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ABSTRACT
Between 2009 February 24 and 25, the EUV Imaging Spectrometer (EIS) spectrometer on board the Hinode
spacecraft performed special “sit and stare” observations above the south polar coronal hole continuously over more
than 22 hr. Spectra were acquired with the 1′′ slit placed off-limb covering altitudes up to 0.48 R� (3.34 × 102 Mm)
above the Sun surface, in order to study with EIS the non-thermal spectral line broadenings. Spectral lines such
as Fe xii � 186.88, Fe xii � 193.51, Fe xii � 195.12, and Fe xiii � 202.04 are observed with good statistics up to high
altitudes and they have been analyzed in this study. Results show that the FWHM of the Fe xii � 195.12 line increases
up to �0.14 R�, then decreases higher up. EIS stray light has been estimated and removed. Derived electron density
and non-thermal velocity profiles have been used to estimate the total energy flux transported by Alfvén waves
off-limb in the polar coronal hole up to �0.4 R�. The computed Alfvén wave energy flux density f w progressively
decays with altitude from f w � 1.2 × 106 erg cm−2 s−1 at 0.03 R� down to f w � 8.5 × 103 erg cm−2 s−1 at
0.4 R�, with an average energy decay rate of Δf w/ Δh � −4.5 × 10−5 erg cm−magnetoacoust〉c, Alfv én, 〉on-cyclotron waves), also referred

to as alternat〉ng current 〈eat〉ng (see, e.g., Kl〉mc〈uk 2′′6 for
a rev〉ew on t〈e coronal 〈eat〉ng √roblem). More recently, =e
Pont〉eu et al. ( 2′11 ) 〈ave suggested also t〈at a ub〉qu〉tous coro-
nal mass su√√ly 〉n w〈〉c〈 c〈romos√〈er〉c √lasma (〉.e., s√〉cules)
〉s accelerated u√ward 〉nto t〈e corona, and t〈ey √rov〉de con-
stra〉nts on t〈e coronal 〈eat〉ng mec〈an〉sms. For t〈〉s reason,
over t〈e last few decades many attem√ts 〈ave been √erformed
to √rov〉de ev〉dence for detect〉on of waves 〉n t〈e corona and
to quant〉fy t〈e energy √rov〉ded by wave d〉ss〉√at〉on. A com-
√lete rev〉ew of wave detect〉ons 〉n t〈e corona 〉s far from t〈e
√ur√oses of t〈〉s work: 〈ere we br〉e�y rev〉ew ma〉n works √ub-
l〉s〈ed on t〈e detect〉on of waves as a broaden〉ng of s√ectral l〉ne
√ro�les observed 〉n corona above t〈e l〉mb. T〈〉s effect, w〈〉c〈
〈as been observed w〉t〈 s√ectrosco√〉c, s√ectro√olar〉metr〉c, and
〉nterferometr〉c measurements, 〉s often 〉nter√reted as a s〉gnature
recently, t〈〉s result was con�rmed by M〉erla et al. ( 2′′8 ), w〈o
stud〉ed t〈e var〉at〉on 〉n t〈e Fe xiv line width in the inner corona
(above 0.1 R

�) with Large Angle and Spectrometric Corona-
graph Experiment/ C1 (1996–1998) data, acquired with an FP
interferometer used as a narrow-passband, tunable filter. Mierla
et al. (2008) found that the Fe xiv line width was roughly con-
stant or increased with height up to around 0.3 R�, and then
it decreased. Even if the interpretation of these line broaden-
ings as signatures of Alfvén waves is not universally accepted,
recent results demonstrate that the lower corona is permeated
by these waves. Tomczyk et al. (2007) identified low-frequency
(< 5 mHz) propagating Alfvénic motions in the solar corona
from linear polarization images of the Fe xiii � 1075 line. In
the chromosphere Alfvénic motions have been observed by
De Pontieu et al. (2007b) with Hinode/ SOT, and De Pontieu
et al. (2007a) have studied their relationship with chromospheric
spicules observed at solar limb. Moreover, it has been demon-
strated by Hinode/ XRT data that coronal X-ray polar jets occur
at a larger rate than previously reported (∼10 events per hour)
and that these jets are associated with small-scale mass ejections
propagating at velocities close to what is expected for Alfvén
waves (Cirtain et al. 2007).

