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Abstract. For the coronal mass ejection (CME) of January 6, 1997, strong element
fractionation of the heavy ions was observed at 1 AU with the Mass Time-of-Flight
(MTOF) sensor of the Charge, Element, and Isotope Analysis System (CELIAS)
on the Solar and Heliospheric Observatory (SOHO). During the passage of the
CME plasma and the passage of the erupted filament, which followed the CME,
a mass-dependent element fractionation was found with an enhancement of heavy
elements, increasing monotonically with atomic mass. Si/O and Fe/O ratios around
0.5 were observed, which corresponds to an increase of about a factor of 4 compared
to regular slow solar wind. We present a theoretical model with which we can
reproduce the observed element fractionation. The model assumes hot coronal
loops with non-Maxwellian electron distributions as the precursor structure of the
CME on the solar surface. Diffusion perpendicular to the magnetic field results in
the preferential loss of lighter ions from the loop, leading to mass fractionation.
To quantitatively reproduce the fractionation process, the loops must have existed
for ~ 28 hours before they became part of the CME plasma, a time that is
commensurate with optical observations of loops in the active region from which

the CME was launched.

1. Introduction

In this paper we present a theoretical model to ex-
plain the elemental fractionation reported for the plasma
of the coronal mass ejection (CME) of January 6, 1997,
using data from the Mass Time-of-Flight (MTOF) sen-
sor of the Charge, Element, and Isotope Analysis Sys-
tem (CELIAS) on the Solar and Heliospheric Obser-
vatory (SOHO) mission [Wurz et al., 1997, 1998]. The
CME originated on the solar surface around 1500 UT on
January 6, 1997, and arrived at the SOHO spacecraft
on January 10, 1997, at 0411 UT. Approximately 30
min later it passed the location of the Wind spacecraft
(on January 10, 1997, at 0448 UT). An overview of this
CME event has been given by [Foz et al., 1998], which
covers the launch of the CME, its propagation through
interplanetary space, and its effect on the Earth’s mag-
netosphere. A review covering the present understand-
ing of CMEs has been given recently by [Gosling, 1997].
From the magnetic field measurements on Wind it has
been concluded that this CME falls into the group of
magnetic cloud events [Burlaga et al., 1998]. Obser-
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vational signatures of magnetic clouds consist of an en-
hanced magnetic field strength, a smooth rotation of the
magnetic field direction as the cloud passes the space-
caft, and a low proton temperature. It has been found
earlier that near 1 AU about one third of all CMEs in
the ecliptic plane are magnetic cloud events [Gosling,
1990].

The CME was slightly faster than the preceding solar
wind and created a shock that was observed at SOHO
on January 10, 1997, at 0022 UT. The CME was fol-
lowed by coronal-hole-type solar wind, which arrived at
the position of the SOHO spacecraft on January 11 at
0656 UT'. Just before the arrival of the coronal-hole-type
solar wind a pronounced increase in the proton density
was observed, which was attributed to an erupting fil-
ament (solar prominence material) on the solar surface
[Burlaga et al., 1998]. Wind/SWE results indicate that
the proton density was about 185 cm™3 in the spike
resulting from the filament eruption, a value which is
about a factor of 20 above typical proton densities in
the slow solar wind and probably is the highest solar
wind proton density ever observed at Earth orbit.

The analysis of the heavy ions in the CME and fila-
ment plasmas revealed an unusual composition [Wurz
et al.,, 1998]. During the passage of the CME plasma
and the passage of the erupted filament, which followed
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the CME, a mass-dependent element fractionation was
found with a strong enhancement of heavy elements,
increasing monotonically with atomic mass. Si/O and
Fe/O ratios around 0.5 were observed, which is highly
unusual and corresponds to an increase of about a factor
of 4 compared to regular slow solar wind. One possi-
ble explanation for the unusual elemental composition
of the CME and the filament plasma is that an isolated
volume of material, the precursor of the CME, and the
erupting filament, resided on the solar surface where
matter boiled off from the volume. Given the gravita-
tional field of the Sun, lighter elements would be lost
more easily than heavier ones and a mass-dependent
change of composition would result if the volume was
isolated for a sufficiently long time on the solar surface.
It has been observed frequently that a CME begins as
a slow swelling of a coronal streamer on timescales of
several days [Hundhausen, 1999]. Once this isolated
volume is released from the solar surface in the form
of a CME or an erupting filament, it will carry its al-
tered composition into interplanetary space. Another
explanation for the unusual composition could involve
fractionation by selective acceleration after the release
of the isolated volume. The mass dependence found for
the elemental abundance during the CME and during
the filament eruption could equally well be interpreted
as a mass per charge dependence, inferring the charge
from the type of solar wind. The 3He-rich flares, i.e.,
impulsive flares, usually show enhancements of heavy el-
ements, with Fe/O abundance ratios up to one [Meyer,
1985; Reames, 1992]. The enhancement in impulsive
flares is monotonic with mass, which is called mass bias,
and results from the ion acceleration process that de-
pends on the mass per charge of an ion as well as its
velocity. However, whether the low energies of the ob-
served particles (typically 1 keV/nucleon) are sufficient
to achieve the observed change in composition due to
fractionation in the acceleration process remains to be
demonstrated. Another concept that could explain the
observed mass fractionation is diffusion across magnetic
field lines. This is our favored concept to explain the
observations, as discussed in detail below.

