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Abstract. Measuring accurate radial velocities of
rotating early-type (O-B-A) stars using cross-correlation
techniques is hampered by the fact that object-template
spectrum mismatch causes systematic errors that do
not cancel out sufficiently in these spectra. This series
of papers aims at quantifying those mismatch errors,
understanding their astrophysical origin, and developing
strategies to avoid them maximally. In this first paper,
we employ synthetic spectra to study mismatch between
A-type main-sequence stars caused solely by differences in
Terr and log g. We show that this spectral-type mismatch
varies greatly throughout the spectrum, though with some
degree of systematic dependence on rotational velocity
and, to a lesser degree, on temperature. We propose a
scheme for selecting spectral regions that should provide,
for main-sequence A-type stars, accuracies better than
1 km s~ ! for vsini < 150 kms~! and between 1 —2 km s~}
for vsini up to 300 kms~!. The scheme includes sufficient
spectral information to keep random errors conveniently
small, but excludes all wavelength sub-intervals which
produce systematic errors much larger than the above
mentioned accuracy. Our predictions confirm the success
of the methodology of Fekel (1985, 1999). We conclude
that the proposed scheme needs further testing on a
broad sample of real A-type spectra to see under what
conditions of stellar individuality it may break down.
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1. Introduction

Techniques to determine radial velocities (RVs) of stars by
measuring the Doppler shifts of their spectral lines have
continuously improved throughout the last half-century.
Cross-correlation techniques that use optical templates
(e.g. Baranne et al. 1979) or numerical ones (e.g. Scarfe
et al. 1990; Latham 1992; Baranne et al. 1996) are particu-
lary efficient in that they combine all spectral information
and therefore optimize the measuring precision (random
errors). There is, however, no guarantee that the accu-
racy (systematic errors) is optimized as well in this way.
Cross-correlations of spectra give rise to systematic errors
through “spectrum mismatch” between object and tem-
plate spectrum. More specifically, such errors arise from
asymmetrical differences, when (for example) the com-
ponents of a blended line do not have the same relative
strength in both spectra. In fact, spectrum mismatch is
all but inevitable except in the singular case when both
spectra arise from the same non-variable star (and pro-
vided that neither the observations nor the data reduction
process introduced significant differential error).

Spectrum mismatch is caused by differences in atmo-
spheric parameters (Tuf, log g, abundances), rotational ve-
locity, atmospheric velocity fields (e.g. convection, wind,
pulsation), and all peculiarities which individual stars or
specific groups of stars may exhibit (e.g. magnetic-field
structure). If the template is a synthetic spectrum, the
amount of spectrum mismatch will obviously depend on
the degree of sophistication included in the model, on the
accuracy of the line data, and on the amount of infor-
mation one has about the object; even the best present-
day spectrum synthesis does not simulate all the fine
details of an observed spectrum. Incidentally, if RVs are
determined not by cross-correlating spectra but by mea-
suring the centroids of individual features, spectrum mis-
match causes small wavelength offsets in those measured
centroids.

For most categories of late-type (F-G-K) stars, radial
velocities are routinely obtained nowadays with precisions
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and accuracies of the order of 0.1 — 1 kms~!. That suc-
cess derives from intrinsic characteristics of late-type spec-
tra, namely a high density of lines, small line widths, and
lines which generally bear a family resemblance to one an-
other over a wide range of spectral types. Thus, one can
achieve small random errors from spectra with relatively
low signal-to-noise ratio (S/N) and with a small wave-
length coverage. Furthermore, systematic mismatch errors
between those spectra are likely to be much smaller than
1 kms~! because statistically the effects of the numerous
individual blends are approximately evenly distributed in
sign and so have a very small nett effect. The same tem-
plate spectrum can therefore be used for all those late-
type stars without the risk of systematic errors, caused
by object-template mismatch, larger than quoted above.
The latter has facilitated not only the derivation of ac-
curate relative RVs of different late-type stars, but also
the definition of a late-type RV standard star system of
which the absolute zero-point could be tied to the Sun -
the only star whose RV can be measured very accurately
independently of its spectrum (Petrie 1962). Nevertheless,
it has recently become clear that, even for late-type stars,
RV errors within the aforementioned range are dominated
at least in some cases by object-template mismatch; this
is instanced by the zero-point offset for the RVs of red
stars measured with CORAVEL (Stefanik 1997). Convective
line shifts may also introduce systematic offsets of sev-
eral tenths of a kms™! between different late-type stars
(Dravins 1985). It is also well known that the quoted ac-
curacies cannot be obtained routinely for rotating or very
peculiar late-type stars, nor for M-type stars, because of
the lack of suitable template spectra.

In terms of absolute (random and systematic) errors,
the situation is much worse for early-type (O-B-A) stars. A
discussion of the quantification and minimization of ran-
dom errors that arise when cross-correlating early-type
spectra has been given by Verschueren & David (1999).
The present series of papers undertakes the (harder) task
of addressing systematic errors, which are in general much
larger than for late-type stars for the following reasons.
The total range of temperature spanned by O-B-A stars
is much larger than that encompassed by F-G-K stars, and
the relative strengths of the components of many blends
vary faster from one sub-class to the next. The low number
of available lines produces two opposing effects: blending
is less likely, but so is also the chance that mismatch er-
rors will cancel statistically. But the advantage of fewer
blends is largely negated when a large rotational veloc-
ity is present. The occurrence of broad and strong H and
He lines, while offering possibilities for measuring RVs of
rapidly rotating stars, presents other specific problems be-
cause of blending and spectrum rectification. In compari-
son with stars of later types, a disproportionate number of
early-type stars exhibits spectral peculiarities that tend to
be dominated by the behaviour of certain elements or ions
(as in Bp and Ap stars). In stars of the earliest spectral
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types, some lines are formed in atmospheric velocity fields
as large as several kms~! (e.g. Ebbets 1979). It will there-
fore be appreciated that RV measurements of early-type
stars are prone to systematic errors that can amount to
several kms~!. Furthermore, they cannot be anchored to
the late-type absolute zero-point in a simple way. There
has therefore been little progress in defining a system
of early-type RV standard stars (see Latham & Stefanik
1992); the lack of early-type stars with RVs known ac-
curately from spectrum-independent measurements is an
additional drawback.

A reduction in error below the 1 kms~? level for the
RVs of early-type stars is important for a variety of as-
trophysical studies, such as the kinematics and dynam-
ics of young stellar groups, duplicity among early-type
stars, and correction of high-precision proper motions for
perspective acceleration. A general conclusion which we
draw from previous studies (see Sect. 2.1) is that a sig-
nificant improvement in the accuracy of relative RV mea-
surements of different early-type stars, especially in the
presence of rotation, may only be achieved by a more
“microscopic” approach of identifying and eliminating
spectrum mismatch. It is evident that current efforts to
establish a system of early-type RV standards to compute
absolute RVs (Stefanik 1997; Fekel 1999) require the devel-
opment of techniques that will specifically avoid spectral-
type dependent relative errors (see Verschueren 1995).

In this series of papers, we address questions such as:
How large are the errors introduced by cross-correlating
spectra of different types of stars between which different
varieties of mismatch are likely to occur? Which spectral
regions are more favourable than others? To what extent
can accuracy be optimized by eliminating unreliable spec-
tral regions? For a given wavelength region selected to
obtain a sufficiently small systematic error, what S/N is
needed to obtain a sufficiently small random error?

In this first paper we seek a better understanding of
the relation between spectrum mismatch caused solely by
given differences in Tog and logg (hereafter referred to
as “spectral-type mismatch”), and the consequent RV er-
ror (hereafter referred to as “mismatch shift”). This type
of mismatch is all pervasive and is probably the main
source of systematic errors. We conduct the experiments
with synthetic spectra in order to isolate the temper-
ature/gravity mismatch from additional sources of mis-
match not reproduced by the models. The latter will be
handled separately, on the basis of purely observational
spectra, in subsequent papers. Further advantages of the
use of synthetic spectra are given in Sect. 2.3. In this pa-
per, we restrict the investigation to A-type stars on the
main-sequence, providing a smooth connection to RV mea-
surements of late-type stars.