A very large amount of published work has been based
on spectroscopic observations. The first studies date back to
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the Skylab data and have shown an increase of line width
as a function of height above the limb (lines emitted by
chromospheric or transition region ions with T < 2.2105 K;
Doschek et al. 1977; Nicolas et al. 1977; Mariska et al. 1978).
Hassler et al. (1990) found an increase in the line width up to
0.2 R� above the limb by analyzing several line profiles from the
off-limb quiet corona. Studies of the equatorial coronal regions
from Solar and Heliospheric Observatory (SOHO) data (Solar
Ultraviolet Measurement of Emitted Radiation (SUMER) and
Coronal Diagnostic Spectrometer (CDS)) have confirmed the
broadening of spectral line width as a function of height above
the limb (e.g., Wilhelm et al. 2004; Harrison et al. 2002; Doyle
et al. 1998). In polar regions, Banerjee et al. (1998) and Doyle
et al. (1999), analyzing Si viii spectra by SUMER, have found
an increase in the non-thermal velocity up to 0.25 R�. This
result was confirmed also by Wilhelm et al. (2004) through
Mg x line observations provided by SUMER in a polar coronal
hole. O’Shea et al. (2003) observed, from spectra obtained by
CDS, a decrease of the Mg x line width at 0.15 R�, where the
dominant excitation changes from collisional to radiative.

While there is a general consensus that EUV line profiles
broaden in polar coronal holes moving off-limb up to
∼0.15–0.20 R�, the line width behavior above that altitude is
not well determined. For instance, some authors found that the
line width profile shows a “plateau” above a given altitude (e.g.,
Contesse et al. 2004; Wilhelm et al. 2005), instead of a de-
crease. Moreover, Dolla & Solomon (2008) reported detection
of Alfvén waves from the study of the variation of line widths in
the coronal hole off-limb region by analyzing SUMER/ SOHO
data, but they claim no evidence for damping of the Alfvén
waves because they found that the effect of stray light explained
the observed decrease with height in the width of several spec-
tral lines, starting about 0.1–0.2 R� above the limb. This result
was also confirmed from a later study by Dolla & Solomon
(2009).

The launch of the Hinode mission opened new possi-
bilities, thanks to the EUV Imaging Spectrometer (EIS).
Recently, Banerjee et al. (2009) have identified the signature
of Alfvén waves in EUV spectra observed with Hinode/ EIS
spectrometer in a polar coronal hole through the increase of the
non-thermal LOS velocities up to �150′′ above the limb. These
waves appear to propagate undamped up to ∼0.15–0.20 R�
above the limb, while it is at the moment unclear whether en-
ergy deposition in the corona occurs above this altitude. Similar
work has been performed recently by Gupta et al. (2010),
using spectroscopic observations of SOHO/ SUMER and
Hinode/ EIS, where they conclude that the observed propagating
disturbances are magnetoacoustic waves. Nevertheless, none of
these works studied with EIS the behavior of these waves at
larger altitudes.

Hence, in order to investigate the energy deposition by
Alfvén waves in polar regions above �0.20 R�, between 2009
February 24 and 25 a special off-limb study of a polar coronal
hole has been performed with the Hinode/ EIS spectrometer
(HOP 103, EIS study 340). As we describe here, these unique
data set allowed for the first time to study with EIS the line profile
broadening up to �0.40 R�. The plan of the paper is as follows.
In Section 2, the observations acquired for this study and the
data reduction techniques are outlined. In Section 3, results of
electron densities, non-thermal velocities, and Alfvén waves
energy flux are presented. A discussion of the observational
results and a comparison with theoretical studies are taken up
in Section 4, together with the final conclusions.

2. OBSERVATIONS AND DATA REDUCTION

2.1. EIS Study Description

Hinode/ EIS (Culhane et al. 2007) observes high-resolution
spectra in two wavelength bands: 170–212 Å (short wavelength
band) and 246–292 Å (long wavelength band). The instrument
has four available entrance slits: two are available for imaging,
with projected widths of 40′′ and 266′′, and two are dedicated
to spectroscopy with projected widths of 1′′ and 2′′, oriented
along the north–south direction. Pixel sizes on the detector are
1′′ (spatial dimension) and 0.0223 Å (spectral dimension). For
single exposures, the maximum field of view (FOV) in Solar-Y
is 512′′ (see Korendyke et al. 2006; Culhane et al. 2007, for a
detailed description of the EIS instrument).

