perpendicular toxhexis of  electron datd3 s averages every 12, sised for the calcula-
the rope, the component¥/(xB),, is zero, and a consistent tion of the mean plasmga.
choice is®=0. Direct integration at fixeX of Eq. (11) Field and plasma data are shown in Fig. 4. From top to
gives bottom the panels shoya magnitude of the magnetic field,
(b) its orientation with respect to the plane of the ecliptic
A(p,t)=BoRo[to/tIs(a(t)p)es+HIo(a(t)p)el, (latitude), and (c) in the ecliptic plane(longitude, (d)—(f)
(12 magnitude of the velocity of the solar wind and its orienta-
tion in latitude and longitude(g) mass numbeiprotons,
and (h) electron and proton temperature. In the interval
9:30-15:54 UT, panefa) shows that the magnetic field is
stronger than normal, it executes a large rotafiganel(b)]
N de +PV-V+NV-Ve=J-E, (13  and the proton temperatuflg, is low (bottom panel These
characteristics indicate a magnetic cld@&d In addition, the
wheree is the gas thermal energy. In the non-force-free caseottom panel in Fig. 4 shows that the flux rope is immersed
Eg. (1a), Joule heating fy(rJ-EdV) is present, and its in a heat bath provided by the electron gas. See the overall
value scales with (1)[1— (t3/t?)]/[(t3/t?+0.12]. Often, ~smooth profile of the electron temperaturd,{ 10° K)
in spacephysics and astrophystgs=32 h can be used and Slowly decreasing in time and its ratio to the proton tempera-
for this value oft, the Joule heating will be at any time less turé (Te/T,~3). Therefore, it suggests that in this case
than 0.0013% of the magnetic-field energy. Eart, it is v P~0. Is this consistent with any of the geometric consid-
possible to use the assumpti®P =0, which gives the tem- €rations in Eq_(l), and Sec. II? We investigate it through the
poral dependence o of Eg. (7), for n=2, as our @analysis of this examplgThis T¢/T, ratio, and the mean
asymptotic solution to Eq13), while a more general solu- Plasmag=1/4 are consistent with observations in other in-
tion can be found27]. terplanetary magnetic clouds at 1 AL_J. _

In the case ofsotropic expansion of the plasma we prove  The(statio Lundquist model fif 16] is shown by the solid
the MHD Egs.(8)—(11), and(13) with V, andB in Egs.(1b)  lines in panelga)—(c). It can be seen that this generally fits
and (5), andN and P, for n=3, in Egs.(6) and (7). It is  the magnetic data well, particularly near the center interval.
straightforward to show that they are exact solution of thel he results of the fitting routine in the orientation of the flux
MHD equations. Here, we focus on the condition on thetube and its closest approach agg;=>55° with respect to
magnetic-field vector potentiaf - A=0. It imposes the so- the Sun-Earth directioflongitude, 6,=25° in its inclina-
lution ® = — HBy(to/t) % (argt) XJo(a(t)p) in Eq.(11), and  tion with respect to the ecliptidatitude, and a closest ap-

and applyingB=V XA, we recover thenon-force-freemag-
netic field of Eq.(4). Finally the energy equation of the mag-
netized gas can be written as

through direct integration of Eq11) at fixedX gives proachd/Rs=0.3. This Lundquist's fit has a small asymme-
try factor of 3.8%, and a quality better than usual. Clearly,
A(p,t)=Bo(Roto/t)[J1(a(t)p)e,+HIg(a(t)p)e]. for a static solution constant plasma parameters are required

