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Abstract. We presentthe modeling technique we apply to and{-irster et al. 2000). The aim of these Doppler surveys is the de-
yse data of the ESO Co&dechelle Spectrometer (CES) planetection of the reflex motion of a star due to the gravitational pull
search program, in order to obtain high precision stellar rad@lan unseen planetary companion. This reflex motion causes a
velocity (RV) measurements. The detection of the Doppler remall Doppler shift of the stellar spectral lines and hence appears
flex motion of a star due to an orbiting planet has so far beaa periodic change in the stellar radial velocity (RV). Since these
the most successful method to discover planetary companieasations in radial velocity are very small (Jupiter induces a ve-
to solar-type stars. The first extrasolar planet discovered by theity variation of12.4 ms~! on the Sun over its orbital period)
CES program is the companion to the young (ZAMS) GOV stéris hecessary to minimize instrumental measurement errors.
¢ Hor (Kurster et all_2000). To achieve a high long-term RV In most precision Doppler surveys a temperature-stabilized
measurement stability the CES spectra are self-calibrated hipdine vapor (¢) absorption cell has been used as the wave-
superimposed iodine vapos}lreference spectrum. In the mod{ength reference. During observations thecell is located in
eling process a multi-parametef-optimization is employed to the light path of the spectrograph and superimposes a dense
generate an accurate description of the observation. We largelference spectrum onto the stellar spectrum. Consequently, all
follow the general modeling approach ferdalibrated data out- instrumental effects which modulate the stellar spectrum affect
lined by Butler et al.[(1996) and Valenti et al. (1995). The shatpe reference spectrum in the same way. To take full advantage
I, reference lines allow the reconstruction of the spectrographthis kind of self-calibration, a sophisticated data modeling
instrumental profile (IP) and the precise determination of thechnique is mandatory. This includes the reconstruction of the
Doppler shift of the stellar absorption lines. We show examplebape of the spectrograph instrumental profile (IP, the instru-
of the application of the modeling technique to CES data olmental point spread function in dispersion direction) since IP
tained over a time span of five and a half years at ESO La Sillsymmetries cause shifts of the spectral lines and, if not taken
The small spectral bandwidth of ordy85 nm for CES spectra into account, lead to an erroneous radial velocity result. Since
makes this data challenging for high precision radial velocitiaso standard analysis method can be used for this purpose a spe-
We demonstrate for the known RV-constant st&et, for two cial modeling technique has to be applied. We followed and
stars with known extrasolar planets], Peg and70 Vir, and extended the general modeling process focdlibrated data
for « Men and GJ 570A, two stars from our survey that thehich was first outlined by Butler et al. (1996) and the spectro-
achievable RV precision for CES dataSisl5 ms™—!. graph IP reconstruction by Valenti et al. (1995).

In this article we describe the modeling technique we use
Key words: methods: data analysis — techniques: radial velom analyse the data collected by the southern hemisphere planet
ities — stars: planetary systems search program carried out at the 1.4m CAT telescope and the
Couck Echelle Spectrometer (CES) at ESO La Silléifster et
al.[1994; Hatzes et al. 1996). The CES planet search program
has been observing a sampledé6fsolar-type stars since Nov.
1992. The RV-precision for CES data is mostly limited by the
Several candidates of extrasolar planets orbiting late-type stegsy small spectral bandwidth of onl/85 nm. However, we
have been found by precision Doppler surveys in the past figee able to verify an achievable RV precisior8ed5 ms~! by
years (e.g.: Mayor & Queloz 1995; Marcy & Butler 1996ysing the RV-constant starsCet,« Men, GJ 570A, and two
Cochran et al_1997; Noyes et &l._1997; Fischer el al. 193®ars with known extrasolar planesd, Peg and’0 Vir, as a test
ground. The CES instrument was upgraded in April 1998 by in-
Send offprint requests M. Endl (endl@astro.univie.ac.at) stalling the new Very Long Camera yielding a higher resolving

* Based on observations collected at the European Southern Obﬁ%(iver ® = 230,000) and an even smaller spectral coverage
vatory, La Silla ’

1. Introduction
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(depending on which CCD is used). Results presented in teasily in and out of the light path. All spectra of the CES planet
article all refer to the CES configuration (with the Long Cansearch program prior to April 1998 (i.e. before the Long Camera
era, R = 100,000) prior to this modification. Although the at the CES was replaced by the new Very Long Camera) were
main goal of this work was to optimize the RV measuremetdken at a central wavelength &$8.9 nm and with the Long
precision of the CES, we emphasize improved IP reconstrii&amera yielding a resolving power Bf= 100, 000 and a spec-
tion techniques and the flexibility to use this method with artyal range oft.85 nm. This spectral region is also free of telluric

spectrograph, calibrated by andell. lines, which was confirmed by observing rapidly rotating B-
The modeling can be divided into the following three majastars. The great advantage of theélf-calibration technique is
steps: the fact that all instrumental effects, like wavelength zero-point

