ELEMENT AND ISOTOPIC FRACTIONATION IN CLOSED MAGNETIC
STRUCTURES
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Abstract. Recent papers have suggested that the slow solar wind is a super-position of material
which is released by reconnection from large coronal Joops, This reconnection process is driven by
large-scale motions of solar magnetic flux driven by the non-radial expansion of the solar wind from
the differentially rotating photosphere into more rigidly rotating coronal holes.

The elemental composition of the stow sofar wind material is observed to be fractionated and
more variable than the fast solar wind from coronal holes. Recently, it has also been reported that
fractionation also occurs in *He/*He. This may he interpreted in the frame-work of an existing mode!
for fractionation on large coronal loops in which wave-particle interactions preferentially heat ions
thereby modifying their scale-heights.

Kuy words: Solar wind, solar wind composition, FIP fractionation, 3He/*He fractionation, solar
magnetic field

1. Introduction

In this paper we discuss a recent model for fractionation processes occurring in the
Jow corona. This model is strongly motivated by recent in situ and remote sensing
observations. The in sitw obscrvations have demonstrated that the elemental and
isotopic composition in the solar wind strongly depend on the actual solar wind
regime observed. Remote solar observations, e.g., from the SOlar and Heliospher-
ic Observatory (SOHQ), show that these compositional differences are also seen
low in the solar atmosphere. It has been suggested that the elemental fractionation
process occurs in the chromosphere (see, e.g., Geiss, 1982) where the solar material
is being ionized. Judge et al. (1998) discuss recent composition observations in the
chromosphere. Abundances in the solar wind are observed to be highly variable in
time and they exhibit structures on very small spatial scales. This renders some of
the time-stationary chromospheric fractionation mechanisms (see, e.g., Marsch ez
al., 1995; Peter, 1998) unlikely candidates. The first of these models also does not
naturally imply a difference in composition patterns in the fast, coronal hole asso-
ciated wind compared to slow solar wind. A fractionation theory is needed which
does not strongly depend on the geometrical properties of the separating region and
can naturally account for composition differences between fast and slow wind.
We introduce a new concept by first considering the overall picture of fast and
slow solar wind in the heliosphere, at least near solar minimum, when the concepts
for the overall structure are well developed: At high heliographic latitudes, the
polar coronal holes give rise to a fast, ~ 750 km/s flow, which is remarkably steady
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Figure 1. Superposed epoch analysis of Ulysses data showing the systematic variation in the Mg/O
ratio, the solar wind speed, and the coronal temperature inferred from the Q™0 ratio during the
(sidercal) solar rotation period. The abrupt transition of freeze-in temperatures and composition indi-
cate a different origin for fast and slow wind. Figure adapted from von Geiss ef al. (1995b).

(e.g., Phillips et al., 1995). However, at low latitudes, surrounding the streamer
belt, the flow is slower, ~ 400 km/s, but alse more variable in density and speed
{e.g. Giosling, 1996).

The most interesting difference between fast and slow wind is clearly associated
with the elemental abundances and charge state ratios as for example measured hy
Ulysses-SWICS. A key observation from a paper by von Geiss ef al. (1995b) is
reproduced in Figure 1. Shown here are the results of a superposed epoch analysis
of Ulysses-SWICS data showing the solar wind speed (plotied here is the speed
the a-particles which is the same as the proton speed to within an Alfven speed)
and the Mg/O ratio. Mg has a low first ionization potential (FIP) and is therefore
easicr to ionize than O. Also plotied is the so-called freeze-in temperature Ty of
the solar wind which is a measure for the electron temperature about > 1 — 2
solar radii from the photosphere. This temperature is typicalty around 1.5 - 106 K
and highly variable when the solar wind is slow, and around 1.2 - 10° K in fast
solar wind. Equivalently, the Mg/O abundance ratio is fractionated in slow solar
wind to become ~ 0.11, and close to photospheric in the fast solar wind. The steep
transitions between the two solar wind types has been interpreted by Geiss et al.
(1995a) to indicate a clear difference in the origin of fast and slow wind streams.
These observations would he very hard to explain in a theory where coronal holes
were the source of both fast and slow solar wind (see, e.g., Bravo er al.,, 1997).

