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Abstract Radial velocities (RV) measured from near-infrared (NIRgara are a potentially excellent tool to
search for extrasolar planets around cool or active stagh te¢solution infrared (IR) spectrographs now available
are reaching the high precision of visible instrumentshvétconstant improvement over time. GIANO is an
infrared echelle spectrograph at the Telescopio NazicBalgeo (TNG) and it is a powerful tool to provide high
resolution spectra for accurate RV measurements of exefdamd for chemical and dynamical studies of stellar
or extragalactic objects. No other high spectral resafut® instrument has GIANO’s capability to cover the
entire NIR wavelength range (0.95-2.48) in a single exposure.

In this paper we describe the ensemble of procedures thaawedeveloped to measure high precision RVs on
GIANO spectra acquired during the Science Verification (BW) using the telluric lines as wavelength reference.
We used the Cross Correlation Function (CCF) method to mhéterthe velocity for both the star and the telluric
lines. For this purpose, we constructed two suitable digitasks that include about 2000 stellar lines, and a
similar number of telluric lines.

The method is applied to various targets witlfelient spectral type, from K2V to M8 stars. We reachdtbedent
precisions mainly depending on themagnitudes: foH ~ 5 we obtain an rms scatter 610 m s, while for

H ~ 9 the standard deviation increases-t60+~ 80 m s. The corresponding theoretical error expectations are
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~4 m st and 30 m st, respectively. Finally we provide the RVs measured with purcedure for the targets
observed during GIANO Science Verification.

Keywords

1 Introduction

The search for exoplanets has led to more than 1900 disesvériough various detection techniques. About
one third of known exoplanets have been detected with highigion stellar radial velocity measurements in the
visible wavelength region. Twenty years after the semimstarery of 51 Peg-b bm M%), the RV
technique is still one of the most important ones to discplamnetary systems, and RV measurements are required
to confirm planetary candidates found by photometric swgvey

The most favourable targets for RV measurements are sglarstars (F, G, and K spectral types). They are gen-
erally observed at visible wavelengths for several reab): these stars are bright at wavelength
shorter than Am (visible region) where the spectra are rich in deep and séeptral lines, so a good Doppler
shift measurement is possible; spectrograph technologyatipg in the visible region is more advanced relative
to instruments operating at other wavelengths.

The most accurate RV measurements have been made with HARPS ét &l, 2004, Lovis et al, 2006). With a
precision below 1 m &, this instrument could reach planets down to a few Earth esasith short period orbits.
Most discoveries are giant gaseous planets, hot-Nepturtedugpiters, of short periods (few days). A few planets
with masses between 1 and 10 Earth masses (super-Eartlespéem discovered. Such small objects may be
detected in favourable cases (inactive star) if they argeclo the star, so that they are expected to be very hot due
to the strong stellar irradiance. However, detection ohssrmall planets around solar-type stars requires several
tens to a few hundreds of high-quality RV points.

In the last years less massive stars, M-dwarfs, have becaone imteresting targets for various reasons, one of
these being that M-dwarfs are more likely to host rocky plarecompanions_(Bean et al, 2010b). In order to
find habitable planets in orbit around solar-type star, thietdehnique has to achieve a precision of 0.1 M. s
This constraint is released searching around less magaig bBecause the reflex motion of the host stars due to
the gravitational pull of the exoplanet is higher and morglgaletectable than in the case of more massive stars.
Moreover very cool stars such as M-dwarfs are the most nwmsestars in the Galax@t@b%) and these
stars have closer-in habitable zones than higher-ma&sM@S). This makes finding such planets
easier: the small separation and shorter periods make thktade of the variation of RV large and therefore the
temporal stability of the instrument is less constrainifige main problem with M-dwarfs is that they are much
fainter at optical wavelengths, because they hdkextve temperatures of 4000 K or less, and they emit most of
their spectral energy at wavelengths longer thaml so they can be better observed in the near-infrared region.
We know that RV signals can be induced by surface inhomotiesgfor example stellar spot al,
), so a planet discovery can be confused with a varidtierto such fects. An advantage of radial velocities
measured from NIR spectra is that the jitter related to @gtis reduced relative to visible measurements, because
in the NIR the contrast between stellar spots or plagues ladest of the stellar disk is reduced. Provided that
RV can be measured with enough accuracy from NIR spectranpagson between variations of RV measured
in the optical and NIR can establish the origin of the RV vigwias in an unambiguous way. For all these reasons
there is a raising interest for measuring high precision fRvf® NIR spectra. Recent technological improvements
allowed to build more precise spectrographs for this speoggion, even if they don’t reach yet the sub-rt s
precision of optical instruments.
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There has been some previous work in this area. An integestise concerned the very young star TW Hya.
|Setiawan et al (2008) announced the discovery of a gianeplaiting this star. They analyzed high resolution
optical spectroscopic observations and obtained signifigariodic radial velocity variation. This result, togeth
with the lack of correlation between the RV variation and¢hess correlation function bisector (BIS) seemed to
be a proof of the existence of a planet orbiting the star.

Huélamo et all(2008) studied the same object analyzing reiea and infrared data. The optical data were
acquired with the CORALIE spectrograph at 1.2m Euler Svaksstope in La Silla, Chile. Each measurement has
an accuracy of about s . These data were complemented by older RVs measuremeni&/ ¢fyg obtained
with HARPS spectrograph and the FEROS, finding a period ofitaB&6 days and confirming the possible
presence of a planet.

To further test this hypotesis Huélamo et al. observed TVe blser six nights in the infrared range with CRIRES,
the CRyogenic high-resolution InfraRed Echelle Specapgrmounted on the VLT. To derive the RV from the
spectra they used the cross correlation method: the spgetecorrelated with a telluric mask, developed with
the HITRAN database, and a stellar mask from PHOENIX modéisy found a dependence of the optical RV
amplitude with the used CCF mask; the infrared RV curve ialrflat with a scatter of 36st. These results are
inconsistent with optical orbital solution, so they cort#d that the RV signal found for TW Hya is rather caused
by a cool spot modulated by stellar rotation.

