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Exploring the near-IR

Measuring RVs in the near-IR is interesting to:

• Observe optically faint M dwarfs;

• Explore a favorable planet-to-star contrast;

• Reduce spot’s effect on RV.
e. g.: Martin et al, 2006, ApJ 644 75
Huèlamo et al. 2008, A&AL 489, 9

e. g.: Barnes et al. 2010 MNRAS 401 445
Snellen et al. 2010, Nature 465 1049

yesterday:  Plavchan & Tanner talks
e. g.: Blake et al. 2007,  ApJ 666 1198, and his talk

Bean et al. 2010,  ApJL 711 19



Spots mimicking Planets

Stellar line deformation creates a RV signal!
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Spots mimicking Planets

Stellar line deformation creates a RV signal!



Bisector measures the line profile and 
can be used to identify spots’ effect

Detectability of bisector variation decreases 
faster than the impact of line asymmetries on RV

(Sahar & Donahue 1992)

Photometry and Ca II indicators can 
be used too but none of the three 

is 100% efficient

Spots mimicking Planets

Desort et al. (2007)

We need a better diagnosis 
method!



Spots mimicking Planets

If an RV signal is created by a spot, it results from the 
contrast between the stellar disk and the cold spot

If we observe in the IR, the amplitude of the effect 
will be significantly reduced!



Exploring the near-IR

The infrared presents some unique technical challenges:

• Cold Optics and Detector Properies (CMOS vs CCD) ;

• Atmospheric Features;

• Establishment of a reliable RV calibrator.



CRIRES

 The CRyogenic high-resolution InfraRed Echelle 
Spectrograph was developed by ESO and mounted 

on VLT UT1 

Explores the spectral range from 0.95 to 5.4 μm 
with a simultaneous wavelength coverage of λ/70 

and provides a R of up to 100 000

The detectors are four Aladdin III InSb arrays and a MACAO system is used to optimize 
the signal-to-noise ratio and the spatial resolution. 

In order to reach m/s precision, we need a 
simultaneous wavelength calibration technique.



Calibrating Spectrographs

Several authors have proved back in the 80’s that optical 
O2 atmospheric lines were very stable, down to 5 m/s

Are there nIR equivalents that being sharp, deep and easy to 
identify, provide for a reliable wavelength calibration, without 

introducing confusion in our spectra?

CRIRES is, by construction, stabilized in Pressure 
and Temperature: small instrumental IP variations



Calibrating Spectrographs

Several authors have proved back in the 80’s that optical 
O2 atmospheric lines were very stable, down to 5 m/s

Are there nIR equivalents that being sharp, deep and easy to 
identify, provide for a reliable wavelength calibration, without 

introducing confusion in our spectra?

CO2 lines provide for all these 
characteristics, creating a ready to use, 

always present gas cell!

CRIRES is, by construction, stabilized in Pressure 
and Temperature: small instrumental IP variations



We observed TW Hya with CRIRES in the H band, domain 
where we could use the atmospheric CO2 lines as 

wavelength reference

The science observations were followed by the 
measurement of a RV standard, HD108309, known to be 

stable down to 5 m/s, to correct for unaccounted 
systematics

Det. 1 Det. 2

Calibrating Spectrographs



Calibrating Spectrographs

• In order to reduce the illumination effects on the RV 
the observations are done without AO (and with the 
smallest slit);

• Note that the atmospheric lines go through the same 
optical path as the science target, and provide for on-
spectra calibration;

• The wavelength calibration is calculated independently 
for each spectrum, i.e., each nodding position.



Data Reduction

The data were reduced using a custom pipeline, 
programmed in IRAF, that performed:

• dark subtraction;
• linearity correction;
• flat-fielding, corrected for spectrograph blaze function variation;
• nodding subtraction to correct for artifacts.

The data products were analyzed by a Geneva-inspired pipeline which:

• fitted a wavelength solution on each individual frame;
• performed a correlation with a stellar template mask, clean from telluric 

pollution;
• corrected for earth movement around the Sun, delivering heliocentric RV’s.



5 m/s r.m.s.!

TW Hya by CRIRES
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For the standard star we reached, over a 
time-span of 6 days:

Figueira et al. 2010, A&A 511A, 55



CRIRES data reproduces well 
the published orbit!

Gl86 by CRIRES 
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100 D. Queloz et al.: A planet orbiting the star Gliese 86

Table 1. Orbital elements of Gliese 86 after correction of the

0.36m s−1 d−1linear drift of the γ-point.

