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How prevalent are Alfvénic waves in the corona?

Clearly everywhere - CoMP is a unique tool to study them!



CoMP basics & Data products

servations have been ideal for establishing the existence of such
wave modes and also providing estimates for their typical prop-
erties (amplitudes, periods) in the di↵erent magnetic environ-
ments. McIntosh et al. (2011) demonstrated that the Alfvénic
waves can be seen in Active Regions (AR), the quiet Sun (QS)
and coronal holes (CH). They further suggested that typical am-
plitudes are greater in CHs and smallest in active regions, with
periods between 100-500 s. Similar results are found for chro-
mospheric features (Pereira et al. 2012, Morton et al. 2014).
However, the process of measurement, e.g., the Gaussian fitting
of wave-guides in time-distance diagrams, is relatively cumber-
some and time-intensive (although can provide well constrained
measurements). This means that the observational studies of
MHD waves have focused on specific magnetic structures, e.g.,
coronal loops, spicules, fibrils, prominences.

Further, merely observing the presence of waves does not re-
veal the role they play heating the solar atmosphere. While (gen-
erous) estimates for the energy content (and energy flux) of the
waves has been given, the estimates are still subject to a great
deal of uncertainty from both observational (e.g., ?, McIntosh
et al. 2011, Morton & McLaughlin 2013, Nisticò et al. 2013,
Thurgood et al. 2014) and theoretical standpoints (Goossens
et al. 2013, ?). Now that we know the waves are present in the
solar atmosphere, the focus of wave observations should shift
to measuring alternative properties of these waves that can be
used to test current wave-based theories. For example, Hillier
et al. (2013) and Morton et al. (2014) derived the velocity power
spectra for kink waves in prominences and fibrils, respectively.
This allowed for an initial comparison of these kink waves to
the velocity power spectra derived from motions of granules and
magnetic bright points, with the apparent correlation between
the spectra hinting the waves may be driven by these photo-
spheric motions. The generation of incompressible waves by
the convective motions in the photosphere has been a long held
belief and typically is the driver for generating Alfvénic waves
in the heating and acceleration models.

Spectroscopic observations, such as those with the Coronal

Multi-Channel Polarimeter (CoMP - Tomczyk et al. 2008) pro-
vide a significant advantage over imaging observations in the
fact that it is less arduous to generate such power spectra. The
sampling of particular spectral lines allows the measurement of
both Doppler velocities and Doppler widths, providing time-
series of these quantities. CoMP, at present, is unique in provid-
ing both a global view of the corona and the spectroscopic abil-
ity to provide high cadence time series of velocity fluctuations.
CoMP data has been used previously to provide a focused look at
Alfvénic wave propagation in large, trans-equatorial loops, i.e.,
Threlfall et al. (2013), De Moortel et al. (2014).

In the following we will exploit the CoMP data to investigate
velocity fluctuations globally in the corona. We derive veloc-
ity power spectra for typical coronal regions, i.e., QS, AR, and
CH, with each region showing distinct power laws. Of particu-
lar note, the power spectra measured in the coronal hole shows
the same 1/ f power law as that observed in solar wind velocity
fluctuations at 0.3 AU. The magnitude of the power also varies
between the di↵erent regions, confirming that waves with the
greatest amplitudes are in CHs and the least in ARs. We also
examine signatures of periodic motions throughout the corona,
which imply that Aflvénic waves are pervasive in the corona with
enhanced power around 5 mHz. However, oscillatory signals
also appear to be present for time-scales greater than 500 s. Ad-
ditionally, we derive analytic formula for the errors related to
the analytic fits used for the CoMP data products, which enables

us to assess the limitations of these observations and provide a
warning for other observations.

2. Observations and data reduction

The data used here were obtained with the CoMP on the 27
March 2012 at 18:51:02 UT to 20:13:02 UT. The details of the
acquisition and reduction of the data are fully described in Tom-
czyk et al. (2008) and we make use of the final data product that
has a cadence of 30 s and a pixel size of 4”.46. We note the
individual frames in the final data product are produced by av-
eraging over 16 consecutive images. The final data product is
intensities at three wavelengths (10745.0 Å - I1, 10746.2 Å - I2
and 10747.4 Å - I3), which are positions around the 10747 Å
Fe xiii emission line (peak temperature of ⇠ 1.6 MK in ionisa-
tion equilibrium). Following Tian et al. (2013), for each pixel in
the CoMP field of view in each time frame we calculate the cen-
tral intensity, Doppler shift and Doppler width of the line profile
using an analytic fit of a Gaussian to the intensity values at each
wavelength position. The equations for the these quantities are

v =
w2

4d

(a � b), (1)

w =

r
�2d

2

a + b

, (2)

i = I2 exp
v2

w2 , (3)

where v is the Doppler velocity, w is the Doppler width and i is
the line centre intensity. The a and b are functions of I1, I2, I3,
namely,

a = ln
I3

I2
, b = ln

I1

I2
(4)

and d is the spectral pixel size. Note, there is a typographical in
the formula given in Tian et al. (2013) for the Doppler width is
incorrect, missing the square over the d. For the Doppler velocity
time series, the solar rotation is removed in the manner suggested
in Tian et al. (2013).

