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The close proximity of the Sun makes it a uniquely observable star. The resolution of modern
solar telescopes (both ground- and space-based) reaches 0.′′1, equivalent to 100 km on the solar
disk, opens up new opportunities for studying the fine structure of the solar atmosphere, such as
granulation, local oscillations, and the structure and variations of the magnetic field in quiet and
active regions. The present paper gives an overview of the results of investigations of photospheric
oscillations and their interaction with local structures (granulation and sunspots) in the Sun’s
atmosphere. We focus our discussion on the following topics: the effects of waves on spectral line
profiles, the excitation mechanisms of oscillations, the hypothesis of local acoustic sources, the
modulation of waves by the convective structure of the solar atmosphere, and observations and
modeling of oscillations in sunspots. Finally, a short list of open questions is given.
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I. THE EFFECT OF WAVES ON SPECTRAL

LINE PROFILES

The basic source of the information on the solar atmo-
sphere is given by spectral lines. The asymmetry, broad-
ening and shifts of spectral lines reveal the fine structure
of the solar atmosphere. Interpretation of the solar spec-
trum at high spatial and temporal resolution demands
realistic modeling of spectral lines without an any priori
assumptions of local thermodynamic equilibrium (LTE)
within the framework of inhomogeneous dynamic model
atmospheres, taking granulation and waves into account.
In this section we discuss the asymmetry and shifts of
spectral lines caused by wave motions.

As early as 1948 Bierman [13] had proposed the idea
that nonthermal broadening of spectral lines and their
asymmetry can be caused by sound waves. Twenty years
later, Eriksen & Maltby [23] and Babij & Altman [1] cal-
culated the line absorption coefficient for a homogeneous
atmosphere perturbed by progressive sound waves. The
authors considered the case of velocity of absorbing par-
ticles, gas pressure, and temperature oscillating in phase,
i. e. the process of sound wave propagation was assumed
to be adiabatic. In this simplified case the line Doppler
(i. e. velocity) shifts and pressure variations are connect-
ed linearly, the maximum red shift corresponding to the
maximum of the pressure variations. The asymmetry of a
spectral line in the presence of sound waves depends on
the amplitude of density variations caused by pressure
and velocity variations. In the weak line approximation
(i. e. when the line is formed in a thin homogeneous lay-
er) the line profile at each instant will be symmetric and
will have a Gaussian shape, although its width, intensity,
and shift will change in time. However, the line profile
integrated over the wave period will not be symmetric.
The value and sign of the asymmetry depend on the way
of the wave propagation (adiabatic or isothermal) and
on the atomic parameters of the line (excitation poten-

tial, degree of ionization). Under equal conditions Fe II

lines are less asymmetric than Fe I lines. The asymme-
try is lower for adiabatic than for isothermal oscillations.
The influence of radiative damping (i. e. the case when
oscillations are neither adiabatic nor isothermal) and the
height dependence oscillation properties were taken into
account by Teplitskaja [84]. In this work the short-period
(2.5 sec) acoustic waves were considered. The calculated
Fe I λ525.0 nm line profile appeared to be shifted and
asymmetric even for a single moment in time. Kostik
& Orlova [50] have shown on the basis of observations
and theoretical calculations (using the model of the wave
propagation similar to [84]) that the asymmetry caused
by waves with a period of 5 minutes constitutes only 20%
from the observed value of asymmetry. However, compar-
ison of results of the numerical modeling with observa-
tions was not carried out absolutely correctly since the
observed asymmetry is caused not only by wave but also
by convective motions.

From an observational point of view, the asymmetry of
Fraunhofer lines caused by waves has been insufficiently
investigated. In the numerous publications based on ob-
servations at high spatial and temporal resolution, the
convective and wave motions are not as a rule separated.
The average bisectors observed in granules and intergran-
ular lanes filtered from the wave motions are given only
in the papers by Hanslmeier et al. [36, 37]. Hanslmeier
et al. [36, 37] found that waves can influence the shape
of bisectors considerably. The waves have a stronger in-
fluence in intergranular lanes than in granules. However,
these authors did not analyze the wave component of the
bisectors.

A comparative analysis of the effect of waves and con-
vection on the observed bisector shape and a comparison
of the results of this analysis with theoretical calculations
were performed recently by Kostik and Khomenko [2].
The fine structure of the Fe I 532.4 nm spectral line was
studied on the basis of the high spatial and temporal res-
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olution observations of the quiet solar disc center. It was
shown that the asymmetry of this line depends strong-
ly on the nature of the velocity field. Asymmetry due
to convective motions decreases from the line wings to-
ward the line core. On the other hand, the asymmetry
due to wave motions depends on time and increases to-
ward the line core as a consequence of the increase of
the amplitude of wave motions with height. The mag-
nitude of the asymmetry due to waves is comparable to
that due to convection. The distribution of the line shifts

lies within ± 1 pm. The propagation of acoustic-gravity
waves with a period of approximately 5 minutes in the
3D model of the solar atmosphere was considered. Kostik
and Khomenko [2] solved the system of hydrodynamical
equations for the case of a moving medium in order to
model the wave propagation in granules and intergranu-
lar lanes. They found a rather good agreement between
the observed and modeled bisectors due to wave motions.
An example of Fe I 532.4 nm line bisectors is given in
Fig. 1.

Fig. 1. Observed and calculated bisectors of the Fe I 532.4 nm line for the different time moments: (a) observed bisectors,
(b) bisectors due to the convective component of the velocity field, (c) bisectors due to the wave component, (d) calculated
bisectors for the wave component. Adapted from Kostik and Khomenko [2].

II. EXCITATION OF OSCILLATIONS AND

ACOUSTIC SOURCES

The discovery of 5-minute solar oscillations in the
1960s by Leighton and co-authors initiated a new field
of solar physics — helioseismology. The oscillations got
their name because the maximum of their power spec-
trum falls at the period of about 5 minutes. Depending
on the value of the angular number l, the different modes
of oscillations penetrate into different depths in the solar
interior. The modes with lower values (l = 0, 1, 2) give
information about the deepest layers down to the solar
core, while modes with higher degree l are trapped in
the upper layers of the atmosphere and give information
about inhomogenities in the top part of the convection
zone and photosphere. Thus, by measuring the exact val-

ues of frequencies of oscillations and solving an inverse
problem of helioseismology it is possible to restore the
values of the parameters of the atmosphere that produce
the observed spectrum. Despite a vast amount of new
information about the solar interior obtained by helio-
seismological methods, the question of the mechanisms
of excitation of oscillations is still under intensive discus-
sions.

A. Excitation of oscillations by turbulent convection

The initial assumption that rising granules are the di-
rect source of waves [25,57,74,80] found no experimental
support [28,60]. The prevailing opinion for today is that
solar p-modes obtain their energy from the stochastic
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processes of the turbulent convection just beneath the
photosphere. This conclusion was derived for the first
time in theoretical studies by Goldreich & Keeley [30]
and Goldreich & Kumar [31]. To determine the acoustic
energy flux generated by convection the authors have ap-
plied Lighthill’s theory of excitation of sound waves [54]
for the given spectrum of turbulent elements. The case
of excitation of acoustic modes by fully or partly tur-
bulent fluid was considered. The Kolmogoroff distribu-
tion of turbulent element velocities was assumed. Various
types of turbulence were investigated, in particular, one
of the types of forced turbulence, i. e. anisotropic tur-
bulent convection, which takes place in a stratified at-
mosphere and is maintained by fluctuations in buoyancy
force. An important result of Goldreich & Kumar [31] is
that in the case of turbulent convection the most high-
ly excited modes have energies comparable to the ther-
mal energies contained in a volume equal to that of an
energy-bearing eddy, i. e. E ∼ mc2s (where m is the mass
associated with an energy-bearing eddy and cs is speed
of sound). Since m ∼ ρ0(vh/ωp)

3 (vh is the turbulent
velocity of an eddy of size h and ωp is frequency of os-
cillation of the mode), the equilibrium energy per mode
is proportional to the velocity of the eddy to the third
power v3

h.