Section 2 summarizes previous work, gives an exam-
ple of the problems we are dealing with and outlines the
methodology of our approach. Section 3 describes in detail
our experimental set-up and the parameter-space covered.
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The mismatch shifts arising from small individual spectral
regions are presented and discussed in Sect. 4. Section 5
proposes possible strategies for the selection and combi-
nation of spectral regions to minimize systematic errors,
taking also into account the effects of S/N which are in-
evitable in observed spectra. Section 6 lists our conclusions
and proposes future work.

2. Methodology
2.1. Previous work

The literature describes several systematic approaches for
improving the accuracy of early-type RV measurements.
Andersen & Nordstrom (1983) examined the suitability
of individual spectral features in rotating late B- to F-
type stars, basing their study on photographic spectra at
20 Amm~!. Measurements of individual lines indicated
that many lines are affected by errors of up to 10 kms™1!,
depending on spectral-type and rotation. The rms error
of a single measurement of any one of their most reliable
lines is 3 — 5 kms ™!, averaged over all stars, and a set of
effective wavelengths was proposed for those lines, appro-
priate for the ranges of temperature and rotational veloc-
ity considered. Their results cannot easily be generalised
or compared to ours because of the dependence of those
wavelengths on resolution, because of the very different
sensitivity to spectrum mismatch of their line-centering
technique compared to cross-correlation, and because the
wavelength regions we tested (Sect. 3.4) always contain
much more spectral information.

A scheme to reduce the effects of mismatch in cross-
correlations, by incorporating a set of observed early-type
template spectra of different spectral types (and small ro-
tational velocity), was developed systematically by Liu
et al. (1989). A problem in using observed templates is of
course that the stars selected may be RV variables, or that
their actual velocities may not be known with sufficient ac-
curacy. Liu et al. selected 19 B2 — A2 stars with presumed
constant RVs and determined their relative RVs by mutual
cross-correlation, using a region 150 A wide around H¢;
more weight was given to results derived from adjacent
spectral-types. That template grid was then tied to the
late-type absolute zero-point in one of two ways: by cross-
correlating the coolest member of their early-type set with
a late-type RV standard, or by demanding that the mean
of all velocities agree with the mean of all published veloc-
ities for those stars. The accuracy of their system seems
to be ~ 2 kms™!, as judged from the difference in zero-
point yielded by their two absolute calibration methods,
from their observations of early-type stars in the Pleiades
(Liu et al. 1991a, 1991b), and from independent measure-
ments of the latter stars by Morse et al. (1991). Owing to
a sliding of the zero-point through the spectral sequence,
errors are probably dependent on spectral-type. We argue
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below that a significant improvement in accuracy may be
obtained by using a denser grid of templates, and by cross-
correlating selected spectral regions.

Morse et al. (1991) were the first to introduce the
concept of a dense synthetic template grid of temperature
and rotational velocity. Their models were based on
Kurucz (1979) model atmospheres, from which they
selected 2 spectral regions that are dominated by Balmer
lines. Zero-point sliding through the grid, caused by the
varying spectrum mismatch between synthetic and real
spectra, was minimised by quite strong low-frequency
fourier filtering of the spectra prior to cross-correlation.
The degree of filtering was determined by inspection
of the cross-correlation peak, and by demanding that
their derived RVs of a set of frequently and carefully
observed stars in the range early B to early A agree
with their published values (mostly from Fekel 1985)
to within ~ 1 kms™!. By applying their method to
observations of mid B- to late A-type stars in the
Pleiades and « Persei clusters, Morse et al. demon-
strated that the early-type zero-point defined by their
template/filter grid agreed on average with the late-type
absolute zero-point to within ~ 1 kms™!. Although the
method was judged successful, anchoring a template
grid to a consistent zero-point by the “right” amount
of filtering is nevertheless a casual result rather than a
purposeful elimination of particular mismatches (see e.g.
Verschueren 1991 for experiments with low-frequency
filtering to handle mismatch between spectra). A more
physically justified approach may lead to an even better
and more robust accuracy.

Although it does not deal with early-type stars, the
study by Nordstrom et al. (1994) should be mentioned
in this context since it incorporated closely matching syn-
thetic templates for rotating F-type stars. Using the wave-
length region 5166 — 5211 A, they found errors of up
to 3 kms™! for vsini < 100 kms~!, although it is not
clear how much was due to systematic errors and how
much to random ones. They further found zero-point off-
sets of up to = 1 km s~! between their results and those
from CORAVEL for a variety of rotational velocities up to
50 kms~1.

Finally, the most successful (and ongoing) project in
this field is that of Fekel (1985, 1999) who is monitoring
several tens of candidate RV standard stars in the range
B2-F2 in order to eliminate those with variable RV. By
using relatively isolated MgII, FeIl and Till lines in the
wavelength region 4460 — 4550 A, and by selecting stars
with vsini < 50 kms~!, Fekel is able to employ only
2 template spectra, the absolute RVs of which were de-
termined by cross-correlation with late F-type standards.
Morse et al. (1991) provide indirect evidence that Fekel’s
RVs are consistent with the late-type zero-point to within
~ 1 kms™! without spectral-type dependence. Using the
most recent velocities of Fekel (1999), we recomputed the
average difference and rms spread between Morse et al.
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Fig. 1. Top panel: wavelength region of the synthetic spectrum
discussed in the text with Teg = 7500 K at vsini = 5 (left)
and 150 kms™! (right). Middle panel: same for Teg = 8000 K.
The bottom panel shows the cross-correlation peak in both
cases, centred at +0.01 kms™' for vsini = 5 kms™! and at
—12.3 kms™! for vsini = 150 kms™' (in the sense: 7500 K
spectrum with respect to 8000 K spectrum)

(1991) and Fekel (1999) for the 10 non-variable stars com-
mon to both studies and obtained 0.3 £+ 0.9 kms™!, thus
adding firmness to the earlier conclusion. In Sect. 4.4 we
confirm the appropriateness of that wavelength region for
the stars studied by Fekel, and indicate how the situation
changes for higher rotational velocities.

2.2. A closer look at mismatch

The following example illustrates the problems we are con-
fronting here. Consider two noise-free synthetic spectra
generated with the same rotational velocity (150 kms~1),
abundances (solar) and surface gravity (logg = 4.0),
but with Teg = 8000 K (spectral-type ~ A7V) and
7500 K (spectral-type ~ A9V), respectively. The spec-
tra were degraded to a resolution of ~ 0.12 A per pixel
at 4300 A, and we select a wavelength interval 3717.1 —
5158.0 A. Obviously there should be no Doppler shift be-
tween those spectra. Yet if we cross-correlate them, we
find that the maximum of the cross-correlation funtion is

W. Verschueren et al.: Accuracy of radial-velocity measurements for early-type stars. I.

at 2.2 kms~! instead of zero. If we then take smaller sub-
regions, 4684.9—4724.9 A and 5045.7 —5060.9 A, the mis-
match shifts are 0.1 kms~! and 12.3 kms™!, respectively.
So the mismatch shift is by no means uniquely related to
the difference in the atmospheric parameters only. A more
detailed inspection shows that its magnitude and even its
sign depend in the first place on the wavelength interval
used in the cross-correlation, or rather on the behaviour
and the importance of the blends therein; any blend which
contributes significantly to the cross-correlation function
and whose asymmetry is sensitive to Teg and logg, may
cause serious trouble in this context. For the last wave-
length region considered above, Fig. 1 illustrates how dif-
ferences, between object and template spectrum, in the
relative strengths of nearby lines are harmless as long as
lines are symmetrical and isolated — as is statistically the
case at low rotational velocities. However, the fact that
the relative strength of the Fel and Nil lines shortward
of 5052 A with respect to the CI line just longward of
5052 A is significantly larger at 7500 K than it is at
8000 K places more weight, for higher rotational veloci-
ties, on the short-wavelength side of the blend at the lower
temperature, causing a (large) displacement of the cross-
correlation maximum.