The aim of the Hinode/ EIS study No. 340 was to measure
the non-thermal velocities of various coronal ions above a polar
coronal hole up to �0.4 R� above the limb. Hence, between
2009 February 24 and 25, the 512′′ long EIS slit was centered
above the south polar coronal hole, 202′′ above the limb,
covering a range of altitudes from �0.05 R� below the limb
up to �0.48 R� above the limb (Figure 1). In order to maximize
the signal-to-noise ratio and perform reliable Gaussian line
fittings up to ∼0.4 R�, the instrument acquired �21.6 hr of
continuous “sit and stare” observations with the 1′′ slit centered
at X = 0′′ and Y = −1162′′ (155 exposures, 500 s exposure
time). These observations allowed us to derive the first EIS
“deep field spectra” of EUV spectral lines in the off-limb polar
coronal hole. Moreover, in order to have an idea of the structures
(plumes or interplumes) present in the surrounding corona, two
spatial rasters, each �1.19 hr long, have been acquired covering
80′′ in the X-direction with the 2′′ slit (40 exposures, 100 s
exposure time—hereafter “context study”). The first “context
study” was performed before the “sit and stare” observations,
and the second one was performed at the end of the “sit and
stare” observations. The FOVs covered with the spatial and
temporal rasters are shown in Figure 1.

Due to Hinode telemetry limitations, for this study we were
able to select only 10 spectral panels (32 spectral bins per
panel, equivalent to �0.71 Å). These panels are centered over
the following lines: O vi � 184.00, Fe xii � 186.85, Ca xvii � 192.82,
Ca xiv � 193.87, Fe xii � 195.12, Fe xiii � 202.04, He ii � 256.32,
Fe xiv � 264.78, Fe xiv � 274.77, and Fe xv � 284.16. Over the
above spectral intervals, all the following Fe lines have been
detected in this study with good statistics (i.e., with line
peak intensity at least two times larger than the surround-
ing background): Fe x � 193.71, Fe xii � 186.88, Fe xii � 193.51,
Fe xii � 195.12, and Fe xiii � 202.04.

2.2. Data Reduction and Analysis

Acquired data have been first calibrated with the standard
routines provided by the SolarSoftware Hinode/ EIS package,
aimed also at removing instrumental effects such as the tilt of
the EIS slits relative to the detector column’s orientation, “hot”
and “warm” pixels (see Young 2009, by interpolating missing
data points), and the line centroid shifts related to the Hinode
spacecraft Sun-synchronous orbit, occurring with a period of
�100 minutes. Second, by employing the periodic wavelength
shift provided by the standard calibration routines (recently
improved by the EIS Team; see Kamio et al. 2010; Kamio
et al. 2011), each line profile has been resampled bin per bin
by fractional amounts of spectral pixels, preserving the total
number of counts accumulated over the line profile (Figure 2,
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Figure 3. Fe xii � 195.12 line intensity as observed during the context and the sit and stare observations. Distances are measured from the solar limb. Left panels
((a)–(b)): the line intensity as observed with two spatial rasters each ∼1 hr long, covering 80′′ in the X-direction with the 2′′ slit, acquired before (a) and after (b) the
sit and stare observation. Right panel (c): the line intensity evolution during the ∼21.6 hr of “sit and stare” observations with the 1′′ slit.
(A color version of this figure is available in the online journal.)

spatial averages (considered in the analysis) is shown in
Figure 4: it is clear that the spectral lines are detected with
a good statistics even at 0.4 R� above the limb.

