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ABSTRACT

Quiescent prominences host a diverse range of flows, imdudayleigh-Taylor instability driven upflows and impuksigdownflows,
and so it is no surprise that turbulent motions also existpAsninences are believed to have a mean horizontal guidk frel
vestigating any turbulence they host could shed light omtitare of magnetohydrodynamic (MHD) turbulence in a wideyeof
astrophysical systems. In this paper we have investigatedhature of the turbulent prominence motions using stradunction
analysis on the velocity increments estimated fromBbpplergrams constructed with observational data fromoEénSolar Optical
Telescope (SOT). The probability density function of thiogity increments shows that as we look at increasingly kspaltial sepa-
rations the distribution displays greater departure framf@rence Gaussian distribution, hinting at intermitteimthe velocity field.
Analysis of the even order structure functions for both tbedontal and vertical separations showed the existentem#listinct re-
gions displaying dferent exponents of the power law with the break in the powerteapproximately 2000 km. We hypothesise this
to be a result of internal turbulence excited in the promiedoy the dynamic flows of the system found at this spatiakstsié found
that the scaling exponents of tp& order structure functions for these two regions generallpied thep/2 (smaller scales) angy/4
(larger scales) laws that are the same as those predictesfdr MHD turbulence and Kraichnan-Iroshnikov turbulerespectively.
However, the existence of thi4 scaling at larger scales than th& scaling is inconsistent with the increasing nonlineasitgected

in MHD turbulence. We also found that as we went to higher ostieicture functions, the dependence of the scaling exyane
the orderp is nonlinear implying that intermittency may be playing erpbrtant role in the turbulent cascade. Estimating theifgat
from the turbulent energy dissipation showed that thisuletce would be very irfcient at heating the prominence plasma, but
that the mass diusion through turbulence driven reconnection was of theroofl 10° cn? s1. This is of similar order to that of the
expected value of the ambipolafidision and a few orders of magnitude greater than Ohnfiiagion for a quiescent prominence.
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1. Introduction at approximately 1000 km and signs of the multi-fractalityhee

) . o prominences light curves. Freed et al. (2016) investig#ted
Prominences, cool dense clouds of partially ionised pla&upa j|ane-of-sky velocity, obtained through feature trackidgter-
ported above the solar surface by the Lorentz force, havg 19ining the power spectra and found indices of the power law fit
been known to host a wide range of dynamic motions includig ihe power spectra in the rangé to —1.6.
downflows (Engvold 1981; Kubota & Uesugi 1986) and vortices 1yrpylence itself is an area of fluid dynamics research of
(Liggett and Zirin 1984). The launch of the Hinode satelfe- a4t interest. The general nature of incompressible lemoe
sugi atal. 2007) with the Solar Optical Telescope (SOT; B&&In i 3 homogeneous, isotropic, and statistically steadyesystas
et al. 2008), shed new light onto the dynamics of prominencgss; described by Kolmogorov (1941). This process dessribe
These new Hinode observatlons have developed out undé{§'g%w energy injected at large scales cascades through grogre
ing of nonlinear prominence downflows (e.g. Chae 2010; &illi i ely smailer scales until it reaches the dissipationesoéthe
et al. 2012b), shown that prominences are full of a broad-spegsiem. For Kolmogorov turbulence, simple dimensional-ana
trum of magnetohydrodynamic (MHD) waves and oscillationgsis shows that th@™ order structure function of the velocity

(e.g. Schmieder et al. 2010, 2013; Hillier et al. 2013) amdetk- i crements (as defined in Equation 1) in the inertial rangjevio
istence instabilities, for example the magnetic Rayl€lghtor e relation:

instability (e.g. Berger at al. 2008, 2010; Berger et al. 201

Hillier et al. 2011, 2012a). < [o(x + 1) = v(X)]P >=< 6,0P >= CpeP/3rP/3, (1)
Considering their dynamic nature and the large Reynolds

numbers it is no surprise that prominences also displayhhe ¢ wherer is the distance over which the structure function is being

acteristics of a turbulent medium. Leonardis et al. (20h2¢s$- calculatede is the energy dissipation rate a@g is a constant

tigated the correlations in the Ca Il H intensity in a quiegceassociated with the™ order structure function. The homogene-

prominence using Hinode SOT and these investigations levedty, isotropy and statistical steadiness assumed by Kobrmg

that there exists power laws in the wavenumber dependenceaif considered to hold for small-scale motions of turbudenven

the power spectral density, with a break in the power law ouiif the turbulence in the large scale is inhomogeneous, aoigic

Article number, page 1 of 16



A&A proofs:manuscript no. prom_turb_copy_edit

and time-dependent. This is because memory of the larde-s@&ross the magnetic field become smaller. Eventually, gaven
anisotropy, for example, is likely to be lost during the eyer sufficiently large inertial range, there will exist an such that
cascade process which is roughly conceived as the procesthefvalue ofy, becomes unity and the turbulence transitions from
successive splitting of large eddies to smaller ones. Asualtre weak turbulence to strong turbulence.
small eddies are considered to reach a universal state Wghich Once the turbulence transitions from weak to strong, the
the one hypothesised by Kolmogorov, see for example, Daviinescale for deformation of an Alfvén wave isBciently short
son (2004). that the cascade is no longer solely resulting from fluctunasti
Kolmogorov turbulence, however, does not deal with the iperpendicular to the magnetic field, though still dominatgd
fluence of the magnetic field, something of great importantee cascade in that direction. Based on the concept of alritic
for many astrophysical systems. Kraichnan (1965) & Irokbwi  balance that at all scales of the strong MHD turbulence cas-
(1964) extended Kolmogorov turbulence to include the AlfvécadeBy/L = b/s, whereL is the wavelength along the magnetic
velocity (Va) in an isotropic scaling (hereafter K-I turbulence)field of the Alfvén wave and is the amplitude of the displace-
However, the inclusion of the Alfvén velocity means that diment, Goldreich & Sridhar (1995) found that the spectrum is
mensional arguments can no longer produce a unique SC&'Lﬁﬁsotropidq, ~ ki/3|_—1/3 and that the energy cascade is given
Through arguments based on the number of wave interacti%%(k) ~ kK53 thatis< &0 >~ r”3. However. there is still
necessary to deform a wave packet, the K-1 turbulence spisin e b = |

) | some controversy relating to the scaling of MHD turbulence.
determined to be (e.g. Kraichnan 1965): y g g