Seifahrt and Kaufl (2008) investigated the intrinsic shierm radial velocity stability of CRIRES. This analysis
was made both with gas cell calibrated data and on-sky memsunts using the absorption lines of the Earth’s
atmosphere as local rest frames of radial velocities. Thegioed observations of MS Vel, a M2l bright giant,
over 5 hours. For the telluric lines, they used a standarespimeric model for the Paranal site and adopted a
typical humidity for the time of observation. They constada synthetic spectrum using the FASCODE algorithm
and HITRAN database for molecular transitions. The raddé#beity of the telluric lines is constant down to a level
of 10ms* with the remaining residuals (rms) of aboutn2§*. They showed that the telluric lines imprinted on
the spectra of the science target are not a limiting factonéasurements of radial velocity, rather they can be
used in substitution of gas cell as the RV zero point refezenc

[Figueira et al[(2010b) improved their previous work aforsafived [(Huélamo etlal, 2008). They analyzed the
data of the radial velocity standard star, HD 108309, and\&f Hiya over a time span of roughly one week
acquired with CRIRES. In this work they used atmospherituies as wavelength reference. The RV values for
the standard and TW Hya are compatible, within error barh) thie previously published values. TW Hya RV
variation in the IR is not compatible with its optical coumgart, so the best explanation for these observed RV
variations is a stellar spot, confirming the previous angjysit with a better precision of 510ms™.

[Blake et dl O), using the NIRSPEC spectrograph on thé& Keelescope, obtained about 600 RV measure-
ments over a period of six years for a sample of 59 late-M andvarf$ to detect unseen companions. They
developed a technique for measuring NIR RVs that makes u§#dfabsorption features in the Earth’s atmo-
sphere as a simultaneous wavelength reference. For a,bsightly rotating M-dwarf standard they estimated
an RV precision of 50 m 8, and for slowly rotating L-dwarfs a precision of 200 mll 2)
presented the results of a high-resolution NIR RV analykisventy young stars in thgPic and TW Hya As-
sociations. These spectra were acquired with NIRSPECQuimsint. The determination of RVs was made using
telluric absorption features as a wavelength referenceegoh observation they created a model based on the
combination of a telluric spectrum and a synthetically gatexl stellar spectrum. Both spectra were convolved by
a parametrized instrumental profile and projected on a patrégad wavelength solution. The RV of the star was
determined by minimizing the? of the fit. The RV precision achieved with this method was of%G™ for old

field mid-M dwarfs. The observed RV dispersions for youngssteere between 48 m-5and 197 m st. These
dispersions werefBected by noise from stellar activity or stellar jitter. Thentribution of this &ect was deter-
mined by subtracting, in quadrature, the average instriahenise of 46 m s, and the calculated theoretical
noise, equal to 40 m~$, from the observed dispersions. The dependence of stiganjith projected rotational
velocity limited the precision of 77 m=§ for the slowest rotating stars, 108 m*sor modest rotating stars, and
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168 m s for rapidly rotating stars. As expected, the NIR RV measuets decreased the RV noise caused by
star spots by a factor of 3 compared to optical measurements.

One of the limiting factors of all these studies was the usteldidric lines to create a reference system. While
this does not require any hardware investment, telluriesliare likely not stable enough to provide a reference
system for precision well below 10 nT’s[Bean et all(2010b) experimented an ammonia cell to creatéabke
reference on the ESO CRIRES spectrograph. They obtainegtisjoms of~ 5 m st over a six-month timescale
and precisions of better than 3 m'sver a timescale of a week. However, this cell was later disttexl and high
precision RV from NIR spectra remain scarce.

Figueira et al/(2010a) investigated the stability of atnfsjz lines over long time-scales and affefient atmo-
spheric and observing conditions in order to quantify thecigion of this kind of wavelength reference. Using
HARPS data spanning 6 years and a telluric mask composedbd@ly lines built from HITRAN database, they
measured radial velocity variations for three bright staeu Ceti,u Arae ande Eri) and obtained a long-term
stability of telluric lines of 10 m 3!, and a short-time-scales stability of 5 m*swhich goes down to 2 m=$ by
using an atmospheric model to take into account the atmospbteenomena.

In this paper, we describe in detail the ensemble of IDL (btéve Data Language, a programming language
used for data analysis) procedures created in order to meBRss on near-infrared spectra acquired with GIANO
spectrograph at TNG during the SV run. Since there is notryetall to be used with GIANO, our measurements
used telluric lines as reference; however, our method csityealapted with absorbing cells that are now planned
in an upgrade of this instrument. We present the applicaifchis technique for each target we have analysed,
explaining the observed residuals and results that weraddai

2 Observations and data reduction

The data presented here were obtained with GIANO specpbgraSeptember 2014 during the SV run. This
instrument is part of the Second Generation Instrumemte®ilan of the Telescopio Nazionale Galileo (TNG)
located at Roque de Los Muchachos Observatory (ORM), La &aBpain. GIANO is a cryogenic infrared
cross-dispersed echelle spectrograph, which can yiellsingle exposure, 0.95-2.4%n spectra at a resolution
R~50,000 6). The dispersing element is a comiale23.2 Ifmm R2 echelle working at a fixed
position in a quasi-Littrow configuration with arffeaxis angle along the slit of a5 degreelZ).
Cross dispersion is provided by a combination of two prissedun double-pass. The detector is a 202@48
pixel Hawaii-2 PACE array by Teledyne, allowing to image asnthe whole spectral range over 40 orders, with
only small missing regions at the longest wavelengths. GDANas designed and built for direct light feed from
the telescope. Unfortunately, the focal station originfdreseen was not made available when GIANO was com-
missioned. Therefore the spectrograph had to be placedeorothting building and complex light-feed system
had to be developed using a pair of IR-transmitting ZBLANd#with two separate opto-mechanical interfaces.
The first interface is positioned at the telescope focus auded to feed the light into the fibres; it also includes
the guiding camera and the calibration unit. The secondfate re-images the light from the fibres onto an image
slicer and then feeds the cryogenic slit (see Tozzi et ald2@i more details). Each fiber has a core diameter
of 84 micron (1 arcsec on sky) and the distance between seisté&50 micron (3 arcsec on sky). During the
observation, one fiber looks at the sky, and the other onesdatiget. Similarly, during the calibration one fiber
looks at the sky and the other looks at the calibration lanme dpto-mechanical interface is at room temperature
and its position relative to the cryogenic spectrometemoabe stabilized with the accuracy required by high
precision RV measurements, producing a variable illunomeadf the slit. In order to limit the impact of this issue,
we need to record a reference absorption spectrum simaoliahewith the object. Since absorption cells cannot
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Table 1: Available data from the Science Verification run.

