
Astron. Astrophys. 362, 585–594 (2000) ASTRONOMY
AND

ASTROPHYSICS

The planet search program at the ESO Coud́e Echelle spectrometer?

I. Data modeling technique and radial velocity precision tests
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Abstract. We present the modeling technique we apply to anal-
yse data of the ESO Coudé Echelle Spectrometer (CES) planet
search program, in order to obtain high precision stellar radial
velocity (RV) measurements. The detection of the Doppler re-
flex motion of a star due to an orbiting planet has so far been
the most successful method to discover planetary companions
to solar-type stars. The first extrasolar planet discovered by the
CES program is the companion to the young (ZAMS) G0V star
ι Hor (Kürster et al. 2000). To achieve a high long-term RV
measurement stability the CES spectra are self-calibrated by a
superimposed iodine vapor (I2) reference spectrum. In the mod-
eling process a multi-parameterχ2-optimization is employed to
generate an accurate description of the observation. We largely
follow the general modeling approach for I2-calibrated data out-
lined by Butler et al. (1996) and Valenti et al. (1995). The sharp
I2 reference lines allow the reconstruction of the spectrograph
instrumental profile (IP) and the precise determination of the
Doppler shift of the stellar absorption lines. We show examples
of the application of the modeling technique to CES data ob-
tained over a time span of five and a half years at ESO La Silla.
The small spectral bandwidth of only4.85 nm for CES spectra
makes this data challenging for high precision radial velocities.
We demonstrate for the known RV-constant starτ Cet, for two
stars with known extrasolar planets,51 Peg and70 Vir, and
for α Men and GJ 570A, two stars from our survey that the
achievable RV precision for CES data is8–15 ms−1.
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1. Introduction

Several candidates of extrasolar planets orbiting late-type stars
have been found by precision Doppler surveys in the past five
years (e.g.: Mayor & Queloz 1995; Marcy & Butler 1996;
Cochran et al. 1997; Noyes et al. 1997; Fischer et al. 1999;
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Kürster et al. 2000). The aim of these Doppler surveys is the de-
tection of the reflex motion of a star due to the gravitational pull
of an unseen planetary companion. This reflex motion causes a
small Doppler shift of the stellar spectral lines and hence appears
as periodic change in the stellar radial velocity (RV). Since these
variations in radial velocity are very small (Jupiter induces a ve-
locity variation of12.4 ms−1 on the Sun over its orbital period)
it is necessary to minimize instrumental measurement errors.

In most precision Doppler surveys a temperature-stabilized
iodine vapor (I2) absorption cell has been used as the wave-
length reference. During observations the I2-cell is located in
the light path of the spectrograph and superimposes a dense
reference spectrum onto the stellar spectrum. Consequently, all
instrumental effects which modulate the stellar spectrum affect
the reference spectrum in the same way. To take full advantage
of this kind of self-calibration, a sophisticated data modeling
technique is mandatory. This includes the reconstruction of the
shape of the spectrograph instrumental profile (IP, the instru-
mental point spread function in dispersion direction) since IP
asymmetries cause shifts of the spectral lines and, if not taken
into account, lead to an erroneous radial velocity result. Since
no standard analysis method can be used for this purpose a spe-
cial modeling technique has to be applied. We followed and
extended the general modeling process for I2-calibrated data
which was first outlined by Butler et al. (1996) and the spectro-
graph IP reconstruction by Valenti et al. (1995).

In this article we describe the modeling technique we use
to analyse the data collected by the southern hemisphere planet
search program carried out at the 1.4m CAT telescope and the
Coud́e Echelle Spectrometer (CES) at ESO La Silla (Kürster et
al. 1994; Hatzes et al. 1996). The CES planet search program
has been observing a sample of40 solar-type stars since Nov.
1992. The RV-precision for CES data is mostly limited by the
very small spectral bandwidth of only4.85 nm. However, we
are able to verify an achievable RV precision of8–15 ms−1 by
using the RV-constant starsτ Cet,α Men, GJ 570A, and two
stars with known extrasolar planets,51 Peg and70 Vir, as a test
ground. The CES instrument was upgraded in April 1998 by in-
stalling the new Very Long Camera yielding a higher resolving
power (R = 230, 000) and an even smaller spectral coverage
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(depending on which CCD is used). Results presented in this
article all refer to the CES configuration (with the Long Cam-
era,R = 100, 000) prior to this modification. Although the
main goal of this work was to optimize the RV measurement
precision of the CES, we emphasize improved IP reconstruc-
tion techniques and the flexibility to use this method with any
spectrograph, calibrated by an I2-cell.