P 15.78 ± 0.04 d

T 2451146.7 ± 0.2 d

e 0.046 ± 0.004

V †
r 56.57 ± 0.01 km s−1

ω 270 ± 4 ◦

K1 380 ± 1 m s−1

f1(m) 8.9 · 10−8 ± 0.1 · 10−8 M!
(O − C)‡ 7 m s−1

N 61

(†) At T0 = 2451150 d
(‡) Without the drift correction the O-C of the fit would be 13m s−1

Fig. 1. Phased orbital motion of Gliese 86 corrected from the long term

drift. The solid line is the best fit orbit. See orbital elements in Table 1

etry, the star is stable (σ(Hp) = 0.008). In summary, Gliese 86
bears all the characteristics of a few billion year old K dwarf

from the old disk population. In the H-R diagram, Gliese 86

lies slightly below the ZAMS. However we believe that there

are enough uncertainties in the temperature and bolometric cor-

rection estimates of Gliese 86 – stemming from its low metal

content – to believe that its location in the HR diagram below

the ZAMS is not significant.

A 15.8 day period radial velocity variation has been detected

from CORALIE measurements (Fig. 1). In Table 1 are listed

the orbital elements of the best fit solution (least square) for an

orbital motion after correction of a 0.36m s−1 d−1linear drift

(see below). Assuming a 0.8M" for the primary and that the

radial velocity effect is caused by the orbital motion of the star,

we conclude that a 4MJ companion (minimummass) is orbiting

Gliese 86.

The planetary companion to Gliese 86 is close to its

host star with a 0.11AU semi-major orbital axis. It has

a low, although 99% significant non-zero, eccentricity

(Lucy & Sweeney 1971). The 7m s−1residual from the fit indi-

cates very low intrinsic intrumental errors from night to night,

taking into account that each measurement has approximately

Fig. 2. Filled dots: radial velocity drift observed with CORAVEL.

A mean 0.5m s−1 d−1variation of the radial velocity of Gliese 86 is

measured (dotted line). The 15.8 day reflex motion from the planet is

marginaly seen as an extra scattering in the last CORAVEL measure-

ments. In the right lower box is displayed for comparison the γ-point
drift measured with CORALIE. (Note that the time scale is artificially

extended for the sake of a better display). Open dots: previous mea-

surements found in the literature. No error bars are displayed but a

typical 2–5 km s−1 error may be assumed for these measurements

5m s−1photon noise error and could be affected aswell by some

low level radial velocity variations intrinsic to the stellar atmo-

sphere. Such low instrumental error agreeswith the instrumental

error measured by P (χ2) analysis of all the stars of our sample
so far observed (about 300). See Duquennoy (1991) for a de-

tailed description of the instrument error estimate by the P (χ2)
statistic.

A long term drift of the radial velocity (0.5 m s−1 d−1) is

observed from 20 years of CORAVEL measurements (Fig. 2).

With the 300m s−1typical precision of CORAVEL radial veloc-

ities, the short orbit is marginally detected in the last measure-

ments. Interestingly, with the recent CORALIE measurements

a smaller 0.36m s−1 d−1drift is observed (Fig. 3). A statistical

analysis of the reliability of the drift correction shows that an

orbital solution without drift correction has 0.0001% chance

to occur (χ2
≈ 210). The probability jumps to 40% when

the linear drift correction is taken into account. A conservative

7m s−1instrumental error is assumed for this calculation.

The period measurement of the short period planetary com-

panion is still not accurate enough to correct the old CORAVEL

data from their extra scattering and obtain a precise drift es-

timate from these measurements. Thus, the difference in drift

slope between the old CORAVELmeasurements and the recent

CORALIE measurements is perhaps significant, but remains to

be confirmed by further measurements during the course of the

next season.

The long term radial velocity variation is the signature of

a remote and more massive companion. The use of histori-

cal radial velocity data together with the CORAVEL and the

CORALIE observed drifts suggest a stellar companion with a

period longer than 100 yr (semi-major axis larger than 20AU).

Queloz et al. 2000, A&A 354, 99

Figueira et al. 2010, A&A 511A, 55



Noise analysis

Figueira et al. 2010, A&A 511A, 55

8 P. Figueira et al.: Pushing down RV precision in the IR with CRIRES

External Dispersion [m/s] Intra-Night Dispersion [m/s] Photon Noise [m/s] (O–C) [m/s]
RV std 5.77 7.03 6.48 —
TW Hya 54.57 12.12 12.10 7.93
Gl 86 122.47 12.77 7.62 5.41

Table 4. The different RV precision indicators on the RV std, TW Hya, and Gl 86.

residuals of 35 m/s and a χ2=1.63, showing that the error bars
are underestimated by photon noise alone. At this point our ob-
jective is merely to show that the RV points are drawn from the
orbits. They do not define the orbits and the dispersion around
the same is not representative of the true errors for so few points.