Name R.A. J2000 Decl. J2000 Sp.Type Classification | J H K RV
(km st
HD3765 0040 49.269 +401113.83 K2V RV-standard 6.30 569 5.27 5.16 -63.32
GJ1214 171518.94 +0457 49.7 M4.5V Planetary transit  11.10 9.75 9.09 8.78 21.10
GI15A 001822.885 +440122.628 M2.0V Flare stars 6.40 525 4.48 4.02 11.62
VB10 1916 57.622 +0509 02.18 M8.0V Variable star - 9.91 9.23 8.77 -35.50
HIP029216 06 09 39.574 +202915.458 06V Telluric - 731 737 7.39 23.20
HIP89584 18 16 49.655 -16 31 04.313 06.5vV Telluric - 745 7.39.35 -53.00

be mounted in the current interface we can only use the ilines for this purpose. It should be noticed however
that while the use of absorbing reference lines may improearacy of RVs by nearly two orders of magnitude,
some residual error may still be present, mainly becausertfdes of stellar and telluric lines are intrinsically
different. Such residuals are expected to depend e.g. on lerey#ir

All spectra of the stars were acquired with thedding-on-fibeitechnique: target and sky were taken in pairs and
alternatively acquired on fiber A and B (AB cycles), respeatyi, for an optimal subtraction of the detector noise
and background. Calibration lamp (flat and U-Ne) spectreevaequired in day-time in stare mode, since lamps
are difuse sources and illuminate both fibers simultaneously.cBiyi data were acquired with exposure times
of 5 minutes.

Both standard RV and standard telluric stars were obsemveellatter were chosen from a catalogue of several
possible standard stars in the HARPS-N catalogue, in oadee tvisible during the observing nights, and bright
enough to obtain a goo8/N in relatively short integration times. In particular fomstlard telluric stars, very
hot rapidly rotating stars like B and O-type dwarfs are ofthiesen. In fact the small number of strong stellar
lines makes them a good approximation of a continuum sowritabde to observe the telluric spectrum. On the
contrary RV standard stars require a much higher numbenegiand are therefore chosen among later spectral
types.

The data were reduced and calibrated in wavelength as felldwextract and wavelength-calibrate the GIANO
spectra, the ECHELLE package in IRAF was used with some acbWwocscripts that are grouped in a package
named GIANQTOOLS, a public library aimed to reduce and extract GIANGlrated spectra by using rou-
tines available in any basic installation of IRAF (httpww.tng.iac.egnstrumentgiang). 2D—-spectra of halogen
lamps were used to identify the 49 orders of the echellognaart@map the geometry of the four spectra (two per
fiber due to the slicer) in each order, for optimal extracpanposes. These solutions were applied to all the (A-B)
2D-spectrum computed from each pair of target exposures. Tiresfzectra in each order were independently
extracted and wavelength-calibrated, to minimize featanearing in wavelength due to the small distortion of the
slitimage along the spatial direction induced by tifieptane illumination of the grating. The instrument is se&bl
enough that flat-fields taken during the day-time are pdyfecited for this purpose. Each extracted spectrum is
wavelength-calibrated by using the U-Ne lamp referencetspéaken at the beginning agiod at the end of the
night. We used a set of 30 bright lines (mostly Ne lines) iiated over a few orders to obtain a first fit, then
the optimal wavelength solution is computed by using 300 é&JliNes distributed over all orders. This method
allowed us to reach a high accuracy of the wavelength caikiin'rl4).

The observed targets with corresponding characterisdle(t from the astronomical databa;asare listed in
Table1.

1 httpy/simbad.u-strasbg/gimbadsim-fid



6 I. Carleo et al.

3 Sample analysis

An ensemble of IDL procedures was created to measure RVshétross Correlation Function (CCF) method
(Baranne et hl, 1979). The various steps of our procedurdedadled in this Section.

3.1 Pre-reduction: spectrum normalization

First of all, we re-sampled all original spectra to have astant step in RV. This step is required to have uniform
wavelength scales for all spectra. With the adopted metBaFj, a dense sampling allows to reduce RV errors
because the wavelengths of the spectral lines are detetmwiitie an error that is at best equal to half this step due
to sampling of the mask used in the procedure. However, ¢xeonf the procedure becomes slow when large files
are used. The re-sampling should be made with the same stefefiar and telluric lines. In order to choose an
appropriate step some tests were performed, applying tarthlysis diferent step values (starting from 800 and
going down until 100 i's). The best compromise between accuracy and computaterigia step of 200 ns*
that is small enough that uncertainties in the wavelengthefines in the mask do not introduce avoidable noise,
but large enough to keep time required for execution of tleeguiure reasonable (a few minutes per spectrum).
Each individual order of the input spectrum was then re-$adio the new grid, using a third degree cubic spline
interpolation, and normalized to an approximate continulihe normalization spectrum is obtained by dividing
the spectra for a fiducial continuum. This was obtained eitlo@sidering a cubic spline interpolation through
local maxima within specified spectral window (for hi§iiN spectra) or simply heavily smoothing the original
spectrum (for lowS/N spectra). In order to reduce the impact of cosmic rays andobads, all spectral points
with intensity normalized to a fiducial continuum largernta2 were set at 1.2.

3.2 Subtraction of telluric contribution

In order to obtain the stellar spectrum cleaned from thentellines, we create a median spectrum of the Earth
atmosphere (hereinafter, telluric spectrum), which igradbed from the normalized stellar spectra. This opemnatio
is repeated for each observation night. As the stellar dhditespectra could have fierent airmass, the median
telluric spectra above-mentioned was created taking iotoant the airmass by means of a cosecant law, as the
stellar and telluric spectra could havéfdrent airmass. In the same way we obtained the telluric spaatleaned
from the stellar contribution (see Sect[on]3.4). This sattton yielded better results than a division of the spectra
because a division leads to large errors in correspondehstong telluric lines. Therefore, for each science
observation we obtained two cleaned spectra: the stelstigpwithout telluric lines, and the telluric spectra
without the stellar contribution. These spectra are usedhi® derivation of the stellar RV and of the rest RV
corresponding to the telluric spectrum.

3.3 Masks preparation
3.3.1 Stellar Mask

The CCF method is performed by cross-correlating the spectwith a mask. This is a vector with dimension
equal to the observed spectrum, whose components are @|lezexept those for which the conditidtypectrum—
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Aineil < step is satisfied, wherstep = A1 — Ao, AspecrumiS the wavelength for the spectrum ang; is the
wavelength of the mask lines. In general the list of linesuddhanclude as many lines as possible in order to
maximize the RV signal. To optimize the result, lines shdotdweighted accordingly to their strength on the
spectrum. We need to prepare two masks, for the stellar dlndidespectra, respectively. In order to measure
absolute RVs, the wavelength of the mask should be givenlimyrddory data; this requires identification of each
individual line in the maﬂ( However, we are interested here in variations of RVs ratth@n in their absolute
values. In this case, what is important is that the same nwskead for all the spectra of a star, but the mask
wavelengths do not need to be those observed at rest. A méskizgal for each individual star can be used.