A limited quantitative analysis of the connection
between mismatch, caused by simple but specific differ-
ences in blending between object and template spectrum,
and the resulting mismatch shift was presented by
Verschueren (1991). He conducted cross-correlation ex-
periments with a single, well-sampled, synthetic Gaussian
line as template, and an object spectrum consisting of
the same line blended with a weaker Gaussian line of
the same width. Using the width o of the lines as the
unit of length (the set-up is scale-invariant), and varying
the distance d between the two line-centres in the object
spectrum and the line-strengths of the primary (/;) and
blending (I2) line, he concluded the following:

— the mismatch shift vanishes at d = 0 and d > ~ 60;
it reaches a maximum somewhere in the interval o <
d < 20;

— for a given I7, the mismatch shift is proportional to Io;
for a given I /I, it depends only weakly on I3;

— using a wavelength interval containing n similar blends
(isolated from each other) and m isolated lines similar
to the primary line in the blends, then the mismatch
shift is approximately proportional to n/(n + m).

Since these results were obtained for an extremely sim-
plified situation, we can only expect to be able to make
qualitative comparisons with results from stellar spectra.
In Sect. 4.3, we will see that this can be done to some
extent when studying the influence of increased rotational
broadening.
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2.8. Proposed methodology

A straightforward approach to optimize the accuracy
of RV measurements might seem to be to hunt down
all “badly behaved” blends (i.e. those sensitive to small
changes in temperature or gravity) and somehow elim-
inate them from the cross-correlation process. However,
one may then end up with so little “good” material left
that random errors become very high; this is especially
true for fast rotators, partly because of increased blending
and also because their cross-correlation peak positions are
more sensitive to noise. The selection process must there-
fore take into account the effects of noise in the data,
and seek a satisfactory compromise between random er-
rors due to noise and systematic errors due to mismatch.
Furthermore, eliminating a blend almost inevitably intro-
duces into the data two artificial discontinuities, which
may cause a serious systematic error (henceforth referred
to as “end effect”). One may therefore be obliged to in-
clude wider spans, tolerating some bad blends and sacri-
ficing some good regions.

At this point one could choose an ab initio approach
to search for harmful blends by comparing line-lists of all
elements contributing to the spectra and deducing, from
the way their strengths vary with Teg and logg, the be-
haviour of the blends according to a particular broadening
law. Instead, we preferred a more phenomenological ap-
proach, since it offers directly a link with the magnitude
of the induced mismatch shift:

— generate synthetic stellar spectra over a fairly wide
wavelength range for fixed (solar) abundances, forming
a grid of T,g and log g plus a range in vsinzg;
— divide the whole wavelength range into a number
of intervals subject to the requirements outlined in
Sect. 3.4;
— for each interval, calculate the mismatch shifts which
occur when cross-correlating it with the corresponding
intervals in a set of neighbouring spectra in the (Tug,
log g)-grid.
The use of synthetic spectra for this purpose offers a num-
ber of advantages: an arbitrarily dense grid in Teg and
log g, perfect control over the parametrization, a large
wavelength range, RVs that are exactly zero, and ab-
sence of noise. Even though synthetic spectra cannot be
expected to be fully realistic in an absolute sense, their
use here is justified because we only employ them differ-
entially. Thus we anticipate that the synthetic spectral
mismatch caused by a small difference in atmospheric pa-
rameters is in fact sufficiently realistic to reproduce the
same kind of mismatch shifts one would find between real
spectra, thereby providing us with the insight we are seek-
ing. Obviously, any definite conclusions and a fortiori any
tentative strategy, emerging from such a study, to reduce
the errors must be verified using real spectra.

We shall not include any mismatch arising from abun-
dance differences between object and template spectrum,
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as the parameter-space would become unmanageable; in-
cidentally, that assumption may be quite appropriate for
cross-correlating different stars from the same stellar clus-
ter (e.g. Vrancken et al. 1997). Abundance differences can
be included at a later stage when studying individual stel-
lar peculiarities in real spectra, as explained in Sect. 6.
We also shall not consider mismatch arising through dif-
ferences in rotational velocity because that can be avoided
up to almost any accuracy by applying artifical rotational
broadening to the template, and because — in the absence
of other mismatch and of low-frequency filtering — it pro-
duces negligible systematic errors (Verschueren 1991).

3. Experimental set-up
3.1. Synthetic spectra

Classical LTE line-blanketed atmosphere structures, hav-
ing a solar composition and vy, = 2 kms™!, were taken
from the grid of Kurucz (1979, 1993). Corresponding
LTE spectra were computed with the programme
SYNSPEC (Hubeny et al. 1994), which takes Kurucz line
lists (Kurucz 1988; Kurucz & Bell 1995) as input. Metal-
line broadening was computed from classical expressions
given by Kurucz (1979), while tables given by Vidal et al.
(1973), Barnard et al. (1974) and Shamey (1969) were
used for H and Hel.

The spectra were computed from the Balmer jump to
5200 A and are sampled with a constant step of 28 107 in
In \ (corresponding to a resolution of ~ 0.12 A per pixel
at 4300 A). This step-size provides that all apparent fea-
tures in spectra broadened by ~ 15 kms~! or more are
well sampled. Since line blending is the cause of the errors
we are studying, our results will not be strictly applica-
ble quantitatively to spectra in which the same blends are
not well sampled owing to inferior resolution (depending
on vsini). This is in principle the case for our own syn-
thetic spectra with vsini = 5 kms™!: the mismatch shifts
we compute from them will be somewhat larger than could
ideally be achieved with greater resolution.

Atmospheric parameters were selected in the intervals
Teg = 7000 — 10000 K in steps of 250 K, and logg =
3.8—4.2 in steps of 0.2, corresponding roughly to the range
early F — late B sub-giants, dwarfs, and ZAMS stars. The
spectra were rotationally broadened by vsin¢ = 5, 50, 100,
150, 200 and 300 kms~!. The largest rotational velocity
was included only for a qualitative comparison with v sins
= 200 kms™!, since classical rotational broadening be-
comes a poor approximation near the break-up velocity
of a star (see e.g. Collins & Truax 1995). All spectra were
normalized to a pseudo-continuum level by a smooth func-
tion fitted to the flux maxima between the Balmer lines
of the spectra in which vsini = 5 kms™!.



112
3.2. Spectrum mismatch cases

This phenomenological study has to simulate the
spectral-type mismatch that is likely to occur between
two main-sequence A-type stars. When comparing an ob-
served, non-abnormal spectrum with the templates from
a synthetic grid, the uncertainty in matching is probably
not more than one sub-class in Teg (~ 250 K) and about
half a class in log g (0.1 dex). Thus, if we compute relative
RVs between different observed stars whose classifications
are each uncertain by that amount, the spectral-type
mismatch may be doubled. Also, when establishing the
relative RVs of candidate standard stars in a grid whose
separations are one sub-class in temperature and
half a class in gravity, we must attain high accu-
racy when bridging at least two such separations
in order to ensure zero-point consistency through-
out the whole system. For this study, we therefore
investigate spectral-type mismatch produced by dif-
ferences of up to two sub-classes in temperature
(£ 500 K in Te) and up to one class in gravity (£ 0.2
dex in log g).

In practice, that concept is translated into a “mis-
match grid” of 14 spectra, centred on a spectrum with
given Tug, logg and vsini and differing from it by one
and two sub-classes in Teg and by one class in log g in ei-
ther direction, respectively. Those 14 spectra represent 14
possible “mismatch cases” to be considered for the central
spectrum. Note that the difference of 0.2 dex we consider
in log g was not subdivided further since mismatch shifts
arising from this difference are already much smaller in
general than shifts arising from the selected temperature
mismatch. For the reasons given in Sect. 2.3, we disallowed
the possibility of mismatch in vsinzi.

3.8. Mismatch shifts and mismatch errors

In order to study how spectral-type mismatch errors be-
have throughout the A-type main-sequence, we consider a
“main grid” of 30 spectra having Teg = 7500, 8000, 8500,
9000 and 9500 K, logg = 4.0, and vsint = 5, 50, 100,
150, 200 and 300 kms~!. These spectra may be regarded
as templates. Each was then cross-correlated with the 14
spectra of its mismatch grid defined in Sect. 3.2; the lat-
ter spectra may be regarded as 14 object spectra which,
because of our assumed classification uncertainties, may
all be cross-correlated with the same template. All cross-
correlations are carried out using the different spectral
regions appropriate for each of the main-grid spectra (see
Sect. 3.4). The result of each cross-correlation is a mis-
match shift, defined as the difference in velocity caused
by the mismatch between both spectra in the spectral re-
gion considered.

