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Abstract Prominence plumes are evacuated upflows that emerge frobidsutelow prominences, whose
formation mechanism is still unclear. Here we present alddtatudy of plumes in a quiescent prominence
using the high-resolution &l filtergrams at the line center as well as line wingﬂﬂmﬁx from the New
Vacuum Solar Telescope. Enhancements of brightening dhlifies, and turbulence at the fronts of plumes
are found during their formation. Some large plumes splthatr heads and finger-shaped structures are
formed between them. Blue-shifted flows along the bubbterinence interface are found before and
during the plume formation. Our observations are consistéth the hypothesis that prominence plumes
are related to coupled Kelvin-Helmholtz and Rayleigh-dayKH/RT) instabilities. Plume splittings and
fingers are evidence of RT instability, and the flows may iaseethe growth rate of KH/RT instabilities.
However, the significant turbulence at plume fronts may ssgthat the RT instability is triggered by
the plumes penetrating into the prominence. In this scenexira mechanisms are necessary to drive the
plumes.
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1 INTRODUCTION filtergrams than prominences. A prominence bubble gener-

ally has a semi-circular shape and the bubble-prominence
Solar prominences are cool and dense structures suspendet¢rface is brighter than the ambient prominence. The
in the hot and tenuous coron¥iél & Engvold 2015. interface is sometimes arched upwards and a rising plume
When prominences are observed at the solar limbis formed Berger et al. 2008 Plumes have the maximum
they are bright in chromospheric (+# Ca Il bands, speed o20—30kms~"with turbulentflows Berger et al.
imaging the prominence core) and transition region linef01Q Awasthi & Liu 2019. After the disappearance
(He 11 304 A, Fe VIIl 1314, Fe IX 171 A, imaging the ~ of plumes, prominences almost return to their initial
prominence-corona transition region (PCTR)), but darkstates, until another occurrence of plumes. Plumes occur
in some extreme ultraviolet (EUV) filtergrams due to intermittently without clear spatial or temporal regutgri
continuum photoionizationL@brosse et al. 200 With ~ (Berger et al. 2010

the development of ground- and space-based telescopes, Both the nature of prominence bubbles and the

high-resolution observations are revealing more dynami?ormation mechanism of plumes are under debate

motions in prominences and filaments. Some authors proposed that prominence bubbles are

Bubble-like cavities are sometimes observed betweeamergent flux ropes Bergeretal. 20101 and suffer
the solar limb and quiescent prominences at high latitudeuoyancy forces Rerger etal. 20082017. By obser-
(Berger etal. 20102011 Dudik etal. 2012 Shen etal. vations and simulations, plumes are explained as the
2015 Lietal. 201§. They are darker when observed atresults of Rayleigh-Taylor (RT) instability due to density
low chromospheric temperature but brighter in some EUMnversion Berger etal. 20102011 Hillier etal. 2011



