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the slit because there are no sharp sky emission lines in
the wavelength range we observe in. The background as
a function of spectral position estimated from this pro-
cess is then subtracted from the data to complete the
reduction of the two dimensional images.
We carried out tests of our method for estimating and

subtracting the background compared to the method of
simply subtracting an image taken in the opposing nod
position. We found that a pixel-by-pixel subtraction of
another science exposure leads to an increase in the noise
consistent with that expected from the read noise of the
detector. On the other hand, our method utilizes a num-
ber of pixels (typically around 40) to assess the back-
ground at each point in the dispersion domain, and thus
introduces no significant noise while still delivering an
accurate estimate. Therefore, this method yields slightly
higher S/N in the end.
One dimensional spectra and their corresponding un-

certainties are extracted from the two dimensional re-
duced data using an adaptation of the general optimal
extraction algorithm described by Horne (1986). The
background variance utilized for this algorithm is esti-
mated as a function of spectral position during the cal-
culation of the background level described above. This
is usually slightly higher than expected from the known
read noise of the detectors, but consistent with that esti-
mated from propagating the uncertainties introduced at
each step in the reduction. Pixels affected by cosmic ray
strikes are identified and masked along with the previ-
ously identified bad pixels during the spectral extraction.
The final S/N for the spectra utilized in this paper is typ-
ically 150 pixel−1. A summary of the observations for the
data presented in this paper is given in Table 1. Included
in the table are the nominal exposure times, typical S/N
per pixel in the individual exposures, number of expo-
sures obtained per visit, number of visits that have been
performed, the number of epochs, and the time span of
the observations.

4. RADIAL VELOCITY MEASUREMENT METHOD

4.1. Overview

We measure the relative radial velocity of a star from
a spectrum obtained with the ammonia cell using a
method similar to the “iodine cell” method pioneered
by Butler et al. (1996). The basics of this method
have been described extensively before (e.g. Valenti et al.
1995; Butler et al. 1996; Endl et al. 2000). Therefore, we
only give a brief description of the overall method in this
subsection, and the details of the unique aspects of our
implementation in the following subsections. We refer
the reader to these previous papers for more informa-
tion on the theory and techniques of the general gas cell
method.
The core of the gas cell radial velocity measurement

algorithm is the fitting of a model spectrum to an ob-
served spectrum to simultaneously calibrate it and de-
termine the Doppler shift of the stellar lines. The model
is a composite of the different components that appear
in the observed spectrum. In our case, spectra of the gas
cell, star, and telluric absorption.
The model for fitting the observed spectrum to deter-

mine the stellar radial velocity is constructed by com-
bining the different components in to a single spectrum,

Fig. 1.— Example model components and fit for the radial ve-
locity measurements. The components of the model are given in
the top three panels: the spectrum of the ammonia cell (top), syn-
thetic telluric absorption spectrum (middle), and the template stel-
lar spectrum (bottom). A comparison of a fit to the data is shown
in the bottom two panels. (Top) The observed spectrum (points)
and the best-fit model (line). (Bottom) The residuals from the fit
(points). The short sections of spectra presented here represent
∼ 20% of the full wavelength coverage of one CRIRES detector.

and then convolving this spectrum with an instrumen-
tal profile (IP) and binning the result to the sampling
of the observed spectrum. The free parameters in the
model are adjusted to give the best match to the ob-
served spectrum. The component spectra are combined
in the model by sampling them on to the same wave-
length scale and then multiplying them. Figure 1 shows
an example of the model components and a fit to an ob-
served spectrum. Our model calculations (multiplication
and convolution) are done on the observed pixel scale
oversampled by a factor of six. The critical aspect for
the radial velocity measurement is that the stellar spec-
trum is Doppler-shifted by an amount proportional to
the radial velocity before the multiplication. This shift
is one of the free parameters in the model, and its op-
timization to give the best-fit to the observed spectrum
constitutes the measurement.

