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Abstract—Profiles of the Fe IX line at a wavelength of A = 17.1 nm in the radiation spectrum of slow
magneto-acoustic waves, propagating in coronal loops, are calculated under conditions of an optically
thin layer and a constant density. The parameter values used in calculations of the line profiles are as
follows: the amplitude of the velocity of particles’ displacements in a wave v, = 10 km/s, the width of
the coronal loop is 2000 and 5000 km, the wavelength A = 20000 km and 50000 km, and the value of
the Doppler width ALy = 1 pm; the values for the angle of view and the wave phases were varied. The
true value of the energy flux density is 622 erg/cm?s. The values of the energy flux density obtained in
calculations strongly depend on the angle of view 0 and the wave phase: they range from 0 and, when
the values of 0 are large, to 2000 erg/cm?s. The values of the Doppler velocities v4 and the velocities of
nonthermal motions v, take maximal values of ~12 km/s at small angles 6 and almost vanish at large
angles 6. When the angle of view is small (6 < 30°), a weak blue asymmetry is noticeable. When the
angle of view is large (0 > 30°), the asymmetry is almost invisible.
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INTRODUCTION

The studies of magnetohydrodynamic (MHD) waves in coronal structures is an important field in cor-
onal seismology. These waves may play a significant part in heating the corona, and, moreover, the anal-
ysis of these waves may serve as a basis for investigating the physical structure of the solar corona.

Slow magneto-acoustic waves are considered to be one of the mechanisms that can warm the solar corona
up: these waves are generated in the photosphere as a p-mode, penetrate into the corona without being
reflected, and decay due to the thermal conductivity mechanism, which results in warming the corona.

Before the 1990s, MHD waves in the corona were studied mainly theoretically. In the early 2000s,
intensive extraterrestrial observations of these waves in the UV range of the corona’s spectrum started.
These issues are described at length in reviews [1, 5—7, 10, 22].

Below, we calculate a profile of the Fe IX line at a wavelength of A = 17.1 nm in the spectrum of slow
magneto-acoustic waves propagating in coronal loops. Observations of these waves at this wavelength are
rather frequent [7].

The physical parameters of slow magneto-acoustic waves obtained in observations are as follows: the
propagation velocity is 25—200 km/s, the amplitude of oscillations in intensity is 0.7—14.6%, the oscilla-
tion period is 145—550 s [7], and the energy flux density ranges from 313 to (6 % 10°) erg/cm?s [13, 20]. It
is of interest that the Doppler shift velocities observed in the chromosphere and the corona are almost an
order of magnitude smaller than the nonthermal velocities determined from the Doppler widths [26].

MHD waves, which are generated in photospheric layers of the solar atmosphere, are considered to be
one of the main mechanisms of heating the solar corona. The values of the parameters from which the
energy flux of the waves is calculated are obtained from observations. The consideration is focused on the
Alfvén and slow magneto-acoustic waves propagating in coronal structures. The studies of this problem
show that the Alfvén waves have a greater potential in heating the corona, while slow magneto-acoustic
waves do not have much energy that would be sufficient for warming the corona up.
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Fig. 1. Scheme of propagation of a slow magneto-acoustic wave inside a coronal loop; H is the loop diameter, A is the
sound wavelength, 0 is the angle between the line of sight and the loop axis direction, x; is the distance from the zero phase
point of the wave (this point is also the coordinate system origin) to the point of intersection of the line of sight and the
X-axis (which characterizes the phase), x' is the distance along the X-axis from the point of intersection of the line of sight
and the X-axis to the volume element considered, and /is the distance along the line of sight from the point of intersection
of the line of sight and the X-axis to the volume element considered.

Hence, it is of interest to calculate a profile of the line in the radiation spectrum of a magneto-acoustic
wave for different physical parameters, to estimate the energy flux, and to compare them with those
observed. We calculated profiles of the Fe IX line at a wavelength of A = 17.1 nm, which is often observed
in the spectrum of slow magneto-acoustic waves; the calculations were performed for a case of an optically
thin layer and a constant density.

EXPRESSION TO CALCULATE A SPECTRAL LINE PROFILE

Our task is to calculate a profile of the line in the radiation released from a coronal loop along the line
of sight making the angle 0 with the loop axis.

To our knowledge based on literature sources, the profiles of spectral lines in the spectrum of slow
magneto-acoustic waves propagating in coronal structures have not been calculated so far.