The above described method got a further develop-
ment in the works of Kumar & Goldreich [51], Goldreich
& Kumar [32], Balmforth [9], Bi & Li [12], Goldreich
et al. [33], Goode et al. [35]. Goldreich & Kumar [32]
performed theoretical calculations for the more realistic
non-isothermal vertically stratified model atmosphere.
The authors estimated the efficiency of the convective
energy conversion into the wave energy for p-modes and
propagating acoustic modes. The dimensionless efficien-

cy appeared to be proportional to M
15/2

t , where Mt is
the value of the Mach number at the top part of the con-
vection zone. Most of the energy going into the modes

is emitted by eddies of size h ∼ M
3/2

t Ht (where Ht is
the value of the scale height at the top of the convec-
tion zone), at frequencies ω ∼ ωc and wavelengths ∼ Ht.
The wave generation is concentrated in the top part of
the convection zone since the turbulent Mach number
peaks there. Bi & Li [12] further improved the model of
Goldreich & Kumar [32] by considering the more realis-
tic turbulent energy spectrum that follows the extended
form of Kolmogoroff distribution. The Lighthill method
was also applied by Nigam et al. [61, 62] for an expla-
nation of the opposite sense of asymmetry of the solar
acoustic mode lines in velocity and intensity oscillation
power spectra and also the high-frequency shift between
velocity and intensity at and above the acoustic cutoff
frequency observed by MDI/SOHO [22]. These authors
have assumed that the granulation penetrating into the
photosphere creates an additional noise at the same fre-
quencies as p-modes. Since both granulation and oscilla-
tions have the same source, i. e. the turbulent convection,
they are not independent and partly correlate between
each other. This correlation produces the difference in
the observed spectra of intensity and velocity. Nigam et

al. [61, 62] found that the sign of the correlation is neg-

ative, which suggests that there is a photospheric dark-
ening prior to the occurrence of the localized acoustic
event.

Recent numerical modeling of solar convection [29,
63, 79] also confirms the model for stochastic excita-
tion of oscillations. Three radial modes exist in simu-
lations of Georgobiani et al. [29], Nordlund & Stein [63],
Stein & Nordlund [79]. The properties of the profiles of
these modes, in particular their asymmetry and phase
shifts between oscillations of velocity and intensity, close-
ly match those observed by MDI/SOHO [29]. Nordlund
& Stein [63], Stein & Nordlund [79] came to the con-
clusion that the basic source of excitation of oscillations
is stochastic non-adiabatic pressure fluctuations close to
the surface. Since the pressure fluctuations are strongest
in intergranular lanes and near the edges of granules, the
oscillations are excited there more effectively.

Concluding what was said above, a model of the
stochastic excitation of oscillations by convection suc-
cessfully explains many properties of the observed spec-
trum of p-modes. However, it encounters some difficul-
ties. Chaplin et al. [21] have shown, on the basis of the
observed distribution of the low degree l oscillation pow-
er, that certain features of the oscillations cannot be ex-
plained by the model of stochastic excitation by convec-
tion. These authors found an excess of the high-power
events in comparison with what is predicted by the the-
ory and suggested that the presence of this excess may
reflect some other excitation mechanisms, for example
external impacts. Foglizzo [27], based on the analysis the
energy distribution of p-modes in the low l range, also
refers to the possibility of the existence of other sources
of excitation of oscillations. Additional mechanisms that
have been suggested are flares [47] and coronal mass ejec-
tions. The possible connection of magnetic activity on
the Sun with the processes of excitation of oscillations
was examined by Moretti et al. [58].

B. Discrete acoustic sources

A consequence of the model of stochastic excitation
of oscillations by convection is the hypothesis of the
existence of discrete sources of oscillations. Since the
Mach number increases with increasing convective veloc-
ity and the emitted acoustic energy flux is proportional

to M
15/2

t [32], most of the emitted energy may come
from rare localized events that are well separated from
one another in space and time. The oscillations with the
highest amplitudes should be generated above those ar-
eas of the solar surface where the convective velocities
are highest. Such an assumption was made in 1991 by
Brown [16], who suggested that the discrete sources of
acoustic oscillations should exist and can be observed on
the solar surface. If the reflection of upward-propagating
waves is unimportant, almost all the acoustic energy from
a buried source emerges nearby, within a limited area A
Mm2 and within a limited span of time τ sec. One expects
that acoustic sources will be visible as discrete events
provided that the wave fields from different sources do
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not overlap significantly, i. e. that the overlap likelihood,
L, satisfies L ≡ NAτ < 1, where N is the frequency of
occurrence of a source, Mm−2sec−1.

To estimate N , Brown [16] supposed that the high-
frequency acoustic modes are excited by relatively high-
velocity granular flows. Assuming that convective veloc-
ities below the photosphere follow a Gaussian distribu-
tion, the areas with maximum velocities should occu-
py the f = 0.005 part of the surface. On the basis of
this assumptions, Brown [16] found N roughly to equal
2×10−5 Mm−2sec−1, i. e. one event per granular turnover
time of 480 s within a circle of radius of 5 Mm. Em-
ploying a geometrical ray-tracing technique to follow the
waves from their source, Brown [16] concluded that 90%
of the energy is radiated within some r = 0.6 Mm from
the source. The geometrical configuration used in the ray
tracing calculations is shown in Fig. 2. Taking this value
of r as a radius, it is possible to estimate the area occu-
pied by a source on the surface as A = 1.1 Mm2. The
duration of the wave packet near the source τ is likely to
be limited by a frequency bandpass within which oscilla-
tion data could be obtained. For a frequency interval ω
= 7.5 − 5.5 = 2 mHz, τ = 500. Combining these results
Brown [16] obtained L ≡ NAτ = 1.3 · 10−2, so that the
inequality is completely satisfied. Thus, the conclusion
was made that discrete sources of acoustic oscillations in
space and time are likely to be observed on the Sun. How-
ever a spatial resolution much better than 1′′ is needed
for their detection.

Fig. 2. The geometrical configuration used in the ray trac-
ing calculations. A source S is buried at a distance z0 beneath
the reference surface at which wave motions are observed. A
wave emerging, its initial propagation vector making an angle
θ0 with the vertical, follows the indicated ray path, eventually
emerging at radial distance r from the source. Adapted from
Brown [16].

The appearance of an acoustic event on the solar sur-
face is characterized by a peak in the upward acoustic

flux (u ∝ V 2

ω
∆φ
∆z , where V is velocity amplitude and

∆φ/∆z is the observed phase gradient with the altitude
of the event) followed by a peak in the velocity ampli-
tude, which is then followed in about 5 minutes by a peak

in the downward flux [34,35,69]. Due to the fast change
of their phase with height, the waves propagating from
the source are different from the trapped p-modes at the
same frequencies. The phase of velocity oscillations for
the p-modes changes insignificantly with height and this
change is caused by the radiative damping of oscillations.

C. Properties of granulation above an acoustic

source

What are the properties of granulation at the site of
the appearance of the acoustic source? Goode et al. [34]
associate the excitation of oscillations with isolated ex-
pansive events lasting about 5 minutes. The authors car-
ried out numerical modeling of the excitation of oscilla-
tions by a rising piston located at some depth beneath
the photosphere. The results of calculations were com-
pared with high spatial and temporal resolution obser-
vations of the solar velocity field in the Fe I λ543.45 nm
line [78]. The core of this line is formed high in the photo-
sphere. Goode et al. [34] interpreted these observations as
consistent with their numerical simulations and argued
that the 5 min oscillations are excited not more than
200 km below the base of the photosphere where convec-
tive velocities are the highest. The best agreement with
observations was achieved assuming that the sources of
oscillations are discrete expanding elements of gas, and
that these events are isolated in time. If this assumption
is correct then, according to Brown [16], the maximum of
the acoustic flux should be observed at the surface near
the brightest granules.

However, in the majority of other theoretical inves-
tigations the appearance of an acoustic source on the
surface was associated with a local darkening in photo-
sphere (i. e. intergranular lane). According to theoretical
investigations of Nigam & Kosovichev [61], as already
mentioned above, an explanation of the asymmetry of p-
modes requires the assumption of correlated noise. This
correlation is expected because the main source of noise
is turbulent convection, which also drives the oscillations.
The negative sign of this correlation obtained from the
calculations of these authors supports the view that the
local darkening of granulation should precede the ap-
pearance of an acoustic source. Numerical modeling of
convection performed by Nordlund & Stein [63], Stein &
Nordlund [79] shows that the oscillations are most effec-
tively generated by non-adiabatic pressure fluctuations.
The pressure fluctuations are strongest in intergranular
lanes and near the edges of granules, and are also quite
large in the most rapidly rising granules. However, in the
latter case the absolute value of the fluctuations is almost
twice as low as that in the intergranular lanes. Stein &
Nordlund [79] concluded that acoustic sources are locat-
ed closer to the surface, basically in intergranular lanes
and at the borders of granules. The conclusion about the
effective wave excitation in intergranular lanes was also
made by Rast [67] who proposed the mechanism of exci-
tation of acoustic oscillations by localized cooling events
and new downflow-plume formation at the solar surface.
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D. Observed relations between oscillations and

granulation

Have acoustic sources been ever detected on the so-
lar surface? There is a number of observational papers
devoted to the question of the relations between granu-
lation and local oscillations (e. g. [17, 24, 35, 40, 68, 69]).
By local oscillations we mean oscillations that are local-
ly excited in sub-photospheric layers and propagate away
from the source. In this way the local oscillations differ
from the p-modes that are trapped in the resonant cavity.
As noticed by Hoekzema et al. [40], studying local oscil-
lations in observations is complicated by the presence of
global p-modes having higher power at the same frequen-
cies. Local analysis (i. e. analysis of rather short time se-
ries of oscillations in each individual point at the surface
of the Sun) using one-dimensional spectral data does not
provide the statistics to estimate the importance of the
observed events. On the other hand, Fourier transforms
of large-area long-duration data sets reach statistical sta-
bility at the cost of mixing diverse regimes. Therefore,
studying local phenomena requires short-duration Fouri-
er analysis together with small-scale feature separation.
One has to look for a compromise between the length of
the time series and large temporal averaging masking the
local properties of the oscillations. The results of investi-
gations of local oscillations obtained by various authors
are summarized below.