2. Disintegration of a Loop

The January 6, 1997, CME is associated with a large
filament structure on the solar surface (524° W10°
[Webb et al., 1998]), since this filament is located where
the projection of the CME trajectory maps back on
to the solar surface. There is no other feature visible
on the solar disk that could possibly be responsible for
the CME release. After all, this CME event occurred
around solar minimum. Neither flare activity [Hud-
son et al., 1998] nor energetic particles [Cane et al.,
1998; Torsti et al., 1998] have been observed in connec-
tion with this CME, making the CME an even more
unusual event. A filament on the solar surface with a
length of ~ 1.5 x 105 km went through considerable

WURZ ET AL.: MASS FRACTIONATION IN CMES

change during the days before the assumed release of
the CME [Webb et al., 1998]. The filament existed sev-
eral days after the CME left the solar surface and was
even the presumed starting location for a later CME on
February 7, 1997 [Webb et al., 1998]. Thus we cannot
directly link the disintegration of this filament with the
observed CME but possibly with the disintegration of
parts of this filament structure. Careful inspection of
the Yohkoh images of the zoo of loops of the filament
structure revealed that a subset of these loops at the
northwest end of the filament, a loop structure of about
a quarter of the size of the filament, was missing after
the release of the CME. There was no other feature in
that area on the solar surface identified so far, which can
be considered a candidate for a precursor to the CME.
Thus, in the following we will base the interpretation
of our observations on the disintegration of loops. It
is well established that CMEs arise preferentially from
closed magnetic field regions in the solar atmosphere
where the field normally is sufficiently strong to con-
strain the coronal plasma from expanding outward into
the heliosphere [Gosling, 1997]. Moreover, many of
the ejections have the appearance of closed magnetic
loops attached to the Sun at both ends [Gosling, 1997].
So far, the fundamental question of what causes the
eruption of a CME is unanswered. Extensive computer
modeling efforts [e.g., Mikic and Linker, 1997] as well
as theoretical investigations [e.g., Chen, 1997] currently
under way are aimed at understanding how a CME is
actually released. Computer modeling shows that in-
creased magnetic shear in the coronal loop will lead to
instability, if a critical shear is exceeded, and eventually
will launch a CME into interplanetary space [Mikic and
Linker, 1997]. In addition to this slow increase of mag-
netic energy in a loop due to the energy deposited by
shearing, there also exists an alternative concept of in-
Jjecting magnetic energy into an existing loop structure,
driving the structure out of equilibrium and leading to
disintegration [Chen, 1997].