The modeling can be divided into the following three major
steps:

Step 1:Reconstruction of instrumental effects and spectrograph
instrumental profiles by modeling pure iodine spectra using a
high resolution Fourier Transform Spectrum (FTS) of the I2-
cell.
Step 2: Deconvolution of ‘template’ stellar spectra using the
Maximum Entropy Method (MEM) and the instrumental pro-
files obtained by step 1.
Step 3:Complete modeling of the combined iodine and stellar
spectrum. The iodine FTS and the deconvolved stellar spectrum
from step 2 serve as model templates to synthesize the obser-
vation. The Doppler shift between the iodine reference and the
stellar absorption lines is determined with high accuracy.

In this article we first describe the individual modeling steps,
their application to CES data, and present RV-precision test re-
sults forτ Cet,51 Peg,70 Vir and show the long-term RV results
for two stars of our sample,α Men and GJ 570A, which ver-
ify the long-term precision we found forτ Cet. The discovery
of the extrasolar planet aroundι Hor by this analysis method
has already been reported elsewhere (Kürster et al. 2000). A
full analysis of the complete CES planet search data will be
presented in a forthcoming paper (Endl et al., in prep.).

2. The CES instrument and the iodine cell

The Coud́e Echelle Spectrometer (CES) at the ESO La Silla ob-
servatory is a conventional non-stabilized spectrograph offered
to the whole astronomical community and for use in all kinds
of high resolution spectroscopic observations. The setup of the
instrument is changed frequently and reset before each observ-
ing run. Thus changes in the behavior of the spectrograph and
most of all variations of the instrumental profile are clearly to be
expected. All spectra included in this article were taken with the
1.4m CAT telescope, which fed the spectrograph with a direct
beam from the telescope. The incoming light is reflected at the
telescope from a third mirror into a tube which leads into the
Coud́e room, where the CES is located. After passing through
the entrance slit and a pre-dispersing prism, the light is dispersed
at the Echelle grating of the CES. The Camera optics image a
small part of one spectral order onto the CCD detector. The
CES is not stabilized in any way and the instrument setup (fo-
cus, alignment, CCD orientation) is redone frequently; this can
lead to significant variations of the IP between individual nights.
On smaller timescales the IP is also affected by seeing condi-
tions and the guiding performance of the telescope. The CES
I2-cell (see also K̈urster et al. 1994) is temperature-stabilized
at 50◦ C and located directly in front of the entrance slit of the
spectrograph. It is mounted on a short rail in order to move it

easily in and out of the light path. All spectra of the CES planet
search program prior to April 1998 (i.e. before the Long Camera
at the CES was replaced by the new Very Long Camera) were
taken at a central wavelength of538.9 nm and with the Long
Camera yielding a resolving power ofR = 100, 000 and a spec-
tral range of4.85 nm. This spectral region is also free of telluric
lines, which was confirmed by observing rapidly rotating B-
stars. The great advantage of the I2 self-calibration technique is
the fact that all instrumental effects, like wavelength zero-point
drifts, changes in the dispersion or resolving power and varia-
tions of the instrumental profile are recorded in the numerous I2
lines. Therefore an appropriate modeling of the iodine spectrum
should be able to exploit this information contained in the shape
and position of the I2 lines. One has to bear in mind that the goal
is to measure radial velocities with a precision corresponding
to a very small fraction of a CCD pixel. For the CES data one
pixel represents a velocity span of1300 ms−1 while the typical
FWHM of the IP is about3000 ms−1 wide. It is clear that any
asymmetry of the IP has an impact on the velocity information
one can retrieve from the data. For a long-term project like the
CES planet search it is mandatory to deal with these instrumen-
tal effects in order to attain a very high long-term stability for
measuring stellar radial velocities. The use of the I2-cell for self-
calibration and the application of our data modeling technique
make it possible to reach this objective. We will now turn to the
description of the data modeling.

3. The data modeling technique

3.1. Step 1: modeling the pure iodine spectrum

The spectrum of molecular iodine vapor (I2) is a dense forest
of sharp absorption lines (see Fig. 1). Pure I2-spectra are taken
either by using a flatfield (white) lamp or by observing a rapidly
rotating B-star (which has no apparent spectral features) through
the cell.

In general a spectroscopic observation can be mathematicaly
described as (from Valenti et al. 1995):

g(x) =
∫ ∞

−∞
f(x′) φ(x − x′) dx , (1)

whereg(x) is the observed spectrum at a certain positionx
on the detector,f(x′) the intrinsic “source” spectrum (i.e. the
spectrum before entering the instrument) andφ(x − x′) the
“convolving” function of the corresponding part(x − x′) of f ,
i.e. the instrumental profile (with the integral overφ(x − x′)
being unity). The discrete version of Eq. (1) is:

g(i) =
i+p∑

j=i−p

fj φi−j . (2)

Here the indexi denotes the pixel number of the observation,
while j is the index of the intrinsic spectrumf . p is the cut-
off of φ with φi−j = 0 for |i − j| > p, which constrains the
treatment of the indefinitely wide IP only in a reasonably broad
region around its maximum (for instancep can be set to the
point where the IP drops below1% of its maximum value). An
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Fig. 1. An iodine vapor (I2) absorption spectrum taken with the CES
spectrograph on La Silla. The central wavelength is located at 538.9 nm
and the spectral coverage is 4.85 nm with a resolving power of 100,000.
The light of a flatfield (white) lamp was send through the I2-cell to
obtain the absorption spectrum.