We prepared an IDL procedure that automatically builds i$teoff lines and masks from the re-sampled, nor-
malized and cleaned spectra (either stellar or telluribe procedure works as follows. First, individual stellar
spectra are shifted at rest velocity and their median is tiained. For this purpose, the intrinsic RV of the star
is taken from the astronomical databases SIMBAD, while tydentric correctiorBC is obtained through an
IDL procedure previously prepared at Astronomical Obgeryaof Padua (OAPD). This obviously implies that
the average RV measured with this mask will be that of theldesta. Previous tests showed that the procedure
correctly gives the correction of RVs to the barycenter ef$olar System within a few hundredths of mt,shat

is well enough for the present purposes. The weights, ieevdtues for mask at the wavelengths of each line, are
set atFcentes that is the line intensity. This allows to weight the linesarding to their intensity when computing
the CCF. Only for the purpose of creation of the mask, thetspecis changed by sign and summed 1, so that the
absorption lines now appear as emission lines with a maximtensity of 1. The line list is obtained by dividing
each order into 128 chunks; each of them was searched ferusiag the following method. For each chunk, the
wavelength yielding the maximum flux was found. A short im&around it was considered, where the spectrum
was fit by a four parameters Gaussian functayis the Gaussian height, namely the line intensagyis the center

of Gaussian, that represents central wavelength of &aés the Gaussian width, which gives the Full Width at
Half Maximum (FWHM) of the line andg is the local continuum. Finally, the central intensity afdiis given by
lcenter= @o/as. In order to avoid blended lines, which are present in séweders, the software looks for pairs of
lines whose separation is less than a critical value: fon @adrs, only the line with the highest intensity is left in
the mask list.

To further clean the line list from artifacts, only the lingéth a value of the FWHM in agreement with that
expected for the rotational velocity of the star and the speiesolution of the spectrograph should be considered.
We then inspected the density histogram of the FWHM (Hig.htaimed for a slowly rotating star. This clearly
shows that the value of this quantity peaks & km s, in agreement with the expected value given the GIANO
spectral resolution. Therefore only values d ® < FWHM < 2.5 R(1 + 4a2), with R = ftie = & were
kept. While this is appropriate for slowly rotating stats tnost appropriate value Bfshall in general be adopted
considering the rotational velocity of the star.

3.3.2 Telluric Mask

Just like for the stellar mask, the line list of the tellurgedet is obtained by considering the median telluric spec-
trum. The telluric mask is built considering a line list tiatludes about 2000 lines, obtained with the normalized

2 While not strictly needed in our method, but in order to vafid our procedure for the preparation of the mask, we agtuall
counter-identified 757 of the 1102 lines of the mask we obkthifor the K2V star HD 3765 with those listed in the solar spaut
tables of Goldberg and Miillelr (1958). Mohler étlal (1953) én the NIST atomic spectra database (www.nistjgmydataasd.cfm).

The average fiiset between measured and tabulated wavelengths is 0.0Q9@ittnan r.m.s. scatter for individual lines of 0.0162 nm.
Lines in our mask not counter-identified with solar specttimas are all weak, having a reduced equivalent widthHYg A < -5.1,
whereEW is the equivalent width. Since HD 3765 is much cooler thanShe, most spectral lines due to metals and molecules are
stronger in its spectrum than in the Solar one. It is then ngirssing that many lines that are weak in the spectrum of HB&3were

not detectable in the Solar spectrum.
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Fig. 1: Density histogram of Full Width Half Maximum.

spectra of the telluric standard. As telluric lines havefedent profile respect to stellar lines, the relative shifts
between the fibers and the slitect the two profiles in a ffierent way and this can impact on the measure of RVs.
In order to solve this inconvenient, only telluric lines vén intensity similar to the stellar ones are chosen.

3.4 Subtraction of stellar contribution

Not only the stellar spectra can be contaminated by theitelbontribution, but also there can be a contamination
of stellar lines in the telluric spectra. To avoid this isstiee normalized telluric spectra are subtracted from a
stellar template, which is created by the median of steflfacsa (that was used for stellar mask, see [Sec.]3.3.1)
re-shifted by a factony, = 1o(1 + ”‘J—Ce”), whereln is the measured wavelength, is the wavelength at rest,e, =

vne — BCis the geocentric velocity given by theffdirence between the heliocentric velocity and the baryicentr
correction, and is the speed of light.

3.5 High precision RVs

At this point, using an IDL procedure, RVs of both telluricdastellar lines are finally measured with the CCF
method, including the following steps:

1. Reading input files the procedure works on the normalized stellar spectraactied by telluric contribution
and on the normalized telluric spectra subtracted by steflatamination, as input files.

2. Telluric CCF for individual orders and error estimation : In order to obtain the RV of the telluric lines, the
telluric mask is cross-correlated with the normalized sadied telluric spectra (Sdc. B.4) for each order and a
Gaussian fit is subsequently executed for every CCF. Thesgaust provides four parameters which allow
to obtain the FWHM and the RV. The centering error for eacleoislmeasured.



High precision radial velocities with GIANO spectra 9

Telluric CCF

T . . . . : : : . 1
101 =

> L ]
2 L ]
S 09 |
o ]
08F e
0.7LC . . . 1 . . . 1 . . . | J
—40 -20 0 20 40

RV (km/s)

Fig. 2: Total Cross Correlation Function of telluric speatr.

Stellar CCF

PR - - - - . T . .
10F —_— e

> L ]
2 L ]
§ 09 ]
= C ]
0.8 =
070 . . I . . . I . . . I ]
—40 -20 20 40

0
RV (km/s)

Fig. 3: Total Cross Correlation Function of HD3765 star. Gaussian fit is shown as a red line.

3. Stellar CCF for individual orders and error estimation : Likewise, in order to obtain the RVs of the star,
the stellar mask is cross-correlated with normalized sighed spectra of the star (SEC]3.2), but in this case,
the intrinsic RV of the star has to be corrected by a fabtoe % , Whereuvparycenticis the RV of the
star with respect to the barycenter of the Solar System. €htec of tﬂe line on the CCFs are then measured

for each order obtaining the RVs with their errors, depegdin FWHM, intensity and/N.

4. Weighted CCF: The total weighted CCF for each spectrum is calculated éth the telluric (FiglR) and the
star (Fig[B). Moreover the bisector is calculated for eqdtsum (Fid.}).

