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Abstract We gave an extensive study for the quasi-periodic perturbations on the time profiles of the line
of sight (LOS) magnetic field in 10 x 10 sub-areas in a solar plage region (corresponds to a facula on
the photosphere). The perturbations are found to be associated with the enhancement of He 1 10830 A
absorption in a moss region, which is connected to loops with million-degree plasma. FFT analysis to the
perturbations gives a kind of spectrum similar to that of Doppler velocity: a number of discrete periods
around 5 minutes. The amplitudes of the magnetic perturbations are found to be proportional to magnetic
field strength over these sub-areas. In addition, magnetic perturbations lag behind a quarter of the cycle in
the phase with respect to the p-mode Doppler velocity. We show that the relationships can be well explained
with an MHD solution for the magneto-acoustic oscillations in high-/3 plasma. Observational analysis also
shows that, for the two regions with the stronger and weaker magnetic field, the perturbations are always
anti-phased. All findings show that the magnetic perturbations are actually magneto-acoustic oscillations
on the solar surface, the photosphere, powered by p-mode oscillations. The findings may provide a new
diagnostic tool for exploring the relationship between magneto-acoustic oscillations and the heating of the

solar upper atmosphere, as well as their role in helioseismology.
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1 INTRODUCTION

The solar chromosphere is an interface layer, through
which the mass and energy flows pass from below
to enable plasma circulation (Chen et al. 2020) and to
heat the upper atmosphere (Aschwandenetal. 2007,
De Pontieu et al. 2009, 2014). An important target for
studying the interface layer is the footpoint region of
coronal loops, shown as plages in the chromosphere (or
facula regions of the photosphere). The region is prevalent
with oscillations with both 3 and 5 minutes periodicities
(McAteer et al. 2003; De Pontieu et al. 2003; Hasan et al.
2003; Wiehr 1985; Tian et al. 2014; Judge et al. 2001).
In a plage area, of particular interest is the so-called
EUV “moss”, a region being connected to coronal loops
with million-degree hot plasma (Bergeretal. 1999). In
this region, a much stronger heating rate is believed
to be constantly occurring. Nevertheless, the region has
its name since it is full of dark inclusions from low
temperature plasma making it take the appearance of
reticulated bright EUV emission (Fletcher & De Pontieu

1999). The dark inclusions are found to jointly appear and
disappear, a signature of oscillatory fine-scale mass and
energy flows going upward (Fletcher & De Pontieu 1999;
De Pontieu et al. 2003; De Pontieu & Erdélyi 2006). With
high-resolution narrow-band imaging at He 1 10830 A
for an EUV moss inside a plage region (Jietal. 2012),
Hashim et al. (2020) reported correlations between EUV
emissions and magnetic perturbations with the period of
~ 5 minutes. Understanding the nature of these magnetic
perturbations and their coupling with underlying global p-
mode is an important topic since they are related to the
heating of the upper atmosphere.

Soon after Severny (1971) made the first attempt
to identify magnetic perturbations as MHD waves in
the solar atmosphere, Tanenbaum et al. (1971) reported
the existence of periodic oscillations of magnetic field
related to p-mode. Since then, many research works
on magnetic field oscillations have appeared, mostly
on the oscillations around the area of a pore or a
sunspot (Khomenko & Collados 2015; Bogdan & Judge
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2006; Staude 2002 and references therein). The measured
periods for the oscillations of the magnetic field in sunspots
are centered around 3 or 5 minutes and amplitudes range
from a few Gauss in most cases up to tens of Gauss by
some authors (e.g., Hornetal. 1997; Riiedi etal. 1998;
Kupke et al. 2000; Bellot Rubio et al. 2000; Balthasar
1999; Zhugzhda et al. 1983). The low S/N ratio resulting
from the small amplitude of magnetic field oscillations
leads to contradictory results among different authors.
With a set of well-observed sunspot data, Lites et al.
(1998) gave an upper limit of about 4 G for the amplitude
of the magnetic field oscillations, for which they regarded
as of instrumental effects. Furthermore, some authors
consider the measured fluctuations to be the results
of cross-talk with velocity and intensity, including the
opacity effect (Riiedi et al. 1999; Bellot Rubio et al. 2000;
Riiedi & Cally 2003; Khomenko et al. 2003; Zhao & Chen
2018).