ideal instrument would – of course – image the “source” spec-
trumf exactly as it is, but diffraction and optical imperfections
cause a “smearing” off on the detector. This process can be
described as a convolution off with φ. Starting withg(i) we
face an inverse ill-posed problem where a unique solution for
φ cannot be found. However, an approximation ofφ can be re-
constructed by describing the observation with an appropriate
model, including the functional form ofφ as one or several free
model parameters. For a better treatment of the shape ofφ the
model is set up on a sub-pixel grid (usually CCD pixel size and
resolving power do not allow a detailed sampling of the IP).
With such oversampling Eq. (2) transforms into:

g(i) =
q(i+1)−1∑

j=qi

(
j+p∑

j′=j−p

fj′ φj−j′) (3)

with q as oversampling factor (q = j/i) andj andj′ as indices
on the oversampled grid. All the results presented in this paper
were obtained using an oversampling factor of5.

As the “source” spectrumf (in Eqs. (1) - (3)) of the iodine
we take a high resolution Fourier Transform Spectrum (FTS)
which was obtained by scanning our I2-cell with the McMath
FTS at Kitt Peak, yielding a resolving power ofR = 400, 000
(determined from the FWHM of the sinc IP of the McMath
FTS). To facilitate interpolation within the FTS spectrum we use
a spline-interpolated10 times oversampled version of the FTS.
By doing this, strong cutting of line-peaks during the modeling
process is avoided, and plain linear interpolation can then be
used to read out the spline-interpolated FTS.

Since the IP varies along the spectrum we subdivide it into
smaller spectral chunks and model each of these chunks inde-
pendently (the size of the chunks can be varied; for CES data we
typically use spectral chunks of 90 pixels which corresponds to
0.21 nm). In general the modeling process is a multi-parameter

Table 1.The free parameters of the model (quantity 2 means that there
is one parameter for the iodine and one for the stellar model). Note that
not all the IP parameters are used at the same time, their usage depends
on the chosen IP reconstruction mode (see text for details).

Quantity Description

2 Wavelength zero-point
1 Linear dispersion coefficient
2 Linear continuum slope
2 Spectral line depth
2 Normalization
1 2nd-order dispersion coefficient
1 Width of main Gaussian (IP)
1 Width of Box (IP)
1 Width of Lorentz (IP)
4 Amplitudes of satellite Gaussians (IP)

χ2-optimization algorithm. Table (1) summarizes and describes
all the free parameters of the model. During one modeling iter-
ation each one of the model parameters is optimized by Brent’s
method, a parabolicχ2-function interpolation (e.g. Press et al.
1992, Sect.10.2). The resulting model delivers information on
the IP shape, dispersion solution, continuum tilt, and line-depth
for each spectral chunk. A second-order dispersion parameter is
incorporated because a linear model does not describe chunks
of respective size with the necessary accuracy. The line-depth
parameter compensates for possible straylight effects, while the
slope parameter is used to fit a linear slope to the continuum, if
necessary (which for CES spectra is quite often the case). At the
beginning of the modeling of one spectral chunk the correspond-
ing part of the I2-FTS is read into memory and a “first-guess”
model is constructed by parametrizing the I2-FTS with starting
values and convolving it with a default IP (a simple Gaussian
shaped function). Starting values for the parameters are either0
(for the wavelength zero-point, line-depth and slope parameter)
or calculated values, as in the case of the two dispersion param-
eters, where a global second-order dispersion solution obtained
by measuring positions of ThAr-lines delivers these starting val-
ues. After this “first-guess” the parameter optimizing algorithm
starts and iterates until eitherχ2 = N (with N the total number
of data points within the chunk) or a satisfactory stop-criterion
(like a flat gradient of theχ2-function) is reached. Fig. 2 shows
the resulting model along with the observational data for one
chunk of a CES iodine spectrum with a highS/N -ratio.

