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Abstract. We present a quantitative and comparative analysis of sensitivity
to the line-of-sight velocity of the spectral line BaIl 6497 A identified as a very
promising Doppler mapper of the solar photosphere and low chromosphere. We
examine its sensitivity to changes of the line-of-sight velocity by sharpness of
its line profile and the response function to the line-of-sight velocity evaluated
by the 1-D model of the quiet solar atmosphere in the LTE approximation.
We compare its sensitivity with selected barium, iron, and chromium lines
widely used in the diagnostics of the solar photosphere. The set of selected lines
includes the Ball 4554 A line, generally considered to be an excellent Doppler
mapper. The comparison clearly shows that the line BaIl 6497 A is one of the
most sensitive from the lines included in our set. This is due to a favorable
combination of a relatively sharp line profile and a long wavelength implying a
large Doppler sensitivity. The line BaIl 6497 A offers many advantages, making
it a highly recommendable choice for dedicated studies of line-of-sight velocities
in the photosphere and low chromosphere.
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1. Introduction

Photospheric line-of-sight velocities (henceforth velocities) are traditionally stud-
ied by means of a small set of metallic lines selected considering their effec-
tive Landé factor, atomic weight, steepness of flanks, and wavelength. A larger
atomic weight means a smaller thermal broadening of a spectral line profile,
implying its reduced sensitivity to thermal inhomogeneities in favor of larger
sensitivity to non-thermal motions. This fact and a rectangular shape with steep
flanks made the resonance line of BaIl 4554 A renowned as an excellent Doppler
diagnostic of photospheric velocities using the tunable Lyot filter built at the
Irkutsk Institute of Solar-Terrestrial Physics (Kushtal, Skomorovsky 2002) and
installed at the Dutch Open Telescope as part of its multi-wavelength speckle
imaging system (Rutten et al., 2004).

A recent advance has been the identification of the simple rules enabling us
to characterize the sensitivity of weak photospheric lines to velocity by means
of their response functions in the study of Cabrera Solana et al. (2005). These
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authors introduce an exact quantitative definition of the sensitivity of a spec-
tral line to a particular atmospheric parameter allowing them to compare the
sensitivity of spectral lines and to identify the most sensitive ones for a given
atmospheric model. Their method based on response functions shows that the
sensitivity of a spectral line to velocity is given not only by its wavelength but
primarily by its sharpness defined as the ratio between the depth and the width
of a line.

The method of Cabrera Solana et al. (2005) has been applied extensively
in Koza (2010) (henceforth PaperI) with the aims to examine and compare
the sensitivity of selected barium, iron, and chromium spectral lines to velocity
changes and to demonstrate the applicability of the method for different spectral
lines and a different atmospheric model than those used in the original work of
Cabrera Solana et al. (2005). The set of selected lines included the barium lines
Ball 4554 A and 6497A. The latter was already used in the studies of granular
velocities (Mattig, Schlebbe 1974; Mattig, Nesis 1976; Durrant et al., 1979),
velocity oscillations in sunspot umbrae (Soltau et al., 1976), depth dependence of
photospheric oscillations (Koch et al., 1979), and in high-resolution spectroscopy
of the solar photosphere (Wiehr, Kneer 1988; Hanslmeier et al., 1991).

This paper supplements PaperI with the aim of highlighting more a large
Doppler sensitivity of the BaIl 6497 A line and its diagnostic properties, making
it a highly recommendable choice for dedicated studies of velocities in the pho-
tosphere and low chromosphere. We extend the results given in Paper I showing
explicitly the derivatives of the atlas and synthetic profiles of Ball 6497 A and
its depth-integrated response function to velocity. Since we will refer to PaperI
very often, we invite the reader to have it handy.