5. Order selection A number of spectral orders shows a paucity of lines in theesponding masks, as well
as poorS/N due to a low atmospheric transmission at the relevant wag#is. As expected, those orders
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show very large errors in the RV measurement, so we assigtl aveight in the final solution. Since the
accuracy is roughly proportional to the squared root of thmlmer of orders, using only parts of an order
would complicate the code and the calculation with a nelgléggain, so we decide to fully reject or use an
order. Basically we reject:

- in the telluric spectra, all the orders with a measured Rat txceeds more than 1 knrsin absolute
value the value of the Earth’s atmosphere lines, i.e. 0kl s

- in the standard RV stars spectra, all the orders with a rmed$RV that exceeds more than 1 km'* ¢he
tabulated RV of the star.

A second selection is based on the value of the central iyeoisthe CCFs for the individual orders. The
orders dominated by strong water vapour bands present trerygspeaks in the telluric CCF and are located
at the edges of each Y, J, H and K band. Few telluric lines agsgmt at shorter wavelengths, making our
methodology hard to apply in the Y band. For this reason wéuercit from our study. During the analysis
we have found that, both for stellar and telluric lines, testlresults are obtained when the central intensity
of the CCF ranges between20and 04. The RV scatter is actually larger for orders with eitheraker or
stronger CCF intensity. In particular, for those ordershvwiigher CCF intensity, the RV from stellar CCF is
very unstable, probably due to the strong contaminatiorelhyric lines. After the application of our selection
criteria we can proceed with the analysis, using approxéiydtalf of the available orders. In these orders we
still expect some spectrum-to-spectrum variations inalaglocities correlated with overall intensity of the
telluric lines, due to the imperfect decontamination ofspectra.

. RV: The RV for each spectrum was calculated by a Gaussian fietmthl CCF profile, providing the intensity,

FWHM and RV values of the total CCF. The final RV for each speutis calculated by subtracting the telluric
RV, RVie, from the stellar on&RVsiar: RV = RVgar — RVieir, and the internal error is given by the final error,
which takes into account the weight of each order.

. Internal Error Estimation : The total error for the i-th order is given by the quadratiensof both telluric

and stellar contributions, and the final error for each spettassumed th&/N is only given by statistics of
photons, is obtained weighting each order considered ®attalysis. It is important to note that the internal
error is calculated considering only photon statisticseréhare also other noise sources, due to fher&tio
differences caused by theffédrent exposure times used, and by variations in the conditdd the Earth’s
atmosphere. There are also instrumentédats, e.g. temperature drift andfdrences due to the star itself,
like variations in the stellar atmosphere due to magnetigigg stellar oscillations, granulation, and so on. In
addition, telluric lines may be not at rest with respect ® dserver. Telluric lines are produced by a set of
molecules (present atftierent heights) detectable atférent wavelengths:

— H30 (ubiquitous):<5 km

— Oy (<1.3um): <5 km

— CO,CHjy (K-band): 10-20 km
— CO; (H-band):>30 km

While in the visible range the strongest telluric lines atee do O, and H,O molecules in layers at low
altitude, in the NIR also the molecules formed in layers ghhieights are significant. For these lines we
expect winds whose velocity component along the line oftsigily well be as large as 10 nristhat would
reflect in dfsets in the RVs. Moreover, since we re-sampled all specttaavitep of 200 m 8 in RV, each
line has an associated wavelength error of half this step100 m st. Since about 1000 lines are used for
RV determinations, the resulting error for this source dsads 100 vNines ~ 3 m s, whereNjnes is the
number of lines. This is not negligible, though it does nandwte the noise.



High precision radial velocities with GIANO spectra 11

8. Corrections to RVs: Finally, we applied a multivariate statistical analysisi@h allowed us to improve much
more the results. By making this statistical analysis, we fiorrelations among various parameters, in partic-
ular between RVs and the Bisector Velocity Span (BVS) omisiiy of the telluric spectrum, likely resulting
from asymmetric slit illumination. As a result, the final R¥given after removing this correlation.

0.9
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Intensity
L s B
T S O T T TS Y Y

0.7 L L L | n n n | n n n | n L L | L L L |
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
BIS (km/s)

o
[N}

Fig. 4: Bisector of HD3765.

3.6 Bisector analysis

A measure of the asymmetry of the bisector is given by the B\ is defined by comparing the position of the
bisector at two flux levels of the profile of CCF (the top rangs karound the 25% of the flux and bottom range
around the 75%). The BVS is theffilirence between the median position of the bisectors in thesmnges.

The bisector analysis is important for two reasons:

— the RV of a star is defined to be the velocity of the center ofswéthe star along our line of sight (Queloz ét al,
@). The observational determination of a star's RV isertadmeasuring the Doppler shift of spectral lines.
The RV variations can be due to either a possible companichamges in the stellar atmosphere. One of the
best ways to interpret observed variations is to look fonges in the BVS of the stellar CCF. Any correlation
between RV changes and line-bisector orientation leadsrious doubts on the reflex motion interpretation
of the RV variations. If the RV is due to changes in centemaiss velocity of the star, there is no change in
bisector’s shape or orientation.

— In addition, in our analysis BVS significantlyftirent from zero in the telluric CCF’s may signal an asymmet-
ric slit illumination, that may arise due to disalignmeng&tveen the fiber ends and the slit. In this case, we
might try to apply a correction based on the observed cdivelbetween this quantity and the RVs. For all tar-
gets we performed a bisector analysis, studying the coivakabetween the stellar and telluric BVS through
the Spearman céicients. Significant correlations were found for GJ 12ED(#7) and VB10 (x0.05), while
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for HD 3765 there is not any correlation, but eliminating #eeond and the last observation night the signifi-
cance increases with a Spearmanfioent of 0.74, indicating a strong correlation. These isssuggest that
an asymmetric slit illumination is frequent during the atvs¢ions.