222-2 J.-C. Xue et al.Prominence Plume Formation

Keppens et al. 2015Xia & Keppens 2015 Berger etal. difference between averag£0.41°% intensities in solar
(2017 found shear flows on bubble boundary and provedjuiet region. The NVST maps are sampled to coalign
in theory that shear flows could increase the growthwith each other and with the AIA93 A maps manually.
rate of the coupled Kelvin-Helmholtz and Rayleigh- Other NVST maps are coaligned using our new code
Taylor (KH/RT) instabilities, hence be conducive to theFourier Local Correlation AlignmenHLCA). FLCA was
plume occurrence. RT instability has been successfuleveloped mainly based on the Fourier Local Correlation
in explaining the plume observationdiflier 2018),  Tracking (FLCT, Fisher & Welsch 2008 It can calculate
except that magnetohydrodynamic (MHD) simulationsthe correlation between two images at each pixel, and
predicted the drop of prominence mass, although theffers a statistical result for image shift. The full-diskaA
observed prominence bodies are relatively stable. OtheSUV maps have a pixel scale 6f6” and a cadence of
proposed that bubbles are bright in EUV images becausk2 seconds. They are processed to level 1.5 before a further
they are empty, which means less absorption off theise. To improve the signal to noise ratio, five AIA images
background emission Dudik etal. 2012 Gunaretal. within 1 minute are averaged.
2014. They included parasitic magnetic bipoles below  To derive Doppler velocity and nonthermal velocity
the force-free models of prominences which results irfrom the NVST Hy observations, we propose a measure-
the arcade structures that are similar to the prominencament method at three wavelength points. The following
bubbles. The authors suspected that plumes are caused diyb-sections will introduce this method, its limitatiomsla
magnetic reconnection at the separators between bubblesmparisons with Gaussian fitting.
and prominences. Such kind of magnetic reconnection
was used to explain the collapse of bubble boundarp.1 Spectral Parameter M easurements Using 3-points
and the following downflow and upflow of prominence Method
knots Shenetal. 2015 However, during the plume .
formation, no observation shows a clear connection changelmon et al.(1982 described the measurement methods
at bubble boundary or bidirectional outflows. Besides©f Doppler velocities and line broadening at two and
Awasthi & Liu (2019 observed rotation-like motions four wavelengths in the same emission line. Taking into
within plumes, and they suspected that it indicates th@ccount the non-negligible errors, we propose a tentative
flux rope configuration of plumes or kink instability in the determination of the three main line parameters at three
prominence. wavelengths, named as 3-points method. We assume that
We observed a quiescent prominence on 201 4he off-disk Hx lines are optically thin and the continua are

November 10 using the New Vacuum Solar Te|escopé1egligible Gouttebroze et al. 1993This assumption is
(NVST, Liuetal. 2013. High spatial resolution and possibly satisfied oved Mm in altitude, where K center
high quality Hx images recorded the formation processeéntensmes are generally higher than the average iniessit

and rich dynamic motions of plumes. We derive DopplerOf 4+0.4 A, which means that the integrated opacity is not

velocity and nonthermal velocity of prominence plasmal@'9€ Gouttebroze et al. 1993ieinzel et al. 20142013.
from the Hu spectral images, which reveal common After subtracting the observed stray light, we assume that

features of plumes that are important in understanding-disk Ha lines have Gaussian profiles
their formation. The data reduction and a 3-points method ()\ ) ) 2]
- ) (1)
w

for spectral parameter measurements are introduced in I = Ioexp

Section2. The observational results are shown in SecBon

The formation mechanisms of prominence plumes argvherel is the intensity at wavelength, I, is the central
discussed in Sectiord, which is followed by the intensity, \p is the central wavelength modified by a

conclusion. Doppler shift, andw is the Gaussian width. With three off-
band Hxy observations, plugging wavelengths — A3 and
2 METHODS corresponding intensitieg — I3 into Equation {) yields

n 72423 In 2423 In 22

The prominence was observed inaHline center Ap = %Afl — 7 LR
6562.8 A and off-band+0.4 A using the NVST. The v the gt Asin g
corresponding EUV images from the Solar Dynamics w? — A?”Oz*?%nﬂi, (2)
Observatory Pesnell etal. 20)2Atmospheric Imaging In 7
Assembly (AIA, Lemen et al. 201Pare available (Figl). Iy = I exp {(%)2} i
The Hy spectral images are taken with spatial resolution
of 0.136” (98 km) per pixel, passband 6f25 A, exposure The Doppler speedp, is derived from
time of 20 ms, and a cadence of around 30 seconds. The A)p Ab — Ao
&

Ho +0.4A maps are multiplied by 1.1 to remove the e VL W 3)
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Fig.1 Overview of the observations. (a) Al204 A map four days before (2018 November 6). (b)-(f) AIA EUV maps
of thoe studied prominence. (g)-(i) NVSTdHmaps. The observation channels and times are noted in eaeh Ppae AIA
171 A map in (c) is processed withia_rfilter.pro to enhance the off-disk emission. Thashed red squarmarks the
field of view (FOV) of (b) and (d)-(f), and thdotted blue squarenarks the FOV of (g)-(i). Maps in (b)-(i) are shown in

logarithmic scale.

wherec is the light speedA)\p is wavelength shift due unknown, we define,; as:

to the Doppler effect, andy = 6562.8 A is the Hv rest
wavelength.