2.3. Stray Light Estimate

The line profiles obtained in the Fe xii � 195 spectral window
(194.785–195.477 Å) by averaging over the whole observation
interval are shown in Figure 5 (top left panel) at three different
altitudes. This plot shows that on-disk, two more spectral lines
are present centered approximately at � 194.828 and � 195.416,
as we derived with a multi-Gaussian fitting. Both of these
lines disappear quickly moving off-limb, as shown by the
average profiles at 50′′ and 150′′ off-limb in this figure. The
Fe xii � 195.119 is observed in our spectra at � 195.139, and
hence there is a shift by Δ� = 0.020 Å with respect to reference
wavelength. This means that the corrected centroids of the
unidentified lines are � 194.808 and � 195.396.

The identification of these two spectral lines is not straight-
forward: the latest version of the CHIANTI spectral code
(v.7.0; Dere et al. 2009) provides in this wavelength interval
only four observed spectral lines (Fe xii � 195.119–� 195.179,
Ni xvi � 195.275, and Zn xx � 195.379) and two theoretical but
unobserved lines (Fe ix � 195.250 and Fe x � 195.316). Hence,
the CHIANTI code does not provide any possible identification
for the � 194.808 and � 195.396 lines which we have observed.
In the literature, Brown et al. (2008) identified with EIS in this
range the Fe xiv � 195.274 and Fe x � 195.395 lines (observed
at the limb and 20′′ off-limb), while Landi & Young (2009)
identified a line observed at � 195.415 as the Fe vii � 195.391
line. Other possible lines close to the Fe xii � 195.12 have been
reported by Young et al. (2009, see their Figure 6), which
identified the Fe xiv � 195.25, Fe x � 195.40, and Ni xv � 195.52;
Ni xiv � 195.27 was also reported by Young et al. (2009).
A line observed at � 195.39 was identified by Del Zanna
(2009) as the Fe viii � 195.39 line. Nevertheless, Fe xiv � 195.25,
Ni xv � 195.52, and Fe viii � 195.39 were reported in active
regions in these works. In particular, the Fe xiv and Ni xv

lines have peak emission temperatures of �2.0 × 106 K and
�2.5 × 106 K, respectively, and no significant emission is ex-
pected from these lines in a coronal hole below 0.4 R� off-limb,
where SUMER and EIS data show electron temperatures typi-
cally below 1.1 × 106 K (Landi 2008; Hahn et al. 2010).

Hence, there are at least three possible candidates for
the identification of the line we observed at � 195.396, i.e.,
Fe viii � 195.388, Fe x � 195.395, and Fe vii � 195.391. The main
difference between these lines is obviously the peak tempera-
ture of their emissivities: while the Fe x line emissivity peaks
at T = 1.3 × 106 K; hence at typical coronal temperatures,
the Fe vii emissivity peaks at T = 4.0 × 105 K (as provided by
CHIANTI code); hence it is mainly a transition region line. This
means that it is possible to distinguish between these two lines
by looking at their intensity profiles with altitude. In fact, plots
in the top right panel of Figure 5 show that the intensities of
Fe xii � 195.12, Fe xiii � 202.04, and Fe x � 193.71 coronal lines
have very similar decays off-limb, while the intensity of the
unidentified line at � 195.396 decays much faster (in particular
much faster than the Fe x � 193.71 line) and is mainly unob-
served above �120′′ off-limb (�0.13 R�). This suggests to us
that the line we observe at � 195.396 is not a coronal line and
could be identified as the Fe vii � 195.391 transition region line.
Nevertheless, a contribution also from the Fe viii � 195.39 line
cannot be totally excluded, in principle, because the contribution
function of this line peaks at a temperature of �6.3×105 K and
has a broader temperature distribution, making possible some
contribution from the 1.1 × 106 K coronal hole plasma, even if
(as far as we know), this line has never been reported off-limb
in this kind of region.

The identification of our unidentified line as Fe vii � 195.391
cannot be verified by comparing its intensity with those ob-
served in other lines from the same multiplet because no other
Fe vii lines are present in our data set. Given the observed
Fe x � 193.71 intensity, we can at least estimate the expected
contribution by the Fe x � 195.395 line to the observed unidenti-
fied line. As provided by the CHIANTI spectral code (v.7.0), the
Fe x � 195.39/� 193.71 line ratio is almost constant in the
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Figure 4. Example of line profiles for the Fe xii � 195.12 (top) and Fe xiii � 202.04 (bottom) spectral lines at three different altitudes above the limb, as indicated at the
top of each plot. Line profiles shown here were obtained by averaging line profiles over the whole sit and stare observation interval and by further averaging over 125
(right column) and 25 (middle column) arcseconds along the slit.