This is the same data set used in Bethge et al. (2014). It
consists of 164 images, almost uninterrupted. One image at
19:59:33 UT was of low quality so was replaced by an image in-
terpolated from the neighbouring images in the time-series. An
example image from the data set showing the CoMP field of view
is shown in Figure 1. In addition, an image at 10746.2 Å that has
been subject to normalising radial gradient filter (NRGF) is also
displayed. The NRGF image allows some of the fine-scale coro-
nal structures to be better visualised.

The central intensity images are then aligned using cross-
correlation and the same shifts are applied to the Doppler veloc-
ity images. The results of the cross-correlation suggest that the
data is co-aligned to better than 0.04 pixels.

3. Methods

In the following we discuss the techniques used to identify os-
cillatory phenomenon in the CoMP data, and the limitations of
the analysis. First, we derive analytic formulae to estimate the
uncertainties associated with the Doppler velocity data and will
be used to constrain the results.
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CoMP L2 Data Guide
CoMP Instrument

Light Trap

Collimating Lens
Pre-Filter Wheel

Filter/Polarimeter

Detector

Occulting Disk

Re-Imaging Lens

Calibration Polarizer Stage

CoMP Pre-filter Set:
FeXIII 1074.7nm
Fe XIII 1079.8 nm

HeI 1083.0 nm
Measures Stokes I, Q, U, V

0.14 nm bandpass
2.8 Rsun Full Field-of-View

4.5 arcsec/pixel

Linear Polarization → POS Magnetic Field Direction
Circular Polarization → LOS Magnetic Field Strength
Doppler Shift → Velocity

CoMP Using three Lyot filter settings to 
measure Stokes I of the Fe XIII 1074.7nm line

http://adsabs.harvard.edu/abs/2008SoPh..247..411T
For more information about CoMP see the instrument paper:

Friday, May 18, 2012

Fe XIII 10747 Å - Peak formation at T~1.6 MK. 

4.5 arcsec/pixel  & 30 s cadence 

FOV 1.05 - 1.3 RSun 

10747 Å & 10798 Å  - Density sensitive line pair

Solar rotation removed from Doppler 
shift by 5th order polynomial fit to east-
west trend (Tian et al. 2013).

CoMP L2 Data Guide
Scott McIntosh (mscott@ucar.edu) 

Christian Bethge
Hui Tian

Last Update: 5/16/2012

Steve Tomczyk (tomczyk@ucar.edu) 
Leonard Sitongia

Friday, May 18, 2012CoMP L2 Data Guide
Scott McIntosh (mscott@ucar.edu) 

Christian Bethge
Hui Tian

Last Update: 5/16/2012

Steve Tomczyk (tomczyk@ucar.edu) 
Leonard Sitongia

Friday, May 18, 2012

Under-re
solved!



Predominantly uni-directional - evidence 
for frequency dependent reflection.

Bi-directional - evidence for frequency 
dependent damping (Verth et al., 2011).

Infrared doppler measurements
Velocity signal appears to follow magnetic field and propagate at average local 
Alfvén speed (Tomczyk et al., 2007, Tomczyk & McIntosh 2009).



Relation to waves in SDO/AIA
2012−03−27
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Damping of coronal waves
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Figure 4. CoMP space-time diagram for the sample wave path traced out in Figure 1 (Panel A), the k–ω diagram for that space-time diagram (Panel B) and the average
k–ω diagram for the region around the sample wave path (Panel C).

Fitting the ridges in these k–ω diagrams to extract the phase
speed of the waves in each direction is not straightforward
due to the large amount of low-spatial and temporal frequency
power present, especially for the single-path time series, and
so we must find another method. Taking the simplest possible
approach, we compute the space-time diagram of outward and
inward waves by masking the positive and negative frequency
halves of the complex k–ω transform separately and compute
the inverse transform. The outward and inward filtered space-
time diagrams corresponding to the example of Figure 4 are
shown in panels B and C of Figure 5. The outward and inward
time series show a few key properties. First, the correspondence
between the wave patterns in the filtered (Panels B and C) and
the unfiltered (original, Panel A) time series is clear with the
vertical stripes oriented as we would expect, with the outward
waves inclined to the right and the inward waves inclined to the
left. The phase speed of the waves, indicated by the gradient

of the stripes, appears to be approximately constant over the
duration of the time series in each case.

