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Abstract: This work focuses on the interaction of a Coronal Mass Ejection (CME) with the ambient
solar corona, by studying the spatial and temporal evolution of the density fluctuations observed by
the SOHO/UV Coronagraph Spectrometer (UVCS) during the CME. The investigation is performed
by applying a wavelet analysis to the HI Lya 1216 A line intensity fluctuations observed with UVCS
during the CME occurred on 24 December 2006. Strong and coherent fluctuations, with a significant
spatial periodicity of about 84 Mm =~ 0.12 Ry, are shown to develop in about an hour along the
front of the CME. The results seem to indicate the Rayleigh-Taylor (RT) instability, susceptible to the
deceleration of the heavier fluid of the CME front into the lighter surrounding coronal plasma, as the
likely mechanism underlying the generation of the observed plasma fluctuations. This could be the
first inference of the RT instability in the outer solar corona in UV, due to the transit of a CME front in
the quiet coronal plasma; this interpretation is also supported by a linear magnetohydrodynamic
analysis of the RT instability.

Keywords: sun: corona; sun: coronal mass ejections (CMEs); sun: oscillations; instabilities;
plasmas; turbulence

1. Introduction

During Coronal Mass Ejections (CMEs) coronal plasma is expelled against the gravitational field
of the Sun into the interplanetary space, over the course of minutes to hours. Each CME drains
solar mass in the range between 10!! and 10'® kg [1] and expands at speeds ranging from 100 to
2500 km s7! e.g., [2], thus with a kinetic energy of the order of 10?!~10% J. CMEs carry also magnetic,
thermal and nonthermal energies. In particular, it is worth noting that during the primary dissipation
processes (associated to magnetic reconnection) most of the free magnetic energy (about 68%) is used to
accelerate electrons and ions (nonthermal energy), while only a relatively small portion of the magnetic
energy (about 7%) goes into CME kinetic and gravitational potential energies (see the review by [3],
and references therein).

As CMEs propagate outward, they interact with the ambient coronal plasma, producing a
variety of effects, such as the formation of fast-mode forward shocks ahead of the CME e.g., [4,5],
which heat the solar wind e.g., [6] and accelerate Solar Energetic Particles (SEPs) [7]. Type II solar
radio bursts, likely associated to the compression between the CME and the unperturbed coronal
plasma, have been recently observed to originate also at the flanks of CMEs e.g., [8,9]. During CMEs
expansion, magnetic reconnection events can occur e.g., [10,11], in particular, along their flanks
with the surrounding coronal magnetic field, causing secondary small-scale plasma ejections [12].
The interaction of a CME with the coronal plasma can in general lead to a restructuring of the overall
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magnetic configuration of the corona [13]. Recently, vortexes were observed along the flanks of CMEs
in the images obtained with the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics
Observatory (SDO) [14,15], interpreted in terms of Kelvin-Helmholtz instability.

This paper presents evidence for non-stationary density fluctuations induced at the interface of a
CME with the surrounding plasma during its outward propagation, and provides further information
on the dynamic and energetic interaction of CMEs with the ambient corona. The characteristics
attributed to the plasma density fluctuations allow the identification of the physical mechanisms
underlying the release of energy and momentum from the ejecta to the ambient coronal wind.

This study is performed by applying a wavelet analysis to the time series of the intensity of
the HI Lya 1216 A line observed by UVCS, the UltraViolet Coronagraph Spectrometer [16] on board
the Solar and Heliospheric Observatory (SOHO), during the CME event occurred on 24 December
2006 at the South pole in a coronal hole region. The information derived from the wavelet transform
on both amplitude and phase of the temporal fluctuations allows the visualization of the region of
the CME interacting with the ambient corona and a measurement of the energy transferred to the
coronal plasma.

The layout of the paper is as follows: description of the observations (Section 2), description
of the methodological approach to the data and presentation of the data analysis (Section 3),
discussion (Section 4) and interpretation of the results (Section 5), conclusions (Section 6).

2. Observations

The CME event of 24 December 2006 was observed with the UVCS instrument on board the
SOHO spacecraft above the south-west limb. The HI Ly« line, emitted by the neutral hydrogen
atoms at 1215.67 A, was continuously detected, throughout the event, in the field of view (FOV)
of the spectrometer. Its entrance slit was set at 1.87 Ry from the centre of the Sun and oriented
perpendicularly to the radial direction, in such a way to cover a broad latitude range, from 170.5°
to 212.5° (counterclockwise from the North pole). The slit was delimiting a FOV (22’ x 84”") wide,
divided in 46 spatial bins with a spatial scale of 28”~0.03 R, per bin. The entire set of observations
consisted of N = 2324 exposures acquired with a cadence time of 6t = 2 min, in the interval from 07:27
UT to 15:40 UT, encompassing the entire CME event.

The CME front first appeared above 2 Rp in the FOV of LASCO, the SOHO Large Angle
Spectrometric Coronagraph [17] at 15:54 UT, expanding in the southward direction. Figure la—e
show the LASCO C2 white light images during the passage of the CME. These images are obtained
by subtracting the last one acquired before the CME detection. The classical three-part structure of
coronal mass ejections (i.e., a bright arch-shaped front including a darker cavity and a bright core)
cannot be clearly identified in the LASCO images. The propagation of the CME front is described in
Figure 1f, where the height of the front is plotted as a function of time, thus allowing the measurement
of the expansion speed and acceleration of the CME.