Step 1:Reconstruction of instrumental effects and spectrografifts; changes in the dispersion or resolving power and varia-
instrumental profiles by modeling pure iodine spectra usingi@ns of the instrumental profile are recorded in the numergus |
high resolution Fourier Transform Spectrum (FTS) of the | lines. Therefore an appropriate modeling of the iodine spectrum
cell. should be able to exploit this information contained in the shape
Step 2: Deconvolution of ‘template’ stellar spectra using thand position of thejlines. One has to bear in mind that the goal
Maximum Entropy Method (MEM) and the instrumental proi.S to measure radial velocities with a precision corresponding
files obtained by step 1. to a very small fraction of a CCD pixel. For the CES data one
Step 3:Complete modeling of the combined iodine and stellfixel represents a velocity spaniffo0 ms~* while the typical
spectrum. The iodine FTS and the deconvolved stellar spectrG¥YHM of the IP is abouB000 ms™* wide. It is clear that any
from step 2 serve as model templates to synthesize the obd8mmetry of the IP has an impact on the velocity information
vation. The Doppler shift between the iodine reference and th@e can retrieve from the data. For a long-term project like the
stellar absorption lines is determined with high accuracy. CES planet search it is mandatory to deal with these instrumen-
Inthis article we first describe the individual modeling step&a! €ffects in order to attain a very high long-term stability for
their application to CES data, and present RV-precision test paeasuring stellar radial velocities. The use of theell for self-
sults forr Cet,51 Peg.70 Vir and show the long-term RV resultsCalibration and the application of our data modeling technique
for two stars of our sampley Men and GJ 570A, which ver- make it possible to reach this objective. We will now turn to the
ify the long-term precision we found for Cet. The discovery description of the data modeling.
of the extrasolar planet aroundHor by this analysis method
has already been reported elsewheréréiter et al2000). A 3. The data modeling technique
full analysis of the complete CES planet search data will he . -
presented in a forthcoming paper (Endl et al., in prep.). 3.1. Step 1: modeling the pure iodine spectrum
The spectrum of molecular iodine vapos)(is a dense forest
2. The CES instrument and the iodine cell of sharp absorption lines (see Hig. 1). Purespectra are taken
either by using a flatfield (white) lamp or by observing a rapidly
The Coua Echelle Spectrometer (CES) at the ESO La Silla ofstating B-star (which has no apparent spectral features) through
servatory is a conventional non-stabilized spectrograph offelgg cell.
to the whole astronomical Community and for use in all kinds In genera'aspectroscopic observation can be mathematica|y
of high resolution spectroscopic observations. The setup of ¥&scribed as (from Valenti et al. 1995):
instrument is changed frequently and reset before each observ- -
ing run. Thus changes in the behavior of the spectrograph qﬂg) - / f@) oz — ') da, (1)
most of all variations of the instrumental profile are clearly to be —o0

expected. All spectra included in this article were taken with thgnere g(z) is the observed spectrum at a certain position
1.4m CAT telescope, which fed the spectrograph with a dirég the detectorf(2') the intrinsic “source” spectrum (i.e. the
beam from the telescope. The incoming light is reflected at tQSectrum before entering the instrument) aifd — ') the
telescope from a third mirror into a tube which leads into th‘%onvolving" function of the corresponding pétt — ') of f,

the entrance slitand a pre-dispersing prism, the lightis disper$ggng unity). The discrete version of Eq. (1) is:
at the Echelle grating of the CES. The Camera optics image a "
tTp

small part of one spectral order onto the CCD detector. Th(E_
CES is not stabilized in any way and the instrument setup (6 0) = Z fibij-
cus, alignment, CCD orientation) is redone frequently; this can J=p

lead to significant variations of the IP between individual nightklere the index denotes the pixel number of the observation,
On smaller timescales the IP is also affected by seeing condhile j is the index of the intrinsic spectrurh p is the cut-
tions and the guiding performance of the telescope. The CEffof ¢ with ¢;,_; = 0 for |¢ — j| > p, which constrains the
I5-cell (see also Kirster et al._1994) is temperature-stabilizetteatment of the indefinitely wide IP only in a reasonably broad
at50° C and located directly in front of the entrance slit of theegion around its maximum (for instangecan be set to the
spectrograph. It is mounted on a short rail in order to movepbint where the IP drops beloi% of its maximum value). An

(2)