To identify true magnetic oscillations and exclude the
possibility of cross-talk with the p-mode Doppler velocity,
phase difference between them is an important parameter
(e.g., Fujimura & Tsuneta 2009). For magneto-acoustic
oscillations around solar disk center, Ulrich (1996) antici-
pated and observed a ~ /2 phase difference between the
p-mode upward Doppler velocity and magnetic field vari-
ations in the photosphere. The ~ 7/2 phase difference for
sausage-mode waves was worked out in the MHD frame-
work and observed in well-observed pores by Freij et al.
(2016). It was also observed in many other investigations
(Norton et al. 1999; Riiedi et al. 1998; Bellot Rubio et al.
2000; Fujimura & Tsuneta 2009). However, Riiedi et al.
(1998) and Nortonetal. (2001) obtained the phase
difference of —m/2. In addition, some authors still
suggested that the observed 7/2 phase difference is due
to the opacity fluctuations caused by p-mode velocity field
(Lites et al. 1998; Bellot Rubio et al. 2000; Riiedi et al.
1998). Fujimura & Tsuneta (2009) explained the 7/2
phase-difference as the result of superposition of the
ascending wave and the descending wave reflected at the
chromosphere/corona boundary.

Besides, there is a phenomenon of acoustic absorption
by sunspots, “p-mode absorption” , as reported by
Braun, Duvall & Labonte (1988). Theoretical models
usually explained it as the result of conversion of
fast-mode to slow-mode by the oscillations of vertical
magnetic fields within sunspots (Khomenko & Collados
2015;  Spruit & Bogdan ~ 1992;  Roberts  2006;
Braun, Duvall & Labonte 1988; Cally & Bogdan 1993).
In these models, the trapped fast-mode waves experience
reflections at the ends of the vertical magnetic fields due to
the increase of Alfvén speed with height and the increase
of the acoustic speed with depth (Khomenko & Collados
2015). The trapped waves become partly absorbed on their
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passages around the layer of 5 = 1. In the theoretical
models given by Cally & Bogdan (1993) and Cally et al.
(1994), the appearance of complex frequencies or wave
numbers successfully predict the absorption. A similar
but more refined model given by Spruit & Bogdan (1992)
predicted some characteristic signature of absorption for
the f-mode and along p-mode ridge and provided the
diagnostic possibility to determine the sunspot magnetic
field strength from the location in the wavenumber of the
predicted absorption minima. For a coherent observational
picture and related models (theories, as well as numerical
simulations) for the oscillations in sunspots, readers can
refer to some review papers (e.g., Khomenko & Collados
2015; Jessetal. 2015; Bogdan & Judge 2006). Note
that nearly all the models were given to account for the
magnetic oscillations in sunspots at a layer of which
thermal pressure and magnetic pressure are balanced (i.e.,
plasma 3 ~ 1).

In this paper, we give a detailed observational analysis
to magnetic oscillations in a plage region, the same plage
analyzed by Hashim et al. (2020). We take a qualitative
approach to understand the observed phenomena in an
MHD framework, assuming that plasma (3 is much larger
than 1. In Section 2, we give a solution for magneto-
acoustic waves for high plasma [ regions filled by
a vertical magnetic field with horizontal gradient. In
Section 3, after a brief introduction to the the quasi-
periodic He 1 10830 A absorption in a moss region, we
give a detailed analysis for the oscillations of the line-of-
sight (LOS) magnetic field and Doppler velocity, and their
correlations or coupling. Conclusions and discussions are
given in Section 4.

2 MAGNETO-ACOUSTIC OSCILLATIONS IN
HIGH-3 PLASMA INSIDE A STATIC VERTICAL
MAGNETIC FIELD WITH A HORIZONTAL
GRADIENT

In most areas of the photosphere, the /3 value of the plasma,
the ratio of thermal pressure over magnetic pressure,
is much larger than 1 (see Sect. 3 for an estimate).
Studies of magneto-acoustic waves in flux tubes in high-3
photosphere have been carried out by many authors (e.g.,
Spruit 1982; Edwin & Roberts 1983; Ulmschneider et al.
1991). In this paper, we will have a different approach to
take the advantage of the high- nature of the photosphere.
To model the line of sight magnetic field Bros in a
facula regions of the photosphere, we take a cylindrical
coordinate system and assume a vertical magnetic field
By(r)z with radial (horizontal) inhomogeneity. We neglect
any azimuthal variations, which is the equivalent to the
sausage mode with m = 0.

We start with two ideal MHD equations (momentum
and induction) neglecting gravity, viscosity, and diffusion.
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The momentum and induction equations are given by
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We then introduce linear perturbations so that v =
v1,B = ByozZ + By, P = Py + P, where the subscript
“1” indicates perturbed properties. By assuming a static
background plasma, the linearized induction equation and

momentum equation can be written as:
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We can assume wave solutions to Equations (3)—(4) to be
in the following form:
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where k. is the wave number of the perturbation in the
vertical direction, and w is the angular frequency of the
wave. In terms of the horizontal gradient of the vertical
magnetic field, we have neglected horizontal components
of the wave number with the assumption that | 2| > k..

