THE ASTROPHYSICAL JOURNAL, 689:572—584, 2008 December 10
© 2008. The American Astronomical Society. All rights reserved. Printed in U.S.A.

SPECTROSCOPIC DETECTION OF TURBULENCE IN POST-CME CURRENT SHEETS

A. BEMPORAD'
Received 2008 April 12; accepted 2008 August 10

ABSTRACT

Plasma in post-CME current sheets (CSs) is expected to be highly turbulent because of the tearing and coalescence
instability and/or local microscopic instabilities. For this reason, in the last decade the inconsistency between the ob-
served (~10%*-~10% km) and the expected (~1-10 m) CS thickness has been tentatively explained in many MHD
models as a consequence of plasma turbulence that should be able to significantly broaden the CS. However, from the
observational point of view, little is known about this subject. A few post-CME CSs have been observed in UVCS
spectra as a strong emission in the high-temperature [ Fe xvi] line, usually unobservable in the solar corona. In this
work, published data on post-CME CSs observed by UVCS are reanalyzed, concentrating for the first time on the
evolution of turbulence derived from the nonthermal broadening of the [ Fe xvm] line profiles. Derived turbulent speeds
are on the order of ~60 km s~! a few hours after the CME and slowly decay down to ~30 km s~ in the following
2 days. From this evolution the anomalous diffusivity due to microinstabilities has been estimated, and the scenario of
multiple small-scale reconnections is tested. Results show that the existence of many (~10~" to 107!7 ;CS m~3)
microscopic CSs (CSs) of small sizes (~10—-10* m) could explain not only the high CS temperatures but also the
much larger observed thickness of macroscopic CSs, thanks to turbulent broadening.

Subject headings: Sun: corona — Sun: coronal mass ejections (CMEs) — Sun: UV radiation — turbulence

1. INTRODUCTION

In the last decade spectroscopic UV observations of coronal
mass ejections (CMEs) acquired by the Ultraviolet Coronagraph
Spectrometer (UVCS; Kohl et al. 1995) on board the Solar & He-
liospheric Observatory (SOHO) spacecraft strongly increased our
knowledge of plasma temperatures, densities, abundances in the
CME cores and leading edges, and their 3D structure from ve-
locities inferred from observed spectral line Doppler shifts and
Doppler dimmings (see Kohl et al. [2006] for a review of UVCS
observations of CMEs). Several analyses based on UVCS data
on the limb events focused on the study of post-CME current
sheets (CSs), whose formation in the eruption was predicted by
both breakout and flux rope CME models (see, e.g., Lin &
Forbes 2000; Amari et al. 2003). Post-CME CSs, usually identi-
fied in white-light images acquired by the Large Angle and Spec-
trometric Coronagraph (LASCO; Brueckner et al. 1995) as radial
structures aligned with the CME latitude (see, e.g., Webb et al.
2003), are characterized in UVCS spectra by the presence of an
unusual high-temperature emission in the [Fe xvi] 4974.8
spectral line; the very high temperature of maximum formation
Tmax =~ 5 x 10° K of this line makes it usually unobservable in
the ~10° K solar corona. In some works this emission has been
observed only in the first few minutes (Raymond et al. 2003; Lee
et al. 2006) or hours (Ciaravella et al. 2002) after the eruption,
but other observations demonstrated that [ Fe xvir] emission may
last for even more than 2 days after the CME (Ko et al. 2003;
Bemporad et al. 2006). More recently, Ciaravella & Raymond
(2008) reported on the first CS that was observed in UV from its
onset whose spectra show a [ Fe xvim] emission lasting for ~7 hr
after the CME.

The reason for these large differences in the duration of [ Fe xvm]
emission is at present unclear. Reconnection models predict that,
after the eruption, plasma heated and accelerated at chromo-
spheric and low coronal levels in the diffusion region (i.e., where

! INAF-Torino Astronomical Observatory, Via Osservatorio 20, 10025 Pino
Torinese (TO), Italy.
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the reconnection of coronal fields occurs, hereafter DR) is ejected
outward along the CS and inward toward the top of post-CME
loops, where a fast shock occurs, generating hard X-ray emission
(see review by Aschwanden 2002). In agreement with this pic-
ture, previous UVCS papers ascribed the observed long-lasting
[Fe xvmi] emission to the high-temperature CS plasma heated in
the DR and observed as it crosses the spectrometer slit field of
view. However, the interpretation for the observed [Fe xvrm]
emission is not straightforward. UVCS has observed this line
typically at heliocentric distances ranging between ~1.5 and
1.7 R, and it is not always easy to understand from observations
in different events if the altitude of the UVCS projected field of
view was either below the cusp of closed loops, or above it in the
DR, or maybe even above the DR. In any case, there is a general
consensus that [ Fe xvmi] emission originates above the cusp of
post-CME loops probably in the DR, as indirectly concluded by
previous authors from considerations on many observational pa-
rameters such as elemental abundances and emission measure
(Ko etal. 2003), plasma cooling rate and post-CME loops rising
speed (Bemporad et al. 2006), 3D reconstruction of CME mate-
rial expansion (Lee et al. 2006), and outflowing mass flux con-
servation (Ciaravella & Raymond 2008).

Despite the progress made in the knowledge of CS properties,
from the theoretical point of view many problems are still open:
First, even if we assume that the high-temperature plasma ob-
served by UVCS originated at the DR, the fast Petscheck-type
(Petscheck 1964) magnetic reconnection envisaged in flare-CME
models occurring at the DR should be able also to explain the
observed long duration of post-CME CSs and the ~5 x 10® K
emission lasting in the corona even for days after the eruption. It
is in fact at present unclear how reconnection occurring in the
DR could explain at the same time a hard X-ray emission at the
top of post-eruption loops that fades typically in a few minutes
(see, e.g., Petrosian et al. 2002) and the high-temperature emis-
sion in CSs that fades in a few days unless a transition from
Petschek to Sweet-Parker reconnections occur. Moreover, numer-
ical simulations (e.g., Biskamp 1986) show that, if the resistivity is
spatially uniform, a steady Petscheck-type reconnection cannot
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Fic. 1.—Two cartoons showing (a) the concept of stochastic reconnection (adapted from Lazarian & Vishniac 1999) and (b) fractal reconnection (adapted from Tajima
& Shibata 1997, p. 242) in CSs. (@) In the Lazarian & Vishniac (1999) model a stochastic component is added to a magnetic field globally reconnecting over the length scale L
and induces local Sweet-Parker type reconnections at much shorter scales 7, 4, < L. (b) In the Tajima & Shibata (1997, p. 242) model the CS stretching leads, via scale-free
secondary tearing and coalescence processes, to the formation of many magnetic islands of different sizes and hence to a fractal CS structure.

be produced because it evolves toward a slow Sweet & Parker—
type reconnection (Sweet 1958; Parker 1957). Kulsrud (2001)
demonstrated that for spatially uniform resistivity, the Petscheck-
type reconnection mathematically reduces to the Sweet & Parker—
type reconnection. Steady Petscheck-type reconnection requires a
localized resistivity such as the “anomalous resistivity .” Labo-
ratory plasma experiments (e.g., Hsu et al. 2000) show that the ion
heating observed during collisionless reconnection (i.e., when
the mean free path is much longer than the CS thickness) can be
explained only by introducing an anomalous resistivity much larger
than the classical one; microscopic instabilities inducing plasma
turbulence are expected to be able to produce such resistivity.
However, this implies a second problem; laboratory plasma ex-
periments (see review by Yamada 1999) showed that anomalous
resistivity can be produced only if the CS thickness is as small as
the ion Larmor radius

m (1)

where m; is the ion (i.e., proton) mass, vy, = (2kp T,-/m,-)”2 is the
thermal velocity, 7; is the ion kinetic temperature, and B(G) is the
magnetic field that is on the order of a few meters in the solar
corona, while the observed post-CME CS thickness D,y is typ-
ically on the order of Dgps ~ 10*—10° km. The large observed
CS thickness is also related to a further huge-scale gap present
between the expected (1)exp) and the inferred (nops) CS plasma
diffusivities.? In order to produce a stationary CS of thickness
Dyps, a balance is required between inflow of plasma occurring
with velocity Vi, ~ 10 km s~! and the CS diffusion n/D, so that
Nobs = VinDobs ~ 10''=10'2> m? s~!. This value is much larger
than classical diffusivity 7. ~ 10°T732 ~ 1 m? s~!inthe ~106 K
solar corona and anomalous diffusivity® that is on the order of
109-10” m? s~! (see also discussion in Lin et al. 2007). These

2 I remind the reader that the magnetic diffusivity 7y (m? s~!) and the resis-
tivity 7, ({2m) are simply related to each other by 7y = /11y, where 11, = 47 x
10-7 Hm™! is the permeability of free space.

