
ORE Open Research Exeter

TITLE

Investigating prominence turbulence with Hinode SOT Dopplergrams

AUTHORS

Hillier, AS; Matsumoto, T; Ichimoto, K

JOURNAL

Astronomy and Astrophysics

DEPOSITED IN ORE

27 October 2016

This version available at

http://hdl.handle.net/10871/24107

COPYRIGHT AND REUSE

Open Research Exeter makes this work available in accordance with publisher policies.

A NOTE ON VERSIONS

The version presented here may differ from the published version. If citing, you are advised to consult the published version for pagination, volume/issue and date of
publication

http://hdl.handle.net/10871/24107


Astronomy& Astrophysicsmanuscript no. prom_turb_copy_edit c©ESO 2016
October 10, 2016

Investigating prominence turbulence with Hinode SOT
Dopplergrams

A. Hillier 1, T. Matsumoto2 and K. Ichimoto3

1 CEMPS, University of Exeter, Exeter EX4 4QF U.K.
e-mail:a.s.hillier@exeter.ac.uk

2 Division of Physics and Astronomy, Graduate School of Science, Kyoto University
3 Kwasan and Hida Observatories, Kyoto University

October 10, 2016

ABSTRACT

Quiescent prominences host a diverse range of flows, including Rayleigh-Taylor instability driven upflows and impulsive downflows,
and so it is no surprise that turbulent motions also exist. Asprominences are believed to have a mean horizontal guide field, in-
vestigating any turbulence they host could shed light on thenature of magnetohydrodynamic (MHD) turbulence in a wide range of
astrophysical systems. In this paper we have investigated the nature of the turbulent prominence motions using structure function
analysis on the velocity increments estimated from Hα Dopplergrams constructed with observational data from Hinode Solar Optical
Telescope (SOT). The probability density function of the velocity increments shows that as we look at increasingly small spatial sepa-
rations the distribution displays greater departure from areference Gaussian distribution, hinting at intermittency in the velocity field.
Analysis of the even order structure functions for both the horizontal and vertical separations showed the existence oftwo distinct re-
gions displaying different exponents of the power law with the break in the power law at approximately 2000 km. We hypothesise this
to be a result of internal turbulence excited in the prominence by the dynamic flows of the system found at this spatial scale. We found
that the scaling exponents of thepth order structure functions for these two regions generally followed thep/2 (smaller scales) andp/4
(larger scales) laws that are the same as those predicted forweak MHD turbulence and Kraichnan-Iroshnikov turbulence respectively.
However, the existence of thep/4 scaling at larger scales than thep/2 scaling is inconsistent with the increasing nonlinearityexpected
in MHD turbulence. We also found that as we went to higher order structure functions, the dependence of the scaling exponent on
the orderp is nonlinear implying that intermittency may be playing an important role in the turbulent cascade. Estimating the heating
from the turbulent energy dissipation showed that this turbulence would be very inefficient at heating the prominence plasma, but
that the mass diffusion through turbulence driven reconnection was of the order of 1010 cm2 s−1. This is of similar order to that of the
expected value of the ambipolar diffusion and a few orders of magnitude greater than Ohmic diffusion for a quiescent prominence.

Key words. Magnetohydrodynamics (MHD) – Sun:filaments, prominences –Turbulence

1. Introduction

Prominences, cool dense clouds of partially ionised plasmasup-
ported above the solar surface by the Lorentz force, have long
been known to host a wide range of dynamic motions including
downflows (Engvold 1981; Kubota & Uesugi 1986) and vortices
(Liggett and Zirin 1984). The launch of the Hinode satellite(Ko-
sugi at al. 2007) with the Solar Optical Telescope (SOT; Tsuneta
et al. 2008), shed new light onto the dynamics of prominences.
These new Hinode observations have developed out understand-
ing of nonlinear prominence downflows (e.g. Chae 2010; Hillier
et al. 2012b), shown that prominences are full of a broad spec-
trum of magnetohydrodynamic (MHD) waves and oscillations
(e.g. Schmieder et al. 2010, 2013; Hillier et al. 2013) and the ex-
istence instabilities, for example the magnetic Rayleigh-Taylor
instability (e.g. Berger at al. 2008, 2010; Berger et al. 2011;
Hillier et al. 2011, 2012a).

Considering their dynamic nature and the large Reynolds
numbers it is no surprise that prominences also display the char-
acteristics of a turbulent medium. Leonardis et al. (2012) inves-
tigated the correlations in the Ca II H intensity in a quiescent
prominence using Hinode SOT and these investigations revealed
that there exists power laws in the wavenumber dependence of
the power spectral density, with a break in the power law found

at approximately 1000 km and signs of the multi-fractality of the
prominences light curves. Freed et al. (2016) investigatedthe
plane-of-sky velocity, obtained through feature tracking, deter-
mining the power spectra and found indices of the power law fit
to the power spectra in the range−1 to−1.6.

Turbulence itself is an area of fluid dynamics research of
great interest. The general nature of incompressible turbulence
in a homogeneous, isotropic, and statistically steady system was
first described by Kolmogorov (1941). This process describes
how energy injected at large scales cascades through progres-
sively smaller scales until it reaches the dissipation scale of the
system. For Kolmogorov turbulence, simple dimensional anal-
ysis shows that thepth order structure function of the velocity
increments (as defined in Equation 1) in the inertial range follow
the relation:

< [v(x + r) − v(x)] p >=< δrv
p >= Cpǫ

p/3rp/3, (1)

wherer is the distance over which the structure function is being
calculated,ǫ is the energy dissipation rate andCp is a constant
associated with thepth order structure function. The homogene-
ity, isotropy and statistical steadiness assumed by Kolmogorov
are considered to hold for small-scale motions of turbulence even
if the turbulence in the large scale is inhomogeneous, anisotropic
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and time-dependent. This is because memory of the large-scale
anisotropy, for example, is likely to be lost during the energy
cascade process which is roughly conceived as the process of
successive splitting of large eddies to smaller ones. As a result,
small eddies are considered to reach a universal state whichis
the one hypothesised by Kolmogorov, see for example, David-
son (2004).

Kolmogorov turbulence, however, does not deal with the in-
fluence of the magnetic field, something of great importance
for many astrophysical systems. Kraichnan (1965) & Iroshnikov
(1964) extended Kolmogorov turbulence to include the Alfvén
velocity (VA) in an isotropic scaling (hereafter K-I turbulence).
However, the inclusion of the Alfvén velocity means that di-
mensional arguments can no longer produce a unique scaling.
Through arguments based on the number of wave interactions
necessary to deform a wave packet, the K-I turbulence scaling is
determined to be (e.g. Kraichnan 1965):

< δrv
p >= C′pV p/4

A ǫ
p/4rp/4. (2)

This scaling is isotropic, meaning that there is no difference be-
tween the directions parallel and perpendicular to the magnetic
field. However, it can be expected that the presence of a strong
mean magnetic field, as is likely to be the case for prominences,
turbulence will not be isotropic. This thought led to the develop-
ment of anisotropic scalings in MHD turbulence.