4.2. Template spectra

Characteristic, or template, spectra of the three com-
ponents that make up the model fitted to an observed
spectrum during the radial velocity measurement pro-
cess are required. The utilized spectrum of the gas cell
is the FTS spectrum obtained at 13◦C described in §2.
The telluric spectrum used in the model is based on spec-
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Absorption Cells:
A Superimposed Wavelength Reference

Iodine Hydrogen Fluoride
Ammonia

Advantages of “Deconvolution” Technique:
•Same light path for star and wavelength reference
•Very stable  wavelength reference
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            



Our Atmosphere: A Big Absorption Cell

Griffin & Griffin, 1973, MNRAS,162, 243

Atmosphere Usually Considered A Major Obstacle! 
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Figure 5. Sky spectral brightness in the near and mid infrared for the South Pole (in clear and very clear conditions) compared to
Mauna Kea. South Pole data is from a combination of modelling and experimental results (see refs (1,2)). Mauna Kea data is from ref
(5). The average and 25% best sky brightness values determined from the NISM are indicated in the figure.

5. CONCLUSION

The sky spectral brightness in the near infrared Kdark window at the South Pole has been determined from analysis of
data collected by the Near Infrared Sky Monitor over the 2001 winter. It is found that the average winter-time sky flux
is ~ 220 µJy.arcsec-2. This falls to 80 µJy.arcsec-2 for the best 25% of conditions. These values compare well with those
obtained from similar instruments operated previously at the South Pole. The data further support the proposition that
the Antarctic plateau is the best site on Earth to perform near-infrared astronomy. The planned move of the NISM to
Dome C on the Antarctic plateau in 2003 will further quantify the advantages obtainable to the astrophysical
community by further developing the Antarctic plateau as an observatory site.
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Telluric Lines: Friend or Foe?

Absorption Cell* Telluric Lines

Stable in Pressure, 
Temperature, Velocity ✔ ✖

Laboratory Line 
Measurements ✔ ✖

Wavelength Coverage ~150 nm ~1500 nm

No Additional Extinction ✖ ✔

Number of “Good” Lines 20/nm 4/nm

*Numbers for I2. Other Examples 
include:  HF, N2O,NH3, 13CH4
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RV Measurements Using Telluric Lines

1m/s

10m/s

100m/s

▼ Theory or Solar Experiment: Griffin & Griffin (1973), Balthasar et al. (1982), Caccin et al. (1982), 
                               Demming et al. (1987)

 ▼ Optical Measurement (O2): Smith (1982), Cochran(1998), Gray & Brown (2006), Figueira et al. (2010)

▼ NIR Measurement (CH4, N2O, CO2): Blake et al. (2007), Prato et al. (2008), Huélamo et al. (2008)
                                     Seifahrt & Käufl (2008), Figueira et al. (2009), Blake et al. (2010), Bean et al. (2010)
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Why Use Telluric Lines Today?
•Require no modification of spectrograph

0.5 1.0 1.5 2.0 2.5
Wavelength (µm)

0.0
0.2
0.4
0.6
0.8
1.0

Tr
an

sm
is

si
on

•Measurements in new wavelength regimes: 
•Deep Red and Near Infrared

I2
ThAr NH3

See Poster by 
Sara Gettel

Free Wavelength 
Reference!



Planets Orbiting Low-mass Stars
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NIRSPEC Ultracool Dwarf RV Survey 
Targets:        65 L dwarfs, K<13.0, Dec>-30
                      600 individual spectra, S/N~75
                      55 objects with 2+ epochs 
Time span:     2004-2009 
Team:             C. Blake, D. Charbonneau, R. White
                      M. Marley, D. Saumon                             

Includes NASA/NExSci Keck Time NIRSPEC Spectrum, K band, R~25,000

See talk by Tanner and posters by Deshpande and White about NIRSPEC RV work



 

Theoretical Template

Telluric Spectrum

NIRSPEC Data

Model

residuals

Radial Velocities with Telluric CH4

CO

CH4

Blake et al. 2007, 2008, 2010

Modeling Process: Vsin(i) and RV

[axb]⊗LSF



Model

Data

χ2 minimization using simplex method

residuals

Fitting Process
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What Are The Fundamental Limits?
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Line Parameters

Calculating Telluric Models

Center, Intensity, Pressure 
Shift, Temperature Shift, 

Energy, Width from 
Theory and Experiment

Climatology
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Radiative Transfer