Using the filtered time series we are able to measure the
wave phase speed along the path by cross-correlating the time
series at the center of the path with those across the entire
length of the path. We determine the lag of the cross-correlation
functions (where cc > 0.5) with a parabola (the peak of the
parabola determines the lag of the wave) and obtain the phase
speed by fitting the slope of the observed lag with position
along the path. Examples of the cross-correlation functions and
resulting space-lag plots for the outward, inward, and original
unfiltered time series are shown in Figure 6. We see that the
phase speeds of the waves in the outward, inward, and unfiltered
time series are 587 (±2), 596 (±20), and 728 (±6) km s−1,
respectively. We note that the outward and inward phase speeds
are consistent, but the phase speed of the composite is much
higher. This discrepancy is understandable in terms of linear

Tomczyk & McIntosh (2009)

Opportunity to probe damping length-scales and plasma parameters. 

One published example to date (many good candidates in CoMP archive -
so opportunity for study, more man power needed!!).
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damping mechanism in more complex geometries, e.g., multi-
thread loop structures (Terradas et al. 2008), as an illustration
of the basic process we assume a coronal loop to be a cylindri-
cal magnetic flux tube. Then the kink phase speed in the long
wavelength limit for an axially homogeneous magnetic cylinder
with differing internal and external plasma density and constant
magnetic field strength is

vph = B

√
2

µ(ρi + ρe)
, (1)

where ρi and ρe are the internal and external plasma density, B is
the magnetic field strength, and µ is the magnetic permeability.
Equation (1) shows that the kink speed is intermediate between
the external and internal Alfvén speeds. Regarding kink waves in
coronal loops, it is observed that ρi > ρe, so naturally occurring
density gradients between the internal and external plasma will
cause the local Alfvén frequencies in this intermediate layer to
match the global kink frequency at some magnetic surface, thus
causing a resonance. This generates azimuthal Alfvénic motions
in the resonant surface which grow in amplitude, damping the
global kink mode as energy is transferred to this localized mode.
For kink waves excited by a broadband disturbance there will
be many resonances within a loop and smaller length scales will
be created due to phase mixing, causing a cascade of energy to
smaller scales where dissipation becomes more efficient.

In the follow-up paper by Tomczyk & McIntosh (2009), a
more detailed analysis of the same CoMP data set showed that
propagating waves traveling a larger distance suffered greater
damping. This inspired Pascoe et al. (2010) and Terradas et al.
(2010) to model propagating kink waves damped by the pro-
cess of resonant absorption. Most relevant to the present study,
Terradas et al. (2010) derived simple analytical expressions
for the damping length of kink waves, showing that damping
length is a monotonically decreasing function of frequency, the
Terradas–Goossens–Verth (TGV) relation. This has a conse-
quence that solar waveguides with transverse inhomogeneity,
e.g., coronal loops, will act as low-pass filters for propagating
kink waves. It is the main purpose of this Letter to investigate
if the propagating Alfvénic waves observed by Tomczyk et al.
(2007), realistically interpreted as the kink mode from MHD
wave theory, exhibit this frequency-dependent damping.

3. THEORETICAL MODEL

Traditionally, since standing kink waves in coronal loops were
observed using TRACE, the measurement of damping times was
of primary interest; see, e.g., Aschwanden et al. (2003) and
Arregui et al. (2007). However, for propagating kink waves it
is more appropriate to study the damping length LD, with the
expression for wave amplitude given by

A(s) = A0 exp
(

− s

LD

)
, (2)

where s is the distance along the waveguide and A0 is the
initial amplitude. From Tomczyk et al. (2007), the transverse
scale of propagating disturbances has an upper limit of about
9 Mm and wavelengths are λ ! 180 Mm, so assuming that the
average waveguide observed with CoMP is a flux tube of radius
R " 4.5 Mm, kink waves are in the long wavelength regime
where R/λ ≪ 1. In this limit it was shown by Terradas et al.

Figure 1. Simple illustration of the observed semi-circular annulus geometry
of the coronal loop system. The integrated wave paths analyzed by Tomczyk &
McIntosh (2009, shaded in gray) are approximately only half the length along
the total loop system (L ≈ 250 Mm) since the data in this segment had the best
S/N. The direction of outward and inward wave propagation is shown by the
solid and dashed lines, respectively.

(2010) that the TGV relation is simply given by

LD = vph ξE
1
f

, (3)

where f is the frequency defined by f = vph/λ and ξE is an
equilibrium parameter dependent on length scale of the density
inhomogeneity. Equation (3) demonstrates that LD is inversely
proportional to f, i.e., the rate of damping per unit length will be
greater for higher frequency waves than low frequency waves.
The parameter ξE can be calculated precisely for a chosen
equilibrium model; e.g., if we choose a thin inhomogeneous
boundary layer with a continuous sinusoidal profile decreasing
between ρi and ρe then

ξE = 2
π

R

l

ρi + ρe

ρi − ρe
, (4)

where l is the thickness of the boundary layer (see, e.g.,
Goossens et al. 1992, 2002; Ruderman & Roberts 2002). Hence,
Equations (3) and (4) demonstrate that the efficiency of damping
due to resonant absorption also depends on the thickness of the
non-uniform layer and the steepness of the transverse gradient
in density.

