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Abstract. We investigate the spectral signature of magnetoacou-
stic-gravity surface waves (MAGS-waves), which we expect to
exist at the interface between the lower boundary of the magnetic
field of the sunspot penumbra and the non-magnetic gas below.
MAGS-waves have a number of properties that make them at-
tractive candidates for explaining the photospheric Evershed
effect: 1. Since they transport only energy but no mass, they re-
solve the problem of mass conservation at the outer penumbral
boundary. 2. Since they are restricted to magnetic interfaces,
they are only (or dominantly) present in the penumbra and ab-
sent in the umbra. 3. The phase relation between the temper-
ature, the horizontal, and vertical velocity perturbations leads
to line shifts and asymmetries in observations at the limb, but
none at disc centre. 4. The amplitude of the velocity pertur-
bation drops approximately exponentially with height, in good
agreement with observations. 5. Waves travelling in opposite
directions with respect to the observer produce oppositely di-
rected line shifts and asymmetries, making it straightforward
to explain the opposite shifts and asymmetries observed in the
limb-side and centre-side penumbra.

Key words: Sun: magnetic fields — sunspots — line: profiles -
MHD

1. Introduction

Evershed (1909) discovered that Fraunhofer lines in spectra of
sunspot penumbrae are displaced. In the limbward penumbra the
line profiles are red-shifted, whereas in the centreward penum-
bra the profiles are blue-shifted. This effect is more pronounced
for spots observed closer to the limb. Apart from the often rather
small displacement of the line core, the line profiles show a pro-
nounced asymmetry (e.g. Schréter 1965; Stellmacher & Wiehr
1980; Schroter et al. 1989). Evershed himself suggested that
the line-shifts could be explained by matter flowing out of the
penumbra, and his suggestion has been widely accepted.
Meyer & Schmidt (1968) showed that such a flow will occur
along an arched magnetic flux tube connecting two footpoints
(of equal gravitational potential) on the solar surface whenever
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the gas pressures at the two footpoints differ. The flow accel-
erates away from the high pressure footpoint in the penumbra
to the low pressure footpoint, a pore, knot or magnetic ele-
ment in the surroundings of the spot. This so-called siphon flow
model, however, is in serious conflict with mass conservation.
If the Doppler shifts are indeed interpreted as mass flows, the
observed mass flux from the deeper layers of the penumbra is
much larger than that observed in the superpenumbral magnetic
canopy (Solanki etal. 1992, 1993). Furthermore, no motions can
be detected at any photospheric height in the structures forming
the outer footpoints of the magnetic arches which emanate from
the penumbra (e.g. Stenflo & Harvey 1985; Solanki 1986).

A completely different approach to the problem was taken
by Maltby & Eriksen (1967), who suggested that the Evershed
effect might be due to progressive, acoustic waves travelling par-
allel to the solar surface, radially outwards from the umbra. They
showed that these waves may produce net line asymmetries due
to a correlation between temperature and velocity. Since waves
do not transport matter, the missing mass-flux problem is auto-
matically solved. On the other hand, this wave model faces a
new problem: acoustic waves do not have a preferred direction
of propagation. Hence the acoustic wave model cannot explain
why the Evershed effect is only seen towards the limb but not
at disc centre (e.g. Maltby 1964).

The difficulties associated with the interpretation of the Ev-
ershed effect as an acoustic wave phenomenon are not greater
than those involved in the siphon flow model. Whereas the lat-
ter provides a natural explanation of the directional character of
the Evershed phenomenon, the former offers an elegant solution
to the missing mass-flux problem. In this paper we consider a
model which combines these two aspects. It is based on surface
waves, i.e. waves that propagate along the interface between
two media and decay perpendicularly away from it. Such waves
are likely to exist at the boundary between the penumbral mag-
netic field and the underlying non-magnetic convection zone.
For large horizontal wavelengths they might appear as running
penumbral waves as suggested by Nye & Thomas (1976b). Their
properties stem from the combined influence of gravitational,
compressional, and magnetic restoring forces, suggesting the
term magneto-acoustic gravity surface (MAGS-) waves (Miles
& Roberts 1992; Miles et al. 1992). Since temperature and hori-
zontal velocity perturbations are correlated in these waves, they
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Fig. 1. The stratified two layer equilibrium model with interface at
z = 0. Quantities with subscript ‘i’ refer to the (internal) upper magnetic
region, those with subscript ‘e’ to the (external) lower non-magnetic
region. We observe the interface along a line-of-sight, at an angle 6 to
the vertical

are expected to affect line profiles when observed away from
disc centre (Darconza 1992). This property of MAGS-waves is
the topic of our investigation.