3 In the hypothesis of ion-acoustic turbulence; see § 5.

inconsistencies pose serious challenges to the existing theories
of magnetic reconnection.

Plasma turbulence has been proposed as a possible solution; it
is well known that vertically elongated CSs are unstable mainly
via tearing and/or Kelvin-Helmholtz instabilities* that may pro-
duce magnetic islands (in 2D, or flux ropes in 2.5D) via successive
reconnections and lead the plasma toward a turbulent state.
Tearing mode turbulence can produce a much higher resistivity,
usually referred to as “hyperresistivity” (Strauss 1986, 1988), that
could be more important than the resistivity produced by micro-
instabilities and significantly broaden the CS. However, such
instability leads to a CS diffusion ~10° times larger than that im-
plied by anomalous lower hybrid drift diffusivity (see also dis-
cussion in Lin et al. 2007) and does not allow the evading of the
constraints on the global plasma flow that lead to slow recon-
nection speeds, as has been demonstrated analytically (Lazarian
& Vishniac 1999) and numerically (Matthaeus & Lamkin 1985).
Alternatively, Lazarian & Vishniac (1999) proposed a recon-
nection model where a stochastic component of magnetic field
leads to multiple small-scale local reconnections that result in a
fast reconnection rate even when the local inflow speed is slow
(Fig. 1a); an important distinction between global and local re-
connection rates is made. Turbulent reconnection models are
still under debate. For instance, Kim & Diamond (2001) concluded
that the effect of hyperresistivity is negligible with respect to tur-
bulent diffusivity and that, despite turbulence, the global reconnec-
tion rate (that scales as in the Sweet & Parker—type reconnection)
cannot be given by a simple sum of local reconnection events (as
claimed by Lazarian & Vishniac 1999); hence, fast global recon-
nection cannot be achieved. It has also been proposed that, as the
CS is stretched with the CME propagation, recurrent secondary
tearing instabilities occurring at different spatial scales lead to a
fractal (i.e., scale-free) CS structure (Fig. 15), where many mag-
netic islands of different sizes (subject also to coalesce each
other) connect macroscopic and microscopic scales and fill the
scale gap mentioned above (see Tajima & Shibata 1997, p. 242;
Shibata & Tanuma 2001). The main idea is that energy is sup-
plied at the largest spatial scales being redistributed via MHD

* Rayleigh-Taylor instability is usually important only for horizontal CSs.
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Fig. 2.—Paradigm shift of CS structure. Theory and simulations demonstrate that the classical Sweet-Parker CS (/eff) becomes unstable via tearing, leading to a
fragmented topology with many small-scale magnetic islands (right; from Aschwanden 2002).

turbulent cascade to smaller scales and finally dissipated, as sug-
gested by the model originally proposed for solar flares by LaRosa
& Moore (1993).

A problem with different turbulent reconnection models is
that, at present, there are no clear observational constraints that
can be used to distinguish between them. As also pointed out by
Aschwanden (2002), the existence of small-scale reconnecting
regions in flare CSs (Fig. 2) is predicted theoretically (because
stretched Sweet-Parker CSs undergo tearing instability, leading
to the formation of magnetic islands), but is also corroborated ob-
servationally. In fact, although direct observation of such small
scales is at present impossible,’ hard X-ray and radio emissions
observed during solar flares and type III bursts have many prop-
erties that have been ascribed to the existence of small-scale,
fragmented, “bursty”” magnetic reconnections such as radio fre-
quency drift pairs, the slope of X-ray emission wavelet power
spectra, and the fast (~subsecond) time structure of hard X-ray
and radio pulses (see review by Aschwanden 2002). Recently,
Huang & Lin (2006) interpreted the quasi-periodic oscillations
observed in radio polarization data during a solar flare as the
signature of a series of elementary energy-release processes in-
jecting energetic electrons.

Despite the importance of turbulence discussed above in mag-
netic reconnection theories, from the observational point of view
plasma turbulence in post-CME CSs has thus far never been
studied. This work concentrates on this subject; information on
plasma turbulence in post-CME CSs is derived here by studying

> The expected size of elementary acceleration cells in solar flares is believed
to be on the order of ~10°~10° m (see Aschwanden et al. 1998), i.e., ~10~3 to
10~* arcsec, making at present impossible the eventual observation of the CS
fractal structure.

the evolution of the [Fe xvm] line profiles in UVCS data sets
already studied by Ciaravella et al. (2002), Ko et al. (2003),
Raymond et al. (2003), Bemporad et al. (2006), Lee et al. (2006),
and Ciaravella & Raymond (2008). In these works the authors
focus on the CS plasma temperatures, densities, and elemental
abundances, but there is little information on the [Fe xvm] line
profiles. After a general discussion on the determination of tur-
bulence velocity from line profile widths (§ 2), results obtained
from the study of [Fe xvm] profiles in all the post-CME CS
reported so far with this line are described in § 3. The follow-
ing analysis concentrates on the event of 2002 November 26
(Bemporad et al. 2006, hereafter Paper I), the only one for which
~2.3 days of continuous [ Fe xvmr] data are available; additional
CS plasma parameters derived from energy balance (§ 4) are
used in the following sections (§ 5) to estimate local anomalous
resistivities in the hypothesis of ion-acoustic (§ 5.1) and lower
hybrid drift (§ 5.2) instabilities. In the scenario of fractal re-
connection, physical information on local reconnecting micro-
CSs (e.g., the size of “microscopic” reconnection regions and
local reconnection rates; § 6) are derived. These results are dis-
cussed in § 7, where it is shown how micro-CSs are also able to
explain globally the high CS plasma temperatures and the much
larger observed CS thickness, suggesting from the observational
point of view a possible scenario to explain part of the theo-
retical problems discussed above.

2. ESTIMATE OF NONTHERMAL VELOCITIES
FROM SPECTRAL LINE PROFILES

As mentioned in § 1, post-CME CSs plasma can be highly
turbulent due to the occurrence of tearing and coalescence insta-
bilities and/or microscopic instabilities. If nonthermal motions are
occurring with a rms velocity vy, the effective profile FWHM
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Aleg of a spectral line emitted from ions with mass m; at a
kinetic temperature T; is given by

Jo |2kgT;
Aot = 2v/In 2 ?0 LA (2)

m;

where / is the position of the line centroid, ¢ is the speed of light,
and kg is the Boltzmann constant. This equation can be used to
estimate vng,, once Aler and 7; are known. However, in general,
not only vy, but also 7; is unknown, and it is impossible to derive
both parameters simply from the observed line profile width.

A possible solution to the problem exists if one can assume
that the plasma is isothermal, so that 7; ~ T,, where T, is the
electron temperature. Usually, electron temperature 7, is derived
from UVCS spectra using the line-ratio technique, i.e., from the
intensity ratios of lines from different ions of the same element,
under the assumption that they originate in the same isothermal
plasma. In order to verify the validity of the assumption that
T; = T,, we can estimate the time 7.q required for the equipar-
tition of energy by collisions between protons and ions emitting
the observed spectral line and between protons and electrons. If
we consider in a fully ionized gas, the collisions occurring be-
tween test particles 1 (with charge Z;, atomic mass number A4,
and temperature 7') and field particles 2 (with charge Z,, atomic
mass number A4,, temperature 7,, and number density #,), the
time for energy equipartition is

A4, (T1 Q)”

0= (587) — 22 (2L
T = O80T

3
4 T (3)

(Spitzer 1962), where In A = In (8.0 x 1071, "?) is the Cou-
lomb logarithm (with the electron density 7, in cm ™). This time
has to be much smaller than the heating timescale of plasma
flowing toward the CS; an order of magnitude estimate for this
time is given by the time 7,05 = D/vjy required to the coronal
plasma, flowing with velocity v;, toward the CS, to cross the CS
thickness D. If 7oq << Teross holds in the specific event, we can
estimate vne, by taking 7; = T, in equation (2).