Since the horizontal components of Equation (3) gives
that 0B, /0t = (0v1/0z)By, the perturbed momentum
equations for the horizontal components can be re-written
as
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where v, = \/B3/(p0po) is the Alfvén speed, and v, =

w/k. is the phase speed of the magneto-acoustic wave in
the z-direction.

We have assumed that the plasma 8 > 1 for facula
regions, the fast-mode wave along the equilibrium field
By?z is the sound wave, and its phase speed v) = ¢ =
~Ypo/po, wWhere ~y is the ratio of the specific heats. In this
case, the term v /v2 = 1/(2yf) < 1. Therefore, we are

left with
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We can re-write the above equation as:
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The above relation may be used to evaluate magnetic
perturbations with transverse gradient for static vertical
magnetic field being included. In the region with high
plasma (-value, gas pressure dominates the magnetic
pressure. In this case, we have

li - =0. 9
Brlglo(po ot +Vp) =0 ©)
For the sake of simplicity, we can define a function as
following

0
W(r) = (o5t + V1) (10)

We see that W (r) is a kind of function that can be used
to describe the degree of deviation of magnetized high-/
plasma from non-magnetized one (pure gas). For pure gas
W (r) = 0, which means that perturbing thermal pressure
gradient is balanced by the change of perturbed Doppler
velocity of the gas. The presence of magnetic field in a
plasma will produce a surplus value for W(r). Therefore,
in high-/3 plasma, W(x) is a kind of source function that
holds a positive correlation with the strength of magnetic
field. Then, the amplitude of the perturbed magnetic field
in the z-direction can be given in the following way

By, = [C —uoBo_l/Wdr} ,

where C is an integral constant. Since the perturbed
magnetic field By, vanishes when the source term W (x)
approaches zero, i.e., By, = 0 when W = 0, the integral
constant becomes zero. In the end, the perturbed magnetic
field in the z-direction is given by

By, = —uoBy* /Wdr. (11)

Equation (11) gives a solution that can be used to evaluate
the perturbation of LOS magnetic field in high-£5 plasma.
Though the By term appears in the denominator, the
oscillation amplitude indeed vanishes when By = 0. In
this sense, solution (11) shows that, magnetic oscillation
amplitude becomes larger when magnetic field becomes
slightly stronger. We will discuss this in Section 4.

3 OBSERVATION AND RESULTS

For completeness of the paper, we give here the necessary
context of observations for the following analysis of
magnetic field oscillations. A more extended analysis
for the plage region has been given by Hashim et al.
(2020). Figure 1 gives an overview of the plage region
observed with different telescopes. The field of view
of high-resolution observations at He 1 1083 nm covers
one footpoint region of a coronal arcade in the active
region NOAA 11259 (Fig. 1(a)-(b)) as observed by
the Atmospheric Imager Assembly (AIA) on board the
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Fig.1 Panels a-d show the plage region observed at He 1 10830 A,FelIV 171 A, Soft X-ray, and H, 6563 A, respectively.
The panels are arranged in such a way that the field of view is progressively zooming in to give the position of the moss
region (inside the green-colored box) in the plage, and the position of the plage on the solar disk. The area for investigating
magneto-acoustic oscillations (see Fig. 2) is inside the white boxes, which is also the field of view of panel (b).

Solar Dynamic Observatory (SDO) (Lemen et al. 2012;
Pesnell et al. 2012). Figure 1(c) gives its appearance
taken with the Ti-poly filter by the X-ray telescope
(XRT) on board Hinode (Kosugi et al. 2007; Golub et al.
2007), showing that the arcade contains plasma of a
few million degrees. In an H, image, the footpoint
regions are shown as plages near the active region NOAA
11259 (Fig. 1(d)). The plages are of opposite magnetic
polarities when being compared with a corresponding LOS
magnetogram (See Fig. 2). The magnetograms, as well
as the Dopplergrams analyzed in this paper, are obtained
from the observations made by the Helioseismic Magnetic
Imager (HMI) (Schou et al. 2012) on-board SDO. HMI
observes the full disk Sun in the Fe I absorption line
at 6173 A to measure oscillations of Doppler velocity
and the magnetic field in the photosphere. It provides
full-disk, high-cadence Doppler, intensity, and magnetic
images at 1 arcsec resolution (4096 x4096-pixel images)
of the solar photosphere. The time period of downloaded
magnetograms is from 17:40 to 22:00 UT and the time
cadence is 45 seconds.