Bearing in mind that our model is very rudimentary, we have
not attempted to quantitatively reproduce the observations, re-
stricting ourselves to qualitative comparisons. The present paper
is therefore exploratory in nature. In Sect. 2 we briefly describe
the various surface modes and their eigenfunctions. Section 3
contains a description of our simple penumbral model and its
analysis in radiative transfer calculations. The results are pre-
sented in Sect. 4, and our conclusions are discussed in Sect. 5,
followed by suggestions for improving the model. The most im-
portant formulae describing magneto-acoustic gravity waves in
general and the surface wave solutions for our two layer model
in particular are given in appendices A & B.

2. Magneto-acoustic gravity waves

We consider surface waves at a horizontal current sheet in the
photosphere separating an upper magnetic from a lower non-
magnetic region as shown in Fig. 1. This two-layer model with
a sharp interface, where the magnetic field changes discontinu-
ously, may serve as a first approximation to the field structure
of the penumbra of a large sunspot. The basic equations for
magneto-hydrodynamic (MHD) wave propagation in an ideal,
perfectly conducting, compressible, and stratified plasma are the
equations describing the continuity of mass, momentum and en-
ergy, together with the induction equation and an equation of
state. Effects of viscosity are neglected, and the perturbations
are assumed to be adiabatic. The formal solution of the problem
has been given by Miles et al. (1992; see also Nye & Thomas
1976a) so that we restrict our discussion to some general state-
ments.
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Fig. 2. Dispersion diagram of magneto-acoustic gravity surface modes.
Nondimensional phase speed Y vs. non-dimensional horizontal wave-
number X for ¢;/ce = 0.835 and v4(0)/ce = 0.632. For a given
wavenumber X surface modes are restricted to phase speeds Y between
the two cutoff frequencies R;(X) and R,(X) (dotted curves) given
by Eq. (3). Within this region, there is a separation into slow (Y <
cr(0)/ce) and fast (Y > ¢;/c.) modes. The lower horizontal dashed
line is the asymptote to which the slow mode develops in the case of
zero gravity (see Miles et al. 1992)

2.1. Solution of the linearized equations

We study linear perturbations (index ‘1’) of the equilibrium con-
figuration (index ‘0’) shown in Fig. 1. Linearization of the basic
MHD equations allows us to reduce the problem to one ordinary
differential equation in the vertical velocity perturbation, vj,.
We seek solutions for the perturbations whose dependence on
time ¢ and horizontal coordinate x is given by

expli(wt — kzx)] , e

where w is the frequency and k, the horizontal wave-number.
The resulting equation governing the vertical velocity ampli-
tude (indicated by a circumflex) 9;,(2) is given in appendix A,
Eq. (A1), along with the expressions for all the other perturba-
tions in terms of 9;,(2) and its first derivative, Eqs. (A2).

Since for all surface waves dv;,/dz is in phase with vy,
it follows from these expressions that, except for B, all per-
turbations are phase-shifted equally by 7/2 with respect to vy ,.
Consequently, the perturbations in horizontal velocity and tem-
perature are correlated and lead to a net line shift in observations
close to the limb. In contrast, due to the phase lag between vy,
and 71, there is no asymmetric influence on the line profile for
observations at disc centre. This is in good qualitative agreement
with observations.
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Fig.3. The eigenfunctions of the vertical velocity (left), the horizontal velocity (middle), and the temperature perturbations (right) arising
from the slow mode (solid), the 1% (dotted), and the 2™ (dashed) harmonic mode, respectively, vs. height z/He, where He = 150 km is
the external pressure scale height. The modes have been calculated for the model atmosphere described in Sect. 3.1 with ¢;/c. = 0.835 and
v4(0)/ce = 0.632. The horizontal wavelength of the modes is A = 63.4 km (X = 15 in Fig. 2), the periods P are 18.4 s, 9.0 s, and 7.8 s,
respectively. The magnitude of the relative temperature perturbation depends upon the absolute velocity amplitude 9;,(0) which in this case was
chosen 100 m/s. The equilibrium temperature Ty is given by T, = 6420 K for z < 0 and by T; = 4530 for 2 > 0