Before doing so, another effect needs to be considered that
may cause extra broadening of spectral line profiles. The ob-
served width Ay, is, in general, larger than the effective width
Alg because the observed profile is a convolution between the
line emission profile and the instrumental profile that results in a
broadening of the observed spectral line. The correction for this
effect is quite complex because it involves the deconvolution of
the observed profile with an instrumental profile that, being un-
known, needs to be simulated. This work uses the empirical
formula given by Kohl et al. (1999) that expresses the FWHM
correction Aoy (in units of pixels) for the UVCS line profile

broadening as
W 2
Pry(— 4
+ <0.025 mm) 1’ “)

where Al;y is the instrumental line width, P is the number of
pixels per bin, and W is the slit width in millimeters. The AZcor
has to be subtracted in quadrature from the width A A, obtained
by the line profile fitting, so that the effective FWHM is Aoy =
(A/lgbs - Aj'(:20['r)1/2'

Once the profile has been corrected for instrumental effect and
the vne, has been estimated, it is necessary to discuss the physical

origin of nonthermal motions. A spectral line broadening can be

Adcor = 1| (Aiw)? +§ In2
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due to motions of the emitting plasma occurring with a velocity
component projected along the line of sight in both directions,
i.e., away and toward the observer. Nonthermal broadenings ob-
served by UVCS have been ascribed, for instance, to the expan-
sion of CME fronts (see, e.g., Bemporad et al. 2006; Ciaravella
et al. 2006) and to turbulent motions occurring in post-CME CSs
(Ciaravella et al. 2002; Ciaravella & Raymond 2008), while line
broadenings observed in fast solar wind have been ascribed to
the preferential heating of heavy ions occurring in coronal holes
(see Kohl et al. 2006 and references therein). In general, the exis-
tence and eventual contributions from these effects to the ob-
served line profile width has to be discussed in each observation
data set.

3. EVOLUTION OF TURBULENCE
IN CSs FROM [Fe xvii] PROFILES

In the wavelength range covered by UVCS, the most suitable
spectral line for the study of nonthermal motions in post-CME
CSs is the [Fe xvin] 4974.8 line. As mentioned in § 1, the emis-
sivity of this line peaks at a very high temperature of maximum
formation; hence, information derived from the observed line
width characterizes only the “hot” CS plasma, because in the in-
tegration along the line of sight coronal plasma give no contribu-
tion to the observed [ Fe xvmi] profile. Although typical spectral
binning of UVCS observations is between ~0.2 and ~0.3 A
(hence between ~60 and ~90 km s~! for 4y = 974.8 A) the de-
tection of nonthermal line broadening due to turbulent motions
even with small velocities is possible. For instance, by assuming a
typical CS temperature T, ~ 4 x 10° K and 7; = T,, equation (2)
gives Adegr ~ 0.19 A for vng = 0 km s™! and Aoy ~ 0.33 A
for vngm = 50 km s™!. With Aleorr ~ 0.3 A, these widths should
be observed as Al =~ 0.35 and 0.45 A, respectively. This dif-
ference by ~0.1 A in the profile FWHM can be inferred with
standard Gaussian fits for data sets where the [ Fe xvi] line has
been observed for at least a few hours, making it possible to
derive average line profiles with a very large number of counts
(e.g., ~=10° counts at the line peak) and hence very good statistics
(e.g., An/n =1/y/n =~ 2%-3%). The following two sections
describe the Fe xvi kinetic temperatures derived in all the CSs
observed by UVCS and reported so far (§ 3.1) and then con-
centrate on the evolution of nonthermal velocities in the 2002
November (Paper 1) event (§ 3.2).

3.1. Fe xviu Kinetic Temperatures in CSs

As mentioned above, observations of the [Fe xvmi] line in
post-CME CSs reported so far (Ciaravella et al. 2002; Ko et al.
2003; Raymond et al. 2003; Bemporad et al. 2006; Lee et al.
2006; Ciaravella & Raymond 2008) show a strong line emission,
but observational periods typically do not exceed a few hours,
making it difficult to perform a complete study on the evolution
of the line profile from each single data set. The only UVCS data
set published so far in which the [ Fe xvir] line has been observed
continuously for days after the CME is the one we reported in
Paper I; these unique observations covered a period of ~2.3 days
(starting ~1.5 hr after the CME) and were characterized by a
strong [Fe xvmi] emission detected during the whole time in-
terval over a broad spatial region covering approximately ~7’
along the spectrometer slit (see Paper I, Figs. 5 and 6). However,
previous CS observations of the [ Fe xvmi] spectral line detected
this high-temperature emission in just the first few hours after the
CME because of the short duration of observations (Ciaravella
et al. 2002) or because ~hours after the eruption [ Fe xvi] emis-
sion disappears. Only in the event reported by Ko et al. (2003) was
[Fe xvm] emission observed for ~6 hr, starting from ~2.1 days
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Fic. 3.—Evolution with time of [ Fe xvu] effective kinetic temperatures Teg
for different post-CME CSs observed by UVCS in this line and reported so far.
For each event T values are plotted as a function of time measured starting from
the occurrence of the CME related to each CS; the dotted line shows the exponen-
tial decay fitting function (see text).

after the related eruption. This means that an analysis of [ Fe xvi]
profiles in the first hours after the CME from data sets reported by
Ciaravella et al. (2002), Raymond et al. (2003), Bemporad et al.
(2006), Lee et al. (2006), and Ciaravella & Raymond (2008), and
more than 2 days after the eruption from data sets reported by
Ko et al. (2003) and Bemporad et al. (2006), may give, in prin-
ciple, a complete picture on the evolution of plasma turbulence in
CSs.

Hence, this work studies [ Fe xvmi] line profiles in all of the al-
ready published events where this line has been observed in a
CS, with the exception of data reported by Raymond et al. (2003)
and Lee et al. (2006) for the event of 2002 April 21, whose very
short duration (<15 minutes) of [Fe xvii] emission is not suit-
able for a study of line profiles. Different events have been observed
with the spectrometer slit centered at heliocentric distances ranging
between 1.5 and 1.7 R, using different combinations of observa-
tional parameters, such as different spatial binnings (42" or 70”),
exposure times (120 or 200 s), and slit widths (50 or 100 pm).
Hence, in order to compare [ Fe xvii] line widths measured in
various events, the observed spectra have been averaged over the
number of spatial bins and exposures needed to have ~103 counts
atthe line peak in each profile. The [ Fe xvi] profile FWHMs have
been computed with a standard Gaussian fit; the resulting effective
kinetic temperatures 7. (i.e., due to ion kinetic temperature 7},
turbulence or other plasma motions; see eq. [2]) corrected for the
instrumental line broadening (eq. [4]) are shown in Figure 3.
Values given in Figure 3 have been computed as

1 mic?® [ Adei 2
T = = . (5)
4 10g 2 2k B /10
In the hypothesis that the effective kinetic temperatures T mea-
sured in different events refer to different stages during the CS
lifetime and in order to increase the significance of this compar-

ison, T values are plotted in Figure 3 as a function of days from
the estimated starting time of the CME related to each CS.° This

S For the event reported by Ciaravella & Raymond (2008) all data points
higher than ~3 x 107 K have been excluded, because the authors ascribed these
higher temperatures to pre-CME corona and flare emission and to the transit of
plasmoids along the CS (see Ciaravella & Raymond 2008, Fig. 9, and related
discussion).
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figure shows that differences in Tt values measured for various
events are larger in the first few hours after the CME; a com-
parison between mass, velocity, flare association, etc., of all the
involved eruptions gives any apparent difference between the
events with highest and lowest T, values. In any case, Figure 3
shows a general trend; values measured for the 2002 November
26-29 CS (reported in Paper I) are in good agreement with those
measured for the Ko et al. (2003) event ~2.1 days after the CME
and in quite good agreement with those measured for the Ciaravella
et al. (2002) and Ciaravella & Raymond (2008) events a few hours
after the CME. The [Fe xvm] effective kinetic temperatures are
~2 x 107 K about 56 hr after the CME and decrease slowly in
the following 2 days down to a final value of ~(6—7) x 106 K.
The T values reported in Figure 3 are much larger than the CS
electron temperatures that are on the order of ~(8-6) x 10 a
few hours after the CME (Ciaravella et al. 2002; Bemporad et al.
2006; Ciaravella & Raymond 2008) and decrease down to
~(3-4) x 10° after ~2 days (Ko et al. 2003; Bemporad et al.
2006). This indicates that significant nonthermal line broadening
is present in the observed emission. By fitting all data points shown
in Figure 3 with an exponential function of the form y = yy+
Aexp (—1t/7), it tums out that yp = 6.6 x 10° K, 4 = 1.7 x 107 K,
and 7 = 0.67 days, which corresponds to a half-life of #, =
7In2 = 0.47 days.