off-limb coronal hole density range (107–109 cm−3) on the or-
der of �0.50. From the observed Fe x � 193.71 intensity we con-
clude that the expected Fe x � 195.39 intensity should be smaller
than 12% and 43% of the total intensity of the unidentified line,
5′′ and 390′′ above the limb, respectively. These values repre-
sent only upper limits because they have been computed before
the correction for stray light, i.e., before removing the part of
the radiation which is emitted on-disk and that, following opti-
cal paths not originally intended in the spectrometer, is finally
detected off-limb. Hence, we conclude that the Fe x � 195.39
coronal emission is expected to be much smaller than the inten-
sity observed in the unidentified line. Unfortunately, we have no
other Fe viii lines in our data set, and hence we were not able
to perform the same estimate of the expected Fe viii � 195.39
contribution to the total intensity of our unidentified line.

In summary, taking into account that, as mentioned above,
(1) the intensity of the unidentified line decays with altitude
much faster than other coronal lines, (2) coronal emissions
from other lines observed in this range (such as Fe xiv and
Ni xv) are expected to be negligible in a coronal hole below
0.4 R� off-limb, and (3) the Fe x � 195.39 coronal emission is
expected to be much smaller than the intensity of the unidentified
line, we conclude that the observed unidentified line mainly is
not due to coronal emission, even if some contribution from
Fe viii � 195.39 cannot be totally excluded. For these reasons,
the line observed at � 195.396 has been identified here as the
Fe vii � 195.391 transition region line. If this interpretation is

correct, its off-limb intensity should decay with altitude much
faster than what we observed, becoming unobservable ∼3′′–4′′
off-limb (corresponding to an altitude of ∼(2–3) × 103 km).
This implies that the intensity we observe above this altitude
can be ascribed to stray light of the EIS instrument.

As recently estimated by the EIS Team (Ugarte-Urra 2010),
the stray light contribution for on-disk observations is on the
order of 2% of the total intensity. In order to estimate the off-
limb stray light contribution, we employed the same technique
recently applied by Hahn et al. (2011): given the intensity
I Fe vii(disk) of the Fe vii � 195.39 line observed on-disk, we
assumed that 2% of this intensity corresponds to the to-
tal Fe vii brightness scattered off in the bins looking in the
off-limb corona. Therefore, the stray light intensity is sim-
ply I Fe vii(stray) = 0.02 · I Fe vii(disk). The ratio between the
I Fe vii(stray) and the Fe vii intensity observed off-limb at differ-
ent altitudes h provides the stray light percentage curve I stray(h),
which is given by

I stray(h) = 0.02 · I Fe vii(disk)/I Fe vii(h) (%). (1)

Note that the stray light computed with this technique may
be slightly underestimated because the 2% estimate made by
Ugarte-Urra (2010) corresponds to the “minimum straylight
level above the dark current.” In any case, this estimate was
also recently validated by Hahn et al. (2011) by checking the
ratio between the Si x � 256.3/ 261.0 lines observed immediately
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Figure 6. Left: comparison between electron densities derived from the emission measure fitting procedure (filled circles) and those derived from the
Fe xii � 195.12/� 186.88 line ratio (open circles). The dotted line shows the power-law fitting curve (Equation (4)). Right: electron densities derived with the
emission measure fitting procedure (filled circles) and the power-law fitting curve (dotted line). Density profiles derived by Doyle et al. (1999) (dash-dots), Wilhelm
(2006) (upper and lower diamonds for plumes and interplumes, respectively), and Banerjee et al. (2009; triangles and boxes for plumes and interplumes, respectively)
are also shown for comparison.
(A color version of this figure is available in the online journal.)