We will assume here that a coronal loop is optically thin and the density within a wave is constant (in
the future, we plan to consider a case of varying density).

The profile of radiation released by a volume element along the line of sight is of the Doppler type, and
its width A\ is assumed to be constant along the line of sight.

Figure 1 schematically shows how a slow magneto-acoustic wave propagates inside a coronal loop (its
diameter is H) along the X-axis of the coordinate system XY, which originates from the zero phase of the
considered wave. The X- and Y-axes are directed along the loop axis and perpendicular to it, respectively.
See the figure caption for details.

The amount of radiation released by a volume element (d/ x 1 cm?) at a distance / from the surface of
a coronal loop at a wavelength, which is at a distance AX from the line center, is

a0 )

di(AN) = iyexp| — Tc dl. (1)
d

Here, i, is the intensity in the center of the profile of the volume element chosen, which is assumed to be
constant along the line of sight, v(/) is the velocity of particles in a wave at a distance /, and c is the velocity
of light. The intensity of the radiation from the whole line of sight L at a distance A\ from the line center
will then be
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We now should find v(/). In an acoustic wave, particles move along the wave propagation direction
according to the sine law (as is seen in Fig. 1, x =x; + x')

v(x) = v, sin (2Tnx)

For the lines of sight that pass through the point x;, (the quantity x, approximately characterizes the
wave phase), it is convenient to use the following expression, where x is substituted by x, + x' and the quan-
tity x' is a variable:

3

¥(x') = v, sin (Mj

A

Here, v, is the amplitude of oscillation velocities of particles and A is the wavelength of a propagating slow
magneto-acoustic wave.

It is clear that the projection of the amplitude of velocities of particles onto the line of sight will be
Vor = Vo cos®6. “4)
Then,
x'=1cos6. ®))
and

v(l) = v, cosOsin [M]

(6)
A
By introducing expression (6) into Eq. (2), we derive a final formula to calculate the spectral line profile:

L AN —v, cosesin[

I(AN) = iy j exp| — o
0 d

2m(x, + [ cos G)P ’
A ¢l 7

As can be seen from Fig. 1, the line of sight passes through the medium moving in opposite directions
in the wave; consequently, to calculate the line profile, this expression was divided into two integrals for
both sections of the motion in the following way:

2
] AA — v, cosOsin [M:lzb

A c

I(AN) = iy| exp| — /
0! Al
2 IcosO) 1Y ®
b AN + v, cosBsin [M}&
+ iojexp - A ¢ l.

i
A
I = (5 - xo)sec 0,
= [H - (% - xo)tane}cosece.
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Fig. 2. Profiles of the Fe IX line at a wavelength of A = 17.1 nm calculated for different angles of the line of sight 6 and the
wavelength A = 20000 km. The profiles are normalized to the intensity at the center and vertically shifted relative to each
other by 0.05.

With the expression
L
j v(l)dl
Vd = 0 L N
we find the Doppler shift as
Ve = M[—cos (2nxo 4 2rL cos Gj + cos _2nx0}' 9)
2nL A A A

The calculations were performed for the Fe IX line at a wavelength of A = 17.1 nm, which is rather fre-
quently used in observations of slow magneto-acoustic waves. The following parameters were used in cal-
culations: v, = 10 km/s; A = 20000 and 50000 km [8, 16]; H = 2000 and 5000 km; AA, = 0.01, which cor-
responds to the temperature 7= 10%; and L = H/cos t0, where the angle between the line of sight and the
wave propagation direction takes the values 6 = 10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80°. In Fig. 2, we
present examples of the profiles calculated. From modeling a profile of the considered spectral line, we
may determine how sensitive the quantities of the energy flux and the nonthermal and Doppler shifts are
to variations in different parameters. The diagrams resulting from the calculations are shown in the corre-
sponding figures below.

RESULTS
Velocities of the Doppler Shifts and Nonthermal Motions

Figure 3 presents the velocities of Doppler shifts v4 and nonthermal motions v,,, in dependence on the
angle of inclination 0 for the wavelengths A = 20 000 and 50 000 km and the loop diameter H = 5000 km.
In Fig. 4, the values of v4 and v,,, are shown for the wavelength A = 50000 km and the loop diameters H =
2000 and 5000 km. In Fig. 5, the velocities v4 and v, are shown in dependence on the angle of sight 6 for
different values of the phase x;, and the parameters H and A.

