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Abstract

Transverse magnetohydrodynartitHD) waves permeate the solar atmosphere and are a candidate for coronal

heating. However, the origin of these waves is still unclear. In this Letter, we analyze coordinated observations

from Hinodd Solar Optical Telescog®OT) andInterface Region Imaging SpectrografpR1S) of a prominence

coronal rain loop-like structure at the limb of the Sun. Cool and dense devsrand upows are observed along

the structure. A collision between a downward and an upwand with an estimated energyux of

10’-10°ergcm 2 s ! is observed to generate oscillatory transverse perturbations of the strands with an estimated
40 km s ~ total amplitude, and a short-lived brightening event with the plasma temperature increasing to at least

10°K. We interpret this response as sausage and kink transverse MHD waves based on 2D MHD simulations of

plasma ow collision. The lengths, density, and velocity differences between the colliding clumps and the strength

of the magnetic eld are major parameters ang the response to the collision. The presence of asymmetry

between the clump&ngle of impact surface ahar offset of owing axig is crucial for generating a kink mode.

Using the observed values, we successfully reproduce the observed transverse perturbations and brightening, and

show adiabatic heating to coronal temperatures. The numerical modeling indicates that the plabimdoop-

like structure is comed between 0.09 and 0.36. These results suggest that such collisions from counter-streaming
ows can be a source of in situ transverse MHD waves, and that for cool and dense prominence conditions such

waves could have sigmant amplitudes.

Key words:magnetohydrodynamid®HD) — Sun: activity— Sun: corona- Sun: laments, prominencesSun:
oscillations— waves
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1. Introduction Through coordinated observations of a prominecaenal

: rain complex(Section2) with Hinode (Kosugi et al.2007%), the
Transverse magnetohydrodynarfidHD) waves permeate Interface Region Imaging SpectrogragRIS De Pontieu

the solar atmosphere and constitute a possible candidate fOé;t al.2014, and theSolar Dynamics ObservatotgDQ Pesnell

coronal heating(for a review, See for examplg Arregui etal.2012, and numerical MHD modelin@ectiord), we show
et al. 2012 De Moortel & Nakariakov2012 Arregui 2015. that in situ collisions from such counter-streamiiogvs could

observations of prominences and coronal rain, in which the
naturally cold, dense, and optically thicker plasma conditions
allow much higher spatial resolution and reduced line-of-sight
(LOS) confusion(Lin et al. 2005 Okamoto et al2007, Ning On 2014 April 3,SDQ IRIS and Hinode co-observed a
et al.2009 Lin 2012 Hillier et al.2013 Schmieder et aR013 prominencécoronal rain complex on the West limb of the Sun
Okamoto et al2015 Vial & Engvold 2015. However, the  (IRIS-Hinode operation plan 254 shown in Figurel. The
origin of these wavegn coronal and prominence structyres Hinode Solar Optical TelescopéSOT; Suematsu et a&2008
remains unclear and is usually assumed to be in convectivel Suneta et al200§ observed from 13:16 UT to 14:30 UT in
motions, or through mode conversionpefnodes propagating e €al H I|r11e, with a cadence of 8(1.23 s exposujewith
from the solar interior. 07109 pixel = platescale, and a eld-of-view (FOV) of

111 x 111, centered at helioprojective coordinagsy) =
Another commonly observed feature of cool coronal structures, ) >
such as prominences and rainy loops, &td-aligned ows with (996.5,31.1. IRIS observed from 13:16 UT to 14:53 UT

speeds of 1100kms?® and 46200kms?, respectively with a four-step sparse raster progrédBS 1D 384025947y

: with a cadence for the Slit-Jaw ImagésJ) of 18.27s
(Ofman & Wang2008 Antolin & Rouppe van der Vooi2012 :
Alexander et al2013 Kleint et al.2014. Both down ows and (exposure time of §sand 9s for the spectrograph I@ughly

. . 37 s per raster positiprwith 07166 pixel * platescale, a FOV
up ows are observed along the legs of promineriotal & of 127 x 128 centered afx, y) = (1007.1,34.2, containing