Because of the quite good agreement shown in Figure 3 between
T values for the event reported in Paper I and those measured
for other events, and because the 2002 November CS is the only
one observed for more than 2 days, the following analysis con-
centrates on the evolution of turbulence in this event. As shown
in Figure 3, even if physical parameters derived in the following
sections are relative only to this event, these can be considered as
representative of a general behavior of post-CME CSs. The 2002
November 26—29 observations have also the advantage that, as
concluded from the position and orientation of the post-CME
loops (see Paper I, Fig. 2, and related discussion), the CS was ob-
served approximately face-on, lying on the plane of the sky,
while in other observations reported so far the CS was aligned
with the line of sight and hence was seen edge-on. The face-on
geometry has the advantage that the effect of line broadening
related to plasma diverging flows along the CS is minimized,’ while
for a fan-shaped CS seen edge-on a contribution of flows to the
line width cannot, in principle, be excluded (see discussion in
Ciaravella & Raymond 2008). For this reason, line broadening
due to flows occurring along the CS can be excluded, and in the
following analysis the observed nonthermal [ Fe xvi] line broad-
ening is ascribed entirely to turbulent motions occurring with
velocity vy in the CS plasma, also in agreement with the in-
terpretation given by Ciaravella et al. (2002) and Ciaravella &
Raymond (2008).

3.2. Turbulent Motions in the 2002 November CS

The 2002 November observations were acquired with a time
resolution of 120 s (with ~10 s gaps between two successive
exposures) in various data sets including 72—80 exposures each.
In order to study the evolution of [Fe xvmi] line profiles, each
data set has been averaged over all exposures; each single profile
studied here represents an average over ~2.6—2.9 hr of data. Line
profiles have also been averaged over a 3 spatial bins interval

7" At a heliocentric distance of 1.7 R, the line-of-sight component v og of out-
flows for a CS seen face-on, on the order of ~3% and ~0.1% of the outflow ve-
locity for a diffusion region located, respectively, at 1.1 and 1.5 R, (B. Vr$nak
2008, private communication).
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Fic. 4—Top left: [ Fe xvii] normalized line profiles 0.18 (solid line), 0.68 (dotted line), 1.18 (dash-dotted line) and 2.3 days after the CME. On average, Poissonian
uncertainties are on the order of ~2%-—3% at the peak and ~4%—5% at 1/e of the peak for each profile. Top right: Evolution of FWHMs from Gaussian fits (solid line) and
FWHMs after correction for the instrumental line broadening (dashed line). Bottom left: Derived evolution of the Fe xvi effective kinetic temperatures 7 (solid line) and
electron temperatures 7, inside the CS (dotted line) and in the outer corona (dashed line). Bottom right: Observed evolution of turbulent velocity (solid line) and the linear

fit to the curve (dotted line).

(i.e., 2.1") along the slit centered at the latitude where [Fe xviui]
emission maximizes. A comparison between average normalized
[ Fe xvmr] profiles at different times (Fig. 4, top left panel ) shows a
progressive decrease in the observed line width during the ~2.3
days after the CME. Results from a standard Gaussian fit show
that A2 decreases by ~0.1 A from ~0.5 to ~0.4 A (Fig. 4, top
right panel). The [ Fe xvmr] profiles were acquired with a spectral
binning of 2 pixels (~0.2 A) and hence larger than the observed
FWHM decrease; however, thanks to the very large number of
counts available for each profile, Poissonian uncertainties are on
the order of ~2%—3% at the peak and ~4%—5% at 1/e of the
peak. This implies that differences in [ Fe xvmi] profiles shown in
Figure 4 are larger than actual uncertainties.

The effective kinetic temperature 7. (computed from the A2y
values corrected for instrumental line broadening; see eq. [4])
decreases from ~1.8 x 10’K down to ~6 x 10° K (Fig. 4, bottom
left panel). A comparison between the Tt curve (solid line) and
the electron temperature 7, evolution (dotted line) derived in
Paper I from the line ratio technique® shows that [Fe xvm] line
profiles are nonthermally broadened (7. > T.). As discussed
above, thanks to the CS face-on view, contribution to this broad-
ening from out- and in-flow pairs occurring along the CS are

8 Electron temperatures in the CS 7,(CS) have been derived using the ratio
between the observed intensities of [ Fe xvir] 2974.8 and Fe xv 2481.5 spectral lines,
while for coronal temperatures 7, (COR) we resort to the ratio between [Si vin] 1944
and [Si 1x] 1950 lines. Resulting CS and coronal temperatures are shown in the
bottom left panel of Fig. 4 (see Paper I for a description of the electron temperature
computational methods).

minima and can be mainly ascribed to plasma turbulence. How-
ever, Figure 4 (fop left panel) shows a clear asymmetry in the
narrowing of the [ Fe xvmi] line profiles that occurs mostly in the
line blue wing and corresponds to a line Doppler shift by ~0.1 A
toward longer wavelengths during the ~2 days of observations.
This blue to red shift is probably related to outward plasma bulk
motions occurring along the CS; during the observations (per-
formed above the west limb; see Paper I, Figs. 2 and 3) the CS
structure is dragged by the solar rotation behind the plane of the
sky, changing the projection of outflow speed along the line of
sight and leading to the observed line shift.

From the observed Tes values, turbulent velocities vy, have
been computed by assuming 7; = T, as

2kp

Fe

Vturb =

(Teﬁ” - Te)- (6)

The resulting vy, values as a function of time are shown in Fig-
ure 4 (bottom right panel); these curves show that nonthermal
broadening corresponds to an average turbulent velocity vy, ~
45 km s~! and that vy, decreases with time from ~60 km s~!
down to ~30kms~'. A linear fit of the v, versus ¢ curve gives a
deceleration of turbulent motions Avg/At = (0.17 £ 0.2)ms™2;
implications from these results are discussed in the next sections.

As discussed (§ 2), the assumption that 7; = 7, needs to be jus-
tified by estimating the equipartition times (eq. [3]) and CS cross-
ing time; by assuming that in the external corona 7, = 1 x 10° K,
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ny = 1 x107 em~3, and that the plasma is out of thermal equi-
librium with 7; = 10 T3, the equipartition times turn out to be
Teqle"e™) ~ 23 s, Teq(pTp™) ~ 990 s, and 7eq(pTe) ~ 1200 s,
respectively, for self-collisions among protons, electrons, and col-
lisions among protons and electrons. Hence, electrons come to
a thermal equilibrium more rapidly than protons, and finally
equipartition between electron and protons is established. As
mentioned above, these times have to be compared with the time
Teross Tequired to the coronal plasma, flowing with velocity Vi,
toward the CS, to cross the CS thickness D. By assuming for in-
stance Vi, ~ 10kms~! and D ~ 10* km, it turns out that Teroes ~
10° s ~ Teq(pTPT) ~ Teq(pTe7); hence, the condltlon for the
energy equipartition that 7oq << Teross 1S nOt fulfilled.” However,
the near equality between 7.q and 7¢rss Suggests that we are not
very far from the energy equipartition. In conclusion, the assump-
tion made here that 7; = T, may correspond to an underestimate
for T;, and in the following the vy, values derived with equa-
tion (6) have to be considered as an upper limit estimate to real tur-
bulent velocities.