4 Results

4.1 HD3765

HD 3765 is a quite bright, solar metallicity (Mishenina €t2004), K2V star with magnitudes=5.69, H=5.27,
and K=5.16 [Cutri et all 2003). It has a low activity level (Strassen et al| 2040, Martinez-Arnaiz et &I, 2010)
and a constant RV (Battein, 1983, Crifo et al, 2010, IsaacadrFascher, 2010, : RV jitter of 2.4 m™Y and was

then used as a standard for testing instrument performances

Twenty-three spectra of HD 3765 were acquired in seven sjgtith typical 3N values of 130 and internal errors
in RVs from 4.5 to 10 m <. The original r.m.s. of the RVs we obtained was 28 m. $ost of this scatter is
probably due to mechanical vibrations and drifts betweemtiarm- preslit system (that includes the fiber, the slicer
and the re-imaging optics) and the cryogenic spectromsste |, 2014, for more details). This was partly
removed using the telluric line reference, that reduces.thss. scatter of the stellar RVs from an original value of
610 to 28 m s'. However, even once corrected for the telluric refererfeeRVs show significant correlations on
the BVS of both the stellar and telluric CCFs (see Elg. 5 amfldyi Removing these correlations, by subtracting
the best fit function from the RVs, the r.m.s. decreases to 1st'nand 8 m s averaging observations taken in
the same night. Tabld 3 summarizes the final result for eagttigpn of HD 3765. The resulting RV values after
corrections are plotted against the Julian Days i Fig.7.
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Fig. 5: Correlation between RV values and the stellar bseatlocity span for HD3765. The best linear fit is
represented by a red line
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Fig. 7: Radial velocity values against the Julian Days for34Bb.

4.2 GJ1214

GJ1214 is an M4.5 red dwarf that hosts a transiting supethEdanet, with a mass of 6.55 Earth masses and a
period of 1.57 day. (Charbonneau et al, 2009). The RV semiiaudp of the orbit is about 13 m~%, which is
challenging for GIANO. The star is very faint at optical wkargth (V=14.67), but easily observable with GIANO

in the NIR: F9.750, H=9.094, K=8.782 3). The star is old (6 Gyr) and slowlating I,
@). We obtained 20 spectra over 5 nights, with a typigill & 25. We performed an analysis very similar to
that considered for HD 3765, searching for signatures obthé&al motion. Due to the lower/S of the spectra,
the internal errors of the RVs are larger than for HD 3765gi@g from 29 to 45m st The r.m.s. scatter of the
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original RVs is 141 m g, that reduces to 122 nT5if we average results obtained at short cadence (less than 1
hr). This is clearly much larger than expected for the knowicBrve and even for the internal errors we obtained
for the GIANO RVs. In this case, there is a strong correlatbthe residuals with respect to the known RV curve
with the intensity of the telluric lines (F[d.8). Once thssriemoved using a best fit line, the scatter of the RV is
lowered to 111 m &, that reduces to 65 m-5average results from short cadence observations. Thig iseist

we could obtain from the GIANO spectra, but still not enouglétect the orbital motion for this system (see Fig.
[@). Table[4 summarizes the final result for each spectrum ofZ34. The resulting RV values after corrections
are plotted against the Julian Days in Eig.10 .

GJ1214

20.8 ® N

206! ‘ ‘ ‘
0.25 0.30 0.35 0.40 0.45

‘teHur'\c

Fig. 8: Correlation between RV values and the telluric linensity for GJ1214. The best linear fit is represented
by ared line.

4.3 GI15A

GI15A is a bright, nearby M1.5 star (distance 9 pc) with magie ¥5.25, H=4.48, and K4.02 I,
). As for GJ1214, a super-Earth planet, with a mass@017 Jupiter masse®A;) and a period of about 11
days, has been discovered around this star (Howard|et af) 2@in RV observation at visual wavelengths with
the HIRES spectrograph at Keck. No transit has been obsamvedhe amplitude of the RV curve (2.94 m's

is clearly beyond the accuracy possible with GIANO. Henoetlie purposes of this study, we may consider this
star as having a constant RV. We obtained 20 spectra oversnigith typical $N of 210. The internal errors

in the RVs range from 2.7 to 5.6 nT’s The r.m.s. of the GIANO RVs is 34 ms with about the same value if
we average observations obtained during the same night theicase of GJ1214, we found a strong correlation
(Pearson correlation cfiient =0.93) with the intensity of the telluric lines (Fig.111). Ifewemove this strong
trend, as above by subtracting the best fit function from tie, Rhe r.m.s scatter of the RVs is reduced to 18
m s, that is further reduced to 11 nT'seliminating two outlier observations taken in the fifth righable[%
summarizes the final result for each spectrum of GI15A. Tseltiag RV values after corrections are plotted
against the Julian Days in Higl12 .




High precision radial velocities with GIANO spectra 15

GJ1214

200F

100 F

RV (m/s)

—100F

-200F % s

—300¢ ‘

0.0 0.5 1.0
Phase

Fig. 9: Radial velocity values against the orbital phase fllack points are the RV values obtained with GIANO;
the red points are the RVs fram Charbonneaul et al (2009) wittesponding fit.

GJ1214
21 4TI T R A ]

20.8 ¢ .
20.6 L ‘ ‘ ‘ ‘
6910 6911 6912 6913 6914 6915

Julian Day — 2450000.0

Fig. 10: Radial velocity values against the Julian Days fot214.

4.4 VB10

The last star considered in this paper is VB£®BJ752B); this is a very close (distance 5.9 pc) M8.0V dwalne T
star has a moderate rotatiovi Gini = 6.5 km s*:|[Mohanty and Basri (2003)). This star is very faint at ogtica
wavelengths (¥17.30) making RV measurements at these wavelengths exyrefiecult. It is much brighter in
the NIR (JF9.908, H=9.226, K:8.765:I3)); for this reason a few RVs (withoesrlarger than 200
m s!) have been obtained using NIRSPEC at Keck (Rodlef et al/)2®¥avdo and Shaklan (2009) announced

a massive planet(6.4 M;) around this star discovered by means of astrometrica| détfaa period of~ 0.7 yr;
such a planet would induce RV variations as large as 1 kimHowever, this planet was later refutedet al
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Fig. 11: Correlation between RV values and the telluric Imensity for GI15A. The best linear fit is represented
by ared line.
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Fig. 12: Radial velocity values against the Julian Days ftir5a.

) using high-resolution spectra with CRIRES equdppith an Ammonia cell achieving an RV precision of
~ 10 m s?, and found no significant RV variability over about 7 montRst our purposes, we can again consider
this star as having constant RV. We obtained 17 RVs over Stgrigihternal errors of individual measurements
are between 30 and 40 nT!s The original r.m.s. of our measurements is 131 Th (gliminating as outlier the
last observation of the first night), that reduces to 113 aseraging observations taken in the same night. As
for most of the other stars, also in this case we found a sti@mgl with intensity of the telluric lines (Pearson
correlation cofficient .=0.71, Fig[IB); once removed, the scatter decrease to 92 forsndividual observations,
and to 59 m st if we average results of the same night. While clearly mucksathan the CRIRES results, this
scatter is much lower than e.g. obtained with NIRSPEC at I2). The two correlations in Fig.
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[T and Fig[[IB seem to be quite similar with a similar trend,dsua larger sample of stars one can see that this
trend is random, also changing in slope, i.e. Eig. 8.