Next, for each of the 30 main-grid spectra, and for each
spectral region, we define the expected “mismatch error”
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FEry as the mazimum of the absolute values of the mis-
match shifts derived for the 14 different mismatch cases.
Since in practice one does not know which of the 14 cases
occurs when cross-correlating two observed spectra, and
since mismatch shifts are purely systematic in nature, the
only useful parameter for characterizing the quality of a
spectral region is the maximum value of all possible errors.

In summary, we have selected 30 main-grid spectra rep-
resenting the A-type main-sequence stars at different ro-
tational velocities; for each one we stipulated 14 probable
cases of spectral-type mismatch and computed for each
one the mismatch shift in velocity for a few tens of spec-
tral regions. We defined, for each of the main-grid spectra,
the mismatch error of each spectral region to be the high-
est of those shifts.

Cross-correlations were performed with the CORSPEC
package, updated from Verschueren (1991). In order to
minimize end effects, the flux in each spectral region
was first rescaled to the average level between its two
end points; an end-masking of 5 pixels length was then
additionally applied. Mismatch shifts were computed by
fitting a parabola through the highest 3 pixels of the cross-
correlation peak, taking into account the discretization
correction of David & Verschueren (1995). The formal ran-
dom error for each cross-correlation was also computed
using the theoretical expression given by Verschueren &
David (1999) and adopting reference S/N values of 50,
100 and 200, respectively, in the continuum of the object
spectrum and infinity for the template. The S/N in the
continuum is assumed to be independent of wavelength,
although in practice it depends on the intrinsic energy dis-
tribution of the spectrum and on interstellar, telluric and
instrumental characteristics.

3.4. Spectral regions

Since we want to examine the behaviour of different parts
of the spectra, we have to define a set intervals, which
we call “spectral regions”, for the main-grid of 30 spectra
defined in Sect. 3.3. Owing to the large differences in char-
acter between the different spectra, it proved impossible
to select a unique set of spectral regions that was equally
suitable in all cases. Nevertheless, we tried to define them
as consistently and as homogeneously as possible for all
the spectra considered, making neither their length too
large that individuality was lost, nor so small that we ran
the risk of low information content and important end
effects.

First, in all 30 main-grid spectra, we searched in an
automated way for “continuum windows”, defined here as
spectral intervals in which the normalised flux is greater
than 0.99 over a minimum span of 10 pixels for all nearby
spectra with which the given spectrum will have to be
cross-correlated (i.e. the set of 14 mismatch cases to be
considered; see Sect. 3.2). A length of 10 pixels provides
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Table 1. Master list of central wavelengths of continuum win-
dows. Those windows bracketing a H line are indicated by that
line in the last column. Continuum windows 01 and 02 bracket
the Balmer series H14 — H8. The start and end wavelength
of all spectral regions for all spectra are chosen from this list.
Throughout this paper, spectral regions will be noted by the
combination of their numbers as appearing in the first column
(e.g. region No. 08-12 runs from 4212.5 — 4405.5 A)

No. X (A) In()) No. X (A) In(\)
01 3717.1 8.2207 19 4608.7 8.4357
02 3924.5 82750 He | 20 4623.9 8.4390
03 4019.8 82990 He | 21 4641.5 8.4428
04 4039.2 8.3038 22 4661.1 8.4470
05 4050.1 8.3065 Hé | 23 4688.2 8.4528
06 4159.7 8.3332 H | 24 4725.8 8.4608
07 4193.1 8.3412 25  4750.5 8.4660
08 42125 8.3458 26 4778.1 84718 Hp
09 42314 8.3503 27 49443 8.5060 Hp
10 4257.3 8.3564 28 4974.1 8.5120
11 4266.3 8.3585 Hy| 29 4995.0 8.5162
12 44055 83906 Hy| 30 5026.1 8.5224
13 4439.1 8.3982 31 5045.7 8.5263
14 4478.3 8.4070 32 50619 8.5295
15 4486.4 8.4088 33 50924 8.5355
16 4511.6 8.4144 34 51159 8.5401
17 4537.8 8.4202 35 5158.0 8.5483
18 4569.2 8.4271 36 5177.6 8.5521

enough scope to ensure sufficiently flat ends in the event of
even somewhat larger mismatches, or to accommodate ac-
tual Doppler shifts between observed spectra. For higher
rotational velocities, the value of 0.99 had to be relaxed to
0.98 or 0.97 in order to find a reasonable number of contin-
uum windows. For the late A-type spectra, no continuum
windows shortward of H§ were found because of the in-
creasing metal-line density in the Balmer-line wings; we
decided simply to use the ones suitable for the other spec-
tra in this wavelength region, and verified that resulting
end effects were negligible in these relatively wide H-line
regions.

From these data, a “master list” of 36 continuum win-
dows was generated which provided a satisfactory repre-
sentation of all 5 main-grid spectra at vsini = 5 kms™".
Table 1 lists their central wavelengths. At higher rota-
tional velocities, some of those 36 windows cease to exist
above a certain value of vsin¢ because of line broadening,
the more so for greater line-densities (i.e. lower tempera-
tures). We therefore created sub-lists of continuum win-
dows for different values of vsini and Teg, keeping the
number as high as possible and the selection as homoge-
neous as possible across all temperatures and rotational
velocities. In that way we retained 13 continuum win-
dows at vsini = 300 kms—! for Teg = 7500 K, and 23 for
Ter = 9500 K.

“Spectral regions” were then defined simply as the in-
tervals between adjacent continuum windows taken from
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the relevant sub-list, the whole set thus covering the entire
spectrum synthesized in each case. A final iteration of the
continuum windows was then carried out in order to en-
sure robustness against end-effects: we checked that end-
masking and the actual location (up to % 5 pixels) of the
extremities of the spectral regions was not critical for the
cross-correlations. These tests resulted in the removal of
only a few continuum windows from some sub-lists defined
for vsini > 100 kms™'. Owing to the constraints we im-
posed on the continuum windows, some of the small spec-
tral regions merge into larger ones as vsin¢ increases and
Teg decreases. The final lists of spectral regions include,
for all spectra, 5 “H-line regions”: the H14-H8 Balmer line
region, one with He and Call K, and those with H§, H~y
and HS — each of course blended with other lines. Regions
without H lines (the “metal-line regions”) have an average
width of ~ 25 A if vsini = 5 kms™" and ~ 40 A if vsini
= 300 kms~!.

4. Mismatch errors of individual spectral regions

In this section, we present the expected mismatch errors
ERy of the individual spectral regions. We recall that each
is defined as the maximum mismatch shift (in absolute
value) out of the 14 different mismatch cases (two steps
of + 250 K in T,g and one step of + 0.2 dex in logg; see
Sect. 3.2). We discuss these results for the 30 main-grid
spectra considered, i.e. for the 5 values of temperature, 1 of
surface gravity, and 6 of rotational velocity, representing
the rotating A-type main-sequence stars (see Sect. 3.3).
First, in Sect. 4.1, we look in more detail at the individ-
ual mismatch shifts arising from the 14 different mismatch
cases.

4.1. Mismatch cases and shifts

The step in (Tesr, logg) of the mismatch grid as chosen
in Sect. 3.2 needs to be sufficiently small to sample prop-
erly the mismatch error Fry as a function of ATeg and
Alog g. We are satisfied that the latter requirement has
in fact been met because a simple four-parameter model
(AATx + BATZ; + CAlogg + DAT.gAlogyg) fits the
14 mismatch shifts fairly well for most spectral regions
in all main-grid spectra. We also found that the max-
imum mismatch shift, i.e. the mismatch error Egry, for
ATy = 500 K (i.e. for 14 mismatch cases) is twice that
for ATeg = 250 K (i.e. for 8 mismatch cases), with an rms
deviation less than 0.5 for all 30 main-grid spectra and for
all spectral regions.