(14) and these are shown with solid lines in pang@ls—(g). To-
ward the time boundaries, that correspond to the leading
edge and the trailing end of the flux-rope passage, the obser-
vational field and plasma parameters show larger deviations
from the static model than the middle region. For this flux
We now apply the above ideas to a flux rope observed omope, moving with a mean speed of 405 knl,sa static
June 2, 1998 from 180 Earth radii upstream of the Earth. Theadius ofR,=4.6x 10° km is obtained. Notice that this case
data used where 1 min magnetic field averages for the MHbelongs to a group of magnetic clouds showing a rather
instrument in the spacecraft Wind, and 15 s proton momengentle interaction with its surroundings making it a good
distribution values evaluated every 92 s. Absolute magneticexample for comparison with the models discussed in the
field uncertainty is a fraction of nanotediaT). The relative  previous sections. Nevertheless, there are some signatures of
uncertainty of the used magnetic-field vector is well within interaction with the ambient medium. In this regard, we men-
the thickness of the line of the plots used for their presentation the upstream pressure pul$t passage between 8:20
tion. Absolute error in the plasma quantities are 1% for theand 8:22 UT on June 2, 1998 characterized by enhancement
solar wind velocity, and 5% and 15%, respectively,foand in the interplanetary magnetic fieldMF), plasma density
the temperaturd@. Relative errors irV, N, andT, under the numberN, and proton temperatur€, lasting until the en-
solar wind conditions studied are estimated to be less thaoounter at 9:30 UT of the leading edge of the IMflux
0.1%, 0.2%, and 0.3%, respectivelyn the case ofN, we rope. At passage time, the PP is a perturbation propagating
checked that the proton profile particle numbers pet pra-  locally at a speed less than the magnetosonic speed and
sented here coincide with the same Wind SWE evaluatetikely driven by the flux rope as a result of its interaction
plasma number measured with the electron detector, andwith a slightly slower solar wind stream ahead.
method based on the thermal electron oscillation mode, We next model the expansion of the magnetic cloud as-
called plasma line, and measured with the Wind WAVESsuming that it originates at the Sun. We divide the distance 1
instrument) Vector quantities are given in geocentric solar AU (from the Sun with the local mean velocity of the cloud
ecliptic (GSB coordinate systerf29]. An electron tempera- (~405 kms'?) to find the timet, (=100 h, after subtraction

IV. APPLICATION TO THE JUNE 2, 1998
MAGNETIC CLOUD
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FIG. 4. The time profiles of the IMF and SW plasma parameters at \iridmin averagesirom 6 to 18 UT on June 2, 1998. The panels
from top to bottom representa) the magnitude of the IMRB; (b) the latitude angledg of the IMF; (c) the azimuth anglebg of the IMF;
(d) the SW speed (protons; (e) the latitude angle,, of the SW velocity;(f) the azimuth angleb,, of the SW velocity;(g) the SW proton
number per cniN,; and(h) electrons ¢™) and protons ™) temperature. The static flux-rope solutidr is given by the solid line in panels
(a)—(c). Plasma conditions, consistent with a MHD structure constant in time, are indicated by the horizontal solid lines ddpafgls
During the interval of observation&gse, Ygse, Zase= 180, 45, 21 Earth radii, respectively, give the spacecraft locatiimd). PP
indicates a pressure pulse. Other solid vertical lines indicate the start and end of the flux-rope time interval, see discussion.

of half its time passagar (=5.4 h. (1, is the time from tory at a constant distand&,= —0.3R, from the cloud axis

launch to the local observation of the passage of the leading in cloud coordinatés A is given by the relationship
edge of the IMC). At the trailing end of the magnetic cloud

the time ¢(=ty+ A7) is ~105.4 h. To estimataV andRg,

we use Ar=toRo/(toVea)[2+3Ro/(toVea) +2Ro/ (toVea)?]