The synoptic map obtained by subtracting the pre-CME intensity from the HI Ly« line emission,
observed with UVCS, shows the transit of the mass ejection front through the spectrometer slit Figure 2.
The zonal average of the HI Ly« intensity (Figure 2b) outlines the evolution of the CME: a first sharp
peak around 15:14 UT is followed by a further more gradual increase up to a second intensity peak
around 17:26 UT, and a slow decrease lasting several hours. The duration of the CME passage through
the UVCS slit is about 10 h, including the growth time of the UV light curve to its most intense peak and
the 1/e—relaxation time. The front of the CME crosses the UVCS slit in about one hour. The first and
second peaks are associated with the transit of the front and the core of the ejected plasma, respectively.
Thus, the general three-component structure of CMEs, not observable in visible light above 2 Ro,
is partially observed with UVCS at lower heliodistance, hence closer to the source.
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a) 15:54 UT on 24/12/2006 b) 16:06 UT on 24/12/2006 c) 16:30 UT on 24/12/2006
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Figure 1. (a—e) LASCO C2 base difference images showing the white light corona as observed during the
transit of the CME front through the UVCS slit (shown as a white thick line) at 15:54, 16:06, 16:30, 16:54
and 17:06 UT on 24 December 2006; the dashed white line indicates the solar limb, whilst the continuous
one shows the LASCO C2 occulter; the dotted area marks the coronal region where the CME front is
identified (open circle). (f) Height-time plot of the CME front: black and blue dots correspond to the
LASCO C2 and UVCS observations, respectively; the parabolic fit (red curve) indicates a deceleration
of the CME of ~—39 m 572 after 15:14 UT and an expansion speed of ~268 km s™! at the UVCS position.

After 15:14 UT the CME is slowing down with a constant deceleration of about -39 m s72,
as inferred by means of a parabolic fit of the height-time plot of Figure 1f, from an initial expansion
speed of ~268 km s™! measured at the UVCS slit position. The propagation direction of the region of
the CME observed with UVCS is inferred to be primarily in the plane of the sky, since no significant
Doppler shift of the emission of the HT Lya 1216 A line was detected. This implies that the values of
~268 km s7! and —39 m s72 correspond to the expansion speed and deceleration of the coronal plasma
observed with UVCS along its direction of propagation.
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Figure 2. (a) Synoptic map of the HI Lya line intensity as a function of time and heliographic latitude
(expressed in degrees counterclockwise from the North pole). (b) Zonal average of (a), where the
duration of the CME and the arrival time of the CME front (15:14 UT) are indicated by red and blue
dashed lines, respectively. (c) Temporal average of (a) within the whole CME event (solid line) and at
the CME front, that is from 14:42 UT to 15:30 UT on 24 December 2006 (dashed line).

3. Analysis and Results

The analysis of the HI Lya emission detected during the CME is performed by means of a complex
wavelet transform in order to identify periodic components of non-stationary signals in the input
data and to determine both the dominant modes of variability and how those modes evolve in time,
by decomposing a time series into time-frequency space. By combining the results achieved at multiple
locations, the spatial and temporal variability of a field of data can be reconstructed. Furthermore,
the phase information inferred by applying the wavelet transform, quantifies the degree of coherence
between adjacent oscillation patterns.

The wavelet technique, increasingly adopted in astrophysical studies, was used for instance to
detect (i) outward propagating perturbations with periods of 180420 s at a footpoint of an active
region bright loop [18], (ii) a sporadic oscillation with periods of 7-8 min in the quiet solar corona [19],
(iii) coherent fluctuations within a weak solar magnetic network region [20] and (iv) magnetic and
cross-helicity events in the solar wind [21,22]. In the present paper, this method is applied to explore
the region of interaction between a CME and the surrounding corona in order to investigate the
existence of oscillatory signals associated with the transit of the ejected plasma.
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3.1. Wavelet Amplitude Spectrum

The wavelet transform is applied to the time series of the HI Lya 1216 A line intensity, detected in
each of the 46 bins of the UVCS slit, Iy ,,(¢;, 1), with ¢; ranging from ¢; = 170.5° to ¢4 = 212.5°,
counterclockwise from the North pole and 7 = 0, ..., (N — 1)ét. The long uninterrupted time series and
the short sampling time 6¢ = 2 min allow the investigation of a broad range of periods ranging from
the smallest resolvable one Ty s = 2 - §t = 4 min, the Nyquist-Shannon period, up to (N —1)dt = 77 h.

The removal from each Ij,,(¢;,t) data-set of the low-frequency power associated with the
CME structure, is performed by applying a high-pass band filter, in order to allow the detection
of high-frequency fluctuations in the interaction region. The high-pass filter removes, in addition,
the frequency contribution due to solar rotation and the large-scale background fluctuations,
exhibiting a f~2 power law, observed at the poles with UVCS [23,24]. A similar approach has been
used, for instance, by Dolla et al. [25] when studying quasi-periodic pulsations during the impulsive
phase of solar flares. For each I7,,(¢;, t) intensity series the width of the filter window varies along the
time axis: a narrower window is applied when the signal evolves more rapidly (i.e., during the passage
of the CME front), whilst a broader window is chosen when the intensity is varying more slowly
(i.e., during the relaxation time of the coronal plasma after the CME transit). In this way, the overall
trend of the CME signal is accurately removed in each pixel. Moreover, since the window width is not
the same for a given time series, the introduction of spurious frequencies associated with the choice of
the width is avoided. In Figure 3, the HI Ly« intensity detected in pixel 34 of the UVCS slit, at 201°,
is shown, as an example, before (black curve) and after (red curve) the filtering process; as expected,
the overall CME signal has been removed in the resulting filtered data-set /, Lya($34 = 201°,1).