2.2. The two-layer equilibrium

Our crude penumbral model consists of two isothermal layers
(with temperatures T; . = constant) the upper one of which is
permeated by a constant horizontal magnetic field (B; = con-
stant, B, = 0). The equilibrium therefore is one of hydrostatic
balance throughout the entire model with a density stratifica-
tion according to p; (2) = p;e exp(—z/ H;.), where p; . are
the densities above (z > 0) and below (z < 0) the interface,
H; = c%/(vg) and H, = c%/(vg) the constant scale-heights, c;
and c. the respective isothermal sound speeds, «y the adiabatic
exponent, and g the gravitational acceleration. For this equilib-
rium the problem can be solved analytically. The solution for
01,(2) is given in appendix B, Eq. (B1). Note that in this case
the Alfvén speed, v4(z) = B;//4mp;(2), increases with height
as exp[z/(2H,)], leading to the appearance of harmonics of the
basic modes of the system.

2.3. The dispersion relation

The dispersion relation of the above equilibrium configuration
follows from the pressure balance at the interface and is given in
Eq. (B3). Due to its transcendental character it must be studied
numerically. For this purpose it is convenient to choose a non-
dimensional notation, introducing the quantities

X =k, He ,

. 03]

where X is the non-dimensional wave number and Y the phase
speed of the waves along the interface in units of the external
sound speed. All the other quantities appearing in the dispersion
relation can be expressed in terms of ¢; /ce, v4(0)/ce, 7y, X, and
Y. For all our calculations we have used y = 5/3.

2.4. Surface modes

The solution in the non-magnetic domain may decay or oscillate
in the z-direction depending on frequency and given wavenum-
ber k.. Non-oscillatory (i.e. surface) modes are restricted to
a particular region in the w-k,-diagram (X-Y -plane) whose
boundaries R;(X) and R,(X) are given by

1 2 v—1
R (X) = e {1+4X2:|: \/(1+4X2) —647)(2} )
(3)

The surface modes exist in the range R; < Y < R;, as shown
in Fig. 2. In the region above the upper dotted curve, R(X),
any perturbation of the interface decays due to the downward
emission of gravitationally modified acoustic waves. In the re-
gion below the lower dotted curve, R;(X), the damping is due
to the emission of gravity waves instead.

In the absence of gravity, a magnetic interface supports two
surface waves: a slow magneto-acoustic mode, indicated by the
lowest horizontal dashed line in Fig. 2, and also a high-phase-
speed or fast magneto-acoustic mode if the field free region is
warmer than the magnetic region (i.e. ¢; < c.) and v4(0) > ¢;
(Roberts 1981; Miles & Roberts 1989). In the stratified case, the
Alfvén speed increases exponentially with height, leading to the
appearance of additional trapped harmonic modes in the high
phase speed domain (Nye & Thomas 1976a,b; Miles et al. 1992).
They correspond to magnetically modified p-modes and exist
even if v4(0) < ¢;, i.e. in the case of a weak magnetic field. As
the magnetic field strength is increased, the 1% harmonic (corre-
sponding to a magnetically modified f-mode) develops into the
fast mode and the higher harmonics are restricted to ever larger
values of X, i.e. shorter horizontal wavelengths. Figure 2 shows
the modes obtained for ¢;/c. = 0.835 and v4(0)/c. = 0.632,
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the values which we have used throughout our calculations (see
Sect. 3). Note that the boundaries of the surface mode domain,
R; and Ry, set an upper limit to the period and wavelength of
each surface mode (except for the 1% harmonic which reappears
close to X = 0, i.e. at very large horizontal wavelengths). For
our model described in Sect. 3.1 the maximum wavelengths for
the slow mode, the 1%, and the 2" harmonic are 950, 1570, and
80 km, respectively, corresponding to 1.2"7,2.2”,and 0.1” on the
solar disc at vertical incidence. Although it is possible to resolve
the slow mode and the 1** harmonic close to the cutoff at high
spatial resolution, almost all the wavelengths lie considerably
below the currently achievable spatial resolution limit.