Our model of the CME event is as follows. A loop
emerges from the solar surface and takes with it photo-
spheric material. Owing to the expansion of the cross
section of a part of the loop with height [Chen, 1997),
a magnetic bottle is established between the two foot-
points, which traps electrons and ions inside this struc-
ture. The confinement of plasma in a magnetic bottle is
imperfect, because there is always a loss cone in velocity
space from which ions can escape. Note that the parti-
cle losses through the loss cone are independent of the
mass or charge of the particle [Chen, 1984] and there-
fore cannot cause fractionation. The loop heats up, and
the hot electrons subsequently bring the trapped ions
into higher ionization states corresponding to the tem-
perature of the electrons in the loop. Most likely, the
electron distribution in the loop will be non-Maxwellian,
that is, will contain high-energy tails due to heating by
plasma waves, since this is generally observed in space
plasmas [see Ma and Summers, 1999, and references
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therein]. Non-Maxwellian electron distributions are one
of the ingredients of our model. Many loops along the
filament were observed with the Yohkoh SXT instru-
ment, which mainly observes radiation resulting from
an electron plasma of 3-5 MK temperature. Thus one
can safely assume the validity of the hot loop model
[Bray et al., 1991]. The foot points of the loop move,
and if this movement winds up the magnetic field lines
of a loop enough, the loop will disintegrate and set
free the trapped plasma material into an expansion into
space. Let us assume that the disintegrated loop evolves
to be the CME. This CME will be observed first by
SOHO/UVCS as a halo CME propagating toward the
Earth and will later be detected in situ in the particle
data with the SOHO/CELIAS instrument. Of course, a
single loop will not release sufficient material to account
for the mass of the CME as it was observed. It will take
many loops disintegrating at the same time to come up
with the mass. From the sequence of images of the fila-
ment one can deduce substantial activity on this part of
the solar surface. Since the filament could be observed
on the solar surface for more than 10 days before the
release of the CME (the filament became visible on the
east limb of the Sun on the morning of December 28,
1996), the loops will also have existed for a comparable
time. The plasma inside is trapped by the magnetic
bottle structure of the loop.

3. The Model

Diffusion across magnetic field lines due to isotropic
scattering is described with the corresponding diffusion
coefficient [Chen, 1984]

Do

Dr = m (1)
with
we = ﬁB
m

the cyclotron frequency of an ion with a mass m and
charge Ze in a magnetic field B; v is the collision fre-
quency, which is the inverse of the time between two
collisions. Dy is the diffusion coefficient parallel to the
magnetic field, and e is the elementary charge. As-
suming Coulomb collisions, the collision frequency for
ion-ion collisions is [Burgers, 1969; Peter, 1996]

- 7. 02\ 2 3
vk = ? VTHk (%> @ksTye) P lnA ny (2)

m; 4meg

with Z; and Zj the charges of the ions j and k with
the respective masses m; and my, €y the vacuum di-
electric constant, kg the Boltzmann constant, and In A
the Coulomb logarithm. The main collision partners
are assumed to be protons; thus Zx = 1, mg = m,, and
ng = np, the proton density. Collisions between heavy
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ions are not considered here because of their low density
and hence low collision frequency. Furthermore,

is the reduced mass of the collision partners, and

T, T
Tk = pjx (—J + —k>

m; mg

is the reduced temperature. The diffusion coefficient for
species ¢ is [Chen, 1984]

Dy, — oT

)

3)

Now we have all the ingredients to evaluate diffu-
sion across magnetic field lines (e.g., (1)). In Fig-
ure 1, diffusion coeflicients for diffusion across mag-
netic field lines are shown for the hot loop model, using
parameters that have been reported to be typical for
this scenario [Bray et al., 1991]. For the data pre-
sented in Figure 1 the assumed ion and proton tem-
peratures are T; = T, = 10* K, the magnetic field
strength is B = 1072 T, and the proton density is
np = 4x 106 m~3. We find a considerable mass depen-
dence in the diffusion coefficients, such that the lighter
ions diffuse out of the loop more easily than the heavier
ions. Thus the plasma inside the loop becomes more
and more depleted of lighter ions with time.

The ion temperature for both collision partners of
10* K assumed in this example is of rather low value.
The ions will get heated later in the corona, starting at
an altitude of around one solar radius above the solar
surface [Kohl et al., 1998], presumably by ion-cyclotron
resonant Alfvén waves (see recent review on this topic
[Wurz and Gabriel, 1999, and references therein]). The
dependence on the temperature of the heavy ions is
small because the reduced temperature, which is the
quantity entering the equations (see (2) and (3)), is
dominated by the proton temperature.