Transmission:

Line by Line: 

Line Shape and Depth:
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Assumptions: No line mixing, Neglecting refraction



Climate Model
•NASA Earth Global Reference Atmospheric Model (GRAM)

•Semi-empirical model of atmosphere for date and location

•GRAM model is based on:
◆Extensive observational data
◆Models for long- and short-term perturbations
◆Includes model of boundary layer 

•Predicts over 0 to 120 km altitude:
◆Wind profiles and shear
◆Chemical composition 
◆Pressure
◆Temperature

GRAM has been developed and maintained by C.G. Justus and F.W. Leslie (Marshall SFC)

White Sands, NM
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•Photon-limited Doppler Precision (Butler et al. 1996 or Bouchy et al. 2001): 
•S/N=100 pixel  at 500nm
•20 nm chunks
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•Photon-limited Doppler Precision:
•Fixed J magnitude and integration time, Vsin(i) = 3 km/s
•R=50,000, S/N=100 at 1 micron, 30 nm chunks
•Includes Telluric absorption in S/N of each chunk

Stellar Photon Limits
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Atmospheric Pressure
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Atmospheric Winds
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Monte Carlo Simulations
•100 night atmosphere models over 12 months
•Models for 1.2 km site in New Mexico
•10 random sight lines each night, AM<1.2

Assumption: H2O well-mixed

O2 0.685-0.695μm

H2O 0.9-1.0 μm

CO2 1.59-1.62μm

CH4 2.28-2.3μm
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Radial Velocities with CRIRES�

Pushing precision down to 5-10 m/s
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4 European Southern Observatory, Alonso de Córdova 3107, Vitacura, Casilla 19001, Santiago 19, Chile

ABSTRACT

With the advent of high-resolution infrared spectrographs, Radial Velocity (RV) searches enter into a new domain. As of today, the
most important technical question to address is which wavelength reference is the most suitable for high-precision RV measurements.
In this work we explore the usage of atmospheric absorption features. We make use of CRIRES data on two programs and three
different targets. We re-analyze the data of the TW Hya campaign, reaching a dispersion of about 6 m/s on the RV standard in a time
scale of roughly 1 week. We confirm the presence of a low-amplitude RV signal on TW Hya itself, roughly 3 times smaller than the
one reported at visible wavelengths. We present RV measurements of Gl 86 as well, showing that our approach is capable of detecting
the signal induced by a planet and correctly quantifying it.
Our data show that CRIRES is capable of reaching a RV precision of less than 10 m/s in a time-scale of one week. The limitations of
this particular approach are discussed, and the limiting factors on RV precision in the IR in a general way. The implications of this
work on the design of future dedicated IR spectrographs are addressed as well.

Key words. Planetary systems, Infrared: stars, Instrumentation: spectrographs, Methods: observational, Techniques: radial velocities

1. Introduction

The discovery of a Hot Jupiter orbiting 51 Peg by Mayor &
Queloz (1995) triggered the quest for extrasolar planets. This
campaign made use of the radial velocity technique (henceforth
RV), by which the presence of a planetary companion is inferred
by the wobble it induces on the parent star. Several dedicated sur-
veys have employed this method, concentrating in the beginning
on solar-type stars, the most favorable target for high-precision
measurements. However, soon it became clear that extrasolar
planets were ubiquitous around these hosts. Longing for a better
understanding of formation processes, planetary searches started
to diversify themselves, targeting both young (Sozzetti et al.
2006; Setiawan et al. 2007) and evolved (Lovis & Mayor 2007;
Sato et al. 2008), low mass (Bonfils et al. 2004; Endl et al. 2008)
and massive stars (Hatzes et al. 2005; Galland et al. 2005).

Recent technological developments allowed for more pre-
cise spectrographs to be built, such as HARPS (Mayor et al.
2003), and reduction and analysis methods perfected themselves
throughout the years (Lovis & Pepe 2007). As of today, HARPS
yields the most accurate RV measurements, with sub-m/s preci-
sion, allowing for a succession of ground-breaking detections of
the lightest planets known (Lovis et al. 2006; Mayor et al. 2009).