Brown et al. [17] investigated the solar velocity field at
the frequencies of 5.5–5.7 mHz. They used observations
in the Fe I λ557.6 nm line in an active region close to the
solar disk center with a spatial resolution of about 1.′′5.
Brown et al. [17] found that a small fraction of the vol-
ume does indeed emit a disproportionate amount of the
acoustic flux. The patches emitting most of the flux are
located close to the regions with an enhanced magnetic
field. It has been proposed that the increase in acous-
tic emission in a small part of surface (10%) is related
to the discrete acoustic sources predicted by Brown [16].
However, the role of the magnetic field is unclear.

Local oscillations were investigated by Restaino et al.
[68] with the help of observations at high spatial (0.′′67)
and temporal (8.67 sec) resolution [78] in the Fe I λ543.4
nm line. The core of this line is formed high in the photo-
sphere allowing investigation of the height dependence of
oscillation properties. The authors found acoustic events
consisting of a pressure front followed by an oscillatory
wake with a rapidly time-varying vertical phase gradient.
The upward running waves were followed within 5 min-
utes by downward running waves. According to Restaino
et al. [68] the observed oscillation wakes correspond to
the acoustic events modeled by Goode et al. [34].

Rimmele et al. [69] made simultaneous high-resolution
observations of the Sun’s granulation and solar acous-
tic events at several heights in the photosphere. Their
observations consist of broad-band images (90′′ × 90′′)
in white light close to the disk center accompanied by
narrow-band filtergrams in the Fe I λ543.4 nm line. The
authors applied a new method to study the statistical
properties of acoustic events. It consists in computing the

mean granulation intensity at the location of the large-
flux acoustic events by locating events in space and time
that reach amplitudes above the threshold and average
intensity values in the pixels that have an acoustic flux
above threshold. This procedure yields time variations in
the mean acoustic flux (proportional to the amplitude of
oscillations) and intensity of granulation averaged over
the set of acoustic events. A similar method was used al-
so by Goode et al. [35] and Strous et al. [83] in re-analysis
of the same data. It was shown that local granulation be-
gins to darken several minutes before the maximum in
the flux, and that the granulation becomes darkest 2 min-
utes before the mechanical flux peaks. High-amplitude
oscillations appear mainly above intergranular lanes. The
latter contradicts the conclusions of Goode et al. [34] and
Restaino et al. [68], but confirms the results of Nigam &
Kosovichev [61], Stein & Nordlund [79] and Rast [67]. Ac-
cording to Goode et al. [35], Rimmele et al. [69], Strous et

al. [83] the oscillations are most probably excited not by
expanding granules penetrating into the photosphere [34]
but rather are produced by rapid cooling during the for-
mation of a new downflow in intergranular lanes, accord-
ing to the theoretical calculations of Rast [67].

A detailed analysis of the spatial relations between
granulation and 5-minute oscillations was carried out by
Espagnet et al. [24] who used 57 minute time series of
white light granulation images together with 16-minute
time series of NaID2 λ569.0 nm spectra. The granular
and oscillatory components of the velocity field were sep-
arated with the help of a k−ω diagram. Analysis of his-
tograms of granular velocities measured in pixels where
amplitudes of oscillations exceeded a certain threshold
value has shown that velocity oscillations tend to cor-
respond to downflows, i. e. intergranular lanes. Besides,
the B − ω diagrams (diagrams of the oscillatory power
as a function of granulation brightness, B, and frequen-
cy, ω) revealed that power corresponding to 5-minute
oscillations is much more concentrated in regions with
the lowest intensities. Similar results were obtained for
oscillations in the lower (∼ 30 km) and upper (∼ 550
km) photosphere. Morphological analysis by Espagnet
et al. [24] has shown that in most cases the oscillations
arise directly in the center of intergranular lanes. Large-
amplitude oscillations appear on the surface as new since
their phase is distinct from that of weak oscillations at
the same point. Espagnet et al. [24] interpreted their re-
sults as consistent with the model of stochastic excitation
by turbulent convection [32].

Hoekzema et al. [38–40] proposed a new technique of
Fourier-amplitude maps to study the relationships be-
tween different agents of the solar velocity field. The
analysis was based on cospatial image sequences of
the photosphere (G-band filtergrams) and the overly-
ing chromosphere (CaIIK filtergrams) at 430.8 nm. For
each spatial location, the partially overlapping time se-
ries of intensity variations were extracted. The Fouri-
er transform of these series was performed and a 15-
minute average value of granulation contrast was as-
signed to each of the series. It appeared that the values of
Fourier-amplitudes at 3 mHz are nearly identical for var-
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ious classes of granulation contrast. Thus, the conclusion
was made that “the photospheric 5-min oscillations are
primarily global and rather insensitive to the local fine
structure”. At the same time the amplitudes of 3-minute
oscillations appeared to be significantly above average in
the dark intergranular lanes. According to Hoekzema et

al. [40] it means that without a special selection the vari-
ations of 5-minute period in the photosphere are domi-
nated by global p-modes. In the chromosphere spectra
are completely different from those at the photosphere.
Both 3- and 5-minute oscillations have the largest am-
plitude above the darkest intergranular lanes. Hoekze-
ma et al. [40] have drawn the conclusion that there is a
local amplification of the amplitude of 3-minute oscilla-
tions above intergranular lanes in the photosphere and
of 5-minute oscillations in the chromosphere. A qualita-
tive scheme of the diffraction of waves on inhomogenities
caused by granulation was offered to explain these re-
sults.

Some new insights into the physics of local oscilla-
tions are given by Kostik & Shchukina [48], Kostik et

al. [49], and Khomenko et al. [42, 44]. A 30-min time se-
ries of CCD spectrograms of solar granulation recorded
with high spatial (0.′′5) and temporal (9.3 s) resolution

was used to study the links between 5-minute oscilla-
tions and granulation. The observed images contain the
Fe I 532.4 nm spectral line with good height coverage
from the low photosphere up to the temperature mini-
mum region. Observational analysis led to the following
results. (i) Strong oscillations are well separated tempo-
rally and spatially. (ii) Oscillations above granules and
intergranular lanes occur with different periods. (iii) On
average, the most energetic intensity oscillations occur
above intergranular lanes; however, the situation is not
so simple for the velocity oscillations; i.e., powerful oscil-
lations may occur above granules as well. This situation
is illustrated in Fig. 3. As can be seen, in the data of
these authors the most energetic velocity oscillations oc-
cur above granules and lanes with maximum contrast,
i.e. above the regions with maximum convective veloci-
ties. (iv) Velocity oscillations in the lower layers of the
atmosphere lead oscillations in the upper layers in in-
tergranular lanes. In granules the phase shift is nearly
zero. The analysis of MDI/SOHO filtergrams performed
in Khomenko [3] confirms the results of the ground-
based observations of Kostik & Shchukina [48], Kostik
et al. [49], and Khomenko et al. [42, 44].