A question that arises naturally is which factors limit the RV
precision delivered by this method?. This is difficult to evalu-
ate mostly because the data set is small. However, on theoreti-
cal ground, some educated guesses can be made. The precision
on each of the telluric lines central wavelength is not quantified
on the HITRAN database from which the values were drawn.
The lines are merely flagged as having a precision between 5
and 50 m/s. It is thus not surprising that a precision of 5 m/s
can be reached as a whole, but this might become the limiting
factor if one pushes the S/N to much higher values. The even-
tual existence of a systematic wavelength assignment error can
also be a trivial source of error. On the other hand, atmospheric
phenomena such as localized jet streams may imprint an RV on
the reference lines themselves. However, its is hard to evaluate
how strong these effects are when we integrate along the line
of sight, up to the outer atmosphere. The conjugation of three
factors point to CO2 features as some of the most stable in the
atmospheric spectrum, though: 1) the abundance of CO2, 2) the
constant volume mixing ratio of ∼300 ppmv up to 80 km, 3) the
low absorption line intensities. When taken together, these prop-
erties reduce the impact of localized air mass movements on the
RV. With the current set of data, we can only evaluate the short-
term stability of the atmospheric lines. An extended data set with
observations under very different atmospheric conditions is now
under evaluation. The results will be the subject of a forthcoming
paper (Figueira et al. in prep.).

Temperature and pressure changes are known to be one of
the main causes of spectrograph’s IP variations. It is important
to note that CRIRES is cryogenic and thus stabilized in tempera-
ture. At the time of writing, the thermal stability of the most im-
portant components of the spectrograph is ∼0.05 K for the prism,
0.2 K for the grating, and 0.3 K for the Three-Mirror-Astigmat.
As a consequence, the IP remains constant and its impact on RV
measurements is reduced. Another possible line profile variation
comes from atmospheric phenomena. The eventual variations
are seen by both our reference and target spectra. The drawback
is that this shows that typical bisector analysis cannot be used
in a straightforward way in stellar spectra, because one must re-
move the effect of the variation of atmospheric lines’ bisector
beforehand. It is then not a surprise that the bisector shows no
correlation with the RV. Still, the low number of points and the
possibility of atmospheric profile variations makes this diagno-
sis very weak. The data do not provide for a finer analysis, which
is not within the scope of this paper.

The contribution of photocenter errors was negligible in our
error budget, but that might not be the case if the seeing becomes
very low, as experienced by Bouchy et al. (2005). However, our
situation is fundamentally different, because our reference lines
will be affected by these photocenter movements in the same
way as the object lines. A simple way to reduce this effect is to

use a fiber entrance, providing for an homogeneous illumination
over a wide range of seeing conditions.

That PHOENIX-derived masks lead to a lower precision than
masks derived from the data themselves is insightful on its own.
It states that the line’s position precision as calculated by state-
of-the art models is lower than the one that can be measured from
high S/N spectra. Some RV determination methods are more
sensitive to this fact than others. In particular, those that obtain
the RV by searching for a match between stellar models and ob-
served spectra struggle against an additional and non-negligible
source of noise.

While the application of gas cells on general-purpose slit
spectrographs such as CRIRES is very tempting, their yielded
precision still needs to be assessed. As already discussed by
Mahadevan & Ge (2009), using the gas cell as a simultaneous
reference superimposed on the stellar spectrum is limited by the
definition of the stellar continuum. In the case of M stars, one
of the main drivers for RV in the IR, the continuum is shaped
by a dense forest of unresolved spectral lines. These features
are convolved with the atmospheric transmission, which is vari-
able through time. These factors together make RV determina-
tions much more demanding, time, and photon-consuming and,
in many cases, degenerated. In our particular approach, such
a poor continuum definition would introduce systematic errors
into the absorption lines wavelength assignment, which would
propagate to the final calculated RV.

Several infrared spectrographs dedicated to RV measure-
ments are being designed, such as NAHUAL (Martı́n et al. 2005)
and SPIROU4. These spectrographs aim at covering a wide spec-
tral range simultaneously from around 1 to 2.2 µm. If a gas cell
on the main optical path is chosen as the calibration procedure,
the yielded precision will vary locally as a function of stellar
continuum definition and atmospheric subtraction quality. On
the other hand, using this gas cell on a twin optical path with
an homogeneous continuum source or other methods, such as a
laser coupled to a Fabry-Perot resonant cavity, allows a simple
avoidance of these problems. However, as discussed before, this
approach is only possible in a fiber-fed, stable spectrograph.

7. Conclusions

We proved that RV measurements with a precision of 5-10 m/s
are within reach of CRIRES, while using carefully selected at-
mospheric features as a wavelength reference. This precision
was obtained on an RV standard, HD 108309, over a time span of
roughly one week. TW Hya RV variation in the IR is not compat-
ible with its optical counterpart, showing that a stellar spot is the
best explanation for the observed RV variations. This confirms
our previously published results (Huélamo et al. 2008) with bet-
ter precision and consistency. We also showed that the RV vari-
ation of a star harboring a planet, Gl 86, is reproduced well by
CRIRES data with a precision that is compatible with photon-
noise estimations and at the same noise level.