The mass dependence of the diffusion coefficients is
not limited to the chosen set of parameters, which we
shall discuss in some detail in the following. The mass
dependence can be expressed as the ratio of the diffusion
coefficients. In the case of w?, >> 12, we find that

Dr(i) _ m; mj +my
Dr(j5) mj m; +my’

For oxygen and iron this evaluates to Dr(O)/Dr(Fe) =
0.979 and corresponds to a condition of a strong mag-
netic field with no resulting fractionation. In the case
of wii < l/fp we find that

_ [mimi+my _Zi 2
m;mi+mp \Zi)

For oxygen and iron (0%t and Fel®t in our example)

M;iVig

(4)

()
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Figure 1. Diffusion coefficients for diffusion across magnetic field lines using the parameters
(hot loop model): T; = T, = 104 K, B = 1072 T, n, = 4 x 101®* m=3, T, = 105 K (circles)
and T, = 1.5 x 10% K (squares). Only the most important charge state has been considered for
each element. For oxygen and neon the diffusion coefficients are the same for the two electron

temperatures.

this evaluates to Dr(O)/Dr(Fe) = 2.84. This corre-
sponds to the limit of strong mass fractionation for a
given ionization state of the ions. Note the simplicity
of (4) and (5) for the two extreme cases where only the
masses and charges enter. The condition w?; < V?p is
fulfilled if the proton density n, exceeds a critical den-
sity which is related to the proton temperature by

3B(2mks)*e 14 )
/7 TV ©)
For our example we find that if n, ~ 3x101° T5/2 or ex-
ceeds this value for oxygen (with the density n, in m~3
and the proton temperature T, in K), we obtain strong
mass fractionation. For heavier elements the critical
density is lower due to the factor /M in the denom-
inator of (6). This critical density does not represent
a sharp cutoff but the end of a rather smooth transi-
tion from a nonfractionating plasma loop to strong mass
fractionation. For thermal equilibrium between the ions
(Tip = Tjp = T) the exact formula is

m; m; +my
m; My +my

NZZ2Z3N%€® + 9B%(2rkgT) el / pjp
N2Z2Z30%0 + 9B (2nkpT)Ped /Mpé |
7

which simplifies to (4) and (5) for the two extreme cases.
A numerical evaluation of (7) is shown in Figure 2 where

I

the ratio Dr(i)/Dr(j) is plotted for oxygen and iron
ions as a function of the proton density. In the extreme
case of temperature equilibrium between coronal elec-
trons and protons, i.e., T, = T. ~ 10° K, a strong mass
dependence in the diffusion coefficients is obtained for
np ~ 3 x 101 m3.

The dependence of the fractionation on the magnetic
field strength can be seen in (6) and (7). As long as the
magnetic field is weak enough such that w?, < v, is
fulfilled, there is no dependence of the ratio of the dif-
fusion coefficients on the magnetic field, and the frac-
tionation is given by (5). For higher magnetic fields the
difference in the diffusion coefficient between the light
and heavy ions becomes smaller until it vanishes around
B =0.01 T in our example, a field strength which is a
factor of ten higher than is considered a typical field
strength in a hot loop [Bray et al., 1991].

For the electron temperature, which governs the ion-
ization state of the ions (Z, = Zi(T.)), two cases
are presented in Figure 1: T, = 1.0 x 10° K and
T, = 1.5x10% K. The electron temperature is not a very
critical parameter, although it has to be sufficiently high
to have the elements ionized up to high charge states.
High ion charge states are obtained either if the bulk
electron plasma is at temperatures 7. > 1 MK or if at
least a fraction of the electron plasma is at such tem-
peratures (e.g., non-Maxwellian electron distributions).
We will discuss the electron temperature, and in partic-
ular the effect of non-Maxwellian electron distributions,
in more detail later in this paper. Note that in any case
we need hot loops to explain the measured data. For an
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Figure 2. Ratios Dr(0)/Dr(Fe) as a function of the proton density n, for three values of the
proton temperature (solid line T}, = 10* K, dashed line T}, = 10° K, and dashed-dotted line
T, = 105 K). The other parameters are the same as in Figure 1. The plateaus at low and high
proton densities are given by (4) and (5) as 0.979 and 2.84, respectively.

electron temperature of 10* K, as would be the case in
the cold loop model, the diffusion coefficients for each
element are all the same since Z; = Z; ~ 1, and (7)
(and (5) as well) simplifies to

Dr(3) _ [mymitmy
Dr(j) m; mj +my

despite that one requirement for strong fractionation is

fulfilled (w2, <« v3,). Thus we have about the same
diffusion coefficients for all elements, and we cannot ex-
plain the mass-dependent fractionation we observe with
the cold loop model. '

If the material contained in the loop eventually be-
comes the observed CME, the observed mass fraction-
ation can be explained, at this point only qualitatively,
by the different losses of the various heavy ions con-
tained in the loop. Even the mass dependence of the
diffusion coefficient we find, with an increasing reduc-
tion of the lighter ions and an almost constant diffusion
coefficient for silicon and heavier ions, appears to be
just the inverse of the observed fractionation. Assum-
ing that diffusion across magnetic field lines is the rele-
vant physical process to explain our observational data
results in the fractionation being according to mass per
charge rather than being a plain mass fractionation.