2.5. Remarks on surface mode eigenfunctions

The characteristic feature of surface waves is that they propa-
gate only parallel to the interface and decay in the perpendicu-
lar direction away from it. In the unstratified case this decay is
strictly exponential and more rapid in the magnetic layer (Miles
& Roberts 1989; Jain & Roberts 1991). In the presence of grav-
ity, however, the perturbations arising from the harmonic modes
not only penetrate much farther into the magnetic region, but
may even assume their maximum there, i.e. at a certain verti-
cal distance above the interface at z = O (cf. Fig. 3). This is a
fundamental difference between the low and high phase speed
modes of the system and of great importance for their spectral
signature discussed in the subsequent sections. As an example,
Fig. 3 shows the eigenfunctions of the velocity and temperature
perturbations arising from the slow mode and the 1% and 2™
harmonics with wavelengths A, = 63.4 km (X = 15 in Fig. 2)
as a function of z/H, for the model atmosphere described in
Sect. 3.1 with ¢;/c. = 0.835 and v4(0)/c. = 0.632. For larger
values of X (i.e. smaller horizontal wavelength ),), we obtain
qualitatively similar results.

Note also the magnitude of 0, relative to 9;,: the largest
velocity fluctuations occur in the horizontal direction. The max-
imum and minimum values of 9;,(2)/9,(0) and of T(2)/T; for
z > 0and T1(2)/T. for z < 0 vary differently with wavelength
for the various modes. Whereas they increase with increasing
wavelength for the slow mode, the opposite is the case for the
1%t harmonic. The perturbation amplitudes of the 1** harmonic
grow dramatically for A, < 100 km. This indicates that the
linear treatment looses its validity for very short wavelengths,
even for small 9, ,(0).

3. Model construction and spectroscopic analysis

3.1. Perturbation of the equilibrium model

In this section we describe the main features and properties of
our model. The equilibrium consists of two layers, an upper
magnetic and a lower non-magnetic atmosphere. For the latter
we use the convection zone model of Spruit (1977), for the
former the penumbral model of Ding & Fang (1989) on which
we superimpose a constant horizontal magnetic field B;. The
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Fig. 4. Schematic diagram showing the bundle of parallel rays along
which we observe MAGS-waves (solid wavy lines) propagating along
the interface (dashed horizontal line) between the upper magnetic and
the lower non-magnetic layer. The rays enter the model at an angle 6
to the vertical (corresponding to p = cos 6 on the solar disc) and are
uniformly distributed over a full wavelength

two atmospheres are matched at a prescribed height z = zp by
requiring pressure balance

B?
pi(20) + §1— = pe(20) - “)
v
In order to properly resolve the interface at z = zy we recalculate
the 7.-scale at 5000 A with a prescribed upper limit of 0.1 for
the log 7.-stepsize.

After having constructed the equilibrium model, we deter-
mine in a second step the perturbations arising in both half-
spaces from the surface waves at the interface z = 2o. For this
purpose we use the atmospheric parameters at the interface as
the input values for the isothermal wave model described in
the previous section. This fixes the values of the basic non-
dimensional parameters c;/c. and v4(0)/c.. Taking v = 5/3,
the dispersion relation, Eq. (B3), is then solved for a given hori-
zontal wavenumber, &, under the constraints described in Sect.
2.4. This yields the allowed frequencies w(k;) for the various
modes of the system and hence the respective eigenfunctions
91, (2) from Eq. (B1). The perturbations in the other atmospheric
parameters follow from Eqs. (A2).

Note that whereas the equilibrium model in Sect. 2 con-
sists of two isothermal layers, the equilibrium part of the model
underlying the radiative transfer is composed of two semi-
empirical non-isothermal atmospheres. In photospheric levels
where temperature gradients are large, this procedure is ques-
tionable, and it is likely that the vertical temperature variation
will affect mode structure and eigenfunctions of the surface
waves. The computation of the “real” surface modes, however,
is a formidable task by itself and beyond the scope of this pa-
per. To obtain a first rough estimate of the spectral signature of
surface waves we have therefore used the available theory for
two isothermal layers (Miles et al. 1992).
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Fig.5. Line profiles of the Fe I 5250.2 A line calculated in the presence of the slow mode. a: p = 0.34, A\, = 700 km, 9;,(0) in km/s: 0.5
(solid), 1.0 (dotted), 1.5 (dashed), and 2.0 (dot-dashed). b: 11 = 0.34, 91, = 1 km/s, A\, in km: 112.5 (solid), 225 (dotted), 450 (dashed), and 900
(dot-dashed). ¢: A = 700 km, 9,(0) = 1 km/s, = cos §: 1.0 (solid), 0.6 (dotted), and 0.2 (dashed)