4 http : //www.ast.obs − mip. f r/article.php3?id article = 637
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how strong these effects are when we integrate along the line
of sight, up to the outer atmosphere. The conjugation of three
factors point to CO2 features as some of the most stable in the
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the main causes of spectrograph’s IP variations. It is important
to note that CRIRES is cryogenic and thus stabilized in tempera-
ture. At the time of writing, the thermal stability of the most im-
portant components of the spectrograph is ∼0.05 K for the prism,
0.2 K for the grating, and 0.3 K for the Three-Mirror-Astigmat.
As a consequence, the IP remains constant and its impact on RV
measurements is reduced. Another possible line profile variation
comes from atmospheric phenomena. The eventual variations
are seen by both our reference and target spectra. The drawback
is that this shows that typical bisector analysis cannot be used
in a straightforward way in stellar spectra, because one must re-
move the effect of the variation of atmospheric lines’ bisector
beforehand. It is then not a surprise that the bisector shows no
correlation with the RV. Still, the low number of points and the
possibility of atmospheric profile variations makes this diagno-
sis very weak. The data do not provide for a finer analysis, which
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It states that the line’s position precision as calculated by state-
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high S/N spectra. Some RV determination methods are more
sensitive to this fact than others. In particular, those that obtain
the RV by searching for a match between stellar models and ob-
served spectra struggle against an additional and non-negligible
source of noise.
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precision still needs to be assessed. As already discussed by
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reference superimposed on the stellar spectrum is limited by the
definition of the stellar continuum. In the case of M stars, one
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able through time. These factors together make RV determina-
tions much more demanding, time, and photon-consuming and,
in many cases, degenerated. In our particular approach, such
a poor continuum definition would introduce systematic errors
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propagate to the final calculated RV.
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an homogeneous continuum source or other methods, such as a
laser coupled to a Fabry-Perot resonant cavity, allows a simple
avoidance of these problems. However, as discussed before, this
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We proved that RV measurements with a precision of 5-10 m/s
are within reach of CRIRES, while using carefully selected at-
mospheric features as a wavelength reference. This precision
was obtained on an RV standard, HD 108309, over a time span of
roughly one week. TW Hya RV variation in the IR is not compat-
ible with its optical counterpart, showing that a stellar spot is the
best explanation for the observed RV variations. This confirms
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4 http : //www.ast.obs − mip. f r/article.php3?id article = 637

The scatter is very similar to that delivered by 
photon noise estimators.

How stable are atmospheric lines?

Note we have 20 spectra for RV std, 20 for TW Hya and 24 for Gl 86.

The question that remains is...



Atmospheric Lines

HARPS:
We selected 3 bright stars which were observed routinely 

during 6 years and with high-cadence data-sets:
P. Figueira et al.: The stability of atmospheric lines 3

Target # of observations # of days with observations #observations/day time span [d] S/N
Tau Ceti 5270 110 47.9 2308 260
µAra 2868 117 24.5 2303 176
ε Eri 1527 104 14.7 2217 316

Table 1. The summary of the data set properties for the stars used in this paper. Note that the S/N is calculated at the center of order 60.

Fig. 1. RV measurements on Tau Ceti over a full night. Note the clear shape drawn by the RV (left panel, top) and the associated bisector (left
panel, bottom) as function of time. In the right panel are depicted the variation of airmass (right panel, top) and fwhm (right panel, bottom) , also
as a function of time. The error bars on RV and BIS correspond to the photon noise and twice the photon noise, respectively.

Target σ [m/s] σph [m/s]
Tau Ceti 10.74 0.98
µAra 10.31 1.35
ε Eri 10.82 0.76

Table 2. The dispersion and photon noise of the stars used in our cam-
paign.

The first thing to note in this series of measurements is the
correlation between RV, BIS, airmass and FWHM of the fitted
CCF. Omitted from this series of graphics is the temporal evolu-
tion of contrast, also very similar in shape to that of FWHM. It
stands out as very clear that observing a star at different airmass
creates different absorption features, with a contrast and FWHM
which is linearly dependent on airmass. On top of that, this line
profile variation is not symmetric, as the BIS plot testifies, and
scales with airmass as well. As a consequence, this asymmetry
is expected to have an impact on the measured RV.

The previously mentioned properties can be explained by
the fact that some molecular lines are naturally asymmetric
(Frommhold 2006). If one observes at different airmass the light

passes through a medium with different geometric path lengths.
Since absorption does not vary linearly with geometric path
length but exponentially, the line shape is bound to change. As
one observes at higher airmass, the absorption introduced by the
extra molecules will be stronger on the wings than in the core,
leading to a larger, deeper and asymmetric absorption line.

However, and as seen on Fig. 1, this effect alone cannot ex-
plain the shape drawn by the RV, pointing towards at other effect
which can operate at a time-scale of at least a night. On top of
that, from our previous discussion on the airmass/bisector influ-
ence, it comes that this second effect does not have an impact on
the line asymmetry; it must then be a phenomenon that shifts the
center of atmospheric lines.

One effect that presents these properties is the presence of
a predominant horizontal wind constant over one night. As one
follows a star across the sky, the projection of the wind-vector
along the line of sight of the telescope changes. For a given tele-
scope altitude θ and azimuth φ, the projection of an horizontal
wind with direction δ and speed ws along the line of sight of the
telescope is simply given by:

ws,pro j = ws × cos(θ) × cos(φ − δ) (1)

And we correlated them with a telluric mask drawn 
from HITRAN database.