We will first introduce a global theory for the magnetic configuration of the low
corona and then relate slow solar wind observations to loup propertics in the low
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latitude corona. A recent observational result will then be described which shows
the spatial dependence of the *He/*He-ratio in the solar wind. In section 3, this will
then be interpreted in the framework of the theory described.

2. Theory for the Slow Solar Wind and its Element Fractionation

First, consider a theory for the origin and of the slow solar wind and its relation to
the solar global magnetic field configuration. This theory is a natural consequence
of the new concept for the heliospheric magnetic field in fast solar wind proposed
by Fisk (1996), which is, that the footpoints of the heliospheric magnetic field move
on the solar wind source surface. This motion results from an interpiay between the
differential rotation of the photosphere and the non-radial expansion of the solar
wind into more rigidly rotating coronal holes.

The theory was motivated by the Ulysses observation of low-energy CIR-modu-
lated particles which were observed up to very high heliospheric latitudes (Simnett
et al., 1995). Fisk {1996) interpreted these observations to be clear indications for
direct magnetic connections from low to high heliaspheric latitudes. Such connec-
tions are not possible in a standard Parker magnetic field configuration, but they
are a natural consequence of the new field configuration which results in magnet-
ic field tanspurt in the corong, leading to magnetic ficld connections of difterent
heliospheric latitudes.

In Figure 2 the characteristics of this magnetic field transport from high to low
latitude are shown (for details, see Fisk er al., 1998b, or Schwadron et 4l., 1998).
The time-scale associated with this transport is of the order 7 = 1/w ~ 100 days,
since w = Qoqu — poles and Qeqy (Cpole) 18 the equatorial (polar) rotation rate. On
this time-scale the entire high-latitude magnetic flux is dumped into the low lati-
tude regions. In Zurbuchen ef al. (1997) direct observational evidence in support
of this theory was presented. It is pointed out that the high-latitude magnetic field
as measured by Ulysses shows signatures of this transport, which are very hard to
explain with a standard solar magnetic field model. If this high-latitude transport
is really present, Maxwell’s equations imply a transport at low latitudes. A natu-
ral mechanism for such a transport is reconnection, as is illustrated conceptually
in Figure 2. This reconnection process releases material from previously closed
magnetic structures such as loops. 1t can readily be demonstrated, as is discussed
in Fisk et al. (1998b), that the typical properties of this transport is fully deter-
mined by the high latitude magnetic field configuration. For details concerning this
magnetic field transport and reconnection scenario refer to Fisk et al. (1998b).

In this theory, there are therefore distinct regions from where solar wind can
emerge (see Fisk et al, 1998a): First, it can be emitted along continuously open
magnetic field lines in coronal holes, yielding the fast steady wind. On the other
hand, slow solar wind emerges from closed magnetic ficld regions, which are con-
tinuously opencd by reconnection of what had been closed magpetic structures.
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figure 2. Reconnection scenario as described in the text. Shown is the source surtace of the solar
wind at about 2 solar radii in a frame co-rotating with the equatorial rotation rate. In open magnetic
field regions, close to the pole, footpoints move in latitude. They are eventually convected into the
band of closed magnetic fields at low latitudes. Due to sub-source surface reconnection events, a
diffusive transport in longitude closes the footpoint curves on the solar wind source surface.

This makes the slow solar wind a time-dependent flow of plasma which is fed
from many distinct sources. The compositional signatures of the slow solar wind
are therefore closely related to the physical properties of the magnetic loops from
where the wind emerges.

Recently, data from the SWICS-ACE instrument (for instrument descriptions
see, Gloeckler er al., 1998b) has been presented by Hefti er al. (1998) which is
consistent with the framework described above. Figure 3 shows composition mea-
surements of solar wind with a time-resolution of 13 minutes during a period of
five days. During day 92 there are signatures of a coronal mass ejection event,
afterwards there is a period of standard slow solar wind. Large fluctuations of the
O charge state ratio n7/ng and also of the Fe/O-ratio are visible through out the
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Figure 3. Composilional varialions within the slow solar wind observed with ACE/SWICS. The ©
charge state ratio O™/O% and the Fe/O ratio show clear variations. Notice that there are correlated
changes of the two parameters which are occurring on a time-scale of days and fractions of a day.
Figure from Hefti er al. (1998).

entire period. Notice also there are clear correlated changes of the two parame-
ters on time-scales of days or fractions of a day. The charge state ratio n7/ng is
determined in the corona around temperatures of 1.5 - 10% K. On the other hand,
the Fo/O-ratio is variable depending on a FIP-fractionation which has to occur in
a temperature range of 5 - 10% K (Geiss, 1982). This result, in accordance with the
model described above, is consistent with the presence of closed magnetic struc-
tures for slow solar wind and element fractionation in the solar wind.