Boldyrev (2005) presented a new model based on the concept
< 80P >= Cr /P4 cPlApp/a ) of dynamic alignment of vortices whekes, , vP >~ rf/A. _
PoA ' Structure functions have been used as an important tool in
This scaling is isotropic, meaning that there is nffetence be- determining the characteristics of turbulent and intetenitphe-
tween the directions parallel and perpendicular to the ratgn Nomena in the solar atmosphere and in the solar wind. Abra-
field. However, it can be expected that the presence of agtrénenko (2002) and Abramenko et al. (2002b) used structuee fun
mean magnetic field, as is likely to be the case for promingnctons to investigate the line-of-sight component of the nediy
turbulence will not be isotropic. This thought led to the eleyp- field in active regions using SoHMDI and Huairou Solar Ob-
ment of anisotropic scalings in MHD turbulence. serving Station, China. They found a departure from thealine
For anisotropic MHD turbulence for a mean field magnetgcaling with orderp as a result of intermittency from the spa-
field of By, two cases can be envisioned: The case of weak MHi8! fluctuations of the local dissipation rate (e.g. Frid@96).
turbulence where the perturbations to the magnetic fiedat- The intermittency was found to increase with flaring acyivit
isfy the conditionb < Bo, and strong MHD turbulence wherein the region. Abramenko & Yurchyshyn (2010) extended these
b ~ By. In the case of weak MHD turbulence it has been shovatudies to include Hinode S¢8P and Big Bear Solar Observa-
that the turbulent cascade is dominated by the cascaderperg@’y data measuring the high-order structure functions2fi#
dicular to the magnetic field, because the timescale forefierd Solar active regions. They found that a modified flatness-func
mation of the Alfvén waves in the direction along the magnetfion, defined in their paper as the ratio of the sixth-ordercstire
field is taken to be much longer than that perpendicular to thénction to the cube of the second, below scales of 10 Mm was
direction of the magnetic field (Ng & Bhattacharjee 1996)isThcorrelated with flare productivity. Buchlin et al. (2006)pédipd
gives the relation of the perpendicular velocity pertuidrat of ~Structure function analysis, amongst other analysis iecies, to

(e.g. Schekochihin & Cowley 2007): SoHQSUMER data, finding intermittency of the velocity field
observed in ultraviolet light, with the results supportthg ex-
<6 0P >= C;;(eVA/rHo)”/“rE/Z, (3) istence of small-scales created in the solar transitioioney

turbulence. Application of structure function analysismea-

whered; , v is the velocity increment calculated in the directiosurements of the velocity and magnetic fields in the soladwin
perpendicular to the magnetic field, is the wavelength of the also show the departures from the linear scaling wiifBruno
Alfvén wave along the magnetic field (here we ugeas there is & Carbone 2013).
no cascade along the magnetic field and as such the wavelengtiThe presence of a magnetic field, as well as the gravity
does not change throughout the turbulent cascade) aisdthe driven flows, make prominences an interesting environment t
spatial separation perpendicular to the magnetic field attwhinvestigate turbulence in an astrophysical system. Inghjser
the velocity increment is being calculated. we investigate the velocity fluctuations of a prominencesbas

For weak MHD turbulence, as the cascade continues twve Dopplergrams created from Hinode SOT observations. We
characteristic timescale of the nonlinearity of the tuelmale in- study the velocity increments, investigating how theittritysi-
creases with respect to the frequency of the Alfvén wave. Thien changes over flerent lengthscales, and determining the
nonlinearity of the turbulent fluctuations can be measuseithé power laws associated with their structure functions terafit

nonlinearity parametey; given by: to connect these velocity fluctuations with turbulence tief-
nally we estimate the energy deposition rate associatedthii
_ {orioha 4) turbulence.
Xr vV (4)
AlL

whered is the wavelength of the Alfvén wave asid visnowthe 2 Estimating the line-of-sight velocity of the
charactgrlstlc velc.)cqy associated with. Here we assume that prominence from Hinode SOT observations
the Alfvén wave sits in a large scale characterised withithgie
wavelengtht and the single velocity/a. The parametey, can The target of the observations is a quiescent prominencesee

be interpreted as a ratio of the Alfvén time scale over thdinon the NW solar limb (41N 84°W) on 2008 September 29. Using
ear time scale (see also Goldreich & Sridhar 1995; Galtiat.et Hinode SOT this prominence was observed between 10:00UT
2005). In the case of weak MHD turbulenge « rll/z, mean- and 14:00UT in K +208 mA using the narrowband filter, as
ing that the nonlinearity of the turbulence increases asthées well as Ca Il H in the broadband filter. In this observation se-
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qguence, the images in each line were taken at a cadence of B@gee we can see that, under the assumptions applied, the-Dopp
with a time separation between the images in the two wingslefgram value is given as a function of the observed linetjposi
Ha of 10's. In this paper we focus on therldata. Figure 1 pan- (i.e. +208 mA), the Dopplershift of the line and the line width.
els (a) and (b) show the intensity imH:208 mA. From Equation 9 we are interested in obtainigand we
The Hr Dopplergrams were created by subtracting line ceafready knowisor, buto-, is an unknown. Therefore, to perform
tre +208 mA images from the nearest line cent208 mA im- our analysis we prescribe a line width to the prominencedase
ages in time, then normalising by the sum of these images. Tdrethe thermal velocity of hydrogen at 8000K (the influence of
equation to calculate this is: other values is investigated in Appendix B). In future, weando
suggest that a scan of the line (about six points shouficel
(5) was performed before any prominence Dopplergram observati
to allow for a calibration of the average line width that isnmo

The dfset of 208 mA from line centre is equivalent to a Dopp|eqccurate.

velocity of 95kmst. The calculated Dopplergram is shown in

panel (c) of Fig. 1. Here we would like to note that there is a

component of stray light in thedddata that if not removed may 3. General properties of the prominence velocity

have resulted in significant changes in the Dopplergramevafu  distribution

calculated using Equation 5. We present a detailed exptanat

in Appendix A regarding our techniques to process the dataBgfore we present our investigation of the correlationshie t

remove stray light from the image data before calculatirgy tifrominence velocity field, we first provide some basic infarm

Dopplergrams. tion about the characteristics of the velocity distribnSf the
Itis now necessary to connect the Dopplergram to a velocigfominence. Figure 2 gives the log mean intensity, mearcvelo

for this we use the cloud model (Beckers 1964). From the cloiig Standard deviation of the velocity and correlation eirof

model, we can model the intensity as a function of wavelengtte velocity in the prominence. The figure shows that valiees b

R

T+

Ip

(1(1)) of the prominence as: tween 200 s and 500 s are common for the correlation time. The
longest correlation time found is 9000 s, which is signifiban
1(2) = S, [1-exptT,)], (6) shorter than the time series of the observations. The mean ve
(1 - Ap)? locity of all the prominence pixels is®km s and the standard
Ty =170 exp[—T}, deviation of the velocity fluctuations taken over both spacd
A

time isvrms = 2.0kms™,

whereS, is the source function] is the wavelengthzy is the Figure 3 shows the normalised average at each lag of the
optical depth at line centre giving as the optical depth at wave-auto-correlation for all the prominence pixels for both vieéoc-
lengthA, Ap is the Dopplershifted position of line centre amgl ity and the total intensity. From this we can see that theetasr

is the line width. Performing a Taylor expansion of exp() up tion time for the velocity (as calculated from the half-widftalf-

to the first term inr,, Equation 6 becomes: maximum (HWHM) of the auto-correlation) is 328 s and for the
, ) intensity it is 544 s. We can compare this with the values tbun
1(1) = Sa7o exp[— (' =AY } (7) for the motions of the solar photosphere where Matsumoto &
(rﬁ Kitai (2010) found that the g-band intensity correlation¢iwas

. . 250s but the velocity correlation time was 100 s.
whered’” = 1 — 1o with 1 as the wavelength of the at rest line

centre, andAA is the shift in the position of the line from the
rest wavelength. Here we note thiat 1p = 7’ — AA. Physically 1 1 1 1 1
speaking, taking the Taylor expansion is equivalent toragsy 1.0 e I
that the departure from the line profile of an optically thiagma 1 Intensity
in the observed wavelengths (in this case in the red and blue oglt - Velocity
wings centred on Dopplershifts @éf9.5kms™) is small. This h
assumption will lead to small errors in the estimation oflthe Ik I
shift, but will not result in a change of the sign nor of theatile 0.6, -
magnitude of the line shift. The ultimate result is the limefie ] I
being approximated by a Gaussian distribution.