M. Endl et al.: The planet search program at the ESO €dthelle Spectrometer. | 587

1 S S e T T ‘i Table 1.The free parameters of the model (quantity 2 means that there
r 1 isone parameter for the iodine and one for the stellar model). Note that
ool 1 notallthe IP parameters are used at the same time, their usage depends
on the chosen IP reconstruction mode (see text for details).
0.8 - 1 Quantity Description
z 2 Wavelength zero-point
:S 07 [ 11 Linear dispersion coefficient
- [ 1 2 Linear continuum slope
2 Spectral line depth
08 1 2 Normalization
1 2nd-order dispersion coefficient
0s L 11 Width of main Gaussian (IP)
r 11 Width of Box (IP)
e e . e e 1 Width of Lorentz (IP)
Wavelength (nm) 4 Amplitudes of satellite Gaussians (IP)

Fig. 1. An iodine vapor (3) absorption spectrum taken with the CES

spectrograph on La Silla. The central wavelengthis locatedat538.9n;n . . . . . .
and the spectral coverage is 4.85 nm with a resolving power of 100,0 -optimization algorithm. Table (1) summarizes and describes

The light of a flatfield (white) lamp was send through thecell to & _the free parameters of the model. Dur_ing or_1e_mode|ing iter-
obtain the absorption spectrum. ation each one of the model parameters is optimized by Brent's

method, a parabolig2-function interpolation (e.g. Press et al.
1992, Sect10.2). The resulting model delivers information on
ideal instrument would — of course — image the “source” spegre |P shape, dispersion solution, continuum tilt, and line-depth
trum f exactly as itis, but diffraction and optical imperfectionor each spectral chunk. A second-order dispersion parameter is
cause a “smearing” of on the detector. This process can bgcorporated because a linear model does not describe chunks
described as a convolution gfwith ¢. Starting withg(i) we  of respective size with the necessary accuracy. The line-depth
face an inverse ill-posed problem where a unique solution f9srameter compensates for possible straylight effects, while the
¢ cannot be found. However, an approximationsafan be re- sjope parameter is used to fit a linear slope to the continuum, if
constructed by describing the observation with an approprigfécessary (which for CES spectra is quite often the case). At the
model, including the functional form ef as one or several free peginning of the modeling of one spectral chunk the correspond-
model parameters. For a better treatment of the shapefwd ing part of the 4-FTS is read into memory and a “first-guess”
model is set up on a sub-pixel grid (usually CCD pixel size anflodel is constructed by parametrizing thedTS with starting
resolving power do not allow a detailed sampling of the IPyglues and convolving it with a default IP (a simple Gaussian
With such oversampling Eq. (2) transforms into: shaped function). Starting values for the parameters are @ither
G411 jip (for the wavelength zero_—point, line-depth and s_lope p_arameter)
(i) = Z ( Z i by ®) or calculated values, as in the case of the tvx_/o dlsper_smn param-
eters, where a global second-order dispersion solution obtained
by measuring positions of ThAr-lines delivers these starting val-
with ¢ as oversampling factor (= j /i) andj and;’ as indices ues. After this “first-guess” the parameter optimizing algorithm
on the oversampled grid. All the results presented in this papstarts and iterates until eithgf = IV (with N the total number
were obtained using an oversampling factobof of data points within the chunk) or a satisfactory stop-criterion
As the “source” spectrunfi (in Egs. (1) - (3)) of the iodine (like a flat gradient of the2-function) is reached. Fig] 2 shows
we take a high resolution Fourier Transform Spectrum (FT8)e resulting model along with the observational data for one
which was obtained by scanning ourdell with the McMath chunk of a CES iodine spectrum with a higiiV-ratio.
FTS at Kitt Peak, yielding a resolving power Bf= 400, 000 We have included several different modes to model the IP:
(determined from the FWHM of the sinc IP of the McMathn the most simple mode the IP is a single Gaussian, where the
FTS). Tofacilitate interpolation within the FTS spectrum we useidth of the Gaussian is the free parameter; in another mode
a spline-interpolated0 times oversampled version of the FTSthe IP can be simulated by the convolution of a box-function
By doing this, strong cutting of line-peaks during the modelingith a Gaussian (Boxp Gaussian). Here two IP parameters
process is avoided, and plain linear interpolation can then & optimized, the width of the box and of the Gaussian. The
used to read out the spline-interpolated FTS. IP can also be simulated by using a Lorentzian function, for
Since the IP varies along the spectrum we subdivide it initostruments with very extended IP wings. To account for asym-
smaller spectral chunks and model each of these chunks inghetries the IP can be reconstructed by using a symmetric main
pendently (the size of the chunks can be varied; for CES data@aussian and up to four smaller Gaussians located in the wings
typically use spectral chunks of 90 pixels which correspondsabthe IP which are combined into one asymmetric IP (see also
0.21 nm). In general the modeling process is a multi-paramet@enti et al. 1995). The width of the main Gaussian and the am-