Engvold 2013. These longitudinal dynamics are commonly the SOT FOV. ThelRIS observing program included both
associated with the formation mechanism of prominences Ofhe SJ| 2796 and SJI 1400tergrams, which are dominated
coronal rain, such as thermal instability or thermal non- by Mgl k emission at 2796.38 around 2x 10* K and
equilibrium (Antiochos et al1999 Karpen et al200%, Antolin Silv emission at 1402.7& around 18K, respectively. The
et al.201Q Xia et al.2017). images from the Atmospheric Imaging Assemi{i§lA,;

2. Observations
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Figure 1. From top left to bottom right we show variance imagesn of squared differences from an 8-minute average )imagee AIA 304, AIA 171, in the SOT
CallH, SJI 2796, and SJI 1400 tRIS The FOV of the bottom three panels is shown as a dashed square in the top two panels. A particular sébafsdewn
followed along one of these structufesite dashegsolid curve. The horizontal dotted lines in thRIS panels indicate the location of the slit during the four-step
raster. Note that the solar easést direction corresponds to the vertical axes in the panels.

Lemen et al2012 were in level 1.5. Their cadence is 12s,  We follow a particular set of clumps during their downward

with a platescale of 6 pixel . trajectory (dashed curve in Figures and 2) at a constant
The SOT data set was processed using F@&PREP velocity of 50 kms ! in the plane-of-the-sk(PO9. At high
Solarsoft routine. The SJI data corresponds to [Bdta(De resolution in Cal[H, the clumps are/®-1”4 in width (across

Pontieu et al.2014), which includes correction for thermal the loop), with a continuously variable length of a few arcsec.
variations of the pointing by co-aligning each image using a Halfway along the loop at=[13.23 UT the clumgsntensities

cross-correlation maximization routine. SORJS, and AIA in all three channels suddenly increase, and a bright front of
data were co-aligned manually. about Z in width is observedvisible in Figure2). Afterward,

The target of the observations was a loop-like structurethe downward speeds of some of the clumps are reduced by
stemming from a high-prominen¢e55” above the limpcore, half, as seen in the timdistance diagram along the lo¢he

reminiscent of the model by Keppens & X#014. In Figurel three bottom-left panels in Figug. In addition, the clumps
we show a variance image of this structure ini@h SJI 2796,  are seen to oscillate transversely inuda following the

and SJI 1400, where the variance is taken over withiitsie ~ intensity increase. This is best seen in the -tiiisance
8minutes of the observation. diagram transverse to the lo¢ittom-right panel in Figurg),

where we follow the clump along its downward trajectory. We

can see that some clumps undergo an outward transverse

motion of 1” (radially away from the Sun, positive transverse

) o _ _distance in the panel while others undergo an inwards
The focus of the present investigation is the main loop-like transverse motion of similar amplitude. The initial transverse

structure connected to the prominence core seen in the middigelocity in the POS is 25kms . The outward transverse

of the images in Figuré. The flows along this loop structure  motion can be tracked for longer times and the oscillation is

are clumpy and multi-stranded, particularly in the higher- damped in twethree periods. Note that the period of the

resolution Cal[H intensity images, a general characteristic of oscillation increases from thirst to the second oscillation,

3. Colliding Flows

coronal rain material when observed at high resoly#arolin from 50-60 s to 8090 s.
et al. 2015. Mostly dowrflows are observed, stemming from The IRIS SJIs reveal an upwarflow with a speed of
the prominence coigop leff) toward the surface. Additionally, 40 km s * that seems to collide with the downwatow (see

and in contrast to the usual coronal rain, the current case alsthe timedistance diagram along the IdopThe time of
exhibits a sigrficant amount of ufows probably caused by collision coincides with both the brightness increase in all
dips at the loop apex, enhancing thermal instability. three channels and the start of the transverse oscillation. This
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Figure 2. The three top panels show, from left to right, the region indicated by the small white @glidrineg of Figurel, in the Call H line of SOT, the SJI 2796,