From Figure 1 (panel (A)) in Tomczyk & McIntosh (2009),
it can be seen that the integrated wave path in the coronal
loop system is off limb and assumed to be in the plane of
sky. The approximate semi-circular annular geometry of this
wave path is shown in Figure 1, with the direction of outward
and inward propagating waves denoted by arrows. We show the
analyzed wave paths by the shaded gray region, which consists
of many waves traveling along different coronal loop structures,
integrated by Tomczyk & McIntosh (2009) to improve the
signal-to-noise ratio (S/N); cf. Figure 4 (panels (B) and (C)) in
Tomczyk & McIntosh (2009). Although Tomczyk & McIntosh
(2009) did not integrate the entire loop lengths, i.e., from the
outward footpoint (s = 0) to the inward footpoint (s = 2L),
the important point is that in the gray region, inward waves
have traveled further and therefore the damping will be greater
relative to the outgoing waves.

Let the initial outward at s = 0 and inward power at s = 2L
for frequency f be denoted by Pout(f ) and Pin(f ), respectively.
Then since P (f ) ∝ A2(f ), by Equations (2) and (3) the spatially
averaged outward power in the shaded gray region s ∈ [0, L]
for frequency f is

⟨P (f )⟩out = 1
L

∫ L

0
Pout(f ) exp

(
− 2f

vphξE
s

)
ds, (5)
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Figure 4. CoMP space-time diagram for the sample wave path traced out in Figure 1 (Panel A), the k–ω diagram for that space-time diagram (Panel B) and the average
k–ω diagram for the region around the sample wave path (Panel C).

Fitting the ridges in these k–ω diagrams to extract the phase
speed of the waves in each direction is not straightforward
due to the large amount of low-spatial and temporal frequency
power present, especially for the single-path time series, and
so we must find another method. Taking the simplest possible
approach, we compute the space-time diagram of outward and
inward waves by masking the positive and negative frequency
halves of the complex k–ω transform separately and compute
the inverse transform. The outward and inward filtered space-
time diagrams corresponding to the example of Figure 4 are
shown in panels B and C of Figure 5. The outward and inward
time series show a few key properties. First, the correspondence
between the wave patterns in the filtered (Panels B and C) and
the unfiltered (original, Panel A) time series is clear with the
vertical stripes oriented as we would expect, with the outward
waves inclined to the right and the inward waves inclined to the
left. The phase speed of the waves, indicated by the gradient

of the stripes, appears to be approximately constant over the
duration of the time series in each case.

Using the filtered time series we are able to measure the
wave phase speed along the path by cross-correlating the time
series at the center of the path with those across the entire
length of the path. We determine the lag of the cross-correlation
functions (where cc > 0.5) with a parabola (the peak of the
parabola determines the lag of the wave) and obtain the phase
speed by fitting the slope of the observed lag with position
along the path. Examples of the cross-correlation functions and
resulting space-lag plots for the outward, inward, and original
unfiltered time series are shown in Figure 6. We see that the
phase speeds of the waves in the outward, inward, and unfiltered
time series are 587 (±2), 596 (±20), and 728 (±6) km s−1,
respectively. We note that the outward and inward phase speeds
are consistent, but the phase speed of the composite is much
higher. This discrepancy is understandable in terms of linear

Tomczyk & McIntosh (2009) Verth et al (2010)

P( f )
ratio

=
Pout ( f )
Pin ( f )

exp 2L
vphξE

f
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

Least squares-fit of:

Opportunity to probe damping length-scales and plasma parameters. 

One published example to date (many good candidates in CoMP archive -
so opportunity for study, more man power needed!!).

Verwichte et al (2013) also examine results.



A quick foray into statistics
In general, ‘standard’ techniques used in data analysis assume 
uncertainties of measurements are Normally distributed.

Probably true if averaging over many measurements!

In general not true - ignorance can lead to poor estimate of 
results and confidence levels.

Example
Fitting a function to data points. 

Maximise Likelihood  

i.e., minimise normalised sum of squared errors.

L(θ, xi ) = f (xi |θ )
i=1

n

∏

For Normally distributed data:

L(θ, xi ) = (2πσ i
2 )−1/2 exp −

(O(yi )−M (θ, xi ))
2

σ i
2

⎛

⎝
⎜

⎞

⎠
⎟

i=1

n

∏



A quick foray into statistics (Time-series)

P̂( f j )∝P( f j )
χ2
2

2

f (x, 2) = 1
2
e
−
x
2

When using discrete Fourier transforms, using N observations to estimate N 
parameters. 