4. PHYSICAL CURRENT SHEET PARAMETERS
AT MACROSCOPIC LEVEL

Starting from the turbulent velocity evolution described above,
it is possible to derive additional information on the plasma phys-
ical parameters in the CS. To this end, in the following the electron
density n, and temperature 7, derived in Paper I for the CS and
external coronal plasmas (see Paper I, Figs. 11 and 13) are used
as a computation starting point. As a working hypothesis, the
CS plasma parameters derived in Paper I are considered as rep-
resentative of plasma in a broad region (namely, macroscopic CS
[ MCS]) where, due to the presence of turbulence, reconnections
occur locally in much smaller regions (namely, microscopic CS
[ wCS)); this assumption and its implications will be discussed in
greater detail in the following sections. Magnetic reconnections
occurring in the MCS result in ohmic heating and plasma acce-
leration and dissipate magnetic energy density u,, (J m~>), con-
verting it into thermal (¢;) and kinetic energy densities (¢;). From
the energy conservation we can write that

U(MCS) = [,(MCS) — €(COR)] + [,(MCS) — &(COR)],

(7)

where u,,(MCS) is the magnetic energy density of the MCS “am-
bient” plasma being reconnected locally in uCSs, €,(MCS) and
€:(COR) are the MCS plasma kinetic energy density (including
turbulence motions) and the coronal plasma kinetic energy density
(due to inflow motions), respectively, and ¢,(MCS) and ¢,(COR)
are the MCS and external coronal plasma thermal energies, re-
spectively. However, the above equation is not correct, because
the thermal energy increase Ae, = ¢,(MCS) — ¢,(COR) is pro-
vided not only by magnetic reconnection, but also by the adi-
abatic compression that coronal plasma undergoes flowing
into the MCS. Taking also into account adiabatic heating and
defining fand (1 — f) as the fractions of magnetic energy that
go into thermal and kinetic energies, respectively, equation (7)

° The conclusion that Teq ™ Teross 1S NOt in contradiction with the usual assum-
ption that the coronal plasma is a collisionless environment: Depending on the
local coronal plasma physical conditions typically above ~2—-3 R, the charac-
teristic time for coronal expansion T, is smaller than thermalization times 7eq,
making the plasma out of thermal equilibrium, while below this altitude is Tex, > Teq
and thermal equilibrium is usually assumed (see Withbroe et al. 1982).
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can be rewritten and divided in two equations as follows (MKS
units):

fBz%OCS) — 3kp[n(MCS)T,(MCS) — n,(COR)T,(COR)]
— 3k Tg(COR)ne(COR){ {%gsz] T }
(8)
(1-nZEED 2(MCS) L PMCS) (1 + 1220)

1
- EP(COR) (vgina + Vin) )

where y=5/3, Ae, = 3kgT.(COR)n.(COR){[n.(MCS)/
n.(COR)]” — 1} is the thermal energy increase due solely to the
adiabatic compression, and B(MCS) is the “ambient” magnetic
field in the MCS. In the above equations it has been assumed that
the plasma “macroscopic” kinetic energy inside the MCS results
from a superposition of turbulent motions and bulk translation
flows (i.e., inflows and outflows) occurring inside the MCS region
with average velocities vy and vgoy, respectively, while in the
external corona the kinetic energy results from a superposition of
solar wind speed and inflow toward the MCS, occurring with
average velocities vying and Vj,, respectively. Given fand the
plasma physical parameters (7., T.) inside and outside the MCS,
equation (8) contains only an unknown quantity, the MCS am-
bient magnetic field B, that can be estimated. Usually, for plas-
mas with low values of 3 = pgas/Pmag [where Pgas = 2n.kgT, is
the thermal plasma pressure and pyae = B?/(211,) is the magnetic
pressure], it is assumed that energy equipartition holds, so that
f = 1/2. However, both laboratory plasma experiments (see,
e.g., Hsu et al. 2000) and simulations (see, e.g., Karlicky & Barta
2008) suggest that during magnetic reconnection a larger fraction
of magnetic energy goes into ion kinetic energy. As a conse-
quence, in the following computation it has been assumed that
f =12/5 (see Ji et al. 2004), constant with time.

From equation (9) it turns out that the inflow/outflow speed
viow along the MCS is given by

p(COR) 12

(1 — £)BX(MCS
Vilow = m(”wmd nJJr# .

Hop(MCS) b
(10)

In this equation the only unknown quantities are the external co-
rona wind speed vying and the inflow speed Vj, toward the MCS.
In the computation it has been assumed at 1.7 R, that vying =~
130 km s—! (see Kohl et al. 2006, Fig. 41) and Vi, ~ 10 km s~!
(see Lin et al. 2007 and references therein). Note that in equa-
tion (10) these two velocities are both multiplied by a factor
p(COR)/p(MCS) ~ 0.16 in our case;’' % hence, the results for vow
do not depend strongly on values assumed for vying and Vi,.

19 Note that for plasmas with 8 < 1 the jump in plasma density x = p(MCS)/
p(COR) ~ 6.2 should be 1 < x < 4. However, the MCS density at a fixed alti-
tude is due not only to the compression of external coronal plasma located at the
same altitude, but also (and possibly for a larger fraction) to the plasma flowing
along the MCS from the underlying levels. The latter is a much denser plasma
because it comes from the compression of coronal plasma located at lower levels,
leading to the observed larger compression ratio x.
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Fig. 5.— Top left: Evolution of flow velocity along the MCS (asterisks), the linear fit to data (solid line), and the Alfvén velocity (dotted line). Top right: Evolution of
thermal energy density (squares), magnetic energy density ( plus signs), and densities of kinetic energy related to turbulence (triangles) and flow along the MCS
(diamonds). Bottom lefi: evolution of the MCS ambient magnetic field (diamonds) and the linear fit to data (solid line). Bottom right: evolution of MCS plasma 3 (squares)

and the exponential fit to data (solid line).

The values derived for the MCS flow speed vgow (from eq. [10]),
MCS magnetic field BIMCS) (from eq. [8] with f* = 2/5), kinetic,
thermal, and magnetic energy densities, and the plasma 3 are all
given in Figure 5 as a function of time. This figure shows that the
ambient magnetic field is on the order of a few Gauss, decreasing
with time from ~2 to ~0.5 G; thermal and kinetic energies are
also decreasing at approximately the same rate, while the mag-
netic energy is decreasing at a larger rate. Hence, the resulting
MCS plasma beta is 5 < 1 only at the beginning of our obser-
vations, while later on, because of the faster decrease in the
magnetic pressure, J increases up to 3 ~ 5. The magnetic field
decrease toward a final value close to 0 shown in Figure 5 is in
good agreement with the conclusion given in Paper I that at the
end of our observations the adiabatic compression can account
for the MCS plasma heating (Paper I, Fig. 17). Given the ambient
magnetic field B and electron density 7, the Alfvén speed va can
also be estimated; Figure 5 (fop left panel) shows that vgoy < va,
as expected, and that on average vgow =~ va ~ 300 km s~ 1. val-
ues given in Figure 5 for B and va will be used in the following
computations.

5. ESTIMATE OF LOCAL ANOMALOUS DIFFUSIVITY

The purpose of this section is to use the MCS plasma param-
eters derived in the previous sections in order to estimate the
localized nonclassical diffusivity due to microscopic instabili-
ties. As a first step, it is possible to compute from the observed
vury Values the relative turbulent energy density wy,, that is a mea-
sure of the turbulent energy density e (turb) = 1 n.(MCS)myve,

compared to the thermal energy density inside the MCS and is
given by

e ex(turb) Myl ()
Wb T (MCS)  4kgT,(MCS)

It turns out that wy,p, ~ 1.2% at the beginning of our observa-
tions and decreases down to wy,p, =~ 0.6% in the following days
(see Fig. 5, top right panel). From the theoretical point of view,
there are many physical processes that can produce turbulence
by microscopic plasma instabilities. However, in a reconnecting
plasma where the current densities are expected to be large due to
the strong magnetic field gradients at the reconnection sites, the
main role will be played by current-aligned instabilities (e.g.,
Norman & Smith 1978) and, hence, instabilities able to generate
collisionless waves propagating mainly parallel to the direction
of currents. Such waves induce additional alternating or fluc-
tuating electric fields E' = E + v x B that, interacting with cur-
rents j, are able to provide additional dissipationj + E’ # 0, re-
sulting in an enhanced plasma diffusivity n* (namely, anomalous
diffusivity or anomalous resistivity), much higher than the clas-
sical one (see Biichner 2007 for a recent review). The main
candidate microscopic plasma instabilities able to generate
anomalous diffusivity in CSs are the ion-acoustic (IA) and
lower hybrid drift (LHD) instabilities. In the following I inves-
tigate both these processes, and I derive from the observed turbu-
lent energy density an estimate for the corresponding anomalous
diffusivities.
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Fic. 6.— Evolution of anomalous diffusivities * as computed from the observed turbulent velocities v, (Fig. 4) in the hypothesis of ion-acoustic (/eff) or lower hybrid

drift (right) instabilities.