For anisotropic MHD turbulence for a mean field magnetic
field of B0, two cases can be envisioned: The case of weak MHD
turbulence where the perturbations to the magnetic fieldb sat-
isfy the conditionb ≪ B0, and strong MHD turbulence where
b ∼ B0. In the case of weak MHD turbulence it has been shown
that the turbulent cascade is dominated by the cascade perpen-
dicular to the magnetic field, because the timescale for the defor-
mation of the Alfvén waves in the direction along the magnetic
field is taken to be much longer than that perpendicular to the
direction of the magnetic field (Ng & Bhattacharjee 1996). This
gives the relation of the perpendicular velocity perturbations of
(e.g. Schekochihin & Cowley 2007):

< δr⊥v
p >= C′′p (ǫVA/r‖0)p/4rp/2

⊥ , (3)

whereδr⊥v is the velocity increment calculated in the direction
perpendicular to the magnetic field,r‖ is the wavelength of the
Alfvén wave along the magnetic field (here we user‖0 as there is
no cascade along the magnetic field and as such the wavelength
does not change throughout the turbulent cascade) andr⊥ is the
spatial separation perpendicular to the magnetic field at which
the velocity increment is being calculated.

For weak MHD turbulence, as the cascade continues the
characteristic timescale of the nonlinearity of the turbulence in-
creases with respect to the frequency of the Alfvén wave. The
nonlinearity of the turbulent fluctuations can be measured by the
nonlinearity parameterχr given by:

χr =
〈|δr⊥v|〉λ

VAr⊥
, (4)

whereλ is the wavelength of the Alfvén wave andδr⊥v is now the
characteristic velocity associated withr⊥. Here we assume that
the Alfvén wave sits in a large scale characterised with the single
wavelengthλ and the single velocityVA . The parameterχr can
be interpreted as a ratio of the Alfvén time scale over the nonlin-
ear time scale (see also Goldreich & Sridhar 1995; Galtier etal.
2005). In the case of weak MHD turbulenceχr ∝ r−1/2

⊥ , mean-
ing that the nonlinearity of the turbulence increases as thescales

across the magnetic field become smaller. Eventually, givena
sufficiently large inertial range, there will exist anr⊥ such that
the value ofχr becomes unity and the turbulence transitions from
weak turbulence to strong turbulence.

Once the turbulence transitions from weak to strong, the
timescale for deformation of an Alfvén wave is sufficiently short
that the cascade is no longer solely resulting from fluctuations
perpendicular to the magnetic field, though still dominatedby
the cascade in that direction. Based on the concept of critical
balance that at all scales of the strong MHD turbulence cas-
cadeB0/L = b/δ, whereL is the wavelength along the magnetic
field of the Alfvén wave andδ is the amplitude of the displace-
ment, Goldreich & Sridhar (1995) found that the spectrum is
anisotropick‖ ∼ k2/3

⊥ L−1/3 and that the energy cascade is given
asE(k) ∼ k−5/3

⊥ , that is< δr⊥v
p >∼ rp/3

⊥ . However, there is still
some controversy relating to the scaling of MHD turbulence.
Boldyrev (2005) presented a new model based on the concept
of dynamic alignment of vortices where< δr⊥v

p >∼ rp/4
⊥ .

Structure functions have been used as an important tool in
determining the characteristics of turbulent and intermittent phe-
nomena in the solar atmosphere and in the solar wind. Abra-
menko (2002) and Abramenko et al. (2002b) used structure func-
tions to investigate the line-of-sight component of the magnetic
field in active regions using SoHO/MDI and Huairou Solar Ob-
serving Station, China. They found a departure from the linear
scaling with orderp as a result of intermittency from the spa-
tial fluctuations of the local dissipation rate (e.g. Frisch1996).
The intermittency was found to increase with flaring activity
in the region. Abramenko & Yurchyshyn (2010) extended these
studies to include Hinode SOT/SP and Big Bear Solar Observa-
tory data measuring the high-order structure functions for214
solar active regions. They found that a modified flatness func-
tion, defined in their paper as the ratio of the sixth-order structure
function to the cube of the second, below scales of 10 Mm was
correlated with flare productivity. Buchlin et al. (2006) applied
structure function analysis, amongst other analysis techniques, to
SoHO/SUMER data, finding intermittency of the velocity field
observed in ultraviolet light, with the results supportingthe ex-
istence of small-scales created in the solar transition region by
turbulence. Application of structure function analysis tomea-
surements of the velocity and magnetic fields in the solar wind
also show the departures from the linear scaling withp (Bruno
& Carbone 2013).

The presence of a magnetic field, as well as the gravity
driven flows, make prominences an interesting environment to
investigate turbulence in an astrophysical system. In thispaper
we investigate the velocity fluctuations of a prominence based
on Dopplergrams created from Hinode SOT observations. We
study the velocity increments, investigating how their distribu-
tion changes over different lengthscales, and determining the
power laws associated with their structure functions to attempt
to connect these velocity fluctuations with turbulence theory. fi-
nally we estimate the energy deposition rate associated with this
turbulence.

2. Estimating the line-of-sight velocity of the
prominence from Hinode SOT observations

The target of the observations is a quiescent prominence seen on
the NW solar limb (41◦N 84◦W) on 2008 September 29. Using
Hinode SOT this prominence was observed between 10:00UT
and 14:00UT in Hα ±208 mÅ using the narrowband filter, as
well as Ca II H in the broadband filter. In this observation se-

Article number, page 2 of 16



Hillier et al.: Using Hinode SOT to investigate prominence turbulence

quence, the images in each line were taken at a cadence of 30 s
with a time separation between the images in the two wings of
Hα of 10 s. In this paper we focus on the Hα data. Figure 1 pan-
els (a) and (b) show the intensity in Hα ±208 mÅ.

The Hα Dopplergrams were created by subtracting line cen-
tre +208 mÅ images from the nearest line centre−208 mÅ im-
ages in time, then normalising by the sum of these images. The
equation to calculate this is:

ID =
I+ − I−
I+ + I−

. (5)

The offset of 208 mÅ from line centre is equivalent to a Doppler
velocity of 9.5 km s−1. 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 the Hα data that if not removed may
have resulted in significant changes in the Dopplergram value as
calculated using Equation 5. We present a detailed explanation
in Appendix A regarding our techniques to process the data to
remove stray light from the image data before calculating the
Dopplergrams.