As pointed out in Sect. 1, if spectra have a high line-
density one tends to assume that, for a given mismatch
case, the mismatch shifts caused by individual blends in a
given spectrum are like random numbers distributed sym-
metrically around zero. Visual inspection of our mismatch
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Fig. 2. Percentage of individual metal-line regions with a pos-
itive mismatch shift for those mismatch cases with AT > 0
(full line), and for those with AT < 0 (dashed line). All
mismatch cases in log g are taken together. Results are shown
for each of the 30 spectra separately with the numerical la-
bels referring to their Teg (1="7500K, 2=28000K, 3=38500K,
4=9000K, 5=9500K). If ATet > 0(< 0), the mismatch shift
is that of a hotter (cooler) object with respect to the template
whose Tes is referred to by their labels

shifts (see e.g. Fig. 2) suggests that, on the contrary they
have a preferential sign in different spectral regions for
many of the spectra and mismatch cases. Although the
wavelength regions defined in Sect. 3.4 do not isolate indi-
vidual blends, those without hydrogen lines are sufficiently
narrow and numerous to allow a limited verification of the
assumption of randomness of the sign. For each of the 420
samples of mismatch shifts taken from all metal-line re-
gions (for 14 mismatch cases in 30 spectra), we tested the
hypothesis that the sign of the shifts in the sample is ran-
dom. The results can be summarized as follows:

— at the 5% significance level the hypothesis cannot be
rejected for any of the 30 spectra if the mismatch is
caused only by differences in log g and not in Tug;

— likewise it cannot be rejected for any mismatch case if
the template spectrum has vsini = 5 or 50 kms™1;

— however, for all temperatures there are one or two
vsini values and several mismatch cases for which the
hypothesis must indeed be rejected at the 5% level,
with a slight preponderance of cases with ATy > 0,
Alogg = 0 and Teg > 7500 K; the total number of
these cases is 110, and in 42 out of them the hypothe-
sis must be rejected even at the 1% level so it is quite
unlikely that they could be ascribed to coincidence.

A characteristic of these trends is illustrated in Fig. 2,
where a strong correlation appears between the sign of the
temperature mismatch and the sign of the corresponding
mismatch shift, for most metal-line regions and for rota-
tional velocities above ~ 50 kms™!. The correlation ex-
ists for all temperatures, although the scatter increases
towards the highest v sini because of the smaller number
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of regions defined. The reason for this common behaviour
of most spectral regions has yet to be investigated by
examining the origin of each shift. Positional relations be-
tween the lines of multiplets contributing to temperature-
dependent blends in different regions presumably play a
role. The important consequence is that, at least for faster
rotators, a majority of the metal-line blends may cause a
mismatch shift in the same sense so that one cannot be
certain of reducing systematic errors simply by including
more such blends in a cross-correlation. This will strongly
influence the extent to which it is useful to combine indi-
vidual spectral regions as is discussed in Sect. 5.1.

4.2. Distribution

For each of the 30 main-grid spectra we plotted the dis-
tribution of mismatch errors Fry from the different spec-
tral regions. A Kolmogorov-Smirnov test shows that, for
a given rotational velocity, the hypothesis that the distri-
butions for the 5 different temperatures are identical can-
not be rejected, although the relatively small number of
regions must influence that result. We can therefore com-
bine the results for all Teg; Fig. 3 shows the distributions
for the 6 values of vsini. It is immediately apparent that
a large range in Fry exists among the different regions
at any given vsini: the 10% highest errors are on average
about a factor 20 larger than the 10% smallest ones.

The most important characteristic of these distribu-
tions is the strong and consistent increase in the errors
with vsini. In Sect. 4.3 we will quantify that dependence
in more detail. Although the distributions of all Egry for
different temperatures are indistinguishable, the mismatch
error of each individual region may vary significantly with
Tegr, as discussed in Sect. 4.4. The smallest mismatch er-
rors from the H-line regions are of very much the same
magnitude as the errors of the best metal-line regions,
while at the same time H-line regions are never found
among those regions that give rise to the highest errors.
A more detailed discussion of the H-line regions is given
in Sect. 4.5.

4.3. Dependence on rotation

As Fig. 3 shows, the global distribution of mismatch errors
scales approximately linearly with v sin . In order to inves-
tigate this dependence more quantitatively for individual
spectral regions, those regions were selected that contain
exactly the same interval in wavelength for all values of
vsini. This was repeated for the 5 values of T, sepa-
rately in order to detect a possible further dependence on
temperature.

A linear relation between the mismatch error from a
given spectral region and v sin ¢, assuming the error is zero
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Fig. 3. Distribution of the mismatch errors Fry from all spectral regions. For each value of vsin, the results from the 5 values
of Teg are combined. Results for H-line regions are shown hashed

if vsiné = 0, can conveniently be expressed on a logarith-
mic scale:

ERrv vsing
log ® | = log 5
Ery

with Eg{; the mismatch error at vsini = 5 kms~! to which
the errors for other vsin¢ are normalised. Figure 4 shows
the mismatch error for T.g = 8000 K as a function of
vsin i for all 8 selected regions; it also depicts Eq. (1). The
double logarithmic scale has the advantage that a linear
dependence of the mismatch error on vsini between any
two vsini values is translated into a connecting line with
a gradient of unity, i.e. parallel to Eq. (1).

As the plots in Fig. 4 are not significantly different for
different temperatures, we can draw the following conclu-
sions from all of them:

(1)

— FEgry increases monotonically with vsini in almost
all spectral regions, partly because in a majority
of the wavelength regions all individual mismatch
shifts actually increase monotonically, and partly
because FEgry, by its very definition, is likely to
keep on growing even if some of the individual
shifts do not. The behaviour of the individual mis-
match shifts themselves (monotonic or not) can
often be explained qualitatively in terms of the
results of the simple two-line study by Verschueren
(1991) (see Sect. 2.2), bearing in mind that the

distance between spectral lines in units of their width
decreases as rotational broadening increases. In par-
ticular, in some spectral regions where the mismatch
error exhibits a maximum as a function of vsini, one
finds that the condition for a maximum is indeed
reached and passed at some wvsini < 300 kms~!
and that all individual mismatch shifts decrease in
absolute magnitude.

— Almost all curves have at least one part where the
increase is stronger than linear and at least one part
where it is less strong than linear. Furthermore, for
any step in vsinz, different spectral regions exhibit a
large range in slope around the linear value. Although
rotational broadening increases Ery on average, the
details of the blending in each individual region deter-
mine the final outcome to a large extent.

— The vsini-dependence of the mismatch errors arising
from H-line regions does not seem any different from
that arising from the metal-line regions. The reason
is that mismatch errors in H-line regions are caused
solely by the blending metal lines (with some excep-
tion occurring in the Balmer line region; see Sect. 4.5).

4.4. Dependence on temperature

For a given wvsini, the mismatch error Ery for any
given spectral region may vary considerably with the
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Fig. 4. Normalised mismatch error Ery as a function of vsinz,
plotted on a double logarithmic scale. Different curves repre-
sent all spectral regions that contain exactly the same interval
in wavelength over the full range of wsini for spectra with
Tes = 8000 K. Dotted lines represent H-line regions. The thick
line depicts Eq. (1), its slope representing a linear scaling of
the error between any two values of vsin g

temperature parameter T,g of the spectrum. This is
shown for vsini = 50 kms~! in Fig. 5. The following
conclusions can be drawn:

— The mismatch errors of the majority of the spectral
regions vary monotononically with temperature, al-
though the sign and the range of the variations varies
substantially from one region to the next. Again, the
details of the blending in each spectral region are the
crucial factor;

— Spectral regions with a relatively weak dependence on
temperature also have a relatively small average Ery .
Average errors for these “best” regions are ~ 0.04, 0.4,
1, 1.5, 2 and 3 kms™! for vsini = 5, 50, 100, 150, 200
and 300 kms™!, respectively. Note that these “best”
regions are largely different ones for different v sini;
this seriously hampers the selection of regions suitable
for all spectra (see Sect. 5);

— Some spectral regions have mismatch errors that vary
up to a factor of 10 across the temperature range con-
sidered. Such large variations, however, do not occur
among H-line regions.