If natural broadening and collisional broadening are

ignored, the Gaussian width is mainly contributed by
thermal, nonthermal and instrumental broadening:

2o\ ?
’LU2 = (?) (vt2 + vl2lt) + w?nstr’ (4)

(6)

2 2T
my ’

cw

Unt = —

t Xo

which actually includes the instrumental broadening. In
Section3.3 we will find that (¢/\o)winstr < 10kms~1.

vne Maps are calculated with the assumption= 9500 K
for all the off-disk structuresGhae etal. 2013 v, is

wherewyy,st, IS the instrumental broadening. The thermalgenerally used to evaluate the plasma turbulence along line

velocity v; is defined as:

2kpT
Uy = ’
V' mu

(5)

of sight (LOS).

2.2 Limitations of the 3-points M ethod

kg, T', andmy are the Boltzmann constant, temperature,The square root of photon number or digital number

and hydrogen mass, respectively. Becausgs:, IS

(DN) is generally treated as intensity error, which assumes
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Fig.2 Errors of spectral parameter measurements and stray kgintaion. (a)-(c) Errors of central wavelength,
Gaussian widthw, and central intensity, versus Doppler shift. Peak intensities of Gaussian profitesset to be
2,000 DN, and profile widths are noted in (a). (d) Deviation of caltettww from assumedy due to overestimation
(negative X-axis values) or underestimation (positivaiga) of stray light. () NVST H center map. Thevhite boxis

the region for stray light estimation. [Black plusesintensities in the white box in (e) distributed along heighove the
solar limb;red curve fitting the pluses using a power labtue line the height above which the spectral parameters are
derived.

that received photons follow a Poisson distribution. Thermeasuredv from the assumed values (noted in the legend
we can derive the errors ofp, w, and Iy using the in the units ofA) versus continuum. Negative continuum
error propagation formula. For example, error)af is  value means that stray light is overestimated, in which
calculated using casew is underestimated, and vice versa. This effect gets
more significant when there is a Doppler shift (dotted
Op\ 2 Op )\ 2 oAb\ 2 blue curve). In this work, the stray light is evaluated at
EXp = (8—11> L+ (8—12> I + <8—I3> I, a clear region beyond the prominence (the white box in
Fig. 2(e)). The stray light is a function of height (plus
Where%ATl? (j = 1,2,3) are derived from Equatiorg). signs !n Fig.2(f)), find its dist-ribution is-fitted by a power
Since wé derive the Gaussian parameters at only thrd@W With a negative power index (solid red curve). The
wavelengths, the measurement errors are sensitive gglculation of spectral parameters is perfo_rmed on bright
Doppler shifts. To evaluate the variation bf,, w, andZ, Ha structures apové.Q Mm from. the solar I!mb ((J!ashed
errors with respect to the Doppler shiffs\p, we set a blue line). In this work, we _est|mate the intensity error
series of Gaussian profiles wifg = 2000 DN andw = from two components: one is the square root of d|g-|tal
0.35,0.5 A according to our observations. With varying number, the pther is .th.e standard deviation of stray light
A, Gaussian profiles anf| — I, are determined, then 2&ftér subtracting the fitting curve.
we can calculate the errors ®f, (using Eq. {)), w, andl.
The results are plotted in Figu&a)-(c). They show that 2.3 Comparison with Gaussian Fitting
all the parameter errors vary gently whén\p < 0.4A
and vary faster beyond it, which is due to the fact that theésaussian fitting is widely used to derive spectral pa-
chosen wavelengths are within4 A. Besides, the wider rameters for emission lines. To test the reliability of the
profile is less segsitive to Doppler shifts than the thinneB-points method, we compared it with Gaussian fitting
one. Note thah.4 A corresponds to a shiftef 18kms™!,  using a set of It spectral data of a prominence observed
andw = 0.35,0.5 A correspond tay,, = 10,19kms™!,  with the Multi-wavelength Spectrometer on the NVST
respectively, whedl” = 9500 K for Ha line. This method (Wang et al. 2018 Figure 3(a) shows the spectral image
does not allow any degree of freedom in measurementyith X-axis wavelength and Y-axis distance in units of
so we cannot evaluate how much the observedliies  pixel. The region between two blue lines is taken to make
deviate from Gaussian profiles. the average H profile as shown in Figur8&(b). Before
The reliability of measured and I, also depends on performing Gaussian parameter measurements on the data,
the estimation of stray light, which is mainly due to the wavelength and stray light calibrations are necessary. The
scattering of solar disk emission by Earth’s atmospheréaint absorption lines on both sides of thexHprofile
and the instrument. Figurg(d) shows the deviation of result from the scattering of solar disk light, by which we
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Fig.3 Comparison of the 3-points method with Gaussian fittingHa)spectral observation of another prominence. (b)
Comparison of spectra between the prominence and solaceigkr. Thesolid blue curven (b) is an average spectrum
between thdlue linesin (a); thered dotted curvés FTS spectrum multiplied by a coefficient, which is detered by the
wavelength range marked witlyan linesfor stray light calibration; the two faint reference linegwdotted black lines
are Si 16555.5 A and Fe 16569.2 A, respectively. (c) Theolid black curves Ha line at distance pixel 230 with stray
light subtracted; O angt0.4 A are marked wittblue plus symbolsind thedashed blue curvis the Gaussian profile using
the 3-points method; theéotted red curveés the result of Gaussian fitting. (d)-(f) Distributions &f\p, w, andi, along
distance, theolid blue curvegre results of the 3-points method, anddashed red curvegre results of Gaussian fitting.