For a given choice of the two atmospheres we are free to
prescribe the vertical position of the interface, z, the unper-
turbed magnetic field strength, B;, and the wavelength of the
surface wave, )\,. Furthermore, we must prescribe the ampli-
tude 01,(0) = D1,(z0) of the vertical velocity perturbation at
the interface and finally, if more than one frequency is com-
patible with the given parameters, we must choose one of the
allowed modes. In all the calculations presented here the inter-
face resides at 7. = 1 of the unperturbed lower atmosphere. For
the above mentioned choice of atmospheric models this gives
Pe = 1.274 - 10° dyn/cm?, p, = 3.07 - 10~ g/em3, T, = 6420
K, and p; = 0.655 p., p; = 0.938 Pe, T3 = 0.706 T, for a mag-
netic field strength B; = 1000 G, yielding ¢;/c. = 0.835 and
v4(0)/c. = 0.632. The upper magnetic atmosphere is cooler
than the underlying non-magnetic convection zone, giving rise
to the propagation of harmonic modes along the interface (in
addition to the slow magneto-acoustic gravity mode).

3.2. Radiative transfer

To study the effect of MAGS-waves on the profiles of spectral
lines at various positions on the solar disc we “observe” the
model structure along a number of parallel rays entering the at-
mosphere at an angle 6 to the vertical. At a fixed time ¢, the rays
are distributed equidistantly over one horizontal wavelength of
the wave, as shown in Fig. 4. In a first step, we determine the
atmospheric structure including the perturbations arising from
surface mode propagation. In a second step, we recalculate the
Tc-scale (using the code by Gustafsson 1973) and the atmo-
spheric parameters along each ray. For the velocity field, v, we
determine the projection onto the line of sight (positive velocity
being directed away from the observer). In a final step we com-
pute the average of the line profiles emerging along the various
rays (1.5-D radiative transport). For details on the physics un-
derlying the radiative transfer calculations we refer to Solanki

(1987). Averaging over a full wavelength of the wave is equiv-
alent to considering one single ray at different times covering a
full wave period. The importance of this procedure lies in the
fact that only net shifts and asymmetries can be identified with
the Evershed effect, since the observed signal resembles a steady
flow. If the wavelength lies below the spatial resolution, then the
net shift can be seen while the oscillation remains invisible.

4. Results

We investigate the effect of MAGS-waves on the line profile
of the well-studied neutral iron line at 5250.2 A. First we de-
scribe the basic influence of surface waves on the line profiles
and discuss the influence of prescribed amplitudes and wave-
lengths (Figs. 5a & b). Then we demonstrate that the influence
of surface waves vanishes at disc centre and is observable only
towards the limb (Fig. 5¢). Finally, we discuss differences in
the spectroscopic signature of the various surface modes (slow
mode, first, and higher harmonics; Figs. 5a & 6).

4.1. Line asymmetries of Fe I 5250.2A

Figure 5a shows line profiles calculated at § = 70° in the pres-
ence of the slow mode with A, = 700 km and different values of
the vertical velocity amplitude 9, ,(0). The resulting line profiles
show only a small shift in the line core and strong asymmetries
in the wings, which become more prominent as the amplitude
of the perturbations is increased. This behaviour is a direct con-
sequence of the exponential decay of slow-mode perturbations
with height (Fig. 3). The line wings are formed deeper in the
atmosphere, where the perturbations due to the waves are large,
while the line core is formed higher up where the perturbations
are small. Consequently, for a spectral line formed higher in the
atmosphere the net effect will be smaller, in agreement with the
observed drop in Evershed velocity with height.
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Fig. 6. Line profiles calculated at u = 0.34 (6 = 70°) in the presence
of the 1*" harmonic with A, = 700 km. Different profiles correspond to
different vertical velocity amplitudes ©,(0) in km/s: 0.1 (solid), 0.25
(dotted), 0.5 (dashed), and 0.75 (dot-dashed)

As shown in Fig. 5b the line asymmetry also increases if for
fixed amplitude 9;,(0) the wavelength ), is increased. This is
due to the increasing horizontal velocity and temperature per-
turbations of the slow mode with increasing wavelength (cf.
Sect. 2.5). The profiles shown in Figs. 5 & 6 have been calcu-
lated for waves propagating towards the observer. Note that due
to the phase relations between horizontal velocity and tempera-
ture perturbations (and the specific temperature dependence of
the Fe I line) this results in a redshift of line core and wings.
For waves propagating away from the observer, we obtain a
blueshift. The depth of the line profiles in Figs. 5 and 6 is larger
than observed in the penumbra. The excess line depth is entirely
due to the chosen temperature stratification of the unperturbed
model atmosphere, in particular the large temperature jump just
above 7, = 1, and is not related to the wave perturbations.