We have included several different modes to model the IP:
in the most simple mode the IP is a single Gaussian, where the
width of the Gaussian is the free parameter; in another mode
the IP can be simulated by the convolution of a box-function
with a Gaussian (Box⊗ Gaussian). Here two IP parameters
are optimized, the width of the box and of the Gaussian. The
IP can also be simulated by using a Lorentzian function, for
instruments with very extended IP wings. To account for asym-
metries the IP can be reconstructed by using a symmetric main
Gaussian and up to four smaller Gaussians located in the wings
of the IP which are combined into one asymmetric IP (see also
Valenti et al. 1995). The width of the main Gaussian and the am-



588 M. Endl et al.: The planet search program at the ESO Coudé Echelle Spectrometer. I

Fig. 2. One spectral chunk of a CES I2-spectrum (dots and errorbars),
containing 90 pixels and spanning from 536.8 nm to 537.0 nm with a
meanS/N -ratio of1050 (actually the errorbars are so small that they
only show up as horizontal bars). The solid line represents the best-
fit model based on the I2-FTS for this chunk (upper panel), while the
lower panel shows the residuals.

plitudes of the satellite Gaussians are the free parameters in this
IP modeling mode. The smaller Gaussians located in the wings
are added to or subtracted from (when the amplitude becomes
negative) the main Gaussian and thus creating an asymmetric
shape of the IP. If subtraction from the main Gaussian occurs
the modeling prevents negative values for the IP to keep the IP
shape physically reasonable. After combining all functions the
IP is renormalized to unit area. The positions and widths of the
satellite Gaussians are held fixed during the modeling process
but both can be selected from an input file, which makes it easier
to adapt the technique to different spectrographs.

Furthermore, additional corrections to the IP using the Max-
imum Entropy Method (MEM) can be applied. MEM is a well
known deconvolution method which tends to introduce as lit-
tle structure as possible in the solution in order to describe the
data. For our modeling technique we employ the MEM algo-
rithm described in Kivinen & Warmuth 1997. We exploit the
high flexibility of MEM to account for additional IP asymme-
tries which could only be covered by parametrized functions of
high complexity. For this purpose Eq. (3) is rewritten as:

g(i) =
−p∑

j′=+p

(
q(i+1)−1−j′∑

j=qi−j′
fj) φj′ (4)

which gives a matrix equation of the type:

−→g = F
−→
φ (5)

MEM can now be used to solve Eq. (5) for
−→
φ . The best results

are obtained by incorporating the solution already found by op-
timizing parametrized IP-functions into Eq. (5) in the following
way:

−→g = F ∆−→
φc . (6)

Fig. 3. Example for the Maximum Entropy Method correction to the
instrumental profile. First the best parametrized function (a Multi-
Gaussian) is computed (dots) and then MEM applies additional cor-
rections to determine an improved IP-shape (solid line).

Where∆ is a diagonal matrix containing the elements of
−→
φ

found by the (previously described) parametrized IP reconstruc-
tion modes. Now this new matrix (F ∗ ∆) serves as input for
MEM. The solution found by MEM (

−→
φc) represents a correction

vector to
−→
φ . An example for the MEM correction to the IP can

be seen in Fig. 3.
For CES flatfield I2-spectra the best modeling results (with

the lowestχ2 values) are achieved by using either the Box⊗
Gaussian or Multi-Gaussian mode along with the MEM correc-
tion to reconstruct the instumental profile. The single Gaussian
mode which cannot treat IP asymmetries leads to higherχ2 val-
ues and the Lorentzian mode was found to be the least adequate
IP reconstruction mode. By comparing IPs reconstructed from
domeflatfields taken at the beginning and the end of one night
we get an estimate of the IP variation on short time scales (see
Fig. 4). On larger time scales the frequent setup changes of the
instrument can lead to huge differences in the IP form of indi-
vidual nights. Fig. 5 shows an extreme example of IP variation
for two different nights in 1994 and 1995. This example demon-
strates clearly that IP modeling is essential for CES data in order
to analyse spectra taken over a long time period, covering many
different observing runs.

3.2. Step 2: deconvolution of the stellar spectrum

In order to establish a complete model of stellar observations
through the I2-cell, a high resolution “source” spectrumf (in
Eqs. (1) - (4)) for the star is needed. We obtainf by decon-
volving a pure star spectrum (taken without the I2-cell) with the
IPs reconstructed by step 1. We employ the Maximum Entropy
Method (MEM) for the deconvolution process. For this purpose
Eq. (4) is reformulated:

g(i) =
q(i+1)+p−1∑

j=qi−p

(
q(i+1)−j−1∑

j′=qi−j

φj′) fj (7)
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Fig. 4. Variation of the CES instrumental profile in the course of one
night.7 domeflat I2-spectra were taken at the beginning and4 at the end
of the night. IPs were reconstructed for all domeflatfield spectra and
compared with one another. The plot shows the greatest difference we
found for two IPs reconstructed for the wavelength region of538.8 nm
from the beginning (solid line) and from the end of the night (dashed
line).