Given a wavelet function, Wy(7), depending on a non-dimensional ‘time’ parameter n, with zero
mean and localized both in time and frequency space, the continuous wavelet transform of the discrete
time series 7, Lya(®i, 1) is defined as the convolution of I Lya(i,t) with a scaled and translated version of

Yo(n) [26]:

1 VR ot t—t
Wdirt,s) = Z;) Tiya@it)( %) ¥5(—), (1)

where the asterisk indicates the complex conjugate and Wy(7) is normalized to have unit energy.
By varying the wavelet scale s and by translating the wavelet function ¥(57) in the time domain, it is
possible to quantify the amplitude of any oscillatory features as a function of both the spatial scale and
time. It is worth noting that the wavelet scale s does not necessarily correspond to the Fourier period, 7,
because of the functional form of the wavelet function. The relationship between the equivalent Fourier
period and the wavelet scale is derived analytically for a particular wavelet function by substituting a
cosine wave of a known frequency v = 7~! into Equation (1) and computing the scale s at which the
wavelet power spectrum peaks.

The wavelet function Wy(n) that is best suited to the data depends on the aim of the study.
The choice of the wavelet function depends on several factors: its shape and width, and whether
it is complex or real valued. Complex wavelets, as the Paul and Morlet functions, are the ideal
candidates for this study, since they yield complex wavelet transforms that can be divided into
amplitude [W(¢;, ¢, s)| and phase tan~ [IW(e;, 1, 5)/ RW(e;,t,5)], thus allowing the evaluation of power
and degree of coherence of any oscillatory features. Moreover, being damping cosine wavelets, the Paul
and Morlet functions are suitable to be applied to smoothly varying time series, such as the HI Lya
intensity I7yq(¢;,1). The width of the wavelet function, namely the e-folding time of the its amplitude,
is correlated to the resolution of the wavelet itself: a narrow function in time, as the Paul wavelet,
has good time resolution but poor frequency resolution, whilst a broader function, as the Morlet
wavelet, has good frequency resolution at the expenses of the time resolution. Since the main aim of
this study is to ascertain the existence and identify the time of occurrence of quasi-periodic oscillations
associated with the propagation of the CME in the ambient coronal plasma, rather than high resolution
of the various periods involved in the process, the Paul wavelet function, which has a better capability
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(with respect to the Morlet) of detecting the time occurrence of a given periodicity, has been used
throughout the analysis shown in this paper. The Paul wavelet function is given by:
2"MiMm!

m(2m)!

o) = (1 —in)y", )

where m = 4 is the order of the wavelet. The width is s/V2 and the wavelet scale s is related to the
Fourier period 7 by the expression 7 = ziﬁrl s =14s.

Figure 3b shows as an example the wavelet amplitude spectrum, |W(¢3s = 201°,¢,s)|, for the
filtered data-set 1 yq(¢34 = 201°,1) (red curve of Figure 3a). The ordinate represents the Fourier period 7,
to which the scales s have been converted, the abscissa corresponds to the time of observation. The thick
contour lines correspond to the 95% confidence level determined on the basis of a null hypothesis.
That is, in the hypothesis that I1yq(¢;, ) is white noise, thus normally distributed, the wavelet
amplitude spectrum |[W(¢;, , s)| of I1yq(¢:, 1) would be )(12 distributed. The 95% confidence contour
lines are then determined by multiplying the background spectrum by the 95th percentile value of 7.
Thus the thick contours shown in Figure 3b delimit regions where the wavelet amplitude spectrum is
significant. The results are valid above the cross-hatched area in Figure 3b, which represents the Cone
Of Influence (COI), where the edge effects, due to finite-length of the time series, are significant in the
spectrum. The shorter period features above the boundary of the COI are truly due to non-stationary
periodic signals present in the data-set.

The wavelet analysis clearly reveals the existence of significant intensity fluctuations with
enhanced amplitude and periodicity within 0.5-1 h, above the cross-hatched region, confined in
a limited time interval between 14:42 UT and 15:30 UT during the CME event detected on 24 December
2006 (Figure 3b). This fluctuation is just in coincidence with the first sharp peak of the HI Lya emission
(black curve of Figure 3a). It is excluded that the identified feature is artificially introduced by the
wavelet transform itself in presence of the abrupt jump at 15:14 UT, since this has been removed
during the filtering process (red curve in Figure 3a). Hence, a real non-stationary oscillatory signal,
significant at the 95% level, is found in correspondence to the transit of the CME front across the UVCS
field of view.

In order to single out the most significant feature occurring at the time of the first peak in the HI
Lya intensity, the amplitude spectrum is averaged over the interval from #; =14:42 UT to #, =15:30 UT
on 24 December 2006 (Figure 3c).

2
Y W@t ©

t=t1

(W(gi, )| =

5]

This quantity, which approximates the results obtained with the Fourier spectrum of the
I Lya($3a = 201°, 11 <t < 1p) series [27], clearly shows where the signal is above the 95% confidence
level (dotted red line in Figure 3c), thus confirming that non-stationary oscillations with higher
amplitude are found in the ~0.5-1 h periodicity band.

Furthermore, in order to examine how the observed non-stationary fluctuations evolve during
the CME, the average wavelet amplitude can be defined as the weighted sum of the spectrum over all
periodicities between 0.5 and 1 h (Figure 3d):

8jot & Wi, 1, 5))l

Cs “ S !
o j=h J

(W(gi, )| = (4)

where 6 = 0.125 is the spacing between the discrete scales defined in the present analysis as fractional
powers of two, s; = 502/ (s is the Nyquist-Shannon scale), and Cs = 1.132 is the reconstruction factor
for the Paul wavelet function.
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The presence of significant fluctuations is evident at the time of the first peak in the HI
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Ly«