An additional effect altering the composition of a flux
tube may arise from the curvature and the gradient of
the magnetic field of a flux tube [Jackson, 1983], which
causes an average ion drift in the direction of the gra-

dient and curvature of the magnetic field. This drift
velocity is proportional to ¢~! of the ion and thus fa-
vors the loss of lighter ions since their charge is smaller
at the considered temperatures. For the geometry and
the magnetic fields of typical flux tubes the associated
drift velocities are very small (~ 1072 m/s) and the
resulting fractionation is small as well.

Having derived the diffusion coefficients we can pur-
sue the model one step further by trying to derive a
quantitative fractionation of the elements. We assume a
loop of cylindrical cross section and calculate the loss of
a specific element with time due to the diffusion across
magnetic field lines. The loop geometry is defined as a
tube of diameter 2a with a density of ng of a specific
element inside the tube

[ n : 0<r|<a
n('f‘, O) - { 0 a S |,,.| S 0. (8)
Outside the tube is vacuum
n(a,t) = 0. 9)

For this problem we have to solve the diffusion equa-
tion, which is performed in cylindrical coordinates

on 18 ( on 8n  16n

a2 tror
and we assume only a radial dependence. No depen-
dence along the loop or as a function of azimuth angle
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is considered. Using Skylab data, Foukal [1976] found
that for coronal loops “the emission in loops often was
reasonably unchanged along their length”, which gives
some justification to our simple one-dimensional model.
Moreover, coronal loops typically show only one tem-
perature along their full length [Kjeldseth-Moe and
Brekke, 1998; Lenz et al., 1999].

We solve (10) by using the Laplace transformation
(see Appendix A) and obtain

o0
n(r,t) =ng Z
j=1

with Jy and J; the Bessel functions of zeroth and first
order, and «; the jth zero of Jy (i.e., Jo(a;) = 0).
Equation (11) is an exact solution of our problem and
a convergent sum. Typically, we are interested in long
time periods, so we only need to consider a few terms
of the sum in (11), because of the exponential term. To
compare the calculations with the reported measure-
ments [Wurz et al., 1998] we need to integrate (11)
over the entire flux tube

¢~ (@3/a)? Dt Jo (% a)

Ji(ey) ()

a

N(it) = ﬂ/n(r,t)rdr
0
) 4mng e (i /a) DTt/
Z Jo T‘d’l”
%Jl(ay)
(12)
which resolves to
°° 2
N() =no Y ST ems/elPre (13)

j=1 7

Using the initial number of ions Ny = ma®ng, we can
write (13) as

oo
—(aj/a)zDTt'

4
N(t)=No»_ —e
J

j=1

(14)

The test of (14) for ¢t — 0 gives
Jim N (t) = i A
20 - o o? -

since 372 a2 =1/4 [Prudnikov et al., 1986).

Having found an analytic expression for the fraction-
ation (equation (14)) we can investigate what is the cru-
cial parameter of a particle governing the fractionation.
For that purpose we consider only the first summand in
(14) for the fractionation

o~ (@0/a)*Dr it

ATa 2
futty = 2l8) o dme

0,1, Qg

and build the ratio of fractionations for two different
elements
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e—(ao/a)zDTﬂt

e—(ao/a)?Dr jt

fit)
fi(t)

_ e—(ao/a)z(Dr,i—DT,j)t

to assess the fragmentation changing with the element.
The difference in fragmentation is given by the differ-
ence in diffusion coefficients. In the case that w2, < v2,
we get

Dr;— Dr;

1 (15)
NN A

From (15) it is clear that the fractionation of species
is mainly governed by the different ionization state the
species are in. The mass of the particle has a minor
effect on the fractionation. This can already be inferred
from (5).