4.2. The centre-to-limb variation of the MAGS-wave
signature

In Fig. 5c we have plotted three profiles of Fe I5250.2 A com-
puted in the presence of the slow mode with A\, = 700 km at
three different positions on the solar disc: p = 1.0 (8 = 0°;
solid), 4 = 0.6 (6 = 53°; dotted), and p = 0.2 (§ = 78.5°;
dashed). Note that whereas the profile at disc centre is com-
pletely symmetric and unshifted, the two other profiles show an
increasing asymmetry and line core shift towards the limb. In
addition, both the half width and the equivalent width of the line
increase towards the limb.

This change in line shape and equivalent width is deter-
mined by a number of parameters. As pointed out in Sect. 2.1
the perturbations in temperature are in phase with the horizontal
velocity, but completely uncorrelated with the vertical velocity
component. Hence, the line-of-sight velocity for observations at
disc centre shows no correlation with the temperature perturba-
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tions and therefore leaves the emerging line profile unchanged,
except for some broadening. Towards the limb the line profile is
increasingly affected by the horizontal velocity and the corre-
lated temperature perturbations, which gives rise to asymmetric
line profiles. Note also that, due to 91, /9, > 1 (Fig. 3, Sect.
2.5), the profiles formed near the limb are broader than the pro-
file formed at disc centre. To first order the line broadening
depends solely on the amplitude of the line-of-sight velocity
component and not on any phase correlation. Note, however,
that the increase in the equivalent width requires an additional
ingredient, namely the presence of strong gradients in the line-
of-sight velocity and temperature near the limb, which are absent
at ;4 = 1. They arise only along an inclined line-of-sight since it
samples different phases of the wave-perturbations at different
heights. The effect is expected to increase with decreasing A,.
Note that near the limb the line depth decreases due to the fact
that 7. = 1 is reached at a higher level in the atmosphere.

4.3. Slow and fast modes

The different modes have quite different influences on the line
profiles. Comparison of Figs. 5a and 6 shows that whereas the
slow mode mainly introduces strong asymmetries in the line
wings, while leaving the line core unchanged, the 1%* harmonic
appears to broaden and shift the line profile by approximately
the same amount at all intensity levels. The net effect is that the
line as a whole remains relatively symmetric, but is shifted.

The reason for this different behaviour lies in the structure of
the eigenfunctions for the given set of parameters. Whereas the
slow mode decays monotonically with height, the horizontal ve-
locity and temperature amplitudes of the 1%* harmonic increase
within the first pressure scale height above the interface and start
to decline only farther up (cf. Fig. 3). This large vertical range
of the perturbations is a common feature of all high phase speed
modes. Hence these modes have a considerable influence also
on the line core, which is formed at higher levels in the atmo-
sphere. Furthermore, they should produce asymmetries even if
the interface lies deeper in the atmosphere, in which case the
slow mode only minutely influences the line wings. This expec-
tation is confirmed by calculations.

The various modes also differ in the magnitude of the per-
turbations relative to the equilibrium values (cf. Fig. 3). The
perturbations are usually larger for the high phase speed modes
such that, e.g., the 28 harmonic strongly influences both the
wings and the core of the line, even for small 9;,(0). Decreasing
the horizontal wavelength reveals further differences between
the modes. For certain modes (e.g. the slow mode and the 2™
harmonic) the magnitudes of the perturbations decrease, while
for others (e.g. the 1%* harmonic) they increase.

5. Discussion and conclusions

We have explored the spectral signature of MAGS-waves propa-
gating along the horizontal interface between an upper magnetic
and a lower non-magnetic stratified atmosphere. We interpret
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this magnetic configuration as a very simple model of the ex-
panding penumbra of a sunspot overlying the quiet convection
zone. It lies in the nature of a linear wave theory that the am-
plitudes of the wave perturbations are small compared to the
equilibrium values. In spite of their smallness they can greatly
influence spectral lines. We find that surface waves can produce
small shifts in the line core of Fe I 5250.2 A and large shifts
in its wings when observed towards the limb. This signature is
in qualitative agreement with the Evershed effect observed in
sunspot penumbrae.