There are several possibilities for modeling a FIP-effect in closed magnetic
structures. One simple mechanism is discussed in detail by Schwadron ez al. (1998)
who considers the effects of wave-heating of particles in closed magnetic struc-
tures. Similar to the in sizu observations, heavy ions in the corona are not observed
to have equal temperatures bt are non-thermally heated, presumably by magnet-
ic waves (see Kohl ef al., 1997). Schwadron et al. (1998) considered the effects
of such wave-particle interactions in loops. They concluded that if MHD-waves
propagate sufficiently far down into the “legs” of the loops in hydrostatic equilib
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rium, a FIP fractionation naturally occurs since the scale-height of a given species
1d highly dependent on the degree to which it is ionized. With this simple model,
Schwadron ez al. (1998) managed to reproduce the average Iractionation pattern
observed in the slow solar wind very well.

The mechanism in this theory depends on the presence of long-lived large coro-
nal loops on which hydrostatic equilibrium can be achieved. In coronal holes, loops
are much smaller and fractionation does not work as efficiently. Therefore FIP
enhancements in coronal hole associated wind are not expected, It should also be
noted that the FIP enhancements in this theory are highly dependent on the field
configurations in the low corona. That is, composition differences are expected in
regions with differing field configurations.

3. *He/*He Fractionation in Loops

Gloeckler and Geiss (1998) recently reported observations of the *He/*He-ratio
(Ene) ratio by SWICS-Ulysses over a time-period of almost 3000 days. The result
can be summaized as folows;

1. In the low latitude solar wind, Ey, is (4.08 + 0.25) - 10~4. This is consistent
with previous in situ measurements.

2. By, varies systematically in accordance to the FIP fractionation processes: If
the elemental abundances are close to photospheric (e.g., in the fast solar wind),
EHe 18 smaller. During periods in which low FIP ions are not enhanced, = He 18
(3.16 £ 0.25)104,

It has been pointed out by Gloeckler and Geiss (1998) that the value of =1 deter-
mined in situ is a very reliable source for the He isotopic ratio in the outer con-
vective zone. It is therefore important to understand what value of Sy, is most
representative for the solar surface, or, in other words, how 3He is fractionated
relative 0 "He. In the following subsections we will describe a model which will
show that the Zp, in the solar wind turns out to be an upper limit for the value of
Zhe 1n the outer convective zone.

In the following subsections we will argue that the solar wind value of Sy, is
an upper limit for the solar value of interest. Using a simple approximation of the
Schwadron ef al. (1998) process we will show that *He can be enriched relative to
“He in closed magnetic structures and a qualitative dependence of Zp, and the FIP
fractionation is predicted.

3.1. THE MODEL

Consider a loop in hydrostatic equilibrium. The neutrals are given by

’"C(ip.sn = = Pang + I"'an,(uan - ) (1)
Oz
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where z is the distance along the magnetic field, P, is the pressure; ps, the mass
density of the neutral particles of species s. Solar gravity 1s denoted by g, and ¢ 18
the velocity of hydrogen. The neutrals are coupled to hydrogen by collisions with
frequency vy,. The pressure of neutral atoms is given by

Py = P;n (Csz + UTz)a 2

where as ¢; is the speed of sound and vy is the turbulent velocity of the plasma.
For ions, the equations look slightly different:

O
8_Z‘Psz' = —psig + Wsi + Vg )(Ugi — 1) 3

The coupling to hydrogen occurs not only due to collisions but also hecause of
wave-particle interactions given by r,,,. This interaction also affects the pressure
equation in the form of vy,

Psi
2

{See Schwadron et al. (1998) for a detailed discussion of these terms.) To solve this
set of equations, a temperature and He charge state profile for the solar atmosphere
must be assumed. In order to include the non-local effect of photo-ionization, a
numerically determined atmosphere (VAL-C} by Vernazza er al. (1981} has been
used here. We also assume u = 0, in agreement with the assumptions of Vemazza
et al. (1981).