5.1. lon-Acoustic Instability

The IA instability is excited by the resonant interaction of
drifting electrons or ions with the electric field oscillations of
ion-acoustic waves. In astrophysical plasmas the TA instabilities
are important only when 7, > T; (see Smith & Priest 1972);
hence, this instability is usually ineffective in the almost iso-
thermal solar corona. However, for strong driven currents (as it
happens in CSs) this instability may develop even in plasmas
with T, ~ T; (see Birn & Priest 2007, pp. 145—146, and references
therein). Recent simulations concluded that the TA instability
could be an important process in reconnecting CSs (Wu et al.
2005; Biichner & Elkina 2006; Karlicky & Barta 2008) and re-
vived the interest in this instability. In the case T, ~ T; the IA
instability is excited if the drift velocity vy = [v;] — ve)| (Where
vy and vg| are the ion and electron velocities parallel to the elec-
tric currents, respectively) is larger than the critical value vg. it
given by the electron thermal speed v = (kgT, L/ime)"? (Smith &
Priest 1972). This critical drift velocity corresponds to a critical
current jit = M.€vq: it and hence to a critical CS thickness dit
on the order of

derit ~ i . (12)

Mo/ crit
In our MCS, assuming a magnetic field B ~ 1 G (see Fig. 5), T, ~
4%x10° K, and n, ~ 7 x 10" m~3, it turns out that d 4 ~ 1 m.
This quite stringent condition can be satisfied only if turbulent
reconnection occurring at microscopic levels is envisaged. If we
hypothesize that IA instability is responsible for the observed
turbulent motions, given the fraction wy,, of turbulent energy den-
sity the corresponding anomalous diffusivity 77}, (m*s~!) is given
by

me _ MeWpe

Ma = Whurb (13)

(Priest 1982, pp. 79-80), where 77, ~ 1/(Wunwpe) is the IA
anomalous collision time and wye ~ 9.0(n,)"? 7! is the electron
plasma frequency if 7, is in m~3. With n, ~ 7 x10'3 m=3 and
Wb ~ 0.01, it turns out that 7, ~ 3 x10° m? s~!, in agree-
ment with values found by previous authors (see, e.g., Lin et al.
2007). Values for 7}, computed at different times are shown in
Figure 6 (left panel). Consequences of these values and on the
evolution with time of »j, will be discussed in § 7.

5.2. Lower Hybrid Drift Instability

The LHD instability is driven by drifts associated with strong
pressure gradients; the “advantage” with respect to the IA in-
stability is that LHD waves are excited even for plasmas with
T, < T; (see Davidson & Gladd 1975). However, the theory pre-
dicts that the fastest growing modes are localized at the edge of
the current layer and that in the central region significant anom-
alous diffusivity is hardly produced (see Birn & Priest 2007,
pp. 145—-146, and references therein). Recent simulations showed
that longer wavelength LHD modes can penetrate into the central
region of the current layer increasing the diffusivity (see, e.g.,
Daughton 2003; Silin & Biichner 2003; Daughton et al. 2004;
Ricci et al. 2005), and the magnetic fluctuations in the LHD fre-
quency range have been observed during reconnection in labo-
ratory plasma (e.g., Ji et al. 2004); these results gave to the LHD
instability a “new role” in the magnetic reconnection theory. The
LHD instability is more easily excited than the IA instability be-
cause the required critical CS thickness is on the order of

B B m;

Ao = - =
N et ponee \ ksT;

(14)

that, assuming 7; ~ T, ~ 4 x 10° K and numbers given above, is
on the order of ~40 m. As pointed out by Kulsrud (2001), this
thickness has to be compared with the classical Sweet & Parker
thickness dsp = (2L17/vA)”2. For a Sweet & Parker CS length
L ~1R, ~7x10° km and assuming an Alfvén speed va ~
103 km s~ ! it turns out that ésp ~ 40 m ~ dgy;; hence, the LHD
instability should be excited if small-scale reconnection is oc-
curring. If the observed fraction of turbulent energy density wy
is ascribed to LHD instability [so that wy, = €90E 2/(2nkB T.),
where €,0E? is the wave energy density associated with electric
field fluctuations 6E] the corresponding anomalous diffusivity
Ny (m2s~1) is given by

me MeWpe  Wpe

= (15)

= Wrurb
ole€? iy pohee? Qiu

* —
n =

(see Biichner 2007), where 77}, ~ QLH/(wmbwge) 1s the LHD anom-
alous collision time, Quy = wyi/(1 + wp/Q2)!"? is the LHD fre-
quency (see Huba et al. 1977), wpy; ~ 0.21(n.)"? s! is the ion
(proton) plasma frequency (with 7. in m—3), and ), = eB/m, ~
2.8 x 106 Bs~! is the electron gyrofrequency (with B in Gauss).
With n, ~ 7 x 10" m™3, wyp ~ 0.01, and B ~ 1 G (see Fig. 5),
it turns out that Qpy ~ 7 x 10* s7! and 7 ;; ~ 3 x 108 m? s—1,
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Fig. 7.— Cartoon showing the idea of stochastic reconnection occurring in post-CME CSs. (a) Composite LASCO/C2, Mauna Loa/Mark IV, and EIT/Fe xu image
showing the CS related to the CME occurred on 2003 November 18 (adapted from Lin et al. 2005). (b) “Zoom” on the CS part underlined in panel a by a red box, showing
the concept of multiple reconnections occurring locally in CSs located inside the MCS. Inflow toward the MCS occurs with velocity Vi, + vyind, While outflow occurs
with velocity vgow + v (See text); the magnetic field changes from the external corona value B(COR) to the MCS value B(MCS). (¢) “Zoom” on a single pCS char-
acterized by its inflow v;, and outflow v, velocities, its half-length /, and its half-thickness d. Reconnections at local level occur in the ambient plasma characterized by
anomalous diffusivity #* and magnetic field BOMCS); relative sizes are not to scale. Panel a of this figure should be compared with Figs. 1a and 15.

hence approximately 3 orders of magnitude larger than »;, . Val-
ues for 7, computed at different times are shown in Figure 6
(right panel). Consequences of these value and on the evolution
with time of nj}; will be discussed in § 7.

6. A COMPUTATIONAL TEST: FROM MACRO-
TO MICROSCOPIC LEVELS

As mentioned in § 1, a serious problem in the explanation of
post-CME CS properties is the huge gap between the expected
and the observed values of the CS thickness D. For instance,
starting from the average values of 7;, ~ 3 x10° m? s~! and
niy =~ 3 x 108 m? s~! given above and by assuming an inflow
speed on the order of Vi, = 10—100 km s~!, it yields, from the
balance between CS diffusion and inflows, an expected CS thick-
ness Dian = Nja/Vin = 3—30 m for the case of IA and Diy =
M u/Vin = 3—30 km for the case of LHD, respectively. These
values are much smaller than the observed thickness of white-
light post-CME rays (D ~ 10*~103 km), usually interpreted as
CSs (see, e.g., Webb et al. 2003), and of the spatial extension of
the EUV [ Fe xvim] emission (D ~ 10*—10° km; see, e.g., Ciaravella
et al. 2002; Ko et al. 2003). This gap between macro- and mi-
croscopic spatial scales could be filled in the scenario of multiple
reconnections occurring in many small-scale regions.