The values of the Doppler shift velocities v4 obtained from different observations are conflicting: vy = 3
[26], 1.8—3.7 [19], 0.2—1.2 [14], 0.3—0.7 [28], 1.3—1.6 [30], 0.3—2.5 [18], and 3 km/s [3]. For standing
waves, the values of the Doppler velocities are significantly higher: v, = 18 [32], 200 [4], and 191 km/s [31].
According to the data of several studies described in [26], the values of the nonthermal velocities (v, =
23 km/s) are almost an order of magnitude higher than the Doppler shift velocities. Based on the results
of our calculations, it is difficult to explain the data presented in [26].
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Fig. 3. Velocities of Doppler shifts v4 and nonthermal motions v,; in dependence on the angle of inclination 0 for H =
5000 km, x, = 500, and different values of the wavelengths A = 20000 km (dots) and 50000 km (open circles).
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Fig. 4. Velocities of Doppler shifts vy and nonthermal motions v, in dependence on the angle of inclination 6 for A =
50000 km, xo = 10 000, and different values of the loop diameters H = 2000 km (dots) and 5000 km (open circles).

As regards the values of the nonthermal velocities obtained from observations, we note that there have
not been many attempts to determine v, in the radiation spectrum of slow magneto-acoustic waves. For
example, from observations of many coronal lines of an active region, the nonthermal velocities were esti-
mated at 17 and 10 km/s, respectively, in [2] and [25]. From observations in the 17.1-nm line, the values
7.5 and 3 km/s were obtained in [9] and [23], respectively. According to observations [27], which were car-
ried out in the 530.3-nm line of Fe XIV in the spectrum of slow waves, the velocities of Doppler shifts and
nonthermal motions are 0.3 and 10—20 km/s, respectively. As we see, these values are within the limits we
found in calculations.

In [15], the Doppler shift up to 300 km/s was detected in coronal loops. The authors of that paper explain
this value by motions in slow magneto-acoustic waves. However, those observations were carried out at the
solar limb, i.e., perpendicularly to a tube of the loop. Consequently, since a slow acoustic wave propagates
along a tube and particles within it move along the propagation direction, the line of observations was per-
pendicular to the motions in the wave, due to which the observed motions cannot be motions in a slow mag-
neto-acoustic wave. Most likely, the observed motions are motions in a bending wave. The estimate obtained
in [24] is v4 = 84 km/s, and the observed wave is considered to be a slow magneto-acoustic wave. However,
at the moment of observations, there was a phase shift of 90° between the changes in the density #, and the
velocity of motions v, in a wave. Since the change in the density means the change in the intensity, we may
conclude that the observed wave was a standing slow magneto-acoustic wave.

Figure 5 shows the velocities of nonthermal motions v, and Doppler shifts v, in dependence on the
angle of view 0 for different values of the wave phase x,, the wavelength A, and the coronal loop width H.
Asisseen, the velocity values change from 12 km/s to almost zero under small and large values of the angle
of view, respectively. The values of the Doppler shifts under large angles of view are close to those
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Fig. 5. Velocities (a, c) v4 and (b, d) v,,; in dependence on the angle of vision 0 for different values of x. In (a) and (b),
H = 5000 km and A = 20000 km, while x; = 500 (open squares), 2000 (open circles), 3000 (triangles), 5000 (diamonds),

and 10000 (filled circles). In (c) and (d), # = 2000 km and A = 50000, while x, = 10000 (open squares), 20000 (open
circles), 30000 (filled squares), and 40000 (filled circles).

observed; however, when the angles of view are small, the majority of calculated values substantially exceed
the observed ones. Apparently, this can be explained by the fact that the actual amplitude of the velocities at
these wavelengths is somewhat smaller than 10 km/s. We also note that, as is seen from Fig. 5, the velocity
values depend on the loop width and the wavelength.

Energy Flux Density

In Fig. 6, we show the energy flux density F in dependence on the velocities of Doppler shifts v; and
nonthermal motions v,,, the values of which were obtained for the Doppler width at H = 5000 km, A =
50000 km, and x, = 500. As is seen, with increasing the velocities, the energy flux density grows, which is
natural, while the increase in the angle of view 6 to 100° results in decreasing the energy flux density. In
Fig. 7, the energy flux density and the velocities are shown in dependence on the phase at H = 5000 km,
A =20000 km, and 6 =10°.