Fig. 5.Extreme CES instrumental profile variation due to setup changes
of the spectrograph. Reconstructed IPs are shown for the nights of
March 2nd 1994 (sharp IPs) and January 14th 1995 (broad IPs). The
variation is apparent in the results of both the flatfield lamp (solid
lines) and the B-star I2-spectra taken in those nights (dotted lines).
Furthermore, consistent IP shapes are reconstructed by step 3 modeling
(see Sect.3.3) of two star & iodine spectra of HR 6998 (1994) andτ Cet
(1995), taken in the same nights (dashed lines).

which constitutes the matrix equation:

−→g = Φ−→
f (8)

Since the matrixΦ can be calculated from the vector
−→
φ obtained

in step 1, MEM can be used to solve Eq. (8) for the vector
−→
f to

recover an approximation to the intrinsic spectrum.
Before applying this method to a real star spectrum we tested

our MEM deconvolution approach on simulated data. Fig. 6 il-
lustrates one test case, where we simulated two half-blended

Fig. 6. Simulated test case for the Maximum Entropy deconvolution.
Two half-blended absorption lines (dotted line) are convolved with an
assumed IP (shown in the lower left corner, five times magnified iny for
display purposes) to simulate the observation (dots with errorbars). The
solid line represents the MEM reconstruction of the intrinsic spectrum
f and the corresponding fit to the observation (withχ2 = N ,N number
of data points) is shown as a dashed line (=f⊗ IP). Deviations of the
MEM reconstruction from the intrinsic spectrum seen at the beginning
and at the end of the chunk are edge effects, which are avoided during
the deconvolution of real spectra by using suitably overlapping spectral
chunks.

absorption lines which are not resolved in the actual observa-
tion. The simulated observation (−→g ) is created by convolving
the (known) intrinsic spectrum (shown in Fig. 6 as a dotted line)
with an assumed IP. This IP is taken to compute the matrix
Φ which together with the observation−→g serves as input for
MEM. Theχ2-statistic is used for the “goodness-of-fit” check.
MEM iterates untilχ2 = N (N is the number of data points
g(i)) is reached. Cleary, the MEM deconvolution successfully
recovers the structure of the intrinsic spectrum. This simulation
is of course limited by the fact that the IP taken for the decon-
volution is exactly known (which is never the case for real data)
and that the error (noise) of the simulated observation is very
small.

One problem of most deconvolution methods is the con-
servation of flux. Although this aspect is not critical for RV
measurements, where the position and symmetry of the spectral
line contains the important information, we performed a series
of numerical simulations to examine this subject. We took syn-
thetic Gaussian-shaped absorption lines with three different line
depths (90, 65 and30% of the continuum level) andS/N -ratios
of 100,200, and300 and compared the areas before and after de-
convolution. For the shallow line and for aS/N -ratio of100 the
flux was conserved by76%, for S/N -ratio200 by 92% and for
S/N=300 by 96%. The corresponding results for the medium
line case are94%,99%, and100%, while for the strong line we
found98%, 99%, and99%. These results demonstrate clearly
the importance of a higherS/N -ratio of the pure star spectra
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Fig. 7. One section of a CES spectrum ofδ Eri (solid line) compared
to the deconvolved spectrum (dashed line) obtained by the Maximum
Entropy Method and reconstructed IPs from an I2-spectrum of the same
night. The wavelength region from538.62 to 538.85 nm is displayed.

selected to serve as template spectra for the modeling (theS/N -
ratios we use always exceed100).

For the deconvolution we reconstruct the corresponding IPs
with iodine spectra taken on the same night as the stellar spec-
trum was obtained. We observe rapidly rotating B-stars, lacking
any spectral features in the wavelength regime around538.9 nm,
with the I2-cell located in the light path. In this way the light
path resembles closely the configuration of stellar observations
without the cell. However, if no B-star I2-spectrum is avail-
able we use domeflat I2-spectra for the IP reconstruction. Fig. 7
demonstrates one result of the MEM deconvolution applied to
a spectrum of the K0IV starδ Eri (HR 1136).

After the deconvolution a cubic spline interpolation is ap-
plied and the template is set up in exactly the same way as
the FTS-based template of the iodine spectrum in step 1 (see
also Sect. 3.1). The wavelength calibration of the template is
performed using an6th-order dispersion polynomial which is
obtained by measuring the positions of ThAr lines in calibration
exposures taken in the same night.

3.3. Step 3: full modeling of the combined star
and iodine spectrum

In this final step the combined star & iodine spectrum is modeled
to obtain radial velocities. This step is in principle equivalent to
step 1 with the extension that now the stellar spectrum is also
present in the observation. When the starlight passes through
the I2-cell a simple multiplication of the stellar with the iodine
spectrum takes place. Hence in Eq. (1)f(x′) is the product of
the intrinsic star spectrum and the intrinsic iodine spectrum.
The I2-FTS and the deconvolved stellar spectrum from step 2
serve as model templates to synthesize the observation. With
the presence of a second template, additional parameters have
to be included in the optimization algorithm. Again the spec-
trum is subdivided into smaller spectral chunks and the multi-

Fig. 8.Example of the modeling result (solid line) for a90 pixel chunk
of a δ Eri spectrum (dots and errorbars). One deep stellar absorption
line is clearly visible to the right, while most of the shallower lines are
iodine reference lines.