Figure 5 supports a comparison with the work of Fekel
(1985, 1999), who has derived accurate RVs for late B-
and A-type stars that have vsini < 50 kms™!. Fekel uses
the MgII line at 4481 A (situated in our region No. 14-
15) and the 5 Fe Il and Till lines between 4500 — 4525 A
(situated at the end of region No. 15-16 and at the begin-
ning of No. 16-17). Our error in region No. 14-15 (MgII)
remains small for vsini = 5 kms~! but it increases dras-
tically with decreasing temperature for v sini = 50 kms~—!
(see Fig. 5). For that value of the rotation the region is
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Fig.5. Mismatch error Eryv as a function of the different
spectral regions for 5 different temperatures: 1 = 7500 K,
2 = 8000 K, 3 = 8500 K, 4 = 9000 K and 5 = 9500 K. The ro-
tational velocity is 50 kms™' in all cases. Spectral regions are
indicated by the number of the continuum window correspond-
ing to their starting wavelength (see Table 1). Horizontal full
lines indicate the length of a region if it is larger than the dis-
tance between two consecutive continuum windows in Table 1

still reliable for early-A spectra, but yields unacceptably
high errors for mid- and late-A ones owing to blending
by lines which have a strong temperature dependence.
Incidentally, the mid and late A-type stars in Fekel’s study
all have vsini < 15 kms™! (Fekel 1999, private communi-
cation) which helps to explain the relatively small errors
he finds for those stars using the MgII line. Also for v sini
> 50 kms™!, we find that the MgII line yields relatively
small errors for early A-type spectra only.

The other two regions which contain lines used by Fekel
are in fact among the very best, producing mismatch er-
rors between 0.02 — 0.04 kms™! for vsini = 5 kms™! and
between 0.2 — 0.4 kms™! for vsini = 50 kms™! (depend-
ing on temperature). However, since the maximum mis-
match in temperature we have considered spans only 2
temperature sub-classes in either direction, our results in-
dicate that allowing a considerably larger mismatch, such
as Fekel (1985, 1999) employs, is not without risk for v sin+
approaching 50 kms~!. For vsini > 50 kms™!, our region
No. 15-16 remains among the best despite the blending
which occurs shortward of Fekel’s lines. At that rotational
velocity, region No. 16-17 behaves well only in early A-
type spectra, and produces relatively high mismatch er-
rors for cooler spectra owing to a complex blend which
affects most of Fekel’s lines.
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Fig.6. Mismatch errors Ery of the 5 H-line regions as a
function of spectral temperature for a rotational velocity of
150 kms™'. The regions are: 1 = H14 — H8 (Balmer region),
2 =He, 3 =Hd, 4 =H~, 5 =Hg. Dashed lines indicate a
change in length of the actual wavelength interval, which oc-
curs when a small adjacent metal-line region merges with the
H-line region (see Sect. 3.4)

4.5. A closer look at H-line regions

Owing to the much larger widths and strengths of the
Hydrogen lines compared to the metal lines in these early-
type spectra, spectral regions that contain H lines require
separate investigation. It is important to realize at the out-
set that the mismatch errors of the 4 regions that contain
just one H line differ from zero only because of the Tyg-
and log g-dependent blending with metal lines; the H line
itself is always isolated and symmetric. On the one hand,
mismatch errors arising from those 4 H-line regions are
expected to be smaller on average than those arising from
regions with only metal lines because the strong, broad
H line dampens extraneous contributions while not itself
contributing to the mismatch; smaller errors for H-line re-
gions are expected also because they have a much larger
wavelength span than metal-line regions and because some
degree of cancelling of errors always occurs (see Sect. 5.1).
On the other hand, some differences in the characteristics
of the metal lines (e.g. a difference in strength of an iso-
lated line) will yield (larger) mismatch shifts if those lines
occur on the inclined wings of a H-line profile; in addition,
differences in spectrum rectification may be an important
source of mismatch for these regions. The nett effect can-
not easily be predicted, though the distributions given in
Sect. 4.2 already showed that mismatch errors from H-
line regions lie well within the range found for metal-line
regions.

Figure 6 shows the mismatch errors Ery of the 5 H-line
regions for the 5 temperatures considered, and for vsini
= 150 kms~!. From this and similar plots for different
vsini we conclude:
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— Mismatch errors arising from the regions containing
Hé, Hy and HB (labelled 3, 4 and 5) are relatively
small; they show no common dependence on temper-
ature for any vsini, and in that sense they behave
similarly to the metal-line regions. Since it is the de-
tailed content of the metal lines in the H-line regions
that determines the mismatch shifts, the addition of
adjacent small wavelength regions to a H-line region
(see the dashed lines) can have a non-negligible effect;

— For vsini < 50 kms™!, the situation for region 2 con-
taining H € is similar to that of the 3 regions discussed
above. For larger rotational velocities, however, mis-
match is dominated by the blending with the Call H
line, though in mid- or late-A- spectra the K line also
blends with the far wing of He¢; both Call lines vary
markedly with temperature, growing from a very weak
line at late B to strong and broad lines at early F. The
resulting mismatch errors show a very strong temper-
ature dependence and are relatively high for mid- and
late-A spectra. This particular type of blending occurs
only in the H e spectral region;

— For small vsini, the situation for region 1 containing
the Balmer-series limit (H14 — H8) is again similar to
that of the other H-line regions. For larger rotational
velocities, the errors remain small for early- and mid-A
spectra but become relatively large for late-A ones. We
suggest the following tentative explanation. At larger
vsing the mismatch is dominated by the seven mutu-
ally blended H lines; those lines become broader with
increasing temperature, reaching a maximum at early
A. Their blending therefore alters substantially with
temperature for the late A-type spectra, while reaching
a more stable, almost temperature-independent, con-
figuration for the early A-type spectra. If that mecha-
nism is indeed the dominant one, and if other factors
remained equal, we might expect mismatch errors for
that spectral region to increase again for B-type stars,
where the H lines become more narrow with increasing
temperature.

5. Selection and combination of spectral regions

In this section we experiment numerically with several cri-
teria for excluding the badly-behaved spectral regions in
order to find out, from a phenomenological basis, to what
extent mismatch shifts can be reduced while at the same
time keeping the random error contained. An optimal se-
lection strategy will depend on the systematic error that
can be tolerated and on the random error (S/N) that is
achievable. In this paper, we assume that the S/N is not in
principle the limiting factor. We can therefore concentrate
on selection strategies that minimize the systematic mis-
match errors in an absolute sense, and compute the S/N
necessary to keep the random errors below those system-
atic ones.
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We consider the set of pure metal-line regions sepa-
rately from the set of 5 regions containing H lines. The
latter regions have much wider wavelength spans and the
two sets have different sensitivities to rotational broad-
ening. In addition, the particular non-random behaviour
of the sign of the mismatch shifts (see Sect. 4.1) is only
apparent for metal-line regions.

5.1. Sequential combinations

We know that, for typical late-type spectra with a high
line density and a low rotational velocity, mismatch shifts
statistically cancel to a very large extent; systematic errors
are therefore small, and random errors can be minimized
by combining as many spectral regions as possible. This
led us to combine spectral regions in a particular way for
each of the 30 main-grid spectra in turn. We commence
by selecting that region giving the smallest mismatch error
FERy in each case, and subsequently adding further regions
in order of increasing Ery. Each step, which includes one
more “individual” region than the previous step, consti-
tutes a “combined region”; the last combined region is
thus the combination of either all metal-line regions or
all H-line regions. Figure 7a shows the mismatch errors
FERy arising from those combined regions for the case with
Teg = 7500 K, vsini = 50 kms~!. Also indicated is the
FEry corresponding to the most recently-added individual
region, together with the random error associated with
each combined region for three adopted values for the S/N
in the object spectrum. In this case of our coolest spec-
trum with a low rotation, which may be considered as
the “late-type analogue”, mismatch shifts are effectively
cancelled throughout the metal-line regions without in-
creasing the errors above the level for the best individual
region. For the H-line regions, however, the inclusion of
the region containing H14 — H8 and the one containing
He strongly increases the error, which can be understood
from Sect. 4.5.