In Fig. 8, we show the calculated values of the energy flux densities F; and F,; in dependence on the
velocities of Doppler shifts v4 and nonthermal motions v, respectively, which were obtained from the
Doppler widths. In calculations, different values for the loop width, A= 2000 and 5000 km, and the wave-
length, A = 20000 and 50000 km, were used. The flux densities were found according to the expression

1.2
F =5pv Voh-

Here, p is the density, v? is the mean square velocity of motions in a wave, and v, is the phase velocity of
a wave.
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Fig. 6. (a) Energy flux densities Fy (dots) and F;,; (open circles) in dependence on the velocities of Doppler shifts v4 and
nonthermal motions v,,, respectively, which were obtained from the (in panel (b), dots and open circles, respectively)
Doppler shifts for the following values of the parameters: H = 5000 km, A = 50000 km, and x;, = 500.
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Fig. 7. (a) Energy flux densities F4 (dots) and F,;; (open circles) and the (b) velocities v4 (dots) and v,,; (open circles) in
dependence on the phase x; for the following values of the parameters: H = 5000 km, A = 20000 km, and 6 =10°.

As is seen from the diagrams, when H = 5000 km and A = 20000 km, the maximum in F,, is almost
four times higher than the maximum in F,: 2000 vs. 550 erg/cm?’s. However, when H = 2000 km and A =
50000 km, the situation is opposite: the maximum in Fj is almost two times as large as the maximum in
F.,: 1000 vs. 500 erg/cm?s. This result demonstrates that the flux values depend, in no small measure, on
the loop width and the length of a slow acoustic wave propagating.

The flux values were calculated for different values of the wave phase. It is also seen from Fig. 8 how
strongly the energy flux depends on the wave phase. The flux values change from 2000 erg/cm?s to almost
zero at small and high values of the angle of view, respectively. We note that the values at low angles of view
are close to those observed [7, 10].

The smallest values for the velocities of the Doppler shifts and nonthermal motions are 1 km/s and
smaller; at the same time, the energy flux values are approximately 10 erg/cm?s and less. This means that,
depending on the angle of view 0 and the wave phase, the measured values of the energy flux should differ
by almost two orders of magnitude and more. However, the amount of the energy that flows along a tube
does not change! This amazing result may explain the considerably varying values for the energy flux of
slow magneto-acoustic waves obtained by different researchers from observations [17]. A true value of the
energy flux calculated by the expression

|
F= Z PVa Vpbh
under a specified value of the velocity amplitude in a wave v, = 10 km/s is 622.5 erg/cm?s. An interesting
result is that the values of the calculated (observed) energy flux may be both substantially smaller and sub-

stantially larger than the true value: they almost vanish at small values of 0.
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To analyze the asymmetry in the lines of radiation of a magneto-acoustic wave, the areas enclosed by
the profile within some wavelength intervals at the same distances from the line center are used. The line
asymmetry is estimated by the expression (R — B)/(R + B), where R and B are the areas on the red and
blue sides from the line center, respectively. This makes it possible to reveal the mass flow that may cause

the asymmetry [29].
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We determined the RB-asymmetry from the entire blue and red wings, because, in our case, the asym-
metry is generated by motions in the wave itself.

In almost all of the studies dealing with determining the cause of asymmetry in spectral lines, the
authors come to the conclusion that the observed asymmetry is mainly “blue,” which is produced by the
upwelling plasma flow with velocities of 50—150 km/s [12, 21, 29]. In [21], the upwelling mass flow is
identified with the type II spicules. In [11], the asymmetry is explained by a quasi-periodic motion of the
upwelling mass flow, which is superimposed on a magneto-acoustic wave.

The asymmetry values determined here for all phases and wavelengths are presented in Fig. 9. As is
seen, when the angle of view is small (6 < 30°), a weak blue asymmetry is distinguishable. When the angle
of view 6 > 30°, the asymmetry is almost unnoticeable. It can be said that motions in the wave itself pro-
duce no asymmetry in the spectral line profile. This is confirmed by the conclusion commonly made from
many observations that the asymmetry is actually caused by the upwelling flow of matter, the radiation
profile of which is superimposed on the radiation profile of a slow magneto-acoustic wave.
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