parameter optimization is applied to achieve a best-fit model for
each chunk (see Fig. 8). Moreover, since each chunk is modeled
independently it can be treated in the overall RV statistics of
the spectrum as one independent RV measurement. As in step
1 the shape and asymmetry of the spectrograph IP is recon-
structed during this process. The formally best-fit (with lowest
χ2-values) for star & iodine spectra is usually achieved by em-
ploying the Multi-Gaussian plus MEM correction IP mode. For
a typical spectrum with a meanS/N -ratio of120 we usually get
reducedχ2-values of1.4–1.5 for the90-pixel chunks (degrees
of freedom =75). The IP reconstructions in step 3 are also con-
sistent with the results obtained in step 1 using pure I2-spectra
(see the comparison in Fig. 5). The long-term character of the
CES planet search program also allows the monitoring of the IP
over a long time period. Fig. 9 illustrates the differences in re-
constructed IP shapes over the time span from November 1992
to October 1997.

After having attained the best-fit model, the radial velocity is
computed for each chunk of the spectrum from the Doppler shift
δλbetween the I2 and the star model. Using the wavelength zero-
point parameters and the dispersion parameters a corresponding
position in wavelength is computed for every oversampling pixel
of both models (the iodine and the star model respectively).
From this information the Doppler shift between iodine and
stellar lines is calculated and transformed into radial velocity.
The actual RV result and its error for the whole spectrum is
obtained by running a statistics over the RV results of all chunks
(see Fig. 10). Typically20 to 22 spectral chunks are analysed
per spectrum and chunks with outlying RV results (further off
than3σ from the mean value of the spectrum) are rejected. As
the error of the final RV value we take the error of the mean
value (= RMS/

√
N , with N the number of unrejected chunks).

Finally the velocity correction to the solar system barycenter is
applied; this correction is calculated by use of the JPL ephemeris
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Fig. 9. CES instrumental profile monitoring over five years. IP mod-
eling results are displayed for four different stellar & iodine spectra
taken on the nights of November 3rd 1992 (solid line), March 2nd
1994 (dashed line), January 14th 1995 (dotted line) and October 10th
1997 (dots & dashed line). IPs were reconstructed for the wavelength
region of 538.7 nm using spectra ofτ Cet (1992 & 1995) and HR 6998
(1994 & 1997).

DE200 (e.g. Standish 1990). For the calculation of this velocity
correction we also take proper motion effects into account.

4. RV precision tests

For precision testing we chose three stars with known RV pat-
tern, the RV-constant starτ Cet and two stars with known ex-
trasolar planets and well determinded orbits,51 Peg and70 Vir
(see also Endl et al. 2000). Furthermore, we examine the long-
term RV behavior ofα Men and GJ 570A, two typical stars from
the CES planet search survey.

4.1. τ Cet

τ Cet (HR 509, HD 10700), a G8V star withV = 3.5 has
earlier been identified as one of the most stable stars in radial
velocity (Campbell et al. 1988; Walker et al. 1995) and was
measured by the Lick Planet Search survey (Butler et al. 1996)
and by the AAT Doppler survey (Butler, private communication)
as constant within their measurement errors of about5 ms−1.
In the time interval from November 1992 to January 1998 the
CES planet search program collected a total of116 spectra of
τ Cet, ranging inS/N -ratio from71 to 275. Analysis with our
modeling technique yielded a total scatter of11.3 ms−1 over the
time span of five and a half years (see upper panel of Fig. 11).
The average internal measurement error is14.1 ms−1 with a
maximum value of24.4 ms−1 for the spectrum with the lowest
S/N -ratio and6.9 ms−1 as the best value. The importance of
the reconstruction of IP asymmetries is also demonstrated in
Fig. 11, where the lower panel shows results of an analysis of
the same data, using only the Single-Gaussian IP mode during
the modeling. Still, some IP modeling was performed, with the
width of the IP being optimized, but no asymmetries in the IP

Fig. 10.Distribution of individual relative radial velocites determined
for each chunk of a CES spectrum ofτ Cet. Chunk #3,#5 and #17 are
further off than3σ from the mean and hence rejected as outliers. The
remaining18 chunks have an RMS of43.03 ms−1 corresponding to an
internal error of the mean RV of10.14 ms−1. The varying number and
strength of the stellar absorption lines along the spectrum introduces a
non-Gaussian distribution of errors. Typically,1–2 chunks are rejected
for CES spectra, showing here a worse case where even3 chunks were
found to be outliers.

shape were taken into account. The previous result of11.3ms−1

with asymmetric IP reconstruction is more than a factor of3
better than the36.2 ms−1 obtained with only symmetric IP
modeling. Fig. 12 demonstrates the short-term RV precison of
the CES by comparing10 individual measurements ofτ Cet
taken within one hour during one night. The actual long-term
precision of11.3ms−1 (and even more the short-term precision)
is higher than the average internal error would suggest. This
can be explained by the fact that the differential character of the
RV measurements is not very susceptible to residual systematic
patterns within the internal RV distribution of the spectra (this
effect is even more obvious in our test results for51 Peg).