Fig. 3. (a) and (b): amplitudes of the line core intensity oscillations δI0W /Īc as a function of continuum contrast
δIc = (Ic − Īc)/Īc. (c) and (d): same for velocity oscillations δV0W . Amplitudes in panels (a) and (c) are measured as
extreme values in each oscillating element and then averaged over contrast intervals. Amplitudes in panels (b) and (d) are
measured as maximum values in each oscillating element. Adapted from Khomenko et al. [44].
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Summarizing the results of this paragraph we see that
5-minute oscillations are indeed observed to be differ-
ent above granules and intergranular lanes. Observa-
tions with high spatial resolution by Espagnet et al. [24],
Goode et al. [35], Rimmele et al. [69] show that the am-
plitudes of velocity and intensity oscillations are, on av-
erage, larger above intergranules. It was revealed also
that waves in intergranular lanes are characterized by a
stronger change of their phase with height. These da-
ta were interpreted as a confirmation of the hypothesis
that discrete acoustic sources can be observed on the so-
lar surface, and that these sources are located in the dark
intergranular lanes [24, 35, 69]. At the same time Kiefer
et al. [45], Kostik & Shchukina [48], Kostik et al. [49],
Khomenko et al. [44] (see Sec. III below for details) found
that powerful velocity oscillations may also arise above
bright granules (see also [68]), and the results of Hoekze-
ma et al. [38] show that the amplitudes of the photo-
spheric 5-minute oscillations above granules and inter-
granules are identical. The above cited papers contradict
the results of Espagnet et al. [24], Goode et al. [35], Rim-
mele et al. [69]. We thus conclude that, despite consider-
able efforts by different researchers, the issue of the links
between 5-minute oscillations and granulation remains
open. In particular, it is not clear whether the different
behavior of oscillations above granules and intergranules
can be explained only by the unequal efficiency of their
generation in these structures or whether there are other
reasons for this difference.

III. MODULATION OF OSCILLATIONS BY THE

CONVECTIVE STRUCTURE OF THE

ATMOSPHERE

It seems natural that the properties of oscillations
should depend on the atmosphere in which they propa-
gate, i. e. in rather hot rising granules or in cool descend-
ing intergranules. The assumption that the modulation
of waves by inhomogenities in the solar atmosphere sig-
nificantly influences their observed properties was made
in the papers by Kiefer et al. [45], Murawski & Penilovs-
ki [59], Rosenthal et al. [70], Stix [81], Stix & Zhugzh-
da [82], Zhugzhda [87]. There are not many theoretical
investigations devoted to this problem.

Zhugzhda [87] suggested a theoretical model of acous-
tic oscillations in a one-dimensional periodic environ-
ment composed of a sequence of vertical channels with
cold downflowing and hot upflowing material. Vertical
component of the convective velocity and sound speed in
this model depend on the horizontal coordinate, x, as:

V (x) = ĉs(Vm + 2∆ cosπx/d),

c2s(x) = ĉ2s(1 + 2δ cosπx/d) (1)

where 2d is the horizontal period of the model, ∆ and
δ are the amplitudes of variations of convective veloci-
ty and sound speed (caused by temperatures variations),
Vm and ĉs are average values of the latter quantities, and

Vm and ∆ are measured in terms of ĉs. These equations
define a one-dimensional model for stationary convec-
tion (or turbulent convection that is slow relative to the
acoustic timescale). The theoretical calculations of the
author were based on the theory of acoustic waves in a
crystal lattice and some of the concepts of the solid state
physics were generalized to the problem of acoustic waves
in a convective atmosphere. The model for oscillations,
however, does not take gravity into account. Thus, in
case of the solar atmosphere the model is correct only for
acoustic oscillations with the frequencies higher than 5–6
mHz. Zhugzhda [87] derived the wave equation govern-
ing acoustic waves in a structured periodic atmosphere.
The coefficients of this equation are dependent on the
horizontal coordinate, x. The solution of this equation
has the following form:

y = exp i(ωt− kzz + kxx)

∞
∑

−∞

C2m exp

(

imπx

d

)

(2)

where y(x) = ∇v/(ω− kzV (x)) and v is the wave veloc-
ity. Thus, v depends on the parameters of the convec-
tive structure. The coefficients C2m can be found from
recurrence relations after the substitution of the solu-
tion into the wave equation and depend on the parame-
ters d, ∆, and δ of the model. It was shown that three
wave modes exist in such a periodic atmosphere: acous-
tic waves, vibrational waves, and turbulent sound. All
of them are different from the usual acoustic waves in
a uniform atmosphere. Based on the model of Zhugzh-
da [87], Stix & Zhugzhda [82] calculated the corrections
to the eigenfrequencies of the p-modes arising from the
sound speed and velocity inhomogeneity in the convec-
tion zone. The absolute values of the frequency shifts are
significant (∼ 5× 10−3 mHz) and allow us to reduce the
difference between the observed frequencies of the oscil-
lations and those calculated in a standard solar model
atmosphere. Thus, the influence of the inhomogenities of
the atmosphere caused by convection should not be con-
sidered insignificant. Stix & Zhugzhda [82] found that
most of the effect arises from the velocity fluctuations,
while only a small fraction comes from the sound speed
fluctuations. One of the reasons for this difference is that
δ in a standard model of solar convection decreases with
depth much faster than ∆.

Recently, a detailed theoretical investigation of the
propagation of waves in a non-uniform solar atmosphere
was carried out by Kiefer et al. [45]. The authors con-
sidered, on the one hand, the modulation of running
sound waves in the outer convection zone, and, on the
other hand, the impact of local acoustic sources on the
observed properties of oscillations. A direct comparison
was made of theoretical calculations with the behavior of
photospheric running sound waves extracted from obser-
vational velocity data at two heights in the photosphere.
Applying the model of the wave modulation of Stix &
Zhugzhda [82] (see Eq. 2), Kiefer et al. [45] has shown
that the amplitude of vertically propagating waves, vz ,
in hot upflowing and cold downflowing channels is not
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the same for waves in the frequency range 3–9 mHz. The
amplitude, vz , of the waves with frequencies 5–7.5 mHz is
larger in bright channels, however, the ratio between the
amplitudes in bright and dark channels decreases with
increasing frequency. At higher frequencies the ampli-
tude of oscillations becomes larger in dark channels. For
the considered granular structure this transition occurs
at frequency near 7 mHz. The ratio of the amplitudes is
considerable and varies within 2.5–1, depending on the
frequency and the parameters of the model (see Fig. 4,
where the amplitudes of waves in bright and dark chan-
nels are given). Since the temperature structure of gran-
ulation persists as overshooting up to 100 km and the
velocity structure persists over several hundred km in
the photosphere, the degree of modulation of waves (ac-
cording to [45]) should increase or, at least, should not
decrease with height. The modulation should be more
pronounced for waves with a lower horizontal wave num-
ber, kx, since such waves always propagate within the
limits of the same bright or dark channel.

Fig. 4. Horizontal course of the normalized amplitude of
the vertical velocity, (thick curves) from the 2D harmonic
model of Stix & Zhugzhda (1998) for three frequencies in the
range of photospheric vertically propagating sound waves. D
is the horizontal period of the inhomogeneities. Shaded areas
indicate the region of cool, downward flowing material. The
ratio of the rms-amplitudes of between regions with upstream
and regions with downstream is given in each panel. Taken
from Kiefer et al. [45].

Kiefer et al. [45] modeled the wave field from an acous-
tic source at frequencies above the acoustic cut-off and
assumed that the acoustic sources are isolated one from
another, i. e. their velocity field does not significantly in-
terfere, and that the wave field from the source is ax-
isymmetric with respect to the vertical axis. The veloc-
ity potential of the wave field depends on the spherical
polar angle, θ, and the distances, s, from the source as
ψl,n ∝ Pl(θ)s

−n, where l and n are integer numbers, and
Pl(θ) is Legendre polynomial of degree l. The above de-
pendence means that the amplitude, vz, decreases with
increasing distance from the source both in the verti-
cal and in horizontal directions. The acoustic sources in
the model were located in the brightest granules and the
darkest intergranular lanes.

To check the above described models Kiefer et al. [45]
used time series (∼ 2 hours) of images of a quiet area
close to the disk center in white light (of size 65′′ × 43′′)
accompanied by Doppler velocities at heights of 50 and
250 km in the photosphere obtained from the profiles of
the Fe I λ709.04 nm line registered quasi-simultaneously.
The variations of these quantities caused by granula-
tion and running sound waves (with frequencies above
5 mHz) were separated based on the k − ω diagram.
Granulation intensity was split into ten contrast class-
es. The amplitude of velocity oscillations was determined
separately for each class. The dependence of the ampli-
tudes on contrast appeared to be different for different
frequencies, horizontal wave numbers, and heights in the
atmosphere. Comparison of theoretical calculations with
observations shows that at a height of 50 km the mod-
el of acoustic sources located in dark intergranular re-
gions gives a very satisfying description of observations
for those classes with the lowest granular intensity (i. e.
for intergranules). However, at a height of 250 km there
is a systematic frequency-dependent deviation between
the observed and theoretical curves in the sense that ob-
servations show larger power of oscillations above bright
granules. The observed amplitudes of oscillations at the
height 250 km are larger above granules than above inter-
granules, however the difference in amplitudes decreases
with increasing frequency. The observed distribution of
amplitudes for lower-frequency oscillations (5–6 mHz) at
a height of 250 km corresponds rather well with that
expected in the case of the wave modulation. At the
same time, the model with an acoustic source gives bet-
ter agreement between theory and observations for more
high-frequency oscillations (6–8 mHz). Kiefer et al. [45]
came to the conclusion that the influence of the acoustic
sources is high in the data from lower heights and the
impact of wave modulation is stronger in the data from
lower heights. Altogether, the distribution of the velocity
amplitudes with contrast is possible to explain by taking
into account only the joint action of the local acoustic
sources and the wave modulation by the atmosphere.