It is now necessary to connect the Dopplergram to a velocity,
for this we use the cloud model (Beckers 1964). From the cloud
model, we can model the intensity as a function of wavelength
(I(λ)) of the prominence as:

I(λ) = S λ
[

1− exp(−τλ)
]

, (6)

τλ = τ0 exp













−
(λ − λD)2

σ2
λ













,

whereS λ is the source function,λ is the wavelength,τ0 is the
optical depth at line centre givingτλ as the optical depth at wave-
lengthλ, λD is the Dopplershifted position of line centre andσλ
is the line width. Performing a Taylor expansion of exp(−τλ) up
to the first term inτλ, Equation 6 becomes:

I(λ) = S λτ0 exp













−
(λ′ − ∆λ)2

σ2
λ













, (7)

whereλ′ = λ − λ0 with λ0 as the wavelength of the at rest line
centre, and∆λ is the shift in the position of the line from the
rest wavelength. Here we note thatλ − λD = λ

′ − ∆λ. Physically
speaking, taking the Taylor expansion is equivalent to assuming
that the departure from the line profile of an optically thin plasma
in the observed wavelengths (in this case in the red and blue
wings centred on Dopplershifts of±9.5 km s−1) is small. This
assumption will lead to small errors in the estimation of theline
shift, but will not result in a change of the sign nor of the relative
magnitude of the line shift. The ultimate result is the line profile
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 can bere-
lated to a wavelength shift by the following formula:

ID =

exp
[

−
(λSOT−∆λ)2

σ2
λ

]

− exp
[

−
(−λSOT−∆λ)2

σ2
λ

]

exp
[

−
(λSOT−∆λ)2

σ2
λ

]

+ exp
[

−
(−λSOT−∆λ)2

σ2
λ

] , (8)

whereID is the value of the Dopplergram,λSOT is the wavelength
offset from the rest line-centre of the Hinode SOT observations
andσλ is the width of the Gaussian distribution. Equation 8 can
be simplified to:

ID = tanh













2
λSOT∆λ

σ2
λ













. (9)

Here we can see that, under the assumptions applied, the Dopp-
lergram value is given as a function of the observed line position
(i.e.+208 mÅ), the Dopplershift of the line and the line width.

From Equation 9 we are interested in obtaining∆λ and we
already knowλSOT, butσλ is an unknown. Therefore, to perform
our analysis we prescribe a line width to the prominence based
on the thermal velocity of hydrogen at 8000 K (the influence of
other values is investigated in Appendix B). In future, we would
suggest that a scan of the line (about six points should suffice)
was performed before any prominence Dopplergram observation
to allow for a calibration of the average line width that is more
accurate.

3. General properties of the prominence velocity
distribution

Before we present our investigation of the correlations in the
prominence velocity field, we first provide some basic informa-
tion about the characteristics of the velocity distributions of the
prominence. Figure 2 gives the log mean intensity, mean veloc-
ity, standard deviation of the velocity and correlation time of
the velocity in the prominence. The figure shows that values be-
tween 200 s and 500 s are common for the correlation time. The
longest correlation time found is 9000 s, which is significantly
shorter than the time series of the observations. The mean ve-
locity of all the prominence pixels is 0.9 km s−1 and the standard
deviation of the velocity fluctuations taken over both spaceand
time isvRMS = 2.0 km s−1.

Figure 3 shows the normalised average at each lag of the
auto-correlation for all the prominence pixels for both theveloc-
ity and the total intensity. From this we can see that the correla-
tion time for the velocity (as calculated from the half-width half-
maximum (HWHM) of the auto-correlation) is 328 s and for the
intensity it is 544 s. We can compare this with the values found
for the motions of the solar photosphere where Matsumoto &
Kitai (2010) found that the g-band intensity correlation time was
250 s but the velocity correlation time was 100 s.
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Fig. 3. Normalised average at each lag of the auto-correlation function
for all the pixels of the prominence for both the prominence intensity
(solid line) and velocity fluctuations (dashed line).
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Fig. 1. (a) intensity in the Hα + 208 mÅ wing, (b) the intensity in the Hα − 208 mÅ wing and (c) the Dopplergram at 2008-09-29 10:54:56 UT.

Figure 4 shows the velocity distribution at 12:37 UT for the
prominence. The velocity map of the prominence shown in this
figure has been rotated so that the y-axis is aligned with the ver-
tical direction (i.e. aligned with the local gravity) and assuch the
x-axis can be seen as the horizontal direction. These two direc-
tions will form a key part of the analysis presented in this paper.
The three boxed regions have been selected because of the dif-
ferent characteristics that can be found. Region 1 (R1) is a region
of the prominence that is relatively quiescent. Region 2 (R2) is
a region that displays regular formation of downflows similar to
those studied by Chae (2010). Region 3 (R3) is a region that has
multiple plume formation through the Rayleigh-Taylor instabil-
ity as investigated by Berger at al. (2010).

Figure 5 shows the histograms for the velocity for R1, R2
and R3 and the whole prominence. The solid black line gives a
Gaussian pdf. Generally speaking, when the velocity is lessthan
two standard deviations from the mean (|v − µR| < 2σR) the dis-
tributions are close to Gaussian, but departures from a Gaussian
distribution are found in the wings of the distribution. Table 1
gives the key parameters associated with each distribution.

Fig. 5. Pdf of the velocities for the whole prominence and the three
regions, whereµR is the sample mean of the velocity for each given re-
gion andσR is the standard deviation of each given region and these are
used to normalise each distribution (see the second and third columns
of Table 1). The black line shows a Gaussian pdf.

The key results of Table 1 can be summarised as follows:

1. R3 has the highest mean velocity of∼ 1.2 km s−1 and R2 has
the smallest of 0.4 km s−1

2. The standard deviation of the velocity is very consistent
across the whole prominence.

3. R2 has the strongest skew. This could be associated with the
large number of impulsive downflows that are observed to
have a unidirectional Doppler signal toward the observer.
This is not so prevalent in R3 as the Rayleigh-Taylor dy-
namics present a broader spectrum of velocities around the
plume head (Orozco Suárez et al. 2014).

4. Most regions have strong positive kurtosisK(v) = 〈(v −
〈v〉)4〉/〈(v−〈v〉)2〉2−3. Though R1 has a relatively small kur-
tosis compared to the other regions, potentially this results
from the more quiescent nature of this region.

5. The correlation time is shortest in R2. This could be a result
of the downflow activity.

The values of Vel. mean in Table 1 are calculated with respect
to the zero position of the tunable filter. This, however, maynot
correspond to shifts from the rest wavelength at the solar limb
due to the difficulties of accurately calibrating the tunable fil-
ter. Therefore, relative velocity values (as investigatedfrom this
point in this paper) can be used without any issue, but the abso-
lute magnitude of a given velocity may not correspond to thatof
the shift from the rest wavelength.

4. Properties of the velocity correlations

Here we present the investigation of the correlations of theve-
locity field, as revealed by an analysis of the structure functions.
The whole prominence and R1, R2 and R3 are investigated.

4.1. The whole prominence

We first investigate the velocity correlations in the whole of the
prominence to look for basic information on the nature of the
turbulent flows in the prominence. The two signs that we will
look for are the progressive development of non-Gaussian tails
as we investigate the pdfs of the velocity increments (δrv) for de-
creasing separation (r) and self-similarity, that is showed by the
existence of power laws in the structure functions of the velocity
increments over an extended range of separations. These statis-
tics are performed using temporal separations of 3000 s between
frames used for calculating the structure functions (N.B. it was
not necessary to take such a large separation, in fact using any
separation that is greater than the correlation time would suffice,
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Fig. 2. In panel (a) the log of the temporal mean of the sum of the intensity from both wings is given. Panel (b) shows the map of the correlation
time calculated as the Half-Width Half-Maximum (HWHM) of the auto-correlation function of the prominence velocity fluctuations. Panels (c)
and (d) respectively give the temporal mean velocity and standard deviation of the velocity at each pixel of the prominence.