intensity. Therefore all analysis approaches illustrated in Figure 3b—d confirm that a significant
non-stationary oscillatory signal exists over periodicities of 0.5-1 h in the interval from 14:42 UT to
15:30 UT on 24 December 2006.
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Figure 3. (a) HI Lye intensity detected in pixel 34 of the UVCS slit, i.e., at 201° counterclockwise
from the North pole, I7 yq (¢34 = 201°,¢) (black curve); the time series used for the wavelet analysis,
I Lya(¢3s = 201°,¢) (red curve), has been obtained by filtering out any trend of the CME signal due
to the CME transit, from I7y,(¢34 = 201°,¢). (b) Wavelet amplitude spectrum of the filtered time
series 1, Lya(¢3s = 201°,1) (a), using the Paul wavelet function; the left axis is the Fourier period (h);
the bottom axis is time; the cross-hatched area marks the Cone Of Influence (COI) where edge effects
become important; the thick dashed contours surround areas of statistical confidence larger than 95%.
(c) Wavelet amplitude spectrum (b) averaged over the time interval from #; =14:42 UT to £, =15:30
UT, [W(¢34 = 201°,5)|; the dotted red line is the 95% statistical confidence for a white-noise process.
(d) Average of the wavelet amplitude (b) over the 0.5-1 h periodicity band, [W(psq = 201°,1)|; the dotted
red line is the 95% confidence level.
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3.2. Amplitude Hovmoller

The average wavelet amplitudes, |W(g:,1)] (Equation (4)), calculated at each heliographic latitude
¢;, are combined into a two-dimensional contour plot, the Hovmdller plot, illustrating the dependence
of the fluctuation amplitude on heliolatitude in the range from 170.5° to 212.5° and its evolution
on time during the event. As shown by the Hovméller plot, the wavelet amplitude of the HI Ly«
intensity, averaged over the periodicity band of 0.5-1 h, peaks at latitudes ranging from 200° to 207°,
although significant non-stationary oscillations are present along the entire FOV of UVCS, from 170.5°
to 212.5° (Figure 4a). In the figure, the x-axis represents the latitude range covered by the UVCS field
of view and the y-axis the time of observation.
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Figure 4. (a) Hovmoéller amplitude diagram of the wavelet amplitude of the HI Ly« intensity average
over the periodicity band of 0.5-1 h, (W(g;,1)| (Equation (4)) at each latitude; the left axis is time;
the bottom axis is heliographic latitude; the thick dashed contour is the 95% confidence level, using the
corresponding white-noise background spectrum at each latitude. (b) Average of (a) over all latitudes;
the blue dashed line indicates the time (15:14 UT) of the first peak in the HI Ly« intensity. (c) Average
of (a) over the time interval from 7; =14:42 UT to t, =15:30 UT on 24 December 2006, filtered out with a
6-point running average to remove the latitude dependence at large scales; the red curve is the Fourier
reconstruction of the time series obtained with the dominant spatial mode inferred from the Fourier
power spectrum of (c). (d) Fourier power spectrum of (c): the dominant spatial scale of 0.12 Rg is
indicated by a red dashed line.

The zonal average of the Hovmoller amplitude shows that the oscillations in the entire latitude

range covered by the UVCS slit, [W(r)|, peaks in coincidence with the first enhancement in the HI Lya
intensity at 15:14 UT at the passage of the CME front (Figure 4b).

In order to investigate whether the oscillatory phenomena show a spatial structure, a Fast Fourier
Transform (FFT) has been applied to the average of the Hovméller amplitude over the time interval
from 1, =14:42 UT to , =15:30 UT, [W(¢)|, when the oscillations are enhanced. As in the temporal

analysis, large-scale trends are filtered out. The effect on [W(¢)|, due to the large-scale structure of the
HI Lya emission (dashed line in Figure 2c), is removed by means of a 6-point moving average filter,
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to highlight fluctuations at smaller scales. The filtered time-average of the Hovmoller amplitude is
shown as a black curve in Figure 4c as a function of latitude.

Evidence for the existence of a spatial periodicity in the oscillations observed in the latitude
range where the CME is detected with UVCS, is given by a Fourier analysis. The power spectrum

of the filtered latitudinal distribution of amplitude, [W(¢)|, (Figure 4d) shows a single peak at a
spatial periodicity of about 0.12 Re. The error bar represents the 95% confidence level, derived from
a 2 degree of freedom y? distribution [28]. The power of the peak at 0.12 Ry, is largely exceeding
the background-level of 10'2 ph? cm™ s72 sr™? and the error bar. The red curve in Figure 4d shows

the Fourier reconstruction of the filtered |W(¢)| spatial series, obtained by deconvolving the power
spectrum on the basis of the most significant spatial periodicity, i.e., 0.12 Re. As clearly shown in the
figure, the reconstructed spatial series reproduces fairly well the original one, thus confirming the
presence of a spatial periodicity of the amplitudes of the non-stationary oscillations.

3.3. Wawvelet Coherence

The oscillatory phenomena observed along the slit are also tested for coherence by means
of a wavelet coherence analysis. Given two time series at neighboring pixels, [ Lya(¢i, 1) and
T Lya($i+1, 1), with wavelet transforms W(¢;, ¢, s) and W(¢;.1,1, s), the wavelet coherence C(¢;¢;+1,1, 5)
of the two data-sets is defined as the square of the cross-wavelet power spectrum normalized by the
individual spectra

(W(idis1,1,5)

(W (i, t, )PIW (Sis1,t, )2

C(¢igis1, 1, 5) = 5)

where
W(¢i¢i+1rt/s) = W(¢i,t,S)W*(¢i+1,f,S) (6)

is the cross-wavelet spectrum of the two time series, with the asterisk indicating the complex
conjugate. Equation (5) expresses the cross-correlation between the two time series as a function
of time and frequency.

The average of C(¢;¢;+1,1,s) over all periodicities between 0.5 and 1 h, C(¢idisi, 1), yields the
degree of coherence between adjacent oscillation patterns in the 0.5-1 h band and its temporal evolution.
Figure 5a shows the diagram of the degree of coherence, or coherence index, in time and latitude.
The abscissa represents the latitude between 170.5° and 212.5°, the ordinate the time of the observation.
The thick dashed contour line in Figure 5a is the 95% confidence level; values lying above it, have,
at most, a 5% likelihood of being due to white noise [20]. The zonal and temporal averages of the
coherence index provide information on the temporal evolution and spatial distribution of the most
significant coherent features (Figure 5b,c).