Jj=qi  j'=j-p



588 M. Endl et al.: The planet search program at the ESO E&iathelle Spectrometer. |
1 7 T T ] [ T T T T T ]
0.08 — —
ey 0.8} 4 - 7
E 0.06 — —
3 + |
k= L J
0.6 |- 4 % ocoal _
f f ' 1 f 1 I ]
Z o 0005F . ¢ oL . e ooz i
o . . . . .
5 . .
9 OF “u, T et e e ] i 1
g 0o0sf et e e ] i i
—0. r - * . . . 0 -
‘ ] [ [ | | |
1 1 Il 1 Il |
-4 -2 0 2 4
0 20 40 60 80 Prvel

Pixel

. Fig. 3. Example for the Maximum Entropy Method correction to the
Fig.2.0ne s ral chunk of a CE rum nd errorbars),. ! . - X :
9 pectral chunk of a CE$-$pectrum (dots and errorba S)lnstrumental profile. First the best parametrized function (a Multi-

containing 90 pixels and spanning from 536.8 nm to 537.0 nm with : ! . I,
meanS/N-ratio of 1050 (actually the errorbars are so small that the}(/'?aussmn) is computed (dots) and then MEM applies additional cor-

only show up as horizontal bars). The solid line represents the begtgtmns to determine an improved IP-shape (solid line).
fit model based on thedFTS for this chunk (upper panel), while the

lower panel shows the residuals. . . . . —
Where A is a diagonal matrix containing the elements @f

found by the (previously described) parametrized IP reconstruc-

plitudes of the satellite Gaussians are the free parameters in tlois modes. Now this new matrixt{ x A) serves as input for
IP modeling mode. The smaller Gaussians located in the wing&M. Thgsolution found by MEM<(>—C>) represents a correction
are added to or subtracted from (when the amplitude becomestor to ¢ . An example for the MEM correction to the IP can
negative) the main Gaussian and thus creating an asymmetecseen in Fid.]3.
shape of the IP. If subtraction from the main Gaussian occurs For CES flatfield 4-spectra the best modeling results (with
the modeling prevents negative values for the IP to keep thette lowesty? values) are achieved by using either the Box
shape physically reasonable. After combining all functions tligaussian or Multi-Gaussian mode along with the MEM correc-
IP is renormalized to unit area. The positions and widths of tkien to reconstruct the instumental profile. The single Gaussian
satellite Gaussians are held fixed during the modeling processde which cannot treat IP asymmetries leads to higheal-
but both can be selected from an input file, which makes it easigs and the Lorentzian mode was found to be the least adequate
to adapt the technique to different spectrographs. IP reconstruction mode. By comparing IPs reconstructed from

Furthermore, additional corrections to the IP using the Magomeflatfields taken at the beginning and the end of one night
imum Entropy Method (MEM) can be applied. MEM is a wellwve get an estimate of the IP variation on short time scales (see
known deconvolution method which tends to introduce as Ifig.[4). On larger time scales the frequent setup changes of the
tle structure as possible in the solution in order to describe timstrument can lead to huge differences in the IP form of indi-
data. For our modeling technique we employ the MEM algeidual nights. Fid.b shows an extreme example of IP variation
rithm described in Kivinen & Warmuth 1997. We exploit thdor two different nights in 1994 and 1995. This example demon-
high flexibility of MEM to account for additional IP asymme-strates clearly that IP modeling is essential for CES datain order
tries which could only be covered by parametrized functions tef analyse spectra taken over a long time period, covering many
high complexity. For this purpose Eq. (3) is rewritten as: different observing runs.

-p  q(i+1)—1-j’

g(i) = Z ( Z ) d5 4 3.2. Step 2: deconvolution of the stellar spectrum
i=tp  g=ai=y’ In order to establish a complete model of stellar observations
which gives a matrix equation of the type: through the 4-cell, a high resolution “source” spectrufn(in
o Egs. (1) - (4)) for the star is needed. We obtdily decon-
g=F¢ (5) volving a pure star spectrum (taken without thecell) with the

IPs reconstructed by step 1. We employ the Maximum Entropy

—>
MEM can now be used to solve Eq. (5) far. The best results \jethod (MEM) for the deconvolution process. For this purpose
are obtained by incorporating the solution already found by OPg. (4) is reformulated:

timizing parametrized IP-functions into Eg. (5) in the following
way: q(i+1)+p—1 q(i+1)—j—-1

gy =Y. (D>, é)h (7)

Jj=qi—p Jj'=qi—j

G =FAG.. (6)
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Fig. 4. Variation of the CES instrumental profile in the course of one. ) ) .
night.7 domeflat b-spectra were taken at the beginning drdthe end Fig. 6. Simulated test case for the Maximum Entropy deconvolution.

of the night. IPs were reconstructed for all domeflatfield spectra any’

o half-blended absorption lines (dotted line) are convolved with an

compared with one another. The plot shows the greatest differencedggumed IP (shown in the lowerleft corner, five times magnifigdon

found for two IPs reconstructed for the wavelength regiof3af8 nm
from the beginning (solid line) and from the end of the night (dash

line).