and SJI 1400 ofRIS The white dashed curve shows the path of counter-streaming plasma clumps. Ftistemee diagram along this path is shown in the three left
panels, where distance is measured from the top of the path shown inFighesintensity is integrated over a width éf The horizontal dotted lines in these panels
indicate the top and bottom coordinates along the trajectory within the FOV of the top three panels. The vertical dashed line indicates tieetolosbisidimfor

each channel. The middle and bottom-right panels show transverse cuts to the trajectory of the clumps. The contours of the brightest oscél®tdrageath
visually in dashed red and blue curves, respectively, for the middle and bottom-right panels. In the middle panel the intensity along par(silitheyrath in
Figurel) is integrated for each transverse cut. In the lower panel thefidovimg set of clumps is followed, and at each time the transverse cut to the trajectory is
plotted. An animation starting around 13:16:15 UT and ending at 13:28:15 UT and a duration of 15 s is available.

(An animation of thidigure is availablg.

upwardflow is clearly visible in SJI 1400, but barely visible in
SJI 2796 and Cal[H. This intensity difference across the
channels suggests that the upw@wods is about 10 times hotter,
with a temperature around 7K. This event suggests that a
collision occurs between the downward and upwgodvs,

with previous measurements in prominen@éial & Engvold
2015 and coronal rairfAntolin et al.2015.

Due to its position and orientation, tiRIS slit captures a
significant fraction of the loop near its apésee Figurel).
Hence, the slit captures the spectra of sevitmals directed

which then leads to the generation of transverse MHD Waves.a|0ng the |oop_ Thesgows produce positiv/megative S|opes

The middle-right panel in Figurg shows the presence of
transverse MHD waves along the loop even prior tofline
collision, with a period of 90-100s. The oscillation initiated
by the collision(blue curves in the panglis different from this
background oscillatioifred curvel For instance, the time of
the flow collision (tC1 4109 and the subsequent maxima is
initially out-of-phase with this background oscillation. The

increasing period of the generated transverse oscillation lead

to an in-phase second maxima.

for upward downwardflows, respectively, in the timdistance
diagram along the sliisee Figure3). For each wavelength
position (corresponding to a Doppler velocitypopp,ots:
assuming the wavelength value from CHIANTI for the zero
velocity; Dere et al2009 we select the most distinct paths and
measure the slopes, which corresponds to the POS velocity
glong the slitvpos These measurements are shown in the
scatter plot of the bottom panel. The quantities follow the

We have estimated the total densities of the plasma toward th&elationVpopp,ons  Vpoda(R W wherev  corresponds to
prominence core with the help of the AIA data. These estimateshe zero Doppler velocity in the reference frame of the loop,

are based on extreme ultraviofgtJV) absorption by the cool
material (mainly neutral hydrogen and heliyinm the AIA
wavelengths following the technique by Landi & Re@613
and Antolin et al.(2019. Taking a 5% helium abundance, we
find values between®[10'"° and 33 (10 cm 3, in agreement

3

and corresponds to the angle of tflew path(at the loop
apey with the POS plane. Wdind [=[49.5®[1.2° and
v [Z[20.23 0.6 km s . This implies that the total velocity of
a flow with POS velocity of 50km s is close to 77 km s,
and that the transverse amplitude of the wave46 kms .
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IRIS SG Mg I collision scenario where we hawgl=[25. For each scenario
‘ we first run four simulations with different values of plasma
(0.02, 0.05, 0.2, 0O)that dé¢ines a posteriori theeld strength
Bo. Figure4(a) illustrates the density and magneiald lines in
the initial condition for all simulations.

The clumps move toward one another, leading to the
compression of plasma between the clumps, which is
adiabatically heated up to 3K and cools down to
750,000 K in 10[d due to mixing with the cold clump
plasma. The pressure equilibrium no longer holds and the
plasma expands in thedirection, leading to the distortion of
the magneticfield. Because of the inclination of the facing
sides of the clumps, the magnefield is distorted at two
different locations with an offset along tledirection. This
geometry leads to the kink of the magndteid, as shown in
Figure 4(b). The magnetidield lines threading the clumps all
appear similarly distorted. After the initial kink of the magnetic
field, the kink propagates along the clumps at the kink speed,
which increases once the wave leaves the clumps. We measure
the kink amplitude as the difference between the maximum and
minimumy-coordinates of the magnefield line crossing the
1 : : : origin att[=Z[0 (blue lines in Figurel(b)).