Both the search for more exquisite stellar hosts and the race
for the lightest planets point towards M dwarfs. These stars, the
most abundant in the Universe, are also the lightest ones. Since
the RV variation induced by a planet on a star scales with M−2/3,
the amplitude of the effect induced on an M star is significantly
� Based on observations taken at the VLT (Paranal), under programs

280.C-5064(A) and 60.A-9051(A), and with the CORALIE spectro-
graph at the Euler Swiss telescope (La Silla).

larger. As an example, a planet of identical mass at the same
distance from the stellar host produces an RV variation with an
amplitude ∼ 3 times larger on an M5 star than on a G2 star. The
drawback is that M dwarfs, being much colder, are much fainter
in optical wavelengths. The RV survey of light-mass stars points
then towards the exploration of a new wavelength domain, the
IR, where the luminosity of these objects peaks.

As RV searches started to target young and active stars, an-
other advantage of the IR became apparent. RV signals can be
created by surface inhomogeneities, like stellar spots (Queloz
et al. 2001). Since the nature of these phenomena can bypass
current diagnosis method such as bisector analysis (see, for in-
stance, Desort et al. 2007), a planetary origin can be assigned to a
periodic variation which is, in fact, of stellar origin. By observ-
ing in the IR, as in opposition to the visible wavelengths, one
observes in a domain where the contrast between stellar spots
and the stellar disk is reduced. Since the spot / star contrast ratio
is at the root of the RV signal detected, the amplitude of the lat-
ter is reduced as well (Martı́n et al. 2006; Huélamo et al. 2008;
Prato et al. 2008). By comparing RV drawn from optical and IR
spectrographs, one can assign the planetary or stellar nature to a
RV signal in an unambiguous way.

However, the exploration of the RV in the IR is in its infancy,
and many problems remain to be tackled. In this work we con-
centrate ourselves in describing a precise wavelength calibration
technique for the IR domain. In section 2 we discuss the difficul-
ties of wavelength calibration in the IR and present the principles
of our technique. In section 3 we describe CRIRES and the ob-
servations, and how we applied our approach. Section 4 presents
an outline of the data reduction and analysis. Section 5 presents
our results. Section 6 discusses these results and their implica-
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Using CO2 lines around 1.6 μm
Astronomy & Astrophysics manuscript no. HARPS˙atm˙II c� ESO 2010
March 2, 2010

Evaluating the stability of atmospheric lines with HARPS
�

P. Figueira, F. Pepe, C. Lovis, and M. Mayor

Observatoire Astronomique de l’Université de Genève, 51 Ch. des Maillettes - Sauverny - CH1290, Versoix, Suisse
e-mail: pedro.figueira@unige.ch

ABSTRACT

Context. In the search for extrasolar systems by radial velocity technique, a precise wavelength calibration is necessary for high-
precision measurements. The choice of the calibrator is a particularly important question in the infra-red domain, where the precision
and exploits still fall behind the achievements of the optical.
Aims. We investigate the long-term stability of atmospheric lines as a precise wavelength reference and analyze their sensitivity to
different atmospheric and observing conditions.
Methods. We use HARPS archive data on three bright stars, Tau Ceti, µ Arae and � Eri, spanning 6 years and containing high-
cadence measurements over several nights. We cross-correlate this data with an O2 mask and evaluate both radial velocity and bisector
variations down to a photon noise of 1 m/s.
Results. We find that the telluric lines in the three data-sets are stable down to 10 m/s (r.m.s.) over the 6 years. We also show that the
radial velocity variations can be accounted for by simple atmospheric models, yielding a final precision of 1-2 m/s.
Conclusions. The long-term stability of atmospheric lines was measured as being of 10 m/s over six years, in spite of atmospheric
phenomena. Atmospheric lines can be used as a wavelength reference for short-time-scales programs, yielding a precision of 5 m/s
”out-of-the box”. A higher precision, down to 2 m/s can be reached if the atmospheric phenomena are corrected for by the simple
atmospheric model described, making it a very competitive method even on long time-scales.