can determine the wavelength. We adopt the spectral datalculated profiles are similar. The derivAdp, w, andly
observed by the Fourier Transform Spectrometer (FTS3long distance are shown in Figus&d)-(f), respectively,

at the McMath/Pierce Solar Telescop@rdult 197§ as  where solid blue curves are the results of the 3-points
standard solar disk spectrum (dotted red curve in3lg)), = method, and dashed red curves are that of Gaussian fitting.
and compare them with the average prominence spectruithe maximum difference oA\p of the two methods is
(solid black curve). The two reference lines for wavelength.031 A (Doppler velocity~ 1.4kms™!); that of w is
calibration are marked with vertical dotted lines, which ar 0.026 A (relative difference 5.9%); that of, is 826 DN
Si16555.5 A and Fe 16569.2 A, respectively. Intensity of (relative difference 4.1%).

stray light is a function of height and wavelength, and is

related to solar disk radiation: 3 OBSERVATIONAL RESULTS
Is1.(d, \) = C(d)Isp(d, ), (8) 3.1 Overview

wherelg;, is stray light intensity of observed prominence A knowledge of the three-dimensional structure is
spectrum,/sp represents the solar disk radiatiosh,is  important to understand the two-dimensional projection
height. The coefficientC'(d) is determined using the of the prominenceGunar et al. 2018 Four days before
wavelength range marked with cyan lines, where wehe observation, the target prominence was seen as a dark
assume that the observed prominence radiation is frofilament that had the orientation of northeast-southwest
scattering of solar disk light totally. In Figur8(b), (NE-SW) and east-west (E-W) on the two sides of the
the dotted red curve is FTS data multiplied by thelongitude45° (Fig. 1(a)). During the four days, the Sun
coefficient, hence it represents the stray light intensity ohas rotated abou$3°, thus the prominence observed
the prominence spectrum. on 2018 November 10 is mainly oriented NE-SW, and
After wavelength calibration and stray light being part of E-W oriented prominence is blocked by the NE-
subtracted, the solid black curve in Figudéc) is the SW part (Fig.1(b)). The prominence is embedded in a
prominence k line at distance 230 pixel, as an example.coronal cavity and large-scale bright loops in AlK1 A
We did not plot error bars because most errors are tobltergram (~ 0.8 MK, Fig. 1(c)). Different from the usual
small to show. The 3 plus symbols mark the points at O'tennis racquet” shaped coronal cavitieBe(ger et al.
and +£0.4 A, and the dashed blue curve is the result 0f2011 Gibson 2018 the cavity in our observations is
3-points method. The dotted red curve is the result ofelatively wide and low. The prominence is bright in AIA
Gaussian fitting using all the observed points. The twd04, 171, and31 A (Fig. 1(b)-(d)), and the prominence
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Fig.4 Formation and evolution processes of plumes indénter in logarithmic scale. Maps in (d) and (h) are overlaid
with POS velocities; the velocities 4kms~! are not shown.