Based on this assumption that the line profile follows a Gaus-
sian distribution, the value given by the Dopplergram canghe
lated to a wavelength shift by the following formula:

T

0.4 |

Normalised ACF

0.2{
i B | |
— — (8) 0.0 T f
exp[_us%_;zA’l)] + eXp[-HSOD_%A/D] : - - :
a a | [
wherelp is the value of the Dopplergramisor is the wavelength 02 e AR (AN T (AN (AN
offset from the rest line-centre of the Hinode SOT observations 0 1000 2000 3000 4000 5000 6000
ando, is the width of the Gaussian distribution. Equation 8 can Lag Time (s)
be simplified to:

Ip =

Fig. 3. Normalised average at each lag of the auto-correlationtifumc
] ©) for all the pixels of the prominence for both the prominentemsity

AsoTAA
2

lo = ta”h(z (solid line) and velocity fluctuations (dashed line).

o
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Fig. 1. (a) intensity in the i + 208 mA wing, (b) the intensity in the &l— 208 mA wing and (c) the Dopplergram at 2008-09-29 10:54:56 UT
Figure 4 shows the velocity distribution at 12:37 UT for thel. R3 has the highest mean velocity-of..2 kms* and R2 has

prominence. The velocity map of the prominence shown in this the smallest of @ kms?
figure has been rotated so that the y-axis is aligned withéine v2. The standard deviation of the velocity is very consistent

tical direction (i.e. aligned with the local gravity) andsash the across the whole prominence.

x-axis can be seen as the horizontal direction. These tvee-dir 3. R2 has the strongest skew. This could be associated weith th
tions will form a key part of the analysis presented in thipgra large number of impulsive downflows that are observed to
The three boxed regions have been selected because of the difhave a unidirectional Doppler signal toward the observer.
ferent characteristics that can be found. Region 1 (R1)agimn This is not so prevalent in R3 as the Rayleigh-Taylor dy-
of the prominence that is relatively quiescent. Region 2)(R2  namics present a broader spectrum of velocities around the
a region that displays regular formation of downflows simita plume head (Orozco Suarez et al. 2014).

those studied by Chae (2010). Region 3 (R3) is aregion tat h@t Most regions have strong positive kurtosig) = ((v —
_multlp_le plume formation thrOUgh the Raylelgh—Taylor aisil- <U>)4>/<(U— <U>)2>2— 3. Though R1 has a re|ative|y small kur-
ity as investigated by Berger at al. (2010). tosis compared to the other regions, potentially this tssul

Figure 5 shows the histograms for the velocity for R1, R2  from the more quiescent nature of this region.
and R3 and the whole prominence. The solid black line givess2 The correlation time is shortest in R2. This could be altesu
Gaussian pdf. Generally speaking, when the velocity istheess of the downflow activity.
two standard deviations from the medn-{ ug| < 20g) the dis-
tributions are close to Gaussian, but departures from askaus The values of Vel. mean in Table 1 are calculated with respect
distribution are found in the wings of the distribution. T@li to the zero position of the tunable filter. This, however, may
gives the key parameters associated with each distribution correspond to shifts from the rest wavelength at the satalp li
due to the diiculties of accurately calibrating the tunable fil-
ter. Therefore, relative velocity values (as investigdtech this
! ! ! ! ! point in this paper) can be used without any issue, but the-abs
— Whole Region 2 lute magnitude of a given velocity may not correspond to tifiat
the shift from the rest wavelength.

1.0000

—— Region 1 —— Region 3

0.1000 3
4. Properties of the velocity correlations
Here we present the investigation of the correlations ofvihe

locity field, as revealed by an analysis of the structurefions.
The whole prominence and R1, R2 and R3 are investigated.

pdf

0.0100 7

0.0010 3 )
4.1. The whole prominence

We first investigate the velocity correlations in the wholehe

i . . . - prominence to look for basic information on the nature of the
4 2 0 2 4 turbulent flows in the prominence. The two signs that we will
look for are the progressive development of non-Gaussién ta

as we investigate the pdfs of the velocity incremeéits) for de-

Fig. 5. Pdf of the velocities for the whole prominence and the thréd €2S1Ng separatlom)(anq self-similarity, that IS showed by the
regions, wherer, is the sample mean of the velocity for each given ré2Xistence of power laws in the structure functions of thecigy
gion andoy is the standard deviation of each given region and these #p6rements over an extended range of separations. Theise sta
used to normalise each distribution (see the second artichiumns tics are performed using temporal separations of 3000 sdegtw
of Table 1). The black line shows a Gaussian pdf. frames used for calculating the structure functions (NtBvds
not necessary to take such a large separation, in fact usiyng a
The key results of Table 1 can be summarised as follows: separation that is greater than the correlation time wauflice,

0.0001

(V- ug)log
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log mean intensity (b) Correlation time (s)

1000.00

60

500.00
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X (1000km) X (1000km)
(© Mean Velocity (km/s) (d) velocity standard deviation (km/s)

0.00

0 20 40 60 0 20 40 60
X (1000km) X (1000km)

Fig. 2. In panel (a) the log of the temporal mean of the sum of the gitgfrom both wings is given. Panel (b) shows the map of theetation
time calculated as the Half-Width Half-Maximum (HWHM) ofetauto-correlation function of the prominence velocity fliations. Panels (c)
and (d) respectively give the temporal mean velocity anddsted deviation of the velocity at each pixel of the promiren

Table 1. Parameters of the velocity distribution of the whole proamice and the three regions.

Region Vel. mean (knt3) Vel.sd (kms!) Skew Kurtosis Correlation time (s)

Whole Q9 20 -0.18 089 328
R1 08 17 0.01 007 494
R2 04 17 -0.42 046 246
R3 12 16 0.05 050 317

however the large number of data points for even this separatintermittency (Frisch 1996) in turbulence and providespieee
made it sificient). of evidence that the observed velocity field of the promimdac

Figure 6 gives the probability density function (pdf) of th&termittent.

velocity increments for dierent separations for both the hori- The structure function&,vP) againstr for the even values
zontal direction (panel a) and the vertical direction (ddy)e of p betweenp = 2 andp = 10 are given in Fig. 7 for both
The black line, given as a reference, is the pdf of a Gauss$gan dhe horizontal (panel a) and vertical (panel b) velocityreer
tribution. From this figure it is clear that at larger sepianag the lations. The first point to note is that the distribution seeim
distribution is approximately Gaussian. Hence fluctuatiane fall into four separate ranges as defined by certain lengtbsc
likely to be largely uncorrelated. However, as scales getllem The first range, as associated with the smallest of observabl
and smaller the tails of the pdfs become more and more ndengthscales, that is those less than 500 km, can be assbciat
Gaussian. This behaviour has been shown to be associated with the finite resolution of the observations. The secomdjea
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29-Sep-08 12:36:56

Prominence Velocity

Y (1000km)

0 20 40 60 80 100
X (1000km)

-5.00 0.00 5.00

Fig. 4. Velocity map of the prominence at 12:36:56 UT. The threeargliused in the investigation are marked by the three boxg@meOmovie
available for this figure.