Table[6 summarizes the final result for each spectrum of VBb@. resulting RV values after corrections are
plotted against the Julian Days in [igl.14 .
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Fig. 13: Correlation between RV values and the telluric limensity for VB10. The best linear fit is represented
by ared line.
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Table 2: Number of stars accessible to GIAN®G for a given RV precision (data based on the 2MASS all-sky
catalog of point Source 03)).

H magnitude RV precision Number of stars

(ms?) (10
5.00 10 3
5.75 20 4.6
6.50 40 5.6
7.50 100 15

5 Discussion and conclusions

The goal of this work was to assess the precision of the RV unea®ents obtained using spectra acquired with the
GIANO infra-red spectrograph, currently installed at ti¢@in La Palma (Spain). The data used for this analysis
were acquired during the September 2014 SV run. Since theseavother suitable set of reference lines available,
we used the telluric lines as a zero point of the RVs. An enéepfdDL procedures, developed specifically for this
work, was used to perform all required steps in the analydesused the CCF method to determine the velocity
for both the star and the telluric lines. To this purpose, westructed two suitable digital masks that include
about 2000 stellar lines, and a similar number of tellunedé. RV determinations include the following steps:
preparation of files including evaluation of the correcttorthe barycenter of the solar system; normalization of
spectra; cross correlation of individual orders with therapriate masks (both stellar and telluric spectra) with
derivation of individual CCF; weighted sum of the CCFs; dation of RVs for both stellar and telluric spectra
along with the internal errors; derivation of high precisigVs; derivation of the bisector of the CCF and of the
bisector velocity span (for both stellar and telluric spgctThe whole procedure requires about 1.5 minutes per
spectrum.

By analysing the dferent spectral types of stars we found a correlation betleei magnitude and the RV
precision we reached: the smaller is the H magnitude thelemalthe error in measurements. Higl 15 shows a
representation for the four targets of our sample: the std@tsan H magnitude of about 5, have a precision of
10 m s?, while the stars with H magnitude of about 9 reach a precisfo®0 - 70 m s?. High precision RV
are then possible with GIANO using the telluric lines as refiee, at least for stars with bright H-magnitude. The
dispersion achieved with GIANO falls between NIRSPEC andRES dispersions. The main reason is due to the
different resolutions: NIRSPEC has a resolving power of 25.808tellar and telluric lines are not resolved and
are dominated by the instrumental profile, while CRIRES hessalving power of 100.000 and it is dominated
by the intrinsic lines profile respect to the instrumentad.on

Starting from these results, we can estimate the numberac$ stcessible to GIANONG for a given radial
velocity precision, that spans from 30.000 to 150.000 deipgnon the H magnitude, as shown in the Tdble 2.

In order to estimate the number of dwarfs accessible to GlAN@onsider the all-sky catalogue in Lépine and Gaidos
@): they selected 8889 M dwarfs from the SUPERBLINK syrof stars with apparent infrared magnitude
J<10 and spectral type from K7 to M7, and of these 655 (520 ddilyk6 late-M) have H7.5 and are de-
tectable with GIANO. Considering a planet with a mass oM%0orbiting around an M2 dwarf, we calculate

the habitable zone by entering the stellar physical charatics (Kaltenegger and Traub, 2009) in a tool online
(httpy/depts.washington.eghaivpl/sitegdefaultfiles’hz.shtml) and then we obtained the theoretical RV signal
(K), which is about 3.65 m 3 for i = 90° with a S/N ~ 5. Similarly, we calculate the RV signal for a ¥Q

planet orbiting an M5 dwarf, obtaining«L1.5 m s?. This means that one needs about 250 observations to detect
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an Earth-like planet for stars with H magnitude less than 6.5

This paper has provided the precision reached with the muoendition of GIANO. There is now a plan to
improve the GIANO performances within the realization ofcanenon feeding for GIANO and HARPS-N (GlI-
ARPS). For what concern GIANO this includes the eliminatidrthe optical fibers and the insertion of a stable
feeding through a train of optics, that will include a tifi-thirror located on an image of the telescope pupil and
controlled in closed loop by a slit viewing camera. Thisrraf optics will also allow insertion of an ammonia
absorbing cell, similar to that used for CRIRES. With thisvrepnfiguration of GIANO, the internal errors will
be reduced and the number of observations required to geféM,, planet around an M5 dwarf above discussed
could decrease down tal00. This is feasible in the equivalent©10 observing nights.
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Fig. 15: The error in the RV measurements depending on the dihitale. The best linear fit is represented by a
red line.
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Table 3: Final results for HD3765. For each observation we R/ value, its internal error, the bisector velocity
span of both telluric and star.

Exp. Number  JD-2450000 Original RV RV after correction  FiBeror BV Sgar BV Sl

(km s?) (km s?) (kms?)  (kms?) (kms?
0 6907.56615741  -63.2389 -63.2616 0.0047  -0.1651  -0.1651
1 6907.57447917  -63.2461 -63.2697 0.0055  -0.1618  -0.0659
2 6907.58274306  -63.2396 -63.2628 0.0058  -0.1636  -0.0660
3 6907.59107639  -63.2402 -63.2580 0.0063  -0.1723  -0.0531
4 6910.43225694  -63.3021 -63.2572 0.0075  -0.2628  0.1109
5 6910.44055556  -63.2855 -63.2426 0.0068  -0.2636  0.1020
6 6910.44886574  -63.3037 -63.2595 0.0069  -0.2570  0.1141
7 6911.69504630  -63.2726 -63.2874 0.0063  -0.1201  0.0113
8 6911.70334491  -63.2475 -63.2594 0.0058  -0.1330  0.0104
9 6911.71164352  -63.2533 -63.2644 0.0057  -0.1302  0.0163
10 6911.71994213  -63.2435 -63.2557 0.0055  -0.1312  0.0107
11 6912.65265046  -63.2492 -63.2565 0.0068  -0.1378  0.0240
12 6912.66100694  -63.2481 -63.2520 0.0068  -0.1492  0.0267
13 6912.66934028  -63.2501 -63.2556 0.0067  -0.1517  0.0177
14 6913.65021991  -63.2353 -63.2529 0.0077  -0.1013  0.0188
15 6913.65861111  -63.2230 -63.2422 0.0071  -0.0992  0.0144
16 6913.66699074  -63.2328 -63.2506 0.0070  -0.0996  0.0197
17 6914.65011574  -63.2495 -63.2555 0.0104  -0.0940  0.0734
18 6914.65855324  -63.1921 -63.2098 0.0104  -0.0539  0.0659
19 6914.66695602  -63.2510 -63.2696 0.0075  -0.0742  0.0417
20 6916.58828704  -63.2962 -63.2693 0.0082  -0.2048  0.0959
21 6916.59723380  -63.2965 -63.2722 0.0086  -0.1934  0.0969

22 6916.60608796 -63.2902 -63.2629 0.0079 -0.1989 0.1033




High precision radial velocities with GIANO spectra 23

Table 4: Final results for GJ1214. For each observation we R¥ value, its internal error, the bisector velocity
span of both telluric and star.