In the following I assume as a computational test that the
small-scale reconnection scenario envisaged by some authors for
flare-CSs also holds for post-CME CSs, as is shown in Figure 7.
However, UVCS observations demonstrated that an important
difference with respect to the chromospheric CSs involved in
flare reconnection is that plasma flowing along post-CME CSs
may undergo a continuous heating even for days after the erup-
tion, while in flare-CSs the energy release occurs on much shorter
timescales. Moreover, post-CME CSs extend in the ambient solar
corona and hence are immersed in the outflowing solar wind
plasma; as a consequence, coronal plasma flowing toward the
MCS also transports a momentum parallel to it. LASCO images
revealed that plasma blobs flow along the MCSs with a velocity
comparable with that of the solar wind (see Lin et al. 2005), and
this could be in agreement with the fact that local reconnections
are related to internal forces that preserve the momentum of the
inflowing coronal wind plasma. As a consequence local pCSs

(randomly oriented in flare-CSs) will have possibly a preferential
orientation parallel to the MCS, as shown in Figure 7, and this
implies that the observed [ Fe xvi] line profile broadening will be
due mainly to turbulent plasma motions. However, in principle, a
contribution due to outflows occurring with a component along
the line of sight in the opposite direction of many randomly
oriented CSs, as occurs in flare-CSs (see Antonucci et al. 1996),
cannot be excluded. In the scenario depicted in Figure 7, mag-
netic reconnections occur stochastically in many small pCSs
spatially uniformly distributed inside the MCS with a preferen-
tial orientation parallel to the direction of the coronal magnetic
field being dragged in the MCS and locally reconnected and
hence parallel to the MCS axis. In the following computation I as-
sume that all the physical parameters (7%, #., B, and n*) derived in
the previous sections are representative of the average ambient
plasma inside the MCS where microscopic reconnections occur
in pCSs.

If the scenario shown in Figure 7 holds, given the anomalous
resistivities 1], and 7] ;; estimated in the previous sections for IA
and LHD instabilities, respectively, it is possible to derive in-
formation on the magnetic reconnections occurring in xCSs; to
this end, further assumptions are needed. Each uCS will be char-
acterized by its half-length / and half-thickness d, and toward
each uCS local inflows and outflows will occur with velocities
vin and vy, respectively. The last two quantities are unknown;
however, an upper limit to the local inflow speed could be given
by the observed wvyy and reconnection theory predict that
vout = va. Hence, in the following the local reconnection rate My
(i.e., the amount of reconnected magnetic flux per unit time) is
computed as M = vin/vout = vurb/va as a fixed quantity, i.e., in-
dependent on the above computations of anomalous resistivities.
From this assumption it turns out that the M, upper limit values
are on the order of ~0.15 (see Fig. 8, fop left panel ) and increase
with time from ~0.1 up to ~0.2, because v, is decreasing faster
than vy, (see Fig. 4, bottom right panel; Fig. 5, top lefi panel). At
the local level (see also Fig. 1a) we can write

Vinl = Uoutd,

vin =17 /d, (16)



582 BEMPORAD

uCS reconnection rate
0.30F 7 ' ' M.

0.25F -
0.20 ;
= 0.15
0.10

0.05} E
0.00 . . . i ]

0.5 1.0 1.9 2.0
Time (days)

uCsS length & thickness
80 : ;

LHD instability

0.5 1.0 1.5 20
Time (days)

Vol. 689

uCS length & thickness
22 Ainstabilty ]

+4+ +

+

0.5 1.0 1.5 2.0

Time (days)
. micro—CS density
10 ' ' ' :
5 10'2F . - |
K IA instability
‘_E 10"t _ ]
o 10% .
~ 10} LHD instability ]
Q P e — o _ 4
1::L 10 T T T T TTmmmoe- 5
102 eowenn sy e papen
g0 05 1.0 1.5 20 25

Time (days)

Fi. 8.— Top left: Evolution with time of the local reconnection rate M = vin/vout; values shown in this panel have been computed by assuming v, ~ vy and hence are
an upper limit for real M, values. Given the local inflow and outflow speeds and the anomalous diffusivity, it is possible to derive the evolution with time of the CS half-
length / and half-thickness d in the hypothesis of IA (top right panel ) or LHD instabilities (bottom left panel ). Bottom right: Evolution with time of the ©CS number density
n,cs (in a volume of 102 km?) in the hypothesis of IA (solid line) and LHD (dashed line) instabilities; n ucs has been derived by imposing a balance between the energy
required to heat the coronal plasma to CS temperatures (adiabatic heating subtracted) and the energy provided by reconnections occurring locally in pCSs.

where the first equation represents the mass flux conservation and
the second equation represents the magnetic energy balance v, B =
1*B/d. In the first equation the plasma has been assumed to be in-
compressible; the reason is that in equation (8) the thermal en-
ergy increase due to the adiabatic compression along Ae, has been
computed using coronal and MCS densities. This corresponds
to the implicit assumption that the coronal plasma flowing to-
ward the MCS region undergoes an adiabatic compression reach-
ing a density n,(MCS) and a temperature 7,(COR)[n,(COR)/
n,(MCS)]'~7 < T,(MCS). After the adiabatic compression and
heating, a further temperature increase up to 7,(MCS) occurs via
incompressible magnetic reconnection in the 4CSs. Given vy, vou,
and the TA or LHD anomalous resistivity 7%, these equations
can be used to estimate the average pCS half-length / and half-
thickness d (i.e., 4)/2 and 4,/2 in Fig. 1a, respectively).
Results from this computation are shown in Figure §; the uCSs
have average sizes on the order of 2/j4 ~ 80 m and 2dj5 ~ 12 m
for the IA instability, while in the hypothesis of LHD instability
1CSs turn out to be much larger with sizes on the order of
2lrg ~ 90 km and 2 dry ~ 14 km. This large difference in the
uCS sizes is due in the computation to the ~3 orders of mag-
nitude difference between computed values for the IA and LHD
anomalous resistivities. Figure 8 also shows a significant differ-
ence in the evolution of uCS sizes depending on the hypothesis
of IA or LHD instability; while for IA instability ;CSs have
nearly constant thickness and a length decreasing with time, in
the hypothesis of LHD instability both 4CS length and thickness
increase with time. In the computation this is due to the different

behavior of diffusivities (Fig. 6); 1}, decreases with time as W,
because 7], o< W (see eq. [13]), while 77 ;; increases with time
because {2y ~ wpi({e/wpe). Hence, as the magnetic field de-
creases (Fig. 5, bottom left panel), ()1 y decreases faster than
Wrurb, resulting in a 7] ; increase. It is not easy to say, from the
theoretical point of view, which one of these two behaviors is
more “realistic.” In any case, from the macroscopic point of
view all results derived with the above assumptions need to ful-
fill at least three constraints given by the observations, that is,
(1) the observed high MCS temperature evolution, (2) the sta-
tionarity of inflows toward the MCS, and (3) the much larger
MCS thickness Dgps. In the next section it will be discussed how
all these conditions can be satisfied in the picture of microscopic
reconnections described above.

7. DISCUSSION AND CONCLUSIONS

A first condition that the ;CS scenario described above has to
match is the balance between the energy required to heat the cor-
onal plasma up to the MCS temperatures and the energy dissipated
by magnetic reconnections occurring in ©CSs. Let us assume that
each pCS occupies a volume 2d x 2/ x 2/ (Fig. 7¢) that for each
1 CS inflow of magnetic energy occurs across a lateral surface 8/°.
If we consider in the MCS of thickness D a box with volume LD
(Fig. 7b), then the power P,cs dissipated per unit second by
1CSs in this volume is

B2(MCS)

vin81% (n,csL*D), 17
2/"0 (/ ) ( )

Pycs =
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where 7,,cs is the unknown ¢CS number density. This power has
to equal the power Pycs required to heat by magnetic recon-
nections the coronal plasma flowing with velocity Vj, toward the
box L2D across a surface 212 (Fig. 7b, shaded area) that is given
by

1
PMCS = ? (AEt - Aew) VinZL27 (18)

where Ag, is the total thermal energy increase and Ae, is the ther-
mal energy increase due to adiabatic compression (see also eq. [8]).
By equating P,cs and Pycs, the #CS number density can be es-
timated as

B /J,(Aq — Aeﬁ,) Vin _ ,u(Aet — Aeﬁ,) 19
s = i o~ Barp )