bubble and plumes are shielded in these channels by ttf82 Flowsalong the Prominence Boundary
PCTR. The prominence threads are dark in AlIA 193 (
1.6 MK, Fig. 1(e)) and211 A (~ 2.0MK, Fig. 1(f)) due We find that the flows along the bubble-prominence
to continuum absorption, and the bubble and plumes arkoundary (Fig.4(h)) already exist before the plume
visible as bright features compared to prominence thread&rmation, which are obvious in dr ~0.4 A images. In
The three NVST K spectral maps in Figur#(g)-(i) are  the reverse and saturatedvH-0.4 A map in Figures(a),
shown in the same brightness scale for estimating theome bright knots appear along the prominence boundary,
Doppler shifts. The bright bubble-prominence interfacewhich are blue shifted (Figs(c)). We synthesized time-
and dark plumes are clear atH-0.4 A and center. distance diagrams along the bubble-prominence boundary
The formation and evolution processes of the plumeéthe slice in Fig.5(a) from bottom-right side to the
that we focus on are shown in Figude The formation top-left side of the bubble), and theaH—0.4A and
of the plumes starts from the elevation of the bubbleDoppler velocity diagrams are shown in Figuigh) and
prominence interface, and the interface gets brightetd), respectively. The top part of the slice misses the
Simu|taneous|y (F|g4(a)-(b)) The rising interface is prominence at06:25 UT, which is due to the elevation
transformed into two plumes with a finger-shaped featur®f the prominence during the plume formation. Obvious
formed (F|g4(c)) Then the two p|umes continue rising flows occur around 06:17 UK 10 minutes before the
at a speed ofv 14kms~!, and the finger gets longer plume formation. Almost all the knots flow from the lower
(Fig. 4(d)-(e)). During the evolution of plumes, shorter fight side to the upper left side, and are blue shifted. Such
and denser fingers occur firstly at the bubble-prominencgotions continue till the end of the diagram, including the
interface (Fig4(e)), then move into the plume (Fid(f)).  Period during which the new plume occurs. Their speeds
At the late phase of the plume evolution, more fingergdreé non-uniform, generally within2kms=! on POS
occur along the plume boundary (Fig(g)-(h)). The (Fig. 5(b)) and within8kms~" along LOS (Fig.5(d)).
plane-of-sky (POS) velocities calculated using the FLCTA typical knot is marked in Figuré(a) and (c). Its POS
technique show obvious flows along the prominenc&/elocity isvpos = 8.9 + 0.8kms™" and the Doppler
boundary, including the region where fingers occurvelocity is vros = —6.8 + 5.0kms™~! (toward us).
(Fig. 4(h)). The rising plumes incline leftwards, which Therefore, the total speed ig,ia = 11.2 + 3.1kms™!,
is consistent with the flow direction. In addition, a small and the angle with POS #7° + 20°.
plume appears at lower height (Fig(f)), which is
also split and fingers occur between plumes (Hi@)- 3.3 Turbulence at Plume Fronts
(h)) as the large plumes mentioned before. The finger
structures have been predicted in RT instability simufegio Figure 4 shows the brightening enhancement at plume
(Hillier etal. 2011 Keppens et al. 2015Xia & Keppens fronts during their formation. Theiop and v,y maps
2016 and the nearly horizontal fingers were reported byare plotted in Figurés. Compared with the initial maps
Awasthi & Liu (2019. (Fig. 6(a) and (d)),vp at the plume fronts increases
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Fig.5 Flows along the bubble-prominence interface. Left coluhtm:—0.4 A (a) and Doppler velocity (c) maps before
the plume formation. Right column: Time-distance diagrafesg the slice marked in (a). Trajectories of some flows are
marked in (b) and (d) witldotted lines Thevertical dashed linenarks the observation time of (a). Panels (a) and (b) are
shown in saturated and reverse scale.