@ 400007 ' ' ' — ® 40000 T ' ' ' '
— 110 km 5500 kmf
—— 1100 km — 11000 krh
0.1000 0.1000
S 0.0100 - B 0.0100 1
0.0010 5 - 0.0010 5
0.0001 1 I} , , , , 0.0001
4 2 0 2 4 4 2 0 2 4
ov/o, ov/o,

Fig. 6. Pdf of the velocity increments at separations of 110 km, k905500 km and 11000 km with the black line giving the disitibn of a
Gaussian pdf. Panels (a) and (b) given the distributionbdozontal and vertical separations respectively.

spans approximately between 500 km and 2000 km and showihe two diamonds. In the vertical scalings as shown in Fig. 7
power law, this range is marked by the two triangles. Thalthi(b) there is some hint of a fifth short range betweeh000 km
range spans approximately between 2000 km antl® km and and~ 3000km This may be a result of the scales associated
shows an elongated power law region whose scaling expomemwith the multitude of upflows and downflows in the prominence,
smaller than that of smaller separations, this range is esbioy for example multiple downflowing knots or increasingly elon
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Fig. 7. Even order structure functions betwepr= 2 to 10 across the whole prominence for the velocity incramealculated in the horizontal
(panel a) and vertical (panel b) directions. The trianglesdiamonds mark the ranges where the exponents of the paweré calculated.

gated Rayleigh-Taylor plumes, blurring the transitionwesn Figure 9 gives the second-order temporal structure fungctio
the two exponents of the power law. This transition wheresthe (5% = ([v(X, S+ t) — v(X, 5)]?) againstt for the three regions.
ponent of the power law changes (i.e. approximately 2000 kigyr the temporal distribution, power laws exist only for fgral
is consistent with the lengthscale where there exists a kneeseparations below 1000 s. The exponents for the three regions
the power law for the power spectral density of both the inteare approximately 1 for R1,6for R2 and @ for R3. Itis inter-
sity fluctuations (e.g. Fig 3. of Leonardis et al. 2012) andifie esting that the exponent is noticeably reduced for R2 coetpar
plane-of-sky velocity field (e.g. Fig. 4 of Freed et al. 2006) to the other regions. This implies that this region has advigh
prominences. The fourth and final range starts at approrignatratio of kinetic energy at the higher frequencies to the iofne
3 x 10*km. As we show in the next subsection, the separatigmencies than the other regions. As can be seen in the movie
scale at which the fourth region begins is dependent on #&e sassociated with Fig. 4, this region is dominated by the down-
of the region being investigated and so is likely to be a texful flowing prominence knots. Also, it is interesting that thersér
smaller sample sizes of velocity increments that are availat the correlation time for a region, as given in Table 1, thellna
larger separations. the exponent. Above the temporal separation of approxisnate
1000s the distribution is almost flat for all three regionseO
potential physical meaning of this value is of the periodiaf t
4.2. The three regions Alfvén waves or the timescales of the dynamics that drive the
turbulence.

Now we will look at the three separate regions of the promi-
nence to see if the fferent dynamics found in the prominence
influence the statistics. To reduce spurious correlatioasrhay 1000.0F™
arise in the temporal averaging process, we include only e [
for the calculation of the velocity increments using snapsh
taken at the time separation nearest to the correlation fiome

each region as listed in Table 1. 100.0 i E
Figure 8 shows the even order structure function&safP)

betweenp = 2 andp = 10 for the three regions of the promi-

nence as shown from top to bottom. The general trends found 10.0¢ E

are similar to those shown in Fig. 7. One interesting poiat th
should be noted is theftkerence between the lengthscale associ-
ated with horizontal and vertical break in the power lawuidio
the position of the break in the horizontal power law is lig&dy 1.0k

<3Vv?> (km/s)?

—— Region 1

T

similar for the three regions, this is not the case for thdiver — Region 2

cal scaling. The approximate position of the break in théicalr I —_ Region 3
power law for R1 happens at 4000 km, for R2 at 2000 km and for F

R3 at 2500 km. This could be related to thé&elient dynamics O S Y Y

of the regions, where R2 and R3 are dominated by vertical flows 100 1000 10000

but R1 may be dominated by the vertical threads that are often t (s)

observed in prominences. Because the lengthscale at wiech t

break in the power law occurs for R1 has been pushed to longgj 9. piot of (512 againstt for R1, R2 & R3. The exponents of the
lengthscales, this allows for the range of the steeper plameto  power laws for the three regions are approximately 1 for Ra,fér

be observed over an extended range providing greater egdeR2 and 09 for R3. Note that the distributions are scaled to make the
of its existence. distribution clear.
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Fig. 8. Even order structure functions betweer- 2 andp = 10 for the three regions of the prominence as shown from tdgptimm: in panels
(a) and (b) R1, in panels (c) and (d) R2 and in panels (e) arld3firom Fig. 4. The left and right panels give the structumecfions calculated
from the horizontal and vertical separations respectivethe triangles and diamonds mark the ranges over which ghenext of the power law

are calculated.

It is interesting to try to connect the temporal to the spatigelocity uyp, satisfiesuym/U < 1 is not valid, but even so it is
structure functions. One way to do this would be to use Téyloworth using this simple scaling to see if it provides any info
hypothesis that relates the temporal to spatial scalesrwitht  mation. Here we havésw?) o t%° to t* which would map to
whereU is the magnitude of the mean flow velocity. As can b&,v?) « r%5 to r! which are exponents that are consistent with
seen in the movie of Fig. 4, there is no clear particular meam fl those found for the spatial separations (see Fig 11). Howeve
in the plane-of-sky that can be determined and so the asgampthis does not allow us to determine if the power law found & th
of the Taylor hypothesis th&l when compared to the turbulentsecond-order temporal structure functions is related ¢odib-
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tance structure functions. However, comparing the timerisa There are two possible errors we consider as the source of
lates to the knee in the temporal structure functians {000s) errors shown in Fig. 11. First the errar ;) found in the slope

to the lengthscale that relates to the knee in the spatiattsire (i.e. the exponent of the power law) given by a linear fit toltdge
functionsr ~ 2000 km gives a speedl= 2000/1000= 2kms™* of (6,0P) over the specified range. However, this was found to not
which is comparable torus of the prominence. reflect the lower reliability of the exponents of the higheder
structure functions. To reflect this, the exponent at eaapsmot

of the data used was then calculated and from this it waskessi

to calculate the standard error (the standard deviatioietiv

In Figs. 7 and 8 we show the even order structure functioB¥ the root of the number of values) of the exponent for each
against separation but it is important to understand what besnapshotés) with respect to the exponent calculated for all data
ing shown in these higher orders. Figure 10 shows the pdf(ef) giving ose = +/Z(es — €,)?/S, whereS is the number of

the velocity increments at a separation lengthscale of RB00 snapshots. The error in Fig. 11 is givenmas: (o—%it n o_éE)l/Z_
multiplied by @;v/50¢)" for even numbers between = 2 to

10. We note that the factor five is only used to rescale the dis-

tributions and has no physical meaning. The integral adioss

whole distribution then gives the value of the structurection

for this separation, so we are able to understand which salue 5
of velocity separation are contributing most to which ordér

structure function. It can be seen that as we go to highersrde

of the structure functions the structure function sampleghér 4
into the wings of they,v/o distribution. From the left panel of
Fig. 10, we empirically conclude that the moments of the-hori

4.3. Looking at the higher order structure functions

E ——(Hor) All (Ver) — —

F——(Hor) Region 1 (Ver)— —
F——(Hor) Region 2 (Ver)— —
F——(Hor) Region 3 (Ver)— —

zontal velocity increment is reliable upto the order 6the(1®th % 3F

moment is not and the 8th is marginally reliable). From tigatri c ]
panel of Fig. 10, we conclude that the moments of the vertical 8_ E ]
velocity increment is reliable up to the order 4th (the 8tld an ag 2F 3

10th moments are not and the 6th is marginally reliable).