The quasi periodic oscillations observed in the range between 0.5 and 1 h show a high degree of
coherence (~0.8) along the entire observed region (Figure 5a,c), with a peak in correspondence to the
first peak of the Ly« intensity (blue dashed line in Figure 5b).

On the basis of the results achieved by means of the wavelet analysis, significant non-stationary
oscillations with periods between 0.5 and 1 h are found in the solar corona at an average heliodistance
of 1.87 R, in the latitude range from 170.5° to 212.5°, during the interval from 14:42 UT to 15:30 UT
on 24 December 2006 when a coronal mass ejection crosses the UVCS field of view. The oscillations
are highly coherent in the observed region, furthermore, they exhibit a significant spatial periodicity
at ~0.12 Re.
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Figure 5. (a) Time-latitude diagram of the degree of coherence of the non-stationary oscillations with
periods of 0.5-1 h along the UVCS slit; the left axis is time; the bottom axis is heliographic latitude;
the thick dashed contour is the 95% confidence level. (b) Average of (a) over all latitudes; the blue

dashed line indicates the time (15:14 UT) of the first peak in the HI Ly intensity. (c) Average of (a)
over the time interval from 71 =14:42 UT to t, =15:30 UT on 24 December 2006.

4. Discussion

The HI Ly« intensity oscillations found in the analysis can be ascribed to oscillations of the
density of the emitting coronal plasma. The HI Ly« line is produced by resonance scattering of
the chromospheric Lya emission from the neutral hydrogen in the corona, and its intensity I, is
related to the electron density n. and the outflow velocity of the coronal plasma v,,; via Doppler
dimming effect, see [29], Irya = f(fe, Vour). However, the intensity of the Lya line is about 3 times
more sensitive to temporal variations of the electron density An, than to those of the outflow velocity
Avous, ie., Alrya = f(An.). Hence the oscillations of the Lye emission revealed by the wavelet analysis
can be predominantly associated with plasma density fluctuations see also [23,29].

The results of the periodicity analysis presented in § 3, clearly indicate that the non-stationary
oscillations of the plasma density are associated with the passage of the CME front in the observed
coronal region. When crossing the ambient corona the CME induces in the ambient plasma strong
density oscillations with periodicities within 0.5 and 1 h, with amplitudes significantly above the
background level, given by the white-noise oscillations of the quiet coronal plasma. Possible effects due
the transit of the CME core are instead not distinguishable from the background density oscillations
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(Figure 3d). This difference in the effects produced by the front and the core of the CME is clearly
illustrated in the Hovmoéller amplitude plot (Figure 4a).

The excitation of non-stationary oscillations imply that the CME at its front transfers energy and
momentum to the ambient plasma and drives the generation of plasma oscillations, detectable in the
UV spectrum as intensity fluctuations of the HI Ly« line. These oscillations are non-stationary with a
lifetime of about 1-2 h (Figure 4b), consistent with the time of transit of the CME front across the UVCS
slit. This fact suggests a confinement of the plasma oscillations at the moving front thus explaining
the non-stationary nature of the oscillations. The process generating the non-stationary oscillations
depends on the plasma properties along the front itself, since the oscillation amplitude is enhanced
when the local density is higher (Figures 2c and 4c).

The oscillations exhibit a well defined periodic structure along the front, as shown by the Fourier
analysis performed on the spatial distribution of the amplitude of the density fluctuations (Figure 4d).
The scale of the spatial periodicity is about 0.12 Rg = 84 Mm.

Finally, the results of the coherence analysis (§ 3.3) reveal that the plasma oscillations driven by the
transit of the front are coherent in phase at a high degree. That is, the plasma density is oscillating with
the same phase along the interaction region between the front of the CME and the quiet solar corona
(Figure 5a). These observations point to a magnetohydrodynamic process able to generate compressive
structures characterized by the same phase. The degree of coherence of the plasma fluctuations is
approximately constant (~0.8) along the front of the CME (Figure 5c). This implies that the oscillations
are generated simultaneously by the same mechanism along the front of the mass ejection.

To summarize, the front of the CME in its interaction with the unperturbed solar corona induces
the formation of coherent non-stationary density oscillations, which are generated all along the front,
with a significant temporal and spatial periodicity of about 0.5-1 h and 84 Mm = 0.12 R, respectively.

5. Interpretation

The properties of the density oscillations induced in the ambient solar corona by the transit of the
CME, suggest that this phenomenon can be ascribed to the onset of the magnetic Rayleigh-Taylor (RT)
instability. Indeed, the oscillations (i) originate where the front, heavier than the ambient, is decelerating
into the less dense coronal plasma, (ii) are characterized by both temporal and spatial periodic pattern,
and (iii) show a high degree of phase coherence.

The RT instability, one of the most important processes in astrophysical plasma, due to the
interpenetration of materials, arises at the boundary layer separating a light fluid pushing on a heavier
one. In this dynamic process the two fluids tend to reduce their combined potential energy. This density
stratification-driven instability leads to the formation of coherent density structures, in form of fingers
of lighter fluid penetrating the heavier fluid, known as ‘bubbles’, and 'spikes’ of heavier fluid moving
into the lighter fluid. The initial perturbation grows exponentially in time with a characteristic rate,
which is function of the plasma properties and the physical conditions present at the discontinuity layer.
In this early linear stage, the interfacial oscillations are of a single dominant wavelength. With time,
the bubbles and spikes, which are initially distinct, evolve by growing, splitting, merging and rolling
up into vortices which are due to the onset of secondary Kelvin-Helmholtz instabilities. In this second
nonlinear stage, the plasma instabilities include a superposition of many modes (i.e., a spectrum).
The interactions between modes result in a turbulent flow, characterized by a high level of mixing
between the fluids and self-similarity.