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

Region Vel. mean (km s−1) Vel. sd (km s−1) Skew Kurtosis Correlation time (s)
Whole 0.9 2.0 −0.18 0.89 328

R 1 0.8 1.7 0.01 0.07 494
R 2 0.4 1.7 −0.42 0.46 246
R 3 1.2 1.6 0.05 0.50 317

however the large number of data points for even this separation
made it sufficient).

Figure 6 gives the probability density function (pdf) of the
velocity increments for different separations for both the hori-
zontal direction (panel a) and the vertical direction (panel b).
The black line, given as a reference, is the pdf of a Gaussian dis-
tribution. From this figure it is clear that at larger separations the
distribution is approximately Gaussian. Hence fluctuations are
likely to be largely uncorrelated. However, as scales get smaller
and smaller the tails of the pdfs become more and more non-
Gaussian. This behaviour has been shown to be associated with

intermittency (Frisch 1996) in turbulence and provides onepiece
of evidence that the observed velocity field of the prominence is
intermittent.

The structure functions〈δrv
p〉 againstr for the even values

of p betweenp = 2 and p = 10 are given in Fig. 7 for both
the horizontal (panel a) and vertical (panel b) velocity corre-
lations. The first point to note is that the distribution seems to
fall into four separate ranges as defined by certain lengthscales.
The first range, as associated with the smallest of observable
lengthscales, that is those less than 500 km, can be associated
with the finite resolution of the observations. The second range
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Fig. 4. Velocity map of the prominence at 12:36:56 UT. The three regions used in the investigation are marked by the three boxes. Online movie
available for this figure.

Fig. 6. Pdf of the velocity increments at separations of 110 km, 1100km, 5500 km and 11000 km with the black line giving the distribution of a
Gaussian pdf. Panels (a) and (b) given the distributions forhorizontal and vertical separations respectively.

spans approximately between 500 km and 2000 km and shows a
power law, this range is marked by the two triangles. The third
range spans approximately between 2000 km and 3×104 km and
shows an elongated power law region whose scaling exponent is
smaller than that of smaller separations, this range is marked by

the two diamonds. In the vertical scalings as shown in Fig. 7
(b) there is some hint of a fifth short range between∼ 1000km
and∼ 3000 km This may be a result of the scales associated
with the multitude of upflows and downflows in the prominence,
for example multiple downflowing knots or increasingly elon-
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Fig. 7. Even order structure functions betweenp = 2 to 10 across the whole prominence for the velocity increments calculated in the horizontal
(panel a) and vertical (panel b) directions. The triangles and diamonds mark the ranges where the exponents of the power law are calculated.

gated Rayleigh-Taylor plumes, blurring the transition between
the two exponents of the power law. This transition where theex-
ponent of the power law changes (i.e. approximately 2000 km)
is consistent with the lengthscale where there exists a kneein
the power law for the power spectral density of both the inten-
sity fluctuations (e.g. Fig 3. of Leonardis et al. 2012) and for the
plane-of-sky velocity field (e.g. Fig. 4 of Freed et al. 2016)of
prominences. The fourth and final range starts at approximately
3 × 104 km. As we show in the next subsection, the separation
scale at which the fourth region begins is dependent on the size
of the region being investigated and so is likely to be a result of
smaller sample sizes of velocity increments that are available at
larger separations.

4.2. The three regions

Now we will look at the three separate regions of the promi-
nence to see if the different dynamics found in the prominence
influence the statistics. To reduce spurious correlations that may
arise in the temporal averaging process, we include only thedata
for the calculation of the velocity increments using snapshots
taken at the time separation nearest to the correlation timefor
each region as listed in Table 1.

Figure 8 shows the even order structure functions of〈δrv
p〉

betweenp = 2 andp = 10 for the three regions of the promi-
nence as shown from top to bottom. The general trends found
are similar to those shown in Fig. 7. One interesting point that
should be noted is the difference between the lengthscale associ-
ated with horizontal and vertical break in the power law, though
the position of the break in the horizontal power law is relatively
similar for the three regions, this is not the case for the verti-
cal scaling. The approximate position of the break in the vertical
power law for R1 happens at 4000 km, for R2 at 2000 km and for
R3 at 2500 km. This could be related to the different dynamics
of the regions, where R2 and R3 are dominated by vertical flows
but R1 may be dominated by the vertical threads that are often
observed in prominences. Because the lengthscale at which the
break in the power law occurs for R1 has been pushed to longer
lengthscales, this allows for the range of the steeper powerlaw to
be observed over an extended range providing greater evidence
of its existence.

Figure 9 gives the second-order temporal structure function,
〈δtv

2〉 = 〈[v(x, s + t) − v(x, s)]2〉 againstt for the three regions.
For the temporal distribution, power laws exist only for temporal
separations below∼ 1000 s. The exponents for the three regions
are approximately 1 for R1, 0.6 for R2 and 0.9 for R3. It is inter-
esting that the exponent is noticeably reduced for R2 compared
to the other regions. This implies that this region has a higher
ratio of kinetic energy at the higher frequencies to the lower fre-
quencies than the other regions. As can be seen in the movie
associated with Fig. 4, this region is dominated by the down-
flowing prominence knots. Also, it is interesting that the shorter
the correlation time for a region, as given in Table 1, the smaller
the exponent. Above the temporal separation of approximately
1000s the distribution is almost flat for all three regions. One
potential physical meaning of this value is of the period of the
Alfvén waves or the timescales of the dynamics that drive the
turbulence.
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Fig. 9. Plot of 〈δtv
2〉 againstt for R1, R2 & R3. The exponents of the

power laws for the three regions are approximately 1 for R1, 0.6 for
R2 and 0.9 for R3. Note that the distributions are scaled to make the
distribution clear.
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Fig. 8. Even order structure functions betweenp = 2 andp = 10 for the three regions of the prominence as shown from top tobottom: in panels
(a) and (b) R1, in panels (c) and (d) R2 and in panels (e) and (f)R3 from Fig. 4. The left and right panels give the structure functions calculated
from the horizontal and vertical separations respectively. The triangles and diamonds mark the ranges over which the exponent of the power law
are calculated.

It is interesting to try to connect the temporal to the spatial
structure functions. One way to do this would be to use Taylor’s
hypothesis that relates the temporal to spatial scales withr = Ut
whereU is the magnitude of the mean flow velocity. As can be
seen in the movie of Fig. 4, there is no clear particular mean flow
in the plane-of-sky that can be determined and so the assumption
of the Taylor hypothesis thatU when compared to the turbulent

velocity uturb satisfiesuturb/U ≪ 1 is not valid, but even so it is
worth using this simple scaling to see if it provides any infor-
mation. Here we have〈δtv

2〉 ∝ t0.5 to t1 which would map to
〈δrv

2〉 ∝ r0.5 to r1 which are exponents that are consistent with
those found for the spatial separations (see Fig 11). However,
this does not allow us to determine if the power law found in the
second-order temporal structure functions is related to the dis-
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tance structure functions. However, comparing the time that re-
lates to the knee in the temporal structure functions (t ∼ 1000 s)
to the lengthscale that relates to the knee in the spatial structure
functionsr ∼ 2000 km gives a speedS = 2000/1000= 2 km s−1

which is comparable tovRMS of the prominence.