In Fig. 8 we can see for the horizontal scalings of R2 and :
R3 that the position of the lengthscale for the break in thegyo 1E
law shifts to smaller lengthscales with increasinsee panels :
¢ and e of Fig. 8). Such a break can be hypothesised to exist at : ]
a lengthscale when two physical processes with timesea{es (0] S S
andt,(r) exists such thati(r) = 72(r), for example for weak 0 2 4 6 8 10
and strong MHD turbulence whepp = 1 as defined in Equa- order
tion 4. If the intermittency is only weak, and the timescadés
a given lengthscale are given b = rP/(5vP) then the length-
scale where the break appears should remain the same alt all®g. 11. Scaling exponent of the structure function as a functiorhef t
ues ofp. However, if the intermittency is high then relation beerderp both above and below the break in the distribution for thele/ho
tween each timescale and the lengthscale changes resinltingrominence and all three regions, both for horizontal (sbfies) and
the lengthscale at which the transition occurs shiftingerh Vertical (dashed lines). The black lines give the expecteddt if the
fore, this could be a very interesting physical phenomeion xponents of structure functions followed the linear fefatof p/2
investigate further, but as we can see in Fig. 10 the highrésro (M9her) orp/4 (lower). Note that below the break, only some of the

. L A structure functions displayed a clear power law for all esdef the
stru_cture _func_tlons have_a 5|gn|f|f:ant Co_ntrlbu_tlon Corrﬁmgn structure function and so only four exponents are plottechfbelow
regions with high proportion of noise. To investigate wiegtihis 1o preak.
is a real phenomenon, more events would be required at these
extreme values.

Figure 11 gives the result from calculating the exponents of
the two power law distributions found in the prominence stru
ture functions for dierent orderg of the structure function. The
exponents calculated from the structure functions for the-h _ _
zontal (solid line) and vertical (dashed line) velocityrements 5. Discussion
for the three regions and the whole prominence from bothabov
and below the break in the power law are included. Two clukk this paper, we have presented the analysis of turbulect flu
terings of the values of the exponents can be seen when [pokimations of the line-of-sight velocity field of a quiescemomi-
at orderp = 2. Thisis 1= p/2 and 05 = p/4. The clustering nence. Using structure functions to analyse the velocitd,fie
around 1 is associated with the power law at lengthscalas lege find that as we look at smaller spatial separations there is
than 2000 km and the clustering aroun8l i3 associated with the an increasing departure from Gaussianity for the pdf of #e v
power law at lengthscales greater than 2000 km. Both of thdseity structure functions and that there are two separateep
clustering indicate that the exponentis a nonlinear famotif p.  laws with exponents roughly consistent witi2 at small scales
This is another signature of intermittency of the velociticfu- andp/4 at large scales for the spatial distribution with the break
ations. The lower and upper solid black lines show what wouldund at approximately 2000 km and one power law found in the
be expected if the exponents follow the Kraichnan-Irodtani temporal distribution for temporal separations less th@®0%k.
scaling, Eq.(2), and the weak-MHD-turbulence scaling(Bg. We have also presented new techniques for the data reduction
respectively. and analysis of Hinode SOTdDopplergrams.

Article number, page 9 of 16



A&A proofs:manuscript no. prom_turb_copy_edit

1 n=2 —n=8
10 —n=4 —n=10
8 107 3
> >
e, 3 )
X 10 X
S S
= 10" i =
10_5 1 1 1 1 1

oVvl/o, ov/o,

Fig. 10. Pdf of the velocity increments at a separation lengthschle ® 3000 km multiplied by §v/50)" to show which parts of the pdf
distribution are sampled by thefférent order structure functions. The case whete0 gives the reference pdf. Panel (a) relates to the velocity
increments calculated from horizontal separations witlepéb) being the same but calculated from vertical separati

5.1. Explaining the power law exponents and the break inthe Ca Il H data, which does not have this issue with a 10s delay
power law and also shows how the choice of spectral line is not crifmal
finding this behaviour. This gives us confidence to say that th
One of the key area that should be focussed on is the exponehi&nge in exponent is not a result of the use of structure-func
of the power law and the existence of the break in the power |&an analysis. Based on this evidence, we conclude thag tiser
at approximately 2000 km found in the spatial structure funoo obvious reason that the break in the power law is a result of
tions. Above this point, we find a scaling consistent with it  some observational or analysis artefact.

bulence (i.e~ p/4) or with the scaling perpendicularto the mag- - One explanation for the change in the exponent in the power
netic field in some models of strong MHD turbulence (Boldyretaw could be that at smaller scales the turbulence may be as a
2005), but below this point the scaling is consistent wittakve result of local excitation in the prominence, but at largealss
MHD turbulence (i.e~ p/2). As we have explained in the in-the relation of the motions to the surrounding corona shbeld
troduction with the nonlinearity parameter (see Equatiprind  considered. When thinking about this in terms of the stasdar
current MHD turbulence theory it is expected that the tiémsi prominence model, that is prominence material collectsips d
between weak and strong turbylence should exist, but it4s ¥ the coronal magnetic field and is supported by magnetic ten
pected that weak turbulence exists at the larger scalesti@mjs sjon, for fluctuations on scales smaller than the scalescasso
turbulence at the smaller, that is the strong turbulencéngra ated with the collection of dense material the turbulenagcto
should exist at smaller lengthscales than the weak MHD te completely contained with the prominence material, but f
bulence scaling, which is the opposite of what we have foungales larger than this, it could be expected that the motoa
Therefore, it is likely that something about the promines®  part of the global coronal-prominence system. Now let us ob-
tem under study, or more likely the prominence system in gegerve in Fig. 4 that the break scale, 2000 km, corresponds to
eral, is creating this complexity. the typical horizontal width of streaky structures suchhasred

