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CALCULATION OF THE PROFILE OF THE
CORONAL LINE λ171 FE IX IN THE EMISSION

SPECTRUM OF SLOW MAGNETO-SONIC WAVES
PROPAGATING IN THE SOLAR CORONA.
1. THE CASE OF CONSTANT DENSITY.
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The line profiles λ 171 ÅFe IX in the emission spectrum of slow magneto-sonic
waves propagating in coronal loops are calculated for an optically thin layer
and constant density cases. The line profiles were calculated at the following
parameter values: the amplitude of the velocity at the wave ν0 = 10 km/s,
the coronal loop width 2000 km and 5000 km, the wavelength Λ = 20,000 km
and 50,000 km, the Doppler width ∆λd = 0.01Åand also at the values of sight
angle and various phases of the wave. It is shown that the energy flux density
and the values of the Doppler width strongly depend on the angle z and the
phase of the wave.
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1. INTRODUCTION

The research of MHD waves in coronal structures has excellent importance
in coronal seismology. These waves can play a significant role in the corona’s
heating; besides, investigating these waves make it possible to study the solar
corona’s physical structure. Slow magneto-sonic waves are considered one of the
candidates of heating the solar corona: these waves are generated in the photo-
sphere as a p-mode, penetrate the corona without being reflected, are damped by
the heat conduction mechanism, and consequently, can heat the corona.
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MHD waves in the corona were studied mainly from a theoretical point of view
until the 90s of the last century. In the early 2000s, intensive extra-atmospheric
observations of these waves in the corona spectrum’s UV region was begun. In-
formation about these problems could be found in the review articles [1–6]. In the
present paper, the λ171 Fe IX line profile in the spectrum of slow magneto-sonic
waves propagating into coronal loops is calculated. Observations of these waves
are often carried out in the indicated line [6].

Let us give the observed values of the physical parameters of slow magneto-
sonic waves: the propagation velocity - 25-200 km/s, the amplitude of the intensity
oscillations -0,7-14,6%, the oscillation period - 145-550 s [6], the energy density
flux: 313 - 6106 [7, 8] erg sm−2 s−1

It should be noted that in the chromosphere and corona, Doppler shift’s ve-
locities are almost an order of magnitude less than the values of non-thermal
velocities found by the Doppler widths [9].

2. DERIVATION OF THE EXPRESSION FOR THE SPECTRAL LINE
PROFILE

Our task - calculating the emission line profile emanating from the coronal
loop along the line of sight - LZ, making an angle θ with the loop axis. As far as
we know from the literature, the spectral emission line profiles in the spectrum of
slow magneto-sonic waves propagating in coronal structures were not calculated.

Let us assume that the coronal loop is optically thin and that the density does
not change on the wave (in the following paper, we plan to consider the case with
a changing density).

The emission profile of every elementary volume along the angle of sight is
Doppler, with the Doppler width ∆λd, which we accept constant along the line
of sight.

Fig. 1 shows the diagram of propagation of slow magneto-sonic wave inside
the coronal loop with diameter H on the direction of the X-axis of the XY coor-
dinate system, the origin of which is located in the zero phases of the considered
wave; the X and Y axes are located along and perpendicular to the loop axis,
respectively. All signs were described in the text under Fig. 1. The amount of
emission emanating from elementary volume dl·1sm2 located at distance l from
the surface of the coronal loop, transmitting to the wavelength δλ from the center
of the line, is:

di = (∆λ) = i0 exp

−(∆λ− νl
c λ
)

∆λd

)2
 dl (1)
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Fig. 1. Scheme of propagation of a slow magneto-sonic wave in a coronal loop; here
H - the loop diameter, Λ - the sonic wavelength, Ls - the line of sight, θ - the angle
between the line of sight and the direction of the loop axis, x0 - the distance from
the point of the zero phase of the wave (this point is also the origin of the coordinate
system) to the intersection of the line of sight with the X -axis of the coordinate
system; characterizes the phase x’ - the distance along the X-axis from the point of
intersection of the line of sight with the X-axis to the current considered elementary
volume m, l - the distance along the line of sight from the point of intersection of the
line of sight with the X-axis to the to the considered current elementry volume m