The example given in Sect. 2.2 has already shown that
statistical cancelling of errors fails in the case of higher
temperatures or greater rotational velocities. Figure 7b
(corresponding to Teg = 9500 K, vsini = 50 kms~1)
and Fig. 7c (corresponding to Ter = 8500 K, vsini =
200 kms™!) do indeed exhibit radically different behaviour
from Fig. 7a. Owing to the lower line density and (at
higher rotational velocities) to the apparently non-random
sign of the mismatch shifts of individual spectral regions
(see Sect. 4.1), cancelling of errors becomes very ineffi-
cient, and the expected mismatch error may substantially
increase when more individual spectral regions with suc-
cessively higher mismatch errors are added. Some (large)
errors may still cancel for certain combinations of spec-
tral regions, but the effect is accidental rather than sta-
tistical. Unless one is sure that all details of a synthetic
spectrum are realistic, one certainly cannot count on the
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same cancellation occurring for real spectra. Verschueren
et al. (1999) investigated, in a particular case, the extent
to which mismatch errors may be reduced by searching
explicitly for those combinations of spectral regions that
show the largest accidental cancelling. For the reasons
just explained, the outcome of such an experiment cannot
provide the basis for the choice of a suitable set of spec-
tral regions, at least insofar as only synthetic spectra are
considered. Our policy for combining spectral regions is
therefore to avoid using individual spectral regions with
relatively large mismatch errors.

However, since the curves in Figs. 7b,c do not rise
monotonically, the practice of avoiding only those indi-
vidual spectral regions with the largest Ery does not nec-
essarily reduce the Ery of the resulting combined region.
The only possible robust strategy is thus to use just those
spectral regions with very small individual mismatch er-
rors. The cancelling of errors is then reduced to an accept-
able level, though we note that some amount of cancelling
is always unavoidable, e.g. as occurs internally within each
of the individual spectral regions.

For the purpose of later comparisons, it is instructive
to investigate the order of magnitude of the mismatch er-
ror Fry which results when this strategy is taken to its
extreme, i.e. in each of the 30 main-grid spectra, we use
only that individual region which gives the smallest Fry
(regardless of whether it is a metal- or H-line region). For
any given v sin, these Fry values show some scatter with
Tegr, but there is no trend. Their maxima over the 5 values
of Teg are therefore a conservative measure of the maxi-
mal RV accuracy attainable at each vsini, at least when
one does not want to depend on cancelling of errors. The
dotted curve in Fig. 8a shows this accuracy: RV accura-
cies below 1 kms™! are only possible for rotational veloc-
ities below about 150 — 200 kms™?!, but even at vsini =
300 kms~! those errors are definitely below 2 kms~!.
Unfortunately, that result has mostly academic value only,
for three reasons. First, since very small wavelength re-
gions are used in the metal-line case, the required S/N
necessary to obtain a random error of the same order of
magnitude as the systematic error is in the region of 1000
and is thus out of reach for most observing programmes
at present. Note that this problem is reversed for a H-line
region, where systematic errors are commonly larger than
random errors even at moderate S/N (as shown by the
dotted curves in Figs. 7). Secondly, that result depends
entirely on the realism of just a few spectral features in
a synthetic spectrum. And thirdly, the very best spectral
region is a different one for different spectra; there is no
guarantee that the best regions in two adjacent spectra
will yield equally small errors at intermediate values of
Tog or vsinzi.
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Fig.7. Crosses and the connecting full line show, for the three spectra indicated on the right, the mismatch error Ery for the
sequentially-combined spectral regions defined in Sect. 5.1. Dotted lines show the random error of each combined region for a
(S/N)obj = 50, 100, 200 from top to bottom, respectively, and a (S/N)tem = 00. Results are shown separately for combinations
without, and with, H lines. Just above the top of the graph is indicated, for each combined spectral region, the number of the
last-added individual spectral region (the notation is described in Table 1). The number just below the top of the graph is the
FEry value of the latter expressed in km g7t
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Fig. 8. a) Full lines: Expected RV accuracy attainable for dif-
ferent ranges in vsin¢ when using the “uniform” selections of
metal-line wavelength regions as explained in Sect. 5.2. The re-
lationship is valid for all A-type main-sequence spectra and for
the spectral-type mismatch outlined in Sect. 3.2. For vsini =
200 — 300 kms™!, the selection which is tentatively proposed
in Table 2 yields errors of about 5 kms™* and is not shown
for clarity. Dashed line: Same for the “uniform” selections of
H-line regions. Dotted line: Same when using only the best in-
dividual spectral region as explained in Sect. 5.1. b) S/N value
necessary to obtain a random error equal to the systematic
error given by the corresponding type of curve in a)

5.2. Uniform combinations

In view of the foregoing discussion we implemented the
following strategy for selecting individual spectral regions.
First, for each value of v sin ¢ separately, we selected those
individual regions whose derived mismatch error Fgry is
small for all Teg (see e.g. Fig. 5). Because of the need for
a sufficient number of selected regions, we selected Ery
cut-off values for the 6 different vsini cases of 0.1, 0.7, 1.5,
2.5, 3 and 7 kms™!, respectively. Even then, the number
of suitable regions decreases strongly with vsini. In order
to ensure continuity as a function of vsin ¢, only those re-
gions common to the selections for two consecutive v sin i
values were then retained for use between those two v sin
values. This procedure was followed separately for metal-
and H-line regions but with the same Fry cut-off values.
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Table 2 lists the individual spectral regions finally selected
in this way. We note parenthetically that an alternative
strategy, of searching at a given T.g for spectral regions
with a small Ery for all vsini, was unsuccessful.

Our procedure meets the four requirements following
from the discussion in Sect. 5.1. First, accidental can-
celling of large errors is avoided because only very good
individual regions are used; secondly, enough spectral in-
formation is sampled so as to avoid the need for extremely
high S/N (see Fig. 8b) and (thirdly), so as not to depend
on the details of just a few spectral features in a synthetic
spectrum; fourthly, the selection is uniform in Teg and
continuous in v sin 4, so the derived errors are valid for the
whole of the parameter space.

This selection was then applied to all 30 main-grid
spectra and the expected mismatch error Fry was com-
puted for the standard mismatch defined in Sect. 3.2. At
vsini = 50, 100, 150 and 200 kms™!, both relevant selec-
tions were applied separately; e.g. at vsini = 50 kms™1!,
the selection suitable for 5—50 kms~! and the one suitable
for 50—100 km s~! were both computed. For a given v sin,
the same selection was of course applied for the 5 values
of Teg. The mismatch errors Ery were then plotted as a
function of Tug for each value of vsinié and, again, no sig-
nificant dependence on temperature was found. Therefore,
for each vsini, the maximum value over the 5 values of
Teg was adopted as a conservative measure of the accuracy
attainable with each of the proposed selections. Figure 8a
shows this expected accuracy for each of the ranges in
rotational velocity considered, and for metal- and H-line
regions separately. For vsini below about 100 km s,
our selection based on metal-line regions produces consis-
tently smaller errors than that based on H-line regions. For
vsini > 100 kms™!, regions with H lines are superior. For
vsini < 150 kms™!, errors are consistently smaller than
1 kms™! (~0.05,0.15,0.5 and 1 kms~! for vsini = 5, 50,
100 and 150 kms~1!, respectively), while for higher rota-
tion errors in the range 1 —2 kms™! can be expected. We
recall that these error estimates are conservative values in
the sense that they are maxima of errors over all temper-
atures, which in their turn were based on the maximum
mismatch shift of all 14 mismatch cases in Teg and logg
considered (see Sect. 3.2).