2. Calculations and results

As Cabrera Solana et al. (2005) suggest, the sensitivity of a spectral line to
velocity can be estimated by means of its profile extracted from a spectral atlas
or the synthetic profile or the response function. In our paper we employ all
these approaches using the solar spectral atlas (Neckel, 1999) as the source of
the disk center profile of Ba Il 6497 A. Its synthetic profile and response function
to velocity (RFy henceforth) are computed simultaneously in LTE using the SIR
code (Ruiz Cobo, del Toro Iniesta 1992), the atmospheric model of Holweger
and Miller (1974), and the atomic parameters in Tab.1 of PaperI, but using
the standard formula for the collisional broadening (Unséld, 1968) with the
enhancement factor set to 0.7 instead of the parameters o and ¢ found in Paper I
as inadequate. The extensive hyperfine and isotopic structure of BaIl 6497 A is
simplified by four components as suggested by Rutten (1976, 1978). Central
wavelengths and oscillator strengths of the four components in Tab. 1 of PaperI
are computed from the data given in Rutten (1976, 1978). Since the method
of Cabrera Solana et al. (2005) operates with the depth-integrated response
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Figure 1. Atlas (dashed) and synthetic (solid) disk center profiles of the spectral line
Ball 6497 A (a) computed by the solar atmospheric model of Holweger and Miiller
(1974). Derivatives dI /dX of the atlas (dashed) and synthetic (solid) disk center profile
(b). The thin vertical dashed and solid line indicates the wavelength of minimum of
the derivative of the atlas and synthetic profile, respectively.

function to velocity (IRFy henceforth) assuming a constant perturbation of
velocity with height h, we perform an integration of RFy (A, k) along its spatial
scale to obtain relevant IRFy (A\).

Fig. 1a shows the atlas and synthetic disk center profile of Ball 6497 A com-
puted by the model of Holweger and Miiller (1974). The good agreement of the
flanks of the synthetic and atlas profile indicates the adequacy of the adopted
model of Holweger and Miller (1974), the four-component simplification of the
hyperfine and isotopic structure, and LTE everywhere except the line core, which
disagrees similarly as in Holweger and Miiller (1974). This disagreement influ-
ences estimates of the sensitivity of BaIl 6497 A to velocity based on the shape
ratios (PaperI) of the atlas and synthetic profile and its IRFy (Fig. 2).

Fig. 1b shows derivatives of the atlas and synthetic profile as a quantitative
characteristic of the steepness of Ball 6497 A line flanks. This is one of the in-
dicators of usefulness of the line in velocity measurements by narrowband filters
since the same velocity induces a larger Doppler signal for a line with steeper
flanks and a longer wavelength. The minimum (maximum) of the derivative of
the synthetic and atlas profile occurs at AX = —51 (52) and —44 (39) mA, re-
spectively. These suggest the optimum wavelength settings of narrowband filters
promising to bring the largest Doppler signal even for small velocities.

Fig. 2a shows RFy of BalIl 6497 A multiplied by the spatial step of the at-
mospheric model Alog7sgoo0 = 0.1. Its shape clearly demonstrates that the
maximum of sensitivity to velocity changes does not occur at the line center but
in the wings. In addition, velocity changes in the low photosphere at a height of
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Figure 2. A response function to velocity RFy of the spectral line Ball 6497 A (a)
normalized to the HSRA continuum at the disk center at the central wavelength of
the line. The (A\, h) plane: the solid line indicates the wavelength of maximum Amax
of the depth-integrated response function IRFv; solid and dashed contours distin-
guish positive and negative lobe of RFvy, respectively. IRFvy (solid) of the spectral line
Ball 6497 A (b). The thin solid vertical line indicates the wavelength of its maximum
Amax shown also in the panel (a) in the (A), h) plane. The diamonds represent the
values computed by equation (2).

~ 100 km induce the largest intensity variations in the wings. Positive and neg-
ative lobes mean that a small positive velocity change increases intensity in the
blue wing and decreases it in the red wing, making the spectral line asymmet-
ric. But both the synthetic profile and RFy (Figs. la and 2a) are intrinsically
asymmetric even in the case of zero velocity in the applied model of Holweger
and Miiller (1974) due to the hyperfine and isotopic structure of Ball 6497 A.