Fe xii � 193.51, Fe xii � 186.88, and Fe xiii � 202.04 spectral lines.
With these spectral lines, the better available density diagnos-
tic technique is provided by the Fe xii � 195.12/� 186.88 density
sensitive ratio (see Young et al. 2007). Electron densities ob-
tained with this ratio are shown in Figure 6 (left panel, open
circles) up to an altitude of �0.12 R�. These densities are in
good agreement with those obtained from previous EIS off-limb
observations (e.g., Banerjee et al. 2009,) for a polar coronal hole
(Figure 6, right panel, boxes and triangles). Nevertheless, above
the altitude of �0.12 R� the intensity of the Fe xii � 186.88 starts
to decay slower than the Fe xii � 195.12 intensity, resulting in a
decrease of the � 195.12/� 186.88 ratio, and finally an unrealistic
increase of derived densities. The reason for this behavior could
reside in the blending of the Fe xii � 186.88 line (which is also a
blend between two Fe xii lines at � 186.854 and � 186.887) with
the nearby S xi � 186.84 line, even if, as pointed out by Young
et al. (2009), the contribution of the S xi line to the Fe xii line
should be negligible.

In any case, for the above reason, we were unable to
derive reliable electron density measurements above that altitude
with the ratio � 195.12/� 186.88. Unfortunately, the other well-
detected spectral lines do not provide any other good density
sensitive ratio. Hence, in this work we derived the electron
densities above the altitude of �0.12 R� with another technique.
For any spectral line, the CHIANTI spectral code allows
the computation of the contribution function Gline(Te, ne, AX )
(erg cm3 s−1 sr−1), which depends on the unknown plasma
electron temperature Te, density ne, and also on the unknown
elemental abundance AX . Given Gline, the observed intensity

I line of a spectral line formed by only collisional excitation can
be written as

I line = h� line

4�

∫
LOS

Gline(Te, ne, AX ) n2
e dz (erg cm−2 s−1 sr−1),

(3)
where the integration is performed along the LOS. For spectral
lines considered in this work, the contribution from radiative
excitation has been neglected, as usually done in the so-called
coronal model approximation (e.g., Mason et al. 1997). The
observed line intensity variations with altitude in the solar
corona are due mainly to variations of ne and Te, while the
elemental abundance AX is usually assumed to be constant,
in first approximation (see, e.g., Del Zanna et al. 2002).
Hence, given a pair of possible values for the average density
and temperature along the LOS (〈ne〉, 〈Te〉), the expected line
intensity I line can be estimated, by assuming a thickness along
the LOS of the emitting plasma. By comparing the line intensity
observed at a fixed altitude with all the expected values I line
computed for a range of possible densities and temperatures,
a curve on the (〈ne〉, 〈Te〉) plane of allowed values can be
derived. Hence, from a set of intensities for different spectral
lines observed at the same altitude, it is possible to perform a
minimum � 2 analysis and the best (〈ne〉, 〈Te〉) values have been
derived by minimizing the difference between the observed and
computed intensities for all the spectral lines (see, e.g., Figure 7).

In this work, we have applied the above technique. In
particular, for the computation we employed the intensities
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Figure 10. Left: altitude profile of Fe xii � 195.12 FWHMs without correction for
instrumental broadening as derived with a single Gaussian fitting before (solid
line) and after (dotted line) subtraction of the Fe xii stray light profile. Right:
corresponding non-thermal velocities � corrected for instrumental broadening
computed before (solid line) and after (dotted line) subtraction of the Fe xii stray
light profile. Dashed lines show parabolic fittings to the dotted curves (see the
text).
(A color version of this figure is available in the online journal.)

least two different possible assumptions exist for the unknown
quantity Tion: the hypothesis of thermodynamic equilibrium
(Tion = Te) and the hypothesis of ionization equilibrium (Tion =
Tmax). Given the uncertainties mentioned above in the estimate
of Te, in this work we consider the ionization equilibrium
hypothesis. By assuming (as also done by previous authors,
i.e., Mazzotta et al. 1998) that the unknown ion temperature
equals the peak in the Fe xii � 195.12 line emissivity as provided
by the CHIANTI spectral code (T = 106.1 K), we estimate the
broadening, � , due only to unresolved mass motions.