As mentioned in the introduction and discussed in detail
by Solanki et al. (1993), mass conservation is a severe prob-
lem at the outer penumbral boundary if the Evershed effect is
interpreted as a steady mass flow (e.g. as a siphon flow). Our
attempt to explain the Evershed effect as a surface wave phe-
nomenon has the advantage that mass conservation is a priori
satisfied. A wave model has already been suggested by Maltby
& Eriksen (1967), but the acoustic waves they consider have no
directional character and should propagate in basically all direc-
tions. Hence, in their model the centre-to-limb variation of the
line shifts and asymmetries is hard to explain. Surface waves,
on the other hand, propagate only along the surface they live
on. Furthermore, their perturbations in temperature are in phase
with the horizontal velocity but out of phase by 7/2 relative to
the vertical velocity. Since the net influence of magneto-acoustic
waves on spectral lines lies in their phase correlations (Solanki
& Roberts 1992), the asymmetry produced by horizontally prop-
agating MAGS-waves vanishes at disc centre.

We have used a model configuration in which the upper mag-
netic atmosphere is cooler than the underlying quiet convection
zone giving rise to two types of modes: a slow magneto-acoustic
mode and (trapped) harmonic modes, the lowest of which is
a magnetically modified f-mode. Whereas the former decays
monotonically away from the interface and mainly influences
the line wings formed low in the atmosphere, the latter may
reach higher up and also induce a shift of the line core. The
sign of the asymmetry seen towards the limb changes, depend-
ing on whether the waves are propagating towards (red-shifted
line profiles) or away from the observer (blue-shifted line pro-
files). Hence, the blue- and red-shifts seen in the discward and
limbward penumbra of sunspots, respectively, can be explained
by MAGS-waves propagating from the outer penumbra towards
the umbra. The only directly observed waves in the penumbra
are the outward propagating running penumbral waves (Gio-
vanelli 1972). Although these waves have also been modelled
by surface waves (Nye & Thomas 1976b), they are quite distinct
from the surface waves considered in the present paper which
have wavelengths close to or below the current spatial resolution
limit.

This result and the known phase relation between horizontal
velocity and temperature allow further conclusions to be drawn.
The horizontal phase velocity vector is parallel to the direction
of propagation when the temperature is high, and anti-parallel
when the temperature is low. Combining this with the sense of
the net line shift implies that the spatially averaged profile ob-
tains its largest contribution from the low-temperature regions.
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Consequently, the asymmetry and shift of the spatially averaged
line profile is mainly due to the correlation between line strength
and velocity and to a much smaller extent to the correlation be-
tween continuum intensity and velocity. Therefore, we expect
that lines with different properties will also show different net
shifts and asymmetries. Such differences are observed (e.g. Ichi-
moto 1987). One should, however, keep in mind the simplicity of
our linear model. Extensions such as the consistent determina-
tion of the linear eigenmodes of a non-isothermal atmosphere,
the inclusion of radiative energy exchange, or a proper non-
linear calculation of surface waves may well introduce changes
which affect the phase correlations and hence the line profiles
significantly. Furthermore, efficient radiative energy exchange
may attenuate the temperature fluctuations caused by the waves
(except maybe for the harmonics; cf. Fig. 3). In addition, there is
some observational evidence that the Evershed effect is limited
to a fraction of penumbral filaments only (e.g., Mamadazimov
1972; Title et al. 1992). A superposition of profiles from two
such components should also affect the spectral signature.

One major shortcoming of the present model is the require-
ment of a magnetopause very close to the 7. = 1 level through-
out the penumbra. This contradicts the conclusions of Solanki &
Schmidt (1993), who find that sunspot penumbrae are deep, i.e.,
most penumbral magnetic field lines cross the 7. = 1 level within
the penumbra. This implies that the model, as proposed here,
cannot be correct. Surface waves may nevertheless be responsi-
ble for the Evershed effect. There is increasing evidence that the
magnetic field in sunspot penumbrae is filamentary on the scale
of the white-light filaments (e.g. Beckers & Schroter 1969; De-
genhardt & Wiehr 1991; Title et al. 1992; Schmidt et al. 1992).
Broad-band circular polarization measurements (e.g. Illing et
al. 1975; Makita & Ohki 1986) require that the field is also
strongly filamented in the vertical direction (Solanki & Mon-
tavon 1993). Consequently, there exist horizontal interfaces be-
tween two magnetic components of different field strength and
direction within the penumbra. Surface waves travelling along
such interfaces should also produce the spectroscopic signature
of the Evershed effect.