Simultaneously with Kiefer et al. [45] the model of Stix
& Zhugzhda [82] was applied by Stix [81] for a detailed
investigation of variations of amplitude and a phase of
acoustic oscillations due to the wave modulation in the
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solar convection zone. The velocity oscillations in the pe-
riodic model atmosphere were computed applying Eq. 2.
It was shown that a vertically propagating wave experi-
ences only the modulation of the amplitude. In the case
V (x) = 0, i. e. where the atmosphere is structured only
in temperature, the amplitudes of the waves propagating
upward and downward are identical. The amplitude of
low-frequency oscillations appeared to be larger in bright
channels while the amplitudes of high-frequency oscilla-
tions are larger in the dark ones, in agreement with Kiefer
et al. [45]. The transition between these two regimes oc-
curs at the frequency for which the vertical wavelength of
oscillations is equal to the horizontal period of the inho-
mogeneity of the atmosphere, i. e. kz = π/d. In the case
c(x) = const , i. e. when only velocity inhomogenities are
present in the atmosphere, the upward propagating wave
behaves similarly to the case of temperature inhomogen-
ities. The downward propagating wave behaves in the
opposite way; namely, its amplitude in the downflowing
channels is approximately equal to the amplitude of the
upward propagating wave in the upflowing channels. The
result of the combined action of the temperature and ve-
locity inhomogenities depends on the relation between
their amplitudes ∆ and δ. Since the modulation has the
same sign for the upward propagating waves and has the
opposite sing for the downward propagating waves, it is
less pronounced in the latter case at the combined action
of both agents. Waves propagating at an angle to the ver-
tical experience the modulation of both the amplitude
and the phase. The phase of the upward propagating
wave is nearly constant in dark channels and advances
in bright channels. The absolute value of the modula-
tion decreases with frequency, reaching a minimum for
the frequency of the transition and then increases again.
Taking a sound speed value of ĉ = 10 km and a charac-
teristic granulation size of 2d = 1280 km, Stix [81] has
estimated the frequency of the transition to be about 5
mHz. This value (7 mHz) is lower than that given by
Kiefer et al. [45]. The results of the modeling by Kiefer
et al. [45, 81] are in qualitative agreement with the the-
oretical research of Murawski & Penelovski [59]. In the
latter paper the influence of the random flow occurring
in the convection zone on frequencies of acoustic oscilla-
tions was considered. The numerical results reveal that
waves can be both amplified and dampened by the ran-
dom flow depending on its characteristic horizontal size.
Granules of sizes about 0.2 Mm cause an increase in the
wave amplitude, while granules of larger sizes (2 Mm)
cause the opposite effect.

A different approach was adapted by Khomenko et

al. [44] and Khomenko [3], who reconsidered a standard
theory of acoustic-gravity oscillations making an attempt
to generalize it for the case of oscillations in moving me-
dia. To this aim oscillations were introduced into the nu-
merical 3D convective model of the solar atmosphere [5].
To take into account the change of the granular velocity

and temperature with height, the atmosphere was split
into a set of isothermal layers with constant values of
these parameters and the solution of the set of hydro-
dynamical equations was computed separately in each of
the layers. The effects of the wave reflection from the
boundaries of these isothermal layers were considered.
The perturbed model atmosphere was used to synthesize
the profiles of the Fe I 532.4 nm and Ni I 676.8 nm lines
(used in observations) and to make a direct comparison
of the observed and theoretical results. The oscillations
with a period of around 5 minutes were considered. The
model for oscillations that takes granular velocities and
wave reflection into account allows us to explain quali-
tatively the observed dependencies without any assump-
tion about the different rate of excitation of oscillations
in granules and lanes. Namely, the numerically comput-
ed 5-minute velocity oscillations appeared to have larger
amplitudes above intergranular lanes at all heights in the
photosphere (see Fig. 5), in agreement with observations.
The amplitudes of the observed intensity oscillations are
larger above intergranules. If the reflection of waves is
not taken into account, the theoretical intensity ampli-
tudes agree with the observations only at heights above
200–250 km (compare curves at panels (a) and (b) of
Fig. 5). The account for wave reflection leads to a de-
crease in the intensity oscillatory amplitude above gran-
ules in deep layers and thus a better correspondence to
observations is achieved.

Altogether, theoretical investigations show that the
modulation of waves by the convective structure of the
atmosphere cannot be neglected. Accounting for the con-
vective structure allows to explain qualitatively the dif-
ference between the observed and calculated in the stan-
dard solar model atmosphere frequencies of oscillations.
The difference in the amplitudes of oscillations in bright
and dark channels is significant and can be detected
in observations. The modulation of waves by the atmo-
sphere can be an additional or alternative mechanism
in the interpretation of the difference in properties of
oscillations above granules and intergranular lanes. The
modeling performed by Kiefer et al. [45, 59, 81, 82, 87] is
applied only for high-frequency (> 5–6 mHz) acoustic os-
cillations in the solar atmosphere. It would be interesting
to consider the influence of gravity (i. e. to consider os-
cillations in a vertically stratified atmosphere). This will
enable us to investigate the modulation of relatively low-
frequency 5-minute oscillations. The numerical experi-
ment of Khomenko et al. [44] and Khomenko [3] shows
that the effects of temperature and, in particular, veloci-
ty structuring of the atmosphere on the acoustic-gravity
oscillations at 3 mHz are potentially significant and are
able to account for the observed difference in the oscil-
latory amplitudes and phases above granules and lanes.
However, a more strict solution of the problem is desir-
able in order to reach a final conclusion.
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Fig. 5. (a) and (b): Height dependence of the intensity oscillatory amplitude δIlW /Īc above granules and intergranular
lanes. (c) and (d): Same for velocity oscillatory amplitude. Amplitudes are measured at different heights and then averaged
separately for oscillations above granules and lanes. Taken from Khomenko et al. [44].

IV. OSCILLATIONS IN SUNSPOTS

Sunspots show a variety of oscillatory phenomena. We
refer the reader to the recent overviews of the struc-
ture and physics of sunspots given by Staude [77], Bog-
dan [14], and Solanki [76]. Oscillations in sunspots are
an actively debated topic for several reasons. On the one
hand, the helioseismology of sunspots has as an objective
the determination of their subsurface structure using in-
formation about oscillations [46]. These deep layers are
impossible to investigate with spectroscopical methods.
On the other hand, oscillations in active regions are be-
lieved to play a role in the heating of the upper solar
atmosphere, chromosphere, and corona.

According to the review by Staude [77] there are three
bands of oscillations in the sunspot umbra with reso-
nant periods around 2–3 min, 5 min and > 20 min.
Bogdan [14] divides sunspot oscillations into three cat-
egories: 5-min umbral-photospheric oscillations, 3-min
umbral-chromospheric oscillations, and running penum-
bral waves. The different classes of oscillations are pos-
sibly produced by different physical mechanisms. Each
of these phenomena could be the subject of a separate
review. Below we will focus the discussion of 5-minute
photospheric oscillations in sunspots umbrae.

A. Oscillating quantities and relations between them

Oscillations in sunspots were discovered more than 25
years ago (almost 10 years later than oscillations in qui-
et regions, owing to the lower amplitudes of the former).
Velocity (i. e. Doppler shifts) and intensity (i. e. thermo-
dynamic parameters) oscillations are shown in observa-

tions in the spectral lines formed at various levels in the
atmosphere of sunspots. The amplitudes of the 5-minute
photospheric oscillations decrease with height until their
complete disappearance in the upper chromosphere and
corona. Attempts to construct a diagnostic k−ω diagram
for these oscillations are not numerous [4,66]. The spec-
trum of the velocity and intensity oscillations observed
in sunspots appeared to be similar to that in the quiet
areas [4, 14, 66, 77]; however, significant power is present
only at low frequencies k and ω. Powerful oscillations
are limited in the range of the horizontal phase speeds
of about 25 km s−1, which is close to the Alfven speed
in the photosphere. The 5-minute umbral oscillations are
coherent over a significant fraction of the sunspot umbra
and extend into a portion of the neighboring penumbra.
The areas with enhanced power of oscillations isolated
in space are probably caused by the interference of many
modes, similar to the situation in the quiet Sun [14].