Here: i0 - central intensity of emission profile of selected elementary volume, ac-
cepted to be constant along the whole length of the line of sight, Ls ν(l) - the
rate of particles on the wave at distance l, s - speed of light. Then, the emission
intensity from the entire length L of the line of sight at a distance δλ from the
center of the emission line will be:

I(∆λ) = i0

∫ L

0
exp

−(∆λ−
(
νl
c λ
)

∆λd

)2
 dl (2)
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Now we need to find ν(l). Particles motion at sonic wave is occurred along wave
propagation by sine law (as can be seen from Fig. 1: x = x0 + x′):

v(x) = ν0 sin

(
2πx

Λ

)
For the lines of sight passing through the same x0 (this magnitude approxi-
mately characterizes the wave phase), conveniently use the expression, replacing
x = x0 + x′, and in this case, the variable will be x’

ν
(
x′
)

= ν0 sin

(
2π (x0 + x′)

Λ

)
(3)

Here: ν0 - the velocities amplitude of particles’ oscillations on the wave - wave-
length of propagating slow magneto-sonic wave. It is obvious that the projection
of the particle velocities amplitude on the line of sight will be:

Further ν0L = ν0 cos θ (4)

Then x′ = l cos θ (5)

ν = (l) = ν0 cos θ sin

[
2π (x0 + l cos θ)

Λ

]
(6)

Putting (6) in (2), we obtain the final expression for calculating the spectral line’s
profile.

I(∆λ) = i0

∫ L

0
exp

−
∆λ− ν0 cosϑ sin

[
2π(x0+l cos θ)

Λ

]
λ
c

∆λd

2
 dl (7)

As can be seen from Fig. , The line of sight passes through oppositely directed
motions on the wave, and therefore, to calculate the line profile, this expression
is divided into two integrals for both motion sections as follows:

I(∆λ) = i0

∫ l1

0
exp

−
∆λ− ν0 cosϑ sin

[
2π(x0+l cosϑ)

∆
λ
c

]
∆λd

2
 dl+ (8)

i0

∫ l1

l2

exp

−
∆λ+ ν0 cos θ sin

[
2π(x0+l cos θ)

Λ
λ
c

]
∆λd

2
 dl

l1 =

(
Λ

2
− x0

)
sec θ
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l2 =

[
H −

(
Λ

2
− x0

)
tg θ

]
cosec θ

using expression:

νd =

∫ L
0 ν(l)dl

L

We obtain magnitude of the Doppler shift:

νsh =
ν0Λ

2πL

[
− cos

(
2πx0

Λ
+

2πL cosϑ

Λ

)
+ cos

2πx0

Λ

]
(9)

The calculation was conducted for the profile of λ171 FeIX line; in the spectrum
of slow magneto-sonic waves, this line is often used by observers. Calculation
was conducted for the following parameter values: ν0=10 km/s, Λ=20 000 km
and 50,000 km [10, 11], H = 2000 km and 5000 km, L=H/cosν. ∆νd = 0.01,
this corresponds to the temperature value T = 106 and at the values of
the angle of inclination of the line of sight to the direction of wave motion
θ = 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦and 80◦. Calculation of the considered spec-
tral line profile allows us to reveal how different parameter values impact the
considered wave’s energy flux value and the values of non-thermal and Doppler
shifts. The calculation results are given in the graphs. Fig. 2 shows examples of
calculated profiles.

3. RESULTS

Velocities of Doppler shifts and non-thermal motions.
Figure 6 shows the values of velocities of the Doppler shifts νd and non-thermal

velocities vnt from the angle of inclination θ for different wavelengths Λ and loop
diameter H. Fig. 7 shows the values of vd and vnt for various values of the physical
parameters indicated in the figure. Fig. 9 shows the dependence of non-thermal
velocities on the angle of sight at the physical parameters’ values indicated in the
figure.

