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Abstract. The intensity (I) and velocity (V) signals obtained using magneto-optical filters (MOF), are not independent of each
other. The induced spurious signals affect the intensity-velocity phase difference measurements and the effect is referred to as a
I − V crosstalk (Moretti & Severino 2002). We show a new model to interpret the I − V phase measurements and, in particular,
its application to the interpretation of the data obtained with sodium MOF systems. The model can also be applied to correct
the velocity-velocity phase from multi layer observations.
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1. Introduction

In solar physics, the velocity is mainly inferred through the
Doppler effect. Magneto-Optical filters (MOF), used as narrow
passband filters, can infer the velocity, sampling the intensity
signal along the line profile. Depending on the number of sam-
ples and on the algorithm used to build the intensity (I) and
velocity (V) signals, each of the two signals could be contam-
inated by the fluctuations of the other one. This is what has
commonly been referred to as a I − V crosstalk (Moretti &
Severino 2002).

In this paper a model to estimate the measured I − V phase
differences through the dependence of the crosstalk on the ve-
locity offset across the solar disk is presented. The results for
the p-modes values observed in the Na I D lines are shown
and compared with those obtained from the � − ν diagrams.
An example of how the model can be applied to interpret the
V − V phase difference from multi-layer observations is also
shown.

2. The intensity-velocity crosstalk
for MOF systems

To date, MOFs are operating in the sodium Na I D lines at 589.6
and 589.0 nm (like the systems at the Kanzelhöhe Solar
Observatory, Cacciani et al. 1999 or the VAMOS up to 1999,
Moretti et al. 1997) and in the potassium K I 769.9 nm line
(like the current version of VAMOS and Low-�, Severino et al.
2001; Tomczyk et al. 1995).

The MOF transmission profile usually consists of two nar-
row passbands, each approximately 35 mÅ wide, located in
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the blue, B, and red, R, wings of the solar line profile, whose
distance from the resonance wavelength usually varies from
�50 mÅ to �100 mÅ. Depending on some MOF parameters,
a central transmission peak can also be present (Cacciani et al.
1994).

Typically, the velocity signal is built as V0 = (B−R)/(B+R)
and the intensity signal as I0 = B+R (Cacciani et al. 1997). The
velocity signal is usually calibrated through the solar rotation,
and the intensity variations are normalised to the mean solar

disk signal as ∆I0/I0, where I0 = 1
πR�

∫ 2π

0

∫ R�
0

I(r, θ)rdrdθ.
To first order, the measured intensity and velocity signals

are written as follows:
∆I
I =

∆I0

I0 + α∆V0 and ∆V = ∆V0 + β∆I0

I0 , where we considered
the difference between the true and measured � = 0 values neg-
ligible (that is I = I0). The parameter α is the variation of the
normalised intensity due to a velocity shift, and it is measured
in (m/s)−1. The parameter β is the variation of the measured
velocity due to a temperature change measured as a ∆I0

I0 , and it
is measured in m/s.
α and β parameters describe the I − V crosstalk. In Moretti

& Severino (2002), only the α parameter was used to correct
the intensity images and obtain the I − V phase difference in
the NaI D lines.
α and β depend on the MOF transmission profile, on the so-

lar line shape, and are functions of the velocity offset that shifts
the MOF working wavelengths with respect to the solar line.
This means that, once the instrumental parameters are chosen,
at each time α and β can be considered as masks on the solar
disk according to the solar velocity rotation and the Earth-Sun
relative velocity.

A convention has to be chosen for the velocity axis: we
adopt a positive velocity when oriented out of the sun.
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The MOF transmission profiles were simulated as in
Cacciani et al. (1994). The solar line profiles measured at Kitt
Peak at low resolution were used. The maximum changes along
the line due to temperature fluctuations associated to the p-
modes were estimated using the parameters in Severino et al.
(1986) for the core of the NaI D lines (see Fig. 1).

3. The model for the measured I – V phase

To estimate the error induced in the I − V phase difference,
the intensity and velocity signals are described as vectors. The
I−V phase is the angle between them and crosstalk causes both
a rotation of the vectors and a consequent phase change.