4.2. 51 Peg

51 Peg (HR 8729, HD 217014) was the first solar-type star
(spectral type G5V,V = 5.45) discovered with a planetary
companion (Mayor & Queloz 1995). The well established or-
bital solution (Marcy et al. 1997) of this short period planet
(P = 4.23 days) allowed us to perform another precision test.
51 Peg was observed on seven different nights during the CES
planet search survey. Fig. 13 shows our analysis results, with
a total RMS of14.4 ms−1 around the known orbit. The error
bars represent the internal errors and are larger than the actu-
ally achieved precision as determined from the fit to the orbit,
again demonstrating that the differential measurements are in
fact more precise than the internal errors suggest (a system-
atic RV distribution present in all spectra increases the internal
RMS but does not affect the relative measurements to the same
extent).



592 M. Endl et al.: The planet search program at the ESO Coudé Echelle Spectrometer. I

Fig. 11.Differential radial velocities of the RV-constant starτ Cet (HR
509). Five and a half years of data collected with the CES spectrograph
and the 1.4m CAT telescope are shown. The total scatter of11.3 ms−1

(upper panel) represents the long-term precision forτ Cet achieved with
the I2-cell and our data modeling technique for the CES spectrograph
in the Long Camera configuration. The lower panel shows the same
τ Cet data set analysed without taking IP asymmetries into account. The
resulting long-term scatter in RV is more than a factor of3 higher than
in the previous case, demonstrating the importance of the modeling of
IP-asymmetries.

4.3. 70 Vir

70 Vir (HR 5072, HD 117176) was used for the final precision
check. The G4V star70 Vir (V = 4.98) is orbited by an extra-
solar planet with a projected minimum mass of7.1 MJup in a
116-day eccentric (e=0.38) orbit (Marcy & Butler 1996). As in
the case of51 Peg seven observations were obtained with the
CES. Fig. 14 summarizes the result of the modeling of these
spectra. Again orbital residuals are smaller than15 ms−1.

4.4. α Men

The example ofα Men (HR 2261, HD 43834), which can be
taken as a typical star in the CES planet search survey sample

Fig. 12.RV short-term precision of the CES. On the night of December
16th, 1992 ten consecutive spectra ofτ Cet were taken over a time span
of 50 minutes. All spectra have the same exposure time of4 minutes
and similar S/N-ratios. The RV results after the analysis exhibit a small
scatter of4.6 ms−1, demonstrating the CES short-term RV precision
for a bright, chromospherically quiet G8V star. By applying the F-
test we can exclude with a confidence of 95% (99%) that the true
measurement error is higher than7.6 (9.5) ms−1.

Fig. 13.Differential radial velocities of51 Peg determined from seven
observations with the CAT telescope and the CES spectrograph. The
solid line represents the known orbital solution (Marcy et al. 1997)
with the adjusted velocity zero-point. Orbital residuals were found to
be14.4 ms−1. Note that for display purposes the first measurement is
shifted by70 orbital cycles (indicated by the arrow).

(G6V star withV = 5.1), verifies the long-term precision found
in theτ Cet data. The analysis results of 41α Men spectra exhibit
no RV variation and a total RMS of9.8 ms−1 over the time
period from March 1993 to April 1998 (see Fig. 15). Within
the given CES precision we conclude thatα Men is another
long-term RV-constant star.
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Fig. 14. Test results for70 Vir showing differential radial velocities
over eight orbital cycles. Seven observations were obtained with the
CES spectrograph over two years. After the velocity zero-point has
been adjusted the residuals from the known orbit (Marcy & Butler
1996) are smaller than15 ms−1.

Fig. 15. Five years of radial velocities of the G6V starα Men (HR
2261, HD 43834,V = 5.1). The total RMS of9.8 ms−1 verifies the
long-term precision we found forτ Cet.

4.5. GJ 570A

GJ 570A (HR 5568, HD 131977,V = 5.74), a nearby K4V
(d = 5.91pc) star was included in the CES sample as a Hippar-
cos astrometric candidate for having a close brown dwarf com-
panion (Bernstein, 1997). The best astrometric orbital solution
given by Bernstein suggests an0.06±0.02 M� companion in a
nearly edge-on orbit with a period of33 days. Such a compan-
ion would cause an RV variation of the order of a fewkm s−1

and would be easily detectable. Preliminary results from CES
data obtained over a time span of almost one year did not re-
veal such a huge RV amplitude (Kürster et al. 1999), only a
small possible variation (K ≈ 50 ms−1) was indicated by an
analysis of the CES spectra with a method, which does not in-
clude higher resolved model templates and IP reconstruction.
After re-analysing all40 CES Long Camera spectra of GJ 570A