Although the oscillations of velocity and intensity are
relatively well studied, very little is known about mag-
netic field oscillations in sunspots. Temporal variations
of the magnetic field in sunspots were detected for the
first time in observations by Horn et al. [41]. It is un-
clear whether the observed variations are caused by in-
trinsic oscillations of the magnetic field. The detection
of the intrinsic oscillations is still a matter of debate
and the results by different authors are contradictory.
The existing theoretical models predict the amplitudes
of oscillations to be very low, about a few G (see be-
low Sec. IV C [55]). Measurements with such precision
can hardly be achieved with the existing level of obser-
vational techniques.

The data on the spatial distribution of the power of
magnetic field oscillations and their relations with the
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velocity oscillations are contradictory. The MHD/SOHO
observations hint that power of the magnetic field oscil-
lations is not distributed randomly over active regions.
The decrease in the frequency of oscillations with de-
creasing magnetic flux is reported by Norton et al. [64]
from an analysis of MDI magnetograms. For the lower
oscillatory frequencies most of the magnetogram power
appears in lower flux pixels (100–300 G) in a ring of fil-
amentary structure outside the sunspot. For the 5-min
range the prefered locations are pixels with a magnetic
flux of 600–800 G. The 3-min band oscillations are ob-
served in 1300–1500 G pixels. At the same time, no differ-
ence in the power pattern for any frequency ranges was
found in the spectral observations by Balthasar [10] (see
also [88]). Balthasar [10] and Zhugzhda et al. [88] used
time series of images of active areas obtained by scan-
ning with the Fabry–Perot interferometer (FPI) of the
magneto-sensitive line Fe I λ584.3 nm (geff = 2.5). The
value of the magnetic field strength, B, was determined
by comparison of the observed line profiles with those
computed theoretically for a set of B values. The FPI
observations of Balthasar [10] and Zhugzhda et al. [88]
revealed that temporal variations of magnetic field occur
at the umbra–penumbra transitions and in the central
parts of some sunspots and pores. The above results sug-
gest that the patches with the enhanced magnetic field
power are highly localized in space.

Both FPI and MDI data show that the patches with
the amplified oscillations of the magnetic field are consid-
erably smaller than in case of velocity oscillations. FPI
observations demonstrate a high correlation between 5-
minute and, in particular, 3-minute velocity oscillations
and oscillations of the longitudinal (parallel to the line
of sight) component of the magnetic field [41, 88]. The
maximum power of the velocity and magnetic field os-
cillations corresponds to those areas in the umbra where
the magnetic field lines are parallel to the line of sight
(LOS). As the sunspot observed by Horn et al. [41] and
Zhugzhda et al. [88] was located outside the solar disk
center, those are the regions close to the border of um-
bra/penumbra. The patches with the powerful 5-minute
magnetic field oscillations in the MDI observations are al-
so located mainly in the penumbra [64]. Nevertheless, no
coherence is found between spatial distribution of varia-
tions of the magnetic field and those of Doppler velocity
and intensity (see also results from MDI data by [73]).
A detailed analysis of the magnetic field oscillations in
sunspot penumbrae based on spectropolarimetric obser-
vations of the full Stokes vector of the infrared Fe I lines
at 1.56 µm has been performed recently by Bellot Ru-
bio et al. [8]. Temporal variations of the magnetic field,
velocity and thermodynamic parameters were inferred
from observations by inversion method. The spectropo-
larimetric observations [8] show that the amplitude of the
5-minute magnetic field oscillations is at its maximum in
the center of the umbra and decreases toward the border
of the umbra/penumbra. This does not agree with the
results of Horn et al. [41], Norton et al. [64] and Zhugzh-
da et al. [88]. The amplitude of velocity oscillations is the
lowest in the center on the umbra and increases towards

the penumbra, in agreement with Horn et al. [41] and
Lites et al. [55].

Estimates of the amplitudes of the magnetic field os-
cillations and phase relations with velocity oscillations
are very uncertain and vary from one measurement to
another. Lites et al. [55], based on the inversion of the
full Stokes vector of the Fe I 630.15 nm and Fe I 630.25
nm lines, reported an upper limit of the amplitude of os-
cillations of about 4 G and considered them rather to be
produced by instrumental effects. Rüedi et al. [73] found
amplitudes of about 6 G. At the same time Balthasar [11]
obtained substantially larger amplitudes of up to 50 G
in individual patches of enhanced oscillations. In the ob-
servations by Bellot Rubio et al. [8] the maximum of the
magnetic field power occurred at 3.75 mHz with the am-
plitude decreasing with height from 11 G at log τ5 = 0
to 8 G at log τ5 = −1.

Phase relations are important for the diagnostic of the
type of observed oscillatory phenomena. Most observa-
tions give values of about 90 degrees with upward veloc-
ity leading the magnetic field, with the positive veloci-
ty direction towards the center of the Sun [8, 11, 64, 73].
Nevertheless, in several cases the correlation between ve-
locity and magnetic field oscillations was found; i. e. the
phase shift between them is equal to zero [41,55]. Other
atmospheric parameters such as temperature and mag-
netic field inclination do not show an oscillatory behav-
ior [8, 55].

The contradictions between the results derived by dif-
ferent authors are most probably the consequences of the
differences in observational procedures, their sensitivity
to the magnetic field, size of the area covered by ob-
servations. It is important to keep in mind whether the
full magnetic field vector is determined (as in the case
of the inversion of Stokes profiles of spectral lines) or
just its longitudinal component (as in the case of mag-
netograms). Apart from intrinsic magnetic field oscilla-
tions, there are a number of effects that can cause ob-
served variations of the magnetic field. These are instru-
mental effects, variations in the atmospheric seeing (in
the case of ground-based observations), and oscillations
of the velocity and intensity of spectral lines. One of the
most important effects is that of the time variations of
opacity of the solar atmosphere (we shall consider this
in more detail in the next paragraph). The MDI data
are not affected by seeing oscillations. However, as MDI
determines the magnetic field by means of filtergrams,
the time variations of the intensity and velocity of the
Ni I 676.8 line can cause false oscillations of the magnetic
field [72]. The results of the measurements of the magnet-
ic field in non-simultaneous registration of the line profile
(as in the case of MDI and FPI) were questioned in the
paper by Settele et al. [75]. The authors have shown that
the variations of the magnetic field measured by MDI
and FPI are strongly contaminated by the velocity os-
cillations. The amplitude of false magnetic field oscilla-
tions caused by this effect depends linearly on the ampli-
tude and frequency of the velocity oscillations and on the
magnetic field strength in sunspot. In case of FPI, the
amplitude of the false oscillations is of the same order
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of magnitude as in the observations [11, 41] while in the
case of MDI it is a little lower than in the observations.
The 1.56 µm Fe I lines used by Bellot Rubio et al. [8]
are probably the best tool for studying such weak effects
as magnetic field oscillations because of their great mag-
netic sensitivity. The SIR inversion [71] applied by Bellot
Rubio et al. [8] allows the separation of the influence of
the different atmospheric parameters and provides reli-
able results on the magnetic field vector as a function
of time and optical depth τ5000. Apparently, the results
of the measurement of the magnetic field oscillations by
Bellot Rubio et al. [8] are the most reliable in published
literature today.

B. Opacity oscillations in the solar atmosphere

Despite all efforts, it is not clear whether the observed
oscillations are the response forced by global p-modes,
eigenmodes of the sunspot itself, or quiet Sun acoustic
waves transformed into magneto-acoustic waves in the
magnetized atmosphere of a sunspot. In addition, it is
hard to distinguish whether the observed magnetic field
oscillations are intrinsic oscillations produced by some
type of wave propagating in a sunspot, or whether they
are produced by instrumental or time-dependent opacity
effects [8,55,72]. The assumption that time variations of
the opacity of the solar atmosphere can cause the ob-
served magnetic field oscillations was made by Lites et

al. [55] soon after the detection of these oscillations. All
observations using spectral lines as a source of informa-
tion are influenced by this effect, even if the magnetic
field vector is recovered by inversion methods. In the lat-
ter case it seems to be the only distorting factor since
the influence of other atmospheric parameters is careful-
ly excluded.