Variance scales with P! For power law
type spectra in corona, uncertainties are
heteroscedastic.

To reduce variance: 
      * smooth power spectrum (average f bins) - lose resolution
      * average over number of time-series.

Averaging over large number of series, uncertainty of mean tends to Normal 
distribution (Central limit theorem).

Hence DFT not a consistent estimator of power (i.e., N increases, accuracy doesn’t.)

Real & Imaginary DFT terms ~ N(0,σ 2 )
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How do we improve accuracy of results?
Best method is still unclear!

Ratio of two exponential distributions is distributed as
1/(z+1)^2 where z=x/y (z >0) (Cauchy-esq). 

Maximum likelihood of above distribution 
- requires good estimate of true power to understand 
uncertainties on power!

Fit inward & outward power spectra in log-space - uncertainties become
additive and fixed value - so homoscedastic & approximately normal (Vaughan 2005).

Or fit log of ratio - sharply peaked function 
(Logistic - nearly Gaussian but fatter tails) & 
uncertainties homoscedastic!
 
Currently trialling with Monte Carlo tests.

Perhaps Helioseismology can teach us something (e.g., Appourchaux 2014).



Use density ratio from line pair.

Check with Potential Field 
extrapolations.

Model comparison (e.g., Cranmer
et al., 2007)

Global coronal seismology: magnetic field

where f has the well-known ambiguity of 90°
(15), which does not affect the conclusions of the
following analysis.

A movie of the velocity images (movies S2
and S4) reveals ubiquitous quasi-periodic fluctu-
ations with root means square amplitude of about
0.3 km s–1. The time series of intensity images
does not reveal appreciable variation with
fractional fluctuations, DI/I < 3 × 10−3. A Fourier
analysis (Fig. 2) of the region of bright active
region loops shows a significant, broad peak in
the power spectrum of velocity fluctuations
centered at ~3.5 mHz (5-min period) with a
width of about 1 mHz. Such a peak is absent in
the power spectrum of intensity fluctuations or
line width. The background spectrum at low
frequencies rises as 1/frequency2 due presumably
to instrumental noise and coronal evolution. We
find that the observed spectrum of velocity power
is remarkably similar to the power spectrum of
photospheric 5-min oscillations, and we note that
the frequency distribution of velocity power is
nearly identical for both the coronal cavity and
the active loop regions.

We adapted a phase travel-time analysis
(16–18) to characterize the propagation charac-
teristics of the wave modes observed in the
CoMP velocity time series. The data were

Fourier filtered in time with a Gaussian filter
with a central frequency of 3.5 mHz and a width
(1/e folding) of 0.4 mHz. We then formed the
cross-correlation map of the filtered time series at
a reference pixel with nearby pixels sufficient in
number to capture all areas of high correlation.
The cross-correlation function with neighboring
pixels is a Gabor wavelet that yields information
about the group and phase travel times of the
fluctuation (17). We see (Fig. 3A) that the
observed oscillations can have very long corre-
lation lengths (the length of the oblong contour of
high cross-correlation) and detectable widths.
The “island” of high cross-correlation (CC >
0.5) also has a distinct direction that follows the
apparent trajectory of the propagating wave, as
seen in movies S2 and S4.

By using the island of high cross-correlation
as a mask, we computed the correlation length,
the correlation width, the phase speed of the
propagation, and the propagation angle relative to
solar north-south. We used the cross-correlation
weighted least-squares fit to the points inside the
island to estimate the propagation angle and its
associated error. In addition, by isolating the
phase travel times in the island and computing
the distance of each pixel to the reference pixel,
we estimated the phase speed (and standard error)

of the wave from the least-squares fit of the
distance and phase travel time. In the example
shown in Fig. 3, we computed a correlation
length of 45Mm, awidth of 9Mm, a propagation
trajectory of 46.2° (±4.0°), and a phase speed of
1.31 (±0.24) Mm s–1 at the reference pixel. Note
that the measured phase speeds are POS
projections and are therefore lower limits. This
travel-time analysis was repeated, successively
substituting all pixels between 1.05 and 1.25 Rsun
(dot-dashed lines in Fig. 1) as the reference pixel,
to extract the wave properties at each point (Fig.
4 and table S1).

The CoMP instrument can infer the POS
azimuth of the coronal magnetic field through the
linear polarization measurements and Eq. 2 (Fig.
1F). This angle is compared with the angle of
wave propagation inferred from the travel-time
analysis (Fig. 4B) in Fig. 4F. Despite the fact that
LOS integrations may influence the two angles
differently, the high degree of correlation in this
plot demonstrates that the waves propagate along
field lines.