0 20 40 60 As the kink is generated by the imbalanced thermal pressure
Time [min] due t_o the compression between the clumps, the amplitude of
v 2 Voestan(@) + V. ‘ 1 the kink depends on the background plasmé&or the strong
Dopp, bs ™ TPOS o 3 and weak collision scenarios, we derive the kink amplitude as a
function of and then, with a linear interpolation, we derive
the best value to match the observed kink amplitude. fikid
. . ] that the kink amplitude increases until a maximum is reached
9 =495+ 12 ] and then reducesFigure 5(8). As expected, the strong
V, = 20.2 £ 1.6 km/s] collision scenario leads to larger kink amplitudes and the
i b higher the plasma, the more the magnetiield is distorted. It
_éo 6 26 46 is also evident that the wave period is longer for the larger
Veos [km/s] plas_ma that implies the dec_:rease in the Alf_ven speed.
Pos Figure5(b) shows the maximum kink amplitude for the two
Ejagttjor?nSrhzgte t;)lﬁ twgsﬁﬁanre(!tlanhe()r\mlr t[]oe iﬁgslginceadtg? TW"Z‘,'OV"V%V"SSn‘”tLhe scenarios as a function of By means of this parameter space
positions. The slor?e(ypog of sgeveral paths of Sumpps are measured fdgr each mvestlgatlon, we derive tha_t in the St_rong a_‘nd weak collision
wavelength position(Vpopp.or) and plotted in the bottom panel. Posifive ~ SCenarios the observed kink amplitude is matched when
negative slopes correspond, respectively, to negaisgitive Veos [(Z[0.09 and when [Z[0.36, respectively. Therefore, by
applying this simple model to the observed event we can
constrain the value of the loop plasma While the initial
4. MHD Model distortion of the magnetifield is similar to a kink mode, once

In order to interpret our observations, we set up a 2D MHD this travels away from the clumps the amplitude of the
model of counter-streaming plasma clumps. remaining perturbation decreases and becomes more similar to

We consider a 2D spatial domain that extends for 12 Mm @ Sausage modgsymmetric oscillation aroung=0 axig. In
in the x-direction (field alignedl and 6 Mm in they-direction. particular for the strong collision scenario, this occurs between
The magneticfield, By, is uniform and directed along the  [=[0.05 and [=0.2. For lower , the collision is not strong
x-direction. Two trapezoidal clumps are placed at a distance offnough to produce any sigicant long-lasting oscillation and
4Mm and are 1 Mm wide and 3Mm long in a background for higher , the post-collision magnetifield becomes so
corona where the density i%E.2[M0°cm ° and the entangled that it no longer behaves as a wave guide. In the
temperature o= MK. The clumps aren. times denser weak collision scenario we do not notice a visible persistence
than the background plasma and colder in order to maintainof sausage modes after the collision. Similarly, as long as the
pressure equilibrium. The plasma within the clumps has anclumps collision is ongoing, the continued compression keeps
initial velocity of Vg[Z[®70kms *. The shape of the clumps the magneticfield kinked, but the magnetifield distortion
is such that the two facing sides are inclined in the samelocation drifts toward the external part of the clumps. Only after
direction with an anglé [=-[50°. We numerically solve the set the collision process is over can the kink mode properly
of ideal MHD equations using the MPI-AMRVAC soft- oscillate. Therefore, the wavelength of the initial kink
ward(Porth et al2014. We neglect non-ideal effects, as they oscillation depends on the length and speed of the clumps, as
would act on timescales longer than the observed evolution. well as the plasma.

The observations suggest lower and upper limits for the To investigate the dependence on the shape of the clumps,
density contrast of the clumps. Therefore, we model a strongwe perform two more simulatior(ith the best values for
collision scenario where we hawg(=[100, and a weak both scenarigswvhere the two clumps are symmetric and have
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