1P

Pixel

display purposes) to simulate the observation (dots with errorbars). The

S9id line represents the MEM reconstruction of the intrinsic spectrum

f andthe corresponding fitto the observation (with= N, N number

of data points) is shown as a dashed linef¢ 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 observatiofy|) 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
& which together with the observationr serves as input for
MEM. The y2-statistic is used for the “goodness-of-fit” check.
MEM iterates untily? = N (NN is the number of data points
g(1)) is reached. Cleary, the MEM deconvolution successfully
recovers the structure of the intrinsic spectrum. This simulation

Fig. 5.Extreme CES instrumental profile variation due to setup changgsof course limited by the fact that the IP taken for the decon-
of the spectrograph. Reconstructed IPs are shown for the nightsygfution is exactly known (which is never the case for real data)
March 2nd 1994 (sharp IPs) and January 14th 1995 (broad IPs). ‘Higj that the error (noise) of the simulated observation is very

variation is apparent in the results of both the flatfield lamp (solj
lines) and the B-starptspectra taken in those nights (dotted lines).
Furthermore, consistent IP shapes are reconstructed by step 3 modeli
(see SecB.3) of two star & iodine spectra of HR 6998 (1994) anGet

(1995), taken in the same nights (dashed lines).

which constitutes the matrix equation:

g=27

recover an approximation to the intrinsic spectrum.

(8)

Since the matrixp can be calculated from the vect?robtained
in step 1, MEM can be used to solve Eq. (8) for the ve&oﬁo

all.

N 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) anfl/ N -ratios

of 100, 200, and300 and compared the areas before and after de-
convolution. For the shallow line and folSg N -ratio of 100 the

flux was conserved by6%, for S/N-ratio 200 by 92% and for
S/N=300 by 96%. The corresponding results for the medium

Before applying this method to a real star spectrum we testétk case ar€4%, 99%, and100%, while for the strong line we
our MEM deconvolution approach on simulated data.[Big. 6 #leund 98%, 99%, and99%. These results demonstrate clearly
lustrates one test case, where we simulated two half-blendiee importance of a highe¥/N-ratio of the pure star spectra
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Fig. 7. One section of a CES spectrum&¢ri (solid line) compared Fig 8. Example of the modeling result (solid line) fop@ pixel chunk
to the deconvolved spectrum (dashed line) obtained by the Maxim, 5 Eri spectrum (dots and errorbars). One deep stellar absorption

Entropy Method and reconstructed IPs fromasjpectrum of the same |ine is clearly visible to the right, while most of the shallower lines are
night. The wavelength region frof88.62 to 538.85 nm is displayed. jgdine reference lines.