We believe that the waves we observe are
Alfvén waves, for the following three reasons.
The observed phase speeds (~2 Mm s–1) are
much larger than the sound speed (~0.2Mm s–1),
and therefore the waves are not slow MA mode
waves. The spatiotemporal properties of the
velocity oscillations and the linear polarization
measurements show that these waves propagate
along field lines, which would not be the case for
fast MA mode waves. In addition, the associated
intensity fluctuations are very small. A source of
waves distributed across the solar surface would
not produce the coherent spatial structures
alignedwith themagnetic field, which are present
in the velocity data.

The presence of a 5-min signature is not
surprising because fluctuations in the corona with
periods near 5min have beenwidely observed, as
discussed above. There is a growing consensus
that photospheric 5-min acoustic oscillation
modes (p modes) escape into higher layers via
interactions with surface magnetic fields. In the

Fig. 2. Fourier power
spectrum of the CoMP
Doppler velocity (blue),
intensity (green), and line
width (red). Notice the
significant, broad peak in
the Doppler power spec-
trum centered on 3.5
mHz. We also show the
(scaled) Gaussian filter
applied in the analysis
(dot-dashed black line)
and the average power
spectrum of intermediate
degree photospheric os-
cillations (solid black line).
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Fig. 3. Travel-time anal-
ysis of CoMP Doppler
velocity measurements
for the reference pixel
(marked by the x) over
the boxed region shown
in Fig. 1. (A) The map of
cross-correlation coeffi-
cients with a contour of
0.5, which is used to
define the region used
to determine the proper-
ties of the waves. (B) The
map of computed phase
travel times in the same
region (the surrounding
pixels are zeroed for clar-
ity). (C) The relationship
of phase travel time against the distance to the reference pixel; the phase speed of the wave in this region is estimated from a least-squares linear fit.
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Figure 4. (a)-(c): Line core emission of the Fe XIII 10747 and 10798 Å lines and their ratio.
(d): Electron number density calculated with CHIANTI (see Fig. 3). (e): Outward phase
speed used for the calculation of the plane-of-sky magnetic field strength (see Eqn. (2)). (f):
Plane-of-sky magnetic field strength (see Eqns. (5) and (6)). Low S/N regions in intensity are
masked in all plots (see text).

SOLA: comp.tex; 13 May 2013; 16:25; p. 8
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Use density ratio from line pair.

Check with Potential Field 
extrapolations.

Model comparison (e.g., Cranmer
et al., 2007)

Global coronal seismology: magnetic field

where f has the well-known ambiguity of 90°
(15), which does not affect the conclusions of the
following analysis.

A movie of the velocity images (movies S2
and S4) reveals ubiquitous quasi-periodic fluctu-
ations with root means square amplitude of about
0.3 km s–1. The time series of intensity images
does not reveal appreciable variation with
fractional fluctuations, DI/I < 3 × 10−3. A Fourier
analysis (Fig. 2) of the region of bright active
region loops shows a significant, broad peak in
the power spectrum of velocity fluctuations
centered at ~3.5 mHz (5-min period) with a
width of about 1 mHz. Such a peak is absent in
the power spectrum of intensity fluctuations or
line width. The background spectrum at low
frequencies rises as 1/frequency2 due presumably
to instrumental noise and coronal evolution. We
find that the observed spectrum of velocity power
is remarkably similar to the power spectrum of
photospheric 5-min oscillations, and we note that
the frequency distribution of velocity power is
nearly identical for both the coronal cavity and
the active loop regions.

We adapted a phase travel-time analysis
(16–18) to characterize the propagation charac-
teristics of the wave modes observed in the
CoMP velocity time series. The data were

Fourier filtered in time with a Gaussian filter
with a central frequency of 3.5 mHz and a width
(1/e folding) of 0.4 mHz. We then formed the
cross-correlation map of the filtered time series at
a reference pixel with nearby pixels sufficient in
number to capture all areas of high correlation.
The cross-correlation function with neighboring
pixels is a Gabor wavelet that yields information
about the group and phase travel times of the
fluctuation (17). We see (Fig. 3A) that the
observed oscillations can have very long corre-
lation lengths (the length of the oblong contour of
high cross-correlation) and detectable widths.
The “island” of high cross-correlation (CC >
0.5) also has a distinct direction that follows the
apparent trajectory of the propagating wave, as
seen in movies S2 and S4.

By using the island of high cross-correlation
as a mask, we computed the correlation length,
the correlation width, the phase speed of the
propagation, and the propagation angle relative to
solar north-south. We used the cross-correlation
weighted least-squares fit to the points inside the
island to estimate the propagation angle and its
associated error. In addition, by isolating the
phase travel times in the island and computing
the distance of each pixel to the reference pixel,
we estimated the phase speed (and standard error)

of the wave from the least-squares fit of the
distance and phase travel time. In the example
shown in Fig. 3, we computed a correlation
length of 45Mm, awidth of 9Mm, a propagation
trajectory of 46.2° (±4.0°), and a phase speed of
1.31 (±0.24) Mm s–1 at the reference pixel. Note
that the measured phase speeds are POS
projections and are therefore lower limits. This
travel-time analysis was repeated, successively
substituting all pixels between 1.05 and 1.25 Rsun
(dot-dashed lines in Fig. 1) as the reference pixel,
to extract the wave properties at each point (Fig.
4 and table S1).