In this mask we used only O2 lines.

P. Figueira et al.: The stability of atmospheric lines 3
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Fig. 1. RV measurements on Tau Ceti over a full night. Note the clear shape drawn by the RV (left panel, top) and the associated bisector (left
panel, bottom) as function of time. In the right panel are depicted the variation of airmass (right panel, top) and fwhm (right panel, bottom) , also
as a function of time. The error bars on RV and BIS correspond to the photon noise and twice the photon noise, respectively.

Target σ [m/s] σph [m/s]
Tau Ceti 10.74 0.98
µAra 10.31 1.35
ε Eri 10.82 0.76

Table 2. The dispersion and photon noise of the stars used in our cam-
paign.

The first thing to note in this series of measurements is the
correlation between RV, BIS, airmass and FWHM of the fitted
CCF. Omitted from this series of graphics is the temporal evolu-
tion of contrast, also very similar in shape to that of FWHM. It
stands out as very clear that observing a star at different airmass
creates different absorption features, with a contrast and FWHM
which is linearly dependent on airmass. On top of that, this line
profile variation is not symmetric, as the BIS plot testifies, and
scales with airmass as well. As a consequence, this asymmetry
is expected to have an impact on the measured RV.

The previously mentioned properties can be explained by
the fact that some molecular lines are naturally asymmetric
(Frommhold 2006). If one observes at different airmass the light

passes through a medium with different geometric path lengths.
Since absorption does not vary linearly with geometric path
length but exponentially, the line shape is bound to change. As
one observes at higher airmass, the absorption introduced by the
extra molecules will be stronger on the wings than in the core,
leading to a larger, deeper and asymmetric absorption line.

However, and as seen on Fig. 1, this effect alone cannot ex-
plain the shape drawn by the RV, pointing towards at other effect
which can operate at a time-scale of at least a night. On top of
that, from our previous discussion on the airmass/bisector influ-
ence, it comes that this second effect does not have an impact on
the line asymmetry; it must then be a phenomenon that shifts the
center of atmospheric lines.

One effect that presents these properties is the presence of
a predominant horizontal wind constant over one night. As one
follows a star across the sky, the projection of the wind-vector
along the line of sight of the telescope changes. For a given tele-
scope altitude θ and azimuth φ, the projection of an horizontal
wind with direction δ and speed ws along the line of sight of the
telescope is simply given by:

ws,pro j = ws × cos(θ) × cos(φ − δ) (1)

And we correlated them with a telluric mask drawn 
from HITRAN database.

In this mask we used only O2 lines.
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ence, it comes that this second effect does not have an impact on
the line asymmetry; it must then be a phenomenon that shifts the
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Atmospheric Lines

The variation within the 10 m/s is not 
white noise!
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Fig. 2. Telluric RV measurements on Tau Ceti over a full night. Note the clear shape drawn by the RV (left panel, top) and the associated bisector
(left panel, bottom) as function of time. In the right panel we depict the correlation between BIS and airmass (right panel, top) and FWHM and
airmass (right panel, bottom). The plotted errorbars in RV and BIS correspond to photon errors. Photon errors in the BIS are approximated to be
twice the RV errors.

Target data set #obs σ [m/s] σ(O−C) [m/s] σph [m/s] χ2
red α [m/s] β [m/s] γ [m/s] δ [o]

Tau Ceti 2004-10-03 437 6.40 1.67 0.64 † 17.75 43.39 222.01 -167.21
2004-10-04 438 7.98 1.33 0.65 † — 27.89 — -154.15
2004-10-05 599 7.12 2.03 0.79 † — 15.17 — -133.95

µAra 2004-06-04 278 6.90 1.90 1.27 † — 33.27 — -155.37
2004-06-05 274 8.35 2.50 1.30 † — 29.34 — -140.20
2004-06-06 285 8.94 1.72 1.11 † — 27.45 — -136.20
2004-06-07 286 4.48 1.60 1.03 † — 23.62 — -165.43
2004-06-08 275 3.98 1.81 1.07 † — 36.61 — -168.70
2004-06-09 214 6.88 4.02 1.34 † — 41.89 — -164.93
2004-06-10 202 6.92 2.55 1.81 † — 41.74 — -142.11
2004-06-11 273 8.41 3.51 2.07 † — 48.87 — -155.55

Both stars all data 3562 11.79 2.27 1.09 4.01

Notes. In this fit, α and γ are imposed to be the same for all data sets. Since the fit is made simultaneously for all data sets, the χ2
red calculation is

not applicable for a single night and the respective table entries are indicated by a †. The table structure is left unchanged to allow for an easier
comparison with Tables A.1 and A.2. Note that δ=0 corresponds to the south-north direction.
Table 3. The fitted parameters and data properties, before and after the fitted model is subtracted from it.