selected to serve as template spectra for the modeling (tNe
ratios we use always exceed0). parameter optimization is applied to achieve a best-fit model for
For the deconvolution we reconstruct the corresponding IPgch chunk (see Figl 8). Moreover, since each chunk is modeled
with iodine spectra taken on the same night as the stellar sp@clependently it can be treated in the overall RV statistics of
trum was obtained. We observe rapidly rotating B-stars, lackitfie spectrum as one independent RV measurement. As in step
any spectral features in the wavelength regime ar688d nm, 1 the shape and asymmetry of the spectrograph IP is recon-
with the k-cell located in the light path. In this way the lightstructed during this process. The formally best-fit (with lowest
path resembles closely the configuration of stellar observatiogfsvalues) for star & iodine spectra is usually achieved by em-
without the cell. However, if no B-standispectrum is avail- ploying the Multi-Gaussian plus MEM correction IP mode. For
able we use domeflatdspectra for the IP reconstruction. Hig. 7 typical spectrum with a meaffy N-ratio of 120 we usually get
demonstrates one result of the MEM deconvolution applied teducedy?-values ofl.4-1.5 for the 90-pixel chunks (degrees
a spectrum of the KOIV staf Eri (HR 1136). of freedom =75). The IP reconstructions in step 3 are also con-
After the deconvolution a cubic spline interpolation is apsistent with the results obtained in step 1 using purgplectra
plied and the template is set up in exactly the same way (@se the comparison in F[g. 5). The long-term character of the
the FTS-based template of the iodine spectrum in step 1 (€&€S planet search program also allows the monitoring of the IP
also Sect. 3.1). The wavelength calibration of the templatedger a long time period. Figl 9 illustrates the differences in re-
performed using afth-order dispersion polynomial which isconstructed IP shapes over the time span from November 1992
obtained by measuring the positions of ThAr lines in calibratido October 1997.
exposures taken in the same night. After having attained the best-fit model, the radial velocity is
computed for each chunk of the spectrum from the Doppler shift
o\ betweenthejand the star model. Using the wavelength zero-
point parameters and the dispersion parameters a corresponding
position in wavelength is computed for every oversampling pixel
In this final step the combined star & iodine spectrum is modeledl both models (the iodine and the star model respectively).
to obtain radial velocities. This step is in principle equivalent terom this information the Doppler shift between iodine and
step 1 with the extension that now the stellar spectrum is alstellar lines is calculated and transformed into radial velocity.
present in the observation. When the starlight passes throddite actual RV result and its error for the whole spectrum is
the L-cell a simple multiplication of the stellar with the iodineobtained by running a statistics over the RV results of all chunks
spectrum takes place. Hence in Eq. {1)}’) is the product of (see FiglZID). Typicall\20 to 22 spectral chunks are analysed
the intrinsic star spectrum and the intrinsic iodine spectrumer spectrum and chunks with outlying RV results (further off
The kL-FTS and the deconvolved stellar spectrum from steptl2zan3o from the mean value of the spectrum) are rejected. As
serve as model templates to synthesize the observation. Whth error of the final RV value we take the error of the mean
the presence of a second template, additional parameters halae (= RMS4/N, with N the number of unrejected chunks).
to be included in the optimization algorithm. Again the speé-inally the velocity correction to the solar system barycenter is
trum is subdivided into smaller spectral chunks and the muléipplied; this correction is calculated by use of the JPL ephemeris

3.3. Step 3: full modeling of the combined star
and iodine spectrum
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Fig. 9. CES instrumental profile monitoring over five years. IP mod=i9- 10. Distribution of individual relative radial velocites determined
eling results are displayed for four different stellar & iodine spectf@" €ach chunk of a CES spectrummo€et. Chunk 8,#5 and A7 are
taken on the nights of November 3rd 1992 (solid line), March 2rfyfrther off than3o from the mean and hence rejected as outliers. The
1994 (dashed line), January 14th 1995 (dotted line) and October 18Mainingls chunks have an RMS (4305’)11115 corresponding to an
1997 (dots & dashed line). IPs were reconstructed for the wavelen#ftiernal error of the mean RV df).14 ms™ . The varying number and

region of 538.7 nm using spectraoCet (1992 & 1995) and HR 6998 Strength of the stellar absorption lines along the spectrum introduces a
(1994 & 1997). non-Gaussian distribution of errors. Typically2 chunks are rejected

for CES spectra, showing here a worse case where3ebuanks were

. . ) found to be outliers.
DE200 (e.g. Standish 1900). For the calculation of this velocity

correction we also take proper motion effects into account.

shape were taken into account. The previous result 8fms —*

with asymmetric IP reconstruction is more than a factoB of

For precision testing we chose three stars with known RV paeetter than the36.2 ms~! obtained with only symmetric IP

tern, the RV-constant star Cet and two stars with known ex-modeling. Fig- IR demonstrates the short-term RV precison of

trasolar planets and well determinded orbitsPeg and’0 Vir  the CES by comparing0 individual measurements of Cet

(see also Endl et gl. 2000). Furthermore, we examine the lotaken within one hour during one night. The actual long-term

term RV behavior ofr Men and GJ 570A, two typical stars fromprecision ofl 1.3 ms~! (and even more the short-term precision)

the CES planet search survey. is higher than the average internal error would suggest. This

can be explained by the fact that the differential character of the

41.+C RV measurements is not very susceptible to residual systematic

1.7 Cet . . L .
patterns within the internal RV distribution of the spectra (this

7 Cet (HR 509, HD 10700), a G8V star witi = 3.5 has effect is even more obvious in our test results¥biPeg).

earlier been identified as one of the most stable stars in radial

velocity (Campbell et al._ 1988; Walker et al. 1995) and Was, Peg

measured by the Lick Planet Search survey (Butler &t al. 1996%'

and by the AAT Doppler survey (Butler, private communicatiorjjl Peg (HR 8729, HD 217014) was the first solar-type star

as constant within their measurement errors of aaut—!. (spectral type G5V} = 5.45) discovered with a planetary

In the time interval from November 1992 to January 1998 tttmmpanion (Mayor & Queloz_1995). The well established or-

CES planet search program collected a total Iif spectra of bital solution (Marcy et al._1997) of this short period planet

7 Cet, ranging inS/N-ratio from 71 to 275. Analysis with our (P = 4.23 days) allowed us to perform another precision test.