4.3. Looking at the higher order structure functions

In Figs. 7 and 8 we show the even order structure functions
against separationr, but it is important to understand what be-
ing shown in these higher orders. Figure 10 shows the pdf of
the velocity increments at a separation lengthscale of 3000km
multiplied by (δrv/5σr)n for even numbers betweenn = 2 to
10. We note that the factor five is only used to rescale the dis-
tributions and has no physical meaning. The integral acrossthis
whole distribution then gives the value of the structure function
for this separation, so we are able to understand which values
of velocity separation are contributing most to which orderof
structure function. It can be seen that as we go to higher orders
of the structure functions the structure function samples further
into the wings of theδrv/σr distribution. From the left panel of
Fig. 10, we empirically conclude that the moments of the hori-
zontal velocity increment is reliable upto the order 6th (the 10th
moment is not and the 8th is marginally reliable). From the right
panel of Fig. 10, we conclude that the moments of the vertical
velocity increment is reliable up to the order 4th (the 8th and
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 the power
law shifts to smaller lengthscales with increasingp (see panels
c and e of Fig. 8). Such a break can be hypothesised to exist at
a lengthscale when two physical processes with timescalesτ1(r)
andτ2(r) exists such thatτ1(r) = τ2(r), for example for weak
and strong MHD turbulence whenχr = 1 as defined in Equa-
tion 4. If the intermittency is only weak, and the timescalesat
a given lengthscale are given byτp = rp/〈δv

p
r 〉 then the length-

scale where the break appears should remain the same at all val-
ues ofp. However, if the intermittency is high then relation be-
tween each timescale and the lengthscale changes resultingin
the lengthscale at which the transition occurs shifting. There-
fore, this could be a very interesting physical phenomenon to
investigate further, but as we can see in Fig. 10 the highest order
structure functions have a significant contribution comingfrom
regions with high proportion of noise. To investigate whether this
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 struc-
ture functions for different ordersp of the structure function. The
exponents calculated from the structure functions for the hori-
zontal (solid line) and vertical (dashed line) velocity increments
for the three regions and the whole prominence from both above
and below the break in the power law are included. Two clus-
terings of the values of the exponents can be seen when looking
at orderp = 2. This is 1= p/2 and 0.5 = p/4. The clustering
around 1 is associated with the power law at lengthscales less
than 2000 km and the clustering around 0.5 is associated with the
power law at lengthscales greater than 2000 km. Both of these
clustering indicate that the exponent is a nonlinear function of p.
This is another signature of intermittency of the velocity fluctu-
ations. The lower and upper solid black lines show what would
be expected if the exponents follow the Kraichnan-Iroshinikov
scaling, Eq.(2), and the weak-MHD-turbulence scaling, Eq.(3),
respectively.

There are two possible errors we consider as the source of
errors shown in Fig. 11. First the error (σ f it) found in the slope
(i.e. the exponent of the power law) given by a linear fit to thelog
of 〈δrv

p〉 over the specified range. However, this was found to not
reflect the lower reliability of the exponents of the higher order
structure functions. To reflect this, the exponent at each snapshot
of the data used was then calculated and from this it was possible
to calculate the standard error (the standard deviation divided
by the root of the number of values) of the exponent for each
snapshot (eS ) with respect to the exponent calculated for all data
(eµ) giving σSE =

√

Σ(eS − eµ)2/S , whereS is the number of
snapshots. The error in Fig. 11 is given asσ = (σ2

f it + σ
2
SE)1/2.
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Fig. 11. Scaling exponent of the structure function as a function of the
orderp both above and below the break in the distribution for the whole
prominence and all three regions, both for horizontal (solid lines) and
vertical (dashed lines). The black lines give the expected trend if the
exponents of structure functions followed the linear relation of p/2
(higher) or p/4 (lower). Note that below the break, only some of the
structure functions displayed a clear power law for all orders of the
structure function and so only four exponents are plotted from below
the break.

5. Discussion

In this paper, we have presented the analysis of turbulent fluc-
tuations of the line-of-sight velocity field of a quiescent promi-
nence. Using structure functions to analyse the velocity field,
we find that as we look at smaller spatial separations there is
an increasing departure from Gaussianity for the pdf of the ve-
locity structure functions and that there are two separate power
laws with exponents roughly consistent withp/2 at small scales
andp/4 at large scales for the spatial distribution with the break
found at approximately 2000 km and one power law found in the
temporal distribution for temporal separations less than 1000s.
We have also presented new techniques for the data reduction
and analysis of Hinode SOT Hα Dopplergrams.
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distribution are sampled by the different order structure functions. The case wheren = 0 gives the reference pdf. Panel (a) relates to the velocity
increments calculated from horizontal separations with panel (b) being the same but calculated from vertical separations.

5.1. Explaining the power law exponents and the break in the
power law

One of the key area that should be focussed on is the exponents
of the power law and the existence of the break in the power law
at approximately 2000 km found in the spatial structure func-
tions. Above this point, we find a scaling consistent with K-Itur-
bulence (i.e.∼ p/4) or with the scaling perpendicular to the mag-
netic field in some models of strong MHD turbulence (Boldyrev
2005), but below this point the scaling is consistent with weak
MHD turbulence (i.e.∼ p/2). As we have explained in the in-
troduction with the nonlinearity parameter (see Equation 4), in
current MHD turbulence theory it is expected that the transition
between weak and strong turbulence should exist, but it is ex-
pected that weak turbulence exists at the larger scales and strong
turbulence at the smaller, that is the strong turbulence scaling
should exist at smaller lengthscales than the weak MHD tur-
bulence scaling, which is the opposite of what we have found.
Therefore, it is likely that something about the prominencesys-
tem under study, or more likely the prominence system in gen-
eral, is creating this complexity.

The first explanation that should be investigated is the change
in exponent of the power law being an artefact of the observa-
tions or the analysis techniques used. Considering that thebreak
in the power law appears at scales over an order of magnitude
larger than the pixel size, we can discount insufficient resolu-
tion as a reason and a more complex explanation than the scales
being unresolved has to be invoked. The data that we use to cre-
ate the Dopplergrams, and ultimately the velocity map, comes
from two images taken in the blue and red wing of the Hα line
with a 10 s gap between the two images. If some information
could be transferred between different positions in the promi-
nence during this time, by waves for example, then the break
in the power law could occur as a result. However, this would
imply a wave velocity ofvwave ∼ 2000 km/10s= 200 km s−1,
which is much faster than the expected wave speeds for a quies-
cent prominence. Also, a similar behaviour of a power law with
a break at scales∼ 2000 km was also found on different promi-
nences using very different analysis techniques, by Leonardis et
al. (2012) and Freed et al. (2016), where these were found in the

Ca II H data, which does not have this issue with a 10s delay
and also shows how the choice of spectral line is not criticalfor
finding this behaviour. This gives us confidence to say that the
change in exponent is not a result of the use of structure func-
tion analysis. Based on this evidence, we conclude that there is
no obvious reason that the break in the power law is a result of
some observational or analysis artefact.