The results of the fitting are presented in Table 3. We present
the fitted parameters, along with the dispersion before and after
the fitted function is subtracted from the data, and the χ2

red for
each fit.

We also considered the cases in which α and both α and γ
are allowed to vary. The results are presented in Appendix A in
Table A.1 and Table A.2, respectively.

The low chi-squared, within the range 2.5 – 4.01, attests to
the validity of the empirical description of the RV variation. The
residuals around the fit are about twice the photon noise, show-

ing that this correction is effective down to roughly 2 m/s. As an
example, the fit to the data set corresponding to the first night of
the Tau Ceti campaign is presented in Fig. 3.

5. Discussion

We have demonstrated that O2 telluric lines are stable to 10 m/s
(r.m.s.) on a timescale of 6 years. This is despite atmospheric
phenomena, which introduce variations at the 1-10 m/s level, and

4



Atmospheric Lines

Let us fit the measured RV variations:
4 P. Figueira et al.: The stability of atmospheric lines

Fig. 2. The fit of atmospheric variation for the first night of the astero-
sismology run of Tau Ceti. The fitted model is described by Eq. 2 and
the parameters are presented in Tab A.1.

Unfortunately, both these parameters are unknown.3
Given the high number of points and good sampling of the

parameters space, one can try to fit the mentioned effects. The
measured RV is expected to be proportional to 1) airmass and 2)
wind velocity projected along the line of sight. This corresponds
to determine α, β, and δ such that the quantity

Ω = α ×
(

1
sin(θ)

− 1
)
+ β × cos(θ) × cos(φ − δ) + γ (2)

is linearly correlated with the measured RV (note that we
used the fact that airmass = sin−1(θ)). The γ represents the zero-
point of the RV, which can be different from zero m/s.

We used a weighted linear-least squares minimization to de-
termine the best fit parameters for each subset of data. This
approach was employed for subsets corresponding to complete
nights, for which the hypothesis of a constant wind is a rea-
sonable one. We compared the results yielded by linear least-
squares with that of non-linear least-squares (using a Levenberg-
Marquardt algorithm) and we recovered the same results.

In the Appendix 1, Tab. A.1, we present the results of the
fit of this function, with the fitted parameters, the dispersion be-
fore and after the fitted function is subtracted from the data, and
the χ2

red for each fit. As an example the fit of the data-set corre-
sponding to the first night of Tau Ceti campaign is presented in
Fig. 2.

The low chi-square, within the range 1.74 – 3.33, attests for
the validity of the empirical description of the RV variation. The
results on Tau Ceti, which provide for the lowest photon noise on
the acquired data, are particularly meaningful. The scatter of the
RV measurements falls from 10 to less than 2 times the photon
noise when the fit is subtracted from the data.

If Eq. 2 correctly describes the phenomena that affect the
RVs, then, by construction, the parameter γ is expected to be
constant over time. From the same equation it steams that this
parameter is simply the RV as measured at zenith, where the
airmass and wind projection effects are null. One can then fit the
different data-sets while requiring that the γ is the same for all.

3 The weather stations at La Silla monitor the wind at atmospheric
ground layer. It is well known that the wind at the ground layer is de-
tached from those of high altitude, and as a consequence we cannot use
weather monitor values as a proxy for neither ws nor δ.

Target data-set [d] σ(X<1.5) [m/s] σ(X<1.2) [m/s] σ(X<1.1) [m/s]
Tau Ceti 1 4.53 3.38 2.41

2 5.53 4.07 3.27
3 5.81 4.55 3.70

Full 9.77 9.16 8.43
µAra 1 5.00 3.36 2.31

2 6.18 4.14 2.61
3 6.38 4.27 2.66
4 5.67 3.86 2.39
5 5.67 4.01 2.57
6 6.18 4.71 3.24
7 6.46 4.93 3.40
8 6.94 5.42 3.91

Full 9.88 10.10 10.23
ε Eri Full 10.82 10.55 9.61

Table 3. The measured dispersion for data-sets with restricted airmass,
for time-spans of 1-8 days and the whole data-set.

The results of this approach are presented in Tab. A.2. The chi
square increases slightly but the whole data-set is fitted with a
χ2

red of 2.8, showing that the RV variation is well described once
again.

One can even be more stringent with our fit, and impose that
α must be the same. This is justified by the assumption that the
bisector effect arises from the fundamental asymmetry of line
and is thus not expected to vary over time. The parameters deliv-
ered by a fit under this conditions are presented in Tab. A.3. The
increase of the χ2

red on the global fit to 4.01, shows that this fit is
poorer but still accounts reasonably well for the RV variation.

5. Discussion

Our results show that O2 telluric lines are stable down to 10 m/s
on a timescale of 6 years. Atmospheric phenomena introduce
variations at the 1-10 m/s level (r.m.s.). These can be accounted
by simple atmospheric models, which were described in Sect. 4.