-3
AV=V(tg)— V(to+At) +0(t 7). (16)

=—(Ro/to)ent (Ro/to)&ourt 2(Xo/to) &, Equations(15) and (16) give our estimated valueR,=3.6
X 10° km, andVcopa=AV=21kms . These values com-
pare well with the stati®ks and reproduce the observed gra-
AV=2R/t. with R= VR 1—e.. 2+X2. (15 dient in the solar wind speed. For the computation of the
0 VR5(1~&n- &) (9 variablet, argument in the flux-rope model quantitiégc,

where X, [=Ry/tan(@)] is the corresponding distance Bmc and scalalNyc, we use
along the axis of the flux rope ef), where «

[=arccos(cogh, cosb,)] is the angle between the trajectory

vector (= —Xggp and the flux rope’s axis. The directional A 7cain=Ro/Vcain
vectorse, and e, are perpendicular to the cloud axis and

point to the leading and rear boundaries of the flux rope. The

angle betweem,, ande, is defined by the spacecraft trajec- and

1+

Ro (1 Ro

2
1R ros® }
to Veain ) (to")

to Veain
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FIG. 5. Presented is a more detailed view, for a shorter time interval, of the time profiles of plasma parameters displaying the flux-rope
observations of Fig. 4n0 T, o). It shows dynamic changes against observatitots and the static fitthin solid lines. Arrows in the top
panel mark the shift in the maximum value Bffrom ~1332 UT for the stati¢1] to an earlier timg~1307 UT) for the MHD solutions.
Each panel displays the time profiles for the MHD solutions corresponding to the plasma expansid)lafvEq. (1a) dashed lines; and
(2) of Eq. (1b), solid lines. From left to right, the solid to dashed, dashed to dashed, and dashed to solid vertical lines delimit, respectively,
the front, middle, and rear time intervals discussed in the text. Long dash-three dots segments in the middle time interval of the bottom panel
give the MHD time profile for the evolution of simpleaxial symmetricN.

pears to be better represented by the force-free evolution of
Eqg. (1b), whereas some subintervals appear to be well rep-
resented by the non-force-free MHD evolution of Etg) or

the static solution. There is little effect on the magnetic-field
angles[panels(b) and (c)], despite a 1.6% asymmetry re-

11o1 Ro
to Veain

A Tcaour=Ro/Veain

+(l 0 2+O(t3)}
to Veain o)

The quantities\ 7¢aj, andA 7¢40,c are defined to be the time
interval from entry to closest approa¢BA) and CA to exit spect to the axis between entry and exit pojnEhe ob-

of the flux rope, respectively. Henderca;, andA 7 are : . . .
scaled to thepstart arF:d ond t>i/mes of thceAgbservedC{mte passageérved density appears to be structured instead of isotropic as

of the cloud. Then by iterating the partition dfrc,;, and ssumed in the mod_el d_erivations. FO.“ this density.pro.filg,
ATepou, We obtain the time evolution of the expanding flux we can assume a cylindrically symmetric shape making it fit

rope. Now for a comparison with observation we rotdfg. 1 the set of functions consistent with tf&yc, andVyc
andByc from cloud(cl) to GSE coordinate.

MHD evolutions derived in Sec. lll. Here, we focus on the
Figure 5 shows detailed displays of the expanding MHDStructures oy observed between vertical dashed lines in
solution, corresponding to the velocity expansion fields ofFig. 5, bottom panel, where for each of thg,c structures
Egs. (1a and (1b), both in comparison to the field and dot-dashed segments highlight an evolution consistent with
plasma observations. The changes with respect to the stafi@e rate of expansion of the velocit,c derived above.
solution of the flux ropg16] are also presented. The analyti- As we show next using momentufeq. (8)], a better
cal MHD evolution models show marked improveme(ify ~ representation of observations with the force-free solution is
The location of the maximum in the magnitude of the mag-expected. Equationda and (1b) make the left side of Eq.
netic field; it shifts from 13:32 to 13:07 UTsee arrows in  (8) zero. VP =0, in the right side of Eq(8), is very well
top panel; (2) Gradient inV and its angular components are supported with the observation of an overall, slightly, steady
partly reproducedpanels(d)—(f)]. (Overall the velocity ap- decrease off, with time, and the ratidl./T,~3 (Fig. 4).
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Therefore JX B=0, gives the right solution. The deviations €xpansion at constant angl&q. (1b)] with respect to a
near the flux-rope boundaries between models and observiunch at or near the Sun’s surface, corresponding to sketch
tional parameters remain. This effect is particularly notice-in the bottom part of Fig. 1. This is a case of fing¢<0.29