In summary, we have presented surface waves as an alter-
native to the classical interpretation of the Evershed effect as
a steady flow. Although surface waves — within the limits of
this exploratory investigation — explain a number of basic ob-
servations without suffering from the disadvantages of steady
flows, we believe that only further modelling and observations
will show whether they really are responsible for the Evershed
effect, or if other dynamic phenomena (see e.g. Wentzel 1992)
lie at its origin.
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Appendix A: magneto-acoustic gravity waves

The linearized basic equations (Sect. 2.1) allow solutions of
the form vy, = 91,(2) expli(wt + k,x)] for all of the perturbed
quantities. The problem then reduces to one ordinary differential
equation in one of the perturbations, e.g. 9;,:

4
dz Po
2 12 2
g~ poks 2 d [ pocs L
+k§czs —w? *gks dz \ k2¢% — w? f12=0. (4D

The amplitudes of all the other perturbations can be expressed
in terms of 91, and its first derivative:

Lk (0 a0
=2 |gb,—
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TO dz :l U1z ('Y )w dz } 0>
N 1 [dBy ddy,
B T - ) B )
le = 7 [ d 1z + Do dz ]
A k
By, = — = Byby,
w

po is the mass density, g the gravitational acceleration, cg =
\/Ypo/ po the isothermal sound speed (with gas pressure pp),
7 = ¢p/cy the adiabatic exponent, v4 = By/+/4mpg the Alfvén

speed (with magnetic field strength By), cr = vacs/y /v + %

the tube (cusp) speed, and the magnetic permeability has been
set to unity.

Appendix B: surface waves in the two-layer model

Equation (Al) can be solved analytically for the two-layer
model described in Sect. 2, i.e. two isothermal layers, the upper
one of which is homogeneously magnetized. The constraint of a
finite total energy density requires that the physically interesting
solution is bounded for |z| — oco. Requiring continuity of 9,
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at the interface z = 0 and choosing a convenient normalization,
the solution is found to be

F(p,q;m; X40)

012(2) = 912(0) 1
exp {z (2H +Me>} ,

where F' is the hypergeometric function with parameters p, g,
r, and argument X;(z) = X;0 exp(—z/H,), and H; . are the re-
spective pressure scale heights. The various quantities appearing
in Eq. (B1) are given by

z2>0
(B
z2<0

exp (—zkz) ,

c2w?
Xp= -
’ (W? — k2chvy
1
P, q=5+kaHi
1 w 2 w 2 1/2
— {1 - k1= (22
sy {1 () waannr - (2]
r=p+qg=1+2k.H;,
1
M, = ——+/1—4A,HZ ,
2H,
Ae=55 (PR = D+w? (WP = K2c)] (B2)

In writing Eq. (B2) we have introduced the frequencies w,; =
¢;/(2H;) and wg; = ¢;4/y — 1/(vH;), which denote the acous-
tic cutoff and the buoyancy (Brunt-Viisild) frequencies for the
isothermal, magnetic medium (index 7), respectively. Note that p
and ¢ are complex conjugates so that r is always real. The com-
plete functional form of the other atmospheric perturbations
follow from Egs. (A2). The dispersion relation of the system
arises from the pressure balance at the interface (at z = 0)

(G +vW — kier) . _ F'@,¢75 Xi)
Wk “ Fp, ¢ X)

o C2 1

- o [kgg - (ZHe +Me> wz} ,
where now v4 = v4(0), er = cr(0), and F'(p,q;7; Xs0) =
—pgXso F(p+1,q+ 1;r + 1; X;0)/(rH;). Note that Eq. (B3)
requires the computation of the hypergeometric function F' for
arguments X;o < —1 for modes with w > kzc; (Y > ¢;/ce).
For this it is convenient to use the linear transformation [15.3.7]
of Abramowitz & Stegun (1965) and to follow Press et al. (1986)
in the evaluation of the complex valued Gamma function. This
procedure yields a relative accuracy in F' of generally better
than 10~?, sufficient for our purposes. The mode structure of
our model is shown in Fig. 2, the eigenmodes with A\, = 63.4
km are plotted in Fig. 3. For more details we refer to Nye &
Thomas (1976a) and Miles et al. (1992).

(B3)

2 2
kZgpic;
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