The CoMP instrument can infer the POS
azimuth of the coronal magnetic field through the
linear polarization measurements and Eq. 2 (Fig.
1F). This angle is compared with the angle of
wave propagation inferred from the travel-time
analysis (Fig. 4B) in Fig. 4F. Despite the fact that
LOS integrations may influence the two angles
differently, the high degree of correlation in this
plot demonstrates that the waves propagate along
field lines.

We believe that the waves we observe are
Alfvén waves, for the following three reasons.
The observed phase speeds (~2 Mm s–1) are
much larger than the sound speed (~0.2Mm s–1),
and therefore the waves are not slow MA mode
waves. The spatiotemporal properties of the
velocity oscillations and the linear polarization
measurements show that these waves propagate
along field lines, which would not be the case for
fast MA mode waves. In addition, the associated
intensity fluctuations are very small. A source of
waves distributed across the solar surface would
not produce the coherent spatial structures
alignedwith themagnetic field, which are present
in the velocity data.

The presence of a 5-min signature is not
surprising because fluctuations in the corona with
periods near 5min have beenwidely observed, as
discussed above. There is a growing consensus
that photospheric 5-min acoustic oscillation
modes (p modes) escape into higher layers via
interactions with surface magnetic fields. In the

Fig. 2. Fourier power
spectrum of the CoMP
Doppler velocity (blue),
intensity (green), and line
width (red). Notice the
significant, broad peak in
the Doppler power spec-
trum centered on 3.5
mHz. We also show the
(scaled) Gaussian filter
applied in the analysis
(dot-dashed black line)
and the average power
spectrum of intermediate
degree photospheric os-
cillations (solid black line).
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Fig. 3. Travel-time anal-
ysis of CoMP Doppler
velocity measurements
for the reference pixel
(marked by the x) over
the boxed region shown
in Fig. 1. (A) The map of
cross-correlation coeffi-
cients with a contour of
0.5, which is used to
define the region used
to determine the proper-
ties of the waves. (B) The
map of computed phase
travel times in the same
region (the surrounding
pixels are zeroed for clar-
ity). (C) The relationship
of phase travel time against the distance to the reference pixel; the phase speed of the wave in this region is estimated from a least-squares linear fit.

A  CoMP Cross-Correlation Coefficient

-40 -20 20 40 60

 60

 40

 20

0

20

40

60

-60

-60

-40

-20

0

20

40

60

46.2 Mm

44
.3

 M
m

9.1 Mm

Angle : 46.20 degrees

0.
5

0.00 0.20 0.40 0.60 0.80 1.00

0

B  CoMP Phase Travel-Time [s]

-60 -40 -20 0 20 40 60

0.
5

-40.00 -20.00 0.00 20.00 40.00

C  Projected Phase Speed Derivation

-40 -20 0 20 40
Phase Travel-Time [s]

-40

-20

0

20

40

Gradient [Vp; Mm/s]
1.31 +/- 0.24

31 AUGUST 2007 VOL 317 SCIENCE www.sciencemag.org1194

REPORTS

Fe XIII 10747 Å line core intensity
[millionths of solar disc]

0 5 10 15 20 25

Fe XIII 10798 Å line core intensity
[millionths of solar disc]

0 5 10 15 20 25

(a) (b)

Line ratio Fe XIII 10798/10747 Å

0.15 0.29 0.42 0.56 0.70

Electron density [log10 cm−3]

7.2 7.6 8.0 8.4 8.8 9.2

(c) (d)

Outward phase speed [km/s]

200 400 600 800 1000

BPOS [G]

1 2 3 4 5 6 7

(e) (f)

Figure 4. (a)-(c): Line core emission of the Fe XIII 10747 and 10798 Å lines and their ratio.
(d): Electron number density calculated with CHIANTI (see Fig. 3). (e): Outward phase
speed used for the calculation of the plane-of-sky magnetic field strength (see Eqn. (2)). (f):
Plane-of-sky magnetic field strength (see Eqns. (5) and (6)). Low S/N regions in intensity are
masked in all plots (see text).

SOLA: comp.tex; 13 May 2013; 16:25; p. 8
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Estimating the solar wind speed
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Pinto et al (2009) hydro wind model.
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Global coronal seismology:Flows

Improvement in propagation speed  
measurements required (?!).



Flows along coronal loops
Global coronal seismology:Flows

Plenty of measurable counter-propagating waves - so
should be able to get reasonable diagnostics of flows.