modeling technique yielded a total scattet bf3 ms~! overthe 51 Peg was observed on seven different nights during the CES

time span of five and a half years (see upper panel of Eig. 1filanet search survey. F[g.J13 shows our analysis results, with

The average internal measurement errar4s ms~—' with a a total RMS of14.4 ms~—! around the known orbit. The error

maximum value oR4.4 ms~! for the spectrum with the lowestbars represent the internal errors and are larger than the actu-

S/N-ratio and6.9 ms~! as the best value. The importance odlly achieved precision as determined from the fit to the orbit,

the reconstruction of IP asymmetries is also demonstratedaigain demonstrating that the differential measurements are in

Fig.[I1, where the lower panel shows results of an analysisfaft more precise than the internal errors suggest (a system-

the same data, using only the Single-Gaussian IP mode durittig RV distribution present in all spectra increases the internal

the modeling. Still, some IP modeling was performed, with tHRMS but does not affect the relative measurements to the same

width of the IP being optimized, but no asymmetries in the I€tent).

4. RV precision tests
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T Fig.12.RV short-term precision of the CES. On the night of December
1 16th, 1992 ten consecutive spectra @et were taken over a time span
+ 1 of 50 minutes. All spectra have the same exposure timé minutes
| and similar S/N-ratios. The RV results after the analysis exhibit a small
| scatter of4.6 ms™', demonstrating the CES short-term RV precision
g i | for a bright, chromospherically quiet G8V star. By applying the F-
? i y | test we can exclude with a confidence of 95% (99%) that the true
: H

+# 1 measurement error is higher thas (9.5) ms ™.
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Fig. 11.Differential radial velocities of the RV-constant sta€et (HR '\;
509). Five and a half years of data collected with the CES spectrogr:_
and the 1.4m CAT telescope are shown. The total scatter.8fms !
(upper panel) represents the long-term precision foet achieved with

the kL-cell and our data modeling technique for the CES spectrogra
in the Long Camera configuration. The lower panel shows the sa -0
7 Cetdata set analysed without taking IP asymmetries into account.”
resulting long-term scatter in RV is more than a factos bfgher than

in the previous case, demonstrating the importance of the modeling N

IP-asymmetries. 70 7 80
Cycles

RV
T T T [ T T T T [ T T T T T T T T 7T

@
o

Fig. 13.Differential radial velocities 061 Peg determined from seven
4.3.70 Vir observations with the CAT telescope and the CES spectrograph. The
solid line represents the known orbital solution (Marcy et al. 1997)
70 Vir (HR 5072, HD 117176) was used for the final precisiomwith the adjusted velocity zero-point. Orbital residuals were found to
check. The G4V star0 Vir (V = 4.98) is orbited by an extra- be14.4 ms~!. Note that for display purposes the first measurement is
solar planet with a projected minimum mass7of My, in a  shifted by70 orbital cycles (indicated by the arrow).
116-day eccentric (e8:38) orbit (Marcy & Butler 1996). As in
the case ob1 Peg seven observations were obtained with the

CES. FigL1# summarizes the result of the modeling of theggey star withi” = 5.1), verifies the long-term precision found

spectra. Again orbital residuals are smaller thams~". inther Cetdata. The analysis results oféMen spectra exhibit
no RV variation and a total RMS of.8 ms~—! over the time
4.4. o« Men period from March 1993 to April 1998 (see Higl15). Within

) the given CES precision we conclude thatMen is another
The example ofr Men (HR 2261, HD 43834), which can belong-term RV-constant star.

taken as a typical star in the CES planet search survey sample
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Fig. 14. Test results for70 Vir showing differential radial velocities

over eight orbital cycles. Seven observations were obtained with fhig. 16.1 year of radial velocities of GJ 570A (HR 5568, HD 131977,
CES spectrograph over two years. After the velocity zero-point hH$P 73184). The long-term RV scatter 8f7 ms™" shows our best
been adjusted the residuals from the known orbit (Marcy & Butl@ase in achieved RV precision for CES Long Camera data.

1996) are smaller thatb ms—*.

—— — —— N with our new technique we found the RV scatter to be reduced
0o r 7 to12.4 ms~!. Moreover, we have obtained a high' N pure
ALPHA MEN (HR 2261 1 star spectrum using the 3.6m telescope and the CES in the Very
i | Long Camera (VLC) & CCD #9 configuration, which yields
or 7 ahigher resolving power ak ~ 220, 000. Although by using
- 1 this spectrum as the stellar template, the working spectral band-
4 # ﬁ 1 width is even reduced to onl§.59 nm (the VLC & CCD #9
% + + % # # 1 bandpass), the RV scatter is loweredto ms—' (see Figl1b).
+ This result is also confirmed by the Lick Planet Search, where
GJ 570A is found to be constant since 1994 with an overall

dRV (m/s)
S
T
e
e
e
P
——
—e—
e

or 1 scatter ofl1.3 ms~! (Cumming et al_1999). It is clear that a
RMS = 98 m/s 1 close-by brown dwarf companion (and even a giant planet) can
[ ] be excluded from the RV data, making GJ 570A even our “best
e .7 case”, with the lowest long-term RV scatter in our sample so
49000 49500 50000 50500 51000 far