The values of the Doppler shifts vd, obtained by the authors from observations,
are inconsistent: vd=3km/s, vnt=23km/s [9], vd=1.8-3.7 [13], vd=0.2-1.2 [14],. vd
=0.3-0.7 [15], vd=1.3-1.6 [16], vd=0.3-2.5 km/s [20], vd= 3 km/s [23]. In standing
waves, the velocities of Doppler shifts are significantly higher: vd=18 km/s [17],
vd=200 km/s [21], 191 km/s [22].

In [9], some authors’ data are given, in which it is shown that the values of
non-thermal velocities are almost an order of magnitude higher than the veloci-
ties of Doppler shifts. It is difficult to explain the data given in [9], taking into
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Fig. 2. Calculated profiles of the λ 171 FeIX line at different values of the angle of in-
clination of the line of sight ν for a wavelength Λ= 20,000 km. Profiles are calculated

in units of center intensity. Profiles are displaced along the intensity axis.

account the results of our calculations. It should be noted that regarding the
observed values of non-thermal velocities, there are few cases of determining νnt
in the emission spectrum of slow magneto-sonic waves. Let us give examples of
some of them.

The authors [28, 29], based on many coronal active region line observations,
found the value of non-thermal velocities of 17 km/s and 10 km/s. Authors [30,31]
found on the 171 Å line 7.5 km/s and 3 km/s, respectively. According to obser-
vations [32], in the Fe XIV 5303 line in the spectrum of slow waves, the velocity
of Doppler shifts and non-thermal velocities are 0.3 km s−1 and 10-20 km s−1,
respectively. As can be seen, these values are in limits, obtained by us. The
authors [24] observed the Doppler shift in coronal loops up to 300 km/s.

The authors consider that these are motions on slow magneto-sonic waves.
However, the authors observed at the limb of the sun, in this case, the obser-
vations were carried out perpendicularly to the tube of the loop, and since slow
sonic-wave propagates along the tube and motions on it occurring along the prop-
agation, then the authors observed perpendicularly to the motions on the wave,
and consequently, the observed motions cannot be motions on the slow magneto-
sonic wave. Probably, the observed motions are motions on the bending wave.
The authors [25] obtained vd = 84 km/s; the observed wave is considered to be
slow magneto-sonic wave. However, according to the authors’ observations, there
is a phase shift by 90◦ between density change n1 and velocity of motions on the
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Fig. 3. Dependence of Energy flux density on Doppler shifts velocity (left) and non-
thermal velocities obtained from Doppler width (right). Energy flux values in units

erg · sm−2 · · ·−1

Fig. 4. Dependence of the energy flux density on Doppler shifts velocity (left) in erg
sm−2s−1 and non-thermal velocities obtained from Doppler width (right) at specific

values of the parameters.

wave v1; since density change means the intensity change, we can assert that the
observed wave was standing slow magneto-sonic wave.
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Fig. 5. DDependence of the energy flux density (left) and the phase velocities at θ
= 10.

Fig. 6. Values of the Doppler shifts velocities νd and non-thermal velocities from the
inclination angle θ at various wavelengths Λ and loop diameter H

Fig. 8 shows the dependence curves of the values of non-thermal velocities and
the velocities of Doppler shifts depending on the angle of the line of sight, wave
phase, wavelength, and the coronal loop’s width. As can be seen from graphs,
velocitie’s values are changed from 12 km/s at small values of angle of sight to
almost zero at large values of the angle of sight. The values of Doppler shifts at
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Fig. 7. Dependence of velocities on the angle of sight at indicated values of the
parameters

large values of the angle of sight are close to the observed values, while at small
values of angle of sight, our calculated values are mainly much higher than the
observed ones. Apparently, it can be explained by the fact that the amplitude of
the velocities on these waves is less than 10 km/s. As can be seen from Fig. 8,
the velocities values depend on the loop width and wavelength.

Energy flux density. Fig.4 shows the dependence of the energy flux density
on Doppler shifts velocity (left) in sm−2s−1 and non-thermal velocities obtained
from the Doppler width (right) at specific values of the parameters. As shown
in the figure, energy flux density increases with velocities increasing, which nat-
urally, whereas with increasing of angle of sight θ to 100◦, the flux density value
decreases.