Fig. 2b shows IRFy of Ball 6497 A, which is more suitable than RFy for a
quantitative analysis of sensitivity comparing different lines. Like RFy, IRFy
plays the role of the partial derivative 9I/0v of the emergent intensity with
respect to the velocity but assuming its height independent perturbation (Cabr-
era Solana et al., 2005). The maximum and minimum of IRFy occur at A\ =
—51mA and 52mA. Interestingly, these equal to the wavelengths of extremes
of the derivative of the synthetic Ball 6497 A profile in Fig. 1b.

3. Comparisons

We used the atlas and synthetic profiles of the selected spectral lines (see Tab. 1
in PaperI) to determine their depths Ay, widths Ay, shape ratios Ag/A;, and
maxima of IRFy referred to in the following as IRFy (Amax) and computed as
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Figure 3. Shape ratios Ag/A1 of the selected spectral lines (see Paper I) measured on
their atlas and synthetic profiles multiplied by the central wavelength Ao (a). Maxima
of the depth-integrated response functions IRFv (Amax) (¥ axis) versus the values com-
puted by equation (1) (x axis) using the shape ratios of the atlas profiles multiplied
by the central wavelengths Ao of the spectral lines (b). Thick lines indicate diagonals.

_ 12400

IRFyv(Amax) =€ A ¢ (1)
The widths A; are in fact Doppler half-widths computed from measured FWHM
of the atlas and synthetic profiles as A; = FWHM/(2v/In2). The theoretical
background of equation (1) and explanation of individual symbols are given in
Cabrera Solana et al. (2005) and in PaperI as well. Further, we employed the
computed IRFy (e.g., Fig. 2b) to determine their maxima IRFvy (Apax) referred
to in the following plots as the synthetic IRFvy (Apax) to distinguish them from
IRFv (Amax) computed by equation (1).

Fig.3a shows the shape ratios Ap/A; of the atlas and synthetic profiles
multiplied by their central wavelengths A\g. The plot enables us to compare the
sensitivity of the spectral lines to velocity changes through equation (1), since
the larger the product (Ag/A1)Ag, the larger the sensitivity. The deviations
from the diagonal indicate disagreements of the synthetic and atlas profiles
and thus the relevance of the information derived afterwards from IRFy. The
largest deviation shows the synthetic profile of Ball 6497 A, whose line core is
much shallower than the core of its atlas profile (Fig. 1a). Fig. 3a suggests that
Ball 6497 A has a similar sensitivity to Fel 5247 A identified in Cabrera Solana
et al. (2005) as the most sensitive spectral line to velocity changes in the quiet
solar photosphere. Although the Ball 6497 A line profile is broader than that
of Fel 5247 A (see Paper]), its longer wavelength causes a larger Dopplershift
and thus large sensitivity to velocity.
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Figure 4. Cross-section of the response function to velocity RFyv of Ball 6497 A
shown in Fig. 2a at the wavelength of maximum Anax of its depth-integrated response
function IRFv (a). Maxima of the depth-integrated response functions IRFv (Amax) (y
axis) versus the shape ratios of the synthetic profiles multiplied by the central wave-
lengths A of the selected spectral lines (b). The thick line indicates a linear fit of the
data in Fig. 2 by Cabrera Solana et al. (2005). The thin line is a linear fit of our data.

Fig.3b shows the synthetic IRFy (Amax) versus IRFy(Amax) computed by
equation (1) using the shape ratios Ag/A; of the atlas profiles. Since the data
approximately follow the diagonal, we consider this plot as a proof of the ad-
equacy of the adopted assumptions and the method of Cabrera Solana et al.
(2005). The plot indicates again the large sensitivity to velocity of Ball 6497 A.
A large deviation of the BalIl 6497 A datapoint from the diagonal is caused by
a large discrepancy of its atlas and synthetic line core seen in Fig. la.