By assuming the equality between the global V;, and local v,
inflow speeds, the above formula gives an order of magnitude esti-
mate of n,cs. The resulting values of n,cs are different if we as-
sume that ;CSs are produced either by IA or LH instabilities; in
particular, equation (19) gives n,cs(IA) ~ 4 x 107" 4CS m—3
and n,cs(LH) ~ 3 x 10-17 4CS m—3. These densities imply that,
for instance, in a volume (10*)* km? inside the MCS a number of
1CSs on the order of 4 x 1010 and 3 x 10* for IA and LH insta-
bilities, respectively, is required to provide for the plasma heat-
ing that adds to the adiabatic compression heating. The evolution
with time of ©CS number density is shown in Figure 8 (bottom
right panel): n,cs is inversely proportional to /2; hence, an in-
crease (decrease) in the length of uCSs (Fig. 8, top right and
bottom left panels) corresponds to a decrease (increase) in their
number density. In this scenario the MCS thermal energy is pro-
vided globally by adiabatic compression and locally by incom-
pressible magnetic reconnections; as time goes on, an increase
of the local reconnection rate (i.e., the locally reconnected mag-
netic flux) leads to a faster dissipation of magnetic energy that is
“replenished” by coronal inflows at a constant rate. This leads to
a decrease in the available magnetic energy density in the MCS,
hence in both thermal and turbulent kinetic energies, as observed.

A second condition that has to be matched is the existence of a
pressure balance between coronal and MCS plasma able to main-
tain a stationary inflow of coronal plasma toward the MCS. The
MCS thermal pressure is larger than the coronal one; thus, in
order to maintain a pressure balance, the unknown coronal mag-
netic field B(COR) has to be larger than the MCS magnetic field
B(MCS) (derived with eq. [8]). Taking also into account the
kinetic pressures given by inflow speed Vi, and wind speed vying
in the corona, and pressures given by turbulent and flow motions
vurb and vgoy in the MCS, the pressure balance (in MKS units)
gives

B?(COR)
24y
B*(MCS)

24y
(20)

1
21, (CORBT(COR) + 5 p(COR) (ving + V) +

1
=2n,(MCS)kpT.(MCS)+ Ep(l\/lCS)(vgow + i)+

From this equation B(COR) can be estimated; with average val-
ues BAMCS) = 1.2 G, n,(MCS) = 7x 103 m3, n,(COR) = 1 x
108 m—3, T,(MCS) =4 x10° K, T,(COR) = 1 x 10°, v =
40km s™!, vgow = 250 km s~!, and by assuming Vi, = 10 kms™!
and vyjng = 130 km s™!, it turns out on average B(COR) ~ 2.1 G.
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The conclusion is that a coronal magnetic field a factor of ~2 larger
than the MCS field is sufficient to verify the condition of pressure
balance.

The third observational constraint that needs to be reproduced
is the much larger thickness of the macroscopic CS (see also the
discussion in Ciaravella & Raymond 2008); in the Lazarian &
Vishniac (1999) stochastic reconnection model (Fig. 1) only a
fraction of the injected magnetic flux is annihilated by ohmic
heating within the reconnection zone. In particular, Lazarian &
Vishniac (1999) concluded that, if during the process of turbu-
lent reconnection the magnetic energy ¢, is injected on some
scale /. with a velocity v. < v, the MCS thickness Dy, due to
turbulence broadening has to be on the order of

2
Ve
Dturb ~ (Hle)l/z <_) 9 (21)

VA

where H > [, is the MCS height (or length) and v, is the Alfvén
speed. Given the 1CS sizes 2/ and 2d and number densities 7,,cs
of 1CSs for IA and LH instabilities, it is possible to give an order
of magnitude estimate for /.. If we consider a MCS scale length
H, in the volume Dy, ? there are n,,cs Dy H?* (1CSs that con-
vert magnetic energy into kinetic and thermal energies. Because
each pCS has a lateral surface S,cs on the order of S,cs = 8/ 2
this means that in the MCS volume Dy, H 2 (containing 7 1CcsDurb
H?1CSs) the magnetic energy is injected through a total surface
Se = SucshyucsDuwH? = 81%n,,cs Dy H* and hence over a scale
length [, =~ SE”2 = 2HI (Zn,,cstrb) 12 Substituting this expres-
sion into equation (21) and deriving Dy, it turns out that

8/3
Dturb ~ 2H4/3 (2n,uCS12) /3 (vtu_l‘b) ) (22)

VA

where it has been assumed that v. = vy,. Using values
(nﬂcslz)lA ~ (n#(;slz)LH ~5x IO’SNCS m™!, v ~ 40 km s7!,
va ~ 300 kms~!, and assuming H ~ 0.7 R, (i.e., the altitude of
the UVCS slit over the solar limb), equation (22) gives Dy ~
1.3 x 10* km for both IA and LH instabilities. This value is very
close to the D ~ 10* km we assumed in Paper I for the MCS
thickness and is in good agreement with other estimates of the
MCS thickness.

In conclusion, the main results of this work may be summa-
rized as follows:

1. Previous UVCS studies of post-CME CSs focused mainly
on the evolution of UV spectral line intensities, while little in-
formation was derived on the line profiles despite their possible
relevance in the determination of plasma turbulence. In this work
the first comprehensive study on the evolution of the [Fe xv]
profiles observed in post-CME CSs has been conducted.

2. Results show that in all five CSs studied here (at helio-
centric distances ranging between 1.5 and 1.7 R) the [Fe xvui]
line is significantly nonthermally broadened. Once the Fe xvim
effective kinetic temperatures T, are plotted as a function of
time after the CME occurrence, a general trend appears; Teg is
around ~2 x 10’K ~5—-6 hr after the CME and decreases slowly
in the following 2 days down to ~(6—7) x 10° K. At the same
time, the electron temperature 7, decreases from ~8 x 10° to
~3 % 10° K.

3. Nonthermal [ Fe xvm] line broadening has been ascribed to
the turbulence in the CS plasma; it turns out that the 7. decrease
corresponds to a turbulence velocity vy, decrease from ~60 km s~
(which corresponds to a fraction of turbulent energy density
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Warb ~ 1.2%) to ~30 km s~! (Wi, =~ 0.6%) in the 2 days after
the CME.

4. In the hypothesis that turbulence is due to plasma micro-
instabilities, it has been computed that an average fraction of
turbulent energy density wy,p, ~ 0.9% corresponds to an anom-
alous diffusivity * on the order of 7;, ~ 3 x 10° m? s~! and
Mty = 3 x 108 m? s~! for the ion-acoustic (IA) or lower hybrid
drift (LHD) instability, respectively.

5. If turbulent reconnection is occurring in many microscopic
(thickness of ~10—10% m) current sheets (1CSs) distributed
inside the macroscopic (thickness of ~10*~103 km) structure
usually referred as the “current sheet” (MCS), the estimated
anomalous diffusivities 77* can be used to infer the size of uCSs.
It turns out that average uCS sizes (i.e., length 2/ and thickness
2d) are on the order of 2/ ~ 80 m, 2d ~ 12 m, and 2/ ~ 90 km,
2d ~ 14 km for IA and LHD instabilities, respectively.

6. With these numbers, the scenario tested here of turbulent
reconnection is able to reproduce at macroscopic level at least
the following three constraints: (1) the high MCS plasma tem-
peratures (due both to adiabatic compression and reconnections
occurring in uCSs), (2) the pressure balance between coronal
and MCS plasma (needed to explain the stationarity of MCS),
and (3) the much larger observed thickness of MCS (broadened
by turbulence).

Note also that the decrease toward 0 of the ambient magnetic field
being reconnected (Fig. 5, bottom left panel) is in agreement with
the result given in Paper I that at the end of observations the
plasma heating is provided by adiabatic compression alone
(Paper I, Fig. 17).

Hence, the high-temperature emission observed in post-CME
CS UVCS spectra even for days after the related eruption is
explained here by multiple reconnections occurring continu-
ously at microscopic levels in many small regions in a turbulent
ambient plasma. Even if the existence of such pCSs inside the
observed macroscopic structures is not demonstrated here, these
results suggest that the scenario of turbulent reconnection with
anomalous diffusivities is at least able to explain the “scale gap”
between the observed and predicted sizes of post-CME CSs in
the solar corona.
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