Fig. 5 shows the dependence of the energy flux density (left) and the phase
velocities at θ = 10◦.

Fig. 3 shows the calculated values of the energy fluxes density depending on
the Doppler shifts velocities and non-thermal velocities obtained from the Doppler
widths of the calculated profiles at various values loop width H = 2000 km and
5000 km and wavelength Λ = 20,000 km and 50,000 km. The flux densities are
calculated by the expression:

F =
1

2
ρν2νph

Here: ρ - density, the root-mean-square velocity of motions on the wave, νph
- phase velocity of the wave.
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Fig. 8. Dependence of velocities on the angle of sight at various values of the phase

As can be seen from the figures, at values H = 5000 and Λ = 20000, the
maximum value of F (nt) (2·103 erg sm−2s−1) is almost five times greater than
the maximum value of F (d) (5.5 · 105ergsm−2s−1).

Moreover, at the values of H = 2000 km and Λ = 50000 km, on the contrary,
the maximum value of F (d) (1 ·103erg sm−2s−1) is almost two times greater than
the maximum value of F (nt) (5 · 102erg sm−2s−1). This result shows that the
flux values depend on the loop’s width and the propagated slow sonic wavelength.
The calculation of flux value for various values of the wave phase was performed.
Fig. 3 shows how strongly the values of energy fluxes depend on the wave phase.
The flux values at small values of the angle of sight vary from 2·103erg ·sm−2·s−1

but at high values of the angle of sight almost to zero. It should be noted that
the values at small angles of sight are close to observed ones [1–6]. The minimum
value of Doppler shifts velocities and non-thermal velocities are ∼1 km/s and
less; at this value, energy flux velocities are ∼ 10 − ergsm−2s−1. It means that
depending on the angle of sight ϑ and the wave phase, the observed energy flux
values will differ by almost two orders of magnitude or more. However, an equal
amount of energy flowing in the magnetic tube.This remarkable result can explain
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Fig. 9. Dependence of non-thermal velocities on the angle of sight at specified values
of the parameters

the very different values of the energy flux of slow magneto-sonic waves obtained
by various authors from observations [27].

The magnitude of the energy flux true value, calculated by the expression:

F =
1

4
ρν2
aνph

Calculated by the given value of the amplitude of velocities νa = 10 km/s on the
wave is erg sm−2s−1. An interesting result is that the calculated (observed) en-
ergy flux values can be significantly less or significantly more than the true value:
from almost zero at small values of θ.

Asymmetry
Authors choose the area of certain wavelength interval on the profile at equal

distances from the center of the line when studying the asymmetry in the emission
lines of the mz wave. Line asymmetry is estimated by expression (R-B)/(R + B);
here, R, B - the area’s magnitude on red and blue sides from the center of the
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Fig. 10. Dependence of asymmetry on the angle of sight

line, respectively. It is conducted to reveal the presence of a possible flux of mass
creating asymmetry [12].

We determined RB asymmetry over the entire wing of both blue (B) and red
(R) since, in our case, the asymmetry is created by motions on the wave.

Almost in all works on determining the cause of the asymmetry of spectral
lines, the authors conclude that the observed asymmetry is mainly blue, formed
by plasma flow from below with velocities of 50–150 km/s [12,18,19]. In [19], the
flux of mass from below is identified with spicules of type 2. In [26], the asym-
metry is explained by the mass flux’s quasiperiodic motion from below, which is
superimposed on the mz wave.

The asymmetry values determined by us for all phases and wavelengths are
shown in Fig. 10. As can be seen from the figure, at small values of the angle of
the line of sight (ϑ>300), blue asymmetry is visible. At values of angle of sight
ϑ>30◦ asymmetry is almost invisible. We can say that motions on the wave do
not create asymmetry in the spectral line profile. It confirms the result obtained
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from many author’s observations that the flux of mass from below creates asym-
metry, the emission profile of which is superimposed on the slow magneto-sonic
wave’s emission profile.
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