Figure 8b shows the S/N necessary for the random er-
ror to equal the systematic error of Fig. 8a for each of the
proposed selections of spectral regions. For the metal-line
selections with vsini < 100 kms™!, S/N values roughly
between 100 — 400 are required, while much smaller val-
ues are sufficient if the H-line regions are selected when
vsini > 100 kms~!. The latter stems from the fact that
on the one hand the intrinsic cross-correlation power in
the H-lines decreases only slightly with rotational veloc-
ity, while on the other hand the systematic error increases
much more.
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Table 2. Numbers of the individual spectral regions selected for the “uniform” combinations for different ranges of vsini as
discussed in Sect. 5.2. They are suitable for the whole A-type main-sequence. The notation is taken from Table 1. For the H-line
regions, the exact definition of the regions may change with temperature and rotation because of the changing availability of

continuum windows around the H lines (see Sect. 3.4)

vsing (kms™ ')

spectral regions

005—050 15-16, 16-17, 17-18, 18-19, 19-20, 20-22, 23-24, 34-35
050—100 15-16*, 17-18, 18-19, 23-24
100—150 15-16*, 18-19, 23-24, 27-28
150—200 18-19, 23-24, 27-28, 28-29*
200—300 18-19*, 28-29*
7500 K 8000 K 8500 K 9000 K 9500 K
005—050 HS (005) 26-27 26-27 26-27 26-27 26-27
HS (050) 26-27 26-27 26-27 26-27 26-27
050—100 HS (050) 26-27 26-27 26-27 26-27 26-27
HS (100) 25-27 25-27 25-27 25-27 25-27
100—150 Hy+Hg (100) 09-13, 25-27  11-13, 25-27  11-13, 25-27  11-12, 25-27  11-12, 25-27
Hy+Hg (150) 09-13, 25-27  11-13, 25-27  11-13, 25-27  11-12, 25-27  11-12, 25-27
150—200 H6 +Hy (150)  04-08, 09-13  04-08, 11-13  04-06, 11-13  05-06, 11-12  05-06, 11-12
H6 + Hy (200)  04-08, 08-16  04-08, 08-13  04-08, 11-13  04-06, 11-12  04-06, 11-12
200—300 H6 + Hy (200)  04-08, 08-16  04-08, 08-13  04-08, 11-13  04-06, 11-12  04-06, 11-12
H6 +Hy (300)  04-08, 08-16  04-08, 08-16  04-08, 11-13  04-06, 11-12  04-06, 11-12

*Region not defined for Teg = 7500 K.

6. Conclusions and future work

The measurement of accurate RVs of early-type (O-B-
A) stars cannot be achieved with the standard cross-
correlation techniques that are suitable for most late-
type stars, where object-template spectrum mismatch
and selection of wavelength range are not critical points.
For early-type stars the occurrence of spectral-type mis-
match commonly results in large systematic RV errors
(“mismatch shifts” ) because their typically high rotational
velocities cause spectral lines to blend into features that
change shape with temperature and gravity, while their
low line density prevents those errors from cancelling sta-
tistically.

In this first paper, we have used synthetic spectra in
the range 3700 — 5200 A and with a resolution of ~ 0.12 A
per pixel to quantify the mismatch shifts that arise when
differences between object and template spectrum of up
to £ 500 K in Teg (~ % 2 temperature sub-classes) and
up to £ 0.2 dex in log g (~ =+ 1 luminosity class) are con-
sidered, representing 14 cases of spectral-type mismatch;
variations in vsin¢ were not included as a source of mis-
match. The mismatch shifts that were derived from our
cross-correlations are valid only for spectra in which spec-
tral features are well sampled. The expected mismatch er-
ror Fry, conservatively defined as the mazimum mismatch
shift that can occur for all 14 mismatch cases, was derived
for each of 30 main-grid spectra whose range spanned the
rotating A-type main-sequence stars (Tegq = 7500, 8000,
8500, 9000 and 9500 K, log g = 4.0, and vsins = 5, 50, 100,
150, 200 and 300 kms~1). We derived mismatch errors for
a set of several tens of spectral regions, five including H
lines, in each spectrum.

We derive the following conclusions from our analyses
of the mismatch errors of individual spectral regions in
different spectra.

— A large range in mismatch errors arises between the
different spectral regions for any given spectrum: the
10% highest errors are on average about a factor 20
larger than the 10% smallest ones;

— For the metal-line regions, the sign of the mismatch er-
ror is not randomly distributed in different spectral re-
gions for many of the spectra with vsini > 100 kms™—!;

— Mismatch errors tend to increase monotonically with
vsini because blending becomes more severe with
increasing rotational blurring. On average, mismatch
errors scale linearly with vsini, but there is a large
scatter owing to different degrees of individual
blending;

— For a given spectral region, the mismatch errors may
vary up to a factor 10 across the A-type tempera-
ture sequence. For most of the spectral regions, the
variation of Fry with temperature is monotonic but
varies substantially in sign and in range from one re-
gion to the next, according to individual details of the
spectrum mismatch. Average mismatch errors for the
“best” regions, i.e. the ones with a weak temperature
dependence and a small average FEry, are ~ 0.04, 0.4,
1, 1.5, 2 and 3 kms™! for vsini = 5, 50, 100, 150, 200
and 300 kms~!, respectively;

— Mismatch errors from H-line regions lie well within the
same range as those from metal-line regions. Errors
arising from those containing H5, Hy and Hf3 are rel-
atively small for all spectra. The region containing He
yields relatively large mismatch errors in mid- and
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late-A spectra owing to blending with the Call H
and K lines. The region containing H14 — HS8 yields
worsening errors for late A-type spectra when vsini >
100 kms™!.

Because statistical cancelling of errors is very inefficient,
the mismatch error may increase substantially when more
spectral regions are included in the cross-correlation.
Accidental cancelling of large errors among individual
spectral regions may also occur but will depend on
spectral details that are not predictable in real spectra of
individual stars. The development of a robust strategy for
selecting individual spectral regions in order to minimize
the mismatch error of the resulting combined region is
therefore mandatory.

In view of the above considerations, we selected the
different sets of spectral regions given in Table 2 for the 5
different ranges in v sin ¢; they are suitable for the whole of
the A-type main-sequence in each case. We made separate
selections for the metal-line and for H-line regions. The use
of those selections meets a number of important require-
ments: accidental cancelling of large errors is avoided, suf-
ficient spectral information is included, and the selection
is uniform in T.g and continuous in vsini. For vsini <
100 kms~!, the selection based on metal-line regions leads
to smaller errors than that based on H-line regions. For
vsini > 100 kms™!, regions with H lines may be supe-
rior; the latter depends in practice on the additional mis-
match arising from differences in spectrum rectification,
a step which is especially cumbersome for echelle spectra
(e.g. Verschueren et al. 1997 and references therein). Our
wavelength selection yields expected maximum mismatch
errors for all A-type main-sequence spectra of ~ 0.05, 0.15,
0.5, 1, 1.5 and 1.7 kms~!, respectively, for vsini = 5, 50,
100, 150, 200 and 300 kms—!. To ensure random errors
not exceeding those systematic errors, a S/N of approxi-
mately 50—400 is required, depending on individual cases.

The size of the mismatch errors quoted above depends
strongly on the size of the spectrum mismatch that we con-
sidered probable. If a half step in T,g has to be bridged,
the mismatch errors will be approximately halved owing to
the quasi-linear dependence of the mismatch shifts on Teg
over that range. Decreasing the step in log g only becomes
important if the mismatch error is no longer dominated
by differences in Teg. Detailed spectrum matching, using
a dense grid of template spectra, therefore remains of key
importance for increasing the RV accuracy. Expected er-
rors may also be reduced by relaxing the requirement that
one set of selected spectral regions must be suitable for the
whole of the A-type temperature sequence. That will be
a natural refinement as the present study is extended to
include B- and O-type spectra.

We stress that the selection of spectral regions pro-
posed here is based solely on a phenomenological study
of synthetic spectra, and must therefore be regarded as
tentative and subject to verification from studies with ob-
served spectra. We already showed in Sect. 4 that this
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study confirms the suitability of the wavelength region
used by Fekel (1985, 1999) for all A-type stars with v sin¢
< 50 kms™!, but at the same time hints at problems that
will arise for faster rotators. The next paper, which will
study real spectra of A-type stars, should enable us to
gain insight into the possible breakdown of some of our
conclusions under conditions of other types of mismatch,
such as arise (for example) through differences in chemi-
cal abundances. By using real spectra, we will be forced
to confront the complex inter-relationships between the
many atmospheric parameters which the use of synthetic
spectra has allowed us to handle as independent and con-
trollable quantities, and to investigate the less well under-
stood links between those parameters and others arising
from other atmospheric variants not included in the model
atmospheres. Future work will also investigate the identi-
fication of those spectral features that are chiefly responsi-
ble for large mismatch errors (and for the non-randomness
of their sign). By combining those results with the techni-
cal experience gained in the present study, we hope even-
tually to be able to propose wavelength-selections that
are firmly based on astrophysical arguments and which
are likely to be workable in practice.
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