Now we can evaluate (14) for the different elements.
We simply investigate the depletion each ion species
suffers in the proton plasma, i.e., the fractionation
N(t)/No, due to diffusion perpendicular to the magnetic
field lines as a function of time. This makes the analy-
sis independent of any assumptions on the initial abun-
dance of the elements (for example, the photospheric
abundance). By multiplying with an initial density for
an element we will get the final abundances of elements
at the time of the release of the CME. However, coming
up with an initial abundance is an involved endeavor
and is not required here to explain the observed mass
fractionation. Also, we can assume that these initial
elemental abundances are modified by the FIP effect,
given the closeness of this region to the solar equator.

From (2) it is clear that the diffusion coefficient
strongly depends on the ionization state of a particu-
lar ion. Therefore a good knowledge of the charge state
distribution of an ion is important. Thus, for each ele-
ment we first calculate its charge state distribution for
a given electron temperature 7, by solving

_ 3(2m)3/2(kgT)%/2&3
- npZ2Aet

4no = ne (—noCo + ny Ry)

—niRi +ni1Riyq)

d,
i = Ne (ni—1Cimy — niC;

;iitnk =ne (Ng-1Ck—1 — Nk Ry) .

(16)
We solved this set of k¥ + 1 ordinary differential equa-
tions by numerical integration using a fifth-order Cash-
Karp Runge-Kutta method until ionization equilibrium
is reached. The n; values are the densities for an el-
ement for all of its possible charge states (from 0 to
k), and n. is the electron density (with n, = Np).
C; = Cy(T.) and R; = R(T.) are the total ionization
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rate and the recombination rate, respectively, for an ion
in charge state ¢ for which we use the rates given by Ar-
naud and Rothenflug [1985] and Arnaud and Raymond
[1992]. Typically, a stable solution, that is ionization
equilibrium, is reached after less than 10-s integration
time.

Since it is unreasonable to think that the proton tem-
perature and the electron temperature are not in ther-
mal equilibrium (that is, we have T, = T, = T;) for
the time scales which are of interest for us, we have to
assume that non-Maxwellian tails in the electron distri-
bution (e.g., Kappa distributions instead of Maxwellian
distributions) will be responsible for the formation of
the highly charged ions that are observed. As a good
approximation, these non-Maxwellian electron distribu-
tions can be described by the sum of two Maxwellian
distributions: a core distribution with the proton tem-
perature T core = Tp, and a halo distribution of much
higher temperature Te rq1o and with a density of a few
percent of the core distribution. Actually, measure-
ments of the electron distributions in the CME plasma
at 1 AU show a two-component plasma that can be de-
scribed well by the sum of two Maxwellian distributions
of a cold and dense core plasma and a hot halo plasma
of much lower density [Larson et al., 2000]. The idea of
double-Maxwellian electron distributions was employed
before for the calculation of the ionization balance of
coronal plasma and compared with a calculation using
Kappa distributions, which showed that these two ap-
proaches give very similar results [Aellig et al., 1999].
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The advantage of using double-Maxwellian distribu-
tions is that we can still use the ionization rates and
the recombination rates given in Arnaud and Rothenflug
[1985] and Arnaud and Raymond [1992], which were de-
rived for Maxwellian electron distributions. Of course,
we have to modify (16) to the double-Maxwellian elec-
tron distribution, which is straightforward. The result
of such a calculation is shown in Figure 3 for oxygen us-
ing Tt core = 10° K and T a1 = 2 x 10® K for various
densities of the halo population with respect to the total
electron density. Also, the result for a single Maxwellian
distribution for a temperature of 2 MK is given for com-
parison. The effect of the double-Maxwellian distribu-
tion is of course that the final charge state distribution
is centered at lower charge states than for the single hot
Maxwellian because of recombination of ions with the
colder electrons.

Once we have the charge state distributions we can
proceed to derive a set of diffusion coefficients (equa-
tion (1)) and then a set of fractionations (equation (14))
for the individual charge states of each element. The
weighted sum of the latter then gives the fractiona-
tion for an element. Remember that for each element,
ions of lower ionization state are preferentially lost com-
pared to the higher charged ions. The model parame-
ters have been varied within some limits to reproduce
the measured fractionation data as well as possible.
A good agreement was found for a proton density of
np = 4.6 x 101" m™3, an electron temperature of the
halo distribution T, pato = 2.1 x 10° K and an integra-
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Figure 3. Charge state distributions for oxygen obtained by integrating (16) until a steady state
solution is reached. The distribution labeled “Hot 2 MK” is for a single electron plasma at 2 MK;
the other three distributions labeled “Mix 2 MK & 100 kK” are calculated for double-Maxwellian
distributions with T, core = 10° K and T rato = 2 x 10° K for densities with respect to the total

electron density of 1, 2, and 5%, respectively.
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Figure 4. Comparison of the observed elemental fractionation (a) in the CME and (b) the
filament with respect to the interstream elemental abundances before the event |[Wurz et al.,
1998], with the result from the calculation of the depletion of elements due to diffusion across
magnetic field lines. For the model calculation a time of 27.5 hours has been used. For the
measured data the y axis is always on the left (crosses with error bars) and for the calculated
data the y axis is on the right (circles). The range of the left and right y axes for each plot is set
such that they span the same factor between minimum and maximum.