Since the α and β parameters change their signs crossing
the zero velocity offset, the induced signals are parallel or anti-
parallel to their fluctuations depending on the velocity offset.

We choose an x axis parallel to the unperturbed velocity
fluctuations ∆V0.

The measured intensity and velocity signals can be
written as

∆I
I =

(
x
y

)
∆I0

I0 + α

(
1
0

)
∆V0 =

(
x + αγ
y

)
∆I0

I0 and

∆V =

(
1
0

)
∆V0 + β

(
x
y

)
∆I0

I0 =

(
1 + βx/γ
βy/γ

)
∆V0

where x∆I0/I0 and y∆I0/I0 are the projections of the intensity
along the x and y axis (x2 + y2 = 1) and the true I − V phase
difference is φ0

I−V = atan(y/x).

The parameter γ = ∆V0/∆I0

I0 is the ratio between the so-
lar velocity and the intensity fluctuations. It is a crucial pa-
rameter since if one of the signals, the velocity or the inten-
sity, was dominant on the Sun, the crosstalk would cause the I
and V vectors to be parallel (or antiparallel, depending on the
convention adopted for the sign of the velocity).

The rotation angle the measured intensity and velocity vec-
tors are rotated by depends on α, β, γ, and φ0

I−V . The measured
phase difference will be

φI−V = atan
(
y

x + αγ

)
− atan

(
βy/γ

1 + βx/γ

)
.

4. The data

The data we show consist of sets of dopplergrams and inten-
sity images obtained with a sodium MOF at Kanzelhöhe on
January 30th, 1998. The images were acquired every minute,
and 256 min were selected for the analysis. The spatial resolu-
tion is �4′′ (Cacciani et al. 1999).

All the images were calibrated (Moretti & the MOF
Development Group 2000) and registered. The differential rota-
tion was not removed and produced a maximum sweep at disk
center corresponding to 5 pixels (that is �21′′).

The images were fast Fourier transformed maintaining the
spatial resolution, that is, performing a pixel-by-pixel analysis
to obtain the frequency dependence of the maps of the velocity
and intensity power and of the I − V phase difference.

Fig. 1. Effects of oscillations on the NA I D1 line, based on the simula-
tion from Severino et al. (1986) and the Kitt Peak solar profiles. From
top to bottom: the residual intensity for the hotter and cooler lines dur-
ing an acoustic wave; their slope, the ratio between the slopes and the
normalised intensity variation.

5. The data analysis and the results

The γ parameter has been estimated as follows. For any couple
of I and V power maps at each frequency, the mean γ values
and their sigmas have been computed from the spatial distri-
bution over the solar disk (see Fig. 2). The p-modes show the
larger amplitudes around 3.3 mHz, where also the I − V co-
herence is maximum. For this reason we selected the interval
�3−4 mHz for the analysis. In this frequency range γ values
between 3000 and 12 000 m/s are obtained.

From Fig. 1 we expect intensity fluctuations of the or-
der of 0.5 at those wavelengths typically tuned by the MOFs
(±100 mÅ relative to the line central wavelength). If we com-
pare this value with the measured intensity fluctuations (see
Fig. 3), the latter show a value �20 times smaller. The reduced
amplitude of the oscillations is mainly due to the average of the
many oscillation modes (whose number increases as 2�+ 1) by
the integration over the 4′′ pixel, while the model assumes very
high spatial resolution measurements. This effect is present in
both V and I signals and has no influence on γ. Nevertheless,
the estimate of γ is affected by the signal-to-noise ratio (S/N)
of the I and V signals. Our data show S/N values equal to �50
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Fig. 2. The γ parameter versus frequency for 4.3′′ spatial resolution
sodium data obtained from the velocity and ∆I/I power maps. The
mean and sigma values at each frequency have been computed from
the spatial distribution over the solar disk.

and �8 for ∆V and ∆I respectively, so that we expect the mea-
sured γ values to be overestimated by at least a factor of �6.