significantly and reaches16 + 10kms~!. At the same 2016. (2) Flows along the prominence boundary occur
time, the region also gets more turbulent and is  before the plumes formationBérger etal. 201)7 and
> 26 + 10kms™! after subtracting the instrumental continue during the plumes evolutiomAwasthi & Liu
broadening (¢/\o)winst: iS €xpected to bec 10kms=t  2019. (3) Brightening, blue shifts, and large turbulence
from Fig. 6(d)-(f)). When plasma temperature is in the widely occur at plume fronts. Through observations and
range of6000 — 15 000 K, the corresponding sound speedsimulations, RT and KH instabilities have been proposed to
is < 13— 20kms~!. Hence, the large,; already exceeds be important for plumes formation (Set}. However, our
the local sound speed. observations may suggest that extra mechanisms beyond
We check other three plume cases in Figdrand KH/RT instabilities are necessary. In the following, we
find that the enhancements of brightening, blue shiftswill discuss the possible formation mechanisms of plumes
and turbulence commonly occur at the plume fronts. Theccording to our observations.
regions of interest are marked with arrows. In the first

event (left column), the nearby two plumes are relatively Bgrger eF al (2017 found shear_ flows at the bubble-
large and the obvious blue shifts and largg are prominence interface, and proved in theory that the shear

distributed along the plume fronts. In the latter two case lows could enhance the growth rate of coupled KH/RT

(middle and right columns), the plumes are relatively smal'nStab'“t'es’ hencet cor_lt_rlbute to the formation of plumes
and the turbulent regions are more compact. (Bergeretal. 2010 Hillieretal. 2011 Keppens et al.
2015 Xia & Keppens 201B In the late phase of a

4 DISCUSSION plume,Awasthi & Liu (2019 found flows along the plume
boundary where fingers occur. In our observations, we
Our observations are consistent with previous plume obfound flows along the bubble-prominence boundary before
servationsBerger et al. 2012017 Awasthi & Liu 2019  the formation of the plumes that we focused on and the
but reveal more details due to the high-quality lnages following small plume. The flows continuously exist till
and spectroscopic analysis. (1) The splittings of somé¢he late phases of the plumes. The flows are blue shifted,
large plumes may more or less explain the formation ofwhich is determined by the flows direction and prominence
vertical threads in prominence, which has been predictethagnetic topology, and blue shifts are also observed at
by the MHD simulation of RT instabilityXia & Keppens fronts of all the plumes that we studied. It may suggest that
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Fig.6 Turbulence at plume fronts. (a)-(c) Doppler velocity mgp3-(f) Nonthermal velocity maps in logarithmic scale.
Thedashed black squaie (a) shows the FOV of (b)-(c) and (e)-(f).

all the plumes are related to the flows. The flows may nogravity. This interpretation permits the global stabildf
only be responsible for the formation of plumes, but alsahe prominence.

drive their evolution. The rising plumes incline leftwayds However, in addition to the effect that the flows
which is consistent with the direction of flows. Besides, thecould increase the growth rate of KH/RT instabilities, it
fingers occur where the flows are strong (Hy. is not clear how much the flows dominate the plume
. formation. We suspect that flows alone cannot trigger

The RT instability has been very successful in : .
. . . plumes. One reason is that the flows are ongoing for
explaining the formation of plumed#i{llier 2018). In our . ; .
while before plumes form, and the other evidence is

observations, the splittings of plumes and occurrence %hat plumes are generally localized and do not fill the
fingers provide strong evidence of RT instability. Except
for the effect of flows on the plume evolution, the
plumes in our observation are similar to those simulate
using magnetic RT instabilityHillier et al. 2011 2012