The effect consists of the following. The absolute val-
ue of the magnetic field strength in the sunspot umbra
in photosphere decreases with height by approximately
2–3 G per km (see, for example, [85]). Any compress-
ible wave (accompanied by oscillations of pressure and
density) will imply time variations of the continuum ab-
sorption coefficient. The latter will result in the displace-
ments of the line-forming region. Observations in this line
will give values of the magnetic field strength correspond-
ing to lower or higher layers in the atmosphere, leading
(in the case of the magnetic field gradient) to larger or
lower values of the magnetic field strength.

Although exact calculations have not been performed
yet, Rüedi et al. [72] have confirmed the assumptions
of Lites et al. [55] about the importance of this effect
by means of the numerical modeling. The authors have
applied the theoretical model for oscillations of Cally &
Bogdan [19], Cally et al. [20] and synthesized the time se-
quence of the Ni I λ676.8 nm line profiles used by MDI.
The theoretical profiles were convolved with the filter
functions of MDI in a similar way as is done on board
SOHO and the magnetograms were obtained. The am-
plitude of oscillations of the magnetic field obtained from
the synthesized magnetograms was of 7.2 G, while model

for oscillations it was just 2.5 G at the heights of forma-
tion of the Ni I λ676.8 nm line. Rüedi et al. [72] came
to the conclusion that a major part of magnetogram sig-
nal is not caused by intrinsic oscillations in the magnet-
ic field but rather by oscillations in density and tem-
perature. This effect arises in MDI observations even in
the absence of the magnetic field gradient, owing to the
intensity oscillations in the Ni I λ676.8 line. The phase
shifts between the velocity and magnetic field oscillations
in the case of zero gradient has an opposite sign to that
observed by MDI. If the magnetic field has a gradient,
the phase of the magnetic field oscillations depends on
its value. At the gradient of 3 G km−1 it differs by 180
degrees from the zero gradient case. Both the amplitude
and the phase of the magnetic field oscillations due to
opacity effects obtained in the numerical experiment of
Rüedi et al. [72] are similar to those registered in MDI
observations. Thus, the vertical gradient of the magnetic
field in sunspots plays an important role and can define
the observed properties of oscillations.

C. Theoretical models

Theoretical modeling of oscillations in the magnetized
atmosphere has achieved a significant level of sophisti-
cation. A number of models are developed for the differ-
ent magnetic field configuration, various boundary condi-
tions, a homogeneous or stratified atmosphere, etc. Here
we shall briefly consider only those models that were used
most successfully for the interpretation of oscillations in
sunspots. The models can be virtually classified into two
main classes — analytical and numerical.

D. Analytical models

The analytical solution of the system of the magneto-
hydrodynamical (MHD) equations for the case of a verti-
cal (parallel to the gravity direction) constant magnetic
field is known since the 1970s [86]. The method of seeking
the solution was suggested for the first time by Ferraro
& Plumpton [26]. An example of the system of the lin-
earized MHD equations is given below:

∂ρ1

∂t
+ v1∇ρ0 + ρ0∇v1 = 0, (3)

ρ0

∂v1

∂t
+ ∇P1 − gρ1 +

1

4π
∇(B0B1) − (B0∇)B1 = 0,

(4)

ρ0cv
∂T1

∂t
+ P0(∇v1) = − 1

τR
ρ0cvT1, (5)

∂B1

∂t
− (B0∇)v1 + B0(∇v1) = 0 , (6)
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where the variables have the usual meaning. Here, the
equation of energy conservation (5) contains on the right-
hand side the term describing energy losses due to the ra-
diative relaxation under the Newtonian cooling approx-
imation. Assuming the time and horizontal dependence
of all first-order variables of the form exp i(ωt+ kxx),
the system (3–6) is reduced to fourth-order differential
equations for a variable ξ = ωH/Va, where ω is the fre-
quency of oscillations, H is the scale height of pressure of
the isothermal atmosphere, and Va is the Alfven speed.
The first two quantities are constants in the model while
Va = B0/

√
4πρ depends on height according to the expo-

nential fall in density at B0 = const. The solutions of the
differential equation for ξ can be expressed in terms of
Meijer G12

24 functions, which are determined as complex
contour integrals.

The theory of oscillations in the isothermal magne-
tized atmosphere was then advanced in works by Zhugzh-
da & Dzhalilov [89–91], Leroy & Schwartz [53], Babaev
et al. [6, 7], and Cally [18]. It was generalized for the
case of a constant inclined magnetic field by Zhugzhda
& Dzhalilov [89–91], and for the case of non-adiabatic
oscillations by Babaev et al. [6, 7]. The solutions of the
system are magneto-acoustic-gravity waves in a strati-
fied atmosphere, and their properties depend mainly on
the ratio between magnetic and gas pressure (i. e. plasma
parameter β) and the inclination of the magnetic field.

Babaev et al. [6,7], Zhugzhda & Dzhalilov [89–91] an-
alyzed the properties of the solutions in the case of a
weak and strong magnetic field and the transformation
of waves at the transition from one regime to another. In
the case of a weak magnetic field (ξ � 1), the asymptotic
solutions have the form [90]:

v⊥ = C1 exp
[

− z

2H
+ i(ωt+ kxx+ kzz)

]

(7)

+ C2 exp

[

−
z

4H
+ i

(

ωt+ kx(x− σz) ±
2ωH

Vaz

)]

,

where v⊥ is the velocity component perpendicular to the
magnetic field, C1 and C2 are constants, Vaz is vertical
component of Alfven speed, parameter σ = B0x/B0z de-
pends on the inclination of the magnetic field, and kz is
defined from the relation:

k2

z =
ω2

c2s

(1 + σ2)

γ
−

1

4H2
− k2

x

(

1 −
(γ − 1)

γ

c2s
ω2H2

)

.

(8)

Solution (7) defines the two independent modes of os-
cillation and two complex conjugate solutions can be
added to it. In case of a vertical magnetic field σ it is
equal to zero and kz coincides with the wave vector for
the acoustic-gravity waves in the non-magnetized atmo-
sphere. This means that the mode of oscillations with
C1 in the weak magnetic field represents to first order
a usual acoustic-gravity wave. The solution with C2 de-

scribes a slow magneto-acoustic wave in the weak mag-
netic field. In the case Vaz � ω/σkx this wave propagates
with Alfven speed in the direction of Z axis. The given in-
equality is fulfilled (among other cases) for small kx and
σ, i. e. vertical oscillations in the vertical magnetic field.
Thus, the mode with C2 in case of the weak magnetic
field is similar to the Alfven wave in the non-stratified
atmosphere except that its amplitude grows with height
as exp(−z/4H).

In case of a strong magnetic field (ξ � 1) the asymp-
totic solution looks like [90]:

v⊥ = C1 exp
[

−
z

2H
+ i(ωt± kxx± kzz)

]

(9)

+ C2 exp [±kxz + i(ωt± kxx)] ,

where

kz = ±

√

ω2

c2s

(1 + σ2)

γ
− 1

4H2
− 2σkx

2H
. (10)

As the value of the wave vector kz depends on the sign of
kx, the item with C1 includes four linearly independent
solutions for a slow magneto-acoustic mode in a strong
field. In other words, the character of the wave propa-
gation depends on whether kx and B0x have the same
sign. The C2 solution corresponds to the fast magneto-
acoustic mode. According to Zhugzhda & Dzhalilov [90]
this mode does not propagate in the vertical direction
due to a complete reflection but propagates horizontally
irrespective of the magnetic field inclination.

In case of an intermediate value of the magnetic field
(ξ ∼ 1) the solutions of the system of MHD equations
cannot be classified as independent modes of oscillations
in the sense that they actively interact with each other.
The maximum of the interaction between various types
of modes and their transformation from one type to an-
other occurs in the region where ξ ∼ 1 [91]. The com-
putation of the solutions in terms of Meijer functions in
the case ξ ∼ 1 (which is equivalent to β ∼ 1) encoun-
ters numerical difficulties since the integral (or the series)
does not always converge. The observed photospheric 5-
minute oscillations correspond to the heights of 0–300
km, depending on a spectral line. In these relatively deep
layers β ≤ 1 and the use of the exact solution of the sys-
tem of MHD equations in terms of Meijer functions for
interpretation of oscillations is complicated.