In Figs. 4–6 some examples of the I − V crosstalk param-
eters are shown for two extreme cases of MOF transmission
profiles. The exact transmission profile knowledge is not cru-
cial when the errors in both the intensity and velocity are com-
puted to estimate the measured I − V phase, while it can be
important when only the intensity error is measured, as in the
Moretti & Severino (2002). This is true for the measurements
we show in the sodium Na I D lines, while for other solar lines
the effects depend on the slope of the line and on the particular
MOF transmission profiles.

In contrast, the dependence of the phase error on the veloc-
ity offset is always very sensitive to changes in γ (see Fig. 7).

An estimate of the true I − V phase difference can be ob-
tained from the value measured in that area of the solar disk
where the velocity offset is close to zero and the I −V crosstalk
negligible (Fig. 8). The wavelengths tuned by the filter in that
area select a particular formation layer on the sun (see Moretti
& Severino 2002) and the obtained I − V phases cannot be at-
tributed to other layers.

The measured I − V phase differences in the p-mode pix-
els between 2.9 and 4.2 mHz are displayed as function of the
velocity offset in Fig. 9. This dependence on the velocity offset
can be reproduced by the model using different γ parameters
and the constraint of the value at the zero velocity offset.

In Fig. 9 we show the curves obtained with γ equal 100 and
1000 m/s for φ0

I−V = 115◦ and φ0
I−V = 125◦. The area bounded

by these curves includes most of the measured I−V phases, but
different choices of the parameters select different areas with
the same number of points. The range 100–1000 m/s is in rea-
sonable agreement with the measured range for γ taking into
account the effect of different S/N for the I and V signals.

The curve obtained with γ = 300 m/s and φ0
I−V = 118◦ well

reproduces a 4th polynomial fit of the measured I − V phase
values (same figure).

Taking into account the errors in the γ and in the
I − V phases, we can affirm that the results in the NaI D lines

Fig. 3. The sodium intensity oscillations at a single pixel (correspond-
ing to a 4.3′′ × 4.3′′ solar area) at disk center.

are consistent with a constant I −V phase at the p-modes peaks
equal φNa = 120◦ ± 10◦.

5.1. The I – V phase in the � − ν diagram

Using MOF data in the sodium D lines, the I − V phase dif-
ference measured on the p-mode peaks in the � − ν diagram is
φNa = 155◦ ± 15◦ (Moretti et al. 2001; Oliviero et al. 1998).

When spherical harmonics are applied to the images to pro-
duce the � − ν diagram, the main contribution to the signal
comes from the central part of the solar disk. According to the
model we showed, the measured phase is the one that corre-
sponds to the mean velocity offset intercepted by the disk cen-
ter. In a given region, there is a diurnal and an annual phase
change due to the velocity offsets, and a crosstalk discussion is
needed before interpreting the phase changes.

As can be seen from Fig. 9, the model predicts a I−V phase
at the central part of the disk consistent with the one measured
in the � − ν diagram.

6. The application to the V – V phase difference

When two different spectral lines are observed simultaneously,
the velocity-velocity phase difference can provide important in-
formation of the propagation properties of the waves. If narrow
passbands as the MOFs are used, the error in the V − V phase
difference depends on the angles by which the velocity vectors
are rotated, due to the I − V crosstalk in each solar line.

The V − V phase error can be written as
∆φNa−K = atan yNaβNa/γNa

1+αNaβNa+xNaβNa/γNa
−atan yKβK/γK

1+αKβK+xKβK/γK
, where the

two terms refer to the rotations of the velocity vector in each
line, and x and y are such that tan(φI−V ) = y/x, for each line. In
order to compute the V − V phase errors, the true I − V phases
for the two lines are needed. As an example, when sodium and
potassium MOFs are used, we adopt a constant φI−V

Na = 120◦
and φI−V

K = 110◦. A ±20◦ error on these values should usu-
ally be assumed, due to the spread of the values for the differ-
ent m when the spherical harmonic decomposition is used, or
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Fig. 4. Crosstalk in the case of a two peak NaI D2 MOF profile. Top
four panels: the solar lines, MOF blue wing transmission profile, in-
tensity (B + R) and velocity (R − B)/(B + R) raw signals. Bottom four
panels: the velocity sensitivity, α, the changes in the signals due to the
maximum temperature variation during an acoustic wave, β.

the spread for different velocity offsets when the pixel by pixel
analysis is used.