Fig.4a shows the cross-section of RFy (Fig.2a) made at the wavelength of
maximum Apax of IRFy (Fig. 2b). The plot demonstrates that the sensitivity of
Ball 6497 A is significant within the height interval ranging from 50 to 200 km
assuming the model of Holweger and Miiller (1974) with zero velocity. Following
Cabrera Solana et al. (2005) we show in Fig. 4b the synthetic IRFy (Amax) as a
function of the product of shape ratios with the central wavelengths (Ap/A1)\o
for the synthetic line profiles. A linear trend followed from our data implies that
equation (1) correctly describes the relation between the sensitivity of spectral
lines to velocity and their parameters. The close similarity of the two linear
fits shown in Fig. 4b verifies our results with respect to the results of Cabrera
Solana et al. (2005). As this plot shows, the lines Fel 5247 A, Cr1 5248 A, and
Ball 6497 A are most sensitive to velocity changes from the lines in Tab. 1 of
Paper I. However, a better modeling of BalIl 6497 A would show that this line
is the most sensitive one of the selected spectral lines. This is indicated by the
quantities derived from its atlas profile and shown in Figs. 3a and 3b.
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4. Discussion

We obtained the results presented in the previous section assuming a stationary
atmosphere with zero velocity. But the atmosphere of the real Sun involves non-
zero velocities with vertical gradients. The question is how this influences RF<y,
of a particular line. Koza and Kucera (2003) show that the presence of non-zero
velocity with a height gradient in an atmospheric model causes a strong velocity-
induced asymmetry of RFy. In a particular case of the granular model applied in
Koza and Kucera (2003) one lobe of RF'Yy is shifted towards upper photospheric
layers while the other occupies the lower photosphere. Then the question is
whether the strong asymmetry of RFy would influence the relevant values of
synthetic IRFyv(Amax) used in the comparison of sensitivity of individual lines
(Figs. 3b and 4b). To find the answer, an analysis similar to that in Paper] is
needed, but involving a more realistic model of the solar atmosphere.

Durrant et al. (1979) show a line center velocity weighting function of Ball
6497A. Although this historical name introduced by Mein (1971) implies its cor-
respondence with RFy, the velocity weighting function W (h) shown there is not
a genuine RFy representing intensity variations. In fact, it is a line shift response
function introduced originally in Canfield (1976) as a specific ad-hoc construct
of response function to velocity with its depth-integrated version C(AM).

At the end of section 2 we have pointed out an interesting equality of wave-
lengths of IRFy extremes (Fig.2b) and the derivative 9I/9X (Fig.1b). As we
will show, this is a direct consequence of a link between d0I/9\ and IRFy rep-
resenting the derivative 91 /0v. Combining the Doppler relation dv = (—¢/\)OA
with 9I/0v one can easily show that

ol Aol
- o (2)

This equation can be found in Canfield (1976). For a particular case of the
line BaTIl 6497 A, equation (2) can be rewritten as 0I/0v = —2.17 OI /O with
the appropriate unit 1072 km™'s. The values of 9 /Ov calculated by the latter
equation are shown in Fig.2b by diamonds. The close correspondence of both
types of values in Fig. 2b suggests a practical application of equation (2). One
can calculate IRFy of any spectral line straightforwardly by equation (2) and
the derivative of either its atlas or synthetic profile. Equation (2) clearly shows
that the intensity variation induced by a velocity change 0I/0v is determined
by both the steepness of the line profile 91/90X and its wavelength A. Since this
relation is general, it can be used in examination of the sensitivity to velocity
of strong chromospheric lines beyond the limit of a weak line model assumed in
Cabrera Solana et al. (2005).
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5. Summary

We have applied the method of Cabrera Solana et al. (2005) to examine the
sensitivity of selected spectral lines to velocity changes by the sharpness of their
line profiles and the response functions to velocity evaluated by the quiet Sun
model of Holweger and Miiller (1974) in the LTE approximation. Our results
demonstrate the applicability of the method for different spectral lines and a
different atmospheric model than those used in the original work of Cabrera
Solana et al. (2005). This proves the adequacy of the weak line model and the
assumptions which the method is based on. We recognize a new Doppler mapper
of the solar photosphere and low chromosphere, which is the line BaIl 6497 A.
It combines the advantages of a large sensitivity to velocity with a small thermal
broadening due to a large atomic weight and a generally favorable response of
detectors within its spectral domain. Moreover, its line center maps velocities
in the low chromosphere. All this makes BaIl 6497 A a highly recommendable
choice for dedicated studies of line-of-sight velocities in the photosphere and low
chromosphere.
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