able inB, ¢g, 6, andN in the front side region, and ipg, and an overall featureless, slight, smooth decrease of the heat
V, 6y, andN in the rear side region. These are due, in ourof the system with time, which is mostly contained in the
view, to interaction with the ambient medium, not modeledelectrons temperature. Although there ar@ min pressure
here(e.qg., the front side distortions on the left, between solidfluctuations or pressure balance microstructures locally
and dash line, related to the PP ahead of the IMC, shown ifeésent, and it appears that heating is enatded, e.g., Sec.
Fig. 4). The IMC rear distortions on the right side, between6.7, in Ref.[8]). The study of this interesting thermodynamic
dash and solid lines, appear to have a shorter duration cofiredium is beyond the scope of the paper. Its understanding
sistent with an apparently gentler interaction with the ambi-would require correlative analysis of high-resolution solar

ent solar wind than in the flux rope’s front side. wind plasma parameters from multiple points of observation
in space.
V. SUMMARY AND CONCLUSIONS The here discussed force-free solution to evolution given

by Eq.(1b), and other theoretical analyses appear consistent

In Sec. Il, we presented the time evolution of a circular,with the existence of more general force-free magnetic struc-
straight-cylindrical flux rope containing plasma which obeystures, e.g., magnetic tubes with nonzero curvature capable of
the MHD equations for two different free-expansi@nsaze  growth in space as a function of tim&ee, e.g., the study of
[Egs.(1a) and(1b)]. The conservation of magnetic flux alone magnetostatic force-free flux ropes with curvature, having a
suffices to show that intrinsically different evolutions result toroidal geometry31].) Consequently we propose that some
for these cases, which are intimately related to the geometryf the structures observed {isolar physics, space physics,
of the chosen expansion law. It is straightforward to checkand astro physigsphysics could be close to the constant
using Egs.(4) and(12), and(5) and(14) that magnetic he- force-free state. These results may also be of interest in as-
licity, given by [A-B dV, is also conserved. This is not the trophysics and controlled plasma fusion. Chandrasekhar and
case for the magnetic energy-(B-B dV), and here we Woltjer [13] have emphasized stability of interstellar force-
conjecture that the freed magnetic-field energy—in the bulkree magnetic structures with implications for the role of
of the tube—uwill be transferred to the plasma and eventuallysuch structures, over extended time scales, in processes such
manifest itself in the form of heating and electromagneticas the scattering of cosmic rays. However, as it may be the
radiation. Heating effects on the plasma polytropic indexcase for a certain type of magnetostars, instabilities due to
would make it deviate from the ratio of the gas specific heatspecific boundary conditions would strongly affect the life
at constant volume and pressusee, e.g., Refl30]). The  span of force free structurd82). Instabilities in magneti-
analysis of the evolution of the thermodynamics of thecally confined hot plasma, allowing for transients with the
plasma with time is beyond the scope of the paper and wilkpatiotemporal evolution of force-free flux ropes, may repre-
be treated elsewhere. No conditions were imposed concergent a hurdle to be avoided in the search tfur high tem-
ing plasmag, except for the requirement th&P~0 in the  perature plasma conditions needed for the unhindered steady
whole volume of the rope. This apparently restrictive condi-fusion process under human control.
tion is easier to satisfy in lowB plasmas, at least approxi- Note addedAfter the writing of this paper it came to our
mately, when the plasma kinetic energy is much smaller thaattention that Shimazu and Vand&s8] also, with a different
magnetic-field energyi.e., cold plasma approximation, for focus, present the force-free solution discussed in this work.
B<1).

Case studies support the MHD evolution of a flux rope ACKNOWLEDGMENTS
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