tion time in (14) of ¢ = 27.5 hours. The proton, ion,
and electron temperatures, the magnetic field strength,
and the flux tube radius have been fixed beforehand
to T, = Tp = Tecore = 10° K, B = 1072 T, and
a = 10* m. The comparison of the measured elemental
fractionation in the CME and in the filament with the
fractionation due to diffusion across magnetic field lines
is shown in Figures 4a and 4b, respectively. The crosses
with the error bars are the measured data from Wurz
et al. [1998] (the pertaining y axis is on the left side of
Figures 4a and 4b). The results from the model calcu-
lation are indicated by the circles (the pertaining y axis
is on the right side of Figures 4a and 4b). The left and
right y axes are chosen such that they span the same
relative range between minimum and maximum value,
a factor of 6 for the CME (Figure 4a), and a factor of
7 for the filament (Figure 4b).

4. Discussion

The fractionation data shown in Figure 4 are ob-
tained after a time of 27.5 hours for which the loop sys-
tem must have existed in a stable fashion during which
the diffusion changed the elemental abundances. Note
that this time scales with the strength of the magnetic
field and the diameter of the tube. For lower fields or
for thinner tubes we need shorter times to obtain the
fractionation. Moreover, recall that the loop system
(the active region) was observed on the solar disk for at
least two solar rotations. Hot coronal loops (hot loops)
are stable for typically 4-5 hours [Kjeldseth-Moe and
Brekke, 1998], which agrees with earlier observations
of hot loops associated with Sun spots [Foukal, 1976].

However, hot coronal loops with lifetimes of days have
also been observed at visible and X-ray wavelengths
[Bray et al., 1991]. Thus the 27.5 hours needed in our
case to come up with the elemental fractionation appear
to be not so unusual, but this time is longer than the
typical lifetime of a hot loop. This could be the reason
why for most of the observed CMEs such a strong ele-
mental fractionation has not been observed. However,
for the November 1997 CME, strong enrichments for
iron have also been observed [Wimmer-Schweingruber
et al., 1999]. Transition zone loops show much higher
variability on timescales down to minutes [Kjeldseth-
Moe and Brekke, 1998] and have therefore been ex-
cluded from our considerations. Their temperatures
would also be too low.

One additional result of this study is that one has
to be very careful when deriving electron temperatures
from the population of various charge states of an el-
ement (e.g., using O°* and O%t). Compared to the
case of a Maxwellian electron plasma, the charge state
distributions in loops are altered in two ways: first, by
the non-Maxwellian electron distributions and second,
by the different losses by diffusion perpendicular to the
magnetic field lines. Together, these processes will re-
sult in a severe overestimation of the temperature of the
electron plasma. Although the main electron plasma is
only at 10% K, 0%t and O%* ions can be observed indi-
cating a million-degree plasma (see Figure 3) using the
conventional interpretation. Diffusion perpendicular to
the magnetic field lines will even enhance this effect be-
cause ions in lower ionization states are preferentially
lost from the loop. The latter process will gain im-
portance the longer the plasma is confined in the loop.
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These effects may also be the explanation why the very
same coronal loop can be “seen in largely different tem-
peratures,” that is, in optical emission lines from ions
excited at different electron temperatures [Kjeldseth-
Moe and Brekke, 1998].

If one wants to push the idea of disintegrating loops
as the initial step of a CME release further, one could
possibly explain the variety in the composition observed
in CMEs. Given the variety of loops, in terms of tem-
perature, size, and many other parameters [Bray et al.,
1991], and the temporal development of the elemental
abundance, or the development of the charge distribu-
tion, one can easily explain many observations of CMEs
by finding the proper initial conditions in a loop system
on the solar surface, which will eventually evolve in the
CME to the final observed plasma composition.