The first explanation that should be investigated is the gharfinger-like high speed regions seen in the bottom of R2. In R1
in exponent of the power law being an artefact of the obsen@ld R2, apart from the biggest percolating structures ythiea
tions or the analysis techniques used. Considering thatrgrek  NOrizontal width is also around 2000 km. The temporal vatat
in the power law appears at scales over an order of magnit@®i&he streaky structures shows vigorous fluctuations oétges
larger than the pixel size, we can discount ifigient resolu- while thg streaks t_hemselv_es are Iong—llved structureey'E_ine
tion as a reason and a more complex explanation than thesscafdually jets taken in the fluid dynamics sense (to be prebise
being unresolved has to be invoked. The data that we use-to & the dynamic Rayleigh-Taylor plumes, prominence kniods a
ate the Dopplergrams, and ultimately the velocity map, cs)mrét_her impulsive flows of thg system). Thus the nature of fluctu
from two images taken in the blue and red wing of the liie ations below 2000 km, which are doml_nat_ed by a s!ngle streak,
with a 10s gap between the two images. If some informatiGA" be d‘.iferer_1t from the one above which is determmeql collec-
could be transferred betweenfidrent positions in the promi- tively by multiple streaks and other large scale dynamics: F
nence during this time, by waves for example, then the brefyer, the fluctuations of the streak edges can be viewed as ran
in the power law could occur as a result. However, this wouf™M waves, which is consistent to our picture of the coeniste
imply a wave velocity ofuwae ~ 2000kny10s= 200kms?, of the weak MHD_wave turbulence in the small scale and the
which is much faster than the expected wave speeds for a-qufEong turbulence in the large scale.
cent prominence. Also, a similar behaviour of a power lavhwit  There is evidence for small-scale wave turbulence excited i
a break at scales 2000 km was also found onftiérent promi- a larger turbulent system by the Rayleigh-Taylor instabih a
nences using very flerent analysis techniques, by Leonardis elifferent area of fluid dynamics. Chertkov et al. (2005) presknte
al. (2012) and Freed et al. (2016), where these were fourftkin & phenomenological model where a wave energy cascadegin thi
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case surface capillary waves) propagating along the sudéc this equation requires. To circumnavigate this issue, Weatyi
the rising bubble could be formed. There are some simiarititempt to estimate the order of the energy dissipation ugieg t
between the situation they suggest and the one found hete, fmtlowing relation:
so this could explain the puzzling break in the power law ef th 43 43
prominence. However we notice that in our hypothetical wave [([v(X+T) - v(x)]3) / N (6,:0%) / N
turbulence scales the pdf of the velocity increment is naigsa € ~ r3/2 Vo |\ r32 Vo’
sian as indicated in Fig. 6 (1100 km case), which is contrary
to the near Gaussian behaviour expected of wave turbulencgvhere the velocities used are the observed prominence Boppl
general. velocities and the consta@¥ in Equation 11 is taken to be of
Some evidence for the connection between the power la@fgler unity.
found at large scales in the prominence and the coronal{urbu
lent motions may be present in the CoMP observations of the
Doppler velocity spectra for trans-equatorial coronalpledy 104
Tomczyk & Mcintosh (2009). The power law for the power spec- ;
tral density of the frequency was found to bev~1°, which is
equivalent ta/sw?) ~ t®° for the second order structure function
of the temporal fluctuations. We find;v?) ~ r®% in the spatial
structure functions for greater than 2000 km, which may hint at
some connection between these two systems. Howekratit
from the observed coronal spectrum, the prominence terhpora
spectrum does not show any evidence of the p-mode excitation
and the exponents observed aratent, other than for region 2.
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5.2. Estimation of turbulent heating
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One very important task when assessing the turbulence is-a sy P H0r|_20nta|
tem is to measure the energy dissipation rate of the system. F I — Vertical
prominences, this will tell us whether energy dissipatismpart TN I
of the turbulent cascade is an important part of the heatirny a 102 10° 10 10°
cooling processes that occur in prominence plasma.

When we are not looking at the dissipation range of turbu- r (km)
lence, it is still possible to calculate the amount of enetiggi-
pated by calculating the amount of energy that is reachieg thig. 12. |(5,v%)|/r? for both the horizontal (blue line) and vertical (red
dissipation scale. This comes from the calculating the ggnefine) velocity increments. The modulus is taken becausecthee a
transmission rate of the turbulent cascade and for this purposeimber of 0 crossings in the 3-rd order structure functions.
the third order structure function of the velocities aligneith
the separation vectar which investigates the transfer of kinetic ~ Figure 12 shows the value @,0%)|/r*? across the height
energy between fferent spatial scales, is of great importanc@nd breadth of the prominence. This value can be taken as
For hydrodynamic turbulence one of the key results is knosvn a 107 (kmy/s)y km=/2. Note that at the largest valuesmofhere

=
o
&

Kolomogorov's 45 law, given by (e.g. Davidson 2004): is likely to be insdficient statistics to accurately determine the
values of{(s,v%)|/r%?, this is equivalent to the fourth range de-
V(X + 1) = v(x) - F]3) = —L—ler, (10) Scribed for the structure function scalings in Section But for
5 a range of more than two orders of magnitude the value we find

wheref is the unit vector in the direction of the separation holds. We would like to note here that the absolute valueaper

Here the sign of the term on the right-hand side is showing tgr s onl_y used to .keep the va}lue ployted p05|t|ve{(_ﬁs3)/r3'/2

the energy is cascading from large to small scales. To apijgly (a1 b€ either positive or negative. Taking the prominenéeshl

to the prominence system, we need to think about how thisdvojppeed as 20 knts andry = 20000 km (i.e. 20 km's multiplied
work in a system where the role of the magnetic field is cruciafy the timescale 1000 - see F'%' ?2 gives a value for the gnerg

For the prominence under study, we have found two regioﬁ@nsm'ss'%n ratesoa‘ N 10°erg § g For a prominence den-

with two different power laws, with the power law at the smallefy Of 10“"gcnm this would give a heating per unit volume
separations consistent with weak MHD turbulence. For wegk10 ergs-cm>. To prowde some context for this va!ue, we
MHD turbulence, the third order structure function of themio €& USe it to estimate the time required to heat a unit volume

resented for the/& law is given as: of pr(_)mi.nen_ce plasma by 100K. The change in thermal energy
P / g density is given byEqema = NKAT/(y — 1) ~ 103 ergcnts.
3 Va4 32 Therefore, it would take of the order of 28to raise the temper-
([(v(x +r1) = V(X)) - F]°) ~ C§ (Er—l) ree, (11) ature of the prominence material by 100 K, which can be viewed

as very indficient heating.
Note that this equation has been formulated from Equatiak-3 t
ing p = 3 and that the longitudinal velocity component (the Ief,\r)r Estimation of reconnection diffusion

hand side of Equation 10) is regarded as approximately equé’i?'

to the velocity component perpendicular to the large-sealg- It has been established that the existence of turbulenceig
netic field, ;. v. Based on this equation, we should be able twetised medium results in the formation of current sheetscidn
calculatee for the prominence. However, there is one problerfead to reconnection in the magnetic field (see Biskamp 2663 a

we do not have data to determine the full 3D velocity field agcent articles Lazarian et al. 2012a,b). One key processtis
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reconnection will induce is the fllision of mass across the maga prominence gives a value ef0.7 (where 066 would be ex-
netic field, where this process is called reconnectidfusion. pected for a linear increase in the exponent with order of the
According to Lazarian et al. (2012a), the reconnectidfudion structure function). When we perform the same analysis with

for a weakly turbulent MHD medium is: this prominences line of sight velocities, see Fig. 13, we fin
that the exponent is abouf@) which is generally consistent with
Trec = VurbLtub M3, (13) the results of Leonardis et al. (2012).