One explanation for the change in the exponent in the power
law could be that at smaller scales the turbulence may be as a
result of local excitation in the prominence, but at larger scales
the relation of the motions to the surrounding corona shouldbe
considered. When thinking about this in terms of the standard
prominence model, that is prominence material collects in dips
of the coronal magnetic field and is supported by magnetic ten-
sion, for fluctuations on scales smaller than the scales associ-
ated with the collection of dense material the turbulence could
be completely contained with the prominence material, but for
scales larger than this, it could be expected that the motions are
part of the global coronal-prominence system. Now let us ob-
serve in Fig. 4 that the break scale, 2000 km, corresponds to
the typical horizontal width of streaky structures such as the red
finger-like high speed regions seen in the bottom of R2. In R1
and R2, apart from the biggest percolating structures, the typical
horizontal width is also around 2000 km. The temporal variation
of the streaky structures shows vigorous fluctuations of theedges
while the streaks themselves are long-lived structures. They are
actually jets taken in the fluid dynamics sense (to be precisethey
are the dynamic Rayleigh-Taylor plumes, prominence knots and
other impulsive flows of the system). Thus the nature of fluctu-
ations below 2000 km, which are dominated by a single streak,
can be different from the one above which is determined collec-
tively by multiple streaks and other large scale dynamics. Fur-
ther, the fluctuations of the streak edges can be viewed as ran-
dom waves, which is consistent to our picture of the coexistence
of the weak MHD wave turbulence in the small scale and the
strong turbulence in the large scale.

There is evidence for small-scale wave turbulence excited in
a larger turbulent system by the Rayleigh-Taylor instability in a
different area of fluid dynamics. Chertkov et al. (2005) presented
a phenomenological model where a wave energy cascade (in this
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case surface capillary waves) propagating along the surface of
the rising bubble could be formed. There are some similarities
between the situation they suggest and the one found here, and
so this could explain the puzzling break in the power law of the
prominence. However we notice that in our hypothetical wave
turbulence scales the pdf of the velocity increment is not Gaus-
sian as indicated in Fig. 6 (1100 km case), which is contrary
to the near Gaussian behaviour expected of wave turbulence in
general.

Some evidence for the connection between the power laws
found at large scales in the prominence and the coronal turbu-
lent motions may be present in the CoMP observations of the
Doppler velocity spectra for trans-equatorial coronal loops by
Tomczyk & McIntosh (2009). The power law for the power spec-
tral density of the frequency was found to be∼ ν−1.5, which is
equivalent to〈δtv

2〉 ∼ t0.5 for the second order structure function
of the temporal fluctuations. We find〈δrv

2〉 ∼ r0.5 in the spatial
structure functions forr greater than 2000 km, which may hint at
some connection between these two systems. However, different
from the observed coronal spectrum, the prominence temporal
spectrum does not show any evidence of the p-mode excitation
and the exponents observed are different, other than for region 2.

5.2. Estimation of turbulent heating

One very important task when assessing the turbulence in a sys-
tem is to measure the energy dissipation rate of the system. For
prominences, this will tell us whether energy dissipation as part
of the turbulent cascade is an important part of the heating and
cooling processes that occur in prominence plasma.

When we are not looking at the dissipation range of turbu-
lence, it is still possible to calculate the amount of energydissi-
pated by calculating the amount of energy that is reaching the
dissipation scale. This comes from the calculating the energy
transmission rateǫ of the turbulent cascade and for this purpose
the third order structure function of the velocities aligned with
the separation vectorr, which investigates the transfer of kinetic
energy between different spatial scales, is of great importance.
For hydrodynamic turbulence one of the key results is known as
Kolomogorov’s 4/5 law, given by (e.g. Davidson 2004):

〈[(v(x + r) − v(x)) · r̂]3
〉 = −

4
5
ǫr, (10)

where r̂ is the unit vector in the direction of the separationr.
Here the sign of the term on the right-hand side is showing that
the energy is cascading from large to small scales. To apply this
to the prominence system, we need to think about how this would
work in a system where the role of the magnetic field is crucial.

For the prominence under study, we have found two regions
with two different power laws, with the power law at the smaller
separations consistent with weak MHD turbulence. For weak
MHD turbulence, the third order structure function of the form
presented for the 4/5 law is given as:

〈[(v(x + r) − v(x)) · r̂]3
〉 ∼ C′′3

(

ǫ
VA

r‖

)3/4

r3/2
⊥ , (11)

Note that this equation has been formulated from Equation 3 tak-
ing p = 3 and that the longitudinal velocity component (the left
hand side of Equation 10) is regarded as approximately equal
to the velocity component perpendicular to the large-scalemag-
netic field,δr⊥v. Based on this equation, we should be able to
calculateǫ for the prominence. However, there is one problem,
we do not have data to determine the full 3D velocity field as

this equation requires. To circumnavigate this issue, we will at-
tempt to estimate the order of the energy dissipation using the
following relation:

ǫ ∼

(

〈[v(x + r) − v(x)]3〉

r3/2

)4/3 r‖
VA
=

(

〈δrv
3〉

r3/2

)4/3 r‖
VA
, (12)

where the velocities used are the observed prominence Doppler
velocities and the constantC′′3 in Equation 11 is taken to be of
order unity.
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Fig. 12. |〈δrv
3〉|/r3/2 for both the horizontal (blue line) and vertical (red

line) velocity increments. The modulus is taken because there are a
number of 0 crossings in the 3-rd order structure functions.

Figure 12 shows the value of|〈δrv
3〉|/r3/2 across the height

and breadth of the prominence. This value can be taken as
∼ 10−6 (km/s)3 km−3/2. Note that at the largest values ofr there
is likely to be insufficient statistics to accurately determine the
values of|〈δrv

3〉|/r3/2, this is equivalent to the fourth range de-
scribed for the structure function scalings in Section 4.1,but for
a range of more than two orders of magnitude the value we find
holds. We would like to note here that the absolute value opera-
tor is only used to keep the value plotted positive as〈δrv

3〉/r3/2

can be either positive or negative. Taking the prominence Alfvén
speed as 20 km s−1 andr‖ = 20000km (i.e. 20 km s−1 multiplied
by the timescale 1000 s - see Fig. 9) gives a value for the energy
transmission rate ofǫ ∼ 105 erg s−1 g−1. For a prominence den-
sity of 10−13 g cm−3 this would give a heating per unit volume
of 10−8 erg s−1 cm−3. To provide some context for this value, we
can use it to estimate the time required to heat a unit volume
of prominence plasma by 100 K. The change in thermal energy
density is given byEthermal = nk∆T/(γ − 1) ∼ 10−3 erg cm−3.
Therefore, it would take of the order of 105 s to raise the temper-
ature of the prominence material by 100 K, which can be viewed
as very inefficient heating.