We computed the V − V phase error at any position on the
disk using its velocity offset.

If a local time-distance analysis is performed using dif-
ferent diameter annuli centered on any position on the disk
(Duvall et al. 1993; Chou & Duvall 2000), the V − V phase
errors has to be computed taking into account the geometry of
the analysis (see Fig. 10). For the dimension of any annulus we

Fig. 5. Crosstalk for a strong central peak NaI D2 MOF profile. Top
four panels: the solar lines, MOF blue wing transmission profile, in-
tensity (B + R) and velocity (R − B)/(B+ R) raw signals. Bottom four
panels: the velocity sensitivity, α, the changes in the signals due to the
maximum temperature variation during an acoustic wave, β.

obtained a V −V phase map, where the spatial coordinates cor-
respond to the centers of the annuli (see an example in Fig. 11).

We remark that the V −V error maps depend on the follow-
ing quantities:

– the line changes due to temperature fluctuations (assumed
to follow Fig. 1) or magnetic changes (Cacciani & Moretti
1997);

– MOF transmission profiles in both lines;
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Fig. 6. The computed measured I − V phase difference vs. the offset
velocity for the two very different MOF transmission profiles in Figs. 4
and 5: with a strong central peak (solid) an in the absence of the central
peak (dashed). The true I − V phase was set to 110◦.

Fig. 7. The computed measured I − V phase difference for two very
different γ values: 600 m/s (solid) an 6000 m/s (dashed). The true
I − V phase was set to 110◦.

Fig. 8. The I−V phase differences corresponding to the highest power
pixels (corresponding also to the highest coherence pixels) were se-
lected in that area of the solar disk where the I − V contamination is
negligible (that is at zero velocity offset, left) and averaged over the
disk. The resulting values and the spread over the disk are shown for
the sodium data (right).

Fig. 9. From the pixel-by-pixel analysis: the measured I−V phase dif-
ferences on the p-modes for the sodium data averaged between 2.9 and
4.2 mHz (grey points). The region is bounded by two solid curves cor-
responding to the computed I −V phase differences for γ equal to 100
and 1000 m/s. These solid curves refer to a true I − V phase equal
to 115◦ and 125◦. The black crosses refer to a 4th degree polynomial
fit of the data, and the white diamonds to the computed I − V phase
differences for γ equal to 300 m/s and a true I−V phase equal to 118◦.

Fig. 10. Left: the velocity distribution map over the solar disk as seen
on a 512 × 494 chip (velocity offset= –700 m/s). The boundaries of a
typical annulus are superposed. Right: the VNaID2−VK phase error over
the annulus. γ = 500 m/s for both lines, φ0

NaID2 = 120◦ and φ0
K = 110◦.

Fig. 11. The VNaID2−VK phase error averaged over a 10◦ annulus across
the solar equator (that is at different velocity offsets) at two different
Earth-Sun relative velocity (–700 m/s for crosses and zero for points).
γ = 500 m/s for both lines, φ0

NaID2 = 120◦ and φ0
K = 110◦.
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– Earth-Sun disk center velocity offset (changing with the
date and time of acquisition);

– true I − V phases for both lines (they depend on
frequency);

– γ for both lines;
– the dimension and width of the annulus (in the case of time-

distance analysis).

7. Conclusions

A new model for a correct interpretation of the intensity
and velocity signals from magneto-optical filters has been
shown.

The results of the phase difference between the intensity
and velocity signals from a sodium MOF are well reproduced
by the model in the pixel-by-pixel analysis and in the � − ν
diagram too.

The data are consistent with a constant φNa = 120◦ ± 10◦
on the p-mode peaks.
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