The magnetic RT instability is known to be an important driver behind many observed
astrophysical phenomena, such as the accretion onto magnetized compact objects e.g., [30],
the generation of buoyant bubbles by radio jets in cluster of galaxies e.g., [31], and the formation of
filamentary structures by pulsar winds sweeping up stellar ejecta in supernova remnants e.g., [32].
In solar physics, the magnetic RT instability is expected to be important in the emergence of magnetic
flux from the solar interior and the formation of flux tubes [33], and in dark upflows propagating from
underdense bubbles through quiescent prominences [34]. Recently, the RT instability has been invoked
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to explain the morphological and dynamic structure of plasma blobs falling back toward the solar
surface, after the filament eruption of 7 June 2011 [35,36]

Statistical studies demonstrate that CMEs first undergo a strong acceleration phase in the lower
corona, often followed by a slow deceleration during the propagation phase in the intermediate-outer
corona, and that the relative duration of these two phases is strictly related to the duration of the flare
when associated with the event [37-41]. The deceleration phase is related to the interaction between
the ambient corona and the CME, resulting in an effective drag slowing the CME down to the speed of
the local solar wind [42]. Hence, the conditions are such that the RT instability can indeed be excited at
the CME front in two different locations, depending on the dynamics of the CME, as schematically
shown in Figure 6. If the CME is in the acceleration phase (left panel of Figure 6) the lighter plasma in
the CME cavity (likely the upper limit of the CME flux rope) is pushing the overlying denser plasma
of the CME front, thus constituting a RT-unstable situation: RT plasma instabilities will be generated
at the interface between the cavity and the front. Alternatively, if the CME is in the deceleration phase,
as the 24 December 2006 event when crossing the observed FOV (Figure 1f), the denser plasma of
the CME front is slowing down into the lighter plasma of the external corona overlying the CME
(right panel of Figure 6). The interface between the front and the surrounding ambient corona is thus
RT-unstable and the existence of the typical RT coherent fingers-shaped features can be inferred from
the observations of coherent oscillations of the plasma density.

Acceleration phase Deceleration phase

Afront >0

CME void

(@) (b)
Figure 6. Two possible locations for the generation of RT plasma instabilities at the CME front during
the acceleration (a) and the deceleration (b) phases (see text).

The morphology exhibited by the CME during its evolution, as displayed in the LASCO C2
white-light wavelet-filtered images of Figure 7, provides further clues to the likely onset of the
magnetic RT instability at the CME front. Due to the low spatial resolution of the coronagraph (11.9”
per pixel) it is difficult to distinguish, along the CME front, the filamentary features specific to the
RT instability. Nevertheless, the trailing edge of the CME does not appear as the typical straight
arch-shaped front, rather it seems uneven and characterized by corrugations, which dynamically
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develop during the CME expansion into ripple-shaped structures, leading to a more and more jagged
front. It is however worth noting that at these heights, the magnetic RT instability is likely to be
observed in its second nonlinear phase, when turbulent motions begin to develop along the CME
interaction region, thus lacking of evident finger-shaped structures, broadening the interface and
reducing the magnitude of the shear (Figure 7). On the other hand, at the lower heliocentric distances
of the UVCS slit position (below the FOV of LASCO C2), the magnetic RT instability is still in its early
linear phase (as inferred in the following on the basis of the spectral characteristics of the density
fluctuations detected with UVCS): this would explain, having in mind also the different morphology
exhibited by the RT instability in white light (which depends only on the plasma density) and UV
(which depends also on the temperature and outflow velocity of the plasma), why UVCS is able to
clearly resolve the spatial and temporal oscillations associated to the RT instability, in spite of the even
lower resolution of UVCS with respect to LASCO.

Figure 7. White light corona snapshots (wavelet filtered) acquired by LASCO C2 at 15:54, 16:06 and
16:30 UT on 24 December 2006, showing the evolution of the jagged and uneven front of the CME;
the solar disk and the UVCS slit are also plotted.

It turns out that the strong and coherent density fluctuations observed along the CME front
in the event under study can be interpreted as evidence for the presence RT instability in the outer
solar corona. This interpretation is supported by a magnetohydrodynamic linear analysis of the RT
instability, as discussed below.

The physical properties of this instability are well known. The growth rate (y) of the magnetic RT
instability is

» .o (A B%cos’d

vk g(k 2ﬂ(p++p-)g)’ @
where B is the magnetic field strength, k is the wavenumber of the perturbation, 6 is the angle between
B and the interface, g is the effective gravitational acceleration at the density discontinuity, and A is the
Atwood number, where A = (p; — p-)/(p+ + p-) with p, the density of the heavier plasma and p- the
density of the lighter plasma [43]. For a magnetic field perpendicular to the interface (i.e., parallel to
gravity and the density gradient in the system), Equation (7) shows that B has no effect on the RT
instability, which develops as in the purely hydrodynamic case. However, for a horizontal magnetic
field (as expected at the density discontinuity separating the CME front and the surrounding solar
corona), the magnetic tension force modifies the growth rate of the RT instability, thus regulating its
evolution in the linear phase, until the RT instability can be completely suppressed.

In order to compare the physical characteristics of the plasma density oscillations observed
along the CME front with the predictions of the linear stability analysis, the parameters involved in
Equation (7) are estimated as follows.