where vy, is the characteristic (i.e. the value at the injec-
tion scale) velocity of the turbulencky,, is the characteristic

lengthscale of the turbulence aht}, is the Alfvénic Mach num- 10°
ber defined adla = v/ Va. Using the values from this study,
Vurb = URMs = 2km st, Ly, = 2000 km (i.e. the lengthscale of 10* b
the break in the power law) and takiMg = 20kms?, we can
calculatenec ~ 4 x 1019cn? s71. 10° i
We can also make estimates for the value of othéiudi o
sions that are present in prominences, in this case we wil lo 2 102 |
at Coulomb difusionn and ambipolar dfusionnavs. Using a §
temperature of = 10*K, an ionisation fraction of; = 0.1 and ~ 1
amagnetic field strength of 3 G we calculate 10" cn? s and s 10 .
nave ~ 101 — 10 cn? s . From this we can understand that 'Q
the reconnection diusion is of approximately the same order 10° .
as the ambipolar ¢tusion (for these parameters at least), both
of which dominate the Coulombfiiusion. Therefore, we expect 10% - WOEHFOQQg'?\(Ialn(\{eQ/érl |
that there exists prominences such that tiiudion of neutrals — (Hor) Region 2 g\/er -
across the magnetic field in the prominence should be at appro 102 . — 2'7'9(‘1 Region 3 (Ver)- -
imately the_sar_ne rate as thetdsion of ions. 0.01 0.10 100 1000 100.00
The major implication of reconnectionftiision is the trans- <I5.vI 3
[3,v|*> (km/s)

port of mass in the prominence. As the reconnection breaks

the frozen-in condition of ideal MHD, it becomes possible fo_ o . .
mass to move through the prominence. It was shown by Pefrig- 13. ESS analysis, in this case the third order structure func
& Low (2005) that reconnection between two Kippenhahﬁ-alcmated from the modulus of the velocity increments agfathe sec-

. . ; - - d order structure function, for the whole prominence dmthree
Schiuter prominence model dips (Kippenhahn & Schititer 19??: ions including both the horizontal and vertical scainghe plots

results Ina net flow of mass do_vvnward af“?' a net tranSporb5% e been shifted for clarity. Black solid line gives the potaw expo-
magnetic f|eI(_JI upward. S|mu_lat|ons by H|I_I|er et al. (2012 ent of 0.7 that was found as the exponent of these plots.
showed that if the reconnection happens in favourable eondi

tions, the downflowing mass would shock and that would pro-

duce the downward-propagating knots observed in quiescent

prominences. Though observations (Chae 2010) suggest 818t ~onclusion

there are a large number of impulsive flows in the prominence,

the analysis presented in this paper suggests that overga limthis paper, we have used structure functions to aid wi¢h th
time, this merely represents a slowfdsion of the total promi- analysis of the line-of-sight velocity field of a prominertbat
nence across the magnetic field. has been reconstructed from Hinode SOT Dopplergrams. Look-
ing at the even-order structure functions with separatiowe
found that they display power-law scaling that are expeofed
turbulent media. However, the structure functions showdka

Our investigation of the higher order structure functiorss hincreases the exponentincreasingly deviates from tharseal-
proved interesting where, in spite of the increase in any-flugg that comes from simple dimensional analysis, implyina t
tuations resulting in a general degradation in the powes/awhe system displays intermittency. This conclusion is sufeg

the same process enhanced the break in the power laws ardinthe increasing non-Gaussianity found in the pdfs of the ve
2000 km in some cases (though it disappears in others). We hi@gity increments when going to increasingly smaller sealée

been able to show that the scaling exponent of the higher stucture function analysis of this prominence found a biaa

der structure functions, which reflect fluctuations furtimethe the power law at the same scales as Leonardis et al. (2012) and
wings of thes,v/o distribution, is a nonlinear function of the or-Freed et al. (2016) found foriérent quiescent prominences us-
der p for all investigated regions of the distribution. This igysu ing different methods, which may imply that this is a universal
gestive of intermittency in the inertial range of the tusnde.  feature of quiescent prominences.

In Fig. 11 we see that there is a general tendency for the The exponents found here for the ranges above and below
exponent of the structure function to increase at slightliolw the break are consistent with strong and weak MHD turbulence
that expected from a linear relation in a fashion that is t@st  but, opposite to expectations, the exponents consistémtweiak
for both the exponents found above and those found below tielD turbulence are at smaller scales than those consistent
break. It is important to point out that this is consisterttmthe  with the strong MHD turbulence. One hypothesis to explais th
Extended Self-Similarity (ESS) analysis presented in laedis would be that the prevalence of flows found at the lengthstsle
et al. (2012) where the exponent of power law correspondingdociated with this change in exponent are key driving thagha
the 2nd-order structure function as a function of the 3mkor in turbulence regimes. No greatflidirence was found between
structure function calculated from the intensity fluctaa of the exponents of three separate regions of the promineiieh w

5.4. Higher order structure functions
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displayed diferent dynamical phenomena, or between the verfppendix A: Method for removing the stray light
cal and horizontal o_Iirections. _ _ from the He images

The turbulence in the prominence may be important for heat- ) ) )
ing and difusion processes. Thefflision of the fluid across the Here we detail the techniques we used to process thenH
magnetic field as a result of magnetic reconnection, recdiore tensity data before the creation of the Dopplergrams anttra
diffusion, is estimated to bgec ~ 4 x 101°cn? st for appro- form it into velocities. The key point behind the data praees
priate parameters for a quiescent prominence. This is dfssim ing applied here can be understood by looking at Equation 5.
order to the estimated ambipolaffdision, and a few orders of This equation is the dierence of two intensities divided by their
magnitude greater than the Ohmidfdsion. However, when es-total. Now imagine that both. and|_ are increased by some
timating the heating rate as a result of the turbulence this weonstantsA, andA_ as a result of stray light (light reaching the
found to be small and as such unlikely to be of importance. camera pixels as a result of the optics). Therefore, the naioi
Acknowledgements. The Authors would like to thank the anonymous refereOf Equation 5 increases W_A_ but the denominator increases
for their invaluable comments. Hinode is a Japanese misséweloped and %yA+ + A_‘—’ which mhe_remly reduce_s the value of the D_oppler—
launched by ISABAXA, with NAOJ as domestic partner and NASA and STFcgram, ultimately reducing the velocity found. Such a stigitl
(UK) as international partners. It is operated by these eigerin co-operation component exists in the Hinode observations, so we created a

Fellowship grant number 30039741 Figure A.1 panel (a) shows the level 1 data far 208mA
with the intensity saturated to highlight the existence tofys
light, as is obvious by the existence of a signal in the coro-
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H!”!eﬂ A., Isobe, H., Shibata, K., & ﬁ_efgefv T. 2011, ApB&, L1 for the centroid of the Gaussian is taken as the real backgrou
Hillier, A., Berger, T, Isobe, H., & Shibata, K. 2012, ApA&, 120 intensity value and a 2D map can be made (see Fig. A.1 Panel
Hillier, A., Isobe, H., Shibata, K., & Berger, T. 2012, Aph6&, 110 .
Hillier, A., Morton, R. J., & Erdélyi, R. 2013, ApJ, 779, L16 d). Here we deflne_ a well resolved peak to mean_t.hat the half-
Iroshnikov, P. S. 1964, Soviet Ast., 7, 566 width of the Gaussian to be less thab and the position of the
Kippenhahn, R., & Schiter, A. 1957, ZAp, 43, 36 peak to be inside the second to sixth bin of fitting range under
ESL”JS??OQZ 1295‘01% As"gd‘;’;‘;g‘ N2a4u3k gSSR Doklady, 30, 301 the condition that peak of the histogram across its wholgean
Kraichnan, R. H. 1965, Physics of fluids, 8, 1385 falls within the seven bins used for the fit. For the red wintada
Kubota, J., & Uesugi, A. 1986, PASJ, 38, 903 shown in Flg: A.1 this initial process found the stray lightue
Lazarian, A., Eyink, G. L., & Vishniac, E. T. 2012a, PhysidsRiasmas, 19, for 130912 pixels.
Lag;rizir?SA Esquivel, A, & Crutcher, R. 2012, Apd, 757415 Once all the pixels whose stray light value satisfies thege co
Leonardis, E., Chapman, S. C., & Foullon, C. 2012, ApJ, 785, 1 ditions are determined, a two-dimensional fourth-orddypo-
Liggett, M., & Zirin, H. 1984, Sol. Phys., 91, 259 r_nlal is fitted to _the data, which gives an estimate for theystra
Matsumoto, T., & Kitai, R. 2010, ApJ, 716, L19 light for each pixel. However, as there may initially be & rel
Ng, C. S, & Bhattacharjee, A. 1996, ApJ, 465, 845 atively small number of pixels for which we have managed to
O“chjo ?ggr‘izl'oD-' Diaz, A. J., Asensio Ramos, A., & Trujleeno, J. 2014, jqentify the stray light value in the prominence (approxieta