E. Numerical models

Since the complexity of the MHD equation describing
the problem very often makes an analytical solution im-
possible, recourse is had to numerical approaches. One
of the most successful numerical models is that of Bog-
dan & Knölker [15], Cally & Bogdan [19], and Cally et

al. [20] who explored a possibility of the existence the of
trapped modes of oscillations in the sunspot atmosphere.
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The model atmosphere consists of three layers: the pho-
tosphere and chromosphere are represented by MACK-
KL, the M sunspot model [56], a polytrope below, and
an isothermal corona above. The vertical magnetic field
is constant in all the layers. The initial system of MHD
equations is the same as in the paper by Zhugzhda &
Dzhalilov [90] (see Eqs. 3–6 above), the perturbations
are assumed to be adiabatic. A numerical solution of the
system of MHD equations, depending on the parameter,
leads to a discrete set of damped modes for a prescribed
real horizontal wavenumber [19] or to a set of evanescent
spatial modes for the prescribed real frequencies ω [20].
In the first case [19] in the weak magnetic field the imag-
inary part of complex eigenfrequencies reduces to zero,

i. e. the values of frequencies tend to real values for the
polytropic non-magnetized atmospheres. In the strong
magnetic field, the damping of oscillations decreases with
increasing horizontal wave number. At some values of the
wave number the imaginary part of frequency becomes
equal to zero which corresponds to a trapped mode of
oscillations in a sunspot. According to the estimates of
Cally & Bogdan [19] the eigenperiods of oscillations of
sunspots appear to be in the 3-minute period band. In
the case that the free parameters of the model are the real
frequencies of oscillations, imaginary values of horizontal
wave number (according to [20]) mean the damping to
oscillations in the direction from the penumbra towards
the center of a sunspot.

Fig. 6. Top panel: Dotted curves — observed variations of magnetic field strength at log τ5000 = −1. The oscillations are
filtered in the frequency range 2–8 mHz. Solid curves — variations of magnetic field produced by temporal variations of opacity
due to the SLOW (upper plot) and FAST (lower plot) magneto-acoustic modes. Individual 22-min time series from six adjacent
pixels are put together to make the oscillations more visible. The farther from the left, the larger the distance to the umbra
center. Middle panel: The same for intrinsic variations of magnetic field. Bottom panel: Dotted curve — observations. Solid
line — least squares fit to observations from the “opacity” and intrinsic parts of δB variations of both modes (see Khomenko
et al. [43] for details).
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The amplitudes of oscillations of the magnetic field
obtained in the numerical model of Cally et al. [19, 20]
are low, approximately several G, and the phases do not
agree with observations [55, 72]. A serious limitation of
the model is the assumption of constant with height ver-
tical magnetic field. As mentioned before, the magnetic
field inclination and gradient play an important role in
the appearance of the observed oscillations and neglect-
ing these agents does not allow an adequate comparison
with observations.

There are thus several questions to be answered. Do
we observe intrinsic magnetic field oscillations? How im-
portant is the effect of temporal variations of opacity?
Which types of waves can explain the observed magnetic
field variations? To answer the question on the nature of
sunspot oscillations it is necessary on the one hand to
have precise knowledge of the oscillating parameters and
relations between them. On the other hand, theoretical
models should reproduce closely the conditions in the so-
lar atmosphere where the oscillations are observed, the
configuration of the magnetic field in sunspots and the
observational procedure.

Some work in this direction has been done by
Khomenko et al. [43]. An attempt was made to account
for the observational procedure and for the observed
structure of the sunspot as close as possible, even at the
cost of some simplification of the wave propagation mod-
el. A solution of the MHD wave equation was considered
in a stratified atmosphere with a non-constant inclined
magnetic field. The magnetic field vector and other pa-
rameters of the atmosphere (such as pressure, tempera-
ture, etc.) were taken from the inversion of the full Stokes
vector of the infrared Fe I lines by Bellot Rubio et al. [8].
The magnetic field gradient was taken into account by
the method of slabs, i. e. by dividing the atmosphere into
a series of horizontal slabs where the atmosphere param-
eters change slightly and the solution for the uniform
atmosphere can be applied. Despite these serious sim-
plifications the intrinsic magnetic field oscillations and
the oscillations due to opacity effects were computed for
the two magneto-acoustic modes and compared with ob-
servations by Bellot Rubio et al. [8]. The oscillations of
the magnetic field due to opacity variations are shown in
the upper panel of Fig. 6. The two modes behave quite
differently. The slow mode produces significant “opaci-
ty” magnetic field oscillations. At the umbra center, the
amplitude and phase of this mode looks quite similar to
the observational data. At the umbra/penumbra bound-
ary, the amplitude is much larger and the theoretical
curve does not describe the observations. The fast mode
produces negligible opacity variations in all the models
except the last two closest to the umbra border. The be-
havior of the intrinsic magnetic field oscillations differs
strongly from those due to opacity effects (central panel
of Fig. 6). The amplitudes of the intrinsic δB oscillations
produced by the slow mode are extremely low. At the
same time the δB oscillations of the fast mode are of the
same order of magnitude as the observations. The intrin-
sic δB oscillations are in antiphase with the observations,
which is in agreement with the results of Rüedi et al. [72].

Comparison with observations revealed that the observed
oscillations could be a result of magneto-acoustic modes
in sunspot umbrae and that the oscillations can only be
reproduced if we assume that two fast and slow modes
co-exist in a sunspot, and that their relative contribu-
tion into the observed oscillations changes with the dis-
tance from sunspot radius. An important conclusion of
Khomenko et al. [43] is that modeled and observed oscil-
lations have similar amplitudes.

V. CONCLUSIONS

In spite of the vast amount of knowledge gathered
about 5-minute oscillations and improvements in theo-
retical models, many important questions remain unan-
swered. Some of these questions are listed below.

• What are the amplitudes and phases of oscillations
above granules and intergranules? How does the
effect depend on the spectral lines used for obser-
vations?

• How to separate effectively local and global wave
phenomena?

• How do properties of oscillations above granules
and lanes depend on height?

• Why do evanescent 5-minute oscillations some-
times show phases proper for running sound waves?

• What can explain the differences in behavior of os-
cillations above granules and lanes—the existence
of discrete acoustic sources and/or the modulation
of oscillations by convective structure of the solar
atmosphere?

• What are the relations between the excitation
mechanism of oscillations and their observed re-
lations with the granular pattern?

• Are there relations between the excitation of oscil-
lations with the solar activity?

• What are the additional mechanisms that drive
high-energy low-l oscillations?

• The consistent theory of waves in periodic gravi-
tating solar atmosphere does not exist.

• What will the amplitudes and phases of 5-minute
oscillations be in the case of modulation by the
atmosphere? Will the difference in amplitudes of
oscillations above granules and intergranules grow
or decrease with height?

• The wavelengths of acoustic oscillations and gran-
ulation are nearly of the same order. What effects
will cause the reflection of waves on granular inho-
mogenities?

• Do we observe intrinsic magnetic field oscillations
in sunspots? Precise knowledge concerning the os-
cillating parameters and relations between them is
needed.
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• How important is the effect of temporal variations
in the opacity of the solar atmosphere?

• Which types of waves can explain the observed
magnetic field variations in sunspots? Theoretical
models should reproduce closely the conditions in
the solar atmosphere where the oscillations are ob-
served, the configuration of the magnetic field in

sunspots, and the observational procedure.

• Is there a resonant cavity in sunspots as in the
quiet Sun? Do sunspots possess trapped modes of
oscillations?
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H. Wohl, Astron. Astrophys. 356, 308 (2000).
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[72] I. Rüedi, S. K. Solanki, T. Bogdan, P. Cally, in: K. N. Na-
gendra, J. O. Stenflo (eds.) Solar Polarization (Kluwer,
Dordrecht, 1999), p. 337.
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КОЛИВАННЯ В ЛОКАЛЬНИХ СОНЯЧНИХ УТВОРЕННЯХ

Р. Костик, О. Хоменко
Головна астрономiчна обсерваторiя НАН України,

вул. Заболотного, 27, Київ, 03680, Україна

Сонце — це єдина зоря, поверхню якої можна спостерiгати з такої близької вiдстанi. Просторова роздi-

льна здатнiсть сучасних наземних й орбiтальних телескопiв досягає 0.1 кутової секунди, що еквiвалентно

100 км на сонячному диску. Це дає новi можливостi для вивчення тонкої структури сонячної атмосфе-

ри: ґрануляцiї, локальних коливань, варiяцiй магнетного поля у спокiйних та активних дiлянках. У цiй

оглядовiй статтi наведено результати дослiджень коливань i їх взаємодiї з локальними структурами соняч-

ної атмосфери — ґрануляцiєю та сонячними плямами. Розглянуто такi питання: вплив хвиль на контури

спектральних лiнiй, механiзми збудження коливань локальними акустичними джерелами, модуляцiя хвиль

конвективною структурою сонячної атмосфери, результати спостереження та математичного моделювання

коливань у сонячних плямах. Коротко сформульовано проблеми, якi чекають свого розв’язання.
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