The initial area of interest is an EUV moss region with
the size of ~ 10 x 10 Mm? (inside the green boxes of

Fig. 1). With He 1 10830 A filtergrams, we divide the moss
area into two distinct regions (Hong et al. 2017): patches
with enhanced He 1 10830 A absorption with emission
less than 4.5 x 103 counts per pixel (EAPs: enhanced
absorption patches) and patches with less absorption. By
totaling all pixels in EAPs, we obtain the time profile
for the total area of He 1 10830 A absorption in the
moss region, and its variation is given in Figure 3(a).
We see that the absorption in the moss region shows
a periodic oscillating nature. The result basically agrees
with many previous results for solar EUV moss regions
(e.g., De Moortel & Nakariakov 2012). The peaks for the
He 1 10830 A absorption actually represent periodic tiny
heating events in the moss region (Hong et al. 2017). To
explore their association with perturbations of magnetic
field, we compare it with the time profile of mean LOS
magnetic field (being equivalent to net magnetic flux) in
the same region (Fig. 3(b)). We see that some absorption
peaks are obviously coincident with the peaks, though
being weak, on the time profile for the magnetic field. The
coincidence strongly suggests the existence of magnetic
oscillations in the plage region and, also, its importance
for solving the problem of coronal heating.
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Fig.2 The magnetogram and the 15” x 15" sub-areas used to obtain time profiles for mean magnetic field and Doppler
velocity. The field of view is the same as the area inside the white boxes in Fig. 1. The area inside the black box gives an
additional analysis by isolating the stronger magnetic pixels. The result of the additional analysis is given in Fig. 10.

In order to investigate the magnetic perturbations, we
also select other regions, which include the whole plage
regions, the sunspot and surrounding quiet regions with
the weakest magnetic field (Fig. 2). To investigate general
nature for the perturbations of magnetic field, we divide the
whole area into 10 x 10 sub-areas. Then, with co-aligned
magnetograms, we get the time profile of mean magnetic
field (equivalent to net magnetic flux) in each sub-area.
Figure 2 shows the uniformly divided sub-areas, with the
numbered ones highlighting the stronger magnetic field in
the plage and sunspot regions.

As a demonstration, Figure 4 gives sample results
from sub-area 37. The mean time profile for the mean
magnetic field and its fast-varying components are given
in panels (a)-(b). The fast-varying components were
obtained by subtracting the slowly-varying component,
the smoothed one by the 1l-point running averaging
to the original time profile. We see that quasi-periodic
magnetic perturbations persistently appear for the sub-
area. To explore the relationship with the global p-mode
oscillations, Figure 4(c) gives the time profile of the
mean blue shifted Doppler velocity in the same sub-area.
The Dopplergrams used here are calibrated with most

of the observer motion effects, solar-rotation signal and
background being carefully removed. We see that the
magnetic oscillations seem to be synchronized with the
oscillations of the Doppler velocity.

We carried out Fast Fourier Transforming to both
kinds of time profiles in the numbered sub-areas. The
right panel of Figure 4 gives two sample power spectra
(in relative units) for sub-area 37. The distributions of
the two kinds of spectra are similar, showing a series of
discrete periods. However, the periods for the perturbations
of magnetic field and Doppler velocity do not coincide
completely. For all numbered sub-areas, we get totally
310 and 373 periods from the power spectra of magnetic
field and Doppler velocity respectively. The periods are
obtained with visual inspection to the peaks which are
above 95% confidence level. Figure 5 gives two histograms
for the distributions of the periods. We see that the two
histograms are quite similar, with a maximum around
the period of 5 minutes. It shows that the magnetic
perturbations are intrinsically linked to the p-mode. It is
also worth mentioning that magnetic field perturbations
contain more components with longer periods.
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Fig.3 The upper panel gives the time profile of the total area obtained by counting the pixels with enhanced He 1 10830
A absorption in the moss region. Panel (b) is the time profile for the mean magnetic field in the same region.
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Fig.4 An example showing magneto-acoustic oscillations in sub-area 37 in Fig. 2. (a) The time profile of the mean
magnetic field in the sub-area. (b) A train of oscillatory components obtained from the time profile in panel (a) by
subtracting its slowly varying component (smoothed one). (¢) Time profile of Doppler velocity (blue shifted) in the same
sub-area. (d) The power spectra, in relative unit, for the oscillatory components in panels (b) and (c). On-line animation
is available at http://www.raa-journal .org/docs/Supp/ms4846fig4 . mp4.