The properties of the fitted parameters are very insightful on
their own. The imposition of a constant γ for the different data-
sets lead to α, β, and δ values which vary more smoothly over
time and are thus more likely to correspond to the physical ones.
This is even clearer if both α and γ are fixed. It is important to
note that we would expect exactly the opposite if the data de-
scription were wrong: as the number of parameters was reduced,
the remaining ones would have to vary more to compensate for
the observed variations. We conclude then that the description
of the phenomena is correct. Whether the alpha should be fixed
or not is not completely clear. It might be that the airmass ef-
fect depends on a second order on the wind speed, but this is not
accounted for by our model.

The effect of wind projection is usually of higher magnitude
than airmass. It is interesting to notice that the wind is predomi-
nantly from between N and NE. These two points taken together
allow us to conclude that, in fact, telluric lines can be straightfor-
wardly used as a precise wavelength reference over short time-
scales if one observes at lower airmass. In Tab. 3 we present the
dispersion of RV over timescales of 1-8 days at restricted air-
mass, quantifying this conclusion. It is then clear that a precision
of 5 m/s can be routinely obtained without uing any atmospheric
corrections.

The studies of Balthasar et al. (1982), Smith (1982), and
Caccin et al. (1985), had already explored the usage of atmo-
spheric lines as a viable alternative for wavelength calibration.
Using O2 lines as well, these authors showed back in the 80’s

The residuals correspond to less than 
twice the photon noise - down to 2 m/s! 
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Target # of observations # of days with observations #observations/day time span [d] S/N
Tau Ceti 5270 110 47.9 2308 260
µAra 2868 117 24.5 2303 176
e Eri 1527 104 14.7 2217 316

Table 1. The summary of the data set properties for the stars used in this paper. Note that the S/N is calculated at the center of order 60.

Target σ [m/s] σph [m/s]
Tau Ceti 10.74 0.98
µAra 10.31 1.35
e Eri 10.82 0.76

Table 2. The dispersion and average photon noise of the stars used in
our campaign.

Fig. 1. The telluric RV variation in all Tau ceti measurements as a func-
tion of time.

depends on a factor that varies at a timescale of one night. In Fig.
2, we present the atmospheric lines RV variation in the spectra
of Tau Ceti over a full night (upper left panel), which clearly
illustrates this point.

In this series of measurements the BIS of the CCF clearly
variates throughout the night (lower left panel). The BIS seems
to be linearly correlated with both the airmass (upper right
panel) and the FWHM of the fitted CCF (lower right panel).
We omit from this series of plots one showing the correlation
between contrast and airmass, which resembles the correlation
between FWHM and airmass. Observing a star at different air-
masses clearly produces different absorption features, with con-
trast and FWHM that depend linearly on airmass. The line pro-
file variation is also asymmetric, as the BIS plot ilustrates, and
scales with airmass. This asymmetry is therefore expected to
have an impact on the measured RV.

These aforementioned properties are consistent with some
molecular lines being naturally asymmetric (e.g., Frommhold
2006)2. In observations at different airmasses, the light passes
through a medium with different path lengths. Because absorp-
tion does not vary linearly with geometric path length but expo-
nentially, the line shape is bound to change. When one observes
at higher airmass, the absorption introduced by the additional
molecules is stronger on the wings than in the core, producing a
larger, deeper, and more asymmetric absorption line. We note
that the CCF contrast oscillates around 72%, and many lines

2 Note that this is the case for homonuclear diatomic molecules, like
O2.

have a contrast greater than 90%. These lines are no longer in
the linear regime. Another possible explanation is that as the line
broadening increases with pressure, the asymmetry becomes de-
tectable. This was measured for H2 in the Solar System gaseous
planets by Cochran & Smith (1983).

However, as seen on Fig. 2, this effect cannot alone explain
the shape drawn by the RV, and another effect that operates at a
timescale of one night must be present. From our previous dis-
cussion about the airmass/bisector influence, this second effect
does not have an impact on the line asymmetry; it must there-
fore shift the center of atmospheric lines.

One possible explanation is a predominant, horizontal wind,
constant during the night. As one follows a star across the sky,
the projection of the wind vector along the line of sight of the
telescope changes. For a given telescope elevation θ and azimuth
φ, the projection of an horizontal wind with direction δ and speed
ws along the line of sight of the telescope is given by

ws,pro j = ws × cos(θ) × cos(φ − δ) (1)

Unfortunately, both these parameters are unknown3. Given
the high number of points and good sampling of the parameters
space, one can try to fit the mentioned effects. The measured RV
is expected to be proportional to 1) airmass and 2) wind velocity
projected along the line of sight. This corresponds to determine
α, β, and δ such that the quantity

Ω = α ×
(

1
sin(θ)

− 1
)
+ β × cos(θ) × cos(φ − δ) + γ (2)

is linearly correlated with the measured RV (note that we
used the fact that airmass = sin−1(θ)). The γ represents the zero-
point of the RV. This quantity may differe from zero m/s, because
of an error in the line’s vacuum wavelength or in the wavelength
conversion from vacuum to air.