Petrie, G. J. D., & Low, B. C. 2005, ApJS, 159, 288 104.pixels), thg fit in th.is region may initially not be so good.
Schekochihin, A. A., & Cowley, S. C. 2007, Turbulence and Kiatig Fields in 1O improve this, any pixels for which the stray light valuesha
Astrophysical Plasmas, in Magnetohydrodynamics: HistbiEvolution and not been determined that have a minimum value ptagvthere
Trends, ed. Molokov, S., Moreau, R., & Matt, H. K. (Springer, New York), the value of sigma is estimated from the noise fluctuatiors an

85 = ;
Schmieder, B., Chandra, R.,Berlicki, A., & Mein, P. 2010, AR 14, A68 found to bec = 1) smaller than the model value for that pixel,
Schmieder, B., Kucera, T. A., Knizhnik, K., et al. 2013, A@Jy, 108 they have the”_ minimum Value_ plu&-Zset as the stray “ght
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Fig. A.1. (a) level 1 intensity (intensity range of 0 to 25), (b) tenadorariation of intensity at points a and b, (c) histogramshef intensities at
points a and b, (d) the mean background value (intensityeraf@ to 25), (e) the background model (intensity range of ®p (f) the histogram
of the model values minus the mean background, (g) the 2Bilisibn of the diference between the model and mean background (colour range
between -2 and 2 with white lines showing the boundary betwegions with and without data) and (h) the level 1 intensitgus the background

model (intensity range of 0 to 25).

values that were consistent (withinlo) with neighbouring pix- value, from this it is clear the fference made to the intensity -
els where the stray light had been determined through thialiniand as a result the subsequent Dopplergrams - becausedhis pr
method. The fit is repeated with these new values, and then tess has been followed. It should be noted that this backgrou
process described in the previous sentence is repeate@slt intensity was found to be fierent for the+ and— wings, requir-
found that repeating this iterative procedure ten timessufic  ing a separate model, following the same procedure, to bemad
cient to get approximate convergence for the model dataevhésr each.

the stray light value was determined for 229777 pixels irréte

wing data with approximately & 10* pixels in the prominence

region. Figure A.1 panels (d) and (e) show the data values fppendix B: Validation of line width

the pixels where an estimation of the stray light was ob'dainﬁor this study, to produce the velocity proxy using Equatioit
and the fitted model, respectively. Panels (f) and (g) gieelin as necessary to assume a line width. We selected a line width

pdf and the 2D map of the residuals. Both of these show that t\o_fi{fl based on the thermal velocity of hydrogen at 8000 K. How-

error of the model can be taken as being at the noise levegl Paever, itis necessary to determine what, if arfjeet this assump-

() gives the K —208 mA intensity minus the stray light modek; 1156 on the results. To this end, we performed a serieslof ¢
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culations using dferent values for the line width and compare
the second order structure function for the velocity inczais L ) B A Al

(6rv) across the whole prominence that are produced. 10° (hor) 6000K (ver) |
~ Along with velocity increments calculated from the velgcit —— (hor) 8000K (ver)- - -
distribution given by a line width with thermal velocity kitem- —— (hor) 10°K (ver)- - - .
perature of 8000 K, for this part of the investigation we alse K
temperatures of 6000K and 4K, and a distribution obtained 10*} (hor) G,,:8000K (ver)- ;Qxb'»”f

when the temperature of the prominence plasma varies with a ) .=
normal distribution centred on 8000 K with a standard déwmat '
of 1000 K denoted 8000 K. Here the source of the line width
as been assumed to be a thermal velocity, but in realityikeés/
that superposition of non-thermal motions along the lifisight
will also lead to line broadening and will play a role givirtgt
Doppler widthvpw of the line a3, = v2 + vZ wherevr is
the thermal velocity ands is broadening by the line-of-sight
motions. Therefore, when we talk of a line width based on the
thermal velocity of 8000K this is equivalent to saying thae t
velocity associated with the Doppler width is equal to thit o
the thermal velocity of a fluid at 8000K, thatisw = vsoook-
The purpose of this appendix is to understand hd¥edént line
widths, whatever their cause, could result in changes iméhe
sults of this paper. Figure B.1 gives the second order streict
functions for all of these velocity increment distributior\ll of
these structure functions are calculated from a single srap 10} b
from the data. el
As can be seen in Fig. B.1, the distributions of the second 1000 10000
order structure functions do not present any large charges a r (km)
result of the diferent assumptions of line width. Especially im-
portant is the fact that the general exponents presentetey Rig. B.1. Plot of (§,%) for the four diferent models of the line width.
distributions, both at the smaller and large spatial scades From bottom to top these are the 6000 K line width (green)8oa0 K
consistent. The exponents calculated from these strufitage  line width (blue), the 10K line width (pink) and the randomly dis-
tions between the ranges given by the triangles and diamamedstributed temperature model (red). The solid line shows thectire
listed in Table B.1. Exponent 1 is the value below the break ak%r;}::'on calculated from the horizontal velocity increrteernd the
Exponent 2 is the value above. The exponent values do not s ed line the structure function calculated from themrt/elomy
L . .~ Increments. It should be noted that that other than the 608i-
any variation to a level that would change the interpretatid

- . . bution, the others have been rescaled to allow for them toldiéed
2 - ’
the results in this paper. The value(6fv®) at =3000km is alSo ¢jearly. To highlight the similarity in the scalings of theuf distribu-

given to shown how the magnitude changes as a result of {is "two power laws have been overplottet? in the dot-dash line
line-width assumption, so, for example, the heating estithan  andr? in the triple dot-dash line. The triangles and diamonds straw
Section 5.2 is likely to have an uncertainty of a factor 3 tai® d range over which respectively Exponent 1 and Exponent hy@srsin
to the uncertainty of the line-width. Therefore, we can befio Table B.1, are calculated.

dent that the results we present are not dependent of ourechoi

of line width.

<B V>
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Table B.1. Exponents of the power laws found fé@ v?y and the magnitude at= 3000 km for the four dferent line widths. Values for both the
horizontal (left) and vertical (right) structure funct®are given.

o, 6000K 8000K 16K G,#8000K
Exponent 1 14/1.28 114/1.28 114/1.28 110/1.20
Exponent 2 B7/0.49 037/0.49 037/0.49 037/0.49

(6:0?) at =3000km  20/1.5 (knysf 3.6/2.6 (knysf 5.62/4.1 (knysP 3.6/2.6 (knys)
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