The growth rate of the plasma density oscillations observed along the CME front is estimated to
be of the order of 1 h™! on the basis of the following considerations. The existence of a unique peak in
the wavelet spectrum during the transit of the CME front (Figure 3c), indicates density fluctuations
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of a single wavelength. This implies that the RT instability is still developing in its linear phase.
The lifetime of the plasma oscillations of about one hour (Figure 4b) has to be of the order of the
linear characteristic timescale (y~!) of the RT plasma instability. As a matter of fact, if the timescale
y~! were much smaller than the lifetime of the oscillations, which in our study is an observational
parameter, the RT structures would have already decayed into a turbulent mixed flow during the
front transit time. Hence, the global wavelet spectrum would not exhibit a unique periodicity, but a
continuous spectrum of modes. On the other hand, if the linear characteristic timescale y~! were
much larger than the oscillation lifetime, the plasma instability would not be well-developed yet,
thus the density fluctuations due to the RT instability would be indistinguishable from the background
noise. In addition, also the width of the peak observed in the global wavelet spectrum (Figure 3c)
can provide further information on the instability growth rate. The power spectrum of a sinusoidal
perturbation, 5(r) = noe’®!, is characterized by a sharp peak at the frequency v = 2, but if the
amplitude of the sinusoidal perturbation grows exponentially with a rate y, () = noe?’ ', the peak at
the frequency v in the power spectrum becomes wider and wider as the linear formation timescale y~!
grows. The width of the peak in the observed global wavelet spectrum is consistent with a formation
timescale ranging from 0.5 h up to 1.5 h. These values indeed agree with the observed lifetime of the
plasma oscillations (Figure 4b), thus this is an estimate of the linear characteristic timescale of the RT
instabilities, i.e., y' ~ 1 h.

The plasma densities of the heavier CME front, p.., and of the overlying more rarefied unperturbed
solar corona, p_, where the CME is expanding, can be derived from the intensity of the HI Ly« 1216 A
line, measured before and during the transit of the CME front (Icorona = 2.8 X 101 ph em™2 571 sr™!
and ¢,onr = 1.0 x 101° ph cm™2 57! sr7?, respectively). The HI Ly emission is due to the scattering of
chromospheric photons by hydrogen atoms in the corona, thus the intensity is given by the relation:

1
mf—mmd’/wmﬂmmn ®)
4n Los Ja

where b is the branching ratio for radiative de-excitation, vy is the reference frequency, By, is the
Einstein coefficient for absorption [44], ny is the number density of the hydrogen atoms and

+00
FO) = [ el 0+ 80, m0 = )b, ©
represents the Doppler dimming introduced by the radial expansion of the coronal plasma [45,46],
where L..(vo + 6v,n) is the intensity of the exciting spectrum, emitted from the lower atmosphere
along the direction of the incident radiation n. The frequency (vp + 6v) at which the absorption occurs,
depends on the velocity v, of the absorbing ions along the direction of the incident radiation and the
quantity 6v = v(v - n)/c is the Doppler shift of the exciting radiation in the frame of reference of the
scattering ion. The distribution function of the velocity of the absorbing ions along the direction n,
Sfa(vy —wy), is assumed to be Maxwellian. The vector w represents the mean velocity of the coronal
ions in the point of scattering, which corresponds to the velocity of the expansion of the solar corona.
The projection of this vector along the direction of the incident radiation is given by w, = w-n.
The function p(¢) takes into account the geometry of the scattering process [46], ¢ is the angle between
n and the LOS, dw is the infinitesimal solid angle around n, and Q is the solid angle subtended by the
solar disk at the point of scattering.

During the solar activity minimum, the speed of the outflowing plasma in a polar coronal hole at
the UVCS position is of the order of veorona ~ 190 km g1 e.g., [29]. The expansion speed of the CME
front when crossing the UVCS slit, inferred from the height-time plot of Figure 1f, is v¢,on: ~ 268 km st
(Figure 1f). At the poles the most significant contribution to the HI Ly« line intensity is given by
the emission near the plane of the sky, because of the rapid decrease of density with increasing
heliocentric distance. Hence, Iy, = ﬁbhvoBunH fQ p(@)F(wy)dw. Since, to a first approximation,
the CME front and the quiet coronal hole can be assumed to have comparable temperatures and
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elemental compositions (so that the mass densities, p, and p_, are related to the corresponding number
densities, n, and n_, by the same multiplicative factor), the Atwood number A can be expressed as

tront] Jo P)F(Vprons)dw = - - -
Lront] fo P@)F (Vprons)de + - - -
~ILeoronal Jo P(#)F (Veorona)dw
+leoronal Joy P(#)F (Veorona)dw

A~
(10)

~3.45x%x1072.

It is worth noting that the Atwood number is very low, indicating that the CME front and the
surrounding corona have similar densities.

The mass density of the lighter surrounding corona p_ for a fully ionized plasma with 10% helium
is p = 1.18 mpn, = 4.1x 107 g cm=3, where m,, is the proton mass and n, ~ 2.1 x 10° cm 3 is the typical
electron number densities measured in polar coronal holes at the height of the UVCS slit e.g., [29].

During the transit across the FOV, the CME is slowing down with an almost constant deceleration,
~—39 m s72 (Figure 1f), which corresponds to the effective gravitational acceleration undergone by the
denser plasma of the CME front, g ~ 39 m s~2.

In order to validate the RT linear theory for the plasma perturbations observed at the CME
front, an estimate of the strength of the magnetic field when perturbed by the transit of the CME, B,
would be needed. There exists a growing literature on measurements of CME magnetic fields in the
solar corona e.g., [47-56]. Despite the quite large variability of B estimations, due to the analysis of
different events with different techniques (e.g., Faraday-rotation or moving type IV bursts observations,
conservation principle of magnetic helicity, determination by means of shock properties), it can be
however confidently stated that the magnetic field strength B associated to the trailing edge of a CME
is less than 1 G when detected at a heliocentric distance of about 2 Re,.