JD_2400000

Fig. 15. Five years of radial velocities of the G6V starMen (HR
2261, HD 43834} = 5.1). The total RMS 00.8 ms~! verifies the 2. Outlook

long-term precision we found for Cet. The astrophysical application of the modeling technique is of

course notlimited 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
GJ 570A (HR 5568, HD 131974 = 5.74), a nearby K4V patterns on stellar activity levels. A new project will attempt to
(d = 5.91pc) star was included in the CES sample as a Hippatisentangle activity related RV shifts (e.g. Hatzes 1999) from
cos astrometric candidate for having a close brown dwarf cothe gravitationally induced reflex motion in order to search for
panion (Bernstein, 1997). The best astrometric orbital solutipfanets around young stars (Els ef al. 1999).

given by Bernstein suggests @96 + 0.02 M, companion in a The CES planet search program is currently continuing with
nearly edge-on orbit with a period 88 days. Such a compan-the 3.6m telescope on La Silla. After the decommissioning of
ion would cause an RV variation of the order of a femis ™'  the CAT telescope in summer 1998, the CES has been connected
and would be easily detectable. Preliminary results from CESthe 3.6m telescope via a fibre-link. Since we have emphasized
data obtained over a time span of almost one year did not tiee flexibility of our method, we have been successful in mod-
veal such a huge RV amplitude ikster et all”1999), only a eling spectra taken with the Very Long Camera now installed
small possible variation{ ~ 50 ms~') was indicated by an at the CES, which raised the resolving poweRte= 220, 000.
analysis of the CES spectra with a method, which does not fso, we were able to analyse data from different spectrographs
clude higher resolved model templates and IP reconstructiand telescopes. We tested our method successfully on pure |
After re-analysing all0 CES Long Camera spectra of GJ 570Apectra obtained with the FEROS spectrograph mounted at the

4.5. GJ 570A
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ESO 1.5m telescope (using the CEScEll) as well as on a 7. For GJ 570A we reach an RV precision of ms~! for
laboratory b-spectrum of thedkcell at the UVES instrument  the time span of one year, excluding the presence of a short
(now mounted at the ESO VLT/UT2 8.2m telescope). Further- period brown dwarf companion.

more, application to data from the McDonald 2.7m+Ceadd

Keck HIRES was also performed successfully (Hatzes, priv;ﬂgknowledgementSNe thank the ESO OPC for generous allocation of
communication). observing time. We would like to thank Artie Hatzes, Konrad Dennerl

With the empirical values of the internal and actuall1Q_ndStefan Dbereiner for doing part of the observations of the program.

. o th thank William Coch d Artie Hatzesfori tant
achieved long-term precision for CES datarofCet we can Lrihermore, e thani Willam ochran anc Arile rarzestorimportan

f d lati fth . Id aﬁcussions about this work. We are grateful to A. Hatzes and G. Marcy
perform a crude extrapolation of the precision we would reagh,, oiained the FTS scan of our iodine cell at Kitt Peak. ME and MK

by applying our modeling technique to spectra covering o thank M. Vannier for his contribution at the beginning of this
much larger wavelength range, typically obtained by multigork. A fast algorithmic approach to Maximum Entropy solutions was
order cross-dispersed Echelle spectrometers. Actually the usefitiined to us by M. Warmuth. We thank the anonymous referee for his
wavelength regime is limited by the fact that theckll provides suggestions for this article. ME acknowledges support by the Austrian
a dense reference spectrum only over a certain part of the visiBd@d zur Brderung der wissenschaftlichen Forschung Nr. S7302.
spectrum. Theytcellin use at the CES has a working bandwidth

of about100 nm. From this we extrapolate a total quantity 0keferences

500 chunks, from which we conservatively rej&tt% as out-

liers, ending up witht00 useful chunks. Now with an averageBernstein H.-H., 1997, In: Proceedings of the ESA Symposium ‘Hip-
RMS 0f 60 ms~? for the4.85 nm spectrum and the assumption ~P&rcos - Venice 97', 13-16 May, Venice, Italy, ESA AP-402 (July
that systematic effects would increase the RMS0% over 1997), p. 705 .

the longerl00 nm spectrum, we would attain an internal erro?Utler R.P., Marcy G.W., Williams E., etal., S.S., 1996, PASP 108,

. . 500
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