Flow profiles and speeds may be useful for constraining heating models.
(Negates problems with imagers/Doppler shifts!)

Potential to look for enhanced/reduced damping factors due to flows.



Can we do 
seismology in the
chromosphere?
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Chromospheric features
Hα Core (intensity)

0 10 20 30 40
Distance (Mm)

0

10

20

30

40

Di
st

an
ce

 (M
m

)

Hα -0.906 Å

0 10 20 30 40
Distance (Mm)

LOS Magnetogram (Gauss) Fe 6302 

0 10 20 30 40
Distance (Mm)

-200

-100

0

100

200

280 Rutten

1

3

2

A

B

C
E

F   2

4

A

1

B

C
3D

F

E

Figure 3. Left : near-limb Ca iiH observation. Line of sight 1 hits τ = 1
(thick curve along the bottom, the dashed curve is τ = 1 for radial viewing)
in a granule and produces low brightness I ≈ B (τ =1) in the inner wings of
Ca iiH which sample reversed granulation in the middle photosphere (regime
A). It passes first through internetwork regime C which is fully transparent in
Ca iiH. The contribution of line-center emission by acoustic shocks in upper-
photosphere regime B is also small. Line 2 hits another granule after passing
through a fluxtube that is relatively empty at low height. The smaller opacity
buildup results in deeper sampling than along lines parallel to line 2 in the
plane perpendicular to the sketch but missing the fluxtube similarly to line 1.
The granular interior therefore appears as a short bright stalk in the Ca iiH
wings. Line of sight 3 also hits a granule after passing through the fluxtube,
but higher up through regime E which contributes the straw brightness.
Right : different filamentary structures. A similar cartoon is shown in Figure 2
of Fontenla et al. (1993); compare also Judge’s sketch in these proceedings.
Rough temperatures: D ∼ 104 K, E ∼ 105 K, F ∼ 106 K. Outside regimes:
A = photosphere with normal/reversed granulation and tenuous magnetic
elements, B = upper internetwork photosphere pervaded by acoustic shocks
but nevertheless cool, C = transparent in H&K, Hα, and Ly α. Type 1 :
bright upright H&K and Ly α network straws opening into coronal plasma.
On the disk they produce grainy H&K line-center, Hα line-center, and Ly α
full-profile emission in network and plage (Figure 2). Type 2 : dark Hα mot-
tles bending upward into hot plasma from unipolar crowding. They repre-
sent the on-disk “spicules” modeled by De Pontieu et al. (2004) as due to
p-mode mass loading. They end abruptly where the shocked cool gas meets
transition-region temperatures. Above plage they cause rapid occultive flick-
ering of TRACE 171 Å brightness (“moss”) through bound-free hydrogen and
helium scattering out of the TRACE passband (Berger et al. 1999, Rutten
1999). Type 3 : dark Hα mottles spanning across cell interiors in bipolar
network without hot-plasma connectivity. They are reasonably well repre-
sented by the classical modeling of Giovanelli (1967), Beckers (1968, 1972),
Heinzel & Schmieder (1994) as opaque clouds of order 104 K. Type 4 : short
weak-field near-network loops postulated by Schrijver & Title (2003). They
lack the Wilson depressions that turns types 1 – 3 into bright points in pho-
tospheric diagnostics and the mass loading that makes types 2 and 3 dark in
chromospheric Hα.

3. Ly α: type 1 produces the thick hedge rows of network straws in the VAULT-
2 near-limb images. Their appearance suggests thermal Lyα emission from
optically thick straws with I ≈ Ss ≈ εs B(Ts) if effectively thin and growing
to

√
εs B(Ts) for the thickest ones. Since ε is likely small, Ts must be high.

The bright grains abounding in disk plage are due to type-1 along-the-straw
viewing. The abruptly ending rosette fans correspond to type 2. Type 3
constitutes the dark opaque internetwork background, with I ≈

√
ε3 B(T3).

Regime C must be transparent through being coronal, not only hot but

Mooroogen et al (2017)

Rutten (2006)

Spicules - Originate in NE, vertical magnetic field

Fibrils - Originate in NE & IN, ~ horizontal 
magnetic field

Network (NE)

Internetwork (IN)



Seismology with spicules 
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Seismology with spicules 
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What sort of density profile is required?
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What about fibrils?
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What about fibrils?
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BIFROST - Leenaarts et al (2012)



Problems with chromospheric seismology!

Need a MS inversion that incorporates damping & stratification. 

Flows are inherent to chromospheric structures (as probably any 
solar structure).

Many options for internal & external density profiles - how can this
be narrowed down/incorporated into inversions?

WKB approx. is not realistic. Plasma parameters can change 
rapidly.

Is it time for an MS inversion model al la radiative transfer 
(e.g., NICOLE)?