Fig. 16.1 year of radial velocities of GJ 570A (HR 5568, HD 131977,
HIP 73184). The long-term RV scatter of7.7 ms−1 shows our best
case in achieved RV precision for CES Long Camera data.

with our new technique we found the RV scatter to be reduced
to 12.4 ms−1. Moreover, we have obtained a highS/N pure
star spectrum using the 3.6m telescope and the CES in the Very
Long Camera (VLC) & CCD #59 configuration, which yields
a higher resolving power ofR ≈ 220, 000. Although by using
this spectrum as the stellar template, the working spectral band-
width is even reduced to only3.59 nm (the VLC & CCD #59
bandpass), the RV scatter is lowered to7.7 ms−1 (see Fig. 16).
This result is also confirmed by the Lick Planet Search, where
GJ 570A is found to be constant since 1994 with an overall
scatter of11.3 ms−1 (Cumming et al. 1999). It is clear that a
close-by brown dwarf companion (and even a giant planet) can
be excluded from the RV data, making GJ 570A even our “best
case”, with the lowest long-term RV scatter in our sample so
far.

5. Outlook

The astrophysical application of the modeling technique is of
course not limited to the search for substellar companions. Other
applications could include the examination of the amplitudes
and periods of stellar pulsation modes or the dependence of RV
patterns on stellar activity levels. A new project will attempt to
disentangle activity related RV shifts (e.g. Hatzes 1999) from
the gravitationally induced reflex motion in order to search for
planets around young stars (Els et al. 1999).

The CES planet search program is currently continuing with
the 3.6m telescope on La Silla. After the decommissioning of
the CAT telescope in summer 1998, the CES has been connected
to the 3.6m telescope via a fibre-link. Since we have emphasized
the flexibility of our method, we have been successful in mod-
eling spectra taken with the Very Long Camera now installed
at the CES, which raised the resolving power toR = 220, 000.
Also, we were able to analyse data from different spectrographs
and telescopes. We tested our method successfully on pure I2-
spectra obtained with the FEROS spectrograph mounted at the
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ESO 1.5m telescope (using the CES I2-cell) as well as on a
laboratory I2-spectrum of the I2-cell at the UVES instrument
(now mounted at the ESO VLT/UT2 8.2m telescope). Further-
more, application to data from the McDonald 2.7m+Coudé and
Keck HIRES was also performed successfully (Hatzes, private
communication).

With the empirical values of the internal and actually
achieved long-term precision for CES data ofτ Cet we can
perform a crude extrapolation of the precision we would reach
by applying our modeling technique to spectra covering a
much larger wavelength range, typically obtained by multi-
order cross-dispersed Echelle spectrometers. Actually the useful
wavelength regime is limited by the fact that the I2-cell provides
a dense reference spectrum only over a certain part of the visible
spectrum. The I2-cell in use at the CES has a working bandwidth
of about100 nm. From this we extrapolate a total quantity of
500 chunks, from which we conservatively reject20% as out-
liers, ending up with400 useful chunks. Now with an average
RMS of60 ms−1 for the4.85 nm spectrum and the assumption
that systematic effects would increase the RMS by50% over
the longer100 nm spectrum, we would attain an internal error
of 4.5 ms−1 and a corresponding long-term precision of about
3.6ms−1 (assuming again that it is about20% better than the av-
erage internal error). Applying our method to cross-dispersed
spectra calibrated with an I2-spectrum covering even a larger
spectral range would improve the measurement precision even
further. The I2-cell currently installed at the UVES spectrograph
at the ESO VLT/UT2 8.2m telescope on Paranal delivers useful
reference lines over a range of150 nm. The UVES instrument
has a higher resolving power (R = 120, 000) than the CES and
an RMS of100 ms−1 along a UVES spectrum would yield an
internal error of4 ms−1 and a long-term precision of3.2 ms−1,
while a smaller RMS of50 ms−1 would raise the internal mea-
surement precision to2 ms−1 and reduce the long-term scatter
of τ Cet to1.6 ms−1, a factor of7 better than the CES.

6. Summary

1. We describe the modeling technique in use for the analysis
of the CES planet search data.

2. The modeling process includes various different ways to
reconstruct the spectrograph instrumental profile (IP).

3. We developed a Maximum Entropy Method approach to de-
convolve pure star spectra to obtain higher resolution tem-
plates.

4. The final modeling step computes high precision stellar ra-
dial velocities by synthesizing the observed iodine & star
spectrum with higher resolved model templates.

5. We show IP variations of the CES on short and long time
scales, demonstrating the importance of IP modeling for
CES data from different observing runs.

6. For the short CES spectra (4.85 nm) we achieve an RV mea-
surement precision of8–15 ms−1. In the cases ofτ Cet and
α Men a long-term precision of11.3 & 9.8 ms−1 over five
and a half years was attained.

7. For GJ 570A we reach an RV precision of7.7 ms−1 for
the time span of one year, excluding the presence of a short
period brown dwarf companion.
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