The wave particle interaction of *He and *He is qualitatively and quantitatively
different. It has been known for a long time that *He can be enhanced in impulsive
particle events. These enhancements are believed to occur due to resonant wave-
particle interactions (see, e.g., Fisk, 1978, and Roth et al., 1997). These effects
preferentially heat SHe and therefore cause Zy. enhancements by several orders
of magnitude above the solar value. These ratios are representative for particles
above a threshold for acceleration. They originate therefore from the high energy
tails of the distribution functions. However, also the thermal part of the distribu-
ion function is slightly heated if these 1esonant wave-particle effects occur in the
low corona. This increased effective temperature (or »p in equation 4) of 3He
will result in a larger scale-height and therefore, En. enhancements will occur. To
demonstrate this, we integrate equations (1) and (3} using the atmosphere mod-
el from Schwadron ef al. (1998) and the wave-heating terms mentioned there. In
order to model the preferential heating, we enhance vy for 3He by a small amount
relative to the value used for *He.

Py = e +op + oyt (4)

2.2. RESULTS

Low down in the loop, where He is mostly neutral, the turbulent velocity vy is dom-
inantly affccting the pressure. Therefore, no significant mass fractionation occurs.



404 T.H. ZURBUCHEN ET Al..

1.3 T T T T T T
1.2 .
11 b xﬁ”f i
7
L ) o |
MM““’MM
1 1 i ] ] ] 1 1 ]
30000 60000 90000

loop height [km]

Figure 4. Loop height dependence of the He isotopic ratio, Sy, in a wave-heated loop with prefer.
ential heating of *Hc. The heating of *Ile is assumed to be 0.2 % wore efficient than the “He healing.
The relative enhancement is dependent on the loop height.

Further up in the transition region, He gets ionized and therefore starts interacting
with the wave-field in the loop. If *He was heated the same as “He, the pressure
given by equation (4) would be determined by the wave-heating term vy and there-
fore, again, almost no fractionation occurs.

Because of the fact that the heating of *He is additionally affected by resonant
wave-heating, a slightly larger vy is expected for *He leading to fractionation,
enhancing =, relative to its value in the outer convective zone. This is illusirated
in Figure 4. For a very modest enhancement of the wave particle interaction of
$He relative to *Ile by 0.2%, the abundance fractionation of the lighter *He isotope
becomes significant. The enrichment of *He relative to *He is also correlated with
the actual loop length. This same loop length dependence naturally also holds for
the amount of FIP fractionation (see, Schwadron er af., 1998). This is in qualitative
agreement with the observational result by Gloeckler and Geiss (1998) described
above.

According to this study, =y, measurements in the solar wind are only upper
limits on Ey, and the coronal hole value Eg, = (3.16 £ 0.25) - 10~ is the best
estimate for the He isotope ratio in the outer convective zone.

4. Concluding Remarks

We have considered the consequences of the new heliospheric magnetic field mod-
cl on the sources of the solar wind. Because of the laige-scale transport of magnetic
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flux as described by Fisk (1996), reconnection is systematically forced at low lati-
wdes. These reconnection events result in an internitent source of plasma which
was previously confined in closed loops, the slow solar wind,

The elemental composition of solar wind plasma is then strongly dependent on
the actual source in the low corona, which is of course intimately linked to the chro-
mosphere, where the first ionization occurs. The focus of the study of fractionation
effects should therefore be not only on the chromosphere, the actual location of the
first ionization, but also on the transition region and the low corona, where the plas-
ma is undergoing wave-heating and gravitational settling. Unfortunately, the direct
experimental test of these effects is very difficult, since all aptical ohservations of
line-of-sight integrals are dominated by structures of high number density. Large,
low density loops would probably be more likely candidates for the source of the
slow solar wind.

We should also remember that the theory described here applies only in the
years around solar minimum, when there are well-developed polar coronal holes
and a very distinct region of magnetically closed topology. It is not clear how this
mechanism will apply near solar maximum. There are certainly coronal holes on
the Sun nearer to solar maximum, but they are short lived, and the concept of field
line motion across them, with resulting reconnection in closed loops, may be quite
different.
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