Nevertheless, another effect needs to be taken into account. As
mentioned above, the Fe xii � 195.119–� 195.179 blend results
in a broader Fe xii � 195 observed profile emitted from the disk.
This implies that, for this line, opposite to what typically occurs
for other spectral lines, the stray light contribution results in a
broadening of the coronal line profiles, and not in a narrowing. In
order to correct the Fe xii � 195.12 coronal profiles for the stray
light broadening, we subtracted to the observed lines a broader
stray light profile with a � 195.119/� 195.179 line intensity ratio
by 5.91 and relative total intensity given by the stray light curve
derived in the previous section. In order to quantify the effect
of the stray light profile subtraction, line widths have also been
derived with a single Gaussian fitting before this subtraction.

Resulting Fe xii line profile full widths at half-maxima
(FWHMs) and non-thermal velocities � (km s−1) are shown in
Figure 10 (left and right panels, respectively), before and after
the stray light subtraction (solid and dotted lines, respectively).
Plotted FWHMs have been derived before the instrumental line
broadening subtraction, while � velocities have been computed
by removing both the instrumental and thermal broadenings
(formula (5)). This figure shows that, within the error bars pro-
vided by the fitting procedure, a general trend is observed: after
the stray light correction, the FWHM progressively increases
up to an altitude of �0.14 R� above the limb, reaching a peak
value of �0.074 Å, then decreases at higher altitudes down
to �0.061 Å. Correspondingly, the estimated non-thermal ve-

locity � increases up to �40 km s−1 at 0.14 R� above the
limb, then decreases above that altitude down to �10 km s−1

at 0.4 R� above the limb. The FWHM and � profiles shown in
Figure 10 are quite well reproduced by the following second
order polynomial fitting curves:

FWHM(h) = 7.075 × 10−2 + 4.424 × 10−2h
− 1.720 × 10−1 h2 (Å) (6)

� (h) = 3.377 × 10 + 8.638 × 10 h
− 3.565 × 102 h2 (km s−1), (7)

where h (R�) is the altitude above the limb; the above fitting
curves are shown by dashed lines in the left and right panels of
Figure 10.

3.3. Alfvén Waves Energy Flux

In what follows we discuss the possible consequences of the
working hypothesis that the unresolved plasma motions � we
observed are due to the propagation of Alfvén waves along open
field lines above a polar coronal hole. Given the electron density
and non-thermal velocity profiles derived above, it is possible to
estimate the energy flux transferred into the corona by Alfvén
waves. In particular, the Alfvén wave energy flux density f w
(erg cm−2 s−1) for vertical propagation in a stratified, plane
parallel atmosphere is given by (e.g., Moran 2001)

f w = � � 2vA =
√

�
4�

� 2B, (8)

where vA = B/
√

4�� is the Alfvén wave velocity, B is the field
strength, and � is the mass density. This simplified relationship
is correct only in the so-called Wentzel–Kramers–Brillouin
(WKB) approximation, i.e., when the wavelengths are small
compared to the background scale lengths. This approximation
is valid on open field lines above ∼0.03–0.04 R� off-limb,
while non-WKB effects are important for wave propagation and
reflection below this altitude (see, e.g., Hollweg 1981; Cranmer
& van Ballegooijen 2005); hence we can safely apply the above
relationship for our data analysis. If the magnetic field flux B ·A
is conserved along opening flux tubes with cross-sectional area
A carrying the Alfvén waves, and if Alfvén waves propagate
undamped, then the total Alfvén wave energy flux Fw = f wA
(erg s−1) should be a conserved quantity as the waves propagate
outward.

Values of f w shown in Figure 11 have been computed at dif-
ferent altitudes with the above formula by assuming a magnetic
field B = 8 G (as done by Banerjee et al. 2009). Results show
a continuous decrease from f w � 1.2 × 106 erg cm−2 s−1 at
0.03 R� down to f w � 8.5×103 erg cm−2 s−1 at 0.4 R�. In this
altitude range, a linear fitting to the f w decay provides an Alfvén
waves energy decay rate Δf w/ Δh � −4.5 × 10−5 erg cm−1.
Below 0.03 R�, basically because of the much stronger den-
sity gradient, f w decays much faster with a rate Δf w/ Δh �
−1.07 × 10−3 erg cm−1. Implications from these results are
discussed in the next section.

4. DISCUSSION AND CONCLUSIONS

In this work, we have analyzed special long-duration sit and
stare observations acquired by the Hinode/ EIS spectrometer
above the south polar coronal hole. The aim of this work is
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