For magnetic field perturbations, we measure the
root-mean-square (RMS) amplitudes and magnetic field
strength in each sub-area of Figure 2. Taking the
time profile in Figure 4(a) as an example, the RMS
amplitude and mean magnetic field strength (see the two
dotted horizontal lines in Fig. 4(a)-(b)) are ~0.67 G and
~209.8 G, respectively. A scatter plot for the amplitude
and mean strength from all sub-areas is shown in
Figure 6(a), in which blue signs stand for all numbered
sub-areas, while red signs are for the other sub-areas. We
see that mean magnetic field strength varies up to two
orders of magnitude in the whole area. The plot shows

that the perturbation amplitude grows with the magnetic
field. This actually occurs after the mean magnetic field
is larger than ~10G (Fig. 6(a)). Below 10 G, the nearly
constant amplitude of ~ 0.25 G should belong to a noise
level. Sub-areas 45, 46, 75 and 85 (with cross signs) are the
regions with mixed magnetic polarities, which will result
in a decrease in net magnetic flux (or the mean field value).
Sub-areas 74, 83, and 84 (also with cross signs) actually
belong to the sunspot. In the sunspot region, plasma 3 will
become much lower due to the lower thermal pressure as
well as the stronger magnetic field.
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Fig.5 Histograms showing the distribution of periods of magnetic field perturbations (/eft panel) and Doppler velocity
(right panel). All periods are obtained from the power spectra for all numbered sub-area in Fig. 2.

Here, we estimate the 3 values of the plasma in the
facula regions. By taking the density and temperature in
the faculae as their typical values at the optical depth 7 ~ 1
(np ~ 1.0 x 102 m=3 and T' ~ 5800 K), the result of
plasma-£ values versus magnetic fields is over-plotted in
Figure 6(a). We see that, in the region where the magnetic
field is less than ~ 400 G, the § value can be regarded as
much larger than 1.

After removing the blue-colored points with cross
signs as well as red-colored points, we can get a rough
linear relationship for the oscillating amplitude and the
mean magnetic field (Fig. 6(c)). The linear regression
coefficient is obtained as 0.0018. Figure 6(b) gives a
scatter plot for the relationship between mean magnetic
field strength and the RMS amplitude of Doppler velocity
obtained from all sub-areas. After we remove the points
(red diamond signs) of much less magnetized sub-areas,
the result (Fig. 6(d)) shows that Doppler velocity becomes
smaller in the regions with the stronger magnetic field
strength. Combination of the results from Figure 6(c)-
(d) gives that the oscillation amplitude of magnetic field
and the magnitude of Doppler velocity is roughly anti-
correlated over these sub-areas. Figure 6(e) shows the anti-
correlation relationship.

We further obtain two kinds of time profiles for the
mean magnetic field strength, one is for those pixels
with the larger Doppler velocity while another is for the
smaller Doppler velocity. We find that their perturbations
are always anti-phased. Taking sub-area 37 as an example
for demonstration. The result is given in Figure 7(b)-(c),
in which the time profiles in panel (b) and panel (c) are
associated with Doppler velocity amplitude larger than
250ms~! and less than 250 ms™!, respectively. Here, the
selected value of 250ms~! is not necessarily an accurate
value. The two time profiles are constantly anti-phased. In

Figure 7(a), we redraw the time profile of mean magnetic
field in sub-area 37 that is already given in Figure 4(a),
but with a much wider range of value for the vertical axis.
The value range is the same as that of panels (b)-(c) for
the purpose of comparison. In this way, the time profile
in Figure 7(a) looks much more gradual. However, it splits
into two anti-phased oscillating components with the larger
amplitudes (Fig. 7(b)-(c)) when we make a difference
according to faster or slower Doppler velocity.

To scrutinize how one small region contains anti-phase
perturbations of magnetic field, we divide sub-area 37 into
two regions according to the magnitude of magnetic field.
In this case, we obtain two kinds of time profiles for the
magnetic flux, depending on whether the field strength
is larger or less than a certain value, e.g., 350 G in this
paper. The separation again divides the total magnetic flux
in the sub-area into two anti-phased branches (Fig. 8(a)-
(c)). The right two panels of Figure 8 show the spatial
distribution for magnetic field. They are at two adjacent
peak and valley times of magnetic fluxes for the stronger
and weaker magnetic field. From the contours, we see
that, around the peak time of the stronger magnetic flux,
the strengthening in magnetic concentration areas (with
ever strengthening magnetic field toward the center of
red contours) is actually accompanied by the weakening
of the magnetically depressed area (with ever weakening
magnetic field toward the center of blue contours). The
enhancement in magnetic concentration areas and the
weakening of the magnetically depressed area, which
which are concurrent, are followed subsequent in-phase
weakening and strengthening in the same locations. The
picture can be seen with the on-line animation more easily.