It turns out that the ratio between the first and the second term of Equation (7), which represents
the imbalance between the hydrodynamic force and the magnetic tension, is

A 2n(ps +p)g _ AL (p+ +p-)g

k B2 cos? 6 B2 cos? 6

10 AA(p+ + p-)g
2x10842p_g ~ 10,

(11)

\%

\

having in mind that p, > p_, B <1G =10"* T and cos? § < 1, and where the perturbation wavelength
A =21 /k has been assumed equal to the spatial periodicity (84 Mm) exhibited by the non-stationary
density oscillations observed with UVCS along the boundary layer separating the CME expanding
into the solar corona (Section 3.2) and interpreted as due to the magnetic Rayleigh-Taylor instability.

Since the second term of Equation (7) is at least ten times lower than the first one even in the case
of a magnetic field with a significant component parallel to the interface, the magnetic tension can be
considered negligible with respect to the hydrodynamic force. It follows that the growth rate of the
magnetic RT instability can be approximated to y? = kgA, expression valid in the hydrodynamic case.

On the basis of the parameters of the instability derived from this observational study, for a
RT perturbation growing exponentially with a rate y ~ 1 h™!, at the interface of two fluids with
A ~ 3.45 x 1072 and under the influence of a constant acceleration g ~ 39 m s~2, the linear theory
predicts a unique instability wavelength A = 27/k = 2rgAy™2 ~ 110 Mm = 0.16 Re. This value is
consistent with the observed dominant spatial scale of about 84 Mm = 0.12 R, of the plasma oscillations
(Figure 4c,d), therefore this is an indication for the existence of the Rayleigh-Taylor instability generated
by the transit in a quiet coronal hole of a decelerating, denser CME front. This result can be considered
as the first indirect evidence of the presence of the magnetic Rayleigh-Taylor instability in the low-8
plasma of the outer solar corona.
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6. Conclusions

This paper reports the first detection of a Rayleigh-Taylor instability in the outer solar corona, due
to the transit, in a quiet southward polar coronal hole, of the front of the coronal mass ejection observed
in UV on 24 December 2006. This instability is expected to be a very rare phenomenon, difficult to
detect since, in order for the RT instability to be triggered, it is required that a CME is slowing down
in a coronal plasma having a similar density of the CME front, two really restrictive conditions that
makes the observation of the RT instability at the front of CMEs extremely difficult. The CME analyzed
in this paper fulfills both requirements, allowing the investigation of the RT instability at the interface
separating the CME front and the surrounding corona, by means of spectral analyses. The RT coherent
oscillations develop on timescales of about one hour all along the front although their amplitude is
enhanced where the density of the front is higher. They are characterized by a dominant temporal and
spatial periodicity of ~0.5-1 h and ~84 Mm = 0.12 R, respectively. The growth rate (y ~ 1 h™!) and
the physical parameters (A ~ 3.45x 1072, g ~ 39 m s72, 1 = 2x/k = 84 Mm) of the RT instability are
consistent with the values expected in the linear phase of the instability evolution.

Application of the wavelet analysis technique to UVCS observations of coronal mass ejections
might lead to significant progress toward a full description and characterization of the interaction
between the CMEs and the solar corona. This approach might also allow the assessment of still
unknown physical quantities, by measuring the amplitude and the properties of the RT plasma
perturbations induced by the transit of the CME front. As an example, the unknown strength of the
coronal magnetic field perturbed by the passage of the magnetized plasma carried out by the CME,
can be constrained on the basis of the linear analysis of the RT instability. The growth rate definition
by linear stability theory given in Equation (7) implies that the quantity within parentheses must be
positive. It turns out that for the idealized case of two inviscid, perfectly conducting fluids separated by
a contact discontinuity with an uniform magnetic field B parallel to the interface undergoing constant
acceleration g, the linear analysis demonstrates that for modes parallel to the magnetic field there
exists a critical magnetic field B, = [2n(p, — p-)Ag/ k]2, above which the RT instability is completely
suppressed. The observational evidence for RT plasma instabilities along the front of the CME implies
that B < B. < 3 G, thus allowing the estimation of an upper limit for the strength of the coronal
magnetic field perturbed by the transit of a coronal mass ejection.

The investigation of the plasma oscillations due to the RT instability driven by the CME expansion
might also provide information on the energetics of the CME. As a matter of fact, during the nonlinear
phase of the instability, the RT fingers are unstable to secondary Kelvin-Helmholtz (KH) instability,
because of the differential shearing motion across the interface between the penetrating material
associated to the RT structures and the unperturbed solar corona ahead the front of the CME. At a
later stage of evolution relative to the one observed in this study, this flow-driven instability leads
to the formation of large, coherent vortices between the fluids due to the roll-up of the shear flow.
Since the magnetic field lines are frozen into the fluid, they are stretched by the vortical motions into
an anti-parallel geometry. As the magnetic field lines are folded and twisted by the vortical fluid
motion, kinetic energy of the KH vortices is transferred to magnetic energy. This process continues
until the wrapped magnetic field lines begin to reconnect, thus dissipating magnetic into thermal
energy e.g., [57,58], leading to significant heating of the CME plasma. Thus, the coupling of the RT
and KH instabilities in the nonlinear stage might play a key role, among the other candidate physical
mechanisms [59], in the heating of the coronal plasma carried out by CMEs.

In this respect, it would be very interesting to investigate the nonlinear temporal (and spatial)
evolution of the RT instability during the expansion of the CME, by using an extensive set of UVCS
CME-data at different heights. In fact, at larger distances the RT plasma structures should evolve
towards a turbulent and mixed flow, and both the height of the interacting, say mixing, region between
the two fluids and the properties of the RT instability (such as the mode composition, the growth rate
and the self-similarity) should evolve in accordance with the nonlinear theory [60]. This experimental
result would represent a further evidence for the presence of RT instabilities along the front of coronal
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mass ejections and might also drive to constrain some observationally unknown parameters, such
as the viscous and diffusion scales, and the surface tension, which controls the evolution of the RT
instability [61]. However, this is devoted to a future work.
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