Keppens etal. 2015Xia & Keppens 2015 However,

the prominence main body is stable during the plum
evolution, which is different from those simulations, waer
heavy prominence mass drops down. Besides, no sign

brightening (density enhancement) was found at plum

bubble-prominence boundary where flows occur. Present
é)bservations show that plumes rise in prominence without
obvious deceleration at initial phasé&efger et al. 2010

If plumes are caused by low-density structures penetrating
into prominence, upward forces are necessary to balance
Ghe gravity and drag force. Thus some extra mechanisms
(f)atre necessary to trigger and drive plumes. A possible
mechanism is the upward magnetic press@erger et al.

: . . 008, and random disturbance at bubble-prominence
fronts in those works. Actually, the RT instability occurs 9 . . P .
o ) .~ boundary is also necessary to explain the occasional
not only when heavy fluid is over the light one in
occurrence of plumes.

gravitational field, but also when one fluid penetrates into
the other one. The RT instability due to the penetrations coNCLUSIONS

of light plasma into the heavy plasma was simulated

by Guo et al.(2014. The enhancements of brightening, We observed a number of plumes in a quiescent
Doppler shifts, turbulence, and the splittings of plumesprominence using high-qualityddimages from the NVST
are likely to be caused by the collision between the risingand EUV images from the SDO/AIA, which allowed us
plumes and the prominence. In this process, rising plume® study the formation and evolution of plumes in detail,
compress prominence mass, and prominence plasma getsd explore their common properties. Using the 3-points
more turbulent due to pushing and friction of plumesmethod, we derived Doppler velocity and nonthermal
acting on the prominence. Hence we conjecture that theelocity of prominence plasma fromddspectral images.
RT instability is mainly driven by the rising plumes The plume formation starts from the elevation of the
and the flows along bubble-prominence boundary but ndbubble-prominence interface. Meanwhile, the emission,
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Fig.7 Other plumes showing brightening, blue shifts, and largatimermal velocities at their fronts. (a)-(chHenter
maps. (d)-(f) Doppler velocity maps. (g)-(i) Nonthermaloaty maps. Thavhite squaredn (a)-(c) show the FOV of the
lower panels. i center and nonthermal velocity maps are shown in logarittatale.

blue shifts, and turbulence at the interface are enhancedxtra mechanisms in addition to KH/RT instabilities are
Some plumes split into small ones during their rising withnecessary. A candidate is upward magnetic pressure.
fingers formed between them. Blue-shifted flows along the

bubble-prominence interface are found before and during

the. plume formgtion. Small and dense fingers apPeak ck nowledgements We thank the NVST and AIA teams
during the evolution of plumes where the flows are strongs, providing the data. The NVST is a ground-based
Common blue shifts at the plume fronts suggestelescope in the Fuxian Solar Observatory, Yunnan
a close connection between the flows and the pluméstronomical Observatory, Chinese Academy of Sciences.
formation.Berger et al.(2017 proposed that shear flows AIA is an instrument on board the SDO, a mis-
along the bubble-prominence interface could increase theion for NASAs Living with a Star program. This
growth rate of coupled KH/RT instabilities. The plume work is supported by the National Natural Science
splittings and the formation of fingers are strong evidencé&oundation of China (NSFC, Grant Nos. 11427803,
of RT instability. Therefore, our observations confirmU1731241, U1631242 and 11820101002) and by CAS
the relationship between plumes and KH/RT instabilities Strategic Pioneer Program on Space Science (Grant
However, we suspect that the RT instability is mainlyNos. XDA15052200, XDA15320103, XDA15320300 and
driven by the rising plumes but not the opposite. TheXDA15320301). Jean-Claude Vial gratefully acknowl-
enhancements of emission, Doppler shifts, and turbulencedges the support of Purple Mountain Observatory for
at plume fronts are likely due to the push and compressiohis visit in November 2019. Yang Su acknowledges the
of rising plumes on the prominence plasma. Henceliangsu Double Innovation Plan. Zhi Xu acknowledges
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Research Plan (No. 2019FA001).
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