5.3. Estimation of reconnection diffusion

It has been established that the existence of turbulence in amag-
netised medium results in the formation of current sheets that can
lead to reconnection in the magnetic field (see Biskamp 2003 and
recent articles Lazarian et al. 2012a,b). One key process that this
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reconnection will induce is the diffusion of mass across the mag-
netic field, where this process is called reconnection diffusion.
According to Lazarian et al. (2012a), the reconnection diffusion
for a weakly turbulent MHD medium is:

ηrec = vturbLturbM3
A , (13)

where vturb is the characteristic (i.e. the value at the injec-
tion scale) velocity of the turbulence,Lturb is the characteristic
lengthscale of the turbulence andMA is the Alfvénic Mach num-
ber defined asMA = vturb/VA. Using the values from this study,
vturb = vRMS = 2 km s−1, Lturb = 2000 km (i.e. the lengthscale of
the break in the power law) and takingVA = 20 km s−1, we can
calculateηrec ∼ 4× 1010 cm2 s−1.

We can also make estimates for the value of other diffu-
sions that are present in prominences, in this case we will look
at Coulomb diffusionη and ambipolar diffusionηAMB . Using a
temperature ofT = 104 K, an ionisation fraction ofξi = 0.1 and
a magnetic field strength of 3 G we calculateη ∼ 107 cm2 s−1 and
ηAMB ∼ 1010 – 1011 cm2 s−1. From this we can understand that
the reconnection diffusion is of approximately the same order
as the ambipolar diffusion (for these parameters at least), both
of which dominate the Coulomb diffusion. Therefore, we expect
that there exists prominences such that the diffusion of neutrals
across the magnetic field in the prominence should be at approx-
imately the same rate as the diffusion of ions.

The major implication of reconnection diffusion is the trans-
port of mass in the prominence. As the reconnection breaks
the frozen-in condition of ideal MHD, it becomes possible for
mass to move through the prominence. It was shown by Petrie
& Low (2005) that reconnection between two Kippenhahn-
Schlüter prominence model dips (Kippenhahn & Schlüter 1957)
results in a net flow of mass downward and a net transport of
magnetic field upward. Simulations by Hillier et al. (2012b)
showed that if the reconnection happens in favourable condi-
tions, the downflowing mass would shock and that would pro-
duce the downward-propagating knots observed in quiescent
prominences. Though observations (Chae 2010) suggest that
there are a large number of impulsive flows in the prominence,
the analysis presented in this paper suggests that over a long
time, this merely represents a slow diffusion of the total promi-
nence across the magnetic field.

5.4. Higher order structure functions

Our investigation of the higher order structure functions has
proved interesting where, in spite of the increase in any fluc-
tuations resulting in a general degradation in the power laws,
the same process enhanced the break in the power laws around
2000 km in some cases (though it disappears in others). We have
been able to show that the scaling exponent of the higher or-
der structure functions, which reflect fluctuations furtherin the
wings of theδrv/σr distribution, is a nonlinear function of the or-
der p for all investigated regions of the distribution. This is sug-
gestive of intermittency in the inertial range of the turbulence.

In Fig. 11 we see that there is a general tendency for the
exponent of the structure function to increase at slightly below
that expected from a linear relation in a fashion that is consistent
for both the exponents found above and those found below the
break. It is important to point out that this is consistent with the
Extended Self-Similarity (ESS) analysis presented in Leonardis
et al. (2012) where the exponent of power law corresponding to
the 2nd-order structure function as a function of the 3rd-order
structure function calculated from the intensity fluctuations of

a prominence gives a value of∼ 0.7 (where 0.66 would be ex-
pected for a linear increase in the exponent with order of the
structure function). When we perform the same analysis with
this prominences line of sight velocities, see Fig. 13, we find
that the exponent is about 0.7, which is generally consistent with
the results of Leonardis et al. (2012).
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Fig. 13. ESS analysis, in this case the third order structure function as
calculated from the modulus of the velocity increments against the sec-
ond order structure function, for the whole prominence and the three
regions including both the horizontal and vertical scalings. The plots
have been shifted for clarity. Black solid line gives the power law expo-
nent of 0.7 that was found as the exponent of these plots.

5.5. Conclusion

In this paper, we have used structure functions to aid with the
analysis of the line-of-sight velocity field of a prominencethat
has been reconstructed from Hinode SOT Dopplergrams. Look-
ing at the even-order structure functions with separationr, we
found that they display power-law scaling that are expectedof
turbulent media. However, the structure functions show that asp
increases the exponent increasingly deviates from the linear scal-
ing that comes from simple dimensional analysis, implying that
the system displays intermittency. This conclusion is supported
by the increasing non-Gaussianity found in the pdfs of the ve-
locity increments when going to increasingly smaller scales. The
structure function analysis of this prominence found a break in
the power law at the same scales as Leonardis et al. (2012) and
Freed et al. (2016) found for different quiescent prominences us-
ing different methods, which may imply that this is a universal
feature of quiescent prominences.

The exponents found here for the ranges above and below
the break are consistent with strong and weak MHD turbulence,
but, opposite to expectations, the exponents consistent with weak
MHD turbulence are at smaller scales than those consistent
with the strong MHD turbulence. One hypothesis to explain this
would be that the prevalence of flows found at the lengthscaleas-
sociated with this change in exponent are key driving the change
in turbulence regimes. No great difference was found between
the exponents of three separate regions of the prominence, which
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displayed different dynamical phenomena, or between the verti-
cal and horizontal directions.

The turbulence in the prominence may be important for heat-
ing and diffusion processes. The diffusion of the fluid across the
magnetic field as a result of magnetic reconnection, reconnection
diffusion, is estimated to beηrec ∼ 4 × 1010 cm2 s−1 for appro-
priate parameters for a quiescent prominence. This is of similar
order to the estimated ambipolar diffusion, and a few orders of
magnitude greater than the Ohmic diffusion. However, when es-
timating the heating rate as a result of the turbulence this was
found to be small and as such unlikely to be of importance.
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Appendix A: Method for removing the stray light
from the Hα images

Here we detail the techniques we used to process the Hα in-
tensity data before the creation of the Dopplergrams and trans-
form it into velocities. The key point behind the data process-
ing applied here can be understood by looking at Equation 5.
This equation is the difference of two intensities divided by their
total. Now imagine that bothI+ and I− are increased by some
constantsA+ andA− as a result of stray light (light reaching the
camera pixels as a result of the optics). Therefore, the nominator
of Equation 5 increases byA+−A− but the denominator increases
by A+ + A−, which inherently reduces the value of the Doppler-
gram, ultimately reducing the velocity found. Such a stray light
component exists in the Hinode observations, so we created a
model to remove it before making the Dopplergrams.

Figure A.1 panel (a) shows the level 1 data for Hα -208mÅ
with the intensity saturated to highlight the existence of stray
light, as is obvious by the existence of a signal in the coro-
nal region surrounding the prominence. Panels (b) and (c) show
the temporal fluctuations of the stray light intensity and the his-
togram of those fluctuations for the pixels marked a and b in
panel (a). The temporal fluctuations of the intensity can be bro-
ken down into three components, the approximately constant
stray light modulated by the satellite motion of approximately
98 mins and the addition of a noise component, as well as an
event where prominence material exists on that pixel. The his-
togram of the intensity shown in panel (c), overplotted witha
Gaussian distribution, has a standard deviation of 0.76.