We used a weighted linear least squares minimization to
determine the best fit parameters for each subset of data. This
approach was employed for subsets corresponding to complete
nights, for which the hypothesis of a constant wind is a rea-
sonable one. We compared the results yielded by linear least
squares with that of non-linear least squares (using a Levenberg-
Marquardt algorithm) and we recovered the same results.

If Eq. 2 correctly describes the phenomena affecting the RVs,
then the parameter γ is constant with time, by construction. From
the same equation we conclude that this parameter is simply the
RV measured at zenith, where the airmass and wind projection
effects are null. One can then fit the different data sets while
imposing the same γ for all. By the same reasoning, α can be
fixed. This is justified by the aforementioned assumption that
the bisector effect is caused by the fundamental asymmetry of
line and thus should not vary with time.

3 The weather stations at La Silla monitor the wind at atmospheric
ground layer. It is well known that the wind at the ground layer is de-
tached from those of high altitude, and as a consequence we cannot use
weather monitor values as a proxy for either ws or δ.

3

α - wind speed per airmass unit [m/s]
β - average horizontal wind speed [m/s]
γ - spectral line zero-point [m/s]

δ - wind direction [ ]

θ - telescope elevation [ ]
φ - telescope azimuth [ ]
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Let us fit the measured RV variations:
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Fig. 2. Telluric RV measurements on Tau Ceti over a full night. Note the clear shape drawn by the RV (left panel, top) and the associated bisector
(left panel, bottom) as function of time. In the right panel we depict the correlation between BIS and airmass (right panel, top) and FWHM and
airmass (right panel, bottom). The plotted errorbars in RV and BIS correspond to photon errors. Photon errors in the BIS are approximated to be
twice the RV errors.

Target data set #obs σ [m/s] σ(O−C) [m/s] σph [m/s] χ2
red α [m/s] β [m/s] γ [m/s] δ [o]

Tau Ceti 2004-10-03 437 6.40 1.67 0.64 † 17.75 43.39 222.01 -167.21
2004-10-04 438 7.98 1.33 0.65 † — 27.89 — -154.15
2004-10-05 599 7.12 2.03 0.79 † — 15.17 — -133.95

µAra 2004-06-04 278 6.90 1.90 1.27 † — 33.27 — -155.37
2004-06-05 274 8.35 2.50 1.30 † — 29.34 — -140.20
2004-06-06 285 8.94 1.72 1.11 † — 27.45 — -136.20
2004-06-07 286 4.48 1.60 1.03 † — 23.62 — -165.43
2004-06-08 275 3.98 1.81 1.07 † — 36.61 — -168.70
2004-06-09 214 6.88 4.02 1.34 † — 41.89 — -164.93
2004-06-10 202 6.92 2.55 1.81 † — 41.74 — -142.11
2004-06-11 273 8.41 3.51 2.07 † — 48.87 — -155.55

Both stars all data 3562 11.79 2.27 1.09 4.01

Notes. In this fit, α and γ are imposed to be the same for all data sets. Since the fit is made simultaneously for all data sets, the χ2
red calculation is

not applicable for a single night and the respective table entries are indicated by a †. The table structure is left unchanged to allow for an easier
comparison with Tables A.1 and A.2. Note that δ=0 corresponds to the south-north direction.
Table 3. The fitted parameters and data properties, before and after the fitted model is subtracted from it.

The results of the fitting are presented in Table 3. We present
the fitted parameters, along with the dispersion before and after
the fitted function is subtracted from the data, and the χ2

red for
each fit.

We also considered the cases in which α and both α and γ
are allowed to vary. The results are presented in Appendix A in
Table A.1 and Table A.2, respectively.

The low chi-squared, within the range 2.5 – 4.01, attests to
the validity of the empirical description of the RV variation. The
residuals around the fit are about twice the photon noise, show-

ing that this correction is effective down to roughly 2 m/s. As an
example, the fit to the data set corresponding to the first night of
the Tau Ceti campaign is presented in Fig. 3.

5. Discussion

We have demonstrated that O2 telluric lines are stable to 10 m/s
(r.m.s.) on a timescale of 6 years. This is despite atmospheric
phenomena, which introduce variations at the 1-10 m/s level, and
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Even in the most strict stituation the 
model provide a very good description 

of the measured RV
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Food for thought

• With our method, we separated two aspects that contributed 
to error budget:  atmospheric lines stability and atmospheric 
lines contamination;

• Even if one doesn’t want to use the atmospheric lines as a 
reference, their characterization is necessary to ensure a 
precise modeling;

• The larger the time-span of observation and the wider the 
spectral range of the spectrograph, more difficult the 
characterization will be.



Conclusions

• By observing in the IR one can reduce the effect of spots 
on RVs and tell spots from planets;

• CRIRES can deliver precise RVs using atmospheric lines as 
reference, as the data on TW Hya, Gl 86, and the new 
datasets testify;

• Atmospheric Lines are stable down to 10 m/s over a 6 
years timescale and down to 2 m/s if you correct for 
atmospheric effects.