We have seen that the magnetic perturbations on the
photosphere have the nature of magneto-acoustic waves
being coupled to p-mode. For their phase relationship, we
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Fig.6 Scatter plots (diamond symbols) show a number of mutual relationships among the RMS amplitudes of magnetic
perturbations, the RMS amplitudes of Doppler velocity and the mean magnetic field strength with the results obtained
from all sub-areas in Fig. 2. Red diamond symbols represent the weak field sub-areas (not numbered), while blue diamond
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the three with crossed symbols. Panel (d) shows that Doppler velocity becomes smaller in the regions with the stronger
magnetic field strength. Panel (e) gives the relationship between the RMS amplitudes of magnetic perturbations and
Doppler velocity. The line in panel (a) gives the estimated plasma-3 values for the plage region with different magnetic

field strength.

can understand why previous results in literature have been
inconclusive, this may be just due to different observing
apertures with insufficient spatial resolution. We see that,
even within a small area, anti-phased perturbations exist.
Therefore phase comparison can only made in a much
smaller area. We further divide sub-area 37 (totally 26 x 26
pixels in the sub-area) into 6 x 6 point-areas and carried
out running-correlation analysis between the two kinds of
perturbations in each area by shifting the time profile of
magnetic oscillations back and forth. The time profiles
are obtained in an area of 3 x 3 pixels? and the shifting
is made with the accuracy of 15 seconds. Except for 16
point-areas mainly located on the right side of Figure 8(d)
with the weaker magnetic field, the running-correlation
gives a time difference of ~ —1.2 minutes (Fig. 9)
for maximum correlation. The 1.2-minute time difference
corresponds the 7/2 phase difference if we take the mean
perturbation period as being 5 minutes. During the cross-
correlation analysis, Doppler velocity is multiplied by
a factor —1, thus making the upward Doppler velocity
positive. Conventionally, blue-shifted (upward) Doppler
velocity is recorded as negative, which will cause some

confusion in phase analysis. For the above-mentioned /2
phase difference between the perturbations of Doppler
velocity and magnetic field, we would like to express it
as ¢_,. — ¢sp,. = +7/2, with the plus or the minus sign
being specially added to avoid any possible confusion.

4 DISCUSSIONS AND CONCLUSIONS

In this paper, we show that the magnetic perturbations
found in the plage region are magneto-acoustic oscillation-
s, cousins of p-mode oscillations. The picture is supported
from multiple aspects. At First, FFT analysis gives that
the quasi-periodic perturbations of magnetic field contain
a number of discrete periods that are quite similar to
global p-mode oscillations. Secondly, we can use the phase
relationship to verify the picture. For phase-difference, let
us go back to previous section and rewrite Equation (11)
but in the following form

o

o )dr .

Bi. = moBy'! /(eﬂgwpovh- - (12)

In above equation, the terms f% and e "2 wpeU1, are

in phase due to the nature of high-5 plasma. Also, in
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Fig.7 Upper panel: the time profile of the mean magnetic field in sub-area 37 (the same as in Fig. 4(a) but with the
larger value range for the vertical axis). Panel (b) gives the time profile for the magnetic field averaged over pixels with
Doppler velocity larger than 250 m s—!, while panel (c) gives the time profile for magnetic field averaged over pixels with
Doppler velocity slower than 250 m s~! in the same sub-area. Vertical lines is plotted to help readers to see the persistent
anti-correlated phase relationship of the two kinds of time profiles. On-line animation for panels (b)-(c) is available at
http://www.raa-journal.org/docs/Supp/ms4846fig7.mp4 showing the results from other labeled areas

in Fig. 2.

high-3 plasma, we can assume that the vertical velocity
is approximately in phase with the horizontal ones. In
this way, Equation (12) shows that there will be a /2
phase difference between upward Doppler velocity and
the observed perturbations of the LOS magnetic field.
In other words, upward Doppler velocity will reach its
maximum a quarter of a cycle before magnetic field
does. This is supported by the observations given above.
However, we have seen that the theoretical analysis is
based on the assumption that the horizontal velocity and
the vertical velocity are in phase. The validity requires
further verification.