To model the stray light, it is necessary to identify the aver-
age value of the stray light in as many pixels as possible. This is
calculated by looking at the histogram for the intensity in each
pixel and identifying a Gaussian distribution associated with the
stray light in as many pixels as possible. Firstly, for each pixel,
we impose the requirement for selection that there are more than
forty exposures where the intensity of that pixel is less than 40.
For these pixels, a histogram (of bins with width 1) is made and
then a Gaussian fit is made to the seven bins associated with the
smallest intensities. If the centroid and width of the fittedGaus-
sian distribution is consistent with a well resolved peak inthe
intensity in this range, (e.g. see Fig. A.1 Panel c), then thevalue
for the centroid of the Gaussian is taken as the real background
intensity value and a 2D map can be made (see Fig. A.1 Panel
d). Here we define a well resolved peak to mean that the half-
width of the Gaussian to be less than 1.5 and the position of the
peak to be inside the second to sixth bin of fitting range under
the condition that peak of the histogram across its whole range
falls within the seven bins used for the fit. For the red wing data
shown in Fig. A.1 this initial process found the stray light value
for 130912 pixels.

Once all the pixels whose stray light value satisfies these con-
ditions are determined, a two-dimensional fourth-order polyno-
mial is fitted to the data, which gives an estimate for the stray
light for each pixel. However, as there may initially be a rel-
atively small number of pixels for which we have managed to
identify the stray light value in the prominence (approximately
104 pixels), the fit in this region may initially not be so good.
To improve this, any pixels for which the stray light value has
not been determined that have a minimum value plus 1σ (where
the value of sigma is estimated from the noise fluctuations and
found to beσ = 1) smaller than the model value for that pixel,
they have their minimum value plus 2σ set as the stray light
value for the pixel. Here the minimum value plus 2σ is taken
because, through trial and error, it was found to find stray-light
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Fig. A.1. (a) level 1 intensity (intensity range of 0 to 25), (b) temporal variation of intensity at points a and b, (c) histograms ofthe intensities at
points a and b, (d) the mean background value (intensity range of 0 to 25), (e) the background model (intensity range of 0 to50), (f) the histogram
of the model values minus the mean background, (g) the 2D distribution of the difference between the model and mean background (colour range
between -2 and 2 with white lines showing the boundary between regions with and without data) and (h) the level 1 intensityminus the background
model (intensity range of 0 to 25).

values that were consistent (within∼ 1σ) with neighbouring pix-
els where the stray light had been determined through the initial
method. The fit is repeated with these new values, and then the
process described in the previous sentence is repeated. It was
found that repeating this iterative procedure ten times wassuffi-
cient to get approximate convergence for the model data where
the stray light value was determined for 229777 pixels in thered
wing data with approximately 6× 104 pixels in the prominence
region. Figure A.1 panels (d) and (e) show the data values for
the pixels where an estimation of the stray light was obtained
and the fitted model, respectively. Panels (f) and (g) give the 1D
pdf and the 2D map of the residuals. Both of these show that the
error of the model can be taken as being at the noise level. Panel
(h) gives the Hα −208 mÅ intensity minus the stray light model

value, from this it is clear the difference made to the intensity -
and as a result the subsequent Dopplergrams - because this pro-
cess has been followed. It should be noted that this background
intensity was found to be different for the+ and− wings, requir-
ing a separate model, following the same procedure, to be made
for each.

Appendix B: Validation of line width

For this study, to produce the velocity proxy using Equation9, it
was necessary to assume a line width. We selected a line width
σλ based on the thermal velocity of hydrogen at 8000 K. How-
ever, it is necessary to determine what, if any, effect this assump-
tion has on the results. To this end, we performed a series of cal-
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culations using different values for the line width and compare
the second order structure function for the velocity increments
(δrv) across the whole prominence that are produced.

Along with velocity increments calculated from the velocity
distribution given by a line width with thermal velocity with tem-
perature of 8000 K, for this part of the investigation we alsouse
temperatures of 6000 K and 104 K, and a distribution obtained
when the temperature of the prominence plasma varies with a
normal distribution centred on 8000 K with a standard deviation
of 1000K denoted G1038000 K. Here the source of the line width
as been assumed to be a thermal velocity, but in reality it is likely
that superposition of non-thermal motions along the line-of-sight
will also lead to line broadening and will play a role giving the
Doppler widthvDW of the line asv2DW = v

2
T + v

2
los wherevT is

the thermal velocity andvlos is broadening by the line-of-sight
motions. Therefore, when we talk of a line width based on the
thermal velocity of 8000 K this is equivalent to saying that the
velocity associated with the Doppler width is equal to that of
the thermal velocity of a fluid at 8000 K, that isvDW = v8000K.
The purpose of this appendix is to understand how different line
widths, whatever their cause, could result in changes in there-
sults of this paper. Figure B.1 gives the second order structure
functions for all of these velocity increment distributions. All of
these structure functions are calculated from a single snapshot
from the data.

As can be seen in Fig. B.1, the distributions of the second
order structure functions do not present any large changes as a
result of the different assumptions of line width. Especially im-
portant is the fact that the general exponents presented by the
distributions, both at the smaller and large spatial scales, are
consistent. The exponents calculated from these structurefunc-
tions between the ranges given by the triangles and diamondsare
listed in Table B.1. Exponent 1 is the value below the break and
Exponent 2 is the value above. The exponent values do not show
any variation to a level that would change the interpretation of
the results in this paper. The value of〈δrv

2〉 at r=3000km is also
given to shown how the magnitude changes as a result of the
line-width assumption, so, for example, the heating estimated in
Section 5.2 is likely to have an uncertainty of a factor 3 to 5 due
to the uncertainty of the line-width. Therefore, we can be confi-
dent that the results we present are not dependent of our choice
of line width.
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Fig. B.1. Plot of 〈δrv
2〉 for the four different models of the line width.

From bottom to top these are the 6000 K line width (green), the8000 K
line width (blue), the 104 K line width (pink) and the randomly dis-
tributed temperature model (red). The solid line shows the structure
function calculated from the horizontal velocity increments and the
dashed line the structure function calculated from the vertical velocity
increments. It should be noted that that other than the 6000 Kdistri-
bution, the others have been rescaled to allow for them to be plotted
clearly. To highlight the similarity in the scalings of the four distribu-
tions, two power laws have been overplotted:r1/2 in the dot-dash line
andr1 in the triple dot-dash line. The triangles and diamonds showthe
range over which respectively Exponent 1 and Exponent 2, as shown in
Table B.1, are calculated.
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Table B.1. Exponents of the power laws found for〈δrv
2〉 and the magnitude atr = 3000 km for the four different line widths. Values for both the

horizontal (left) and vertical (right) structure functions are given.

σλ 6000 K 8000 K 104 K G1038000 K
Exponent 1 1.14 / 1.28 1.14 / 1.28 1.14 / 1.28 1.10 / 1.20
Exponent 2 0.37 / 0.49 0.37 / 0.49 0.37 / 0.49 0.37 / 0.49

〈δrv
2〉 at r=3000km 2.0 / 1.5 (km/s)2 3.6 / 2.6 (km/s)2 5.62 / 4.1 (km/s)2 3.6 / 2.6 (km/s)2
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