Exp. Number  JD-2450000 Original RV RV after correction  FiBeror BV Sgar BV Sl

(km s?) (km s?) (kms?)  (kms?) (kms?
0 6910.38541667  20.9418 21.0369 0.0369  0.1442  0.0934
1 6910.38541667  20.8088 20.9044 0.0418  -0.0667  0.1521
2 6910.40211806  21.0155 21.1029 0.0430  -0.0668  0.0487
3 6910.41050926  21.023 21.1019 0.0475  0.1265  0.1160
4 6911.38696759  21.2712 21.1724 0.0339  0.1718  0.1249
5 6911.39531250  21.3144 21.1956 0.0360  0.1176  0.1097
6 6911.40375000  21.3013 21.1692 0.0383  -0.0742  -0.0434
7 6911.41210648  21.0979 20.9203 0.0386  0.0106  0.0160
8 6912.36031250  21.1599 21.0876 0.0309  0.0996  0.0654
9 6912.36866898  21.1201 21.0445 0.0289  -0.0393  0.0463
10 6912.37703704  21.0178 20.9127 0.0304  0.0144  0.0288
11 6912.38539352  20.942 20.7980 0.0319  -0.0123  0.0988
12 6913.35280093  20.9556 20.9571 0.0287  0.1305  0.0561
13 6913.36111111  21.1827 21.1572 0.0328  0.0553  0.0635
14 6913.36952546  21.0057 20.9675 0.0314  -0.0392  0.0006
15 6913.37789352  21.0947 21.0550 0.0308  0.0873  0.0005
16 6914.34678241  20.9316 20.9721 0.0322  -0.0621  0.0179
17 6914.35511574  20.8875 20.9107 0.0318  -0.0161  -0.0427
18 6914.36344907  20.9097 20.9081 0.0306  -0.0363  -0.0199

19 6914.37181713 21.0563 21.0343 0.0337 -0.0311 0.0279
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Table 5: Final results for GI15A. For each observation weehdV value, its internal error, the bisector velocity
span of both telluric and star.

Exp. Number  JD-2450000 Original RV RV after correction  FiBeror BV Sgar BV Sl

(km s?) (km s?) (kms?)  (kms?) (kms?
0 6907.60567130  11.6598 11.6208 0.0031  -0.0662  -0.0205
1 6907.61401620  11.6629 11.6243 0.0028  -0.0720  -0.0216
2 6907.62231481  11.6680 11.6315 0.0027  -0.0731  -0.0196
3 6907.63057870  11.6772 11.6416 0.0027  -0.0645  -0.0206
4 6911.65013194  11.5881 11.6212 0.0036  -0.0376  0.0318
5 6911.66746528  11.5834 11.6190 0.0036  -0.0323  0.0361
6 6911.67576389  11.5786 11.6170 0.0037  -0.0387  0.0370
7 6911.68406250  11.5980 11.6396 0.0036  -0.0302  0.0336
8 6912.62534722  11.6051 11.6186 0.0042  -0.0022  0.0360
9 6912.63368056  11.6136 11.6258 0.0037  -0.0089  0.0458
10 6912.64207176  11.6182 11.6306 0.0034  -0.0169  0.0519
11 6913.62258102  11.6145 11.6330 0.0044  -0.0280  0.0626
12 6913.63091435  11.6445 11.6615 0.0044  -0.0127  0.0653
13 6913.63931713  11.6329 11.6519 0.0041  -0.0325  0.0688
14 6914.62081019  11.6172 11.6162 0.0047  -0.0694  0.0657
15 6914.62913194  11.5912 11.5912 0.0045  -0.0804  0.0612
16 6914.63744213  11.5727 11.5756 0.0050  -0.0888  0.0771
17 6916.55939815  11.6580 11.6282 0.0051  -0.0573  0.1247
18 6916.56820602  11.6654 11.6352 0.0054  -0.0531  0.1216

19 6916.57704861 11.6623 11.6317 0.0056 -0.0390 0.1150
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Table 6: Final results for VB10. For each observation we HRVevalue, its internal error, the bisector velocity
span of both telluric and star.

Exp. Number  JD-2450000 Original RV RV after correction  FiBeror BV Sgar BV Sl

(km s?) (km s?) (kms?)  (kms?) (kms?
0 6911.46657407  -35.6947 -35.6979 0.0343  -0.1512  0.0558
1 6911.47489583  -35.8025 -35.7180 0.0323  -0.0843  0.0105
2 6911.48322917  -35.6241 -35.5388 0.0325  -0.1073  0.1207
3 6911.51429398  -35.8705 -35.5881 0.0361  -0.1519  0.1976
4 6911.52851852  -35.5356 -35.1693 0.0361  -0.0798  0.2147
5 6912.47067130  -35.4708 -35.4721 0.0301  0.0033  0.1100
6 6912.47901620  -35.7099 -35.6565 0.0295  -0.0695  0.2161
7 6912.48747685  -35.5564 -35.4703 0.0274 00275  0.1721
8 6912.49581019  -35.7067 -35.5660 0.0270  -0.0277  0.2216
9 6913.45810185  -35.5303 -35.6098 0.0285  -0.0712  0.1600
10 6913.46645833  -35.5952 -35.6481 0.0266  -0.1164  0.2621
11 6913.47489583  -35.6751 -35.7056 0.0271  0.0148  0.3159
12 6913.48322917  -35.5411 -35.4999 0.0254  -0.0522  0.3453
13 6914.44444444  -35.5564 -35.6165 0.0275  0.0904  0.2588
14 6914.45287037  -35.3866 -35.4494 0.0362  0.0635  0.3648
15 6914.46130787  -35.4753 -35.5016 0.0291  0.0354  0.2125

16 6914.46974537 -35.4767 -35.4814 0.0263 -0.0652 0.3792
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