Also, we have seen that the 7/2 phase-difference (as
well as the amplitude of magnetic oscillation) during data
analysis depends on the size of the area of interest. The
magneto-acoustic oscillations in the sub-areas of Figure 2
can split into two anti-phased components if we divide
them into two kind regions with the stronger magnetic
field (the slower Doppler velocity) and the weaker
magnetic field (the faster Doppler velocity) respectively.
The two kinds of regions take their turn to have magnetic
strengthening and weakening (Fig. 8). The synchronization

between V' and B in Figure 4 is purely due to the fact
that the size of each sub-area is still too large. From the
results of Figures 8 and 9, we may conclude that the
critical resolution to get the right phase-difference in the
plage region should be no larger than 2 arcsec. The picture
given in Figure 8 may give the picture of sausage-mode
slow waves, similar to the observational finding made by
Freij et al. (2016). In addition, with data analysis to two
well-observed pores, Freij et al. (2016) reported the /2
phase difference and they reproduced the phase difference
with an MHD model for sausage-mode.

It is worth mentioning that the 7/2 phase difference
was predicted by Ulrich (1996) in a different way, his
result was that Doppler velocity plays a m/2 phase-
leading role. The phase difference has been observed in
a number of papers as we have introduced in Section 1
(e.g., Fujimura & Tsuneta 2009 and references therein),
the results are varied. Note that most investigations in
literature were carried out for sunspots where magnetic
field plays a dominant role. It has been proposed that /2
phase difference could be caused by opacity fluctuations
that move upward and downward the region where
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Fig.8 Panel (a) is the time profile for total magnetic flux in sub-area 37, while panels (b) and (c) give the time profiles
for magnetic flux over the pixels with magnetic field larger than 350 G and less than 350 G in the same sub-area. The
right two panels show the spatial distribution (maps) of magnetic field at 20:04:26 and 20:06:41 UT. Red contour levels
(370, 410, 450, 500, 550, 600, and 650 G) depict the spatial magnetic concentrations for the stronger magnetic field and
blue contour levels (330, 290, 250, 200, 150, 110, 80, and 50 G) give progressively decreasing magnetic field toward their
center. The two vertical dotted lines over the left panels correspond to the two timings of the right maps, representing
alternating peak and valley times of strong magnetic flux and weak magnetic flux. The red box in panel (d) in the small
area of 3 x 3 pixels for a phase difference analysis, and the result is given in Fig. 9. On-line animation is available at
http://www.raa-journal.org/docs/Supp/ms4846fig8.mp4.
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Fig.9 The result of running correlation for the time profiles of velocity and magnetic field from the point with the small
area of 3 x 3 pixels (see Fig. 8(d)) in sub-area 37.

the spectral lines are sensitive to magnetic fields (e.g.,
Bellot Rubio et al. 2000). However, Fujimura & Tsuneta
(2009) ruled out the possibility of the opacity effect, and
they propose that their observed phase difference (7/2) is
consistent with the phase relation of the superposition of
the ascending and descending kink waves. Further detailed
analysis with well observed data is needed for this kind of
research.

Third, we show that magnetic oscillation amplitude
is larger in the regions with the stronger magnetic field,

where the magnetized plasma has the larger deviation
from pure gas. For a high-/ plasma fluid, the amplitude
of magnetic field oscillations will decrease to zero
when the magnetic field decreases to zero. In this way,
Equation (9) allows us to use L’Hospital’s rule to deal with
Equation (11), so we get

0 Ovy,  Opi B
B—Bo(po BN +E)|BOZO—O-
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Fig. 10 Pixels with the stronger magnetic field are isolated in the plage region to confirm the positive relationship between
the amplitude of magnetic field perturbations and field strength. The left panel shows all selected small regions (5 x 5
pixels?) with timely averaged magnetic field strength larger than 100 G. The field of view of the left panel is shown in
Fig. 2 with a black box. The right panel gives the scatter plot for the RMS amplitude and mean field strength from all the

isolated pixels in the left panel.

Combining with dimensional analysis, we may have

8v1r apl 0 2
— =——(0oB 13
pO at 67’ 67’ (J 0)7 ( )
in the vicinity of By = 0, and o is a dimensionless

parameter whose magnitude is much smaller than 1.
Substitute Equation (13) into Equation (11), we have

Blz :O'Bo. (14)

A statistics from a number of sub-areas in the facula
regions actually gives a roughly linear relationship
between the oscillation amplitude and field strength. From
Figure 5(c), we can conclude the following empirical
formula for the oscillating amplitude in the sufficiently
magnetized regions (By > 10 G) outside sunspots

Bi. =0.35+ ¢(By — 10) G, (15)

where ¢ (= 1.8 x 1073) is the linear regression coefficient
that should be related to the constant . For the LOS
magnetic field less than 10 G, the oscillation amplitude
gradually falls into a constant noise level which is given
as roughly 0.35 G in this paper (Fig. 5). It is worth noting
that the coefficient is quite small. Thus, for the plage region
with 200 G magnetic field, the empirical formula gives the
RMS amplitude as 0.8 G, which is usually taken as noises.