Key words. Atmospheric effects, Instrumentation: spectrographs, Methods: observational, Techniques: radial velocities, Planetary
systems

1. Introduction

The discovery of a hot Jupiter orbiting 51 Peg by Mayor &
Queloz (1995) by radial velocity (RV) measurements triggered
the quest for extrasolar planets. This breakthrough was only
made possible through the usage of very precise wavelength cali-
bration systems. The Th-Ar emission lamp, used with the cross-
correlation function (CCF) method (Baranne et al. 1996), and
the I2 cell, explored with the deconvolution procedure (Butler
et al. 1996) were extensively used to find planets by RV. Recent
technological developments allowed for more precise spectro-
graphs to be built, such as HARPS (Mayor et al. 2003), and re-
duction and analysis methods have been perfected through the
years (Lovis & Pepe 2007). As of today, HARPS yields the most
precise RV measurements, with sub-m/s precision, allowing for
a succession of ground-breaking detections of the lightest plan-
ets known (Lovis et al. 2006; Mayor et al. 2009).

Given the proven stability of these two well-established
wavelength references, little investigation was made on other vi-
able alternatives. With time, RV expanded into the infra-red (IR)
domain, where wavelength calibration is still in its infancy and
no method has established itself as the paradigm.

In our attempt to measure RV with CRIRES at a very early
stage of the instruments’ life, we used atmospheric lines as
wavelength reference (Huélamo et al. 2008). In a recent paper
describing an improved data reduction (Figueira et al. 2009) we
reached a precision of 5 m/s over a time scale of one week. This
result was obtained in a RV standard star using CO2 lines as
wavelength reference.

� Based on observations taken at the 3.6m telescope at La Silla.

The usage of telluric lines as a precise wavelength reference
goes back to the first attempts of precise RV measurements, by
Griffin & Griffin (1973), on Arcturus and Procyon. Ten years
later, the studies of Balthasar et al. (1982), Smith (1982), and
Caccin et al. (1985), also explored the usage of atmospheric lines
as a viable alternative for wavelength calibration. Using O2 lines,
these authors showed back in the 80’s that a precision of 5 m/s
was within reach. The value is made even more relevant by the
fact that they used different RV determination methods (different
instrumentation, different line fitting approaches, etc.). Recently
Snellen (2004) used the same principle on H2O lines and reached
a precision of 5-10 m/s on UVES data. In light of these results,
two questions follow:

– What is the stability of atmospheric lines over long time-
scales?

– What is the sensitivity of atmospheric lines to different ob-
serving conditions?

In order to answer these two questions, we turned to HARPS
archive data, now spanning 6 years. The high internal stability
of HARPS leads to an unequalled precision in RV measure-
ments. The RV variations of atmospheric lines can then be as-
sessed against the very precise wavelength calibration provided
by Th-Ar. In this paper we answer the two previous questions
and conclude on the suitability of atmospheric lines as a wave-
length anchor.

The paper is structured as follows. In Sect. 2 we describe
HARPS and the data-sets used in our investigation. Section 3
describes the principles of our method and data reduction. The
results are presented in Sect. 4 and discussed in Sect. 5. We con-
clude in Sect. 6 with the lessons to learn from this campaign.
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2 m/s using O2 B and γ bands

Best Telluric RV Results

Simulations predict ~6 m/s

Simulations predict ~5 m/s



Future Work
•What site characteristics result in the most stable RVs?
•Incorporate realistic motions of water vapor

0.5 1.0 1.5 2.0 2.5
Wavelength (µm)

0.0
0.2
0.4
0.6
0.8
1.0

Tr
an

sm
is

si
on

Deep Red: Thick CCDs, many stellar lines 
(FeH), many water lines

•How best to incorporate real-time weather metrology

•How best to make RV measurements using telluric lines
◆We would like an “FTS spectrum” of our “gas cell”
◆Chad Bender’s models are just what we need! 



Conclusions
•Some 1980s  technologies should not be brought back

•Some should: RV precision of 5 m/s or better has been 
demonstrated across optical and NIR using telluric lines

•The atmosphere imposes fundamental limitations:
◆Wind and pressure variations
◆Expected to be less than 5 m/s with weather modeling

•Telluric lines as an RV reference are particularly appealing:
◆As an alternative in certain spectral regions (deep red)
◆When 5 m/s is interesting (late-M stars) 
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