In the above calculation we used only an electron
distribution described by two Maxwellian distributions,
with T, core and T¢ pqio being the same for all elements
to derive the charge state distribution of an element.
It is known that the charge state distribution for dif-
ferent elements is governed by different electron tem-
peratures, or rather the balance between ionization and
recombination for a particular charge state of an ele-
ment is reached at different electron temperatures [see,
e.g., Geiss et al., 1995; von Steiger, 1995].

In conclusion, the model presented above could be
improved by elaborating on some details, and possibly
by treating this problem in two or three dimensions. It
is anticipated that an improved model will reproduce
the observed elemental fractionation even better. How-
ever, already at this stage the model can explain the
observed mass-dependent fractionation, with a mono-
tonic increase toward heavier elements. Furthermore,
the model can also explain the magnitude of the frac-
tionation, with the Si/O and Fe/O abundance ratios
being about a factor of 4 higher than those observed in
regular slow solar wind. The parameters for the model
to reproduce the measured data can vary in a certain
range, and we chose values located in the middle of the
possible parameter space. For example, with the set of
parameters used for Figure 2 a comparable agreement
with the measured data is found; however, the integra-
tion time has to be increased to 7 days in this case.

Appendix A

Before we begin with the calculation, we introduce
the variable transformation ng(r,t) = ng—n(r,t), which
makes the calculations easier, and changes the bound-
ary conditions (equations (8) and (9)) such that

0 : 0<r|<a
ns(r,0) =4 ng a<|rf<oo (A1)

ns(a,t) = ne.

To solve the diffusion equation (equation (10)), we
apply the Laplace transform
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L)} = / f(tyestdt = fi(s),
0
and we get
8%ns 100
B2 Tzow 0 (A2)

by using the substitution z = ry/s/Dr. Note that
in (A2) the elemental dependence is now contained in
the variable z via the diffusion coefficient Dr. Equa-
tion (A2) is known as the modified Bessel differential
equation and has the solution

fis(€,8) = A(s)Io(z) + B(s)Ko(z) (A3)

with ¢ = r/v/Dr, Iy being the modified Bessel func-
tion, and Ko being the modified Hankel function. The
prefactor B(s) is set to zero, since Ky is divergent for
z — 0 (since limy_o Ko(z) = Inz). The prefactor
A(s) is derived from the boundary condition specified
by (A1)

fis(€o, 8) = / ne(a, t)e*tdt = / noe=stdt = % (A4)
0 0

using & = a/v/Dr. Thus we obtain for the coefficient
A(s) in (A3)

no 1

SN e )
and the solution of (A3) becomes
ﬁs(f, S) — no Io(g\/g) _ no JO(Zg\/g) (A6)

s Io(€o/5) s Jo(iboy/5)’

where Jj is the Bessel function of the first kind. The so-
lution in the time domain is obtained by inverse Laplace
transformation of (A6)

o f 1 JO('L&-\/‘;) std
. - . e s

2mi Jo s Jo(i€o/s)

with the closed contour C of the contour integral given

in Figure 5. The value of the contour integral in (A7)
is obtained by the residue theorem

(A7)

ng(r,t) =

n
% 746 f(s)ds =no > Resy(si)
k=1
with the sz, values the points for which the function f(s)
is singular. The power series representation of Jo(z)
has only even powers of z, so we do not need to worry
about branch cuts. There is a singularity at s = 0 in
the argument of the integral of (A7), which evaluates to
Resf(s = 0) = 1. The other singularities occur at the
points s; where Jo(iﬁo\/s,_j) = 0. Since Jp is analytic
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Figure 5. Contour path used for the integration in
(A7), with the si values being the points for which the
argument of the integral in (A7) is singular.

and the singularities are not at infinity, we can write

o (’5\/5) esit

Resg(a;) = W)_
; (A8)

~%é'‘]0(o‘jf/fo)e‘(f"j/Eo)%

{:2
£ 11 (ay)

with o being the arguments for which the Bessel func-
tion is zero (Jo(e;) = 0) and therefore s; = —a?/€.
Using (A8) and undoing the substitution n(r,t) = no —
ns(r,t), we obtain as the solution of (10)

[e o] T
2 2y Jo (%)
_ § : —(aj/a)?Drt 2\ Jal (A9)
t)=mn —e .
n(T7 ) 0 = Q;j Jl(a])
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