The coefficient depends on the size of sub-areas. If
a sub-area contains both weak and strong magnetic field
pixels, the averaged oscillation amplitude will be reduced

and the phase will be affected (Fig. 9) since the signals
in the weak field pixels are in anti-phase with the signals
that arise from the stronger field pixels. We isolate strong
magnetic field pixels in the plage region. The region
for isolating strong magnetic field pixels, with positive
magnetic polarity, is the black boxed area in Figure 2.
Figure 10(a) shows all selected small regions (5 x 5 pixels?)
with timely averaged magnetic field larger than 100 G. A
scatter plot for the RMS amplitude and mean magnetic
strength from all selected sub-areas in Figure 10(a) is
given in the right panel. The plot again shows that the
perturbation amplitude grows with the magnetic field, but
with a larger linear regression coefficient as 9.0 x 1073,

It looks unreasonable for the positive relationship,
since the stronger magnetic field seems more difficult
to perturb. Nevertheless, observations show that p-mode
power is substantially suppressed in magnetic regions,
including sunspots which are the extreme cases due to the
strongest magnetic field (Lites et al. 1982; Title et al. 1992;
Jain et al. 1996). Many mechanisms have been proposed
(e.g., Jain & Haber 2002; Jain et al. 2009 and references
therein). We see that, for plage regions with a high 3 value,
the mechanism might be simple. For small perturbations
in magnetized fluid, Vp; will redistribute itself to
overcome the gradient of magnetic pressure, which is what
Equation (13) means. A small part of energy given by Vp;
will thus be converted into magnetic oscillations. For the
linearized MHD wave equations in this paper, we can get
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solutions for By, when we include the mass conservation
equation and the energy equation. However, in order to
take advantage of the high-3 condition in the plage region,
i.e., the condition expressed with Equation (9), we have
taken a different approach. In this way, the general solution
given by Equation (11) can help us to understand the
progressive behavior of amplitude of magnetic oscillations
when magnetic field strength deviates slightly from zero in
a high-$ condition. As we have seen, phase relationship
between magnetic oscillations and Doppler velocity can
also be deduced. However, we cannot use Equation (11)
for sunspots, where magnetic field dominates, to deduce
the similar conclusions. From Figure 6(a) and (c), we see
that the amplitude of oscillations in sunspots is obviously
lower than that of plage regions with similar magnetic field
strength.

We have shown that He 1 10830 A absorption in
the moss region exhibits an oscillating behavior and the
oscillations are associated with the magnetic perturbations.
The association also supports that the observed magnetic
perturbations are signals of magneto-acoustic oscillations
in the moss region. He 1 10830 A is a line from upper
chromosphere, and its absorption signifies EUV emission,
the association will be very useful for studying upward
mass and energy flows from the photosphere. The 5-min
periodic oscillations of He 1 10830 A absorption in the
moss region are apparently the result of p-mode leakage.
The oscillations from p-mode leakage have been found
in coronal loops (Jess etal. 2015; Banerjee et al. 2007;
Nakariakov & Verwichte 2005; Nightingale et al. 1999).

As for the specific physical heating mechanis-
m, the magneto-acoustic disturbances may evolve in-
to upward propagating shocks (Hansteenetal. 2006;
Rouppe van der Voortetal. 2015) or they may even
modulate ongoing small-scale magnetic reconnection
(Chen & Priest 2006; Samantaetal. 2019). There is a
potential for p-modes to be converted to Alfvénic waves
(e.g., Morton etal. 2019), which may provide another
contribution to coronal heating. The search for the
signature of Alfvén waves in the magnetic oscillations
will be an important topic for current high resolution
observations on the ground (Caoetal. 2010; Liu et al.
2014). Also, future ground-based high-resolution spectro-
polarimetry observations and space missions for the
chromosphere and transition region, the interface layer,
will help to determine which heating mechanism is
working (Schlichenmaier et al. 2019; Liu et al. 2012; Tian
2017). Since photospheric magneto-acoustic oscillations
can leak into the chromosphere and corona, the coronal
waves studied in coronal seismology can be traced back to
their photospheric source. In this way, coronal seismology
will be connected to traditional helioseismology. This topic
is also worthy of further investigation.
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